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Editorial Note

This document presents the research and development results of NIRS for the fiscal

year of 2013 (April 2013 - March 2014). When the 3rd mid-term plan of NIRS was begun

in fiscal year 2011, we felt it was a good opportunity to revise the contents and format of

the annual report. For the Annual Report 2013, we decided to follow this editing policy

and we made a full-fledged revision of the contents. Our main revision was to publish

summarized results on each research theme as “Highlights”. Then, “Topics” sections

were prepared that selected five results and outcomes with a technical research and

development component. Finally, as an appendix we include the “List of original pa-

pers” for readers who are looking for more details.

This report is available as an electronic edition on the NIRS web site (http://www.nirs.go.

jp/ENG/publications/index.shtml). The Editorial staff hopes that our readers will find it to

be a handy resource describing what NIRS researchers have been doing. Finally, we

thank the various persons who worked on the production and English proofreading.

Editorial Staff
Reiko ISHII

Ryouji MIMIDUKA

Masanori OKAMOTO

Takeo SHIMOMURA

Katsumi UZAWA

Satomi WATANABE
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Preface

The National Institute of Radiological Sciences (NIRS) is Japan’s leading medical research institution dedi-

cated to comprehensive research on radiation and human health. NIRS has carried out various scientific activi-

ties related to radiological sciences over the half-century since its foundation in 1957. This annual report sum-

marizes our accomplishments and research outcomes in fiscal year 2013 (April 2013－March 2014).

NIRS continues its scientific research and development, according to the third mid-term plan (2011－2016),

to promote medical applications of radiological sciences and to protect people from radiation injury. The work

for restoration after the severe nuclear power plant accident in 2011 keeps NIRS staff busy. Training experts

and professionals in radiological procedures and radiation protection is an important mission of NIRS in re-

sponding to the requests of society. Studies on the health effects of low dose radiation are the most important

topics. NIRS has worked as an IAEA Collaborating Centre (IAEA-CC) since 2006. We completed the second

term of IAEA-CC activities (2010－2013) in three scientific fields, including biological effects of low dose radia-

tion, molecular imaging and carbon ion radiotherapy. This work has now been extended to the third term for an-

other four years until 2017.

The efforts to integrate various scientific fields, from basic physics, chemistry, biology, engineering, and com-

puter science to clinical medicine, have brought fruitful outcomes in a wide range of radiological sciences. The

most successful outcome of these efforts is represented by realization of carbon ion radiotherapy. Clinical stud-

ies with more than 8000 patients during the past 20 years have clearly demonstrated the outstanding capability

of this treatment for patients having locally advanced cancer. A new scanning system with pencil beam irradia-

tion has further improved the treatment by providing a better dose distribution and shorter treatment period.

Now, these results are being transferred to clinical practice in newly established facilities throughout Japan. Re-

markable progress has been made in molecular imaging research which also requires the joint efforts of multi-

disciplinary experts. A new molecular imaging probe developed for detection of abnormal ‘tau’ protein in the

brain of patients with cognitive disorders has attracted the world-wide attention of scientists and neurologists

working in brain science.

Cancer, cognitive disorders and health effects of radiation exposure are the major health concerns of society

nowadays. NIRS continues its efforts to deal with these problems, and to establish a solid base promoting com-

prehensive scientific research in a wide range of radiological sciences, as ‘Visible NIRS’, ‘NIRS in the World’

and ‘NIRS in History’.

YoshiharuYonekura, M.D., Ph.D.

President



Since re-organization as an independent administrative
institution in April 2001, researchers at the National Insti-
tute of Radiological Sciences (NIRS) have been perform-
ing studies according to mid-term plans that have been
revised every 5 years. The first mid-term plan was started
in April 2001; the second, in April 2006; and the third, in
April 2011. NIRS has five fields of research activities:
heavy charged particle therapy, molecular imaging, radia-
tion protection, radiation emergency medicine, and radia-
tion technology.

The third mid-term plan has been carried out by four re-
search centers and one fundamental technology center.
In May 2012, the program for recovery from the
Fukushima Daiichi Nuclear Power Plant (NPP) accident
was started as a new center. In March 2013, a new de-
partment was also established; the Radiation Emergency
Medical Assistant Team (REMAT) now plays an important
part in medical response to accidents including the after
effects of the Fukushima NPP accident. In this report, the
research activities at NIRS during the third year of the third
mid-term plan (April 2013 to March 2014) are presented.

The Great East Japan Earthquake triggered tsunami
with over 10 meter-high waves that damaged facilities of
the Fukushima Daiichi NPP of Tokyo Electric Power Com-
pany (TEPCO) and led to the nuclear accident. Since
NIRS is designated as the national core center for radia-
tion emergency medicine, many NIRS researchers con-
tinue to be involved in response activities to the accident,
though almost 3 years have passed. Besides these activi-
ties many others are also being carried out and 356 origi-
nal papers were published in FY 2013, in both interna-

tional and domestic journals of high reputation. Further-
more, more than 60 proceedings were published for inter-
national and domestic scientific meetings, and 460 oral
presentations and 55 patent applications were made. Col-
laborative studies and exchanges of researchers were
also actively carried out: 134 collaborative studies were
done, 345 researchers worked as visiting staff, and 134
students were accepted as trainees.

The Research Center for Charged Particle Therapy, as
a leading research organization in this field, has been
conducting clinical, biological and physics research stud-
ies using heavy ions generated from the heavy ion medi-
cal accelerator in Chiba (HIMAC). In FY 2013, 888 pa-
tients were treated. In FY 2013, the clinical trial team
treated 7 tumor types of cancers: prostate, lung, head and
neck, bone and soft tissue, liver, pancreas and post-
operative pelvic recurrence of rectal cancer. Highlights of
research progress are shown in detail in other sections.

The Molecular Imaging Research Center, consisting of
four groups, has long experience with medical imaging
technologies including positron emission tomography
(PET), single photon emission tomography (SPECT), and
magnetic resonance imaging (MRI). The Center conducts
basic science and technology studies for molecular imag-
ing and also application studies for diagnosis and patho-
physiology of oncology and psychiatry. Current projects
include the development of molecular probes and radio-
pharmaceutical production techniques and the investiga-
tion of measurement techniques for PET and MRI, in addi-
tion to preclinical and clinical applications in oncology
and psychiatric and neurological diseases. One of the

Outline of Research Activities Makoto Akashi, M.D., Ph. D.
Executive Director for Research

10 National Institute of Radiological Sciences Annual Report 2013



most important topics in 2013 was determining the struc-
ture of new tau ligand PBB3 and labeling it with C-11.

The Research Center for Radiation Protection has been
providing a scientific basis for establishing regulations
with global standards for radiation protection, security and
safety, focusing on effects of low-dose radiation derived
from human activities and from natural environmental ra-
diation. For this purpose, the results of basic radiobiologi-
cal research have been provided to promote understand-
ing of radiation effects and to encourage enactment of
more reasonable regulations for the safe and secure use
of radiation in our daily life. On March 5-7, 2014, the 6th
International Systems Radiation Biology Workshop was
held as a Research Center Symposium, jointly with
DoReMi (Low Dose Research towards Multidisciplinary In-
tegration, supported by the EC).

NIRS has been designated as the national center for ra-
diation emergency medicine in Japan, providing direct or
consultative services to local governments and hospitals
in the event of a radiation incident. Since REMAT has
been established, the Research Center for Radiation
Emergency Medicine is now responsible for basic re-
search studies; the Center is focusing its efforts on three
projects: developing and modifying the most appropriate
methodologies for evaluating radiation exposure, explor-
ing and supplying effective drugs to reduce the radiotox-
icity and metallic toxicity of internal actinide contamina-
tion, and applying mesenchymal stem cells (MSCs) as re-
generative medicine to treat radiation exposure injuries.

Services provided by REMAT include providing ex-
posed victims (patients) with the most advanced radiation
emergency medicine treatments possible and making
dose assessments. REMAT especially is playing an im-
portant role in medical response to the Fukushima NPP
accident. REMAT also carries out activities to maintain
and strengthen the emergency preparedness system and
has worked to establish three nation-wide network coun-
cils for medicine, bio-dosimetry with chromosome analy-
sis, and physical dosimetry. REMAT has also introduced
several courses at NIRS on radiation emergency medical
preparedness for medical professionals of the Asian re-
gion. In September 2013, NIRS was designated as a col-
laborating Center of the World Health Organization
(WHO); the terms of reference are: strengthening prepar-
edness to radiation emergencies and REMPAN activities;
providing medical and technical assistance to WHO in re-
sponse to radiation emergencies; carrying out biodosime-
try and BioDoseNet (cytogenetics and internal contamina-
tion monitoring); analyzing radiation protection for indoor
radon exposure; and promoting radioprotection in the
field of medical exposure to ionizing radiation, with the fo-
cus on risks assessment and risk management.

Together, the Research Center for Radiation Protection
and REMAT also acted as a national hub in collaboration
with international organizations including the International
Atomic Energy Agency (IAEA), International Commission
on Radiological Protection (ICRP), and United Nations
Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR).

The Fundamental Technology Center, which was estab-
lished to support various studies performed in NIRS using
advanced fundamental technologies, has been carrying
out maintenance and quality control of institute accelera-
tors including the single particle irradiation system to cell
(SPICE), the particle induced X-ray emission (PIXE) analy-
sis and tandem accelerator (PASTA), and the neutron ex-
posure accelerator system for biological effects experi-
ments (NASBEE), as well as radiation measurement appa-
ratuses for cosmic rays. Efforts have also been extended
to establish and support experimental animal laboratories
for internal and external researchers.

In May 2012, the program for recovery from the
Fukushima Daiichi NPP accident was started. This pro-
gram includes four research projects and a system of co-
operation. Research projects are the study for long-term
and environmental effects of radiation, the health effect
survey for emergency workers at the NPP, and the study
of environmental dynamics of radionuclides and radiation
in the ecosystems in Fukushima Prefecture. The system of
cooperation is for collaboration with researchers at the
Fukushima Medical University (FMU).

The second-term of the International Open Laboratory
(IOL) began in April 2011 and was concluded in March
2014. Four units were approved, including the Particle
Therapy Molecular Target Unit, the Particle Beam Quality
Unit, the Space Radiation Research Unit, and the Radia-
tion Response Model Unit. During the three years of op-
eration, the IOL conducted top level research by collabo-
rating with distinguished scientists from leading research
institutes world-wide and promoted further internationali-
zation at NIRS by actively supporting research collabora-
tions with foreign scientists.

Some other research programs have also been contin-
ued or were newly started with the support of funding
agencies including the Ministry of Education, Culture,
Sports, Science and Technology (MEXT), the Ministry of
Economy, Trade and Industry (METI), the Ministry of the
Environment, and the Nuclear Regulation Authority (NRA).

In this report readers will be able to learn about the sub-
stantial research that was performed in the 3rd year of the
third mid-term plan. I would like to conclude with heartfelt
thanks for the cooperation and advice generously pro-
vided to us by all parties concerned.

Outline
ofResearch

Activities
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The Research Center for Charged Particle Therapy (hereafter,

referred to as the Center) was established in 1993 when NIRS

completed construction of the HIMAC. Since then it has been car-

rying out clinical, biological and physics research using heavy

ions generated from the HIMAC.

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

Center was reorganized to conduct research on heavy ion beams

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

eration heavy ion treatment systems. These will eventually contrib-

ute to the improvement of cancer cures and quality of life. The

Center is organized as: four research programs, the department

of physics(Director: Koji Noda, and the hospital (Director: Yutaka

Ando). Progress of research and practice in the fiscal year (FY)

2013 are summarized here for the following: 1) Research program

for carbon ion therapy and diagnostic imaging (Program Leader:

Hiroshi Tsuji); 2) Medical physics research program for develop-

ment of a novel irradiation system for charged particle therapy

(PL: Toshiyuki Shirai); 3) Advanced radiation biology research

program (PL: Takashi Imai); 4) Research Program for the applica-

tion of heavy ions in medical sciences (PL: Takeshi Murakami);

and 5) Hospital.

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

This program consists of the clinical trial research team, applied

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

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

search on developing advanced clinical therapy using carbon ion

beam was aggressively carried out in FY 2012 and FY 2013. The

clinical trial team has successfully treated quite large numbers of

patients each year by carbon ion radiotherapy (C-ion RT) and it

has continued clinical trials for pancreas, esophagus, uterus, kid-

ney, and breast cancers. A total of 888 patients were treated with

C-ion RT in FY 2013; that is a new record for the HIMAC. It could

be achieved mainly by the increase in capacity of scanning irra-

diation. Prostate, lung, head and neck, bone and soft tissue, liver

tumors, post operative pelvic recurrence of rectal cancer and

pancreatic cancer are the leading 7 tumor types in the trials. The

outcomes of C-ion RT in tumors that were hard to cure with other

modalities revealed quite high probability of local control, a sur-

vival benefit, and acceptable morbidity. In addition, clinical trials

for establishment of hypofractionated C-ion RT in common can-

cers, such as lung, liver, and prostate cancers have also been

successfully achieved. Recently, four operating carbon therapy

facilities in Japan, NIRS, HIBMC (Hyogo), GHMC (Gunma), and

HIMAT (Saga) organized a cooperative study group to collaborate

on standardizing carbon-ion therapy in various tumor entities. The

database research team developed a database system that can

store the integrated information of patients treated at all the institu-

tions of this study group, in collaboration with the clinical trial re-

search team. In addition, a conversion tool was developed which

is suitable for the different types of medical information of the re-

spective institutions. Some details of the research progress in FY

2013 are shown in the Highlight.

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

This program consists of the beam delivery system research

team, treatment planning system research team, radiation effect

research team, experimental therapy research team, and image

guided radiotherapy research team. In FY2013, the number of the

patients at the new treatment facility increased to about 300 and

we have developed efficient daily and patient-specific QA meth-

ods for a 3D scanning irradiation system and an imaging system.

We have also prepared the scanning irradiation mode for a mov-

ing target, including establishment of a QA method, implementa-

tion of a field specific target volume using 4D-CT images into the

treatment planning system, and implementation of a markerless

fluoroscopic respiration gating system. Especially, a clinical trial of

the 4D-CT imaging system and the fluoroscopic respiration gating

Research on Cancer Therapy with Carbon Beams
－Development of Human-Friendly Cancer Therapy

with Carbon Ion Beams－

Tadashi Kamada, M.D., Ph.D.
Director of Research Center for Charged Particle Therapy

E-mail: t_kamada@nirs.go.jp
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system have been successfully carried out. The detailed design

of a superconducting rotating gantry was finished and the con-

struction of the main body was started. Most of the superconduct-

ing magnets for the gantry were completed and they are now be-

ing evaluated regarding the magnetic field. The modeling of nor-

mal tissue responses in carbon-ion radiotherapy at HIMAC has

made good progress and results are shown in the Highlight. We

have examined the LET dependence of biological effects such as

the RBE and the OER within the SOBP carbon-ion beams in vivo.

These results are also presented in the Highlight.

Advanced radiation biology research program
(PL: Takashi Imai)

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

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

search team. These teams use different approaches to address

the following research aims of the program. Many favorable out-

comes have been reported in clinical trials for carbon-ion radio-

therapy of several types of malignant tumors. However, some bio-

logical issues still remain to be resolved for the improvement of

long-term survival. We have focused on the following fundamental

issues. 1) Some tumor cells are pathologically indistinguishable

from others, despite sometimes showing radio-resistance. What

makes these tumor cells radio-resistant? 2) What causes distant

metastases after local treatment? Are the metastatic cells simply

overlooked before starting radiotherapy? If the metastatic cells

are affected by irradiation, what are the molecular mechanisms?

What types of tumor cells are susceptible to metastasis? How can

we detect and suppress distant metastases? 3) How do reactive

oxygen species generated by irradiation affect cellular functions?

Can radioprotective agents, such as anti-reactive oxygen spe-

cies, protect normal tissue surrounding tumor cells? Through

these studies, we have considered the effects of the genetic dif-

ferences in the subjects or the experimental materials such as cell

lines and mouse strains used on radio-sensitivity. Thus far, in the

study of molecular mechanisms in the invasive cells after irradia-

tion, we found that irradiation alters the invasive potential of par-

ticular pancreatic cancer cell lines via altering functioning pro-

tease expression and its activities, and it also affects mesenchy-

mal and amoeboid mode transition. We also showed that fibro-

blast growth factor-12 plays an essential role in radioprotective ef-

fects on intestinal radiation damage. The detailed reports includ-

ing this growth factor function and a newly identified radiorespon-

sive miRNA are highlighted elsewhere in this chapter.

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

This program consists of the: (1) heavy ion radiotherapy promo-

tion team; (2) HIMAC research collaboration team; (3) cellular and

molecular biology research team; and (4) international radiother-

apy joint research team. This program mainly carried out the fol-

lowing activities in FY2013.

(1) Promotion of carbon ton radiotherapy

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

motion of carbon ion radiotherapy. Research and analyses were

carried out on technical developments, treatment procedures,

and the social environment as related to carbon ion radiotherapy.

The findings were assembled as review reports. Procedures to

transfer these results and know-how to new projects at NIRS and

other facilities such as in Saga and Kanagawa were also estab-

lished.

(2) Promotion of collaborative research, internationally and do-

mestically

Since 1994 the HIMAC has been made available to researchers

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

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

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

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

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

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

periments with ion beams. The latter framework is specified as

“The Research Project with Heavy Ions at NIRS-HIMAC”. The Re-

search Project with Heavy Ions at NIRS-HIMAC is a centerpiece of

collaborative research using heavy ions. Proposals exceeding

120 in number were accepted and carried out. The total beam

time of more than 5,000 hours was supplied to those research

studies. The research progress is highlighted elsewhere in this

chapter.

The International Open Laboratory is our other framework for

collaborative research. Two units of the IOL from its total of four

are involved.

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

The Research Center Hospital for Charged Particle Therapy at

NIRS is unique in its specialization in radiotherapy for cancer.

There are 100 beds for inpatients, while 60 to 100 outpatients can

be handled daily. The diagnostic radiology department has one

CT-scanner with a 64-line detector, a 1.5 T MRI, a 3.0 T MRI, two

PET/CTs, and one gamma camera. The oncology department has

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

cal beam room, one horizontal beam room and three both beam

rooms) and one linear accelerator for x-ray therapy. In March

2012, we implemented the Electronic Medical Record (EMR) sys-

tem and developed a simple input method for each patient’s find-

ings, symptoms, tumor responses, and toxic reactions that should

be estimated by the responsible physician during the clinical in-

terview.

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

active and leading departments of ion beam therapy related ap-

plied physics worldwide. Reliable operation of the HIMAC, a gi-

gantic accelerator system and continuous development of novel

techniques have been keeping us as the “center of excellence” in

this field for many years. Highlights of the department’s research

progress are shown later.

Research
on

CancerTherapy
with

Carbon
Beam

s
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INTRODUCTION
In ion beam radiotherapy (IBRT), secondary neutrons are inevi-

tably produced because primary charged particles interact with

beam line devices and the patient. The secondary neutrons lead

to an undesired dose outside the target volume (out-of-field

dose). The out-of-field dose in IBRT is considerably lower than the

in-field dose; however, it should be considered for secondary can-

cer risk especially in younger patients who can be long-term sur-

vivors.

We have been continuing investigations of the out-of-field dose

in carbon-ion radiotherapy (CIRT) with a passive beam delivery

system. NIRS started CIRT with an active scanned delivery sys-

tem at the new treatment research facility in May 2011. In theory,

this system can reduce the production of secondary neutrons, be-

cause it does not require several beam line devices in which sec-

ondary neutrons can be produced. The purpose of this study was

to experimentally demonstrate the reduction. Therefore, we meas-

ured neutron ambient dose equivalents at the patient position dur-

ing CIRT with an active beam delivery system at the new facility.

The measured results were compared to those with a passive car-

bon beam and an active proton beam.

MATERIALS AND METHODS
Experimental setup

Fig.1 shows a photograph of the experimental setup. A water

phantom was placed to simulate the patient and the center of the

phantom coincided with the I.C. The center of the neutron rem

meter, WENDI-II was set at the I.C. height and on the I.C. line or-

thogonal to the beam axis. The measured positions, represented

as the distance between the I.C. and the center of WENDI-II, d ,

were 50, 100, 150 and 200 cm.

Scanning beam method

In IBRT with an active beam delivery system, a pencil beam is

scanned transversely by a pair of scanning magnets to cover the

target volume. Three different techniques are used for achieving

the depth-dose distribution in the target volume: range shifter

scanning (RS), energy scanning (ES) and hybrid depth scanning

(HS). At NIRS, the RS technique was used in the treatment for the

first year; at present, only the HS technique is used [1]. Measure-

ments for the RS and HS techniques were performed in this study.

Beam parameters

Table 1 shows the beam parameters used in this study. Case

Nos. 1, 2, 4 and 5 were selected to follow those of our previous

Fig.1 Photograph of the experimental setup.
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Table 1 Beam parameters used in this study.

Case
No.

Max. beam energy
[MeV/u]

Irradiation volume
[mm3]

1 290 58×50×60

2 290 58×50×120

3 290 100×100×60

4 400 58×50×60

5 400 58×50×120

6 400 100×100×60

7 350 100×100×100
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work [2] so that the doses of the active scanned and passive

beams could be directly compared. Case Nos. 3 and 6 were se-

lected to compare the doses when the irradiation volume was dif-

ferent. Case No.7 was selected to compare the doses with active

carbon-ion and proton beams. The measured neutron ambient

dose equivalents with the 177 MeV proton beam at the spot scan-

ning beam line of the Paul Scherrer Institute (PSI) have been re-

ported [3]. In the present study, the maximum target depth was

set to 20.7 cm, which was the same as in [3].

RESULTS AND DISCUSSION
Neutron ambient dose equivalent at patient position

Fig.2 shows the measured neutron ambient dose equivalents

per treatment dose, H ＊(10)/Dt, for the beam parameters of Case

Nos. 4-6 shown in Table 1, together with those with a passive

beam [2]. When the irradiation target was the same, the measured

H ＊(10)/Dt with the active beam was at most about 15% of that with

the passive beam. This percentage became smaller at larger dis-

tances from the I.C. The values of H ＊(10)/Dt at d =150 and 200

cm with an active beam were as little as 2% of that with a passive

beam. This tendency was expected to be due to the presence of

two kinds of secondary neutrons: internal and external neutrons.

Theoretically, the numbers of external neutrons, which are pro-

duced outside the patient by the interactions between charged

particles and beam line devices, are greatly reduced by using an

active beam compared to a passive beam, while the production of

internal neutrons in the patient does not differ greatly between ac-

tive and passive beams. Since internal neutrons are produced

strongly in the forward direction due to the direct reaction proc-

ess, their dose is higher at the positions closer to the irradiation

target. Thus, the difference in H ＊(10)/Dt between active and pas-

sive beams was larger at larger distances from the I.C.

Fig.3 compares the measured neutron ambient dose equiva-

lents in CIRT and proton radiotherapy with active scanned beams

[3]. H ＊(10)/Dt for the carbon-ion active beam was comparable to

that for the proton beam. This similarity in H ＊(10)/Dt was not ob-

served for the passive beams: when using a passive beam, H ＊

(10)/Dt in CIRT was more than 2 times lower than that in proton ra-

diotherapy [2]. Neutron doses of passive beams basically vary

with the facility, because external neutrons, which depend on the

operational beam setting and the design of a beam delivery sys-

tem, strongly contribute to the dose. By contrast, the facility de-

pendency for active beams should be lower, because neutrons

are mainly produced in the patient. Therefore, the facility depend-

ency is one of the reasons for the difference in passive beams.

Additionally, there was a difference in the detector response be-

tween WENDI-II and the conventional rem counter, LB6411, which

was used in [3]. In principle, WENDI-II has a higher response than

LB6411 in most energy ranges. In addition, LB6411 has quite low

response in the energy range above 20 MeV, and consequently

the results of the measurements with LB6411 might be underesti-

mated. Further measurements with a dosimeter with a response in

the high energy range such as WENDI-II are required to compare

H ＊(10) between carbon-ion and proton beams.

CONCLUSION
The neutron ambient dose equivalents at the patient position in

CIRT with an active scanned beam were measured in the NIRS

treatment room. These results demonstrated that the use of an ac-

tive scanned beam in CIRT as well as proton radiotherapy can

greatly reduce the secondary neutron dose. It was found that the

neutron dose per treatment dose for the carbon-ion active beam

was comparable to that of the proton beam. In addition, the HS

technique could improve the out-of-field dose as well as the beam

quality. Currently, NIRS is trying to implement the ES technique

into actual patient treatments. This implementation will lead to a

further reduction in the out-of-field dose.

Fig.2 Measured H＊(10)/Dt in CIRT along with passive beams [2]. The leg-

ends represent the beam parameter Case No. in Table 1 and the ir-

radiation technique.

Fig.3 Comparison of H＊(10)/Dt in carbon-ion and proton radiotherapies

with active scanned beam [3]. Here, the number of protons for the

irradiation dose of 1 Gy into a box target of 100×100×100 mm3

was 8.61×1010. Also, the RBE in proton radiotherapy was assumed

to be 1.1.
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Introduction
Heavy-ion cancer therapy using the Heavy-Ion Medical Accel-

erator synchrotron in Chiba (HIMAC), Japan, has been adminis-

tered to more than 8000 patients since 1994. A new treatment us-

ing a three-dimensional irradiation system with pencil-beam scan-

ning was started in May 2011 to enhance the treatment quality

through precise dose control [1,2]. Positron Emission Tomography

(PET) imaging using 10/11C beams has been expected to allow for

further accurate control of the irradiation field during scanning ir-

radiation. For that reason, 10/11C beam production was carried out

by using a projectile fragmentation process between incident 12C

beams and a Be target. However, it was found that the method

had undesirable characteristics, such as wide momentum

spread, large emittance, and low beam rate due to the low yield of

the reaction. To overcome those disadvantages and realize the
10/11C beam production, we have proposed a method whereby
10/11C ions are produced from radioisotope gases by using an ion

source and then subsequently accelerated for cancer treatment.

10/11C ion production system
Fig.1 shows a conceptual diagram of the HIMAC and a 10/11C ion

production system. The 10/11C ion production system is composed

of an ion source, a 10/11C Molecule Production/separation System

(CMPS), and a small cyclotron. A boron compound target in the

CMPS is irradiated by proton beams delivered by the cyclotron to

produce 10/11C molecules by means of the 10/11B(p,n) 10/11C reaction.

The CMPS separates the 10/11C molecules from impurities and pro-

vides them to the downstream ion source. The ion source needs

to produce 1011 10/11C ions to provide the necessary number of 1010

10/11C ions to the treatment room. If the ion source in the system has

an ionization efficiency of the order of ～1%, 1013 10/11C molecules

have to be produced by the CMPS. It is also necessary for the

CMPS to reduce the number of impurities to the same level as the

number of 10/11C molecules.

Development of the 10/11C molecule production and
separation system

We are developing the CMPS to achieve those requirements. In

the CMPS, a cryogenic technique is employed to separate the
10/11C molecules from other impurity molecules. Moreover, the tar-

get is irradiated in vacuum to reduce the impurities. Hence, the

method requires that the target is a solid-state material.

As a first step in the development, we investigated the solid-

state target suitable for proton irradiation use. We found that vola-

tile 11CH4 molecules could be directly produced and collected by

using a sodium borohydride (NaBH4) target and 30% of the total

number of produced 11C nuclides could be effectively collected

due to their volatility. We also confirmed that the necessary num-

ber of 11CH4 molecules could almost be achieved (�5×1012) by

the 20 min irradiation with 18 MeV, 18 μA proton beams. From

these findings, NaBH4 targets are expected to be applied in the

new method for production and separation of 10/11C molecules [3].

Based on those results, we started the design and development

of the CMPS in 2013. Fig.2 shows a schematic diagram of the

CMPS. 10/11CH4 molecules produced by the proton irradiation move

around in the vacuum chamber. The CMPS separates the CH4

molecules from the impurities using the vapor pressure differ-
Fig. 1 Conceptual diagram of the HIMAC

and 10/11C ion production system.
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ences among molecular species. The CMPS includes a main trap

and an impurity trap, which are refrigerated by a cryocooler. The

impurity trap reaches about 100 Kelvin and captures and con-

denses molecules that have relatively low vapor pressure, such as

CO2 and H2O. On the other hand, the main trap can capture and

condense molecules with high vapor pressure, such as N2 and

CH4, owing to its low temperature of about 20 Kelvin. By using a

heater installed below the main trap, we can arbitrarily control the

temperature of the main trap and selectively extract the CH4 mole-

cules. Existing molecules in the CMPS can be determined with a

quadrupole mass spectrometer (QMS). Fig.3 shows the mass

spectra for three different temperatures of the main and impurity

traps. The most conspicuous spectrum peak of the room tem-

perature chamber was H2O+ because H2O molecules were re-

leased as outgas from the volume separator made of glass epoxy.

With decreasing temperature, absolute pressure was decreased

and most of the spectrum peaks became smaller. We confirmed

that CO2 and H2O could be effectively removed by decreasing the

temperature of the impurity trap.

We performed preliminary experiments using non-radioactive

methane (12CH4) gas to investigate separation performance. Fig.4

shows the results of the separation experiment using nitrogen gas

as the impurity. Temporal evolutions of analyzed ion current ob-

tained by QMS are plotted for CH3
+ (M =15) ions and N2

+ ions (M =

28) in the upper graphs. The lower graphs show the temperature

variation of the main trap. First, the trap temperature was in-

creased from 35 Kelvin to 50 Kelvin. On reaching 40 Kelvin,

evaporation of the N2 molecules started and the N2 signal could

be detected. After sufficient evaporation, the trap temperature

was increased again. On reaching 55 Kelvin, current signals of

the methane ions could be detected. By estimating the area ratio

of SN2/SCH4, we found twenty-fold impurities of nitrogen ions could

be successfully separated from methane ions.

Strategy towards 10/11C ion production
Based on these findings obtained so far, we started the devel-

opment of the ion source in the spring of 2014. To achieve the

ionization efficiency of ～1%, we are planning to employ an elec-

tron impact ion source using filaments. The filament ion sources

are commonly used for vacuum gages or mass spectrometry in-

struments. Principal features of the ion sources are small size and

capability to operate in an ultra-high vacuum. Owing to this small

size, the ion source can be installed in the CMPS. Consequently,

we can avoid the reduction of molecular transport efficiency from

the CMPS to the ion source. We can also reduce the amount of im-

purities by combining the CMPS and the ion source and decreas-

ing the total volume of the 10/11C ion production system. The fila-

ment ion source can effectively produce single charged methane

ions (CH4
+, CH3

+, etc.) when the electron energy of the filament ion

source is about 70 eV. Those single charged ions must be further

ionized to provide them as C2+ ions to the downstream accelerator.

We will consider using charge breeding techniques or a charge

stripping method with electrostatic acceleration to achieve even

further ionization.

Fig. 2 Schematic diagram of 10/11C molecule

production/separation system.

Fig. 3 Mass spectra measured by QMS.

Fig. 4 Results of the separation experiments.
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Introduction
Although the mortality rates of uterine cervical cancer have

steadily decreased during the past 30 years with the introduction

of Papanicolaou smear screening, uterine cervical cancer still re-

mains the third most common cancer affecting women worldwide.

Notably, the incidence and mortality rates of squamous cell carci-

noma are declining. On the other hand, the incidence rates of

adenocarcinoma and adenosquamous cell carcinoma have been

increasing in many countries despite being relatively uncommon

histologic subtypes of cervical cancer.

In the treatment for locally advanced carcinoma of the uterine

cervix, cisplatin-based concurrent chemoradiation therapy

(CCRT), including intracavitary brachytherapy (ICBT), has be-

come the standard therapy according to the results of several ran-

domized phase III clinical trials. However, the majority of patients

participating in those studies had squamous cell histology; ade-

nocarcinomas represented only approximately 10% of the pa-

tients enrolled, and adenocarcinoma of the uterine cervix is more

radio-resistant than squamous cell carcinoma. Thus, CCRT for

adenocarcinoma of the uterine cervix is still unsatisfactory and the

treatment of locally advanced adenocarcinoma is in need of even

more aggressive therapy.

To evaluate the toxicity and efficacy of C-ion RT for locally ad-

vanced adenocarcinoma of the uterine cervix or corpus, we con-

ducted a phase I/II trial (Protocol 9704) between April 1998 and

January 2010 (Fig.1). This highlight describes the clinical out-

comes of adenocarcinoma of the uterine cervix in this trial, ex-

cluding cases of the uterine corpus.

Results and Discussion
Between April 1998 and February 2010, 55 patients with locally

advanced adenocarcinoma of the uterine cervix (Protocol 9704)

were treated with carbon-ion radiotherapy (CIRT) (Fig.2) [1]. The

numbers of patients with stage IIB, IIIB, and IVA disease were 20,

33, and 2, respectively. All patients with stage IVA had bladder in-

vasion but no rectal invasion. Tumor size was 3.0-11.8 cm in maxi-

mum diameter (median 5.5 cm), and that of stage IIIB and IVA

cases was 3.5-9.2 cm (median 5.8 cm). Histologically, 45 of 55

patients had adenocarcinoma and 13 patients had adenos-

quamous cell carcinoma. Twenty-four of the 55 patients had pel-

vic lymph node metastases. Seven of 55 patients received 62.4-

64.8 GyE, 10 patients had 68.0 GyE, 21 patients had 71.2 GyE

and 17 patients had 74.4 GyE. Overall treatment time (OTT)

ranged from 32 to 40 days, with a median of 35 days. Median

follow-up duration was 38 months (range, 7 to 141 months).

The 5-year local control rate, local control rate including sal-

vage surgery, and overall survival rate in all stage cases were

54.5%, 68.2% and 38.1%, respectively (Fig.3). In stage IIIB and

IVA cases, the three rates were 57.9%, 69.2% and 42.4%, respec-

tively. Several studies have reported treatment outcomes of ade-

nocarcinoma of the uterine cervix treated with RT or CCRT (Table

1). Niibe et al [2]. reported a 5-year local control rate of 36% for

stage IIIB by RT alone or CCRT. Grigsby et al. [3] reported 33%

for stage III adenocarcinoma of the uterine cervix by RT alone.

Huang et al. [4] reported 58% for stage III and 48% for stage IB-

IIA bulky (> 4 cm) by RT alone or CCRT. In the present study, the 5

-year overall local control rate for stage IIIB or IVA was 57.9%Fig.1 History of Protocol for Uterine Adenocarcinoma
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even though the median tumor size of our cases was 5.8 cm (3.5-

9.2 cm). Although the number of patients in this study was small,

the local control rate was relatively better than those of the con-

ventional RT or CCRT studies.

On the other hand, the overall survival rate was less than satis-

factory in this study (2-year: 65.5%, 5-year: 38.1%), even though

the local control rate for bulky tumors was relatively favorable.

Several researchers [4,5] showed that locally advanced adeno-

carcinoma of the uterine cervix had poor prognosis, with 5-year

survival rates being only 25-29%. It was suggested that the rea-

sons were poor local control and greater distant metastases. Hu-

ang et al. [4] reported a 5-year distant metastasis rate of 46% for

stage III patients after RT alone or CCRT, and Eifel et al. [5] re-

ported that 45% of patients with stage IIB or III showed distant

metastases after RT. In the present study, 2-year and 5-year cu-

mulative distant metastasis rates were 49.4% and 64.8%, respec-

tively. These rates were higher than those in the other studies be-

cause our patients did not receive concurrent chemotherapy, tu-

mor size was larger than in the other studies, and the overall sur-

vival rate was also higher. Thus, to improve the distant metastasis

and local control rates, the use of chemotherapy in combination

with CIRT should receive further consideration.

All of the observed acute and late toxicities are listed in Table 2.

Although 24 patients developed acute GI and 12 patients had

genitourinary (GU) toxicity (grade 1-2), all patients completed the

scheduled therapy except one who was finally excluded from this

study because of ischemic enteritis and bowel perforation during

CIRT (64.8GyE for 18 fractions). This patient underwent surgery,

and the site of the ischemic enteritis and bowel perforation was

proven to be outside of the irradiation area. No patient developed

grade 3 or higher acute toxicity in the GI tract or GU tract. Late GI

or GU toxicity was found in as many as 16 patients (27.6%) but

the toxicity was grade 1 or 2 (except one case). One patient de-

veloped a grade 4 rectal complication, which was surgically sal-

vaged. This case had uncontrolled severe diabetes mellitus (DM).

Conclusion
The number of patients in this study was small (55) and it was a

dose escalation study, but the local control rate, although still un-

satisfactory, was relatively better than in conventional studies. In

addition, distant metastases also frequently occurred, so the over-

all survival rate was less than satisfactory. On the basis of these

results, we are now conducting a new clinical trial of CIRT with

concurrent chemotherapy for locally advanced adenocarcinoma

of the uterine cervix.

Fig.2 Treatment schedule of C-ion RT

Fig.3 Local control rate, local control rate including salvage sur-

gery, and overall survival rate in all cases

Table 1
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Table 2 Acute and late toxicities

N
Acute (CTCAE ver 3.0)

G0 G1 G2 G3 G4 G5

GI tract 55 32 20 3 0 0 0
GU tract 55 51 11 0 0 0 0

Skin 55 30 8 0 0 0 0

N
Late (RTOG / EORTC)

G0 G1 G2 G3 G4

GI tract 55 43 10 2 0 1
GU tract 55 45 5 5 0 0

Skin 55 57 1 0 0 0

GI: gastrointestinal. GU: genitourinary
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Dose to be prescribed in radiation therapy are in principle de-

signed in order to achieve a uniform anti-tumor effect throughout

the target region. At HIMAC, HSG, an experimental cell line origi-

nating from human salivary gland tumor, has been used as a ref-

erence in the design. It should be noted, however, that the dose

actually delivered to the tumor is sometimes limited if surrounding

normal tissues develops any unacceptable side effect even if fur-

ther irradiation is desired from the viewpoint of the tumor control.

This suggests that precise understanding of the normal tissue re-

sponse is the key for optimized radiation therapy. The modeling of

normal tissue response is, however, far more complex in compari-

son to that of tumor control, mainly due to the vast variation in bio-

logical end point referred to as the “side effect”, as well as vari-

ation in dose and radiation quality given in each case. In this re-

spect, our Radiation Effect Research Team has been tackling the

modeling of various normal tissue responses mainly in C-ion RT at

HIMAC. The achievements in this context in 2013 are described in

this highlight.

Skin
The degree of the skin reaction has been evaluated by intro-

ducing the diagnostic score which is evaluated by a medical doc-

tor into discrete grades. We are trying to establish a quantitative

and objective evaluation of the skin reaction.

Within a treatment protocol, the skin reaction is expected to be

numerically expressed as a function of red inflammation. Red in-

flammation of skin is due to expansion of capillaries and incre-

ment of blood flow because of the biological repair reaction.

Therefore, hemoglobin which is the color element of blood is con-

sidered to essentially relate to the degree of the red inflammation

of skin. Two kinds of non-invasive techniques to measure hemo-

globin have been developed. One is color element decomposition

on an image using independent component analysis (ICA) [1]

which is a multivariate statistics method. For this, skin color in a

digital image is decomposed into hemoglobin, melanin, and oth-

ers as relative values. The other technique uses a commercially

available laser flow meter. The laser flow meter measures the re-

flected intensity of the laser on the skin and the modulated wave-

length due to the Doppler effect. The laser flow meter detects he-

moglobin flow as an absolute value. We have combined these

techniques for quantitative evaluation of the skin reaction.

Fig.1 shows an example of the skin color decomposition of a

picture which was taken using a compact digital camera 1 month

after C-ion RT had been carried out at HIMAC on a lung cancer.

The red inflammation due to the two shots is only seen in panel (B)

Fig.1 An example of the skin color decomposition on a picture which was

taken using a compact digital camera 1 month after C-ion RT had

been carried out at HIMAC on a lung cancer. The red inflammation

due to the two shots is only seen in panel (B) of the hemoglobin im-

age. Freckles and a mole are seen in panel (C) of the melanin im-

age. The track of a vein is seen in panel (D) as another color be-

cause its blue color cannot be expressed by a combination of the

color vectors of hemoglobin and melanin.
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of the hemoglobin image. Freckles and a mole are seen in panel

(C) of the melanin image. The track of a vein is seen in panel (D)

as another color because its blue color cannot be expressed by a

combination of the color vectors of hemoglobin and melanin. The

fig.clearly shows that the skin color decomposition was success-

fully realized.

The basic study for quantitative evaluation of the skin reaction

has been finished. Once a relationship between dose and incre-

ment of hemoglobin flow is known, a virtual skin image after irra-

diation is available by artificially controlling the pixel value in the

hemoglobin image. We expect this will help doctors and their pa-

tients to decide and understand the appropriate treatment plan.

Rectum and Urethra
Radiation injury of the rectum is the major concern in RT for

prostate cancer because it often threatens a patient‘s QOL. The

aim of this study was to make use of the normal tissue complica-

tion probability (NTCP) model to understand rectal and urethral

late complications after C-ion RT and clarify the characteristics of

the C-ion RT.

Rectal and urethral dose-volume histograms (DVHs) were ana-

lyzed for 166 patients treated between June 1995 and July 2007.

These patients received 54 -72 Gy (RBE) in dose escalation trials

[2]. The end point for the analysis was Grade 1 or worse late com-

plications for the rectum, and Grade 2 or worse complication

probabilities for the urethra. Of the 166 patients, 29 patients expe-

rienced Grade 1 or worse late complications for the rectum and

24 experienced Grade 2 or worse late complications for the ure-

thra after therapy-ion RT.

The Lyman-Kutcher-Burman (LKB) NTCP model was applied to

the DVHs expressed as a function of the equivalent uniform dose

(EUD).�������� 	
 ��
� �
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Here n describes the volume dependence, m is the slope

steepness of the complication probability versus dose curve and

TD50(1) is the dose which can lead to a 50% complication prob-

ability when delivered to the whole organ. Maximum likelihood

analysis was used to determine the values of the parameters (n,

m and TD50 (1) ).

Fig.2 presents the predicted NTCP curve obtained with the best

estimated parameters for the LKB model as a function of EUD for

rectum and urethra. Asterisk marks show the observed complica-

tion rates. Table 1 summarizes estimated parameter values with

95% CI with those for the conventional RT [3]. The volume effect

parameter, n, for the rectum and urethra had values of 0.058 and

0.0015, respectively. These low values suggest that these seem to

act as a serial-like organ and it is important not to exceed the tol-

erance dose at any point for C-ion RT. Furthermore, it is sug-

gested that the urethra, even irradiated to only a somewhat high

dose occurs a late complication easily because n value is close

to zero.

The new NTCP parameter values are useful to compare the

plans for therapy-ion RT.

Fig.2 Derived NTCP curves of rectum (left) and urethra (right).

Table 1 Estimated NTCP parameters with 95% CI
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Introduction
It is known that accelerated carbon ions form a Bragg peak at a

given depth, depending on the particle energy. Carbon ion

beams are biologically heterogeneous along the beam path, due

to the change of radiation quality, such as LET (linear energy

transfer). This heterogeneity is most prominent in the spread-out

Bragg peak (SOBP). At present, SOBP carbon ion beams are

used for patient treatments at HIMAC. SOBP beams contain high

LET components, and the LET increases within the SOBP beam

path. High LET radiation has two indicators for therapeutic effects:

relative biological effectiveness (RBE) and oxygen enhancement

ratio (OER). When the therapeutic effects of charged particles are

compared with those of photon radiation, the charged particles

have the advantages of a large RBE and a small OER [1]. Clinical

studies show that the large RBE and the small OER of charged

particles are responsible for enhanced biological effects and im-

provement in hypoxia-induced radioresistance.

Several studies have shown that RBE values increase with in-

creasing LET within the SOBP of carbon ion beams. These bio-

logical data have been used to design ridge filters that provide a

uniform distribution of biological effectiveness within the SOBP

beams. However, little is known about the LET dependence of

OER within the SOBP beams. In this highlight we examine the LET

dependence of biological effects such as the RBE and the OER

within the SOBP carbon ion beams using clamped and non-

clamped squamous cell carcinoma (SCCVII) tumors (in vivo). It is

well known that solid tumors contain hypoxic cells. These hypoxic

cells show resistance to low LET radiations and hence non-

clamped SCCVII tumors may show the radioresistance from some

hypoxic cells in the tumor. Thus we prepared single-cell suspen-

sion samples to determine the radiation response of aerobic cells

directly (single-cell suspension) (Fig.1).

Results
Fig. 2 shows the dose-response curve of SCCVII cell survival af-

ter irradiation by X-rays and carbon ion beams in three different

oxygen states. The plating efficiencies of hypoxic tumor, normoxic

tumor and aerobic cells were 0.45 ± 0.04, 0.44 ± 0.05 and 0.58

± 0.06, respectively. These plating efficiencies were not affected

by different oxygen conditions (P > 0.1, by Kruskal-Wallis test). All

survival curves were fitted by the LQ equation. Carbon ion beams

with an LET at 80 keV/μm showed the highest radiosensitivities

under each tumor cell condition.

We observed that all survival curves had shoulders, whereas

the curves for X-rays and carbon ion beams with an LET of 46 keV

/μm showed a curvature for high doses, indicating a more radiore-

sistant subgroup of cells. The RBE values of carbon ions in three

different oxygen conditions (hypoxic, normoxic and aerobic) in-

creased with increasing the LET. The maximum RBE values were

2.16 ± 0.13 under hypoxic, 1.76 ± 0.13 under normoxic and

1.66 ± 0.04 under aerobic conditions at distal position (80 keV/

μm) within the SOBP carbon ion beams.

As expected, the RBE values under the hypoxic condition were

Fig.1 Experimental flow chart [2].
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larger than that under the normoxic and aerobic conditions in the

SOBP beams (Fig. 3). The OER values were also calculated by D

10 values, and the OER values to normoxic tumor (OERh/n) were

smaller than those to aerobic cells (OERh/a) (Fig. 3). The X-ray OER

values (1.87± 0.13 for the ratio of hypoxic tumor to normoxic tu-

mor and 2.52 ± 0.11 for the ratio of hypoxic tumor to aerobic

cells) were larger than those of carbon ions. However the OERh/n

values (1.43± 0.19 and 1.52± 0.10) and the OERh/a values (1.84

± 0.12 and 1.94± 0.10) showed no significant change (P > 0.3,

by t-test) at 46 keV/μm (proximal position) and 80 keV/μm (distal

positions) within the SOBP beams, respectively.

In summary, in this study we found that the RBE values for cell

survival increased with increasing LET and that the OER values

had little change with increasing LET within the SOBP carbon ion

beams.

Fig.2 The surviving fractions of SCCVII tumor cells irradiated with 200 kV X-rays (●) or carbon-ion beams (46 keV/μm (□) and 80 keV/μm (◆)). The symbols

and bars are the mean and standard error calculated from three or more independent experiments (6-12 mice at each point). The plots were fitted by

the linear-quadratic (LQ) equation, SF =exp(-α・D-β・D2), with the exception of 15, 20 and 25 Gy in normoxic tumor condition [2].

Fig.3 The distribution of RBE at the 10% survival level (●, hypoxic tumor;□, normoxic tumor;◆, aerobic cells) and OER at

the 10% survival level (▲, hypoxic/normoxic;▼, hypoxic/aerobic) as a function of the dose-averaged LET within SOBP

carbon ion beams. The RBE values are relative to 200 kV X-rays (D10,X-rays)/(D10,carbon-ions). The OER values were calculated

as, (D10,hypoxic)/(D10,normoxic or aerobic). The symbols and bars represent the mean and standard error [2].
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Fig.1 Prolongation of mouse survival after total body irra-

diation by stable FGF1 mutant.

FGFs as radioprotectors
The gastrointestinal tract is so radiosensitive that abdominal ra-

diotherapy of tumors always involves the risk of adverse reac-

tions. Several fibroblast growth factors (FGFs) have been shown

to inhibit radiation-induced tissue damage and are expected to

have potential for clinical use as radioprotectors. The fibroblast

growth factor receptor (FGFR) family is composed of four receptor

tyrosine kinases (RTKs) designated as FGFR1, FGFR2, FGFR3,

and FGFR4. Alternative splicing of FGFRs is critical for FGF-FGFR

specificity. In particular, FGF receptor 2 IIIb (FGFR2b), the so

called keratinocyte growth factor receptor (KGFR), may play an

important role in intestinal tissue repair because it is expressed

only in epithelial cells. FGF1 is able to not only activate all of the

known tyrosine kinase FGFR subtypes, but also bind to FGFR2b

with high affinity. In addition, the profiles of FGFR expression in in-

testinal damage by radiation seem to be favorable for the FGF1

signaling pathway. Therefore, the wide spectrum of FGF1 activity

makes it an ideal FGF for the treatment of radiation injuries.

A stronger FGF1 radioprotector
The structural instability of wild-type FGF1, however, limits its

potential for practical use. FGF1 has poor thermal stability and a

relatively short half-life in vivo. Therefore, a number of FGF1 mu-

tants have been created in order to increase its stability. Among

such FGF1 mutants, Q40P, S47I, and H93G were identified as

strongly stabilizing substitutions. Moreover, the combinations of

each single mutation were able to enhance thermal stability more

than single mutations. In particular, Q40P/S47I/H93G exhibited

the highest thermal stability, the longest half-life and the lowest

proteolytic susceptibility among the FGF1 mutants. Q40P/S47I/H

93G could also activate all subtypes of FGF receptors in vitro

much more strongly than the wild-type FGF1. Interestingly, not

only pre-irradiation treatment with Q40P/S47I/H93G, but also post-

irradiation treatment with Q40P/S47I/H93G was effective in pro-

moting intestinal regeneration after radiation damage. Moreover,

Q40P/S47I/H93G prolonged mouse survival after total body irra-

diation because of the repair of intestinal damage (Fig. 1) [1].

Accordingly, we obtained the interesting result that the struc-

tural stability of FGF1 could contribute to the enhancement of pro-

tective effects against radiation-induced intestinal damage.

Therefore, Q40P/S47I/H93G is pharmacologically one of the most

promising candidates for clinical applications for radiation-

induced intestinal damage.

FGFR-independent radioprotector
Unfortunately, deregulation of FGFR signaling was shown to be

associated with the pathogenesis of several malignant tumors,

such as bladder, endometrial, and gastric cancers; therefore, FGF

radioprotectors might protect tumor cells. FGF12 was classified

as an intracrine FGF because it does not activate any FGFRs and

there is no evidence of it being secreted from cells, so that FGF12

has no risk to stimulate FGFRs of tumor cells. Surprisingly, a

strong radioprotective effect of FGF12 given 24 h after irradiation

was observed in the intestine in the crypt assay, the results of

Basic Research on the Estimation of Effectiveness of Radiotherapy for Individual Cancer Patients

New aspects of FGF radioprotectors

Fumiaki Nakayama
E-mail: f_naka@nirs.go.jp

Highlight

24 National Institute of Radiological Sciences Annual Report 2013



which were caused by not only apoptosis but also cell prolifera-

tion and differentiation in the intestine (Fig. 2) [2].

New mechanism of FGF radioprotectors
Generally, FGFs can function through the activation of surface

FGFRs, while receptor-bound FGF1 can be endocytosed to reach

the nucleus via the presence of a NLS, leading to DNA synthesis

and cell proliferation. Its translocation depends on binding with

FGFR1 and FGFR4 and requires phosphatidylinositol 3-kinase (PI

3K) activity and Hsp90. Moreover, FGF1 can interact with intracel-

lular proteins such as FIBP, p34, casein kinase 2 (CK2), and mor-

talin, suggesting that endocytosed FGF1 plays multiple roles in-

side cells. We demonstrated for the first time that exogenous FGF

12 could be internalized into cells very efficiently to play a role in

physiological events. This process depends on two novel cell-

penetrating peptide (CPP) domains of FGF12 (CPP-M and CPP-

C). CPP-C, composed of approximately 10 amino acids, was

identified as a specific domain of the FGF11 subfamily (FGF11-

FGF14) in the C-terminal region, whereas CPP-M was shown to be

a common domain in the internal region of the FGF family. Further-

more, CPP-C could deliver FGFs into cells independently of

FGFR, so that an FGF1/CPP-C chimeric protein (FGF1/CPP-C)

could be internalized into cells more efficiently than wild-type FGF

1 (Fig. 3) [3].

A CPP-C deletion mutant that decreased cellular internalization

of FGF12 also reduced radiation-induced apoptosis. In contrast,

we found that FGF12 possessed two domains, amino acid resi-

dues 80-109 and 140-169 of FGF12B, which showed very potent

protective effects against radiation-induced intestinal damage. In-

terestingly, these regions included the CPP-M and CPP-C do-

mains, respectively, although CPP-C by itself did not show an anti-

apoptotic effect. Moreover, internalized FGF12 suppressed the

activation of p38α after irradiation, resulting in reduced radiation-

induced apoptosis. Consequently, our findings reveal that FGF12

can protect the intestine against radiation-induced injury through

its internalization, independently of FGFRs, suggesting that cellu-

lar uptake of FGF12 is an alternative FGF signaling pathway po-

tentially useful for cancer radiotherapy (Fig. 4) [2].

Fig.2 Protective effects of externally administered FGF12

against radiation-induced intestinal damage.

Fig.3 CPP sequence of FGF12 involved in cellular internalization.

Fig.4 Radioprotective effects of internalized FGF12.
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Introduction
Irradiation triggers a variety of cellular responses such as

growth delay, DNA repair, apoptosis, and senescence. These re-

sponses are the result of activation, inactivation, interaction, or

changes in the activity level of numerous proteins. Although many

studies have indicated that the fate of irradiated cells is specific to

the cell type, tumor type, irradiation type, and nature of the in-

duced stress, the mechanism that regulates these cellular re-

sponses remains unclear.

Early cellular responses to irradiation are characterized by tran-

scriptional regulation of genes [1]. In addition, during the last dec-

ade, small RNA molecules such as microRNAs (miRNAs) were

demonstrated to play important roles in the regulation of gene ex-

pression in almost all vertebrates.

Recently, we found that X-ray irradiation of cells induced the ex-

pression of miR-574-3p, which, in turn, suppressed the produc-

tion of the enhancer of rudimentary homolog (ERH) protein and

delayed cell growth [2]. These findings provide important insight

into the cellular responses to irradiation.

Results
1) Induction of miR-574-3p expression after irradiation

To explore the role of miRNA molecules in X-ray or carbon ion

beam (C-ion)-induced changes in gene expression, we analyzed

the miRNA expression profile of the A549 cell line, which derived

from human lung adenocarcinoma, within a few hours of irradia-

tion using miRNA arrays. After a 3-h exposure to 2-Gy X-ray irra-

diation, the cells showed induction of miR-574-3p (Fig.1). How-

ever, qRT-PCR showed no induction of miR-574-3p expression af-

ter C-ion irradiation with 1, 2, 5, or 10 Gy for 1 or 3 h, suggesting

that induction of miR-574-3p might be specific to X-ray irradiation.

X-ray-induced induction of miR-574-3p was also detected in

ONS76 (brain medulloblastoma) and SF126 (brain astrocytoma)

cell lines, whereas it was not detected in C32TG (amelanotic

melanoma). Expression of miR-574-3p was slightly suppressed in

the NB1RGB (normal skin fibroblast) and HeLa (cervical adeno-

carcinoma) cell lines.

To study the biological significance of miR-574-3p induction, we

transfected synthetic miR-574-3p or miR-574-3p antagomirs,

which function as a suppressor of miRNA, into A549 cells. Cells

transfected with the synthetic miR-574-3p had a significant delay

in growth compared with the cells transfected with control cells

(Fig.2).

Growth delay is a known cellular response to irradiation. To

study the involvement of miR-574-3p in the growth delay induced

by X-irradiation, we observed the growth of A549 cells transfected

with miR-574-3p antagomirs or synthetic miR-574-3p and subse-

quently irradiated with X-rays. As expected, the growth delay in-

duced by X-irradiation was partially attenuated in cells transfected

with miR-574-3p antagomirs.

Fig.1 X-ray-responsive miRNA in A549 cells. The dotted lines indicate the

thresholds of 1.5-fold change.
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2) Suppression of ERH by miR-574-3p

To identify the target mRNA regulated by miR-574-3p, we com-

pared the expression profile of mRNA in A549 cells transfected

with synthetic miR-574-3p with that in cells transfected with miR-

574-3p antagomirs by microarray analysis. Fifty-three mRNAs

were down-regulated by at least 0.5-fold (p =< 0.001) in cells

overexpressing miR-574-3p compared to cells with miR-574-3p

knocked down. Among the 53 targets identified, 8 genes have

been focused on as potential candidate genes regulated by miR-

574-3p, based on bioinformatics analysis. Among these 8 genes,

only the enhancer of rudimentary homolog (ERH) is known to as-

sociate with cellular responses to genotoxic stress.

The enhancer of rudimentary (ER) gene was originally isolated

from Drosophila melanogaster and found to participate in the

pyrimidine metabolic pathway. Its human homolog, ERH, was

identified later, and the nucleotide identity between the human

and Drosophila genes is almost 80%. ERH is a multifunctional nu-

clear protein that mediates the cell cycle at the metaphase-

anaphase transition and transcriptional regulation.

To test whether ERH expression is affected by miR-574-3p, the

miRNA was transfected into A549 cells. Western blot analysis re-

vealed that expression of the ERH protein was 0.68-fold lower in

A549 cells transfected with the synthetic miR-574-3p than in the

non-transfected cells. Interaction between miR-574-3p and the

predicted sequence found in the 3’-UTR of the ERH mRNA was

confirmed using luciferase assay (Fig.3).

To ascertain whether ERH directly affects cell growth, we trans-

fected siRNA against ERH (siERH) or negative control oligonu-

cleotides into A549 cells. As expected, cells transfected with

siERH displayed a significant delay in growth compared with cells

transfected with the negative control oligonucleotides, mock

transfected cells, or non-transfected cells.

3) ERH regulates cell cycle progression

DNA damage caused by irradiation is known to arrest cell cycle

progression through the activation of the tumor suppressor pro-

tein, p53, and subsequent induction of the cyclin kinase inhibitor,

p21Cip1/Waf1, which binds to and inhibits CDK-cyclin complexes. In

addition to these important components involved in cell cycle

control, many proteins also interact with p53 and p21Cip1/Waf1. Cip1-

interacting zinc finger protein, Ciz1, is one of these binding part-

ner of p21Cip1/Waf1. Ciz1 is aberrantly expressed in various types of

tumors and is thought to be a tumor suppressor. Ciz1 is believed

to facilitate the formation of the CDK-cyclinE-p21Cip1/Waf1 complex.

Ciz1 induces the cytoplasmic localization of p21Cip1/Waf1 when it is

up-regulated by DNA damage. Therefore, we infer that the CDK-

cyclineE-p21Cip1/Waf1 complex is formed under the action of Ciz1 to

arrest the cell cycle after DNA damage. Interestingly, Ciz1 has

been characterized as a novel molecular partner for human ERH.

We postulate that because ERH blocks the action of Ciz1, induc-

tion of miR-574-3p by DNA damage with subsequent reduction of

ERH expression facilitates the formation of the CDK-cyclineE-p

21Cip1/Waf1 complex. As a result, growth delay is maintained, thereby

enabling the repair of DNA damage (Fig.4).

Conclusion
Many in vitro and in vivo studies have shown that gene expres-

sion profiles responding to X-ray or C-ion irradiations included

common and specific gene expressions for each irradiation. In

this study, miR-574-3p, which played an important role in cell cy-

cle regulation after DNA damage, was induced by X-ray irradia-

tion, but not by C-ion irradiation. The induction of miR-574-3p ex-

pression resulted in suppression of ERH expression and led to a

delay in cell growth. Although further studies are necessary to elu-

cidate the precise mechanism of miR-574-3p and its target gene

ERH, our finding lends important insight to the cellular response to

irradiation.

Fig.2 Delay in cell growth caused by overexpression of miR-574-3p in

A549 cells

Fig.3 Luciferase reporter assay for binding of the modified ERH-3’-UTR

with miR-574-3p.

Fig.4 Proposed role of miR-574-3p in radiation-induced growth delay.
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Since 1994, a Phase I/II clinical study and cancer radiotherapy

have been carried out using carbon-ion broad beams generated

with the HIMAC. Now, a new treatment facility for advanced

carbon-ion therapy has begun applying a 3D fast spot scanning

system with pencil beams [1, 2]. To identify the biological effects

of the 3D fast scanning carbon ion beams in vitro, we demon-

strated the lethal effect of human tumor cell lines with different ori-

gins using the spot scanning irradiation system of carbon-ion mi-

crobeams generated with the Takasaki Ion Accelerators for Ad-

vanced Radiation Application (TIARA) in the Japan Atomic En-

ergy Agency (JAEA). A radiation-induced bystander effect is de-

scribed as the ability of cells that are not directly irradiated by a

radiation beam but that are close to cells that are irradiated to

show induced biological effects [3]. This bystander effect plays

an important role in the mechanism(s) for heavy-ion radiosensitiv-

ity, especially for spot scanning irradiation. It is very powerful for

understanding radiation-induced bystander effects to use a

microbeam-irradiation system and we, therefore, have been doing

a joint study with JAEA about biological responses using the

heavy-ion microbeams.

Carbon-ion microbeams (12C5+, 220 MeV) collimated to 20 μm in

diameter were generated with the HZ1 port at TIARA. Eight differ-

ent human cell types harboring wild- or mutated-type P53 gene

were distributed by the Riken BioResource, the Health Science

Research Resources Bank and the Institute for Fermentation in

Japan. Two days before the irradiation approximately 8 x 105 ex-

ponentially growing cells were inoculated into separate mi-

crobeam dishes. These dishes were made of an acrylic resin ring

with 36 mm diameter and had a 7.5 μm-thick polyimide film at-

tached on the ring bottom. The irradiation was carried out using

the 256 (16 x 16)-cross-stripe-irradiation method (Fig.1). In this ir-

radiation condition, the percent of the number of total microbeam-

irradiated cells to total plated cells on the dish was calculated as

around 0.01%. The linear energy transfer (LET) of carbon-ion mi-

crobeams was estimated to be 103 keV/μm at the sample position

and the irradiation was carried out in each spot with 8 delivered

ion beams (0.4Gy). Lethal effect was detected using a colony for-

mation assay as reproductive cell death. In order to block up cell-

cell communication, half of the sample dishes were treated with a

specific inhibitor of gap-junction mediated cell-cell communica-

tion (40 μM of γ-isomer of hexachloro-cyclohexane) one day be-

fore the irradiation.

We first examined the lethal effect and the gap-junction medi-

ated bystander lethal effect using two tumor cell lines with the

same origin transfected with either the wild-type P53 gene (H1299

/wtp53) or mutated-type P53 gene (H1299/mp53) from a human

non-small cell lung carcinoma cell line (H1299). The percent sur-

vival for the carbon-ion-microbeam irradiation (IR) in H1299/wtp53

cells was around 90%, while it was almost 100% in H1299/mp53

cells (Fig.2). We would expect the percent survival of 99.99% if

the lethal effect was induced in only the directly irradiated cells,

representing 0.01%, assuming no bystander effect. However, the

percent survival in H1299/wtp53 cells was significantly lower than

our expectation. We concluded that the lethal effect in the carbon-

ion irradiated H1299/wtp53 cells was enhanced by the bystander

effect. Moreover, it returned to around 100% when using the spe-

cific inhibitor of gap-junction mediated cell-cell communication.

Fig.1 Photo of a dish and a schematic diagram for the 256 (16 × 16)-

cross-stripe method of the microbeam irradiations.
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The observed bystander lethal effect was induced by the mecha-

nism of gap-junction mediated cell-cell communication.

To generalize the result, we next examined the P53-dependent

bystander lethal effect using 6 human cell lines with different ori-

gins, such as normal human skin fibroblasts (wild-type P53 gene),

brain astrocytoma (wild-type P53 gene), lung adenocarcinoma

(wild-type P53 gene), melanoma (mutated-type P53 gene), brain

medulloblastoma (mutated-type P53 gene) and brain gliosar-

coma (mutated-type P53 gene). The results clearly showed that

the percent survival was 85-92% in the cells with wild-type P53

gene and around 100% in the cells with mutated-type P53 gene.

Also, the reduced survival in the cells with wild-type P53 gene re-

turned to 100% when using the specific inhibitor of gap-junction

mediated cell-cell communication (Fig.3). There was clear evi-

dence that the spot irradiation of carbon-ion microbeams could

induce the enhanced lethal effect in cells harboring wild-type P53

gene via the gap-junction mediated bystander effect.

The results suggest that the spot scanning irradiation system of

carbon ions enables us to kill tumor cells effectively and to pro-

vide tailor-made therapy depended on specific gene(s), such as

P53 gene status, considering the P53-dependent bystander le-

thal effect. Additionally, the study results will facilitate develop-

ment of drugs that can enhance the bystander lethal effect in P53-

mutated tumor cells.

Fig.2 Bystander lethal effect in H1299/wtp53 and H1299/mp53

cells irradiated with carbon-ion microbeams (0.4Gy). IR, mi-

crobeam irradiated sample; L+IR, microbeam irradiated

sample with a gap-junction inhibitor. The results are the

means and standard errors from 6 independent beam times

(* p < 0.05).

Fig.3 P53-dependent bystander lethal effect in 6 different human cell lines irradiated with carbon-ion micro-beams (0.4Gy).

The treatment in the horizontal axis is the same as explained in the caption of Fig.2. The results are the means and stan-

dard errors from 6 independent beam times (* p < 0.05).
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Since 1994 the Heavy-Ion Medical Accelerator in Chiba (HI-

MAC) at NIRS has been made available for use by researchers

worldwide in the field of ion-beam sciences in addition to carbon-

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

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

five treatment rooms. During the daytime from Tuesday through

Friday, HIMAC is operated for patient treatments. At night and on

weekends the four halls can be used for various experiments with

ion beams. The latter framework is specified as “The Research

Project with Heavy Ions at NIRS-HIMAC”. Table 1 shows typical

beam characteristics which are available to users at the Physics

cave.

NIRS accepts proposal submissions for the Research Project

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

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

Program Advisory Committee (PAC) for the Research Project re-

views submitted proposals from the viewpoint of scientific merits

and feasibilities. The Machine Time Committee allocates beam

time in accordance with the review of the PAC, considering re-

quests from proposers. The Program Coordinator Group supports

researchers especially from external institutions. The researchers,

whose accepted proposals employ HIMAC, are asked to make a

report to NIRS including a list of publications of the work and to

make a presentation at an annual meeting after the end of the fis-

cal year (FY).

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

of year. FY 2013 had 137 proposals from medicine, biology and

physics etc. that were accepted and a total beam time of 5282

hours was supplied. Fig. 2 shows contents of accepted propos-

als: the physics pie chart (a) includes medical physics, accelera-

tor, atom & nuclear physics, chemistry and space sciences; and

the biology pie chart (b) includes fundamental studies for cancer

treatment, response of normal tissue, cell biology and molecular

biology. 660 researchers, including 148 foreigners, were regis-

tered as participants from external institutions. Fig. 3 shows num-

bers of scientific reports such as original papers, proceedings,

theses and oral presentations. For more details, the annual report

[2] of the Research Project (partly in English) is available from the

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

(PDF file). It includes submitted reports and publication lists.

Fig.1 Numbers of accepted proposals as a function of fiscal year

Research and Development for the International Promotion of Carbon Ion Radiotherapy

The Research Project with Heavy Ions at NIRS-HIMAC

Tsuyoshi Hamano
E-mail: hamano@nirs.go.jp

Table 1 Typical beam characteristics available at HIMAC

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

He 100 180 230 - - - - - <1.2×1010

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

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

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

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

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

Ar - - - 290 - 400 650 - <2.4×108

Fe - - - - - 400 500 - <2.5×108
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Fig.2 Contents of accepted proposals in physics (a) and biology (b) in FY 2013

Fig.3 Number of scientific reports as a function of fiscal year
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NIRS has a long history of research and development in clinical

applications of radiation, especially in the field of nuclear medi-

cine including positron emission tomography (PET), single photon

emission tomography (SPECT) and internal radiation therapy.

Based on these accomplishments, the Molecular Imaging Center

(MIC) was established in 2006. At present, research carried out in

the MIC is based on collaboration among diverse areas as fol-

lows:

(1) Drug design for target-selective delivery (molecular probes),

labeling of the molecular probes with a suitable radionuclide

for diagnosis/therapy, and radionuclide production.

(2) Development of three-dimensional quantum photon measure-

ment systems such as PET and SPECT, including hardware

and software.

(3) Basic evaluation and clinical application for diagnosis/ther-

apy of tumors, psychiatric and neurodegenerative disorders,

and aging-related diseases such as inflammatory diseases.

The MIC also promotes research on magnetic resonance imag-

ing (MRI), X-ray-CT imaging and optical imaging. These imaging

techniques are an integral part of diagnostic imaging, so called

multimodal imaging. Recently, PET-MR has been approved for

clinical medicine, and development of its clinical applications will

be a key task for MIC.

Molecular Probe Program
1) Radiolabeling technique

We used [11C]methyl iodide, [18F]fluoroethyl bromide and [18F]

fluorine ion to label a variety of precursors and thereby develop

novel PET probes with various functional groups. [11C]Formalde-

hyde was used to label an oligopeptide containing tryptophan hy-

drochloride. We found that the use of tetrabutylammonium fluoride

could promote N- and O-[11C]methylation reactions with [11C]

methyl iodide in dimethyl sulfoxide.

2) Development of novel molecular probes

We developed diverse PET probes for receptors, transporters

and enzymes. Of these probes, [11C]ITMM is undergoing clinical

study for the imaging and quantitative analysis of mGluR1 in hu-

man brain. Further, neuroprotective effects were successfully

monitored using PET with [11C]ITMM. On the other hand, we devel-

oped several lipophilic 11C-labeled compounds that will enter the

brain and undergo glutathione conjugation to form hydrophilic

and MRP1-specific radiometabolites in the brain.

3) Production of non-standard PET, beta-, and alpha radionu-

clides

We have developed two production systems for the useful radi-

onuclides 68Ge and 211At.

4) Production of useful PET probes for clinical use

We routinely produce more than 70 PET probes for clinical and

basic research. In fiscal year 2013, we established rapid and reli-

able production and quality control methods of three new PET

probes and evaluated the toxicity and safety of these probes. We

improved the production equipment, systems and documents to

comply with the Japanese Society of Nuclear Medicine GMP stan-

dard for PET radiopharmaceuticals (JSNM GMP standard), and

passed the audit from the auditing organization for the JSNM

GMP standard.

5) Contribution to the quality control of clinical PET in Japan

We performed quantitative analyses and provided certificates

for chemical impurities in several radiopharmaceuticals including

[18F]FDG formulations which are produced in greater than 80 PET

facilities in Japan.

Biophysics Program
The Biophysics Program aims to develop next generation PET

technologies and to develop the methods for quantitative analy-

ses of in vivo imaging.

1) Imaging Physics Team

The Imaging Physics Team carries out research and develop-

ment of novel technologies for next generation PET instrumenta-

tions and imaging algorithms. A depth-of-interaction (DOI) detec-

tor is a key device to get any significant improvement in sensitivity

Molecular Imaging Research for Functional Diagnosis

Yasuhisa Fujibayashi, Ph.D., D.Med.Sci.
Director of Molecular Imaging Center

E-mail: yfuji@nirs.go.jp
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while maintaining high spatial resolution. DOI measurement also

has a potential to expand application of PET to new fields be-

cause it allows for more flexible detector arrangement. We are de-

veloping an OpenPET, which will lead to PET imaging during treat-

ment. Following our first idea of a dual-ring geometry, we invented

a single-ring geometry as the 2nd generation OpenPET. The DOI

detector itself continues to evolve with the help of recently devel-

oped semiconductor photodetectors, often referred to as silicon

photomultipliers (SiPMs). We are developing a SiPM-based DOI

detector named X’tal cube to achieve sub-mm spatial resolution,

which is reaching the theoretical limitation of PET imaging. We

have developed a prototype for 1mm isotropic detector resolution,

which equals the world record.

2) Imaging Physiology Team

The Imaging Physiology Team develops the methods for quanti-

tative analyses of in vivo imaging obtained from PET, MRI, and op-

tical imaging. In PET receptor imaging, a method for measure-

ment of dopamine release by a single PET scan with multiple in-

jections of [11C]raclopride was developed. The kinetics of radi-

oligands for neuroreceptors was evaluated using the graphic plot

analysis previously developed in simulated brain tissue time-

activity curves with various binding parameters. A semi-

automated classification of vascular components in mouse brain

from a two-photon laser scanning microscopy was developed to

determine the ratio of each vascular component including artery,

capillary, and vein in cerebral blood volume for correction of in-

travascular radioactivity in PET studies. The relation between au-

toregulatory vasodilatation due to stenoocculusive vascular lesion

and vascular response to hypercapnia in microvasculature was

evaluated using two-photon laser scanning microscopy in mice.

Fig.1 Developments of next generation PET technologies: the world’s fin-

est PET detector “X’tal cube” and the world’s first open-type PET

“OpenPET”. A small type equipped with transformable mechanism

was developed.

Diagnostic Imaging Program
1) Basic clinical research studies on pathophysiological imaging

We continued clinical research using the hypoxia PET probe, [18

F]FAZA, to clarify the relationship between [18F]FAZA tumor uptake

and responsiveness to treatment. In the radiation-induced thymic

lymphoma model, early changes of bone marrow and thymus af-

ter irradiation were evaluated by PET and MRI to elucidate the key

event related to carcinogenesis. For internal radiotherapy target-

ing a hypoxic microenvironment using [64Cu]ATSM, we developed

methods to increase the therapeutic effect and to reduce the side

effects. We proved that PET with [11C]acetate can predict the re-

sponsiveness to treatment targeting fatty acid synthase (see the

Highlight for details). We also developed a PET probe derived

from aminolevulinic acid for prediction of the effect of photody-

namic therapy.

2) Development of antibody/peptide probes for the targeted im-

aging of cancer-related molecules

For the targeted cancer imaging, we labeled antibodies against

cancer targets such as CD144 (see the Highlight for details) and

fibrin with 89Zr and successfully carried out PET imaging in mouse

xenograft models. In addition, experimental radioimmunotherapy

was performed using 90Y-labeled anti-transferrin receptor antibody

in mice having pancreatic cancer xenografts. A peptide probe

targeting αvβ3 inetgrin, 64Cu-labled tetramer of cRGD, was ap-

plied to the pancreatic cancer model and we successfully visual-

ized orthotopically-implanted cancer in the pancreas. A method to

decrease high renal uptake of this probe was also established.

3) Development of MRI-based functional probes and nano-sized

multi-functional probes and their application in various disease

models

MRI-based functional probes to measure tissue redox status

were applied for various disease models such as Parkinson’s dis-

ease and we succeeded in detecting high production of reactive

oxygen species. We developed a novel probe that accumulates in

mucosal epithelium and applied it for the spontaneous colon can-

cer model. We also developed various nano-sized probes for the

detection of very small cancers, LN metastases, resistance to

treatment, and so on, and evaluated their usefulness in disease

models.

Molecular Neuroimaging Program
The Molecular Neuroimaging Program focuses on pathophysi-

ology of neuropsychiatric disorders including Alzheimer’s dis-

ease, evaluation of drugs and the molecular mechanism of human

behavior. From basic research using transgenic mice to clinical

studies, we use PET, MRI, and laser microscopy to analyze the

molecular function of disease.

The major topic in 2013 was the publication of a new tau ligand

from basic research to clinical application. The study was origi-

nally started in the Neuromolecular team lead by Dr. Higuchi. He

designed the structure of the new tau ligand PBB3 and labeled it

with C-11 in collaboration with staff of the Molecular Probe Pro-

gram. Then the clinical study was carried out by Clinical Neuroi-

maging Team; this presents a good example of collaboration with

other teams and programs. We received a Japanese patent for

the tau ligand within a year. The impact of the new tau ligand on

the scientific community has been large and it was features in the

journals, Nature and Nature Reviews Neuroscience. We are cur-

rently starting several collaborative projects both within and out-

side Japan.

Other than the new tau ligand we have done several studies to

evaluate drug effects. Norepinephrine transporter (NET) is being

targeted as an important antidepressant. There have been limited

reports about the occupancy of NET and the clinical threshold of

the NET occupancy has not been clarified yet. We have measured

the NET occupancy by antidepressants using (S,S)-[18F]FMeNER-

D2. Based on the NET occupancy of the tricyclic antidepressant

nortriptyline, we estimated that more than 50% occupancy would

be needed for the clinical effect. This is the first report to indicate

the clinical threshold of the NET occupancy.

M
olecularIm

aging
Research

forFunctionalDiagnosis

National Institute of Radiological Sciences Annual Report 2013 33



Background and objectives
The ATP-binding cassette (ABC) transporter ABCC1 serves as

a primary active transporter using the energy from ATP hydrolysis.

This protein has an unusually broad substrate specificity and

eliminates numerous substances including lipophilic therapeutic

agents and hydrophilic metabolites from cells or tissues. ABCC1

is expressed in many tissues, with a relatively high level in the

lungs. The prominent expression of ABCC1 in the lungs may

serve as a defense mechanism against exogenous and endoge-

nous toxic compounds, and the alteration of ABCC1 expression is

associated with certain lung diseases such as chronic obstructive

pulmonary disease. Imaging of pulmonary ABCC1 activity would

therefore be useful for elucidating pathological conditions of lung

diseases. However, few reports are available on methods for im-

aging of ABCC1 activity in the lungs. Here, we introduce a paper

that examines the feasibility of imaging pulmonary ABCC1 activity

using 6-bromo-7-[11C]methylpurine ([11C]7M6BP) [1]. This com-

pound has recently been developed as a probe for the assess-

ment of cerebral ABCC1 activity and is found to be enzymatically

converted to its GSH conjugate (GS-P), a substrate for ABCC1, in

the brain [2].

Approach for imaging of pulmonary ABCC1 activity
and probe requirements

Fig.1 shows the model for imaging ABCC1 activity with a probe

for positron emission tomography (PET), an imaging technique

that can quantify the pharmacokinetics of the probe following in-

jection. A PET probe diffuses into cells after intravenous injection

and undergoes conversion to a hydrophilic substrate that is then

extruded by ABCC1. In the early phase after injection, the radio-

active species in cells are a mixture of the PET probe and the hy-

drophilic substrate but gradually they change to the hydrophilic

substrate alone. Since it is unlikely that the hydrophilic substrate

formed within cells is eliminated by simple diffusion, the rate of re-

duction in radioactivity would reflect pulmonary ABCC1 activity in

vivo after the PET probe completely disappears. The PET probe [11

C]7M6BP should thus possess the following characteristics: high

extraction to the lung tissue and efficient conversion to the GSH

conjugate.

Major findings
In our approach, [11C]7M6BP should enter the lung tissue by

simple diffusion, whereas its GSH conjugate (GS-P) should not. To

Fig.1 Model for the imaging of ABCC1 activity

When a lipophilic probe is administered intravenously, it enters cells

by simple diffusion. While a portion of the incorporated probe dif-

fuses from the cells, the rest is converted into a hydrophilic sub-

strate for ABCC1 (A). If the conversion to the substrate is rapid, the

probe will no longer exist in cells or the lung tissue within a short

time after its administration (B). In this situation, any decrease in ra-

dioactivity will depend on ABCC1 activity alone.

Development and Production of PET Probes for Molecular Imaging

Imaging of activity of the ATP-binding cassette
transporter ABCC1 in the lungs

Toshimitsu Okamura
E-mail: okamura@fml.nirs.go.jp
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confirm this, the uptake of the two compounds into the lungs was

examined in wild-type mice. The PET probe [11C]7M6BP showed

high uptake in the lungs 1 min after injection. By contrast, the in-

itial uptake of [35S]GS-P in the lungs was low and comparable to

that in the blood. The lung-to-blood ratio of [35S]GS-P at 1 min after

injection was much lower than that of [11C]7M6BP, and the uptake

of [35S]GS-P into the lung via simple diffusion would thus be negli-

gible.

The PET imaging of ABCC1 activity also requires that [11C]7M6

BP should be efficiently converted to [11C]GS-P in the lung tissue.

To test this, we analyzed the chemical form of radioactive com-

pounds in the lungs 5 min after an intravenous injection of [11C]7M

6BP into the wild-type and Abcc1-/- mice by HPLC. The parent

compound [11C]7M6BP completely disappeared from the lung tis-

sue of the two strains of mice, and the radioactive species in the

lungs were present primarily in the form of the GSH conjugate, al-

though an unknown metabolite, which might be a degradation

product of the GSH conjugate formed by metabolic enzymes, was

observed in the lungs of the wild-type mice.

A PET study with [11C]7M6BP was performed in wild-type mice,

Abcc1-/- mice and triple knockout mice lacking the genes for

Abcb1a/1b (P-glycoprotein) and Abcg2 (breast cancer resis-

tance protein). Lung radioactivity in wild-type and Abcc1-/- mice

reached a maximum level immediately after the injection of [11C]7

M6BP. Thereafter, radioactivity was rapidly decreased from the

lungs of wild-type mice, whereas it was mostly constant up to 60

min later in lungs of Abcc1-/- mice. The efflux half-lives determined

from the time-radioactivity curves during the period of 5 to 15 min

were 6.3 min for the wild-type mice and 108 min for the Abcc1-/-

mice. A significant increase in the efflux half-life was observed in

the lung tissue of Abcc1-/- mice. The kinetics of [11C]7M6BP in the

lungs of Abcb1a/1b-/-/Abcg2-/- mice was quite similar to that of wild

-type mice, and the lung radioactivity in the Abcb1a/1b-/-/Abcg2-/-

mice was rapidly reduced after reaching a maximum level. PET

summation images of wild-type, Abcc1-/-, and Abcb1a/1b-/-/Abcg

2-/- mice are shown in Fig.2. A high accumulation of radioactivity

was observed in the lungs of Abcc1-/- mice, whereas extremely

low levels of radioactivity were found in the lungs of the wild-type

and Abcb1a/1b-/-/Abcg2-/- mice.

Fig.3 shows the effects of MK571 (ABCC1 inhibitor) on the ki-

netics of [11C]7M6BP in the lungs. The clearance of radioactivity

from the lungs was delayed by the treatment with MK571 (100 mg/

kg) compared with control mice. The high dose treatment (300 mg

/kg) resulted in a further delay in the washout of radioactivity com-

pared with the low dose treatment. The efflux half-lives were 6.9

min for the vehicle treatment, 7.9 min for the low dose (100 mg/kg)

treatment, and 16 min for the high dose (300 mg/kg) treatment.

There were significant differences in the efflux half-life between

the control and low dose groups, and between the low and high

dose groups

In conclusion, these results suggest that [11C]7M6BP enters the

lung tissue by simple diffusion after injection and becomes con-

verted into the hydrophilic GSH conjugate, which is then specifi-

cally extruded by ABCC1; therefore [11C]7M6BP allows for the im-

aging of in vivo ABCC1 activity in the lungs.

Future expectations
Overexpression of efflux pumps such as ABCC1 and ABCB1 is

associated with drug resistance, which is one of the big problems

in cancer treatment. The therapeutic efficacy could be enhanced

by the coadministration of ABCC1 inhibitors with anticancer

drugs, but the inhibitors may also result in inhibition of essential

physiological functions of ABCC1 not only in the lungs but also in

other tissues. It is hence desirable to estimate the degree of inhi-

bition of pulmonary ABCC1 activity in vivo by inhibitors to en-

hance therapeutic effects and to lessen side effects. The PET

probe [11C]7M6BP is expected to be helpful for such an estima-

tion. It could also be used for assessment of patients with lung

diseases such as chronic obstructive pulmonary disease (COPD),

which shows low expression of ABCC1 as compared with healthy

controls [3]. Furthermore, recent reports suggest the association

of single nucleotide polymorphisms in ABCC1 with lung function

and inflammatory markers in COPD. The PET probe [11C]7M6BP

might be useful for investigating the relationship between ABCC1

activity and genetic polymorphisms, although further studies are

required for the clinical use of [11C]7M6BP.

Fig.2 PET images after the administration of [11C]7M6BP to wild-type (A),

Abcc1-/- (B), and (C) Abcb1a/1b-/-/Abcg2-/- mice. Coronal summed

images from 0-60 minutes after the administration are shown. Ar-

rows indicate lungs.

Fig.3 The effect of the ABCC1 inhibitor (MK571) on kinetics of [11C]7M6BP

in the lungs
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Objectives
Some low molecular weight oligopeptides have been consid-

ered as potential imaging agent with good permeability properties

that can permit rapid access to the target tissues. One of the main

challenges of PET for radiochemists is the development of rapid

synthetic methods for the introduction of short-lived positron-

emitting radionuclides, such as carbon-11 (T1/2 = 20.4 min), into

the peptide of interest. Several methods have been developed for

the synthesis of 11C-labelled oligopeptides using general 11C-

labelled agent such as [11C]CH3I [1]. However, these require com-

plex synthetic procedures to be carried out over long time periods

relative to the short half-life of carbon-11, and this has limited their

application. The development of procedures amenable to the syn-

thesis of novel carbon-11 labeled agents for use as tracers in bio-

medical research is important to move PET imaging techniques

forward.

[11C]Formaldehyde ([11C]CH2O) is a carbon-11 labeled agent for

compounds required in PET studies. However, synthetic methods

for [11C]CH2O in the preparation of PET compounds have to be

performed at very low temperature under rigid control. The use of

[11C]CH2O has not been developed to any great extent because

the current labeling approaches using [11C]CH2O are generally in-

accessible. Hooker et al. [2] recently reported a simple and fast

method for the preparation of [11C]CH2O. Furthermore, the treat-

ment of tryptamine with [11C]CH2O under acidic conditions pro-

vided [11C]2,3,4,9-tetrahydro-1H-β-carboline in a good radio-

chemical yield. We envisaged that the treatment of Trp with [11C]

CH2O under acidic conditions would provide [1-11C]1,2,3,4-

tetrahydro-β-carboline-3-carboxylic acid ([11C]Tpi) as well as sev-

eral related analogues. Herein, we describe the manual and

remote-controlled synthesis of [11C]Tpi-containing oligopeptide via

a Pictet-Spengler reaction using [11C]CH2O [3].

Over View
The synthesis of [1-11C]Tpi was initially examined under the con-

ventional acid catalyzed Pictet-Spengler conditions using Trp and

a solution of [11C]CH2O in DMF (Fig.1.). The radiosynthesis of

[1-11C]Tpi was conducted by mixing a solution of [11C]CH2O in

DMF with a solution of p-toluenesulfonic acid (TsOH) in DMF, and

using Trp instead of tryptamine according to the previously de-

scribed method [2]. The desired product was obtained with a

moderate radiochemical yield (Table 1, entry 1). The radiosynthe-

sis was then conducted using an aqueous solution of TsOH be-

cause the Trp was poorly soluble in the TsOH/DMF solution at

room temperature. These reaction conditions provided a similar

result (Table 1, entry 2) to the initial conditions, indicating that the

reaction between [11C]CH2O and Trp in the DMF/water solution did

not have any discernible impact on the radiolabeling of [1-11C]Tpi.

The choice of solvent used in this reaction was found to be par-

ticularly important because the synthesis of [1-11C]Tpi from [11C]

CH3I occurred over two steps but was conducted in one-pot. We

proceeded to evaluate the Pictet-Spengler reaction using 1 mol/L

HCl as the reaction solvent (Table 1, entry 3). Under these reac-

tion conditions, the radiochemical yield of [1-11C]Tpi was found to

be similar to those reported above (Table 1, entries 1-2). The

Pictet-Spengler reaction proceeded smoothly when an aqueous

solution of Trp�HCl was used without the addition of an acid cata-

lyst to give the desired product in a 45.2% radiochemical yield

(Table 1, entry 4).

Development and Production of PET Probes for Molecular Imaging

Development of radiolabeling technique for cyclic RGD
peptide by using carbon-11 formaldehyde

Masayuki Hanyu
E-mail: hanyu@nirs.go.jp

Table 1 Survey conditions for the preparation of [1-11C]Tpi a

Entry Acid Solvents Substrate RCY b (n=4)

1
TsOH

(0.1 mmol)
DMF Trp 42.3±3.2 %

2
TsOH

(0.1 mmol)
H2O Trp 45.3±2.1 %

3 - 1 M HCl Trp 44.8±2.9 %
4 - H2O Trp�HCl 45.2±3.6 %

a Reaction condition: [11C]CH2O/DMF (37-370 MBq) 200 μl; substrate (15
μmol); Solvents 200 μl; reaction time 5 min; reaction temperature 100℃.

b Determined by a radiochromatogram of the analytical HPLC.
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The Pictet-Spengler reaction between [11C]CH2O and Trp�HCl

was found to proceed in the absence of an additional acid cata-

lyst when the materials were heated in aqueous DMF. This proce-

dure represents an effective radiolabeling method because it re-

quires particularly mild conditions. The radiolabeling of bioactive

oligopeptides containing Trp�HCl with [11C]CH2O via a Pictet-

Spengler reaction could therefore be a useful procedure.

Cyclic RGD peptides, such as cyclo[Arg-Gly-Asp-D-Tyr-Lys],

are potent antagonists for the αvβ3 integrin receptor. A variety of

different cyclic RGD peptides conjugated to a radioactive tracer

have been reported for the PET imaging of tumors that over-

express the αvβ3 integrin receptor. With this in mind and to estab-

lish further potential uses for our new labeling method, we investi-

gated the application of our direct labeling method using [11C]

CH2O to the model cyclic RGD peptide cyclo[Arg-Gly-Asp-D-Tyr-

Lys(Trp)] hydrochloride (1). The reaction of compound 1 with [11C]

CH2O under the conventional manual synthetic procedure pro-

ceeded smoothly to give the desired product cyclo[Arg-Gly-Asp-

D-Tyr-Lys(1-[11C]Tpi)] ([11C]Tpi-RGD, Fig.2.) with a radiochemical

yield of 22.3±4.3% (not decay-corrected). Interestingly, the

guanidino, phenolic hydroxy, carboxylic acid and amide groups

of [11C]Tpi-RGD remained intact under the reaction conditions.

Based on this result, it is therefore clear that this procedure could

be particularly effective for the direct formation of cyclic C-C

bonds for the radiolabeling of oligopeptides without the need for

protecting groups.

Based on the reaction conditions determined in the current

study, we proceeded to investigate the remote-controlled radi-

osynthesis of [11C]Tpi-RGD using an automatic production system

to generate the [11C]CH3I. The one-pot synthesis of [11C]Tpi-RGD

from [11C]CH3I was successfully carried out using an automatic

production system. From a starting point in the range of 21.0-22.2

GBq for the [11C]CO2, [11C]Tpi-RGD was obtained at the end of

synthesis in the range of 0.8-1.4 GBq.

The average time required for the synthesis was found to be 35

min from the end of the bombardment. The identity of [11C]Tpi-

RGD was confirmed by its co-injection with authentic sample in an

analytical HPLC system. The radiochemical purity of [11C]Tpi-RGD

was found to be greater than 98% and its specific activity was

85.7±9.4 GBq/μmol.

In conclusion, we have successfully achieved the preparation

of [11C]Tpi-RGD via a Pictet-Spengler reaction. This labeling reac-

tion was completed under mild reaction conditions over a short re-

action time in only one step using the HCl salt of the precursor

having Trp on the terminal site, except for the C-terminal side,

without the need for a protecting group. In addition, this labeling

technique could be used to increase the overall utility of 11C-

labeled oligopeptides as PET probes because this method allows

for the incorporation of carbon-11 into a cyclic C-C bond. This re-

action could be readily applied to an automated radiolabeling

platform using commercially available automated synthetic appa-

ratus for [11C]CH3I. The results obtained in the current study can

be extended to further studies aimed at the preparation of 11C-

labeled oligopeptides.

Fig.1 Radiolabeling method via the Pictet-Spengler reaction using [11C]

CH2O.

Fig.2 Structure of cyclo[Arg-Gly-Asp-D-Tyr-Lys(1-[11C]Tpi)] ([11C]Tpi-RGD)
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Introduction
Positron emission tomography (PET) and magnetic resonance

imaging (MRI) are useful diagnostic imaging technologies. PET

visualizes internal biological processes of the neurotransmission

system and cancer cell metabolism using radiotracers. MRI pro-

vides detailed anatomical structure of tissue with high spatial

resolution (～1 mm in a clinical scanner) and great soft tissue con-

trast. In addition, MRI visualizes physiological information such as

tissue microstructure via water molecule diffusion, local blood

oxygenation change and accumulation of specific molecules that

change magnetic properties of tissue. Because PET and MRI pro-

vide complementary information, the integrated analysis of met-

rics from these modalities will provide new interpretations on

pathophysiology of diseases and improve diagnoses.

The central dopaminergic system is of great interest to investi-

gate the pathophysiology of neurological diseases such as

Parkinson’s disease. The dopaminergic neurons are mainly lo-

cated in the substantia nigra (SN) in the midbrain. Nigral

dopaminergic neurons contain neuromelanin (NM) pigment that is

synthesized from excess dopamine in cytosomes and stored in

lysosome-like organelles with iron. The amount of iron is related to

T1-shortening strength in MRI, which enables us to measure the

NM concentration related signal [1]. There are also various ra-

diotracers available for PET imaging of the human dopaminergic

neuronal system [2]. The specific radiotracer binding to dopamine

transporter (DAT) is found in SN. Assuming that DAT controls in-

tracellular and extracellular concentrations of dopamine, the

amount of DAT may be related to NM concentration in the SN.

To examine this hypothesis, we performed multimodal imaging

with NM MRI and PET with [18F]FE-PE2I, which selectively binds to

the dopamine transporter, to measure dopaminergic neuronal

functions in the SN.

Methods
1) Subjects

PET and MR Images were acquired from young healthy sub-

jects (YHS: N=6), aged healthy subjects (AHS: N=6) and aged

Parkinson disease patients (APD: N=7).

2) PET and MR images acquisition

A dose of [18F]FE-PE2I was intravenously injected and sequen-

tial PET scans were performed for 90 min with a SET-3000 GCT/X

(Shimadzu).

MR scan were performed with the MAGNETOM Verio 3.0T (Sie-

mens). Anatomical T1-weighted images (T1WI) and NM MR im-

ages were acquired with a 3D MPRAGE sequence and a 2D fast

spin echo sequence, respectively.

3) Image processing

The non-displaceable binding potential to dopamine trans-

porter (DAT-BPND) was calculated from dynamic PET data ac-

quired over 90 min with a simplified reference tissue model using

the cerebellar gray matter as a reference region. In the NM MR im-

age, the ratio of the pixel intensities in the SN and decussation of

the superior cerebellar peduncles (RNM) was calculated to assess

NM content. The shape of each subject was normalized to a

stereotactic template for each of the two age-matched healthy

subject groups. The anatomical normalization of the subjects was

performed by the DARTEL tool on SPM8 software package.

Results
Fig.1 shows images of the DAT-BPND and RNM averaged within

each subject group around SN [3]. Both DAT-BPND and RNM

showed higher intensity in SN than surrounding regions in the

midbrain. The RNM values were 1.18± 0.03, 1.20± 0.02 and 1.17

± 0.03 for YHS, AHS and APD, respectively. Similarly, the DAT-

BPND values in SN were 0.64 ± 0.06, 0.44 ± 0.16 and 1.29 ±
0.04 for YHS, AHS and APD, respectively. Fig.2 is a scatter plot of

DAT-BPND versus RNM [3]. Negative correlations between DAT-BPND

and RNM were found (-0.11, -0.26 and -0.53 for YHS, AHS and

APD, respectively), but the results were not statistically significant.
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Discussions
The age-related decrease of DAT-BPND and increase of RNM were

observed in healthy subject groups. Previous studies with post-

mortem human samples showed normal aging leads to the in-

crease of NM pigment and the decrease of DAT immunoactive

neurons in SN. These indicate an increase in NM accumulation

and a loss of the DA neurons in SN with aging, which suggest that

the aging effect should be considered when using these metrics

in research analyses and diagnoses.

The DAT-BPND and RNM of APD were lower than those of AHS,

which indicates the loss of dopaminergic neurons in SN, behavior

that is well known in the pathophysiology of Parkinson’s disease.

On one hand, there was an overlap for the APD and AHS when

using either metric alone. On the other hand, there was a clear

border for the two groups in the scatter plot of DAT-BPND and RNM,

which indicates the multimodal imaging produces more accurate

measurements for the diagnosis of Parkinson’s disease.

In the present study, small negative correlations were observed

between DAT-BPND and RNM for all subject groups but these were

not statistically significant. In SN, DATs are located in neuronal

dendrites and in the places where they were specifically trans-

ported These localizations suggest that DAT modulates the intra-

cellular and extracellular dopamine levels of nigral neurons. The

NM apparently is synthesized by accumulation of cytosolic

dopamine and DOPA, the precursor of dopamine, derivatives

formed in the cytosol. The higher NM accumulation would be

caused by the smaller DAT expression in SN neurons, which

would be a reason for the small negative correlation between DAT-

BPND and RNM. The other possible factor concerned with NM accu-

mulation would be the amount of vesicular monoamine transporter

2 (VMAT2) in a DA neuron. VMAT2 transports dopamine from cel-

lular cytosol into synaptic vesicles. If VMAT2 is expressed highly,

there would be less NM accumulating in neurons because the ex-

cess dopamine produces NM. A postmortem brain study in the lit-

erature has shown that there was an inverse relationship between

VMAT2 immunostaining intensity and neuromelanin pigment in the

SN.

In conclusion, our results suggest 1) the aging effect should be

considered when using DAT BPND and RNM, 2) the multimodal im-

aging produces more accurate measurements for the diagnosis

of Parkinson’s disease, and 3) the RNM provides information about

the dopaminergic neuronal function in the SN that is supplemen-

tary to DAT PET.

Fig.1 Image of the average DAT-BPND and RNM for young healthy subjects (YHS), aged healthy

subjects (AHS) and aged Parkinson’s disease patients (APD). DAT-BPND and RNM were su-

perimposed on the averaged T1-weighted image [3].

Fig.2 Relationship between DAT-BPND and RNM [3].
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Introduction
X’tal (crystal) cube is the PET detector which has been devel-

oped by our team for the purpose of achieving high detector spa-

tial resolution in all three dimensions while maintaining high sensi-

tivity. Last year, we reported that we could resolve 1 mm differ-

ence of the radiation detected position in the X’tal cube by using a

monolithic scintillator fabricated by laser processing. As the next

stage, considering mass production, we newly proposed to use

plate scintillators, which should contribute to easier construction

of the X’tal cube and showed that an X’tal cube composed of the

plate scintillators could have 2 mm detector spatial resolution [1].

In this study, we aimed for higher spatial resolution of 1 mm and

measured performance of a prototype X’tal cube.

Structure of the prototype X’tal cube
Fig.1(a) illustrates the structure of an X’tal cube. It is composed

of a scintillation crystal block and 4× 4 multi-pixel photon count-

ers (MPPCs) on each crystal block surface. The MPPC is a photo-

detector and is thin and small enough not to interfere in radiation

detection even if it is coupled on the surface of the radiation en-

trance. The crystal block is segmented 3-dimensionally into small

cubes whose size determines detector resolution. Unlike a gen-

eral PET detector, there is no reflector between the segments so

that scintillation light originating in a radiation detected segment

spreads to all six surfaces and is detected by all MPPCs. Seg-

ment identification is then performed by a 3D position histogram

in which the response corresponding to each crystal segment is

made as a result of a simple Anger-type calculation with all the

MPPC signals.

For scintillator, we used Lu2(1-x)Y2xSiO5 (LYSO, x = 0.1, Crystal

Photonics Inc.; USA). While all 3D segmentation in the crystal

block was processed by laser previously, in the prototype X’tal

cube, the crystal block was composed of the stack of LYSO scin-

tillator plates segmented into the 2D array by laser processing

(Fig.1(a)). The surface of the LYSO plates was mechanically pol-

ished; this was a requirement for the laser processing. The LYSO

plates were 18 mm × 18 mm square and 1.0 mm thick and seg-

mented into an 18× 18 array of 1.0 mm× 1.0 mm in the x and y

directions. We stacked 18 of the LYSO plates in the z direction for

the crystal block. Between the plates, air gaps remained.

The MPPCs we used were model S10931-050P (Hamamatsu

Photonics K.K., Japan; 3600 micro-pixels of 50 μm× 50 μm size,

61.5 % fill factor; 3.0 mm × 3.0 mm active area).They were cou-

pled onto each crystal block surface with RTV rubber (KE420,

Shin-Etsu Chemical Co., Ltd., Japan; 1.45 refractive index). The

area between the MPPC active area was covered with reflector so

as not to lose scintillation light. As the reflector, we used multilayer

Fig.1 (a) Structure of an X’tal cube. The crystal block for the proto-

type X’tal cube was composed of scintillator plates. (b) Loca-

tion of MPPC active area on the crystal segment array.

Research and Development of Advanced Bioimaging and Quantitative Analysis System

Development of the X’tal cube PET detector:
the use of scintillator plates

Naoko Inadama
E-mail: inadma@nirs.go.jp

Highlight

40 National Institute of Radiological Sciences Annual Report 2013



polymer mirrors (Sumitomo 3M, Ltd., Japan; 98% reflectivity,

0.065 mm thickness). The location of the 4 × 4 MPPC active ar-

eas on 18× 18 crystal segments is indicated in Fig.1(b).

An advantage of using the scintillator plates is easier process-

ing compared to a thick monolithic scintillation crystal because fo-

cusing the laser to an intended point is difficult deep into the scin-

tillator. Additionally, we can process many scintillator plates at a

time as shown in Fig.2(a). And in case a crystal block gets

cracked, we can replace part of the crystal block using scintillator

plates (Fig.2(b)).

Performance of the prototype X’tal cube
Fig.3(a) shows the 3D position histogram of the prototype X’tal

cube obtained by uniform irradiation of gamma-rays from 22Na

point source. Response alignment is straight and that is advanta-

geous in the process of segment identification such as creating

look-up-tables. The scintillator parts where the response distribu-

tion is shrunk correspond to the plates covered with the reflector

on their side faces (Fig.1(b)). Figs.3(b) and (c) are 2D position his-

tograms extracted from the 3D position histogram at the ex-

panded and shrunk parts, respectively. Outer responses of Fig.3

(c) are overlapped. However, because the overlap should be

caused by the reflector, we expect that the use of array-type

MPPCs which have little dead space between active areas will

solve this problem.

Fig.4 shows energy performance of the crystal segments #1 to

#4. #1 was located on a MPPC active area and #3 was covered

with reflector. #2 and #4 were placed on the inner part of the seg-

ment lines of #1 and #3, respectively. Light outputs and energy

resolutions are indicated with blue and pink characters, respec-

tively. Light outputs are expressed as relative values to the output

of the #1. #1 showed better performance. Despite inferior seg-

ment identification performance of #3 (Fig.3(c)), it showed com-

parable energy performance with #2 and #4. And although #4

was located far from the MPPCs, it showed similar light output to

the other three segments.

Conclusion
We examined the use of scintillator plates for the X’tal cube

when the crystal segments become small cubes such as 1.0 mm

× 1.0 mm × 1.0 mm. While the X’tal cube with the monolithic

crystal block having 3D laser processing achieved segment iden-

tification of that size, the use of the scintillator plates caused deg-

radation in segment identification at some outer parts (Fig.3). En-

ergy resolution was around 10% independent of segment location

and conditions: outer or inner part and direct or indirect coupling

to MPPCs.

Fig.2 Advantages of using the scintillator plates: (a) in laser proc-

essing and (b) repair of the crystal block.

Fig.3 (a) 3D position histogram of the prototype X’tal cube. (b) 2D

position histograms extracted from (a) at the expanded and

(c) shrunk parts.

Fig.4 Pulse height distribution of the summed signals of all MPPCs for

outer and center segments in the plate crystal block.
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We have developed several antibody-based imaging probes

for targeting tumors. Here, we focus on the radiolabeled anti-CD

147 antibody 059-053 as a positron emission tomography (PET)

probe in a pancreatic cancer model. We assessed its in vitro and

in vivo properties in an article published in PLOS One in 2013 [1].

Pancreatic cancer is a commonly diagnosed cancer and the

eighth leading cause of cancer deaths worldwide, accounting for

278,684 of the estimated new cancer cases and 266,669 of the

estimated cancer deaths annually (GLOBOCAN 2008, http://glo-

bocan.iarc.fr/). Pancreatic cancer patients present only minor

symptoms at a medical evaluation, and the silent nature of this

disease that nothing is apparent until late in the disease progres-

sion contributes to a very poor prognosis. Only 7% of patients pre-

sent with localized, potentially curable tumors at diagnosis and

approximately 50% of pancreatic cancer patients are diagnosed

at advanced stages of the disease. The overall 5-year survival

rate among patients with pancreatic cancer is 6% in the United

States. Therefore, additional effective anticancer therapy is re-

quired to augment and/or complement the present treatment

strategies such as surgery and chemo/radiotherapy, especially

for patients with metastatic cancer.

CD147 is a 55-kDa transmembrane protein of the immuno-

globulin superfamily and expresses in many types of tumors in-

cluding pancreatic cancer. CD147 induces expression of matrix

metalloproteinases, such as MMP-1, MMP-2, MMP-9, MT1-MMP,

and vascular endothelial growth factor. Overexpression of CD147

in breast cancer cells by expression vector transfection results in

increased tumor growth and metastasis. These findings suggest

that CD147 is involved in invasion, metastasis, angiogenesis and

tumor proliferation, and therefore is a good candidate for targeted

cancer therapy. Depletion of CD147 by RNA interference or spe-

cific antibody reduces the proliferation, invasion, metastasis of tu-

mors and blood vessel formation, and therefore clinical trials of

CD147-targeted therapy have been conducted. Although the inci-

dence of CD147 expression is high (87%) in pancreatic cancer,

some tumors do not express CD147 and thus are not suitable

candidates for CD147-targeted therapy. It is therefore important to

use a noninvasive imaging method to evaluate the CD147 status

in an individual tumor at the time of treatment planning to select

appropriate patients for CD147-targeted therapy.

We recently isolated a novel fully human monoclonal IgG1 anti-

body designated as 059-053 against CD147 from a large-scale

human antibody library constructed using a phage-display sys-

tem that incorporated a highly efficient screening method termed

isolation of antigen-antibody complexes through organic solvent,

with living pancreatic cancer cells [2]. This antibody induces

antibody-dependent cell-mediated cytotoxicity and inhibits cell

proliferation of pancreatic cancer cells. We therefore radiolabeled

059-053, and evaluated the in vitro and in vivo properties as a

new PET probe for imaging CD147-expressing tumors in a pan-

creatic cancer model.

First, we evaluated CD147 protein expression of four pancreatic

cancer cell lines (MIA PaCa-2, PANC-1, BxPC-3, and AsPC-1) by

western blotting and immunofluorescence staining to select a suit-

able cell line to assess radiolabeled 059-053. The MIA PaCa-2

cell line showed the highest expression as determined by western

blotting and immunofluorescence staining analysis. In addition,

we confirmed that MIA PaCa-2 cells formed subcutaneous and or-

thotopic tumors in nude mice and high CD147 expression in these

tumors was determined by immunohistochemical staining. A4

cells showed no CD147 protein expression either in vitro or in

vivo. We therefore chose MIA PaCa-2 cells as a positive control

and A4 cells as a negative control for the following evaluation.

Next, we radiolabeled 059-053 with 125I, 67Ga, or 89Zr and evalu-

ated in vitro properties. Cell binding and competitive inhibition as-

says revealed that 059-053 bound specifically to MIA PaCa-2

cells with high affinity, but not to A4 cells. The immunoreactive

fraction of radiolabeled antibodies was more than 0.8, indicating

that the loss of immunoreactivity by radiolabeling procedures was

minimal. The internalization assay showed that protein-bound

fractions in culture medium rapidly increased after incubation at
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37℃, and the internalized fraction was low. This suggests that CD

147-antibody complex is easily detached from the plasma mem-

brane under the conditions/procedures of this internalization ex-

periment. In this study, although we employed 67Ga in place of 89Zr

for the internalization assay, this result is thought to be consistent

with that using 89Zr-labeled antibody because desferrioxamine,

used as a chelate in this study, forms complexes with both these

radiometals, and their desferrioxamine complexes are known to

be stable in vitro and in vivo, and the in vivo distribution has been

reported to be similar between 68Ga- and 89Zr-labeled antibodies.

In contrast to the results of internalization assay, the in vivo distri-

bution studies demonstrated that uptake of [89Zr]059-053 in MIA

PaCa-2 tumors was very high and increased with time, suggest-

ing that the CD147-antibody complex did not detach from the

membrane in vivo. Furthermore, the difference in tumor uptake

patterns between [89Zr]059-053 and [125I]059-053 strongly sug-

gests that radiolabeled 059-053 was internalized in cells after

binding to CD147 on the cell surface in vivo. Taken together,

trypsinization of cells probably caused the results we observed in

the internalization assay, even though the duration of trypsiniza-

tion was made as short as possible to minimize damage to CD147

on the cell surface by trypsin. In vivo distribution and serial PET

studies demonstrated that [89Zr]059-053 highly accumulated in

MIA PaCa-2 tumors, but not in A4 tumors (Fig.1). This suggests

that [89Zr]059-053 is a promising PET probe for the detection of

CD147-expressing tumors and in the selection of appropriate pa-

tients for anti-CD147 therapy. However, because our anti-CD147

antibody 059-053 does not bind to mouse CD147, our results in

the murine model may not fully predict the distribution in human

patients. CD147 expression is reported to be high in most cancer

tissues, but it is limited in normal tissues. Scintigraphy with 131I-

labeled anti-CD147 F(ab’)2 in patients with hepatocellular carci-

noma has shown lower uptake in normal organs than in hepato-

cellular carcinoma tissues. Therefore, the anti-CD147 antibody

059-053 is expected to show low accumulation in normal organs

of patients, although further clinical study will be necessary to pre-

cisely evaluate normal organ uptake.

Subcutaneous tumor models are powerful tools for oncological

investigations, but these models cannot always mimic clinical

findings. For example, the tumor microenvironment influences cell

migration such that orthotopic xenografts give rise to a higher inci-

dence of metastatic lesions than do subcutaneous xenografts. We

conducted PET/CT imaging in the orthotopic pancreatic tumor

mouse model and demonstrated that [89Zr]059-053 visualized or-

thotopically implanted tumors. Thus, [89Zr]059-053 could be useful

for studies investigating CD147-targeted therapy efficacy or the

metastatic process in orthotopic pancreatic cancer models.

CD147 highly expresses not only in pancreatic cancer but also

in many other types of cancers, such as glioma, ovarian cancer,

renal cell carcinomas, bladder carcinoma, and hepatocellular car-

cinoma. Moreover, its increased expression is associated with

poor prognosis in several cancers, such as breast, cervical, liver,

colorectal, and bladder cancers, and it is considered to be

caused by increased metastatic rates and treatment resistance.

In the present study, we showed that [89Zr]059-053 uptake in ma-

jor organs was low. Taken together, [89Zr]059-053 could detect CD

147-expressing tumors not only in the pancreas but also in other

organs, and it could be used to assess the metastatic potential

and treatment resistance of these tumors, although further studies

will be necessary to prove these potential uses.

In conclusion, we radiolabeled a fully human anti-CD147 mono-

clonal antibody 059-053 and evaluated its in vitro and in vivo

properties for use as a new CD147-targeted PET imaging probe in

a model of pancreatic cancer. [89Zr]059-053 highly accumulated

in CD147-expressing tumors and clearly visualized subcutane-

ously and orthotopically implanted xenografts. PET with [89Zr]059-

053 is a promising noninvasive imaging method to provide useful

information for the selection of appropriate cancer patients who

could gain benefits from CD147-targeted therapy, although further

clinical studies are necessary.

Fig.1 Serial PET images (maximum-intensity-projection) of a nude mouse bearing MIA PaCa-2 (yellow arrowhead) and A4 (white arrowhead) xenografted tu-

mors at 30 min, and days 1, 2, 4, and 6 after intravenous injection of 3.7 MBq [89Zr]059-053. (From the reference [1])
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Fatty acid synthase (FASN) is a key enzyme in fatty acid synthe-

sis from acetyl CoA. FASN is over-expressed in several human

cancers, including prostate, breast, lung, ovary, bladder, stom-

ach, oral cavity and melanoma, and the over-expression is known

to be associated with poor prognosis. In recent years, inhibitors of

FASN has been developed and reported to have antitumor activ-

ity. Orlistat, a selective inhibitor of FASN, is one of those poised for

clinical use, particularly since orlistat is already used as an over-

the-counter drug for obesity in the United States and European

Union. Thus, FASN-targeted therapy is expected to be effective

against FASN-expressing tumors, which show malignant behav-

iors. However, large variations in FASN expression levels in indi-

vidual tumors have been observed by pathological studies, and

methods to predict FASN-targeted therapy outcome before treat-

ment are required to reduce unnecessary treatment.

Development of the method to predict FASN-targeted
therapy outcome

Here, we show the method to predict FASN-targeted therapy

outcome using [1-11C]acetate PET [1-3]. First, we examined rela-

tionships between uptake of radiolabeled acetate, FASN expres-

sion, and sensitivity to orlistat treatment in vitro with human pros-

tate cancer cell lines (LNCaP, PC3, 22Rv1, and DU145) (Fig.1).

From the [1-14C]acetate uptake study, high uptake of [1-14C]ace-

tate was observed in LNCaP cells, while that in PC3 and 22Rv1

was lower, and that in DU145 was very low (Fig.1A). FASN expres-

sion showed a similar trend to that observed in the uptake of

[1-14C]acetate (Fig.1B) and LNCaP cells showed higher FASN ex-

pression compared to the other cell lines. There was a strong

positive correlation between uptake of [1-14C]acetate and FASN

expression. Fig.1C shows % cell viability after orlistat treatment in

vitro. Under the low dose orlistat treatment at 12.5 μM, LNCaP

cells, which had shown high uptake of [1-14C]acetate and FASN

expression, showed a significant decrease in % cell viability, but

there were no significant decreases in % cell viability in other cell

lines. With 25 μM orlistat treatment, besides LNCaP cells, PC3

and 22Rv1 cells, which had shown relatively low uptake of [1-14C]

acetate and FASN expression, showed a significant decrease in

% cell viability, while DU145 cells, which had shown very low up-

take of [1-14C]acetate and FASN expression, showed no decrease

in cell viability. With over 50 μM orlistat treatment, all cell lines ex-

amined showed a significant decrease in % cell viability, but the

changes in DU145 cells were moderate. There was a significant

negative correlation between % cell viability, and uptake of [1-14C]

acetate and FASN expression, respectively, under low-dose orlis-

tat treatment at 12.5 μM. Thus, our data demonstrated higher sen-

sitivity to orlistat treatment in the cells with higher FASN expres-

sion and uptake of acetate.

Fig.1 In vitro study on relationships between uptake of radiolabeled ace-

tate, FASN expression, and sensitivity to orlistat treatment
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Next, we conducted an in vivo study with mice bearing LNCaP

(high FASN expression), PC3 (low FASN expression), or DU145

(very low FASN expression) tumors. To examine absolute uptake

of radiolabeled acetate in these xenograft tumors, we performed a

biodistribution study. As a result, at 30 min after injection of [1-14C]

acetate, LNCaP tumors (0.27 ± 0.05 %ID/g) showed 2.2-fold

higher uptake of [1-14C]acetate than PC3 tumors (0.13 ± 0.01 %

ID/g; P < 0.01) and 5.5-fold higher uptake than DU145 tumors

(0.06 ± 0.01 %ID/g; P < 0.001). Then, a small animal PET study

with [1-11C]acetate was also done. The images demonstrated the

same tendency as the biodistribution study; [1-11C]acetate

showed clear tumor accumulation in LNCaP tumors, while moder-

ate or low accumulation of [1-11C]acetate was observed in PC3

and DU145 tumors (Fig.2A). We further examined sensitivity of

FASN-targeted therapy with orlistat in each tumor model in vivo

(Fig.2B). We observed that tumor volume in LNCaP tumors treated

with orlistat had decreased markedly at day 14. In contrast, PC3

and DU145 tumors showed progressive increases in tumor vol-

ume even after orlistat treatment. No serious body weight loss and

side effects were observed during treatment. Therefore, our in

vivo data demonstrated that uptake of radiolabeled acetate re-

flects sensitivity of FASN-targeted therapy with orlistat and that

FASN-targeted therapy with orlistat is highly effective against tu-

mors with high FASN expression indicated by high uptake of ra-

diolabeled acetate.

Collectively, our data demonstrated that [1-11C]acetate PET is a

useful tool to predict FASN-targeted therapy outcome.

Mechanisms of FASN-targeted therapy
In addition, how FASN inhibition affects tumor progression still

remains unclear. In this study, we therefore examined mecha-

nisms of FASN inhibition to provide the treatment strategy of FASN

-targeted therapy [1-2]. First, we established FASN knockdown

LNCaP cells by transduction of short-hairpin RNA against FASN

and investigated the detailed characteristics by analyses on mor-

phology and cell behavior and microarray-based gene expres-

sion profiling (Fig.3). We found that FASN inhibition not only sup-

pressed cell proliferation but also prevented pseudopodia forma-

tion and suppressed cell adhesion, migration, and invasion, which

are essential for tumor progression. FASN inhibition also sup-

pressed genes involved in production of intracellular second mes-

senger arachidonic acid and androgen hormones, both of which

have a function to promote tumor progression. This indicates that

FASN-targeted therapy could be an effective treatment to sup-

press multiple tumor essential functions involved in tumor pro-

gression and metastasis in prostate cancers.

In summary, our study suggests that [1-11C]acetate PET could

be a powerful tool to accomplish personalized FASN-targeted

therapy by non-invasive visualization of tumor acetate uptake and

selection of responsive tumors. The FASN-targeted therapy could

be an effective treatment strategy to suppress multiple mecha-

nisms related to tumor progression in cancers selected by [1-11C]

acetate PET.

Fig.2 In vivo study; [1-14C]acetate PET and FASN-targeted therapy with orlistat

Fig.3 Mechanisms of FASN-targeted therapy

References

[1] Yoshii Y, Furukawa T, Saga T, et al.: Acetate/acetyl-CoA metabolism asso-

ciated with cancer fatty acid synthesis: overview and application, Cancer

Letters in press, 2014.

[2] Yoshii Y, Furukawa T, Oyama N, et al.: Fatty Acid synthase is a key target

in multiple essential tumor functions of prostate cancer: uptake of radiola-

beled acetate as a predictor of the targeted therapy outcome, PLOS ONE

8, e64570, 2013.

[3] Yoshii Y, Waki A, Furukawa T, et al.: Tumor uptake of radiolabeled acetate

reflects the expression of cytosolic acetyl-CoA synthetase: implications for

the mechanism of acetate PET, Nucl Med Biol 36, 771-777, 2009.

M
olecularIm

aging
Research

forFunctionalDiagnosis

National Institute of Radiological Sciences Annual Report 2013 45



Background
Intracellular inclusions of pathological tau fibrils are hallmark le-

sions in Alzheimer’s disease (AD) and associated tauopathies,

and there has been a growing interest in the mechanistic links be-

tween fibrillar tau accumulation and neuronal deterioration. Char-

acteristic symptoms of tauopathies are known to be associated

with regional distribution of fibrillary tau lesions. In-vivo tau imag-

ing would accordingly facilitate precise clinical diagnosis of

tauopathies and objective staging of the disease in living patients

on a neuropathological basis. Here, we aimed at developing a

positron emission tomographic (PET) imaging agent capable of

capturing tau inclusions in patients with AD and non-AD tauopa-

thies.

Methods
1) In-vitro screening for candidate tau imaging probes using brain

slices of tau transgenic (Tg) mice and human tauopathies

Brain sections were generated from Tg mice for a human tau

isoform (T34) with the P301S mutation causative of familial

tauopathy (PS19 mice) [1]. We also used slices of the brains pro-

vided by University of Pennsylvania. These samples were labeled

with fluorescent chemicals potentially reacting with tau aggre-

gates, and their binding to tau lesions was assessed by confocal

microscopy. Affinity of these compounds with tau inclusions was

further proven by immunohistochemical staining of the same sec-

tions by a phosphorylated tau antibody (AT8).

2) In-vivo two-photon fluorescence imaging and quantitative PET

imaging for tau Tg mice

Fluorescence signals from the intravenously administered can-

didate tau imaging probe which was selected by the above-

mentioned in-vitro screening were captured by in vivo two-photon

laser scanning microscopic imaging of the spinal cord of laminec-

tomized PS19 mice. To demonstrate transfer of the probe from

blood vessels into the brain parenchima, Sulforhodamine 101 (MP

Biomedicals), a blood vessel marker, was intraperitoneally admin-

istered before intravenous injection of the probe.

PET scans of mice anesthetized by isoflurane were performed

using a microPET Focus 220 animal scanner (Siemens Medical

Solutions). The probes radiolabeled with 11C were intravenously in-

jected from the tail vein, and each mouse was scanned for 90 min.

Scan data were analyzed using PMOD image analysis software

(PMOD Technologies) with reference to an anatomical MRI tem-

plate. After completion of PET imaging, mice were dissected, and

brain sections were stained by FSB (1-fluoro-2,5-bis(3-carboxy-4-

hydroxystyryl)benzene), a prototypical chemical compound rec-

ognizing fibrillar tau inclusions. A 11C-labeled probe conceived to

be the most suitable for in vivo PET imaging was then applied to

the following clinical assays.

3) Clinical human PET imaging

A clinical study was approved by the Ethics and Radiation

Safety Committees, NIRS. Written informed consent was obtained

from the subjects or their family members. PET scans were con-

ducted with a Siemens ECAT EXACT HR+ scanner (CTI PET Sys-

tems). Individual MRI data were coregistered to the PET images

using PMOD software (PMOD Technologies). Volumes of interest

were drawn on the coregistered MR images and were transferred

to the PET images. To analyze the distribution of amyloid and tau

lesions, PET scans with 11C-labeled tau probe and an amyloid ra-

dioprobe, [11C]Pittsburgh Compound-B ([11C]PIB) were conducted

for the same individuals, including patients with AD and non-AD

tauopathies and age-matched nondemented controls.

Results and Discussion
1) Generation of new ligands for diverse tau inclusions in a mouse

model and human tauopathies

We screened an array of fluorescent chemicals for candidate

tau imaging agents by microscopically assaying their reactivities

with tau inclusions on brain slices from PS19 mice and patients

with AD and diverse other tauopathies. Chemical properties of the
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compounds, including structural dimensions and hydrophilicities,

were found to be correlated with affinity and selectivity for tau in-

clusions in a wide range of tauopathies. Based on this observa-

tion, we developed a new class of fluorescent tau ligands, phenyl/

pyridinyl-butadienyl-benzothiazoles/benzothiazoliums (PBBs), for

multimodal optical and PET visualization of diverse tau inclusions

in brains of living patients including AD and mice modeling these

disorders (Fig.1) [2].

2) In-vivo two-photon laser scanning fluorescence microscopy and

microPET imaging of model mice for characterization of tau

probes

Fluorescence signals of a pyridinated PBB, PBB3, which was

injected from the tail vein were rapidly penetrated into the brain as

assessed by real-time in-vivo two-photon laser scanning micros-

copy. Labeling of putative intraneuronal tau inclusions (arrow-

head: Fig.2-A) was found in PS19 mice at 3-5 min after intrave-

nous PBB3 injection but not in wild-type mice.

PET imaging of PS19 mice demonstrated increased retention of

[11C]PBB3 in the brainstem of PS19 mice enriched with abundant

tau lesions, which was postmortemly confirmed by FSB staining,

in contrast to low-level radioactivity in the same region of wild-type

mice (arrowhead: Fig.2-B). The target to reference contrast of

[11C]PBB3 was the highest among the radiolabeled PBBs exam-

ined in this study.

3) Detection of tau pathologies in living patients with AD and non-

AD tauopathy by [11C]PBB3-PET

We then applied [11C]PBB3 to a clinical PET study, and found in-

tense PBB3 signals retained in the medial temporal region of AD

subjects but not elderly controls. By contrast, [11C]PIB produced

minimal binding to this area relative to other neocortical regions

[3], supporting the selectivity of [11C]PBB3 for tau aggregates ver-

sus amyloid. In addition, distribution of [11C]PBB3 binding spread

from the hippocampal formation to the entire limbic system and

subsequently to the extensive neocortical areas in transition from

normal aging to advanced AD (arrowhead: Fig.3-A), indicating the

utility of [11C]PBB3-PET data as an objective measure of the dis-

ease progression. Furthermore, increased [11C]PBB3 signals were

found in a corticobasal syndrome patient who was negative for [11

C]PIB-PET. Moreover, the area showing intense PBB3 signals cor-

responded to the putative focus of the clinical symptoms (arrow-

head: Fig.3-B).

While 11C-labeled ligands are advantageous for performing tau

and amyloid PET scans in a single day and for reducing radioac-

tive exposure, 18F-labeled PBB3 derivatives are also being devel-

oped to ensure wider availability. In-vivo visualization of tau le-

sions would thus serve pre-clinical and clinical needs for diagnos-

tic and therapeutic assessments of tauopathies, leading to further

investigation of the molecular etiology of these neurodegenerative

disorders.

Fig.1 Binding of a new series of tau probes (PBBs) to tau lesions of model

mouse and human tauopathies.

PBB: phenyl/pyridinyl-butadienyl-benzothiazoles/benzothiazoliums

IHC: Immunohistochemical stain

Fig.2 A. Real-time microscopical PBB3 fluorescence imaging of tau

lesions. B. Pre-clinical assessment of [11C]-PBB3 PET imaging.

FSB: 1-Fluoro-2,5-bis(3-carboxy-4-hydroxystyryl)benzene

Fig.3 A. PBB3 accumulation corresponding with disease severity in AD.

B. PIB and PBB3 image of a case of corticobasal syndrome.

MMSE : Mini-Mental State Examination PIB : Pittsburgh Compound-B
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Introduction
Depression is one of the most common psychiatric disorders,

and its lifetime prevalence is estimated to be around 10%. It has

also been reported as one of the most burdensome diseases

worldwide. Antidepressants have been developed since the

1960’s; central monoamines, including dopamine, serotonin, and

norepinephrine, are closely involved in the pathophysiology of de-

pression and most antidepressants demonstrate their efficacy

through these systems. Norepinephrine (NE) plays crucial roles in

various cognitive functions such as arousal, attention, emotion,

and motivation. The norepinephrine transporter (NET) is one of the

major targets of some antidepressants such as certain tricyclic

antidepressants (TCAs) and serotonin and norepinephrine reup-

take inhibitors (SNRIs). The NET selective drug atomoxetine is

used to treat attention-deficit hyperactivity disorder (ADHD).

Development of (S ,S )-[18F]FMeNER-D2

Although PET probes to evaluate the serotonin transporter (5-

HTT) and the dopamine transporter (DAT) have been developed

since the late 1990’s, the development of NET-specific probes

was delayed because of the lack of suitable probes. In the mid

2000s, a highly selective NET probe, (S ,S )-[18F]FMeNER-D2

(Fig.1), an analog of reboxetine, was developed at the Karolinska

Institute in Sweden. We have developed a less invasive method

for the quantification of NET binding in the brain [1] and utilized it

in a variety of clinical studies (Fig.2).

NET occupancy of antidepressants
Central drug occupancy indicates how drugs act on the target

site in the brain, and it is obtained using the following formula:

Occupancy (%) = 100× (BPreference‐BPdrug)/BPreference,

where BPreference is the binding potential (BP) of the reference (mean

for healthy volunteers or baseline) and BPdrug is the BP of the pa-

tients with drug treatment (or BP of subjects after drug challenge).

NET occupancy by nortriptyline
Nortriptyline is a NET-selective TCA that has been widely used

for the treatment of depression. Previous PET studies have dem-

onstrated that serotonin transporter occupancy of over 80% is

needed for the clinical efficacy of SSRIs [2, 3]; however, there

have been no reports of NET occupancy in patients treated with

NET-selective antidepressants. After we confirmed the dose-

dependent NET occupancy in the thalamus of healthy subjects

following a single dose of nortriptyline using PET and (S,S)-[18F]

FMeNER-D2 [4], we investigated NET occupancy in patients with

depression who were taking various repeated doses of nortrip-

tyline [5]. Reference data for the calculation of occupancy was

obtained from age-matched healthy controls (Fig.3). The result

demonstrated approximately 50-70% NET occupancy resulting

from the administration of 75-200 mg/day of nortriptyline. The esti-

mated effective dose (ED50) and concentration (EC50) required to

induce 50% occupancy was 65.9 mg/day and 79.8 ng/mL, re-

spectively. Since the minimum therapeutic level of plasma nortrip-

tyline for the treatment of depression is 70 ng/mL[6], our data

show that this plasma nortriptyline level corresponds to approxi-

mately 50% NET occupancy measured using PET. This suggests

that the central NET occupancy of more than 50% would be ap-

propriate for nortriptyline treatment in patients with depression

(Fig.4).Fig.1 Structure of (S ,S )-[18F]FMeNER-D2

Fig.2 Time activity curves of (S ,S )-[18F]FMeNER-D2 in brain regions
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NET and 5-HTT occupancy by milnacipran
Similarly, we estimated both NET and 5-HTT occupancies in the

brain using (S ,S )-[18F]FMeNER-D2 and [11C]DASB, respectively, in

patients with depression taking various doses of milnacipran, an

SNRI [7. As Fig.5 illustrates, the occupancy of both NET and 5-

HTT was approximately 40% for milnacipran at 100 mg/day, the

dose most commonly administered to patients with depression.

Considering the reported minimum therapeutic occupancy for

NET and 5-HTT, the results for milnacipran were low for both trans-

porters. Taken together with reports that the clinical efficacy of mil-

nacipran is improved with higher doses (150-300 mg/day), the

clinical dose prescribed for milnacipran might currently be too

low, although we cannot exclude the possibility of an interaction

between NET and 5-HTT.

Future Directions and Conclusion
Thus far, there have been no reports on NET binding in patients

with depression before the initiation of treatment, and this informa-

tion could likely clarify the pathophysiology of depression and the

pathogenesis of clinical symptoms, in terms of norepinephrine

neurotransmission. In addition, careful observation of any

changes in symptoms and cognitive function is required following

a course of treatment. Molecular imaging techniques such as PET

provide us with opportunities to explore the mechanisms of action

of pharmacotherapies in neuropsychiatric disorders and obtain

information that is helpful for clinical practice.

Fig.3 Summated transverse images of (S ,S )-[18F]FMeNER-D2 at the level

of the thalamus for a subject at baseline (left) and after nortriptyline

administration (right)

Fig.4 Estimated central NET occupancy for daily dose (top) and plasma

levels of nortriptyline (bottom) in patients with depression

Fig.5 Estimated central NET (top) and 5-HTT (bottom) occupancy and

daily dose of milnacipran in patients with depression
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Overview
The primary aim of the Research Center for Radiation Protection

is to provide a scientific basis for radiation protection and safety.

Toward this goal, radiation exposure from various sources is

measured, the dose-effect relationships for various endpoints are

examined, and the mechanisms underlying the effects are investi-

gated. The Research Center disseminates its research results to

promote public understanding of radiation effects and to encour-

age the enactment of more reasonable regulations concerning the

use of radiation. The scope of its activities is not limited to Japan.

It has been appointed a Collaborating Centre by the International

Atomic Energy Agency and the appointment was renewed this

year for the next four years.

The Research Center consists of the Planning and Promotion

Unit, three research programs (Radiobiology for Children’s Health

Program, Radiation Risk Reduction Research Program, and Regu-

latory Science Research Program) and one Research and Devel-

opment Team; the activities in each of these programs and the

team are summarized below.

Activities across the whole center
Since the TEPCO Fukushima Daiichi Nuclear Power Plant (NPP)

accident (March 11, 2011), the Center has organized telephone

consultations which have been carried out with the help of other

NIRS members. The number of consultations has reached almost

19,000.

In FY2013, the 6th International Systems Radiation Biology Work-

shop was held on March5-7, 2014 as a Research Center Sympo-

sium, conjointly with DoReMi (Low Dose Research towards Multi-

disciplinary Integration, supported by the EC). More than 100 re-

searchers including 14 from foreign institutes participated in this

symposium. Various research results were presented and dis-

cussed, which are related to low dose radiation effects, including

studies on tumor cell proliferation and progression and mathe-

matical analyses of the mechanism of carcinogenesis. Not only

frontier research findings were presented, but also recovery op-

erations for the Fukushima NPP accident and risk communication

about radiation effects were also discussed. The symposium was

very fruitful for the Center and all participating organizations.

At the close of the symposium, we invited 5 researchers for

peer review on our research activities in the most recent 3 years.

Prior to the review meeting, a research report was sent to each re-

viewer. At the review meeting, program leaders made presenta-

tions on their research activities, followed by discussion with the

reviewers. A review report was immediately compiled, and review-

ers finalized the review report, giving us a lot of useful sugges-

tions and encouragement.

Fig.1 Participants in the Research Center Symposium

Radiobiology for Children’s Health Program
1. Background and Objectives of the Research Program

In this era of low birthrate and prolonged longevity in Japan,

concerns about the safety of fetuses and children have been

growing. Progressive increases in the use of medical radiation for

children have recently forced the ICRP, IAEA and WHO to draft

global initiatives on radiation protection of children.
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This program carries out studies using mice and rats to provide

information on the risk of cancer due to radiation exposure during

fetal and childhood periods. Our studies focus on the effects of

high linear energy transfer (LET) radiations i.e., neutrons and

heavy ions, on fetuses and children. The ultimate objective of this

research group is to propose weighting factors for both age-at-

exposure and radiation quality to support the framework of radia-

tion protection.

2. Approach to Reach the Objectives

Mice and rats were exposed to gamma rays from a 137Cs source

at a dose rate of 0.6 Gy/min. Carbon ion exposure was performed

using the Heavy Ion Medical Accelerator in Chiba (HIMAC) (en-

ergy, 290 MeV/u; LET, 13 keV/μm). For routine carbon ion radio-

therapy, 13 keV/μm approximates the LET of the therapy beam

passing through normal tissue ahead of the tumor volume. Fast

neutrons (2 MeV average energy) were generated by a Be(d-n)B

reaction from the Neutron Exposure Accelerator System for Bio-

logical Effect Experiments (NASBEE) and administered at a dose

rate of 0.025 Gy/min.

Life shortening was investigated in B6C3F1 mice of both sexes,

which are the standard strain for toxicology research. For assess-

ment of cancer risk, various animal models for not only hema-

topoietic neoplasms but also solid tumors at specific sites were

used.

3. Results

3.1. Lifespan shortening

Life shortening (LS) is considered as a reasonable endpoint to

estimate the risk of radiation because it is representative of the to-

tal radiation effects. The results obtained are as follows:

・Female mice appeared to be more susceptible to radiation-

induced lifespan shortening than male mice. The effect of

gamma rays on lifespan shortening of neonate or infant mice

was more pronounced than that of adult mice. Surprisingly, irra-

diation at the late fetal stage had little influence on lifespan

shortening.

・Carbon ions were more potent in reducing lifespan than gamma

rays. When acute non-cancer effects were excluded, RBE val-

ues were almost the same regardless of the age-at-exposure.

・Neutrons were extremely potent in reducing lifespan compared

to gamma rays and carbon ions. The largest RBE for neutrons

was observed when irradiated in utero as compared to later life

stages.

3.2. Cancers

There are susceptible age windows for radiation carcinogene-

sis, which are organ dependent. Most organs show high radiation

sensitivity in perinatal or infant stages, but the lungs and acute

myeloid leukemia show susceptible age windows in the adult

stage.

Lung: As are the results of epidemiological studies on atomic

bomb survivors, irradiating Wistar rats resulted in an increase of

the incidence and the hazard ratio of adenocarcinoma and

squamous cell carcinoma in a dose dependent manner. The can-

cer risk for X-rays at infancy was lower than that at puberty and

adulthood. Array CGH analysis revealed that copy number loss

was more frequent in tumors developed after infant irradiation

than those after later age groups.

Mammary gland : Female SD rats of various ages (3, 13 and 17

dpc; and 1, 3, 7 and 15 weeks after birth) were exposed to

gamma rays, carbon ions or fast neutrons. All animals were

screened weekly for mammary carcinoma by palpation until they

were 90 weeks old. Fetal and mature (15-week-old) rats were re-

sistant to radiation induction of mammary carcinomas. Dose re-

sponses to gamma rays were similar among the groups irradiated

1, 3 and 7 weeks after birth. The effects of carbon ion and neutron

irradiation increased with increasing age-at-exposure. RBE values

of carbon ions were 0.2, 1.3 and 2.8 for rats irradiated at 1, 3 and

7 weeks of age, respectively. The RBE values for neutrons were

much higher than that for carbon ions regardless of age at expo-

sure.

Kidney: Although the kidneys are one of the organs with low sus-

ceptibility to radiation carcinogenesis, the precise risks of kidney

cancer after childhood exposure to radiation remain to be quanti-

fied. Perinatal exposure to radiation increased the incidence of re-

nal cell carcinoma in Eker rats, which harbor a germ-line mutation

in one of the alleles of the Tsc2 gene. But atypical tubules, which

are premalignant lesions of kidney cancers, were induced at

higher rates in adult rats than neonatal rats. This indicates that

malignant progression is much faster when irradiated at the peri-

natal age than at the adult age.

The frequencies of LOH at the wild-type allele of Tsc2 were

38%, 29% and 60% in the unirradiated group and the group irradi-

ated at 19 dpc and post-natal day 5, respectively. The pattern of

LOH on chromosome 10 indicated that an interstitial-type LOH at

the Tsc2 locus was only observed in radiation-induced renal tu-

mors. Sequence analysis of Tsc2 in the LOH-negative tumors

showed frame-shift mutations, deletion mutations and a missense

mutation of Tsc2. Altogether, about 90% of the spontaneous tu-

mors and 60% of the radiation-induced tumors showed inactiva-

tion of wild-type Tsc2.

Radiation Risk Reduction Research Program
1. Background and Objectives of the Research Program

Cancer susceptibility after exposure to radiation differs depend-

ing on individuals. Age and gender are known factors causing in-

dividual differences in radiation sensitivity. Smoking has also been

identified to elevate the individual sensitivity to α-particles. In ad-

dition to these well-defined factors, there are other potential fac-

tors which have been suggested to modulate radiation sensitivity

of individuals. First, variable efficiency of DNA repair resulting

from single nucleotide polymorphisms (SNPs) located in genes for

DNA repair-related proteins is thought to cause individual differ-

ences in radiation sensitivity. Second, there is evidence suggest-

ing that individual radiation sensitivity is modulated by life styles;

especially the calorie intake has been shown to have a significant

impact on radiation carcinogenesis in laboratory animals.

The purpose of this program is to identify factors, whatever ge-

netic and epigenetic, causing individual differences in radiation

sensitivity, and also to present a possible way to reduce individual

radiation risks by artificially regulating these factors.

2. Approach to Reach the Objectives

We consider that finding SNPs in the human population that im-

pair DNA repair factors is critical to identify high risk groups and

to establish a finely-tuned justification for radiation protection of

these individuals. In the repair of DNA double strand breaks

(DSBs) in animal cells, multiple protein factors are recruited and

accumulated at the DSB site. If some factors have amino acid

substitutions or deletions produced by SNPs which cause inability

to accumulate at the DSB site, such factors would be considered

no longer functional, and the cells would be hypersensitive to ra-

diation. In order to identify such SNPs, we established a micro-
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scope system that enables us to detect accumulation of GFP-

tagged protein factors at the DSB sites produced by micro-

irradiation of live cells with a laser beam. By examining ability to

accumulate GFP-tagged variously-mutated DNA repair factors,

we searched for amino acids substitutions and deletions that

caused functional failure of DNA repair factors. At the same time,

we searched the database for SNPs which could produce equiva-

lent amino acid substitutions or deletions.

3. Research Results

We first investigated Ku70 which plays an important role in non-

homologous end-joining (NHEJ) which is a major DNA repair

mechanism of mammals. Using a Ku70-deficient epithelial cell

line, we could show that the ectopically-expressed EGFP-tagged

Ku70 accumulated at DSBs immediately when DSBs were pro-

duced by micro-irradiation with the laser. A series of deletion mu-

tants of EGFP-Ku70 was constructed, and we could identify sev-

eral domains, including the N-terminal, DNA-binding and Ku80-

binding domains, deletion of which caused inability of the factor to

accumulate at the DSB. In addition, we could show that a single

mutation at leucine 385 abolished the ability to accumulate at

DSBs. This result indicated that SNPs associated with a loss of

leucine at 385 are candidate biomarkers of radiation sensitivity.

We further analyzed a second DNA repair factor Rad52 which

plays an essential role in another DNA repair mechanism, homolo-

gous recombination. We observed that deletion of the eight amino

acids of the C-terminal end completely abolished the recruitment

of Rad52 to DSBs. Importantly, it was previously reported that

three human SNPs bring about deletions of the C-terminal end of

Rad52, suggesting that these SNPs are candidate biomarkers of

radiation sensitivity.

Radiation-induced DNA damages are repaired mainly by NHEJ

in mammalian cells, but this is not a mechanism with high fidelity.

Then we examined whether individual sensitivity to stochastic ef-

fects of radiation may be reduced by artificial inhibition of NHEJ

pathways in cases that it is planned to expose an individual to low

level radiation. In order to explore the feasibility of this idea, we

analyzed the frequency of radiation-induced mutation at HPRT

gene locus using various cell lines deficient in NHEJ-related

genes. As a result, mutation frequencies in these cells were found

to be lower than that in their parental cells. This observation is

considered to be the result of an enhanced cell killing. However, it

may be considered that the radiation-protective strategy by inhibi-

tion of NHEJ pathways may be beneficial in the case where deter-

ministic effects caused by a critically large number of cell death

events are negligible.

4. Significance and Relevance

The impact of various factors on individual radiation sensitivity

is currently being investigated in Europe and the US to provide a

scientific basis for protection of high risk groups from radiation.

However, it is important to note that some factors such as lifestyles

and genetic polymorphisms are different between races and/or

cultures, so that the research on these factors should be pro-

moted in Japan separately. Thus, our research program had great

significance and relevance. As well, we are planning to establish

possible ways to reduce individual radiation risks by artificially

regulating these factors. This strategy may be referred to as “ac-

tive radiation protection” showing a possible style for next genera-

tion radiation protection.

Regulatory Science Research Program
1. Background and Objectives of the Research Program

Radiation protection research is the science that applies the ac-

tual practice of radiation protection. In many cases, however,

these results cannot be used as they are. Thus, it is important to

process the scientific knowledge in a suitable form to apply each

practice and provide it to government regulatory agencies and to

society.

Objectives of this program are to investigate the necessary in-

formation for development of radiation safety standards and

guidelines, and to propose scientifically based measures for ra-

diation regulation and policy aiming at a more reasonable system

of radiation protection.

Based on international trends, in Japan, we should give priority

to discussion of the regulation of radon and NORM (naturally oc-

curring radioactive materials). From the viewpoint of impacts of

the Fukushima NPP accident, the accurate risk assessment for

low dose radiation and effective communication of the risk are re-

quired from both government organizations and society.

2. Approach to Reach the Objectives

The program carries out studies on evaluation of occupational

and public exposures from natural radiation sources such as ra-

don, NORM and cosmic rays. Collected data on industrial use of

NORM and cosmic-ray exposure when flying in air craft are accu-

mulated in databases and published. The program is also devel-

oping techniques to reduce indoor radon exposure and to stan-

dardize radon measurements; these are thought to be urgent

tasks for near-future regulation of indoor radon in Japan.

The information collected includes health effects of residents in

high background areas, residents in Semipalatinsk (the nuclear

weapons test site in the former USSR), atomic bomb survivors,

and victims of the Chernobyl accident. The collected information

is used for reviews of epidemiological studies and analysis as a

base for radiation risk assessment. Using the results of basic

studies related to the effects of radiation on the environment and

health, the program is developing models of the mechanisms by

which radiation affects the environment and organisms.

To reduce anxiety about the effects of radiation and answer

people’s questions about radiation protection measures, the pro-

gram is analyzing the current situation of risk communication and

developing tools for better communication.

3. Research Results

3.1. Measures for regulation and optimization of exposures from

natural radiation

Regarding indoor radon exposure, the efficiency of mitigation

methods using under-floor ventilation was investigated in a Japa-

nese traditional wooden house. International comparison of radon

measurements was carried out for their standardization. Occupa-

tional exposure due to utilization of NORM was studied to obtain

the relationship between activity concentration of the materials

and dose received by various workers, which is useful information

to set the exemption criteria for the NORM level. The measure-

ment system for cosmic rays in a facility on the top of Mt. Fuji was

developed to evaluate the sudden increase of dose due to solar

flares.

3.2. Policy for radiation regulation based on radiation risk

In order to propose a radiation protection policy with due con-

sideration of social rationality, the program has made a compre-

hensive analysis of epidemiological data using advanced statis-

tics analysis and has also developed an effective method for risk
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communication. A tool for risk assessment using the latest risk in-

formation was developed to estimate radiation risk among a

specified group of exposed people. The contents of the telephone

consultations opened at NIRS after the Fukushima NPP accident

were analyzed.

3.3. Measures for environmental protection

To develop new standards for environmental protection against

radiation exposure, we carried out analysis of the transfer of radio-

active materials to animals using a dynamic model. The results of

the assessment showed higher activity concentration in a stan-

dard animal than that estimated by a model using a static value

for the transfer factor.

3.4. Activities other than research

As activities other than research, members of the program have

handled considerable numbers of requests from regulatory bod-

ies responsible for radiation protection of the public against expo-

sure to radioactive materials due to the Fukushima NPP accident.

Members of the program also have cooperated in activities of in-

ternational organizations, especially UNSCEAR.

R&D Team for Biospheric Assessment for Waste Dis-
posal

The aim of the team’s current project is to provide environmental

transfer parameters for radiation dose assessments from radionu-

clides released from radioactive waste disposal sites. To obtain

suitable parameters for the Japanese biosphere, this team has

been carrying out three tasks: (1) Constructing the database of

environmental transfer parameters (TFs and Kds) considering cli-

mate change; (2) estimating the effects on microbial activities for

the transfer parameters of 14C in soil-plant systems; and (3) col-

lecting the environmental transfer parameters of important radi-

onuclides (Pu, Am, Th and Cl) by ultra-high sensitivity analysis.

Some details of these are given below.

1. Constructing the database of environmental transfer parameters

(TFs and Kds) considering climate change

A literature survey was conducted to estimate the effect of

warm and cool temperatures on soil-to-plant transfer factors (TFs)

compared to those for temperate areas. According to the IAEA

Technical Report Series No.472 (TRS-472), TF of Cs increased

with decreasing temperature. A literature survey of Japanese TF-

Cs of brown rice showed this trend as well. Additionally, 20 sam-

ples of leafy vegetables and associated soils were collected in the

southern part of Japan this year to compare the TF change with

leafy vegetables grown under warm conditions. The concentra-

tions of 20 elements in the vegetables and soils were determined

and were compared with our previous data. Although there were

no differences between the new data and our previous data in

soils, the concentrations of Si, Co, Ni, Cd and Cs in vegetables

showed differences which were more than a factor of two. More

detailed study is needed; more elemental concentration data at

major-to-trace levels will be added next year to provide more in-

formation.

The effective half-lives of radio-Cs in fruit trees and the concen-

tration ratios of Cs-137 of wild animals and fishes in Fukushima

Prefecture were collected to understand the behavior of Cs in the

environments under the non-equilibrium condition to get apparent

equilibrium constant values in transition.

2. Estimation of the effects on microbial activities for the transfer

parameters of 14C

It has been recognized that 14C (T1/2: 5,730 years) is one of the

dominant radionuclides affecting exposure dose from TRU

wastes. The measurement method for gaseous chemical species

containing 14C released from soil was investigated. A new method

to quantify the gasification of 14C from soil was also studied, focus-

ing on microbial activity. In our previous study, it was revealed that

soil microorganisms strongly affected the chemical form changes

of 14C in low molecular weight organic carbon compounds. Thus

respiration activity of soil microorganisms was measured using

the INT Formazan reaction.

Although individual mechanisms of 14C changes with time were

studied, it is necessary to connect laboratory study results and

field observations. Thus construction of a realistic 14C model is

necessary, but in our previous model, the gasification process

had a single parameter though it should be affected by both tem-

perature and CO2 concentration in the air. A literature survey was

conducted to obtain default parameter data on uptake of carbon

by rice plants from the ambient air. Then the model was updated

and sensitivity tests were carried out to see the applicability of the

newly included parameter values.

3. Collecting the environmental transfer parameters of important

radionuclides (Pu, Am, Th and Cl) by ultra-high sensitivity analy-

sis

This year, our study focused on the development of highly sen-

sitive analytical methods for the determination of Pu isotopes and

Cl in soil samples. For Pu analysis, we compared the sensitivities

of two sector-field ICP-MS instruments, the Element 2 and the

newly introduced Element XR. Due to the newly developed jet-

interface in the Element XR, a factor of 10 sensitivity improvement

is achieved compared with the Element 2. Combined with a high-

efficiency samples introduction system (Aridus II), a sensitivity of

100 M cps/ppb U or Pu was obtained, which provides the re-

quired sensitivity for Pu isotope analysis of rice samples which we

expect to conduct next year. To determine Pu isotopes in soil sam-

ples, we developed a two-stage anion-exchange chroma-

tographic separation procedure, in which extremely high U de-

contamination factor of 2x106 was achieved. The troublesome UH+

interference was completely eliminated. An analytical method for

accurate determination of Pu isotopes in soil samples was estab-

lished, and applied to the determination of 239Pu and 240Pu in

school ground soil samples collected in the 1970s to obtain the

background data on Pu contamination in school ground soils in

central-east Japan. For soil Cl analysis, two methods, water

extraction-IC measurement and TMAH extraction-ICP-MS analy-

sis, were evaluated. The obtained results showed that for samples

with a Cl concentration higher than 100 mg/kg, good agreement

between these two methods was obtained, while for the samples

with Cl concentrations lower than 100 mg/kg, the concentration of

Cl obtained with the TMAH-ICP-MS analysis method was higher

than that of the water extraction-IC measurement method. Further

work is planned for next year to complete establishment of the

sensitive Cl analytical method.
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Potting mix is often composed of a variety of soils such as

akadama-tsuchi, kuro-tsuchi, and so on. In this study, root uptake

of radiocesium (134Cs, 137Cs) was evaluated for mini cabbage

plants grown on potting mixes with different concentrations of ra-

diocesium. Three potting mixes were prepared that contained

kuro-tsuchi and akadama-tsuchi mixed with one other radioce-

sium contaminated material: leaf-mold (at two radiocesium con-

centrations) or sludge. (Akadama-tsuchi was contaminated with

radiocesium, but radiocesium in kuro-tsuchi was below the detec-

tion limit.) Mini cabbage plants were grown using the three mix-

tures. At the harvest date, the concentrations of radiocesium in

the mini cabbage edible plant parts were below the new standard

limit for general foods in Japan, that is, 100 Bq kg-1 wet. The high-

est soil-to-plant transfer factor of 0.69 (dry weight basis) was ob-

served for the potting mix composed of contaminated akadama-

tsuchi, kuro-tsuchi, and slightly contaminated leaf-mold. Akadama

-tsuchi is the most commonly used material for potting mixes, and

thus it may be necessary to pay attention to the radiocesium con-

tamination in akadama-tsuchi.

Introduction
The Fukushima Daiichi Nuclear Power Plant (FDNPP) was se-

verely damaged by events that followed the magnitude 9.0 earth-

quake and the subsequent huge tsunami of March 11, 2011. Ra-

dionuclides, which were released because of the plant damage,

have contaminated the environment, and among the radionu-

clides deposited on the surface soil, relatively long-lived radionu-

clides, such as radiocesium (134Cs, 137Cs), would be taken up by

agricultural crops. Intake of agricultural crops contaminated with

radionuclides causes internal radiation exposure.

The safety of most agricultural crops has been ensured by a

new standard limit for radionuclides in foods, which was enforced

by the Japanese government on April 1, 2012. However, measure-

ment of radiocesium in crops, which were harvested from home

gardens, has not been carried out before their consumption in

many cases. To ensure safety and security, it is important to obtain

a better understanding of transfer of radiocesium to crops from

the ingredients of commercial potting mixes.

Potting mixes often contain a variety of Ingredients such as

akadama-tsuchi, kuro-tsuchi, leaf-mold, and so on. Sludge from

drinking water treatment plants is also a material for potting mixes,

but Japanese government has started to regulate the shipping of

the sludge, which contains more than 400 Bq kg-1 of radiocesium,

in order to minimize radiation dose from the contaminated sludge

to the public. Potting mix ingredients have different chemical com-

positions, therefore, transfer of radiocesium from soil to agricul-

tural crops would differ by each ingredient. In this study, the trans-

fer of radiocesium from these ingredients to edible parts of mini

cabbage plants was studied [1].

Materials and methods
Akadama-tsuchi, kuro-tsuchi, and two kinds of leaf-mold

(slightly contaminated leaf-mold and heavily contaminated leaf-

mold) were purchased from a gardening center in 2011. Sludge

was obtained from a drinking water treatment plant in Saitama

Prefecture. The concentrations of radiocesium in each ingredient

are listed in Table 1. The presence of 134Cs in these ingredients

(except for kuro-tsuchi which was below the detection limit) sug-

gests contamination from radiocesium released by the FDNPP ac-

cident.

Biospheric Assessment for Waste Disposal

Root uptake of radiocesium by a vegetable growing
on various potting mixes

Nobuyoshi Ishii
E-mail: nobu@nirs.go.jp

Table 1 Concentration of radiocesium in each ingredient of potting mixes

Ingrediedt
Concentration (Bq/kg-dry)

134Cs 137Cs

Akadama-tsuchi 1.6.E+01 2.4.E+01
Kuro-tsuchi DL* 4.5.E+00
Slightly contaminated leaf-mold 5.5.E+00 5.1.E+00
Heavily contaminated leaf-mold 9.9.E+03 1.5.E+04
Sludge 6.7.E+03 1.0.E+04

* Detection limit: less than 2.7×100 Bq/kg -dry
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Three kinds of potting mixes were prepared by using these ma-

terials. First, the same volumes of akadama-tsuchi and kuro-tsuchi

(1:1) were mixed well (base soil). Thirty grams chemical fertilizer

(8% nitrogen, 8% phosphorus, and 8% potassium by weight) was

mixed into 8-L base soil. To grow the mini cabbage plants, a cer-

tain amount of the slightly contaminated leaf-mold (300 mL), the

heavily contaminated leaf-mold (200-mL dry), or sludge (300-mL)

was mixed into 500-mL base soil containing chemical fertilizer.

These mixes were identified as potting mixes No.1, 2, and 3, re-

spectively.

Two pots were filled with each of the three mixes and one seed-

ling of mini cabbage (Brassica oleracea Capitata) was planted in

each pot. The plants were grown for 79 days under natural light.

The temperature was controlled at 25± 5℃ during the cultivation

period. Mini cabbages were harvested on June 27, 2012 and di-

vided into edible and core parts. These parts and potting mixes

were separately dried and powdered using a grinder for the

analysis of radiocesium.

The concentration of radiocesium in the samples was quantified

using a germanium detecting system (Seiko EG&G). The meas-

urement values were corrected to harvest date.

The soil-to-plant transfer factors (TFs) were calculated as the

ratio of the radiocesium concentration in the edible part of mini

cabbage (Bq kg-1 dry weight) to its concentration in potting mix

(Bq kg-1 dry weight)

Results and discussion
The radiocesium concentrations of the samples at the harvest

date are summarized in Table 2. Radiocesium was detected in ed-

ible and core parts which suggested that root uptake of radioce-

sium occurred for this vegetable. It was found that the plant sam-

ples obtained from the plants grown in the potting mix with the

highest radiocesium concentration, did not have the highest

amount of radiocesium. Potting mix No.3 had the highest radioce-

sium concentration of 3.5 × 103 Bq kg-1, while the highest radio-

cesium concentration in the edible and core parts of the plant

were observed with the potting mix No.2. These results suggest

that the transfer of radiocesium from soil to plants is affected by

the ingredients for potting mix.

The radiocesium concentrations were compared between ed-

ible and core parts (Table 2), and a significant difference (t-test, P

<0.05) was found for the mini cabbage grown in the potting mix

No.1. Removal of the core parts and not eating them may reduce

the radiocesium ingestion. On the other hand, Ban-nai et al.[2]

showed that there were no differences in the concentration of

137Cs between edible and other parts of cabbage, and thus more

studies on the distribution of radiocesium in crops is necessary.

To compare the transfer of 137Cs among the different potting mix

samples, TF values were calculated using the concentration of
137Cs in edible parts and the potting mixes (Table 2). The values

varied among the samples, and the highest value was obtained

for the mini cabbage harvested from the potting mix No.1. The

main source of 137Cs for the potting mix No.1 was akadama-tsuchi.

Probably, 137Cs in akadama-tsuchi would be more readily available

to mini cabbage compared to that in leaf-mold and sludge.

Akadama-tsuchi is inorganic volcanic soil and has minute holes

allowing water retention. These holes may be responsible for the

high TF value. Since akadama-tsuchi is the most commonly used

soil in commercial potting mixes in Japan, attention should be

paid to the radiocesium contamination of akadama-tsuchi.

Tsukada and Hasegawa [3] reported that the geometric mean

of TF values of 137Cs for cabbage which was harvested in Aomori

Prefecture during the early 1990s was 0.026 and that its 95% con-

fidence interval was from 0.0021 to 0.33. These contaminations of
137Cs resulted from the atmospheric nuclear weapon tests in the

1960s and the Chernobyl accident in 1986. Therefore, it would ap-

pear that it is relatively hard to transfer 137Cs from soil to cabbage

by an aging effect. As expected, the TF value for the potting mix

No.1 sample exceeded the 95% confidence range, and the TF

values for the potting mixes No. 2 and No. 3 were higher than the

geometric mean of the previously reported TF values [3]. TF val-

ues in this study would decrease with time.

The Japanese government has enforced the new standard limit

for radionuclides in general foods (100 Bq kg-1). This standard is

based on the concentration on fresh weight basis. Radiocesium

concentrations reported here were on dry weight basis, therefore,

the values were converted to the concentrations on fresh weight

basis. The radiocesium concentrations in edible parts were 4.9

Bq kg-1 for the potting mix No.1, 65.1 Bq kg-1 for the potting mix

No.2, and 61.9 Bq kg-1 for the potting mix No.3. In each crop part

sample, the concentrations of radiocesium were below 100 Bq

kg-1 of fresh weight.
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Table 2 Radiocesium concentrations of the samples and TF

Concentration (Bq kg-1-dry)

Number of
potting mix

Potting mix Edible part Core part

Ingredient* 134Cs 137Cs 134Cs 137Cs 134Cs 137Cs FT**

1 Slightly contaminated leaf-mold 1.3.E+01 2.1.E+01 1.1.E+01 1.4.E+01 3.2.E+01 2.9.E+01 0.686
2 Hevily contaminated leaf-mold 9.6.E+02 1.5.E+03 1.9.E+02 2.7.E+02 2.1.E+02 2.8.E+02 0.189
3 suldge 1.4.E+03 2.1.E+03 1.4.E+02 2.0.E+02 3.1.E+01 1.5.E+02 0.094

*All potting mixes contained Akadama-tsuhi, Kuro-tsuchi, and chemical fertilizer.
**TF: the ratio of 137Cs in the edible part of mini cabbage (Bq kg-1-dry) to its concentration in potting mix (Bq kg-1-dry).
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A large amount of radiocesium was discharged in the

Fukushima Daiichi Nuclear Power Plant (FDNPP) accident of

March 2011. This highlight describes the use of open-source food

monitoring data to evaluate ecological half-lives (Teco) of radioce-

sium in some marine biota caught offshore of Fukushima Prefec-

ture. Data were collected in two regions (north and south) with re-

spect to the FDNPP site to obtain the regional 137Cs concentration

decreasing trend and then, the estimated Teco in marine biota were

obtained. Teco values were then compared with biological half-life

(Tb) estimated in laboratory settings. The ratios of Teco to Tb were in-

consistent among different groups of marine species. The Teco / Tb

ratios for brown seaweeds and bivalves were each approximately

1, however for demersal fish ratios ranged from 4.3 to 15. The rea-

sons for the different ratios of Teco to Tb may be attributed to envi-

ronmental and ecological factors, such as different trophic levels

and metabolic changes.

Definition of ecological half-life
The time required for the biological elimination of 50% of a radi-

onuclide from a living plant or animal body is called the biological

half-life (Tb). When the radionuclide is actually taken into a living

body, both physical decay and biological elimination occur to-

gether; therefore, the term ‘effective half-life (Teff)’, is used which is

expressed as 1/Teff=1/Tp+1/Tb. However, in a natural environment,

when radioactive contamination occurs, it is important to investi-

gate how long the radionuclide persists in a population of a cer-

tain species, because the rate is influenced by ecological factors,

including both abiotic and biotic factors. Ecological niche affects

the radionuclide fate in a food web for example. For such cases,

the term ‘ecological half-life’ (Teco) has been used. In this study, the

term Teco is used to describe the time required for a 50% decline of

a radionuclide in a population in a natural ecosystem.

Teco typically has short-term and long-term components. The

first component likely reflects the biological elimination rate of the

radionuclide, while the second component likely reflects the bio-

geochemical cycles of the radionuclide in the ecosystem. Thus,

eventually, the radionuclide concentration reaches a dynamic

equilibrium between organisms and the ecosystem, and also de-

creases as a result of physical decay. However, in this study, only

Fig.1 Time trend of 137Cs concentrations in edible part of marine species collected offshore of Fukushima Prefecture (Bq/kg-wet) after March 11, 2011.

(A) Arame, northern sea urchin and Sakhalin surf clam in the southern region and (B) greeling, and (C) Japanese common skate in both regions.
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the short-term component was calculated because the data col-

lection period was not long enough to estimate the long-term

component. Thus, Teco is estimated by ln2・λeco
-1, where λeco is the

137Cs ecological loss rate in a population and it is obtained from

the slope of the exponential decline in 137Cs concentration in the

population over time.

Data sources
Open-source 137Cs concentration data for edible marine biota

caught offshore of Fukushima Prefecture together with the sample

collection date were taken from monthly food monitoring reports

provided on the website of the Ministry of Health, Labour and Wel-

fare of Japan (http://www.mhlw.go.jp/shinsai_jouhou/shokuhin.

html). 137Cs concentration data for a total of about 170 edible ma-

rine species have been reported, however, the sampling intervals

were random and not consistent among different species. Thus,

we selected 16 species which had data available from March 11,

2011 through the end of December 2012 (651 days), and we cal-

culated the Teco values [1]. In the same manner, the results for nine

species were obtained using data collected up to 800 days after

March 11, 2011 and they are reported here. The data were then

separated into two regions based on the relative direction of the

sampling locations with respect to the FDNPP site: a northern re-

gion (Shinchi-cho, Soma-shi, Minami Soma-shi) and a southern

region (Iwaki-shi).

Ecological half-lives of 137Cs in marine biota
The collected 137Cs activity concentration data (Bq/kg-wet) for

each species of each region were plotted on a logarithmic scale

against time and some examples are shown in Fig.1. In the north-

ern region, there were not enough 137Cs data to calculate Teco for

Arame, abalone, Skahalin surf clam, northern sea urchin and

sand crab possibly due to the radiocesium concentration in

seawater north of the FDNPP site being lower than that south of

the site in March 2011, immediately after the radionuclide re-

leases. The calculated Teco values are listed in Table 1 together

with the correlation coefficient between 137Cs concentration (as

logarithmic values) and time; good correlations were found with p

<0.0001 by the t-test for all species. As shown in Fig.1, decreas-

ing rates were similar for both regions. The ratio of Teco (north/

south) for four fish species ranged from 0.9 to 1.8.

The Teco/Tb ratios are listed in Table 2. These ratios varied be-

tween the different major groupings, e.g., being about 1 for brown

seaweed and bivalves, and 4.3-15 for demersal fish. After the

FDNPP accident, 137Cs concentration in the surface water de-

creased by a factor of 1000 between April to May 2011; this

prompt and continuous advection due to currents, may, to some

extent, have created similar conditions to those of laboratory ex-

periments on Tb. Thus Tecos for seaweeds and shellfish results

were similar to Tbs. Although 137Cs in most seaweeds, molluscs

and crustaceans became lower than the detection limit within 800

days after March 11, 2011, 137Cs concentrations in demersal fish

were still being measured, which caused higher Teco/Tb ratios. In

the long-term under which equilibrium conditions were reached,

no biomagnification would occur because the water to marine

species 137Cs concentration ratios were almost the same among

various species [2]. However, in the short-term after the accident,

an apparent biomagnification might occur due to trophic levels

and metabolic changes accompanying with growth; as the trophic

level increases, prey have higher 137Cs concentration for longer

time periods.

It is important to measure Tb to know elimination mechanisms,

however, Tb cannot indicate the actual phenomena. Investigating

Teco of various species is necessary to understand the uptake and

elimination mechanisms of 137Cs in marine biota in the actual field.
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Table 1 Ecological half-life (Teco) of 137Cs for each species caught off Fukushima.

North South

Species n
Correlation
coefficient

Probability
Teco

days
n

Correlation
coefficient

Probability
Teco

days

Arame - - - - 19 -0.854 <0.0001 50
Abalone - - - - 17* -0.913 <0.0001 51

Skahalin surf clam - - - - 61 -0.937 <0.0001 91
Northern sea urchin - - - - 98 -0.791 <0.0001 143

Sand crab - - - - 17 -0.969 <0.0001 97
Greenling 200 -0.554 <0.0001 300 181 -0.533 <0.0001 244

Flatfish 256 -0.565 <0.0001 310 268 -0.464 <0.0001 357
Marbled sole 244 -0.402 <0.0001 452 184 -0.479 <0.0001 281

Japanese common skate 166 -0.428 <0.0001 539 196 -0.520 <0.0001 303

* Data up to 300 days after March 11, 2011 was used. -: no data.

Table 2 Comparison of field data (Teco) and laboratory data (Tb).

Species, Teco Species, Tb Teco/Tb

Seaweeds
Arame

50
Bladderwrack

54
0.93

Shellfish
(Bivalves)

Sakhalin surf clam
91

Scallop
75

1.2

Demersal
fish

Flatfish
310-357

Flatfish
24 (avg.)

13-15

Marbled sole
281-452

Plaice
65

4.3-7.0
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Introduction
It is well known that children are more susceptible to carcino-

genic effects of radiation as compared with adults. Epidemiologi-

cal studies of atomic bomb survivors, patients undergoing

radiation-based medical treatments and victims of nuclear power

plant accidents show that exposure at a young age results in

higher risk of cancer compared with exposure during adulthood.

Thus, there is a critical need to make efforts for assessing risk and

developing prevention strategies for radiation-induced cancer af-

ter childhood exposure.

Calorie restriction (CR) has been known to increase mean

lifespan by decelerating the rate of aging and inhibiting tumor for-

mation in a variety of species. CR has been reported to decrease

occurrence of not only spontaneous but also chemical carcinogen

-induced tumors in rodents and non-human primates. CR has also

been reported to have effects on radiation-induced leukemias [1],

but data on tissues other than bone marrow are lacking. Although

CR has been proposed as a strategy for preventing cancers, CR

during childhood is not appropriate because of the potential mal-

nutrition and disrupted endocrine function. A recent report using a

chemical carcinogen-induced mouse skin tumor model shows

that CR during the cancer promotion phase is more effective than

during the tumor initiation phase [2]. Because radiation-induced

carcinogenesis is thought to be a relatively long-term process, we

propose that adult-onset CR during the tumor promotion/progres-

sion phase could be a valuable strategy in the prevention of tu-

mors after childhood exposure to ionizing radiation.

In this highlight, we show that adult-onset CR is effective for

suppressing late-occurring tumors in both non-irradiated and irra-

diated mice. However, CR was less effective for early-occurring

radiogenic tumors such as thymic lymphoma (TL) and early-

occurring non-TL [3].

Results
1. Effect of calorie restriction on lifespan

Changes in overall survival ratio are shown in Fig.1. Irradiation

resulted in statistically significant lifespan shortening by 38%. Irre-

spective of irradiation, CR significantly extended the overall

lifespan of the non-irradiated and 3.8 Gy irradiated groups by

19.6% and 19.2%, respectively. The lack of a difference between

the lifespan extension between non-irradiated and 3.8 Gy irradi-

ated groups indicates that CR contributes to lifespan extension

through mechanisms that are independent of radiation effects.

2. Effect of calorie restriction on cancer prevalence

In this study, several types of cancers were detected. TL and

early-occurring non-TL, which were the main causes of early

death, were seen only in the irradiated groups. After one year, late

-occurring non-TL, liver, and lung tumors were detected in both

non-irradiated and irradiated groups.

Specifically, the incidence of TL in the 3.8 Gy-95 kcal group was

20.0%, and the incidence in the 3.8 Gy-65 kcal group was 14.3%.

Fig.1 Kaplan-Meier curves that represent survival ratios for all experimen-

tal groups. The statistical significance of the differences in survival

among groups was evaluated with the log-rank test. P < 0.05 was

considered significant. *: 0 Gy-95 kcal vs 0 Gy-65 kcal; **: 3.8 Gy-

95 kcal vs 3.8 Gy-65 kcal.
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CR appeared to improve TL-free survival although the difference

was not statistically significant.

Lymphomas that originated from lymphoid tissues other than

the thymus, such as the lymph nodes or spleen (collectively

called here non-TL), appeared to be classified into two types with

respect to tumor development time: early and late. The two types

were separated by the onset times and the time lag for these two

lymphomas was >200 days. We analyzed early- and late-

occurring non-TL separately. The incidence of early-occurring

non-TL in the irradiated groups on both diets was ～10%. Early-

occurring non-TL-free survival were not statistically affected by

CR. The incidence of late-occurring non-TL in non-irradiated mice

was 48.3% in the 95 kcal group and 20% in the 65 kcal group. The

incidence of late-occurring non-TL in the irradiated groups was

unexpectedly reduced from 16.7% to 9.5% in the 65 kcal group.

CR significantly improved the late-occurring non-TL-free survival

in both the non-irradiated and irradiated groups.

The predominant liver tumor type observed was hepatocellular

carcinoma (HCC). Exposure to 3.8 Gy at 1 week of age signifi-

cantly increased the incidence of HCC from 13.3% to 46.7% in the

95 kcal group and from 15.0% to 31.7% in the 65 kcal group, sug-

gesting that liver tumors are radiogenic. CR significantly improved

HCC-free survival in both the non-irradiated and 3.8 Gy irradiated

groups.

The predominant lung tumor type was adenocarcinoma; we de-

tected no effect of radiation on its incidence. In the 95 kcal

groups, radiation did not increase adenocarcinoma incidence,

while in the 65 kcal groups, adenocarcinoma incidence was even

lower in the 3.8 Gy group than in the non-irradiated group. The ef-

fect of CR was evident in the 3.8 Gy groups: the incidence of lung

adenocarcinoma was reduced from 25.0% in the 95 kcal group to

6.3% in the 65 kcal group. CR significantly increased the lung

adenocarcinoma-free survival in both the non-irradiated and 3.8

Gy irradiated groups.

3. Risk of the various tumor types: Cox proportional hazard analy-

sis

Multivariate Cox proportional hazard analysis was performed to

assess the hazard ratio (HR) of cancer development (3.8 Gy vs. 0

Gy or 65 kcal vs. 95 kcal). Table 1 shows the HRs of cancer risk

(3.8 Gy vs. 0 Gy) for various organs in the 95 kcal and 65 kcal

groups. Radiation affected overall lifespan equally in the two diet

groups. CR reduced HRs in a tissue-dependent manner. The tu-

mors most affected by CR were non-TL and lung tumors followed

by HCC. CR also affected overall lifespan and lifespan of tumor-

free mice. The effect in the 3.8 Gy irradiated group was smaller

than that in non-irradiated groups, suggesting that CR is less ef-

fective for radiation-associated diseases. This was mainly be-

cause early-occurring radiogenic TL and non-TL were not highly

influenced by CR.

Summary
We showed here that irrespective of CR, 3.8 Gy of X-ray expo-

sure shortened lifespan by 38%, and irrespective of irradiation CR

extended lifespan by 20%. Adult-onset CR reduced the risk of he-

patocellular carcinoma, late-occurring non-TL, and lung tumors

but not TL or early-onset non-TL. The ability of CR to prevent late-

occurring tumors was the same for non-irradiated and irradiated

mice, indicating that the mechanism(s) by which CR influences

cancer is independent of irradiation. In summary, adult-onset CR

significantly inhibits late-occurring tumors in a tissue-dependent

manner regardless of infant radiation exposure.
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Table 1 Summary of hazard ratio (HR) for major tumors

Radiation
vs. 0 Gy

Calorie
vs. 95 kcal

95 kcal 65 kcal 0 Gy 3.8 Gy

Overall lifespan 4.22 4.48 0.33 0.54
Lifespan of tumor-free mice 4.37 7.96 0.18 0.46
TL ND ND ND 0.65
Early-occurring non-TL ND ND ND 0.88
Late-occurring non-TL 2.30 2.89 0.10 0.18
HCC 12.92 20.89 0.23 0.25
Lung adenocarcinoma 6.20 3.79 0.16 0.13

ND: not detected
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Introduction
In recent years, there has been a growing concern in society

about the risks associated with exposure to ionizing radiation, es-

pecially for children. With respect to radiation-induced cancer,

studies of atomic bomb survivors and other cohort studies sug-

gest that age at exposure modifies the radiation effects on cancer

mortality. The relative risk of acute lymphocytic leukemia (ALL) is

higher after childhood exposure than adult exposure, while the

risk of acute myeloid leukemia (AML) remains constant or in-

creases slightly increasing age at exposure. Animal studies also

have shown that the incidence of radiation induction of AML is

minimal when irradiation is carried out during in utero or infancy

periods, but it reaches a maximum when irradiation occurs as an

adult. Recent studies postulated that AML arises from hema-

topoietic stem cells (HSCs), suggesting that HSCs are also the

target of radiation-induced AML. Despite the increase in knowl-

edge of stem cell biology, there is still little information on the role

of age in radiation effects of stem cells.

In the present study, we aimed to clarify the effect of age at ex-

posure on HSC survival after radiation and the association of sur-

vival with the age effect on radiation-induction of AML. This work

has been published in Radiation Research [1].

Results
Survival of CFUs after radiation exposure

Female C3H/He mice, which are prone to radiation-induced

myeloid leukemia, were irradiated with various ages (1, 3, 8, and

14 weeks after birth) with 137Cs γ rays at 0, 2, 4, and 6 Gy, and the

number of HSCs in bone marrow tissue was evaluated using the

CFU-S assay. Also, the number of hematopoietic progenitor cells

was evaluated using the in vitro CFC assay, for CFU-granulocyte

macrophages (CFU-GMs) and burst-forming unit-erythroid cells

(BFU-Es) and CFU-granulocyte, -erythrocyte, -monocyte, and -

megakaryocyte (CFU-GEMM). The number of the CFU-S was sig-

nificantly reduced in 1-week-old mice as compared with the older

mice after 2 Gy exposure (Fig.1A). Also, the numbers of CFU-GM

and BFU-E colonies from 1-week-old mice were significantly re-

duced as compared with the mice at other ages after radiation ex-

posure (Figs. 1B, 1C). No significant changes were observed in

CFU-GEMM (Fig.1D), which might be because the number of

colonies was so small.

Expression of chemokine and cytokine genes

By using microarray analysis, we compared gene expression

profiles of bone marrow tissues from mice sham irradiated or 2 Gy

irradiated at 1 week and 8 weeks of age. Principal component

analysis (PCA) indicated that gene expression profiles could be

distinguished by age at exposure, and also time after exposure

(Fig.2A). Pathways were differentially affected by time after expo-

sure among different age groups, and 25 pathways including

chemokine pathways were identified (Fig.2B). Then, by qPCR, we

compared expression levels of several radio-protective chemoki-

nes or cytokines in bone marrow tissues between mice sham irra-

diated and those 2Gy irradiated at 1-week and 8-weeks of age.

Among these, expressions of Csf2 and Fgf1 changed negligibly

in the 1-week-old mice, while their expression in the 8-weeks-old

mice increased significantly after irradiation (Figs. 2C, 2D). Also

time-dependent increases in expressions of Kitl (Fig.2E) and Il1b

(Fig.2F) after irradiation were observed in the 8-weeks-old mice,

although the increase in Il1b expression was not statistically sig-

nificant.

Summary
In this study, we demonstrated that an increased radio-

resistance in adult HSCs might result from the induction of radio-

protective cytokines, such as Csf2, Fgf1 and Kitl , and possibly

Il1b, after radiation exposure. Our findings imply that increased

radio-resistance in adult HSCs may be associated with an in-

creased risk of AML.
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Fig.1 Effect of radiation exposure on survival of HSCs and hematopoietic progenitor cells.

The numbers of colonies of CFU-S (A), CFU-GM (B), BFU-E (C) and CFU-GEMM (D) of

1, 3, 8, and 14-weeks-old mice after exposure to 0, 2, 4 and 6 Gy of γ-rays are shown.

The asterisks mark differences that are statistically significant (p < 0.01).

Fig.2 Array expression profile and radio-protective cytokine/ chemokine gene expression in

bone marrow tissues. PCA of bone marrow tissue samples from 1-week-old and 8-

weeks-old mice after 0 h, 6 h and 24 h after 2 Gy exposure (A). Pathways affected by

time after exposure among different age groups (B). qPCR analysis of radio-protective

chemokine or cytokines: Csf2 (C), Fgf1 (D), Kitl (E) and IL1b (F) in bone marrow tis-

sues. The asterisks mark differences that are statistically significant (p < 0.01).
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Breast cancer risk factors
Worldwide, breast cancer represents 16% of all cancer inci-

dences among women and 13.7% of cancer deaths. Although

breast cancer rates have traditionally been lower in Japan than in

the United States, breast cancer incidence is expected to rise sig-

nificantly. It was shown that women who had received medium or

high-dose ionizing radiation to the chest (for example, as treat-

ments for other cancers, such as Hodgkin’s lymphoma) have a

relative risk of breast cancer between 2.1 and 4.0. By age 45

years, up to 20% of women exposed to chest ionizing radiation for

a pediatric malignancy are diagnosed with breast cancer. New

data are coming to light indicating that even low dose exposures

(such as diagnostic chest X-rays for tuberculosis or pneumonia)

might raise this risk. Sex steroid hormones such as estrogen and

progesterone play a crucial role in the development and homeo-

stasis of the mammary gland, by regulating proliferation, differen-

tiation and apoptosis. Evidence from the last few decades sup-

ports the idea that accumulated exposure to steroid hormones

(for example in post-menopausal women under hormonal re-

placement therapy) is also a risk factor for breast cancer. The in-

terplay between steroid hormones and radiation-induced risks

has been described in a number of studies. For example, we have

shown that progesterone protects cultured mammary cells

against radiation-induced apoptosis and increases the number of

proliferating cells containing chromosomal damage [1]. However,

our knowledge of hormonal action in the irradiated breast is far

from complete and new discoveries are challenging some estab-

lished paradigms.

Cancer stem cells
Recently, a lot of attention has been given to a small population

of malignant cells thought to be responsible for tumor mainte-

nance and initiation of relapse. These cancer stem cells (CSCs)

possess the ability to self-renew (thus to form tumors) and to

cause the different lineage of cancer cells comprising a tumor.

Breast CSCs were first observed by Al Hajj et al. [2], who de-

scribed the existence of a subpopulation of CD44+CD24lowESA+

lineage‐human breast cancer cells capable of initiating tumors in

immune-deficient NOD/SCID mice. CSC populations have been

defined using several combinations of cell-surface markers, such

as CD44+CD24‐, or by measuring cellular activities, such as the

expression of aldehyde dehydrogenase (ALDH). In a recent

study, it was shown that breast cancer cell lines contain breast

CSCs. CSCs may arise from normal stem cells, or from a differenti-

ated progenitor, which acquired self-renewal abilities. CSCs are

thought to be radio-resistant and have a distinct molecular signa-

ture.

Steroid hormones in the breast
Both estrogens and progesterone have strong proliferative ef-

fects on stem/progenitor cells. Several studies have shown that

progesterone regulates genes (Notch pathway genes DLL-1, DLL

-3, IL6, PRSS2, Interleukins IL6 and IL8 and others) is potentially

involved in stem cell regulation. Estrogen was recently shown to

stimulate CSC expansion through FGF signaling. It was also

shown that radiation exposure or steroid hormones can contribute

to the initiation of epithelial-to-mesenchymal transition (EMT) and

the expansion of CSCs subpopulation. However, to date, the po-

tential involvement of steroid hormones in the radiation-triggered

EMT is unknown. New developments have also brought light onto

the molecular mechanisms of hormonal action. In the normal hu-

man breast, nuclear estrogen and progesterone receptors (ER

and PR, respectively) are expressed in only 15 to 30% of the lumi-

nal epithelial cells and not in other cell types. It is thought that

receptor-containing cells secrete paracrine factors that influence

the proliferation and activity of nearby receptor-negative cells. Re-

cent investigations have shown that cultured MCF10A normal epi-

thelial cells that do not express PR are nonetheless responsive to

progesterone. Furthermore, CSCs can be generated during the

transformation of MCF10A cells.
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Ionizing radiation and steroid hormones generate can-
cer stem cells

In order to evaluate whether the modulation of radiosensitivity

and radiation-induced breast cancer risk might involve CSCs, we

measured the proportion of ALDH+ (Fig.1) and CD44+/CD24-

cells in cultured breast cell lines [3]. Depending on the cell line,

both exposure to ionizing radiation (X-rays) and steroid hormone

treatment (progesterone and estrogen) could stimulate the expan-

sion of CSCs. These CSCs exhibited higher tumorsphere-forming

abilities and increased radioresistance. In irradiated MCF10A

cells, progesterone action was independent of PR expression.

In MCF10A cells, progesterone triggers oxidative
stress as well as cancer- and stemness-associated
miRNA regulations

The stimulation of reactive oxygen species levels by progester-

one in MCF10A cells is consistent with earlier reports showing in-

creased mitochondrial activity (observed as increased mitochon-

drial potential) and the subsequent inhibition of Fas-induced

apoptosis. In addition to non-genomic effects, progesterone di-

rectly triggered miRNA regulations (such as the downregulation of

miR-22-3p and miR-29c-3p and the upregulation of miR-328 and

miR-98-5p) consistent with cancer-related processes and

stemness (Fig.2).

Conclusion
Progesterone directly triggered miRNA regulations and modu-

lated the radiosensitivity of normal breast epithelial cells lacking

the expression of PR, suggesting that the classical model of hor-

monal paracrine action in the normal breast may need to be com-

pleted. Furthermore, the combination of progesterone treatment

and radiation exposure was capable of generating CSCs and

might trigger or contribute to cancer initiation events.

Our results suggest that progesterone might influence radiation

-induced breast cancer risk by generating tumor-initiating breast

CSCs. In order to decrease the potential risks of breast cancer re-

sulting from chest ionizing radiation exposure, it might be useful to

take into account the variability of progesterone levels during the

menstrual cycle and between individuals. Our results also shed

additional light on elevated breast cancer risks in women treated

with hormone replacement therapy. Further investigations are

needed to better understand the mechanisms involved in PR-

independent progesterone action in the normal breast and the

generation of CSCs after exposure to ionizing radiation, in particu-

lar in the low-dose range.

Fig.1 Proportion of CSCs after irradiation and steroid hormone treatment.

The percentages of ALDH+ T47D (A), MCF7 (B) and MCF10A (C)

cells were evaluated by flow cytometry three days after irradiation.

Hormonal treatment was performed two days before irradiation and

every day afterwards. Pg: progesterone, Mif: mifespristone, E2: es-

trogen, Inh: PD173074. Results are representative of at least three

independent experiments. Error bars represent standard deviation.

Asterisks denote significant differences (t-test, * p<0.05, ** p<0.01).

Fig.2 Comparative microRNA expression levels in MCF10A cells. Each

scatter plot shows microRNA expression levels (logarithmic scale)

for two experimental groups: cells exposed to progesterone treat-

ment alone (Pg) vs non-irradiated cells (Control) (A), ALDH- cells

(after irradiation and progesterone treatment) vs Control (B), ALDH+

cells (after irradiation and progesterone treatment) vs Control (C),

ALDH+ cells vs ALDH- cells (D). The outer diagonal lines indicate 4

-fold differences in microRNA expression. Each microRNA is repre-

sented by a circle.
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DNA double-strand breaks (DSBs) are the most serious dam-

age to cells exposed to ionizing radiation (IR). The nuclear foci of

phosphorylated histone H2AX (γH2AX) are frequently used as a

marker to monitor induction and repair of DNA double-strand

breaks (DSBs) following exposure to IR or other DNA damaging

agents. However, our recent study showed that γH2AX foci in-

duced by oxidative stress in hydrogen peroxide (H2O2)-treated

cells are not associated with DSBs.

DSBs and γH2AX
H2AX is a variant form of the nucleosomal protein, histone H2A.

H2AX is phosphorylated on its S139 site by ataxia telangiectasia

mutated (ATM), a member of the phosphatidylinositol-3 kinase-like

kinases (PIKKs), in response to DSBs (Fig.1 A). Phosphorylated H

2AX, called γH2AX, makes a binding site for many components of

the DNA damage response (DDR). The induction of γH2AX

around DSBs can be detected as ‘γH2AX foci’ under a micro-

scope with immunocytochemistry and utilized as a highly sensi-

tive way to monitor the induction and repair of DSBs. Traditional

techniques, such as pulsed-field gel electrophoresis or chromo-

some analysis, usually require Gy-order doses to detect IR-

induced DSBs, whereas γH2AX analysis can be utilized with a

milli Gy-order dose. Therefore, γH2AX analysis has become the

most popular tool to detect DSBs in radiation biology. However,

the formation of γH2AX foci does not solely correlate with DSB for-

mation under certain conditions. ATM- and Rad3-related (ATR),

another PIKK, is activated in response to replication stress-

induced single-stranded DNA (ssDNA), which, in turn, phospho-

rylates H2AX (Fig.1 B). Therefore, there are some limitations in γH

2AX analysis to monitor DSBs at least in S-phase cells.

Oxidative stress induces γH2AX in a different manner
to IR

Non-homologous end-joining (NHEJ) is the prominent pathway

for DSB repair in mammalian cells. To better understand the roles

of NHEJ in DDR to IR in humans, we characterized a series of mu-

tant cell lines deficient for NHEJ-related genes generated by gene

targeting in the human cell line HCT116 [1]. XRCC4 is one of the

key components of NHEJ and the XRCC4-deficient (XRCC4-/-)

cells are seriously incompetent in the repair of DSBs. Consistent

with the close relationship between γH2AX foci and DSBs, X-ray-

induced γH2AX foci disappeared more slowly in XRCC4-/- cells

than in parental HCT116 cells [1]. Remarkably, γH2AX induced by

oxidative stress in H2O2-treated HCT116 and XRCC4-/- cells dis-

played several different features from those induced by IR [2].

Firstly, oxidative stress-induced γH2AX commonly appeared as

gross nuclear-wide immunoreactive signals but did not as distinct

‘foci’ (Fig.2 A-L). Secondly, oxidative stress-induced γH2AX de-

creased as fast in NHEJ-deficient XRCC4-/- cells as in NHEJ-

proficient HCT116 cells (Fig.2 M, N). If γH2AX is correlated with

DSB formation and repair, it would decrease more slowly in XRCC

4-/- cells than in HCT116 cells. Lastly, γH2AX appeared in a bipha-

sic mode following oxidative stress in both HCT116 and XRCC4-/-

Fig.1 Schematic representation of γH2AX inducing pathways in response

to DNA damages. (A) ATM mediates the phosphorylation of H2AX in

response to DSBs. This process can take place in every cell phase.

(B) ATR mediates H2AX phosphorylation in response to ssDNA

mostly arising from replication fork stalling during the S-phase. (C)

Hydrogen peroxide or oxidative stress induces γH2AX, which is me-

diated by ATR and not dependent on DSBs.
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cells (Fig.2). Reinduction of γH2AX foci was a unique observation

for cells exposed to H2O2 and was not observed in cells exposed

to IR. This result suggested that γH2AX foci observed in H2O2-

treated cells must be induced by a different mechanism than

those in cells exposed to IR.

ATR is the major kinase inducing γH2AX following oxi-
dative stress

ATM and ATR are the main kinases that phosphorylate H2AX in

the damage response to DSBs or ssDNA, respectively (Fig.1 A

and B). To examine the participation of these kinases in the dam-

age response following the H2O2 (200 μM) treatment, we analyzed

the induction of γH2AX in the presence of specific inhibitors of

ATM or ATR (Fig.3). When cells were cultured with a ATM inhibitor

(ATMi, KU-55933), γH2AX was underexpressed immediately after

the 1 h treatment (0 h), while its expression was equivalent to that

in control cells without a kinase inhibitor 2 h after the treatment or

later. The reappearance of γH2AX was not affected by ATMi 24 h

after the treatment. On the other hand, the phosphorylation of H2

AX in responses to H2O2 was largely disturbed by the presence of

ATR inhibitor (ATRi, VE-821). A very large fraction of cells at 24 h

after the H2O2 treatment with ATRi became detached from glass

coverslips during the immunostaining process of the fixed sam-

ple, most probably because of cell death. Western blot analyses

of prominent substrates for ATM or ATR showed that ATR was acti-

vated but ATM was not by 200 μM H2O2 (details are in [2]). These

results demonstrated the predominant participation of ATR, rather

that ATM, in the oxidative stress response. Cell cycle analysis by

pulse labeling of S-phase cells with 5-ethynil-2’-deoxyuridine re-

vealed that the γH2AX was induced in both S- and non-S-phase

cells following the H2O2 treatment (details are in [2]). Therefore, γH

2AX must be induced in different mechanisms in response to rep-

lication stress and to oxidative stress (Fig.1 B and C).

Conclusion
The present study demonstrated the biphasic induction of γH2

AX following oxidative stress-induced by the H2O2 treatment. The

initial and later inductions of γH2AX were primarily mediated by

ATR and both were unlikely to associate with DSBs. Reinduction

of γH2AX 24 h later can be associated with cellular senescence,

because oxidative stress closely associates with organismal ag-

ing. Oxidative stress also contributes to many aspects in biologi-

cal responses to IR, such as inflammation. Hence, we cannot rule

out the possibility that oxidative stress induced γH2AX affected

the results of γH2AX analysis monitoring DSBs following IR. To im-

prove the reliability of γH2AX analysis, further understanding for

γH2AX induction following oxidative stress is needed.

Fig.2 Nuclear foci formation and loss of γH2AX in HCT116 (A-F) and its NHEJ-deficient derivative, XRCC4-/- cells (G-L), following exposure to H2O2. Cells

were treated with 200 μM H2O2 for 1 h, further incubated in complete medium, fixed at indicated time points and then immunostained with an anti-γH2

AX antibody (red). Nuclei were counterstained with DAPI (blue). Scale bar = 20 μm. (M, N) Cells with γH2AX expression were examined at each time

point. Orange columns indicate cells with an intense γH2AX signal extending over half the area of the nucleus. Blue columns show cells with more than

5 γH2AX foci. More than 189 cells were scored for each time point of both cell types. Modified from figures in [2].

Fig.3 Impact of ATM and ATR on the formation of γH2AX following the

H2O2 treatment. HCT116 cells were treated with H2O2 (200 μM) for 1

h in the presence of ATM or ATR inhibitors (KU-55933 or VE-821, re-

spectively). γH2AX analysis was performed and the percent of cells

with γH2AX expression was shown as described in Fig.2. Orange

columns indicate cells with an intense γH2AX signal and blue col-

umns show cells with more than 5 γH2AX foci. Data for 24 h after the

H2O2 treatment with VE-821 were not available because most cells

were lost during the immunostaining process. Modified from figures

in [2].
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Introduction
Aircrews are exposed to elevated levels of cosmic radiation at

aviation altitudes because the dose rate of cosmic radiation in-

creases with altitude. The ICRP has recommended in ICRP Publi-

cation 60 that the cosmic radiation exposure of commercial jet

crews should be included in the category of occupational expo-

sure. The Radiation Council of the Japanese government estab-

lished a guideline for the management of cosmic radiation expo-

sure of air crews in 2006. From 2007 NIRS started to help airlines

to assess the annual dose of their aircrews to follow the guideline.

The aviation route doses which are used for the assessment of the

aircrew annual effective doses are calculated by the NIRS as a

contracted service using an originally developed program called

“JISCARD EX” [1]. The guideline requests the airlines to prepare

an appropriate correspondence to the additional dose due to so-

lar flares by using a forecasting method such as a space weather

forecast. Actually, outbreaks of solar flares do not directly cause

an additional dose to aircrews, but a dose increasing phenome-

non called Ground Level Event (GLE), which occurs when ener-

getic solar particles emitted by solar flares arrive at the Earth’s at-

mosphere, cause it. GLE has occurred once a year during the

past 70 years on average.

The purposes of this study are to improve the reliability of the

evaluation of aircrew doses using numerical model calculations

and to prepare for evaluation of the additional dose at a GLE out-

break. From 2007 we started cosmic radiation measurements at

the Mt. Fuji automated weather station (Fig.1) with the support of

the NPO “Valid Utilization of Mt. Fuji Weather Station”. This

weather station is 3,776 m above sea level, and is a suitable ob-

servatory for high-altitude cosmic radiation studies [2, 3]. From

2010, construction began for a radiation monitoring system that

can be used for annual continuous observations at the Mt. Fuji

automated weather station. In this highlight, we outline the radia-

tion monitoring system and summarize some of the monitoring

data obtained by it in 2013.

Materials and methods
The radiation monitoring system was installed on the second

floor of the Mt. Fuji automated weather station. It consists of a

moderator-type neutron rem meter (FHT 762 WENDI-2, Thermo

Fisher Scientific Inc.), a data logger / controller (NM10, Melex

Ltd.), a long-distance wireless local area network (WLAN) router, a

directional Uda-Yagi antenna and two types of battery power units

with Li-ion batteries and lead-acid batteries, respectively. A photo

of the radiation monitoring system is shown in Fig.2. The Wendi-2

is suited to measure cosmic-ray induced neutrons (cosmic neu-

trons) since it responds to a wide energy range from 25 meV to 5

GeV. A long-distance WLAN receiving system composed of the

long-distance WLAN router, the directional Uda-Yagi antenna, and

a data receiving program which runs on a Windows PC and a

CATV Internet connection device was installed in the Fuji observa-

tory of Nagoya University. The two directional Uda-Yagi antennas

were precisely set oppositely facing each other. The distance be-

tween the Mt. Fuji automated weather station and the Fuji obser-

Fig.1 A photo of the Mt. Fuji automated weather station on the summit of

Mt. Fuji at an altitude of 3,776 m.
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vatory is about 13 km. The radiation monitoring system connects

the long-distance WLAN receiving system via the long-distance

WLAN, and the monitored data at the Mt. Fuji automated weather

station are sent to the data receiving program which runs on a

Windows PC at the Fuji observatory. The long-distance WLAN re-

ceiving system has an Internet connection. Therefore at NIRS, we

can obtain the data monitored at the Mt. Fuji automated weather

station.

Results and discussion
Fig.3 shows the neutron count per hour (cph) measured using

the WENDI-2 at the Mt. Fuji automated weather station from Au-

gust 22, 2013 to March 12, 2014,and the atmospheric pressure

there during the same period. The atmospheric pressure data

were obtained from the Japan Meteorological Agency web site.

The reason for measuring neutrons in this study is that cosmic

neutrons are the main contributor to cosmic radiation exposure. In

the measurement period, the measured neutron count rate

changed with approximately 20% variance between 100 - 150

cph. In general, we consider the neutron count rate changes gen-

tly. A negative correlation is clearly seen between the neutron

count rate and the atmospheric pressure. This is because the ab-

sorption in the atmosphere of cosmic neutrons increases as the

upward atmosphere thickens.

Monthly averages of the change in a day of the neutron count

rate from August 2013 to January 2014 are shown in Fig.4. A dif-

ference in neutron count rate level according to the month was

apparent. No correlation was seen between the neutron count rate

and the change in a day.

At present, the atmospheric pressure seems to have a domi-

nant effect on the change of the neutron count rate. We intend to

investigate other factors which may be buried in the atmospheric

pressure influence in the future. The current monitoring system

may detect a GLE with more than 40% of increases in counting

rate per hour. We think that the accomplishment of the annual

continuous monitoring is a prior problem now because no one

knows when a GLE will occur.

Fig.2 The photo of the radiation monitoring system which was installed on

the second floor of the Mt. Fuji automated weather station.

Fig.3 The neutron count per hour measured using the WENDI-2 at the Mt.

Fuji automated weather station from August 22, 2013 to March 12,

2014, and the atmospheric pressure there for the same period.

Fig.4 Monthly averages of the change in the day of the neutron count rate

from August 2013 to January 2014.
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Introduction
Excess relative risk (ERR) is categorized as a relative excess

measure and is often used as an effect measure in the analyses of

radiation epidemiological data. If ERR values have been derived

from a linear dose-response analysis, they are often expressed as

a relative increase in rates per unit dose, e.g., ERR per Gy. In this

highlight, we refer to ERR per Gy as ERR for simplicity.

Numerous studies have shown that the ERR of solid tumors per

unit of radiation is much higher in children than adults, meaning

children are more sensitive to the carcinogenic effects of radiation

than adults. The exceptions to this finding are cancers of several

sites. However, the dose-response relationship between radiation

and the long-term effects of radiation in childhood are poorly

quantified. In addition, the small numbers of subjects in each

study have limited evaluation of the risk of second malignant neo-

plasms (SMNs) after radiotherapy.

Previously, we evaluated the risk of SMN using a meta-analysis

of nine studies in which ERR estimates were presented [1]. How-

ever, such a small number of eligible studies available restricted

detailed quantitative evaluations. Additional studies in which risk

estimates were expressed in terms of relative risks such as rate

ratio, hazard ratio, or odds ratio per several dose categories were

available; however, due to non-comparability of data, these stud-

ies were not included in the meta-analysis.

The objective of the present work was to develop a method to

calculate ERR estimates from other forms of risk estimates. Using

this new method, we conducted a meta-analysis of 26 studies and

examined additional detailed evaluations of SMN risk according

to study characteristics. We especially focused on age-related

variability of radiation effects.

Method
We proposed a method for estimating ERR from studies in

which relative risk estimates such as odds ratio, incidence rate ra-

tio, or hazard ratio are calculated by dose category. We consider

a study in which relative risk estimates for several dose categories

are available. We assume the relative risk estimate, confidence

limits, and representative dose for each dose category are avail-

able. The standard error (SE) of the estimate is calculated from

the relative risk estimate and confidence limits. Regarding the

relative risk estimate and representative dose as data, we fit a lin-

ear regression model in which the intercept is fixed at 1 and the

slope of the model corresponds to ERR (Fig.1). The SE of the esti-

mate is obtained through a parametric bootstrap method.

Meta-analysis of second malignant neoplasms risk in
childhood cancer survivors

Relevant studies were identified by a systematic search of the

literature using the PubMed database (from 1950 to 2009). We

used Medical Subject Headings (MeSH), a large controlled vo-

cabulary developed for indexing journal articles and books on the

Fig.1 Illustration of our method: The slope of the regression model

corresponds to ER
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life sciences, to retrieve studies indexed using the MeSH terms

“neoplasms, second primary” and “radiotherapy.” After perform-

ing the initial search using these MeSH terms, additional studies

were retrieved with a standard keyword search using the terms

“paediatric/pediatric” or “childhood.” The computer search was

supplemented by hand-searching reference lists of already re-

trieved papers. The titles and abstracts of all studies were

scanned to exclude irrelevant publications.

The following inclusion criteria were used to determine the stud-

ies for the meta-analysis: (1) the endpoint of the study should be

SMN risk among childhood cancer survivors, (2) the study design

should be either a cohort study or a case-control study, (3) risk es-

timates should be expressed in terms of ERR (or ERR was calcu-

lable from category-specific risk estimates including rate ratio,

hazard ratio, and odds ratio), and (4) sufficient data should be

present in the publications to enable estimation of the SE of the

ERR estimates. If the publication was an earlier report of data that

was subsequently updated in another article, it was excluded

from the analysis.

Generally, logistic regression analysis is utilized for case-control

studies, and Poisson and Cox regression analyses are utilized for

cohort studies, and risk estimates obtained from these regression

models are stated as an odds ratio, rate ratio, or hazard ratio. Fol-

lowing our previous study that included randomized controlled tri-

als (risk ratio), case-control studies (odds ratio), and cohort stud-

ies (rate ratio), we treated ERR estimates from odds ratios, rate ra-

tios, and hazard ratios equally and included them in the meta-

analysis.

Result
We selected 198 studies in the first step of the systematic litera-

ture search using MeSH terms and keywords. Of these, we ex-

cluded 180 studies that did not satisfy all of the inclusion criteria.

We added 10 studies to the pool of eligible studies by conducting

a hand search. Two studies, one that used data reported earlier

but included in a subsequent article and one that used identical

data, were excluded. Eventually, we identified 26 epidemiological

studies. Among these studies, ERR estimates were available for

15 studies, and ERR estimates were calculable for 11. There is a

study in which ERR estimates for more than one site are available,

and we ultimately included 27 ERR estimates in the meta-analysis

gleaned from the 26 eligible studies.

The results from the meta-analysis are presented in Table 1. The

overall ERR using all studies included in the meta-analysis was

0.60 (95% CI: 0.30, 1.20; n = 27). The overall estimate of ERR from

the cohort studies was 1.22 (95% CI: 0.45, 3.33; n = 13), and that

from the case-control studies was 0.30 (95% CI: 0.12, 0.73; n =

14). The overall estimate of ERR from European studies was 0.74

(95% CI: 0.30, 1.83; n = 20), from the North American studies was

0.28 (95% CI: 0.07, 1.17; n = 5), and from both European and

North American studies was 0.46 (95% CI: 0.06, 3.10; n = 2). The

overall estimates of ERR according to SMN sites were as follows:

thyroid, 3.01 (95% CI: 1.09, 8.35; n = 7); bone and soft tissue,

0.48 (95% CI: 0.03, 7.30; n = 4); breast, 0.31 (95% CI: 0.16, 0.59;

n = 4); brain, 1.51 (95% CI: 0.10, 23.09; n = 4); and leukemia, 0.38

(95% CI: 0.004, 37.88; n = 2). The overall estimate of ERRs avail-

able in the original papers was 0.99 (95%CI: 0.43, 2.25; n = 16),

and that calculated by the proposed method was 0.25 (95%CI:

0.08, 0.84; n = 11).

In the meta-regression model, which included age at primary

cancer diagnosis as a covariate of main interest, the regression

coefficient was -0.159 (95% CI: -0.293, -0.024), indicating a sig-

nificant decrease in ERR with an increase in the age at primary

cancer diagnosis (0.85 times [95%CI: 0.75, 0.98] per year). The

analysis, which included the site of the SMN as a covariate in ad-

dition to the age at primary cancer diagnosis, also revealed a

trend of decreasing ERR with increasing age at primary cancer di-

agnosis (0.92 times [95%CI: 0.78, 1.08] per year); however, this

trend was not statistically significant.

Discussion
We proposed a method for calculating ERR estimates from

dose category-specific risk estimates. Using this method, the

number of studies included in the meta-analysis was increased

from 15 to 27, thus enabling us to perform a separate analysis

based on type of SMN. We could also quantify the dependence of

ERR on the age at primary cancer diagnosis.

The increased number of studies included in the meta-analysis

enabled us to evaluate the separate estimate for each type of

SMN. The risk estimates of childhood thyroid cancer exposed to

radioiodine after the Chernobyl accident have varied from 5.5

(95% CI: 3.1, 9.5) to 8.4 (95% CI: 4.1, 17.3), depending on the risk

model[2]. The pooled risk estimate from five cohort studies of

childhood thyroid cancer including studies of atomic bomb survi-

vors and medically irradiated children is 7.7 (95% CI: 2.1, 28.7)

[3]. In our work, the overall estimate for thyroid was 3.01 (95% CI:

1.09, 8.35; n = 7), and compatible with these studies.

With the methods developed to calculate ERR, we have con-

ducted a meta-analysis that includes a greater number of studies

about SMN risk among childhood cancer survivors than was pre-

viously possible. From the detailed evaluation, some factors which

may explain heterogeneity were suggested, such as age at which

the cancer is first diagnosed. For further evaluation of how the age

impacts ERR, further studies should include patients who are irra-

diated in adulthood in addition to childhood.
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Table 1 Results from the meta-analysis

ERR estimate 95% CI

Overall (n = 27) 0.60 0.30-1.20
Cohort studies (n = 13) 1.22 0.45-3.33
Case-control studies (n = 14) 0.30 0.12-0.73
European studies (n = 20) 0.74 0.30-1.83
North American studies (n = 5) 0.28 0.07-1.17
European and north American (n = 2) 0.46 0.06-3.10
Thyroid (n = 7) 3.01 1.09-8.35
Bone and soft tissue (n = 4) 0.48 0.03-7.30
Breast (n = 4) 0.31 0.16-0.59
Brain (n = 4) 1.51 0.10-23.09
Leukemia (n = 2) 0.38 0.004-37.88
ERR available (n = 16) 0.99 0.43-2.25
ERR calculated (n = 11) 0.25 0.08-0.84
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Introduction
Radiation emergency medicine research programs are aimed

at providing the best possible treatment to anyone involved in ra-

diation accidents, anytime and anywhere. All of our efforts are

made to attain this ultimate goal. Specifically, we are focusing our

efforts on three projects (Fig.1). The first project is directed toward

developing and modifying the most appropriate methodologies

for evaluating radiation exposure, especially contamination by ac-

tinides accompanied by trauma. The term “actinide” refers to 14

heavy-metal elements (atomic numbers 90 - 103) with unique be-

havior, including high radioactivity and alpha-ray emission. The

second project is aimed at exploring and supplying effective

drugs to reduce the radiotoxicity and metallic toxicity of internal

actinide contamination. In Japan, only NIRS has been authorized

to accept these two projects using actinides, including uranium

and plutonium. The third project is targeted at the application of

mesenchymal stem cells (MSCs) as regenerative medicine to

treat radiation exposure injuries. MSCs can differentiate into vari-

ous normal tissues and support regeneration of damaged tissue.

Tissue regeneration failure is characteristic of radiation injury, and

therefore, the application of MSCs to treat this injury is reasonable.

Here, we outline our proposed research projects with special

emphasis on their significance.

1. Research project for radiation dosimetry
Accurate and rapid dose evaluations are needed in radiation

accidents, especially in those involving patients who are ex-

pected to be highly exposed. One of the challenging tasks is the

dose evaluation for internal contamination with actinides as repre-

sented by plutonium(Fig.2). Most of the actinides are alpha emit-

ters and it is difficult to quantify their radioactivity once they are in-

corporated into the body. We have been developing new measur-

ing techniques to meet requirements in radiation emergency

medicine, such as a high throughput bioassay method using an

inductively-coupled plasma mass spectrometer (ICP-MS) and an

Fig.1 Outline of Radiation Emergency Medicine Research Programs Fig.2 Research Project for Radiation dosimetry
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automated organic destruction system and a rapid actinide meas-

uring method for various samples using X-ray fluorescence instru-

ments. We also have been studying a computational calibration

technique for in vivo counters measuring the actinides, a bioki-

netic model that can be used in actinide internal contamination

with chelation therapy, and so on.

Chromosomal analyses are also useful methods for evaluating

radiation exposure. These methods are used to evaluate specific

chromosome aberrations as eventual outcomes from biological

reactions derived from radiation exposure. Chromosomal translo-

cation may be stable in peripheral blood cells for a long period of

time, and thus exposure doses can be retrospectively evaluated.

We will modify these established methods.

2. Research project on the treatment of actinide expo-
sure
Actinides have high alpha-ray radioactivity and a relatively long

half-life. Once an actinide enters the body, it is retained in the tar-

get organ where it has radiologic and metallic toxic effects for a

long time. The treatment strategy comprises two or three steps

(Fig.3). The initial step should be designed to remove the actinide

by local resection. This procedure is not always possible for every

accident case, however, due to widely or deeply contaminated le-

sions or unresectable body areas. In this case, only a chelating

reagent such as diethylenetriaminepentaacetic acid (DTPA) is

currently available. The pharmacokinetics of free-DTPA indicates

that it has a short half-life in peripheral blood (about 1 hour) and

poorly penetrates into cells. Therefore, we require new drug

classes, new agents, and new uses of the currently available

agents for use in actinide-related accidents.

Fig.3 Research Project for Treatment of Actinide Exposure

3. Research project on regeneration medicine with
mesenchymal stem cells
Radiation-injured tissues are characteristically resistant to tis-

sue regeneration. In effect, tissue regeneration requires tissue

stem cells that differentiate into normal cells suitable to repair or

replace the damaged tissues. In a number of animal models,

MSCs injected into the radiation-injured tissues might contribute

to tissue regeneration mainly through humoral factors or cell-to-

cell contacts (Fig.4). Therefore, we will investigate the molecular

mechanisms of MSCs, and work to obtain beneficial molecules

and evaluate the efficacy and safety of these molecules in vivo us-

ing animal models, for eventual application in a clinical setting.

Fig.4 Research Project for Regeneration Medicine with Mesenchymal Stem Cells
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Exosomes, bilipid membrane vesicles (30-100 nm in diameter)

that originate in multi-vesicular bodies and are released into the

extracellular milieu upon fusion with the plasma membrane, are

attracting increased attention. Exosome secretion is a cellular

mechanism for delivering cargo to mediate intercellular communi-

cation and to affect biologic function by the exchange of proteins

and lipids, or the delivery of genetic materials to recipient cells.

Exosomes are also involved in various other cellular functions and

pathophysiologic states, and thus they could potentially provide a

new approach for detecting noninvasive disease and predicting

disease progression. Moreover, exosomes have properties that

can be exploited for therapeutic interventions as a new drug de-

livery system and a novel therapeutic tool under various condi-

tions, including cancer, inflammation, ischemia, and regeneration.

Tumor cells and their cancer-associated microenvironment,

comprising fibroblast-like cells, the extracellular matrix, and in-

flammatory cells, secrete exosomes between them, allowing for

crosstalk that leads to the promotion or inhibition of tumor pro-

gression, but the precise mechanism of communication is poorly

understood. Mesenchymal stem cells (MSCs), clusters of multipo-

tential fibroblast-like cells present in every organ as well as in the

tumor stromal microenvironment, have regenerative and protec-

tive effects for injured tissues, and they inhibit or promote tumor

metastasis with their secreted exosomes, but the underlying

mechanism is not clearly understood. Potential applications of

MSCs and their secreted exosomes are currently attracting atten-

tion in a number of medical fields, such as oncology, immunology,

and radiation therapy.

Radiation and drug therapy are currently the main therapeutic

tools for a number of diseases. Radiation therapy not only acts on

target cells, but also affects the stromal microenvironment. Thus,

understanding how radiation affects cellular uptake and the se-

cretion of exosomes between target cells and stromal cells is cru-

cial.

Recent studies of exosome biogenesis revealed that exosomes

originate from endosomal proteins involved in membrane trans-

port and fusion in processes requiring heat shock proteins, in-

tegrins, and tetraspanins, and that the source of exosomes de-

fines their function. For therapeutic applications of exosomes, es-

pecially those derived from MSCs, the target cells must effectively

internalize the exosomes. Several mechanisms of exosome up-

take involving their surface molecules have been described and

two distinct modes of internalization have been suggested (Fig.1).

In monocytes and macrophages, exosome internalization de-

pends on the actin cytoskeleton and phosphatidylinositol 3-kinase

regulated by dynamin2, and non-phagocytic cells require an

energy-dependent pathway, including caveolae, macropinocyto-

sis, and clathrin-coated vesicles. The effects of radiation on

exosome uptake processes, however, remain unknown. More de-

tailed knowledge of the mechanisms of cellular uptake and the ef-

fects of radiation on these processes is needed to promote the ef-

fective use of exosomes and MSCs as potential therapeutic tools.

A better understanding of the processes involved will be instruc-

tive for modifying exosomes to be preferentially targeted in pa-

thologic conditions by bioengineering. We have addressed sev-

eral essential questions relating to the basic cellular uptake of

exosomes and how radiation regulates that process, with a focus

on target cell ligands. Our findings revealed that radiation leads to

the colocalization of integrin (CD29) and tetraspanin (CD81) and

increases the cellular uptake of exosomes (Fig.2) [1].

References

[1] Hazawa M, Tomiyama K, Saotome-Nakamura A, et al.: Radiation in-

creases the cellular uptake of exosomes through CD29/CD81 complex

formation, Biochem Biophys Res Commun,

doi.org/10.1016/j.bbrc.2014.03.067.

Research on Treatment and Diagnosis for Traumatic Radiation Damage

Radiation increases the cellular uptake of exosomes
through CD29/CD81 complex formation

Katsushi Tajima
E-mail: tajima@nirs.go.jp

Highlight

72 National Institute of Radiological Sciences Annual Report 2013



Fig.1 Radiation increases the cellular uptake of exosomes and effect of exosomes on irradatied cell viability.

(A) Irradiated-recipient cells (8 Gy) and labeled-exosomes from MSC were incubated for 16 hours. Representative cytograms were shown. (B) 2 to 8

Gy irradiated-cells were incubated with the lebeled-exosomes for 16 hours, and anlyzed by FCM. (C) The radiation-induced cellular uptake of

exosomes was not dependent on the recipient cell type. The experiments were performed three times. Value represent mean +/- SD. Non-irradiated

control group was set to 100%, and mean fluorescent intensity was calculated. *p < 0.05 versus non-irradiated control group: Mann-Whitney Utest. (F)

Exosomes from MSCs were added and incubated with previously irradiated cells (8 Gy) for 24 hours. Viable cells were detected by the trypan blue ex-

clusion method. The cell viability experiments were repeated three times. Data are normalized to non-irradiated control group cells. All experiments

were repeated three times. *p < 0.05.

Fig.2 Exosomes bind to the CD29/CD81 complex.

(A) 8 Gy irradiated cells were incubated with CellVue-labeled exosomes for 1 hour, and washed three times with PBS and fixed in 4% parformalde-

hyde. Antibodies against CD29 and CD81 were reacted without cells permealization. Exosomes (green) more colocalized CD29 (blue) and CD81 (red)

on radiation exposure. Exosomes preferentially binded to the CD29/CD81 complex, leading to merged signals (white). Representative figures were

shown. (B) Histograms showed the numbers of attached-exosomes per slice (1 slice = 1cell). Exosme colum: the number of exosomes+ (green) sig-

nals per slice, exosme+/CD29+/CD81+ colum: the numbers of three merged signals (white) per slice, other colum: the numbers of exosome+/CD29(-)

/CD81(-) signals per slice. The numbers of each colum were based on 8 images from three independent experiment. *p < 0.05 by Student t-test. White

bar: 10 mm. (C) The transient gene knockdown experiments against CD29 and CD81. MSCs were transfected with siRNA for 48 hours, and cell sur-

face CD29/CD81 and exosomes uptake assay were performed with or without radiation. In this assay, an intact-cell population (G1-square gate: con-

trol) and an impaired-cell population (G2-square gate: knockdown) were divided. Each population was analyzed. (D) CD29 and/or CD81 knockdown

abolished the radiation induced-effects on exosomes. All experiments were repeated four times. Control si RNA knockdown was set to 100%. *p <

0.05 by Student t-test.
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Objectives
Radiocesium nuclides generated during nuclear fission are

contained in used nuclear fuels and nuclear wastes. For people

who work in or around nuclear-related plants, there is some risk of

accidental absorption of a large amount of radiocesium. The risk

of internal contamination also present, since improper operations

or acts of terrorism can result in release of 137Cs from the strongly

reinforced containers that are used in industries and in hospitals

as gamma-ray sources. When internal radiocesium contamination

occurs in humans, and the committed dose of the internal expo-

sure reaches more than 300 mSv [1], decorporation treatment by

the use of Prussian blue should be considered. Although Ra-

diogardase� is available as an approved drug, improvement of

the drug preparation is possible. We propose an example drug

preparation of Prussian blue for radiocesium decorporation,

based on the current concept to minimize the risk with the use of a

drug.

Introduction
Cesium is an alkaline metal and it exists as an ionic water-

soluble form in the body. Ingested radiocesium moves rapidly into

the circulation system, is distributed in the body, and is accumu-

lated in cells. Due to the difference in the tissue-specific retention

time, cesium migrates among organs via the circulation system.

Because intracellular cesium in skeletal muscle cannot be easily

excreted, the biological half-time of the body-burden is long. The

major excretion pathway of intracorporeal radiocesium is via the

urinary excretion system from the circulation system. Although

certain amounts of radiocesium are secreted into the gastro-

intestinal (GI)-tract, most of the radiocesium is reabsorbed in the

intestine and returned to the circulation system. When insoluble

carrier that can tightly bind with the radiocesium flows through the

GI-tract cavity to become feces, the total excretion rate of radio-

cesium is enhanced. The reinforcement of the excretion pathway

accelerates total excretion of radiocesium, and contributes to a

decrease in the level of internal exposure. In the 137Cs internal con-

tamination accident in Goiania in 1987, Prussian blue was given

to patients as the insoluble carrier to remove radiocesium, and its

efficacy has been proven [2].

Radiogardase� capsule, the only approved drug for humans for

radiocesium decorporation, have been developed in 1970s. How-

ever, with the current pharmaceutical concept that seeks the com-

fort of patients and protection of nursing staff and the natural envi-

ronment, the drug is considered to have two problems. First, a Ra-

diogardase� capsule contains multiform rectangular parallelepi-

ped and rigid minerals in various sizes from approximately 0.1 μm

to 5 mm of Prussian blue crystals (chemical formula: Fe(III)4[Fe(II)

(CN)6]3 -14 to 16 H2O), and this physical form is irritating to the mu-

cosal tissue of the GI-tract in the patients. Second, after treatment

of a patient, radioactive air-borne particles may be produced from

the patient’s excreted feces which contain nano-sized crystals

bound with radiocesium. This occurs because the Prussian blue

crystals in the radioactive feces are not always stable based on

the chemical equilibrium of the crystal coordination lattice.

Results
To address these points, we made a hydrogel preparation of

Prussian blue and magnetite [3]. Prussian blue nanocrystals

(PBNC, Fe(III)4[Fe(II)(CN)6]3 - 200 to 300 H2O, approximately 100

nm in size) and magnetite [Fe(II)Fe(III)2O4] coated with silica (final

average diameter of 350 nm) were dissolved into molten agarose

gel. The spherical form of the gel was prepared by emulsification

with sorbitan tristearate, water-in-oil detergent, in mineral oil as

solvent. After sedimentation of gel in a magnetic field, oil and the

detergent were removed. Fig.1 shows the spherical form prepara-

tion of agarose with Prussian blue and magnetite (APBM) parti-

cles with diameters from 10 to 100 μm.

Binding capacity (Fig.2a) with radiocesium in vitro for Radiogar-

dase�, PBNC or APBM was the same. Decorporation rate of

PBNC or APBM in vivo was measured in mice which were inter-

nally contaminated with 137Cs by oral administration. Fecal excre-
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tion rate was drastically enhanced by PBNC or APBM, while uri-

nary excretion rate was decreased. Totally, the body-burden of ra-

diocesium was significantly decreased by the treatments of PBNC

or APBM (Fig.2b).

The radioactive excreta were used as a sample of radioactive

medical waste in a waste disposal site, to verify the utility of the

methods, i.e. suppression of air-borne particles from the waste.

The radioactive feces from mice were emulsified with benzetho-

nium chloride as cationic detergent, and the APBM particles kept

their shape in the suspension (Fig.3a). The radiocesium-bound

APBM particles could be collected in a magnetic field (Fig.3b).

Amounts of 137Cs in the residue of the emulsified feces were mini-

mal, suggesting further binding of free-radiocesium in urine oc-

curred during the emulsification of the waste. When the collected

APBM particles with debris of feces were incineration at 800℃
with zeolite (SiO2/Al2O3=6), radiocesium remained in the solid

phase suggesting it was translocated from Prussian blue to the

zeolite. All of the materials were ashed and stabilized (Fig.3c), so

that they could be handled and stored in a waste disposal facility.

The procedures may be applied to the treatment of excreted

waste to suppress the release of radiocesium during long-term

storage.

Fig.1 Agarose with Prussian blue and siliconized magnetite (APBM) parti-

cles.

Fig.2 Adsorption of radiocesium by Prussian blue preparations.

a. Prussian blue preparations were incubated at 37℃ with CsCl

containing 137Cs at pH7.0 in vitro. The binding rates were calculated

from the radioactivity in the supernatant. b. For the in vivo experi-

ment, mice injected with 137Cs were orally administrated with Prus-

sian blue preparations (equivalent to 8.5 mg of 14 to16 H2O hydrate

crystal of the coordination complex of Fe(III)4[Fe(II)(CN)6]3 per kg

body weight for 3 times in a day). The decrease rates of body-

burden in 24h were compared. Bar: standard deviation, *: p<0.01

(Least significant difference).

Fig.3 Photos of materials in the waste disposal process.

a. APBM particles in the waste. b. Recovering of APBM particles

from the waste using a magnet. c, d. APBM-particle waste before

(c) and after (d) incineration at 800℃ with zeolite.
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A whole body counter (WBC) is one of the in vivo measurement

instruments that detect photons emitted from radionuclides in the

body and also quantify the body content of the radionuclide iden-

tified. The basic principle of the WBC is to make relative measure-

ments to a phantom imitating radioactivity in the whole-body or in

a particular organ. Thus, it is necessary to calibrate the WBC us-

ing an appropriate phantom that contains a known amount of radi-

onuclides.

In recent years, NIRS has been requested to perform an accu-

racy investigation of WBCs that have been operated in Fukushima

Prefecture to measure radionuclides in residents exposed during

the 2011 Fukushima Daiichi Nuclear Power Plant accident.

Here, we describe preliminary results of the accuracy investiga-

tion of 36 WBCs during FY 2012 to 2013.

The accuracy investigation of WBCs
The accuracy investigation in this work used a set of four

BOMAB (BOttle MAnikin aBsorption) phantoms specified by the

ANSI standard [1]. These four phantoms are owned by NIRS and

each contains one of three radioactive sources (Ba-133, Cs-137,

or Co-60) or water (as a blank source). The radioactivities of the

radionuclides in these phantoms were guaranteed by JCSS (Ja-

pan Calibration Service System); for example, the extended un-

certainty of the radioactivity is 6.5% (k=2) for Cs-137.As shown in

the photo of Fig.1, each BOMAB phantom consists of 10 cylindri-

cal or elliptical cylindrical containers and imitates a reference

male with a height of 177 cm and a total weight of 70 kg.

The phantom was placed at a prescribed position in the WBC

and the accuracy investigation was performed by estimating the

relative bias of each WBC. The relative bias was estimated by

comparison between the observed value obtained by the WBC

and the certificated value of the phantom (as a reference). In this

accuracy investigation, 36 WBCs (stand type, 28; chair type, 8)

were investigated.

Results and discussion
Figs.2 and 3 show the relative bias results of Cs-137 for 36

WBCs and Co-60 for 33 WBCs (3 WBCs were excluded that could

not identify Co-60) operated in Fukushima Prefecture. We con-

firmed that almost all the WBCs were appropriately calibrated,

and they satisfied the bias test criteria described in the literature

[2]. Of particular interest is the difference in the distribution of the

relative biases between Cs-137 and Co-60. The distribution has

positive-negative symmetry for Cs-137, whereas it is biased to-

ward the negative side for Co-60. This result suggests that the

counting efficiency value for Co-60 tends to be somewhat under-

estimated in many WBCs. A probable reason for this is that a por-

tion of the γ-rays (1,460 keV) from K-40 (natural radionuclide) are

measured and attributed to being from Co-60 (1,333 keV) in the

calibration because of the relatively poor resolution of the NaI(Tl)

detectors that are generally used in commercial WBC products.

From this accuracy investigation, we determined the relative

bias results for both Cs-137 and Co-60 were within the range -

15% to +15%. This is attributed to the fact that most of the foreign

WBCs operated in Fukushima Prefecture after the nuclear acci-

dent were produced by one US company. These foreign WBCs

had been calibrated by a secondary phantom that gives a similar

counting efficiency to that of a BOMAB phantom. Meanwhile, in

the case of the WBCs from domestic companies, it seems to be

due to using a calibration factor which was adjusted to the count-

ing efficiency according to the NIRS-owned BOMAB phantoms inFig.1 Photo showing the exterior of an adult male BOMAB phantom
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the past calibration. Software packages for spectrum analyses

have been improved to allow compensation for an environmental

background effect. Moreover, it seems that WBC operators have

been more careful to carry out background measurements and

the energy calibration.

Recent issues
WBCs have been developed mainly for individual monitoring of

internal exposure to workers in nuclear related facilities. Thus, the

WBCs have normally been calibrated using only a phantom imitat-

ing an adult male. However, after the accident, it has been neces-

sary to measure internal doses to members of the public. Espe-

cially, there has been a growing need to perform accurate meas-

urements for small children with the WBCs.

In order to evaluate the dependency of counting efficiency of

the WBC on the body size, we prepared a set of a BOMAB phan-

tom family consisting of Adult Male, Adult Female, 10-y Child and

4-y Child (Fig.4) models, and an IGOR phantom imitating various

body shapes [3] (Fig.5).

A number of WBCs have been operated at various institutions in

Japan. However, as another issue for the WBCs, a national stan-

dard on the specifications of a calibration phantom for WBCs has

not been established. Although it is difficult to propose a new cali-

bration standard phantom through a consensus process for the

entire country, an ANSI-based BOMAB phantom would be able to

be used as a de facto standard for this purpose.

Fig.2 Relative biases to the reference activity of the Cs-137 BOMAB

phantom for 36 WBCs operated in Fukushima Prefecture

Fig.3 Relative biases to the reference activity of the Co-60 BOMAB phan-

tom for 33 WBCs operated in Fukushima Prefecture

Fig.4 Photos showing the exterior of the family BOMAB phantoms

Fig.5 IGOR phantom for 2-year-child and the component block
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Summary
The nuclear accident of the Fukushima Daiichi Nuclear Power

Station (NPS) was caused by the combined disaster of the Great

East Japan Earthquake and the subsequent tsunamis on March

11, 2011. As the national core center for radiation emergency

medical preparedness and response, NIRS received all nuclear

workers who were engaged in emergency response tasks at the

NPS and suspected of being over-exposed to acute radiation.

Biological dosimetry by dicentric chromosome assay (DCA) was

helpful for medical triage and management of the workers.

Biological dose assessment (biodosimetry)
When a radiation accident or unplanned radiation exposure oc-

curs, biodosimetry based on cytogenetic assays is used to esti-

mate the absorbed dose in the exposed individual to get useful in-

formation for the medical triage and management of radiological

casualties with suspected acute radiation syndrome (ARS).

Nowadays more cytogenetic assays to measure chromosomal

aberrations, such as micronuclei (MN) in bi-nucleated cells, pre-

mature chromosome condensation (PCC), and fluorescence in

situ hybridization (FISH), are available. However, the DCA using

patients’ peripheral blood lymphocytes is still considered to be

the ‘gold standard’ for biodosimetry for radiation emergency

medicine. In fact DCA has been used in previous serious radiation

accidents such as the Chernobyl accident in 1986, the Goiania

accident in 1987, the JCO criticality accident in 1999, the Bulgaria

accident in 2011 and the Fukushima Daiichi Nuclear Power Plant

accident in 2011 [1].

DCA of the restoration workers for the Fukushima Dai-
ichi NPS accident

From March 21 to July 1, 2011, we examined blood samples

obtained from a total of 12 restoration site-workers by DCA ac-

cording to the International Atomic Energy Agency (IAEA) and the

International Organization for Standardization (ISO) protocols. Af-

ter 48 h of peripheral blood lymphocyte culturing, more than 1,000

metaphases were captured for dicentric scoring with the aid of

two sets of automated cytogenetic imaging systems. Biological

doses were estimated based on our dose-response curve for

dicentric induction by in vitro 60Co irradiation at 11 dose points

(Table 1; Fig.1). Fourteen age-matched and occupationally non-

exposed healthy individuals were also examined as controls.

Among the workers, no individuals showed values exceeding

the dose limit of 250 mGy (Table 2). When considering a 95% up-

per confidence limit of dose estimates, the value was below 300

mGy, which is lower than the lower limit level of medical triage for

acute radiation syndrome (1 Gy) (Table 2). These results corrobo-

rate the fact that no ARS occurrences were observed among the

workers examined. Interestingly, the estimated values were in

good agreement with those of physically estimated doses made

by personal dosimeters (Fig.2).
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Table 1 Dose-response curve data for the dicentric chromosome assay
(DCA) [1].

Dose
(Gy)

No. of
cells

Dicentric
equivalent

countsa

Yield V/mb

0 5000 1 0.0002 1
0.1 5003 11 0.0022 1.180
0.25 2606 30 0.0115 0.989
0.5 2107 68 0.0323 0.968
0.75 1674 101 0.0603 0.980
1 1112 102 0.0917 0.968
1.5 720 129 0.1792 0.993
2 415 128 0.3084 0.897
3 277 162 0.5848 0.776
4 117 122 1.0427 0.866
5 245 394 1.6082 0.816

a The number of centromeres minus one in a multi-centric chromosome
equals the dicentric equivalent count.

b Variance to mean ratio. The p values of goodness of fit test for the Pois-
son distribution at every dose points were p > 0.05, except for the 0.1-
Gy dose point (p < 0.05) at which one cell possessing two dicentrics
was unexpectedly observed.
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A second DCA was performed for 6 out of 12 individuals at one-

year follow-up health examinations. Every one of these individuals

showed either a decreasing tendency or the same values as ob-

tained from the first examinations, inferring their good recovery.

For better dose assessment in a future emergency
DCA requires two-day peripheral blood lymphocyte culturing

before starting metaphase chromosome analyses to estimate bio-

logical doses. Other biological assays described above also have

drawbacks with respect to the time needed to obtain dose esti-

mates for rapid decision on the right line of medical treatment.

Therefore, alternative technologies that suit requirements for tri-

age biodosimetry are needed.

Now we are developing a method, “prematurely condensed

dicentric chromosome (PCDC) assay”, for rapid medical triaging

of acute exposed patients by using our modified protocol for de-

tection of cell-fusion mediated premature chromosome condensa-

tion [2] and the FISH technique with pan-centromeric and te-

lomeric peptide nucleic acid (PNA) probes [3]. The PCDC assay

has the potential for evaluating exposed radiation doses in as

short as six hours after the collection of peripheral blood speci-

mens.

The need for improved cytogenetic research strategies adopted

for mass-casualty management should also be reconsidered.

Fig.1 Dose-response curve for the dicentric chromosome assay (DCA). Y

= (0.00015 ± 0.00017) + (0.0302 ± 0.0044) × D + (0.0588 ±
0.0028)× D2; Y, dicentric yield; D, dose (Gy); p value of goodness

of fit test: p = 0.73. Dotted lines denote 95% confidence limits.

(Modified from [1].)

Fig.2 Correlation between physical doses detected with alarm personal

dosimeters (APDs) and biological doses estimated by the dicentric

chromosome assay (DCA). The following linear regression was ob-

tained:[physical dose (mSv)] = [biological dose (mGy)] × [1.03 ±
0.33]－ [7.07± 37.70] (p < 0.05) [1].
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Table 2 Results of biological dosimetry of restoration workers for the Fukushima Daiichi Nuclear Power Station accident examined by the dicentric chromo-
some assay (DCA) and records of physical dosimetry detected with alarm personal dosimeters (APDs). [1]

IDa APD record
(mSv)a

No. of
metaphases

scored

Dicentric
equivalents

counts (DIC)b

DIC per
metaphase

Dose estimated
by DCA (mGy)

95% LCLc

(mGy)
95% UCLd

(mGy)

Fu-3 179 1003 7 0.00698 170 77 298
Fu-4 180 1000 7 0.00700 171 77 299
Fu-5 173 1000 5 0.00500 129 45 255
Fu-6 87 1036 1 0.00097 26 0 137
Fu-7 38 1005 4 0.00398 105 29 230
Fu-8 102 1013 4 0.00395 105 29 229
Fu-9 unknown 1035 6 0.00580 146 59 271
Fu-10 17 1037 3 0.00289 79 14 199
Fu-11 4 1042 1 0.00096 26 0 136
Fu-12 unknown 1004 2 0.00199 55 3 174

a Detailed data and information of the alarm personal dosimeter (APD) record of each worker will be published elsewhere.
b The number of centromeres minus one in a multi-centric chromosome equals dicentric equivalent count.
c Lower confidence limit.
d Upper confidence limit.
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The Research, Development and Support Center
The Research, Development and Support Center was estab-

lished in 2011 to support and promote research activities of NIRS.

This center performs basic and advanced research and devel-

opment necessary for the activities of the NIRS such as R&D in

the field of technology for radiation generators, radiation detection

technology, and radiation biology. It also supports researchers by

providing users a comfortable environment in which they make

use of research facilities such as the radiation generators and in

supplying experimental animals, and so on. In addition to these

activities, it maintains safety of all working environments and man-

ages buildings in the NIRS campus, the NIRS computer network

system and the NIRS library.

This center consists of one unit and three departments: the

Planning and Promotion Unit, Department of Technical Support

and Development, Department of Safety and Facility Manage-

ment, and Department of Information Technology. The unit and

each department are briefly introduced as follows.

The Planning and Promotion Unit
The Planning and Promotion Unit functions as the secretariat of

the center and is the hub linking all the sections of the center with

the NIRS administrative sections such as the Department of Plan-

ning and Management and the Department of General Affairs and

the other centers.

The Department of Technical Support and Development
The Department of Technical Support and Development pro-

vides services to users for performing various experiments such

as management of the facilities for radiation generators and many

devices used for experiments. This department also develops ra-

diation detectors with new technologies, researches radiation bi-

ology, and supports researchers in conducting animal experi-

ments of the highest level quality.

This Department has three sections: Radiation Engineering

Section, Radiation Measurement Research Section and Labora-

tory Animal and Genome Sciences Section.

The Radiation Engineering Section maintains the facilities for ra-

diation generators and many devices which are used for experi-

ments. There are seven gamma-ray generators, six X-ray genera-

tors and two Cockcroft-Walton accelerator systems which consist

of proton accelerators and beam-lines. One of the Cockcroft-

Walton accelerator systems is used to generate neutron fluxes for

research experiments on the biological effects of low dose radia-

tion (NASBEE; a neutron exposure accelerator system for biologi-

cal effect experiments). The other Cockcroft-Walton accelerator

system has three beam-lines; two beam-lines are used as atomic

element analyzers (PASTA; PIXE analysis system and tandem ac-

celerator) and the third beam-line is used to deliver a single parti-

cle proton targeting an individual cell (SPICE; single particle irra-

diation system to cell). Both these systems were damaged in the

March 2011 Great East Japan Earthquake. The latter system ex-

perienced more serious damage; the vacuum condition of the ac-

celerator itself broke, the magnets for steering and focusing pro-

ton beams were moved from their original positions and some

beam-lines were badly bent. The members of the Radiation Engi-

neering Section fixed them which took about 10 months. These ra-

diation generators are used not only by NIRS researchers but also

by researchers from outside NIRS.

The synchrotron accelerator HIMAC is used for carbon ion ra-

diotherapy for cancer and there are also three cyclotron accelera-

tors used for radio-pharmacy development related to molecular

imaging. HIMAC and these cyclotrons are managed and main-

tained by the Department of Accelerator and Medical Physics of

the Research Center for Charged Particle Therapy.

The Radiation Measurement Research Section develops various

radiation detectors. After the Fukushima Daiichi Nuclear Power

Plant accident occurred, the section began developing some de-

tectors for surveying high level radiation areas in Fukushima Pre-

fecture: these are a gamma-camera which can selectively detect

radiation from the 137Cs radioisotope and a detector system which
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can find hot-spots where very high levels of radiation are located.

We are aiming at commercializing these items.

The Laboratory Animal and Genome Sciences Section supports

researchers in conducting animal experiments of the highest level

quality. Seven species of animals for animal experiments are

available. In this section, we breed more than 15,000 mice and

2,000 rats a year and have developed genetically modified mice

in order that researchers can conduct even more advanced ex-

periments. Since some mice and rats are bred in SPF conditions,

it is very important to sterilize the area periodically and keep it

clean all the time. We control the SPF areas very strictly.

R&D Infrastructure Platform Program
In 2013, the research subject from NIRS, “Business use of vari-

ous radiation fields related to humans”, was selected as the R&D

Infrastructure Platform Program by the Ministry of Education, Sci-

ence and Technology (MEXT). This Platform Program is aimed at

promoting usage of advanced research equipment and facilities

of universities and public research institutes by researchers from

industry-government-academia and supporting network forma-

tion.

Under this program, advanced facilities of NIRS such as

PASTA, SPICE, NASBEE and the other radiation generators are

provided for use to industry-government-academia researchers

with steadfast support. This program will strengthen the research

activities in the fields of life science, human science, and human

environment related science.

The Department of Safety and Facility Management
The Department of Safety and Facility Management is responsible

for keeping working environments safe and providing safe and

comfortable conditions for all research activities. It has four sec-

tions: Safety and Risk Management Section, Safety Control Sec-

tion, Radiation Safety Section, and Facility Management Section.

The Safety and Risk Management Section is in charge of plan-

ning and promotion of safety, providing NIRS’s employees with

educational training for maintaining safety and security, and main-

taining general safety in the NIRS campus and buildings and so

on. Especially it is responsible for risk management including

making and revising the Emergency Preparedness Plan of NIRS

and implementing drills for nuclear and radiological emergencies

in Japan. In 2013 this section started work to establish a more

systematic risk management structure at NIRS under the risk

management committee.

The Safety Control Section is in charge of safety for genetic

modification of experimental animals, safety for handling chemical

agents and harmful substances, workplace safety, environment

protection, preventing and extinguishing fire, and so on.

In NIRS, about 1,600 persons including its direct employees, re-

searchers from outside NIRS, and contracted workers are regis-

tered as radiation workers who can work in the 20 radiation con-

trolled areas in NIRS. NIRS must instruct them regarding radiation

safety and security before entering a radiation-controlled area for

the first time. There are more than 400 kinds of radioisotopes used

for experiments on radiobiology, radiation medicine and so forth.

And NIRS also has many radiation generators as mentioned

above. All items concerned with radiation have to be controlled

strictly by rules. The Radiation Safety Section is charged with con-

trolling all of them in accordance with the rules.

The Radiation Emergency Medicine Cooperative Research Fa-

cility (REMCRF) has one building in which the use of actinide nu-

clei is allowed for research on radiation emergency medicine. This

facility is the only one of its kind in Japan in which researchers can

use, for instance, plutonium in animal experiments. Therefore, this

building has to be strictly controlled to keep the inside of the

building at a negative pressure according to the radiation safety

law. In this case, the ventilation system of the building is main-

tained by the Radiation Safety Section in cooperation with the Pro-

motion Section for REMCRF of the Research Center for Radiation

Emergency Medicine instead of the Facility Management Section

because of existence of the strict rules.

There are about 50 buildings on the NIRS campus. The Facility

Management Section maintains the buildings and their equipment

such as elevators, air conditioners, etc., and the campus infra-

structures such as electric power lines, telephone systems, gas

lines, water supply lines, and so on. NIRS was established in

1957, so some buildings are very old and a few were damaged

considerably in the March 2011 earthquake. Some of them have

had to have seismic strengthening. Construction of a new building

used for human resource development was completed under the

supervision of this section and this building was opened in May

2013. This section has also been managing construction of an-

other new building to be used for environmental radiation re-

search on the consequences of the Fukushima Daiichi Nuclear

Power Plant accident. And also in 2013, the section started con-

struction of a high voltage electric booster station which will re-

place the old one.

The Department of Information Technology
The computer network system is one of the main infrastructures

of NIRS. This network system has more than 1,200 users daily and

about 3,500 computers are connected to it. The Department of In-

formation Technology is responsible for maintenance and devel-

opment of the computer network system. This department has two

sections: Information Systems Section and Research Information

Section.

The Information Systems Section is responsible mainly for hard-

ware and software to control the computer network system. This

section established the network system and now revises it. One of

the most important missions of this section is to secure information

security. Users of this system must observe the Information Secu-

rity Policy of NIRS and other documents under the policy. In 2013,

this policy was strengthened to prevent information leakage. And

to keep security more effectively, an e-learning exercise to edu-

cate users was implemented in the summer and an e-learning self

-inspection was carried out by each user in the winter.

The Research Information Section is responsible mainly for the

other information system related matters especially user support

of the system. The administrative sections have many computer-

aided service systems, for instance, personnel management, ac-

counting procedures, patent database, etc. These service sys-

tems are maintained by the relevant section in principle, but the

Research Information Section has undertaken various jobs such

as improving the service systems or adding new functions to

them. This section also has developed an institutional repository

to replace the conventional database system used for registration

of achievements of NIRS research activities. This repository was

released to NIRS users in December 2013. In addition, this sec-

tion is also managing the library of NIRS and publications such as

a research reports, proceedings and so on prepared at NIRS.
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The International Space Station (ISS) crew is constantly ex-

posed to space radiation consisting of various charged particles.

The radiation dose comes mainly from protons and helium ions,

while the contribution of heavy components (up to iron ions) leads

to an increase in dose equivalent due to the high LET (linear en-

ergy transfer) with high quality factor related to the relative biologi-

cal effectiveness. Moreover, primary highly energetic charged

particles produce secondary particles such as fragments and

neutrons. The radiation dose level varies depending on the solar

activity, and orbital parameters such as altitude, attitude and

shielding distribution in the ISS [1]. Therefore, dose monitoring is

needed to control the crew’s health and safety. The effective dose

limits of a 10 yr career for astronauts are recommended as 400

mSv (female) and 700 mSv (male) for 25 yr olds [2]. The radiation

risk of astronauts in the ISS is controlled under such recom-

mended limitations with actual dose measurements. Future crew

members will be exposed to much higher dose of space radiation

for up-coming long-term missions on Mars. However, following the

current practice, the radiation protection still depends on using

materials with the thickness of a few g/cm2 for vehicle walls and

the internal instruments installed in the ISS. In this work, we have

verified the dose reduction effects for space radiation by using

the additional water shielding material (“protective curtain”) of

stack boards consisting of hygienic wipes and towels which have

been stored in the ISS.

The hygienic materials were assembled into a protective curtain

with 4 layers, which corresponds to the additional water shielding

thickness of 6.3 g/cm2. The total mass of the protective curtain

was 67 kg, and it was installed along the outer wall of the star-

board crew cabin in the Russian Service Module as shown in

Fig.1c.

For the measurements, twelve dosimeter packages (#1- #12)

consisting of thermoluminescence detectors (TLDs) and CR-39

plastic nuclear track detectors were installed in the module from

June 16, 2010 to November 26, 2010. The exposure duration was

163 days. Half of the packages were located on the surface of the

protective curtain and the other half were on the crew cabin wall

behind or alongside the protective curtain. The dose reduction ef-

fect by the protective curtain was experimentally verified by the

dose variations among the 6 location pairs.

The LET spectra for packages #3 (shielded) and #4 (un-

shielded) measured by CR-39 are shown in Fig.2. As seen from

the figure, the flux in the shielded package was degraded com-

pared with that of the unshielded one, and was the same as the

rest of the package locations (#1, #2 and #5 - #12) in Fig.3. The

mean absorbed dose and dose equivalent rates for all packages

were measured as 327 μGy/day and 821 μSv/day for the un-

shielded packages and 224 μGy/day and 575 μSv/day for the

shielded packages, respectively. The dose reduction rate in dose

equivalent was found to be 37± 7 % except for packages #5 - #

8, which was consistent with the calculated results in the spherical

water phantom by PHITS. The data from the packages #5 - #8

showed minute effects by the protective curtain because those

packages were additionally shielded by a thick glass window (5 g

/cm2) installed on the vehicle wall.

Fig.1 Protective curtain [3]. (a) Hygienic wipes and towels, (b) a stack

board and (c) a schematic drawing of the stack board and its instal-

lation in the ISS.

Research Toward the Development of Fundamental Technologies that Support the Use of Radiation

Verification of shielding method with water-filled
materials for space radiation protection

Satoshi Kodaira
E-mail: koda@nirs.go.jp

Highlight

82 National Institute of Radiological Sciences Annual Report 2013



The mean dose reduction due to the low LET (<10 keV/μm) and

high LET (�10 keV/μm) components were 37 ± 2 % and 37 ±
11 % in dose equivalent, respectively, and the contributions by

the low and high LET components were found to be comparable

in the observed dose reduction rate. Representative cosmic rays

such as <90 MeV protons, <160 MeV/n carbon and <400 MeV/n

iron would be absorbed in water with the thickness of 6.3 g/cm2.

There would be a small contribution to the dose from residual,

more penetrating fragments, while the primary particles would be

absorbed in the protective curtain. The protective curtain would

be effective shielding material for not only trapped particles with

several 10 MeV but also for low energy galactic cosmic rays with

several 100 MeV/n. Moreover, the neutron components are meas-

ured as recoiled proton tracks in the LET spectrum. Thus the ob-

tained dose reduction effects include partial neutron dose reduc-

tion by the water shielding.

We found that proper use of the protective curtain could effec-

tively reduce the space radiation dose for crew living in the space

station and extend the long-term missions to Mars in the future.

The details of this work have been published in [3].

Fig.2 LET spectra for packages #3 (shielded) and #4 (unshielded) meas-

ured by CR-39 [3].

Fig.3 Variations of absorbed dose and dose equivalent rates as a func-

tion of the location of dosimeter packages [3]. Packages #5 - #8

shaded with diagonal lines were additionally shielded with a thick

glass window.

References

[1] Kodaira S, Kawashima H, Kitamura H, et al.: Analysis of radiation dose

variations measured by passive dosimeters onboard the International

Space Station during the solar quiet period (2007-2008), Radiat Meas 49,

95-102, 2013.

[2] NCRP Report No.142. National Council on Radiation Protection, Be-

thesda, MD, 2002.

[3] Kodaira S, Tolochek RV, Ambrozova I, et al.: Verification of shielding effect

by the water-filled materials for space radiation in the International Space

Station using passive dosimeters, Adv Space Res 53 1-7, 2014.

Developm
entofFundam

entalTechnologies
in

RadiologicalScience

National Institute of Radiological Sciences Annual Report 2013 83



Embryo quality is crucial for a normal pregnancy and it is usu-

ally checked by microscopic observation. However, the morphol-

ogy of the embryo is not perfectly correlated with the potential for

embryo viability. For example, there are cases in which embryos

with poor morphology develop normally after implantation. Our

present study focuses on autophagy, which plays an important

role during preimplantation embryo development. We have devel-

oped a method that allows for in vivo observation of embryonic

autophagic activity. Using this developed method, we found that

embryos with high autophagic activity were more likely to develop

through embryogenesis. This is the first study to evaluate embryo

quality from this point of view. Because there is a possibility that

autophagy is also important in human embryos, we believe that

this method to monitor embryo quality will be useful for infertility

treatment.

Currently, 1 out of 40 people who give birth in Japan have used

assisted reproductive technologies (ART) such as in vitro fertiliza-

tion (IVF). However, because the success rate for childbirth is low

(10%), IVF is often repeated, creating both a burden for the

mother and an increased economic burden. The success of IVF is

affected by various factors, but the reduced quality of embryos is

one of the most important. Recent studies have suggested that

there may be reduced quality of the ovum due to aging. Although

IVF can be used to successfully produce several fertilized oo-

cytes (embryos), only one can be implanted transferred into the

mother‘s body, thus it is important to determine the quality of an

embryo in order to produce a normal pregnancy. Generally, the

quality of the embryo is evaluated based on observation of its

morphology under a microscope. However, embryo morphology

is not necessarily directly correlated with viability because there

are implanted embryos with morphological defects that develop.

The time from fertilization to implantation is 5 days in humans

and 4 days in mice, and there are various internal changes in the

embryos during this period. In particular, it is important that mater-

nally derived factors such as mRNAs/proteins that accumulated

during oogenesis, be degraded immediately after fertilization. If

this degradation does not progress correctly, the remaining ma-

ternal components can affect further embryonic development.

Autophagy is a cytoplasmic degradation process which is me-

diated by lysosomes and conserved in many species from yeast

to humans. The process of autophagy is classified broadly into

four steps: autophagic induction, cytoplasmic sequestration, ly-

sosomal fusion, and degradation [1]. During the process of auto-

phagy, cytoplasmic components are sequestered by double-

membrane structures, called autophagosomes. Since the se-

questration by autophagosomes occurs randomly, an auto-

phagosome may include not only proteins but also cellular organ-

elles such as mitochondria and peroxisomes. Finally, auto-

phagosome fuse with the lysosomes, which results in the degra-

dation of the sequestered components. The basic physiological

functions of autophagy are the generation of amino acids for cel-

lular metabolism and the maintenance of cellular quality. Given

that autophagy is a bulk degradation system, autophagy may also

play a role in extensive cellular remodeling during early embry-

onic development. In 2008, we reported that autophagy was

highly activated immediately after fertilization. Autophagy-

deficient embryos died before implantation [2]. Those findings

first highlight the pivotal role of autophagy during early embryo-

genesis. In other words, normal embryonic development can only

occur with functional autophagic activity.

There are several methods used to assess autophagic activity

in cells. For example, cell fixation and immunostaining use anti-

bodies to biochemically visualize the protein localization or ex-

pression levels of autophagy related proteins, such as LC3 which

is an autophagosome marker. However, because the cells are

dead in these methods, they cannot be used in live embryos

where viability must be maintained. In the present study, we fo-
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cused on LC3, a versatile marker of autophagy. Because this pro-

tein is selectively degraded in an autophagy-dependent manner,

the degradation level of LC3 correlates with the autophagic activ-

ity. To monitor autophagic activity in live embryos, mRNA encod-

ing LC3 fused to GFP (GFP-LC3) was microinjected into the 1-cell

embryos and its fluorescence level was observed under constant

fluorescence conditions. We found that the GFP-LC3 fluorescence

was stable in the 2-cell stage 24 hours after fertilization, but was

rapidly degraded on reaching the 4-cell stage (48 hours after fer-

tilization). Degradation level of GFP-LC3 at the 4-cell stage was

used as a marker to categorize the embryos into 2 groups (em-

bryos with degraded GFP-LC3 were termed Good, and embryos

with less degraded GFP-LC3 were termed Poor) and those

groups were tested for further embryonic development. We found

that those embryos classified as Good were easier to implant and

developed embryogenesis better than those embryos classified

as Poor (Fig.1) [3]. These results demonstrate that monitoring of

autophagic activity can be used to select for embryos with high

developmental potential.

Our study shows that successful embryogenesis can be pre-

dicted in advance by imaging the autophagic activity of individual

embryos. By combining the monitoring of autophagic activity with

conventional morphology-based microscopic analysis, a high-

quality embryo (easily continuing through embryonic develop-

ment) can be correctly selected from among a number of suc-

cessfully fertilized eggs. However, because microinjection of GFP-

LC3 in human embryos is currently ethically restricted, develop-

ment of an alternative method for evaluating the activity of auto-

phagy needs to be considered in the future. In addition, it is im-

portant to investigate the molecular mechanisms to regulate

autophagic activity in early embryos, and to develop chemical-

based methods to control the level of autophagic activity (enhanc-

ing the quality of the embryo).

Fig.1 In order to monitor autophagic activity in individual live-embryos, mRNA encoding GFP-LC3 protein was microinjected into the 1-cell embryos. Those

embryos were grouped into 2 groups (Good and Poor) based on the GFP-LC3 fluorescence at the 4-cell stage, 48 hours after in vitro fertilization.

Those embryos were transferred to foster mothers separately and followed to compare the further embryonic development. More embryos were able

to develop to full-term from the Good group, indicating that embryogenesis after implantation can be predicted by monitoring embryonic autophagic

activity.
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The induced pluripotent stem cell (iPSC) system holds great

promise for regenerative medicine but its underlying molecular

mechanisms have remained elusive. In contrast, the embryonic

stem (ES) cell is the golden standard among pluripotent stem

cells and has long history in both basic and applied research ar-

eas. Therefore, it is an interesting and important issue to know

whether or not iPS cells and ES cells are the same type of pluripo-

tent stem cells.

First, we have focused on the point mutation in iPSC genome,

especially in genome integration-free iPSCs [1]. Using also C57

BL/6 mouse, several integration-free iPSC lines were established

Fig.1 Point mutations and base substitution profile identified in iPSC and ESC lines.
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with the four factors, Oct3/4, Sox2, Klf4 and c-Myc (4F) in plasmid

vectors from MEF [2]. The MEF was derived from a single embryo,

not litter mates, to remove the intra-strain SNPs, which could be

false positives of point mutations. Then, the whole genome se-

quencing (WGS) on the three such integration-free iPSC lines and

their parent somatic cells was conducted and about 300 point

mutations were identified in each genome (Fig.1) [3]. Sanger se-

quencing verified the results. In addition, no common SNV was

observed between different iPSC lines, suggesting that these are

not pre-existing SNVs in their parent cells. Indeed, ultra-deep se-

quencing did not detect any SNVs in the parent MEF fraction.

Next, we focused on the point mutations in ES cells. To achieve a

comprehensive point mutation analysis of ES cells, the genomes

of both parents from which blastocysts were prepared are essen-

tial as controls. In this study, we established ES cell lines from an

inbred mouse strain, C57BL/6, along with the preparation of the

genomes of both parents. Their full developmental ability was

confirmed by aggregation experiments [2]. On the ES lines and

on their parent genomes we conducted WGS. As a result, we

identified 10 to 30 point mutations in ES cell genomes, and the re-

sults were confirmed by Sanger sequencing. Importantly, the fre-

quencies were ～1/10 of those observed in iPSCs genomes, in

which more than hundreds of point mutations have been ob-

served (Fig.1)[2]. In addition, we found a difference in their profile

between iPSCs and ES cells: transversion-predominant for iPSCs

and transition-predominant for ESCs (Fig.1).

Subsequently, to ensure the presence of iPSC generation-

associated point mutations, we performed the variant allele fre-

quency test. Then we observed a considerable number of SNVs

at less than 50% allele frequency, indicating a presence of 25%

and 12.5% allele frequency point mutations (Fig.2A). Similar SNVs

were also observed by a deep WGS; a clear peak appeared at an

allele frequency around 25% in addition to the peak at 50% fre-

quency. Because pre-existing SNVs must be observed as 50% al-

lele frequency, our observation shows the important facts that

25% or less of the SNVs were not pre-existing ones and that sub-

stantial numbers of point mutations occurred during the conver-

sion process, especially in their initiation steps, of iPSC genera-

tion. We concluded our study by the investigation of sub-lines de-

rived from single cells in an iPSC colony (Fig.2B). The heteroge-

neity of the point mutation patterns within an iPSC clone was seen

(Fig.2C) and it reflected the history of the emergence of each mu-

tation (Fig.2D).

Fig.2 (A) Frequencies of each variant allele for SNV candidates of 2A-4F-136 iPSC screened using deep sequencing. (B) Schematic of sin-

gle clone isolation and establishment from the 2A-4F-136 line. (C) Point mutation in each sub-clone. Heterogenity of point mutations in

the original line was seen. (D) Schematic of time course of point mutation appearance.
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In order to support restoration and revitalization of Fukushima

Prefecture following the nuclear accident at the Fukushima Daiichi

Nuclear Power Plant (NPP), the Fukushima Project Headquarters

was established in May 2012. The headquarters manages three

research projects, Project for Human Health, Radiation Effect Ac-

cumulation and Prevention Project, and Project for Environmental

Dynamics and Radiation Effects which were chosen after consid-

eration of the major concerns of people living in the prefecture.

The headquarters also manages other activities of NIRS related

with the NPP accident.

The Project for Human Health started an epidemiological inves-

tigation with the cooperation of first responders who worked at

Fukushima Daiichi NPP controlling the accident in the early stage.

The project will monitor their health long-term by referring to their

certificates of health and by asking for their medical history and

information about their lifestyle such as smoking and drinking

habits, etc. The information is being collected in a database to

analyze the correlations between health conditions and the doses

they received. The database structure and functions have been

designed, and special attention was given to security of the col-

lected information for long-term follow-up. More than 600 workers

have been registered in the database along with the data of a

baseline questionnaire survey. The findings from the follow-up

study are expected to be used in workers’ health care, as well as

in future planning of radiation protection measures for emergency

situations.

The project also developed the NIRS external dose estimation

system for Fukushima residents to estimate the external effective

doses for the first four months after the Fukushima Daiichi NPP ac-

cident. This system has been adopted in the Fukushima Health

Management Survey, which is a long-term health management

survey for all people of Fukushima Prefecture, conducted by

Fukushima Medical University, and the estimated results were

provided to the Fukushima residents, individually. This task can

be very useful as the first approximation of the external effective

doses to Fukushima residents by the accident.

The Radiation Effect Accumulation and Prevention Project aims

to elucidate the effects of low-dose-rate radiation and its underly-

ing mechanism, and then to provide possible measures to miti-

gate the risks based on findings using animal models. In order to

answer the major questions determined from the concerns of

Fukushima residents, the project conducts the following three re-

search programs. 1) Effects of the low-dose-rate radiation on life

shortening and cancer induction are being examined for juvenile

exposure in comparison with adult exposure, to confirm if the

dose-rate effect for children is the same as that for adults. 2) Ac-

cumulation of radiation effects in the stem cells of the skin and

mammary glands is being evaluated, to clarify if the dose-rate ef-

fect can be explained in part by the reduced accumulation of

radiation-induced damage in stem cells or by the elimination of

damaged stem cells. 3) Inhibitory effects of calorie restriction and

anti-oxidant food ingredients on radiation-induced cancer are be-

ing investigated, to provide possible approaches to reduce the

cancer risk after childhood exposure by subsequent control of

diet.

The Project for Environmental Dynamics and Radiation Effects

started the following two research programs related with the envi-

ronmental contamination in Fukushima. 1) Estimation of radiation

doses for Fukushima residents from surrounding ecosystems, and

providing countermeasures to minimize the received dose. On

coming back to their homes, many of the evacuees are afraid of

encountering high radiation doses from the contaminated environ-

ment and from the ingestion of radioactive materials from foods

and water. In order to estimate long-term radiation doses of the

residents from the surrounding environment during their daily life,

the project started dose-estimation-oriented collection of environ-

mental samples considering the migration of radioactive materials
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in the environment. 2) Assessment of radiation effects on non-

human biota in contaminated ecosystems. High contamination

levels of the environment suggest possible effects of radiation on

non-human biota. Although drastic effects such as the “red for-

ests” in contaminated Chernobyl areas have not been observed,

long-term studies are required to estimate the environmental ef-

fects. The project is collecting biological samples such as pine,

wild mouse, and salamander in heavily contaminated areas, and

is estimating radiation effects using different endpoints (e.g.

growth rate, reproduction and chromosome aberration).

In addition to the projects, the headquarters manages the fol-

lowing activities in order to relieve the anxiety of people and to

support research activities of the projects. 1) Development of an

automated procedure for the dicentric chromosome aberration

assay, and estimation of background frequency of the dicentric

chromosome of Japanese. 2) Supporting the construction of new

buildings and facilities for researches. 3) Telephone consultation.

This consultation was started on March 13, 2011, and operated

by NIRS’s staff members by turn for 24 hours a day, seven days a

week for the first two weeks from March 17, 2011. It continues to

be run but with a reduced size, and a total of about 19,000 tele-

phone calls have been received so far.

In the following highlight, three research topics are introduced

from two research projects, the Radiation Effect Accumulation and

Prevention Project and the Project for Environmental Dynamics

and Radiation Effects.
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Introduction
Tremendously large amounts of radionuclides were released

into the environment following the Fukushima Dai-ichi Nuclear

Power Plant accident in March 2011. As a result, large areas in

east parts of Japan from Kanto to Tohoku districts, but mainly in

Fukushima Prefecture, were contaminated to varying degrees with

the released radionuclides. Radiation effects on non-human biota

inhabiting the contaminated areas have therefore been a concern

since the accident [1].

The Tohoku hynobiid salamander, Hynobius lichenatus (order

Caudata, class Amphibia; Fig.1) is suitable for field investigation

of radiation effects on non-human biota, because this species is

expected to be sensitive to radiation [2] and it inhabits the north-

ern part of the Abukuma Mountains, which were among the most

heavily contaminated areas by the accident. We started field stud-

ies on this salamander just after the accident. On the other hand,

we also did a chronic irradiation experiment in the laboratory, be-

cause there were no data on effects of chronic irradiation on Cau-

data. In the present study, H. lichenatus was chronically γ-

irradiated during the embryonic, larval and juvenile stages, and

effects on growth and survival as well as histological changes

were investigated [3].

Materials and methods
In May 2012, egg sacs of H. lichenatus were collected in the

Aizu district, which was a less contaminated area in Fukushima

Prefecture. Each embryo was separated from the egg sacs, and

reared in water. External γ-irradiation was started in the NIRS 137Cs

irradiation facility. The irradiation was continued until the juvenile

stage for 450 days at dose rates of 32, 150, 490, 4,600 and

18,000 μGy h-1.

Larvae were also reared in water, and aquatic oligochaetes

Tubifex tubifex were given as food.

Juveniles metamorphosed from the larvae were reared in plas-

tic containers filled with wet sphagnum moss, and larvae of moth

Galleria mellonella, sow bugs Porcellionides pruinosus and larvae

of cricket Acheta domestica were given as food.

Observation was made to check survival and metamorphosis.

Weight of juveniles was measured. Histological examinations

were performed in the liver, spleen, skin and intestine in accor-

dance with routine methods.

Results and discussion
Chronic irradiation at 32, 150 and 490 μGy h-1 did not signifi-

cantly affect survival (Fig.2) and growth such as age at metamor-

phosis (Fig.3) and weight of juveniles. No morphological aberra-

tions and histological damages were observed.Fig.1 Life cycle of H. lichenatus
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At 4,600 μGy h-1, growth was severely inhibited. Metamorphosis

was delayed (Fig.3), and weight of juveniles was lighter than that

of controls. All the individuals irradiated at this dose rate died,

mostly at the juvenile stage (Fig.2). Subcutaneous haemorrhage

was observed in some dead juveniles. The median life span was

371 days, during which a total dose (chronic LD50) was 42 Gy. In

the liver, the number of haematopoietic cells was significantly re-

duced in the living juveniles, and these cells disappeared in the

dead juveniles. In the spleen, mature lymphocytes were depleted

in the living larvae, and almost all the haematopoietic cells disap-

peared in the dead juveniles. These results suggest that this sala-

mander died due to acute radiation syndrome, i.e., haematopoie-

tic damage and subsequent sepsis caused by immune depres-

sion. The death would also be attributed to skin damage inducing

infection.

At 18,000 μGy h-1, growth inhibition and morphological aberra-

tions such as thickset bodies and development failure of hind

limbs were observed in the larvae. Subcutaneous haemorrhage

was also observed. All the individuals irradiated at this dose rate

died at the larval stage due to multiple organ failure (Fig.2). The

median life span was 77 days, and chronic LD50 was 28 Gy.

At 490 μGy h-1 or lower dose rates, growth and survival of H. li-

chenatus were not significantly affected over 450 days. For this

relatively short period, this result supports validity of all the guid-

ance dose rates proposed by various organisations (e.g., IAEA,

UNSCEAR, US DOE, Environment Agency UK and Environment

Canada) and programmes (e.g., FASSET, ERICA and PROTECT)

for protection of amphibians and taxonomic groups or ecosys-

tems including amphibians, which range from 4 to 400 μGy h-1.

However, considering the relatively long life span, i.e., longer

than 14 years, of this salamander, the results obtained in this

study may not support all of these guidance dose rates. Assum-

ing that LD50 of chronic exposure is also 42 Gy at lower dose rates

than 4,600 μGy h-1, a median lethal dose rate can be estimated to

be less than 340 μGy h-1 (=42×106 μGy/14 y/365 d/24 h) for the

whole life of this salamander. This estimation suggests that most

of the guidance dose rates, ranging from 4 to 200 μGy h-1, would

protect this salamander but the highest one, i.e., 400 μGy h-1 pro-

posed by IAEA, UNSCEAR, US DOE and Environment Agency

UK, may not on the whole life scale. Further long-term irradiation

experiments are required for the definitive conclusion.

The dose rate-response relationship obtained in this study and

dose rates estimated in the field study, which will be published in

the near future, enable assessment of radiation risks to this sala-

mander in the contaminated areas in Fukushima.

Fig.2 Survival curve of chronically γ-irradiated H. lichenatus [3] Fig.3 Metamorphosis fraction of chronically γ-irradiated H. lichenatus [3]
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Introduction
It is necessary to clarify behaviors of the atmospheric and oce-

anic releases and the dispersion of artificial radionuclides in the

marine environment after the TEPCO Fukushima Daiichi Nuclear

Power Station (FDNPS) accident. Many and various types of moni-

toring measurements were carried out in the marine environment

after this accident, but only the gamma-emitting radionuclides

iodine-131(131I) and radioactive cesium (134Cs and 137Cs) which

have high radioactivity were reported. The pre-accident levels of
137Cs activities in seawater and sediments were 1-2 mBq/L and 1

Bq/kg-dry, respectively. The activities of 134Cs + 137Cs in seawater

were observed to be more than 10 kBq/L around FDNPS at the

end of March 2011, and measurements showed that they had de-

creased gradually to 1-2 mBq/L in the past few months, ap-

proaching the pre-accident levels. On the other hand, higher ac-

tivities of 134Cs + 137Cs in sediments have been reported off the

Fukushima coastal area in the Pacific Ocean.

Sampling off the coast of Fukushima
The activities of radionuclides in marine biota off Fukushima, in-

cluding plankton and benthos, were investigated to determine the

variation in radioactivity. The aims of the present study were to ex-

amine the temporal and spatial changes in radioactivity and to in-

vestigate the distribution and behavior in the marine environment

after this accident. Samples collected in the marine environment

included seawater and sediments and also marine biota such as

plankton, benthos, fish and shellfish. They were collected with a

plankton net, dredge sampler, and trawl net during cruises of

some research vessels and by fishing ships. Radioactive Cs in fil-

tered seawater was determined with the ammonium phosphomo-

lybdate (AMP) /Cs compound method [1]. Detection limits of 134Cs

and 137Cs were 1 mBq/L in seawater, respectively. Collected ma-

rine biota samples were classified into species, and some kinds of

fish and shellfish were separated into some parts, such as the ed-

ible (muscle), viscera and bony parts, etc. These parts were dried

with a vacuum drying machine, homogenized, and packed into a

plastic container (U-8). The 131I activities could not be measured

as 131I had been volatilized by heat from the biological sample. Ra-

dioactivity was determined by gamma-ray spectrometry using a

HPGe detector (GX-2019; Canberra). The radionuclide activities

of seawater, sediment and biota on the sampling date were calcu-

lated with the correction of the decay. Detection limits of 134Cs,
137Cs and 110mAg in sediment and marine biota samples were all

within 1 Bq/kg [wet weight (wet wt)].

The activities of radionuclides in marine environment
The observed artificial gamma-emitting radionuclides in marine

biota include not only 134Cs and 137Cs but also 110mAg. Artificial radi-

onuclides such as 134Cs, 137Cs, 141Ce, 144Ce, 103Ru, 106Ru, and 110mAg

were reported in Mediterranean seagrass after the Chernobyl ac-

cident [2]. However, 141Ce, 144Ce, 103Ru, and 106Ru were not ob-

served in the FDNPS fallout. 110mAg, is a short half-life radionuclide

(249.8 d), and it was observed in the fallout, soil and sediments

around eastern Japan. Marine biota that were used as foodstuffs

before the accident were collected off Onahama (Fukushima, Pre-

fecture) in June and December 2011, and their radionuclide ac-

tivities are shown in Fig.1. The radioactivity of 134Cs + 137Cs in ma-

rine products ranged from 11 to 132 Bq/kg (wet wt) in June 2011

and from less than 1 to 135 Bq/kg (wet wt) in December 2011.
110mAg activity was not detected in fishes collected in December

2011, although this activity was observed in the viscera of squid,

crab, and fish collected in June 2011. It is considered that the ac-

tivity of 110mAg in fish and plankton gradually decreased with time

because the half-life of 110mAg is 249.8 days. However, no cesium

radioactivity was observed in squid and crab. It is well known that

mollusca and crustacea concentrate silver in their visceral parts.

The bottom-dwelling biota such as shellfish and benthos had high

activities of Cs and Ag one year after the accident. The average

cesium activity in seawater was 0.20 Bq/L in June 2011, which

gradually decreased to 0.03 Bq/L in December 2011 around the

sampling area. The Cs activity in seawater decreased ten-fold

Project for Environmental Dynamics and Radiation Effects
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during 6 months, and consequently activity in the marine organ-

isms also dropped. On the other hand, the decrease of 110mAg ac-

tivity in mollusks could be observed to be almost that of the physi-

cal half-life time. Furthermore, the Cs activities in plankton and

seawater off Onahama in 2012 were from 40 to 130 Bq/kg (wet wt)

and from 3 to 91 Bq/L, respectively. It is thought the decrease of

activity of these radionuclides in marine organisms depends on

differences in the mechanisms of accumulation and metabolism.

The CR [concentration ratio = activity in biota (Bq/kg (wet wt))/

activity in seawater (Bq/kg or Bq/L)] is usually represented in

terms of the concentration in biota relative to that of seawater for

modeling purposes [3]. This value of cesium in marine organisms

was calculated with the activity of cesium in seawater (Table 1).

The estimated CR of cesium (CR-Cs) in marine organisms ranged

from 2.6E+1 in the muscle part of squid to 1.0E+4 in clam viscera.

Large differences in CR-Cs in different parts of marine organisms

were not observed. The estimated CR-Cs values in plankton were

5.8E+1 to 1.5E+3 in 2012. These values were higher than the re-

ported CRs of fish, crustaceans, mollusks, and macroalgae in

TRS-422, 1.0E+2, 5.0E+1, 6.0E+1, and 5.0E+1, respectively.

These resulting values ranged from 5.8E+1 to 7.8E+2, and they

were higher than the CR-Cs values (2.0E+1 to 4.0E+1), but also

similar to the Kd -Cs value in TRS-422 [3]. It was suggested that

the rapid change in radioactivity in seawater and the resuspen-

sion of particles from the sediments led to high CRs of Cs after the

FDNPS accident.

Fig.1 Radioactivity in each part of the marine organisms. Black bars, whole body; open bars, muscle (edible

parts); dark bars, viscera; light gray bars, bony parts, and ＊; lower than the detection limit. Samples

were collected in June (I) and December (II), 2011.
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Table 1 Concentration ratio of cesium (CR-Cs) in marine biota.

This study TRS-422
CR-Csn Estimated CR-Cs

Fish 7 3.2E+02 1.0E+02
Mollusks 3 3.1E+02 6.0E+01

Crustaceans 1 7.6E+01 5.0E+01

Macroalgae 1 1.3E+03 5.0E+01

Plankton 12 6.9E+01 4.0E+01
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Summary
The effects of ionizing radiations on somatic stem cells largely

remain unclear. Hair follicles are self-renewing structures that re-

constitute themselves throughout the hair cycle, which is com-

prised of the following phases: anagen (growth), catagen (regres-

sion) and telogen (resting), suggesting the presence of their own

stem cells. The whole bodies of C57BL/10JHir mice in the 1st telo-

gen phase were irradiated with γ-rays. Mice were examined for ef-

fects on hair follicles, including their number, morphology and pig-

mentation in the 2nd anagen phase. Decreased hair follicle density

and induction of curved hair follicles were observed in the dermal

skin of irradiated mice. In addition to these keratinocyte-derived

anomalies, melanocyte-derived anomalies including white hair

and hypopigmented hair bulbs were found. The decrease in hair

follicle density and the increase in the frequency of hypopig-

mented hair bulbs were dependent on the dose of γ-rays. These

results suggest that γ-rays damage stem cells and progenitors for

keratinocytes and melanocytes, thereby affecting the structure

and character of regenerated hair follicles. The density of hair folli-

cles and pigment production in hair bulbs are established as cri-

teria for the effects of γ-rays on the hair cycle.

Introduction
The current radiological protection system assumes complete

accumulation of the stochastic effect of the ionizing radiation. If

long-lived tissue stem cells are a target of the radiation carcino-

genesis, this model system appears to be rational, though epide-

miologic studies do not necessarily support this idea.

To verify this idea, hair follicles may be a good experimental

system, because they are self-renewing structures that reconsti-

tute themselves, which suggests the presence of their own stem

cells. The hair cycle consists of three phases: anagen (growth),

catagen (regression) and telogen (resting) (Fig.1A). In vivo and in

vitro studies have revealed that keratinocyte and melanocyte

stem cells are present in the bulge of the hair follicles in both mice

and humans. The bulge region provides the insertion point for the

arrector pili muscle and marks the lowermost permanent portion

of the hair follicle during the hair cycle. Regeneration of hair folli-

cle structure begins with keratinocyte and melanocyte progenies

derived from keratinocyte and melanocyte stem cells present in

the hair bulge. In mice, the 1st and 2nd hair cycles are synchro-

nized and proceed in waves all over the body.

Ionizing radiations, such as X-rays and γ-rays, affect mammal-

ian keratinocytes, melanoblasts, melanocytes and fibroblasts dur-

Fig.1 Histological sections of the dorsal skin of control and irradiated

mice at the 2nd anagen phase. (A) Diagram showing the hair cycle in

mice. Abbreviations: H, hair shaft; E, epidermis; D, dermis; SG, se-

baceous gland; HB, hair bulge; HF, hair follicle; HM, hair matrix; DP,

dermal papilla; Arrow, γ-irradiation; the region above the dotted line

indicates the permanent portion of hair follicles. (B) A section of

control skin contains 10 hair follicles of the 2nd hair cycle. The white

arrowhead indicates a typical hair of the 1st hair cycle. (C) Gamma-

irradiation (2.5 Gy) decreased the density of hair follicles in the skin.

Only 4 hair follicles of the 2nd hair cycle were observed in this sec-

tion. Scale bar, 100 μm. (D) Quantitative analysis of the effect of γ-

rays on hair follicle density in the 2nd anagen phase. Error bars indi-

cate the standard error. P values for comparisons of control mice (0

Gy) were calculated by two-tailed Student’s t-test for comparison of

groups of unequal size. This figure was modified from a figure in [1].
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ing all stages of development. In embryonic mice exposed to ion-

izing radiations, patches of pigment-less white hair (white spots)

can be found in the mid-ventrum of offspring. However, it is not

fully understood whether keratinocyte and melanocyte stem cells

in the bulge of postnatal skin are affected by this exposure. While

there are a few reports showing the changes of hair with regard to

the hair cycle after γ-irradiation, a reduction in the diameter of irra-

diated hair follicles has been demonstrated in humans and mice.

These circumstances prompted us to investigate in detail how

ionizing radiations affect the regeneration of hair follicles by evalu-

ating changes in the number and morphology of hairs and by ob-

serving changes in the frequency of abnormal hair follicles due to

defects in keratinocytes and melanocytes.

Results
1) Effects of γ-rays on hair follicle structure

Since newly formed hair follicles are derived solely from kerati-

nocyte and melanocyte stem cells, we hypothesized that damage

caused in keratinocyte and melanocyte stem cells in the 1st telo-

gen could be detected as a phenotype of descendant hair follicle

structures in the 2nd anagen (Fig.1A). Histological sections of

mouse dorsal skin showed mature hair follicles at the 2nd anagen

with some regressed hair follicles at the 1st anagen (Fig.1B). In

mice exposed to 2.5 Gy γ-rays, there was a decrease in the num-

ber of hair follicles per 0.1 mm2 skin section in the 2nd hair cycle

(Fig.1C). Gamma-rays at doses of 0.5 Gy and 1 Gy also caused a

significant decrease in the number of hair follicles per 0.1 mm2

skin (Table 1). Hair follicle density decreased as the dose in-

creased (Fig.1D). Interestingly, the decreasing rate appeared to

reach a plateau at a dose of 1 Gy. An additional malformation was

observed in the induction of curved hair follicles. One or two con-

strictions in the hair follicles were seen in the curved follicles, even

in mice exposed to 0.5 Gy γ-rays, whereas no abnormalities were

seen in control mice. The frequency of curved hair follicles in irra-

diated mice was significantly different to that in the control group

(Table 1). However, these differences did not appear to be dose-

dependent. These results suggest that γ-rays affected hair follicle

number and structure in the 2nd anagen phase when stem cells

and committed progenitors for keratinocytes were irradiated in the

1st telogen.

2) Effects of γ-rays on pigmentation of regenerated hair follicles

Next, we analyzed histological sections of the dorsal skin with

regard to anomalies derived from melanocyte stem cell, such as

the frequency of white hairs and hypopigmented hair bulbs (Table

1). Histological sections confirmed the presence of white hair

shafts in the growing hair follicles of mice exposed to 0.5 Gy γ-

rays, whereas no white hairs were found in control mice. However,

the frequency of white hairs was very low and the differences be-

tween control and irradiated mice were not significant (Table 1).

We also studied the degree of pigmentation of hair bulb melano-

cytes. Histological sections of control mice contained fully pig-

mented melanosomes in the hair bulb (Fig.2A). However, mice ex-

posed to 2.5 Gy γ-rays possessed hair bulb melanocytes with ex-

tremely reduced pigmentation (Fig.2B). The number of hair bulb

melanocytes did not appear to be reduced. Melanosomes in irra-

diated hair bulbs appeared mature but they were much fewer in

number and smaller in size in the exposed mice than they were in

the control mice (Figs.2C, D). In contrast to the frequency of white

hairs, the frequency of hypopigmented hair bulbs increased in a

dose-dependent manner and reached more than 18% (Fig.2E).

There was a significant increase in the frequency of hypopig-

mented hair bulbs, even in skin exposed to 0.5 Gy γ-rays (Table

1). These results suggest that γ-irradiation affects stem cells and

committed progenitors for melanocytes at the 1st telogen and, as a

result, inhibits the formation of melanosomes at the 2nd anagen.

Conclusion
The decrease in the density of hair follicles in the skin at the 2nd

anagen and the increase in the frequency of hypopigmented hair

bulbs are dependent on the dose of γ-rays. Furthermore, these ir-

radiations induced abnormal hair follicle curvature and white

hairs, suggesting that γ-irradiation in the 1st telogen strongly af-

fects regeneration of hair follicles, which are produced by the

progenies of keratinocyte and melanocyte stem cells, in the 2nd

anagen.

Table 1 Effects of γ-rays on hair development in mice

Fig.2 Effect of γ-rays on the development of progenies of melanocyte

stem cells. (A, B) Mice exposed to 2.5 Gy γ-rays possess hair bulb

melanocytes with extremely reduced pigmentation (B, arrow) in

contrast to the heavily pigmented hair bulbs of control mice. Scale

bar, 50μm. (C, D) Higher magnification views of hair bulbs of control

and irradiated mice. Mice exposed to 2.5 Gy γ-rays possess hair

bulb melanocytes with fewer and smaller melanosomes compared

with control melanocytes, though melanosomes were mature. Ar-

rows indicate hair bulb melanocytes. Scale bar, 20μm. (E) Quantita-

tive analysis of the effect of γ-rays on the frequency of hypopig-

mented hair bulbs. Error bars indicate the standard error. P values

for comparisons of control mice (0 Gy) were calculated by two-

tailed Student’s t-test for comparison of groups of unequal size. This

figure was modified from a figure in [1].
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In this midterm plan at NIRS, the Medical Exposure Research

Project (MER-project) has the mission to investigate the frequen-

cies and doses of domestic medical radiation uses, both diagnos-

tic and therapeutic. The data are being collected in collaboration

with local hospitals and academic societies. These data will be

stored into a planned national database of medical exposure and

used for both scientific and practical bases for the justification

and optimization of radiation protection in medicine. They will be

also provided to the UNSCEAR global survey project.

Five studies have been currently undertaken. (i) Estimations of

examination frequencies and organ doses in X-ray CT, PET, PET/

CT, and heavy ion particle therapy in collaboration with local hos-

pitals and academic societies. (ii) Organ dose estimations of pa-

tients who received radiotherapy for cervical cancers and pros-

tate cancer for the risk of secondary cancer. (iii) Study of radiobi-

ology in radiation use in medicine. (iv) Development of the method

for risk-benefit communications in medicine. (v) Running an or-

ganization for the exchange of information on radiation protection

in medicine. The results obtained are as follows.

(1) The data of frequencies and dose (DICOM) in CT examination

are being collected in collaboration with local hospitals such as

the National Center for Child Health and Development (NCCHD)

Hospital and the Chiba Children’s Hospital in addition to the aca-

demic bodies including the Japanese Society of Radiation Oncol-

ogy, Japanese Society of Radiological Technology, Japan Radio-

logical Society and Japan Association of Radiological Technolo-

gists. In the Chiba Children’s Hospital, data have also been exten-

sively collected, and the data for the most recent 4 years on CTDI

and DLP were summarized (see Highlight). In FY 2013, we started

the survey of CTDIvol and DLP in two additional hospitals. Phan-

tom measurements of organ doses have been continued in four

hospitals as the basic data for optimization.

(2) For estimation of organ dose in radiotherapy of cervical can-

cers, a physical pelvic phantom was developed. The dose of or-

gans in the pelvic region, i.e., colon, rectum, uterus and ovaries,

which are monitored with gel dosimeters, are being estimated in

the contemporary treatment protocol for cervical cancer. In addi-

tion, organ doses outside the pelvic region have been measured

using the adult anthropomorphic phantom. The dose of an organ

close to the cervical cancer site such as kidney and stomach was

as high as 1 Gy. In addition, the dose of surrounding organs such

as colon and rectum during prostate cancer therapy with HIMAC

was also examined, and revealed to be much lower than that with

IMRT, suggesting superiority of HIMAC for the reduction of secon-

dary cancers. For PET diagnoses, the basic physiologically-

based pharmacokinetic model (PBPK model) was made to con-

sider the physiological differences among patients.

(3) The dose collection system and database are under develop-

ment. Importance of tracking dose of the patients with a medical

radiation exposure history, which is the concept behind the IAEA’s

“Smart Card/SmartRadTrack project”, has been maintained. We

developed the system that enables transfer of the DICOM data of

different manufacturers into one database.

(4) WAZA-ARI is the web-based dose calculator of medical expo-

sures in X-ray CT examinations, which has been developed by

Oita University of Nursing and Health Sciences and the Japan

Atomic Energy Agency (JAEA). It has been installed in the web

server of NIRS, and opened to the public for trial use (Fig. 1-3).

WAZA-ARI includes the simulation data of equivalent doses and

effective doses for voxel phantoms of the Japanese male and fe-

male developed by JAEA, and voxel phantoms of 0, 1, 5, 10, 15

year old children developed by Florida University for X-ray CT ex-

aminations. It also includes the data of adults of different body

shapes (normal, fat, fatter and thin bodies for male and female)

developed by JAEA. The users can estimate the organ doses by

inputting the exposure conditions such as the kind of CT machine,

tube voltage, tube current, beam width, scan range, rotation time,
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pitch factor, etc. WAZA-ARI has the merit that it can do calcula-

tions by using not MIRD-type phantoms but voxel phantoms, via

the internet.

(5) For radiation risk communications, a booklet for parents

(Fig.4), who are taking care of children with some illnesses, was

issued in collaboration with medical staff in the Chiba Children’s

Hospital. During its preparation, the awareness of radiation dose

of CT was raised for some physicians and they have started to

look for ways to reduce the dose and examination frequency. To

aid in making the best use of clinical radiology, the booklet iRefer,

making the best use of clinical radiology (7th version), issued by

the Royal College of Radiologists (RCR) was translated into Japa-

nese (Fig.4).

(6) For nation-wide exchange of information on medical expo-

sures, the general meeting of the Japan Network for Research

and Information on Medical Exposure (J-RIME) was held in April

2013. Four working groups (Protection for pediatric patients,

Smart Card system, Nation-wide survey, and Publicity) were ap-

proved to work among J-RIME members. Four academic societies

reported that collecting exposure data for modalities such as CT,

plain X-ray examination, and dental radiography is now being un-

dertaken. The J-RIME has published the 5th issue of the newsletter

“Limelight”.

Fig.3 Example of the dose calculation result screen for each X-ray CT examination

Fig.4 The booklet of radiological examinations prepared for parents

and the of the RCR booklet (iRefer) translated into Japanese.

Fig.1 Login page for users Fig.2 Menu page to select the functions of WAZA-ARI II
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Introduction
Patients with uterine cervical cancer generally have received

surgery, radiotherapy or their combinations for over 50 years in

Japan. In addition, in 1990s, concurrent chemoradiotherapy

(CCRT) also have become in wide use. Recently, the incident of

cervical cancer has a peak in 30’s - 40’s in Japan. However, since

its prognosis is basically better compared to other cancers, many

patients survive for a long period of time. Consequently, there is

great concern in a risk of secondary cancers for the patients re-

ceived radiotherapy. In National Institute of Radiological Sciences

(NIRS), a follow-up study for cervical cancer patients is in pro-

gress since 1961. In order to assess the risk of secondary cancer

after radiotherapy for cervical cancer, it is essential to estimate the

dose of not only the target but also the non-target organs. There-

fore, we measured organ doses using anthropomorphic phantom

under the same condition of photon radiotherapy for the uterine

cervical cancer patient. Due to a wide range of unequal distribu-

tion of organ doses, we used both glass dosimeter and gel do-

simeter. In this study, we report doses in organ outside of pelvis.

Methods
Measurements were performed with radio-photo luminescence

glass dosimeters (RPLGDs), which were set in an adult anthropo-

morphic phantom. The sizes of RPLGD are 1.5mm in diameter

and 12mm in length, which is suitable to be inserted in the anthro-

pomorphic phantom (Fig.1). According to typical treatment proto-

cols for the uterine cervical cancer treatment in NIRS (Tables 1

and 2), treatment plans for phantom were determined using treat-

ment planning systems by an experienced radiation oncologist.

Basically, for the uterine cervical cancer treatment, an external-

beam radiotherapy (EBRT) and an intracavitary brachytherapy

(ICBT) are paired or solo. The linear accelerator (Clinac21EX, Var-

ian) was used for EBRT. The irradiation conditions are shown in

Table 2. ICBT was performed with micro Selectron-HDR (Nucle-

tron) and Ir-192 source placed to the location of uterine cervix

(Fig.2).

Fig.1 Number of sites of inserted glass dosimeters for the dose measure-

ment of each organ.
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Table 1 Doses of external beam radiotherapy and intracavitary
brachytherapy for each stage of cancer.

EBRT ICBT

Whole pelvis Center shielding High dose rate

Stage I 20 Gy 30 Gy 24 Gy
Stages II, III 30 Gy 20 Gy 24 Gy

Stage IV 40 Gy 10 Gy 18 Gy
Postoperative 50 Gy -- --
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Results and Discussion
Absorbed organ doses for two energies of X-rays for field con-

figurations in the EBRT are determined. The measured organ

doses ranged from 0.5 to 20mGy per Gy at the isocenter depend-

ing on the organ of interest. The organ dose factors in ICBT are

also calculated. It was less than 10mGy per Gy at the reference

point. The total absorbed organ doses of the patient at each can-

cer stage were estimated to about 20～1000mGy. The organs

close to the target were heavily exposed. The doses for stomach,

kidney, and adrenal gland exceeded 800mGy. There is no differ-

ence among the protocols and stage of cancer. Considered the

ERR/Gy is relatively high for kidney and stomach in female A-

bomb survivors, we need to pay more attention to the second

cancer after radiotherapy for cervical cancer.

Conclusion
This study reveals that doses of extra-pelvic organs of the stan-

dard treatment regimen for uterine cervical cancer patients.

Fig.2 Photos of the set-ups for external irradiation (left) and internal irradiation (right).

Table 2 Energy of X rays, number of ports and irradiation field.

Energy No. of portals Irradiation field

6MV parallel opposing ports (2 ports) whole pelvis
6MV 4-field box technique (4 ports) whole pelvis
6MV parallel opposing ports (2 ports) center shielding

10MV parallel opposing ports (2 ports) whole pelvis
10MV 4-field box technique (4 ports) whole pelvis
10MV parallel opposing ports (2 ports) center shielding
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Introduction
ICRP has proposed the diagnostic reference level (DRL) as an

optimization tool for managing the dose from medical imaging

procedures. DRL is established as a dose at the third quartile

value of the distribution of mean doses of some common proce-

dures in a number of hospitals and institutions [1]. These values

should be reviewed regularly as they contribute to the safe man-

agement and optimization of doses. Several countries have es-

tablished and proposed a national DRL, however, Japan has not.

Recently, the data set on CT scans for adult patients from 80 insti-

tutions in Gunma Prefecture reported [2]. However, there is no

study presenting a national DRL or a LDRL for pediatric CT in Ja-

pan. The aim of our study was to assess the local dose for pediat-

ric CT examinations in a single children’s hospital, which is a ma-

jor tertiary care and referral center. This was achieved by sam-

pling the dose parameters (CTDIvol and DLP) of each CT exami-

nations across several age groups.

Materials and methods
We used the hospital information system (HIS) to retrospectively

identify pediatric patients who had undergone head, chest, ab-

dominal, cardiac, temporal bone, neck, face/sinuses, lumber, and

pelvis CT during the 4 years from October 2008 to July 2011. Ret-

rospective review of picture archiving and communication system

(PACS) showed that 4,801 CT examinations (Male, 2,767 Female,

2,034) and patient number were 2,546 (Male, 1,443 Female,

1,103). The patients were categorized into four age groups: <1

year, 1- to <5 years, 5- to <10 years and 10- to <15 years. The

data collected were age and sex of the patients, CT protocols,

number of CT examinations, and dates of the examinations. The

CT scanner was the GE Light Speed VCT with 64 rows. Collected

CT parameters were the scanning mode (axial for head and heli-

cal for chest and abdomen), tube voltage (kVp), tube current

(mA), beam width, table travel per rotation for helical scan, CTDI-

vol and DLP.

We calculated effective dose by three methods. The first

method is the measurements by using an anthropomorphic phan-

tom representing a 3 month old, a 1-year old or 6-year old child

and glass dosimeter (FGD). FGD were placed in the phantom in

organs and tissues based on the effective dose definition of ICRP

Publications 60 and 103. The second method is calculation by

Monte Carlo simulation, using ImPACT and CT-Expo. The third

method is multiplication coefficient (k-factor) of ICRP Publication

102 [3] by DLP.

Fig.1 Flow of fact-findings
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Results
The head CT was the most common, among all CT examina-

tions. Among all head CT scans, two thirds were a non-helical

scan and one third was helical scan. The chest CT and abdominal

CT accounted for 6.2% and 6.6%, respectively. It is of note that

the number of cardiac CT and temporal bone CT were greater

than chest and abdominal CTs, which is characteristic for this chil-

dren’s hospital. The head CT was the most frequent among infants

in the age of less than 1 year after birth. Similarly, cardiac CT was

also predominant among children less than 1 year of age. There

are two peak ages for temporal bone CT examinations; the first

year and at 6-7 years of life. Temporal bone CT is a useful tool for

the diagnosis of congenital hearing loss. A parent notices an audi-

tory defect in a child as an infant or soon after going to elementary

school. Repetition frequency of CT scans for head, chest, abdo-

men, heart and temporal bone were 2.0, 2.3, 1.9, 2.4, and 1.2, re-

spectively. There was no age difference in the examination num-

ber per patient for temporal bone.

CTDIvol for head was done more often than for any other ana-

tomical sites and increased with increasing age of patients. CTDI-

vol of chest and abdomen remained unchanged between ages

less than 10 years old, but abruptly increased at ages >10 by 2-

fold. CTDIvol for cardiac CT was 2 - 3 times larger than chest CT

in every age group. As for the reason why CTDIvol value is high,

unlike usual chest CT scan, cardiac CT is performed with larger

scan times for contrast enhancement of the blood vessel. Age de-

pendent increase in CTDIvol value was the most evident for car-

diac CT. CTDIvol of temporal bone CT was constant throughout

age examined. Age dependence of DLP showed the similar ten-

dency as CTDIvol.

Effective dose (ED) calculated with anthropomorphic phantom

and FGD for head decreased with age. It ranged from 1.5-3.1

mSv, which depends on the use of tissue weighting factors of

ICRP 60 or ICRP 103. EDs for chest CT increased with age.

They were 2.1-3.7 mSv. EDs for abdomen were similar among

different age groups. They ranged 4.0-5.1 mSv. Generally, ED cal-

culated using tissue-weighting factors from ICRP 103 was higher

than that from ICRP 60. ED estimated by monte carlo simulation

by 0.8-fold to 1.3-fold from ED caiculated by FGD depending on

the examination site.

There are several limitations in our study. First, our study popu-

lation consisted of pediatric patients from single hospital, and our

finding might not represent the actual pediatric CT radiation expo-

sure among more hospitals, especially general hospitals. This is

because the children’s hospital has competent staffs specializing

in children. Only 43% of the installed CT systems in the USA ad-

just the CT protocol for children resulting in unnecessary high ra-

diation exposure. Thus, more hospitals should be encouraged to

participate in the national dose survey. Owing to the rapid evolu-

tion of CT technology, CT radiation dosage protocol needs to be

resurveyed to create an up-to-date DRL every 2 to 3 years.

In conclusion, this dose survey for pediatric CT found most of

the CTDIvol and DLP in head, chest and abdomen were either

similar or still below the DRLs recently published from six coun-

tries. Further studies are required, including more participating

hospitals and efforts by academic bodies, in order to establish a

national DRL to standardize the pediatric protocol in Japan.

Fig.2 1 year-old anthropomorphic phantom dosimetry sytem
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The second term NIRS International Open Laboratory (IOL) was

started in April 2011 with four new units and its term was com-

pleted in March 2014 after three years of active international col-

laborative research activities. Dr. Makoto Akashi was named Di-

rector of the second term IOL and the operation was assisted by

two Vice Directors (three in the third year). Recently an article re-

garding the second term IOL was published in the special issue

of Journal of Radiation Research (Okayasu R. J. Radiat. Res. 55: i

68-i69, 2014.), and we encourage readers to see this article to

learn more about this exciting program. Since 2013-2014 is the fi-

nal year for the second term IOL, we had international peer re-

views on the progress and accomplishments of all four units. Eight

international experts in the field of radiation sciences were chosen

to review four units and the reviews were performed by correspon-

dence at the end of 2013. IOL units received seven “Excellent (S)”

grades and one “Very Good grade (A)”, indicating that the sec-

ond term IOL was evaluated with extreme enthusiasm. Moreover,

many reviewers recommended IOL be continued if the funds are

available.

We also had the final report meeting for the second term IOL on

the 29th of January 2014 at NIRS. All of IOL’s five Distinguished

Scientists (DSs) participated as well as many attendees from in-

Fig.1 NIRS second term IOL final report meeting on January 29, 2014.
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side and outside of NIRS. In this final meeting, four unit leaders

presented their valuable research accomplishments and the five

DSs also shared their recent findings, mainly those that resulted

from IOL collaborations. We had very useful and in depth discus-

sions on various subjects which were initiated through the IOL

program. We have received many positive comments for the

meeting and a substantial number of people outside of NIRS sug-

gested that the IOL program be continued. A photo taken during

this final meeting is shown in Fig.1.

In order to summarize what we have performed during the sec-

ond three year term, we have published a small report describing

research activities from four second term IOL units. In this publi-

cation, detailed descriptions of research accomplishment from

each unit are given as well as information on international visitors

through the IOL program, publications (peer-reviewed and oth-

ers), meeting presentations, and external grant funding, etc. In

addition this publication provides the results of international peer

reviews with actual comments from the reviewers as well as post-

ers from four large IOL meetings since 2011. We also have spon-

sored an international exchange activity within NIRS called “Fri-

day Afternoon Get-together” almost every month, and some infor-

mation on this gathering is also given in this publication. Fig.2

shows the cover of this small book on the final report of the sec-

ond term IOL.

In conclusion, the NIRS IOL has significantly contributed to the

advancement of international collaborations and exchanges, and

the continuation of a similar international research program is de-

sirable to advance research accomplishments within the Institute

and beyond.

Fig.2 Cover of NIRS IOL Second Term Final Report
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The Radiation Response Model Unit aims at understanding the

biological response in fractionated C-ion RT as well as to explain

the splendid clinical efficacy of C-ion. Working with the world-

famous medical physicist Prof. Brahme and his laboratory in the

Karolinska Institutet, the Unit carried out research activities for 2

terms, representing a total of 6 years. In the second term, which

included FY2013 we focused on the following themes:
● Consideration of biologically optimized ion RT and the Repair-

able Conditionally Repairable (RCR) model
● Cell survival response of normal tissue to fractionated irradia-

tion
● Repair kinetics to be implemented into the biological model

used in ongoing C-ion RT
● Cell survival response of malignant tumor cells (GBM)

Some details are shown below.

Cell survival response to fractionated irradiation [1]
Radiation therapy is usually carried out on a fractionated irra-

diation basis to avoid serious side effects. C-ion RT is no excep-

tion; however, due to its superior dose localization to the tumor,

hypofractionation is considered to be feasible. In fractionated

therapeutic irradiation strategies, repair is thought to be com-

pleted before the subsequent irradiation. In other words, the dose

response is considered to be identical among irradiations. In or-

der to understand the response, we carried out an in vitro frac-

tionated irradiation experiment with carbon ion beams that mim-

icked the clinical schedule with human cells. Two human normal

cell lines, NB1RGB (normal human skin fibroblast cell line) and

HFL-I (normal embryonic lung fibroblast cell line) were chosen

and irradiated with C-290 MeV/n beam. The cells were irradiated

at two different irradiation depths where the dose-averaged LET

was approximately 13 and 75 keV/μm, respectively. The cells

were almost 100% confluent by the first day of irradiation. For the

fractionations, doses of 0.15-5.5 Gy were delivered to each cell

flask placed at the isocenter for the single-, two-, three-, or four-

dose fractionated irradiation over a 24-h interval. For the delayed

assay, the cells were incubated for 24 h post-irradiation to deter-

mine cell survival as a function of the delayed plating time. A

delayed-assay experiment was also conducted with the cells in

order to reveal the extent of damage repair. These experiments

were carried out also with X-rays as a reference for the carbon

beam. The results were analyzed by integrating the damage re-

pair process into the linear-quadratic (LQ) model as shown below:���������	
��

� ���

������ ��
Here, n is the number of irradiations, d is the fraction size [Gy], γ
reflects the extent of PLDR (potentially-lethal damage repair) and�����corresponds to the accumulation of SLD(sub-lethal dam-

age).

Through the fractionated-irradiation experiment, we found that

the cell survival in the fractionated irradiation cannot be explained

as a simple repeat of a single irradiation, i.e., the additional PLDR

and SLDR factors as shown above are necessary to reproduce

the data by the LQ model. Table 1 summarizes the SLDR and

PLDR parameters. Concerning the SLDR, the SLD was com-

pletely repaired for X-rays, but about 30% of the SLDs were left

unrepaired following exposure to 75 keV/μm carbon ions. The γ
values derived by best fits were almost identical with those de-
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Table 1 PLDR and SLDR indexes (γ and θ) of NB1RGB and HFL-I cells for
X-ray or carbon beams

α [Gy-1] β [Gy-1] γ θ

NB1RGB X-ray 0.59±0.17 0.05±0.02 0.46±0.00 0.09±0.06
Carbon

13 keV/μm
0.43±0.05 0.01±0.01 0.67±0.05 0.00±0.00

Carbon
75 keV/μm

1.32±0.04 <0.001 0.79±0.06 0.30±0.02

HFL-I X-ray 0.43±0.14 0.06±0.02 0.47±0.04 <0.001
Carbon

13 keV/μm
0.68±0.07 0.03±0.02 0.36±0.09 0.12±0.14

Carbon
13 keV/μm

1.21±0.04 <0.001 0.93±0.06 0.34±0.13
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rived from the delayed assay except for the HFL-I for 13 keV/μm.

In this study, the cross term between the PLDR and SLDR was not

taken into consideration, which likely caused the discrepancy.

The other possibility is that the repair capacity could change over

time during fractionated irradiation, while we assumed a fixed re-

pair capacity.

Consideration of repair kinetics in therapeutic model [2]
In the previous study, we assumed that PLDR and SLDR were

constant as a function of time. Successively we investigated the

kinetics of the repair. Concerning the biological model for C-ion

RT, a pragmatic model has been originally developed and used,

and recently the microdosimetric kinetic model (MKM) has been

introduced. The models have been integrated into the treatment

planning systems and successfully used in patient treatments. In

this study we tried to integrate the repair kinetics into the MKM.

In the MKM, the surviving fraction of cells can be predicted from

the dose absorbed by a subcellular structure referred to as a ‘‘do-

main’’ for any kind of radiation. When a population of cells is ex-

posed to ionizing radiation of a macroscopically measured dose

D, the dose absorbed by any individual domain, the specific en-

ergy z, is a random variable that varies from domain to domain

throughout the population of cells. The average of z over the en-

tire population of cells equals D. Ionizing radiation is assumed to

cause two types of primary lesion, type I and II lesions, in the do-

main. Each type of lesion is created with a probability proportional

to the specific energy z. A type I lesion is always lethal to the cell

containing the domain, assuming that it corresponds to a clus-

tered DNA damage that is difficult to repair and induces chromo-

some aberrations. A type II lesion may undergo one of four trans-

formations: (1) spontaneous conversion to a lethal unrepairable

lesion; (2) pairwise combination with another type II lesion in the

same domain to form a lethal unrepairable lesion; (3) spontane-

ous repair; or (4) persistence for a certain length of time, before

becoming lethal. In order to derive the rate constant of each path-

way, we performed split-dose experiments at HIMAC. Human sali-

vary gland (HSG) tumor cells were used for the experiments. This

is a reference cell line in our RBE definition showing a typical tu-

mor response among a variety of biological species. The flasks

containing the HSG cells were irradiated with the 290 MeV/n mono

-energetic carbon beam at the scanning port. The flasks were ex-

posed to two equal doses of the carbon beam of 2.5 Gy sepa-

rated by adjusting the time interval from 0 to 9 h.

With the parameters derived through the experiment, we made

treatment plans for a patient with prostate cancer, with a single

field from the right side of the patient. The biological doses of

2.65, 4.35 and 6.86 Gy (RBE) were prescribed to the target. In our

standard prescription for prostate cancer, the fractional dose of

2.65 Gy (RBE) is delivered for 16 fractions. The prescribed dose

of 4.35 Gy (RBE) for 8 fractions and 6.86 Gy (RBE) for 4 fractions

were chosen to give the same biologically equivalent dose of 2.65

Gy (RBE) for 16 fractions. The structure of the patient was numeri-

cally modeled with voxels of size Dx=Dy=Dz=2.0 mm. The Bragg

peak positions of the pencil beam were arranged on regular grids

of 2 mm spacing in the x and y directions on the layers of equal

depths of 2 mm water-equivalent length (mmWEL), which covers

the target volume with adequate margins for lateral and distal

dose falloffs. The number of carbon ions required for each posi-

tion was determined by the optimization algorithm of the treatment

planning system. It should be noted here that the aim of this study

was not to show the general conclusions specific for a prostate-

cancer case, but to investigate the effects of dose-delivery time

structure on biological effectiveness against the planning condi-

tion for typical tumors using the response of our standard HSG

cells.

An example of the planned and recalculated equivalent acute

dose distributions, with the interruption times of 0, 3 and 30 min, is

shown as Fig.1. When the dose delivery was interrupted, the bio-

logical effectiveness can be reduced compared to the plan. The

reduction will be less than 2.0% for s shorter than 5 min. However,

if the interruption is prolonged to 20 min or more, the biological ef-

fectiveness can be influenced significantly.

These outcomes will contribute to realize further optimized ion

RT in the future.

Fig.1 The equivalent acute dose distribution in a prostate-cancer patient

with the interruption times of: (a) 0 min, i.e. the planned distribution;

(b) 3 min; and (c) 30 min. The prescribed dose of the plan was 2.65

Gy (RBE).

References

[1] Wada M, Suzuki M, Liu C, et al.: Modeling the biological response of nor-

mal human cells, including repair processes, to fractionated carbon beam

irradiation, J Radiat Res 54, 798-807, 2013.

[2] Inaniwa T, Suzuki M, Furukawa T, et al.: Effects of dose-delivery time struc-

ture on biological effectiveness for therapeutic carbon-ion beams evalu-

ated with Microdosimetric Kinetic Model, Rad Res 180, 44-59, 2013.

InternationalOpen
Laboratory

atNIRS
(Second

Term
)

National Institute of Radiological Sciences Annual Report 2013 105



Introduction
Clinical ion-beam therapy has started with carbon ions in 1996

at HIMAC-NIRS. Prior to clinical therapy, we had performed radio-

biological studies, especially focused on relative biological effec-

tiveness (RBE) and oxygen enhancement ratio (OER) to estimate

suitable dose distribution in the SOBP that will be applied for pa-

tients. The OER is believed to have a three-fold effect on the dose,

and it depends both on the partial oxygen concentration (pO2)

and linear energy transfer (LET)(Fig.1). However it was neglected

and not taken into account in the dose design of the treatment

beam, because it was not realistic to know the distribution of the

actual pO2 in a patient’s tumor at that time. The hypoxic fractions

in a tumor consist of both chronic- and acute- areas, and they

changes dynamically resulting from an imbalance between oxy-

gen supply and consumption. As a tumor grows, it rapidly out-

grows its blood supply, leaving portions of the tumor with regions

where the oxygen concentration is lower than in normal tissues.

Recently, functional-imaging-techniques have been making

rapid advances in NIRS and worldwide, and it will be possible to

know the distribution of pO2 in a tumor in the near future.

OER is still the most important factor even in heavy ion radio

therapy, however there are no biological data concerning how

OER values change with the pO2 in a tumor with respect to high-

LET radiations.

The Particle Beam Quality Research Unit (Fig.2) has estab-

lished in the International Open Laboratory in 2011 following es-

tablishment of the other 3 units in 2008, in collaboration with Dr.

Marco Durante (Director of the Biophysics Department of the GSI

Helmholtz Center, Darmstadt, Germany, and President of the In-

ternational Association of Radiation Research (IARR)). GSI is act-

ing as a pioneer in Europe for ion-beam radiotherapy just as NIRS

acts in Japan. A kick-off meeting was held in Darmstadt in Sep-

tember 2011 to discuss details of a new research project with the

unit in NIRS. We decided to focus on OER and LET at different

pO2 conditions in cells. We invited Dr. Walter Tinganelli to perform

biological experiments at HIMAC, NIRS and to started research

with other staff members in NIRS and GSI.

Fig.2 Kick off meeting of the unit at Darmstadt University of
Technology, Darmstadt, Germany in September 2011. Dr.
Y. Matsumoto, Dr. R. Hirayama, Dr. S. Fukuda (from the left
to right of the 1st row). Dr. M. Durante (wearing a hat in the
center), Dr. W. Tinganelli (on the far left in the 2nd row), and
other staffs in GSI.

Fig.1 Expected Oxygen Enhancement Ratio (OER) and partial oxygen

concentration (pO2) to ion beams at different Linear Energy Transfer

(LET).
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Experimental
Glass petri dishes with 200,000 CHO cells (Chinese hamster

ovary) were kept in different hypoxic gas conditions and irradiated

through a thin copper and aluminum window (Fig.3). Several oxy-

gen concentrations have been adopted for the present project.

Mixing three different gases: carbon dioxide, nitrogen and air (as

oxygen), we can obtain the required oxygen concentrations: 1)

anoxic condition (～0% oxygen), 2) hypoxic condition (0.5%,

0.15, and 2% oxygen), and 3) oxic condition (95 % air). The sam-

ples were irradiated with different ions and LETs (13, 30, 50, 60,

70, 100,～150, and 300 keV/μm) at HIMAC-NIRS and SIS-GSI ac-

celerator facilities or X-ray generators. After irradiations, colony

formation assays were performed in ambient air.

It is believed that relative sensitivity of one at the anoxic condi-

tion (0% pO2) increases with increase of pO2 quickly to become

two at the 0.5% pO2 hypoxic condition, and reaches a saturated

level of 3 at several tens of percent [1] for low-LET photons. This

might be the same for high-LET radiations such as particle

beams, but we do not have actual biological experimental data,

so we performed OER experiments with cultured cells at different

hypoxic conditions to high-LET radiations. The results showed a

reasonable agreement with the prediction model and with the pre-

vious data from GSI, especially in the slope region as shown in

Fig.4. The higher OER value found for the very high LET is due to

fragmentation of the large ions, since we used the HIMAC-NIRS

passive beam experimental room.

The results will be used for the implementation of adaptive treat-

ment planning [4,5] in TRiP98. This experimental OER distribution

with LET and pO2 may also be applicable for dose/LET-painting in

a patient’s tumor as well as RBE when an improved functional mo-

lecular image gives a distribution of oxygen concentration in the

tumor.

Fig.3 Irradiation chamber made by metals with thin window. CHO cells grown on the grass dishes were set in the

chamber and 92-95% N2, 5% CO2 and 0, 0.15, 0.5, or 2.0 % O2 mixed-gas was flow prior to 0.5-1.0 hour irra-

diation. Heavy ion beams were exposed to the cells at different LET and different dose through the window [2].

Fig.4 Oxygen enhancement ratio (OER) at 10% survival level versus linear energy transfer (LET) of heavy

ion beams at different partial oxygen concentrations pO2 (values in percent) in CHO cells [2,3].
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Objectives
● To perform clinical research for clarifying usefulness of carbon

ion therapy in order to establish new treatments for radioresis-

tant tumors and to standardize the treatments for common can-

cers.
● To perform clinical research on utilization of the advanced tech-

nique of high-speed spot scanning irradiation of carbon ion

beam in the routine treatment for head & neck or pelvic tumors.
● To investigate the benefits of improving accuracy of imaging

modalities, such as PET, MRI, and CT scan for carbon ion ther-

apy.
● To investigate the possibility of prediction or evaluation of effec-

tiveness of carbon ion therapy using novel information from im-

aging modalities.
● To develop and regulate a comprehensive database on radio-

therapy, mainly carbon ion therapy in consideration of achiev-

ing evidence-based medicine. Additionally, to propose a na-

tional database available for multi-institutional research on parti-

cle therapy carried out at domestic and foreign institutions.

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

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

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

search Team, and Clinical Database Research Team. All the

teams are performing research and development on charged par-

ticle therapy. Progress of research in each team is summarized

below.

1) Clinical Trial Research Team

As of March 2014, a total of 8,227 patients have been treated

with carbon ion beams at our institute (Fig.1). Carbon ion radio-

therapy of these patients was carried out as more than 60 different

phase I/II or phase II clinical trials or advanced medicine.

Eight hundred and eighty-eight patients were treated as new

patients from April 2013 to March 2014. This number is a new re-

cord for NIRS and about a 10% increase compared to the last

year.

Fig.2 summarizes the numbers of patients for each tumor site.

Prostate, lung, head & neck, bone & soft tissue, and liver tumors

are the leading 5 tumors in the trials and recently the number of

pancreatic tumor patients has increased rapidly.

Scanning irradiation became available for the routine treatment

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

than 300 patients could be safely and efficiently treated with scan-

ning irradiation at the New Treatment Research Facility.

Clinical trials for pancreas, esophagus, uterus, and kidney can-

cer are being conducted and patient enrollment has progressed.

As an advancement of hypofractionated carbon ion therapy, the

single session treatment for lung cancer and 12-fraction treatment

for prostate cancer could be established and their applications as

advanced medicine were started.

As a result of the clinical research done so far, it has been re-

vealed that carbon ion radiotherapy provides a definite local con-

trol and offers a survival advantage without unacceptable morbid-

ity in a variety of tumors that were hard to cure with other modali-

ties. In addition, it was possible to implement hypofractionated ra-

diotherapy using carbon ion beams, with application of larger

doses per fraction and a reduction of overall treatment times as

compared to conventional photon radiotherapy.

2) Applied PET Research Team

In the last year, this team completed modification of the PET

respiratory gating system for detecting the respiratory signals at

the end of the expiratory phase just as it is being achieved in the

system of gated irradiation for heavy-ion radiotherapy. With this

modification, it became possible to fuse the respiratory gating

PET images with CT images for treatment planning taken in syn-

chronization with the respiratory motion.

This year, some phantom experiments were done to confirm

performance of the new respiratory gating system. Results of the
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phantom experiments confirmed that the new respiratory gating

system was able to detect the end of the expiratory phase and

that the PET images obtained using this new respiratory gating

system were better than those obtained using the conventional

system.

3) Applied MRI Research Team

To provide quantitative diagnostic information for heavy

charged particle therapy, several MR methods have been applied

to clinical diagnosis. Advanced water diffusion monitoring in a tu-

mor was performed using multi-level diffusion weighted MRI. The

sequences for MR elastography were refined for world-wide deliv-

ery as an NIRS-made basic program (collaborative study with Sie-

mens). MR and ultrasonic elastography in normal subjects were

performed to obtain basic information for a combined clinical trial.

4) Clinical Database Research Team

It is strongly required to conduct multi-institutional clinical trials

for standardizing carbon ion therapy in various tumor entities.

Four running carbon therapy facilities in Japan, NIRS, HIBMC

(Hyogo), GHMC (Gunma), and HIMAT (Saga) organized a coop-

erative study group to collaborate for this purpose. It is essential

to prepare a dedicated database system to perform multi-

institutional trials and to play a leading role in future trials. Thus, a

database system was developed that can store integrated infor-

mation on the patients treated at all the institutions of this study

group. The data includes pretreatment information, treatment

data, and outcome information. In addition, a conversion tool was

developed that can unify the different ways of recording the medi-

cal information of each institution. For example, institution A uses

“M” and institution B uses “0” to represent “male” on their data-

base. The tool converts such differences of descriptions to the

standardized description on our database.

Fig.1 The yearly number of patients treated with carbon ion beams at NIRS.

Fig.2 The number of patients for each tumor site treated with carbon ion

beams.
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Introduction
Alzheimer’s disease (AD) is characterized by formation of both

senile plaques containing amyloid beta peptide (Aβ) derived from

amyloid precursor protein (APP) and neurofibrillary tangles con-

taining hyperphosphorylated tau protein (p-tau) in the brain that

lead to progressive neuronal degeneration and death. Despite the

fact that AD was identified more than 100 years ago, its cause re-

mains elusive. There is mounting evidence, however, describing

the effects of ionizing radiation (IR) on the brain, suggesting that

exposure to IR is susceptible to ultimately favoring AD [1]. A re-

cent study in mice reported early transcriptional response in the

brain to low-dose (100 mGy) sparsely ionizing (low linear energy

transfer (LET)) X-rays suggesting alterations of molecular net-

works and pathways associated with cognitive functions, ad-

vanced aging and AD. The possible cognitive and behavioral

consequences induced by low-dose radiation are of great con-

cern as humans are exposed to ionizing radiations from various

sources including medical diagnosis. Although radiation therapy

is an important tool in the treatment of primary and metastatic

brain tumors, it is also responsible for various adverse neurologi-

cal effects such as cognitive dysfunction and dementia. The pre-

sent study was to investigate both the acute transcriptional altera-

tion as well as the late pathological, cognitive and behavioral con-

sequences induced by low-dose total body radiation (TBI).

Materials and Methods
Eight-week-old female mice of the C57BL/6J Jms strain were

purchased from SLC, Inc. (Japan). The mice were maintained in a

clean conventional animal facility under a 12-h light/12-h dark

photoperiod. They were housed in autoclaved cages with steril-

ized wood chips and allowed free access to standard laboratory

chow (MB-1, Funabashi Farm Co., Japan) and acidified water (pH

= 3.0± 0.2) ad libitum. The mice were acclimatized to the labora-

tory conditions for 2 weeks as an adaptation period before use.

As positive controls for detection of characteristic AD pathologies,

two established AD mouse models were employed to ensure ap-

propriateness of examination in the present study: transgenic Tg

2576 mice (Taconic Farms, Inc. USA) overexpressing human APP

and PS19 mice overexpressing human tau. They were used as

positive controls for detection of amyloid-related and tau-related

pathologies, respectively. All experimental protocols involving

mice were reviewed and approved by The Institutional Animal

Care and Use Committee of NIRS. The experiments were per-

formed in strict accordance with the NIRS Guidelines for the Care

and Use of Laboratory Animals.

X-rays were generated with an X-ray machine (Pantak-320S,

Shimadzu, Japan) operated at 200 kVp and 20 mA, using a 0.50-

mm Al + 0.50-mm Cu filter. For high-LET heavy-ion irradiations, a

monoenergetic ion beam of carbon particles was generated and

accelerated by a synchrotron (a cyclic particle accelerator with its

guiding magnetic field synchronized to the particle beam), the HI-

MAC, at NIRS. The beam energy was 290 MeV/nucleon corre-

sponding to an average LET value of about 15 keV/μm. Ten-week-

old C57BL/6J mice were total-body irradiated with an acute dose

from X-rays (100 mGy) or carbon ions (50 or 100 mGy). The hip-

pocampus was collected 4 hours and 1 year after irradiation and

the expression of 84 AD-related genes was analyzed. Morris

water maze test was applied to the measurement of the learning

ability and memory of the animals. Amyloid imaging with PET was

performed to detect the accumulation of fibrillary Aβ, and charac-

teristic pathologies of AD were examined with immunohistochemi-

cal staining of APP, Aβ, tau, and p-tau. Statistical evaluation of the

other data was carried out with the χ2 test and Student t-test, as

appropriate. Statistical significance was assigned to a value of P

of <0.05.

Results
For the transcriptional studies on 84 AD-related genes after TBI,

results (Table 1) on 100 mGy X-rays showed that only 1 gene was

significantly down-regulated at 4 hours and two genes were down

-regulated at 1 year; results on carbon ions showed that 3 genes
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were markedly up-regulated at 4 hours after TBI with 50 mGy, 1

gene was up-regulated and 3 genes were down-regulated at 4

hours after TBI with 100 mGy, while only 1 gene was significantly

down-regulated at 1 year after TBI with 100 mGy. On the other

hand, for X-rays and carbon ions, PET imaging (Fig.1) and immu-

nohistochemical staining showed no change in the accumulation

of fibrillar amyloid and the expressions of APP, Aβ, tau, and phos-

phorylated tau were detectable in the animals 4 months and 2

years after TBI; the behavioral studies showed no significant dif-

ference on learning ability (Fig.2) and memory at 1 year and 2

years after TBI [2, 3].

Conclusion and Discussion
This study complements previously reported work examining

the acute transcriptional response of mouse brain to 100 mGy X-

irradiations by providing further insight into the late consequences

of both X-rays and carbon ions using a battery of examinations at

transcriptional, behavioral and pathological levels. These findings

suggest that TBI at a dose of 100 mGy could mainly induce early

acute transcriptional alterations in some AD-related genes at 4

hours, and these transcriptional alterations did not appear to

cause any significant changes regarding late impairment in spa-

tial learning and memory at 1 and 2 years after irradiations, and

did not seem to have any impact on induction of AD-like patho-

genesis in the brains at 4 months and 2 years after irradiations.

From a clinical point of view, these findings do not explore human

health concerns that are generally implied following medical diag-

nostic exposure to IR and that exposure to low doses such as

those found in the penumbra of the field are unlikely to result in

AD. These findings indicate that radiation-induced changes in the

expression of genes associated with AD are not necessarily pre-

dictors of the emergence of AD. The present work suggests that it

is critical to perform more thorough studies on the late effects us-

ing such as pathological and behavioral parameters rather than

just assuming that a change in gene expression means that AD

would develop.

Fig.1 In vivo detection of Aβ in mice after TBI. PET images were gener-

ated by averaging dynamic scan data at 30-60 minutes after ad-

ministration of 11C-PIB and overlaid on the MRI template. Photos

represent coronal images containing hippocamus and cerebellum

regions at 2 and 6.5 mm posterior to the bregma, respectively. Im-

ages of positive control mouse (Tg2576) are shown in the upper

panels.

Fig.2 Test for acquisition of spatial memory of mice after TBI. Behavioral

test with the Morris water maze was performed for the animals at a

postnatal age of 2 years. No differences were found in irradiated

animals compared with those of the unirradiated control.
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Table 1 Transcriptional alteration in the expression of AD-related genes in
hippocampi in mice after TBI

Radiation
Time after

Irradiations
Dose Gene

Transcriptional Alterations

Ratio to Control SE P

X-rays

4 hours 100 mGy Apbb1 0.879 0.025 **

Lrp1 0.845 0.032 *
1 year 100 mGy ll1α 0.818 0.375 *

Carbon

4 hours 50 mGy Abcα1 1.222 0.011 *
Casp3 1.110 0.003 *
Chat 2.714 0.622 *

4 hours 100 mGy Apoe 0.929 0.006 *
Chat 2.715 0.622 *
Ctsd 0.908 0.024 *
ll1α 0.621 0.085 *

1 year 100 mGy ll1α 0.932 0.024 *

Mice were exposed to TBI and the transcriptional alteration in the expres-
sion of AD-related genes in hippocampi was studied at 4 hours and 1 year
after TBI. * P <0.05, ** P <0.01
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After the TEPCO Fukushima Daiichi Nuclear Power Plant acci-

dent, all of the phone lines within NIRS were overwhelmed with in-

quiries from the general public, local government authorities, the

media, etc. On 13 March 2011, NIRS researchers opened a dedi-

cated telephone consultation line for the public (non-experts) in

order to hear their various questions and worries about radiation

exposure and to provide expert knowledge and evidence-based

advice. This report is a tabulation of the contents of consultation

calls made to the NIRS telephone consultation for the general

public from 15 March 2011 to 31 March 2012. At present, this pro-

ject is ongoing; this report is a collection of consultations from the

year immediately following the accident. Readers may refer to the

following site for details.

http://www.nirs.go.jp/publication/irregular/pdf/nirs_m_265en.pdf

Consultants took notes during the phone consultations. Notes

from 17,017 calls were amassed in the year following the acci-

dent. If data such as date/time of consultation, consultation

length, attributes of the caller (gender, residence at the time of the

accident and residence when calling) or details of the consulta-

tion topic were included in a note, only this information was tran-

scribed and tabulated before the notes were disposed of.

Consultation topics were categorized as below.
Exposure from the environment (12 topics)

(e.g., air, rain, river, ocean, dirt, yard, hotspot)

Radiation measurements and assessments (9 topics)

(e.g., external / internal exposure, natural / accidental radiation)

Decontamination and protection from exposure (9 topics)

(e.g., evacuation, ventilation, agents, laundry, bathing)

Food / water (4 topics)

Various activities (3 topics)

(e.g., hobbies / sports, agriculture, industry)

Specific people (4 topics)

(e.g., children, evacuees, patients)

Other consultations (3 topics)

Not consultations (6 topics)

The results are listed below:

(1) Over 5,000 consultations were received in the 17-day period in

March 2011, but the number of consultations began to de-

crease in April (Fig.1). Mean time length per call in the year fol-

lowing the accident was 14.6 min.

(2) Female callers accounted for 60%-70% of the calls, and there

was not much variation in gender proportions in the year after

the disaster.

(3) Fig.2 shows ratios of consultations classified by residence

area at the time of the accident. The percentage of the third

category (Tokyo, Kanagawa, Yamanashi, Nagano and Niigata)

showed decrease decreasing tendency.

Fig.1 Changes in consultation number over one year
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(4) In the year from March 2011 to March 2012, the following four

consultation topics were most common:
● Past exposure in areas outside the Fukushima power plants

vicinity
● Children (pregnancy, childcare, school, etc.)
● Overall eating habits
● Consultations related to food and drink other than fish and

water

(5) Time length of consultation for each consultation topic was

tabulated. Those that were longer or shorter than the mean

length (14.6 min) are listed in Table 1. For situations such as

someone wanting to have an examination done or where an-

swers were clear as to what was being asked, consultations

tended to be shorter.

(6) Frequencies of consultations for changes in physical condi-

tions for different residences at the time of the disaster were

tabulated (Table 2). Although frequency decreased as the resi-

dence distance at the time of the accident from the Fukushima

Daiichi Power Plant increased, the difference was small.

Fig.2 Consultation ratios for residences at the time of the accident

Table 1 Consultation conversation lengths for each consultation topic

Consultation topic Mean(min)

Comparisons with atom bombs, Chernobyl 23.9
Contamination status of hotspots 20.8
Home decontamination methods 19.6
Demands/complaints for government, research

institutes, etc.
19.0

Questions regarding radiation regulations and
restrictions

18.3

Changes in physical condition 17.1

Mean length of all consultations 14.6

Want assessment of external exposure dose 12.2
Want an internal exposure examination 10.8
Want a different examination 9.3

Table 2 Number of consultations about changes in physical conditions by
residence at the time of the accident

(i) Fukushima

(ii) Iwate,
Miyagi, Ibaraki,
Tochigi, Gunma,
Saitama, Chiba

(iii)Tokyo,
Kanagawa,
Yamanashi,
Nagano, Niigata

(iv) Other
areas or
countries

6.0% 5.7% 5.0% 4.8%
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The needs for an imaging device that visualizes radioactive

contamination have been considerably increased in Japan be-

cause of the Fukushima Daiichi Nuclear Power Station (FDNPS)

accident in March 2011, which released large amounts of radio-

active materials and contaminated the region around the FDNPS.

Such an imaging device is expected to assist workers engaging

in decontamination and nuclear reactor decommissioning tasks. If

the distribution of radioactive contamination can be immediately

and visually confirmed by an imaging device, the efficiency of de-

contamination work will be enhanced and the workers will be able

to avoid unexpected exposure.

One of the candidates for the imaging device is a gamma cam-

era (GC). It can visualize the distribution of radioactive contamina-

tion by detecting gamma-rays on the basis of a pinhole camera

technique. Cs-137 is one of the most important radionuclides that

contribute to the radiation dose rate in the region around the

FDNPS and it emits gamma-rays with an energy of 662 keV

(Fig.1); so the contamination by Cs-137 could be visualized by a

GC.

In order to take an image of radioactive contamination by a GC,

the GC has to measure each arrival direction of the gamma-rays

from radiation sources to the GC, since to visualize something by

gamma-rays is to know the gamma-ray flux variation dependent

on arrival directions within the GC’s field of view. For that purpose,

a GC consists of a two-dimensional (2D) sensor array and a thick

lead container with a pinhole in front of the array (Fig.2a). The

container works as a shield for gamma-rays and limits the arrival

direction of the gamma-rays. Only gamma-rays that enter from the

pinhole are detected. In this condition, the arrival direction of a

gamma-ray can be uniquely determined as the direction along the

line connecting the pinhole position to the point on the 2D sensor

array where the gamma-ray is detected. A GC is based on this

pinhole camera technique.

The disadvantage of GCs, however, is that their weight is typi-

cally around 20 kg and therefore too heavy for a person to carry

around because of the thick lead container to shield gamma-rays

from environment. It would be difficult to use a heavy GC for prac-

tical decontamination and nuclear reactor decommission tasks.

Therefore, we decided to develop a new imaging device that is

lightweight, low-cost and has high sensitivity.

We took note of the fact that Cs-137 emits not only gamma-rays

but also characteristic X-rays with an energy of 32 keV (Fig.1) and

decided to use X-ray detection instead of gamma-ray detection.

The characteristic X-ray camera (CXRC) is also a kind of a pinhole

camera but it is optimized to detect 32 keV X-rays from Cs-137 in-

stead of 662 keV gamma-rays. The energy of the characteristic X-

rays is about 20 times lower than that of gamma-rays and then it

can be easily shielded by a thin stainless steel plate. As a result,

the thickness and the weight of the CXRC container can be con-

siderably reduced in comparison with that of a GC as illustrated in

Fig.2b [1].

We have developed a proto-type CXRC (Fig.3) that is based on

the pinhole camera technique [2,3]. As a 2D X-ray sensor, an ar-

Fig.1 The kinds of radiation from Cs-137. Gamma-rays, characteristic

X-rays, beta-rays and internal conversion electrons are emitted.
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ray of modules each of which consists of a CsI(Tl) scintillator cou-

pled to a photomultiplier is employed. The 2D X-ray sensor array

is fixed in a container made of thin metal. The weight of the proto-

type CXRC is 6.6 kg and the size is 225× 175× 242 mm. The X-

ray image measured by the CXRC can be superimposed on a vis-

ible image taken by a small camera installed on the front side of

the CXRC.

To test the sensitivity of the CXRC, a standard source of Cs-137

with a radioactivity of 1 MBq was set on the floor of a laboratory at

a distance of 1.3 m from the CXRC and it was visualized. As a ref-

erence for background level, we measured ambient dose equiva-

lent rate with a survey meter and the dose rates with and without

setting the Cs-137 source were 0.12 and 0.07 μSv/h at the CXRC

position, respectively. In other words, this test was made under

the condition that the signal from the Cs-137 was almost compa-

rable to the background. An image obtained by the CXRC is

shown in Fig.4 when the CXRC was exposed for 5 s. We suc-

ceeded in visualizing the source within a very short time. The

camera has sufficient sensitivity to find radioactive sources in a

laboratory.

In order to apply this CXRC technique to the actual decontami-

nation and nuclear reactor decommission tasks in the region

around the FDNPS, we have continued to improve the perform-

ance of the CXRC. Another result of the measurement by the pro-

totype CXRC when it was used to visualize a real contamination

spot due to the FDNPS accident can be found in [3].

In addition, we have tried to reduce the weight of the CXRC pro-

totype further. The weight of the prototype CXRC is currently de-

termined by that of the container that includes the bulky photom-

ultipliers. If the volume of the 2D sensor array is reduced, the

weight of the CXRC will be considerably decreased and will be 1

to 2 kg. We expect that the 2D X-ray sensor array of CsI(Tl)s and

photomultipliers can be replaced by semiconductors. We have

finished fabricating an CXRC prototype that employs a semicon-

ductor sensor array. Results obtained with this prototype will be

presented in the near future.

Fig.2 Schematic drawings of a gamma camera and a characteristic X-ray camera, both based on a pinhole technique. a) Gamma camera - The 2D sensor

array is surrounded by a container for shielding radiation. The thickness of the container wall is typically more than 10 mm. b) Characteristic X-ray

camera - The thicknesses of the 2D sensor and the container wall can be reduced in comparison with those of gamma cameras. Most of the gamma-

rays penetrate the characteristic X-ray camera body.

Fig.3 The prototype characteristic X-ray camera Fig.4 The standard source of Cs-137 is visualized by the characteristic X-

ray camera. The source was put on the floor of a laboratory (left bot-

tom in this photo). The X-ray image (color contour) is superimposed

on the visible image. The color contour indicates probability of pres-

ence of Cs-137.
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NIRS was designated as a World Health Organization Collabo-

rating Centre (hereafter referred to as “WHO-CC”) on 2 Septem-

ber 2013. WHO-CC is a network consisting of highly regarded

academic and scientific institutions worldwide designated by the

WHO Director General that works together with WHO in order to

implement its various programmes such as on nursing, occupa-

tional health, communicable diseases, nutrition, mental health,

chronic diseases and health technologies utilizing its accumu-

lated collective expertise. As of 2014, over 700 institutions in over

80 WHO Member States have been registered as WHO-CCs.

In accordance with the designation, NIRS cooperates with the

WHO as its CC in the areas of: (1) strengthening preparedness for

radiation emergencies and Radiation Emergency Medical Prepar-

edness and Assistance Network (REMPAN) activities; (2) provid-

ing medical and technical assistance to WHO in response to and

recovery after radiation emergencies; (3) carrying out biodosime-

try and BioDoseNet (cytogenetics and internal contamination

monitoring); (4) studying radiation protection for indoor radon;

and (5) studying radioprotection in the field of medical exposure

to ionizing radiation, with the focus on risks assessment and risk

management.

The designation makes it possible for NIRS to further enhance

contributions to national and international societies by leveraging

its own large workforce, and its abundant research activities and

accumulated experiences since its inception in 1957.

Radiation safety and radiation emergency medical prepared-

ness are among the major research fields of NIRS. As the tertiary,

the last bastion of, radiation emergency medical hospital in Ja-

pan, provision of medical treatment and response during acci-

dents involving radioactive substances is also its important role.

NIRS accepted three patients with high dose exposure from the

JCO criticality accident in 1999. For the Tokyo Electric Power

Company (TEPCO) Fukushima Daiichi Nuclear Power Station ac-

cident, NIRS immediately dispatched experts to Fukushima on the

early morning of 12 March 2011, and since then has taken initia-

tives in providing mitigation actions and supporting residents and

workers in and around Fukushima Prefecture. In addition to emer-

gency response, international workshops and training courses

have been conducted by NIRS so as to foster medical profession-

als and experts mainly in Asia who lead regional radiation emer-

gency medicine (REM) and radiation biodosimetry programs and

research. NIRS organized some of those events in cooperation

with WHO and other international organizations (Fig.1). As of

March 2014, more than 440 professionals from all over the world

have been trained in both fields at the institute.

Describing the track record of cooperation between NIRS and

WHO that led to the WHO-CC designation, NIRS had participated

in WHO-REMPAN as a liaison institute since 2004. WHO-

REMPAN, composed of WHO-CCs plus Liaison Institutes around

the globe, provides emergency medical and public health assis-

tance to people over-exposed to radiation and facilitates research

and development of medical countermeasures against radiation/

nuclear emergencies. Long-term care and follow-up of victims of

radiation incidents are included in its key purpose, as well. On the

basis of a request from WHO, experts on REM and biodosimetry

continuously participated in the Organization’s task groups and

consultancy meetings for the purpose of sharing and exchanging

related information as well as for contributing to WHO publications

during the last decade (Fig.1). Regarding the five different coop-

erative areas for WHO-CC mentioned above, the former three

fields are related to REM. The Radiation Emergency Medical As-

sistance Team called REMAT� (REMAT) has become a focal point

of NIRS in those three domains; it was set up in January 2010 as

one concrete measure for NIRS to make an international contribu-

tion in REM. In March 2013, the Institute upgraded the team to a

department with 11 dedicated staff members including medical

doctors, a nurse, a radiation expert and administrators. The newly

formed REMAT is engaged not only in emergency medical assis-

tance activities at radiation/nuclear emergencies in Japan and all

over the world, but also in promoting establishment of the domes-

tic medical preparedness for radiation emergencies on a regular
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basis (i.e., conducting capacity building assistance for national

and international medical professionals and first responders who

are involved in the emergencies, operating a 24/7 hotline on REM

for medical personnel and emergency responders, cooperating

with the central and local governments in order to establish a

practical domestic system of REM, operating three network coun-

cils of REM, physical dosimetry, and cytogenetic dosimetry that

offer an advisory and supporting framework complementary to the

NIRS’s function). Furthermore, over 65 workers including medical

doctors, nurses, experts on in-vivo and in-vitro dose assessment,

radiation protection experts and administrators throughout the In-

stitute are appointed as cooperative staff for REMAT. Should there

be a request for REM assistance from WHO, REMAT is operated

in the emergency response mode with both its original and coop-

erative staff members working together for WHO.

The study area of radiation protection for indoor radon is the

other field included in the WHO-CC activities. Inhalation of radon

gas (Rn-222 and Rn-220) and related radionuclides in the home

and workplace is one of the main ionizing radiation risks causing

deaths from lung cancer globally. In order to reduce this burden it

is important that national authorities have methods and tools

based on solid scientific evidence and sound public health policy.

The NIRS is preparing to translate the WHO Handbook on Indoor

Radon into Japanese; the handbook focuses on residential radon

exposure from a public health viewpoint and provides detailed

recommendations on reducing health risks from radon and sound

policy options for preventing and mitigating radon exposure.

The area of radiation protection in the field of medical exposure

to ionizing radiation with the focus on the risk assessment and risk

management is the fifth field in the WHO-CC activities. NIRS or-

ganizes the Japanese Network for Research and Information on

Medical Exposure (J-RIME), and has held meeting with experts,

where a Japanese diagnostic reference level (DRL) for diagnostic

modalities was discussed. NIRS also supervised translation of a

booklet from the Royal College of Radiologists (RCR), iRefer, mak-

ing the best use of clinical radiology into Japanese in order to

raise awareness about medical exposure among Japanese radi-

ologists. NIRS sent an expert to three meetings successively held

in Geneva in September 2013, namely the “Radiation Risk Com-

munication in Pediatric Imaging International Expert Meeting”, the

“Global Initiative on Radiation Safety in Healthcare Settings, Fo-

cused expert meeting for project scoping - Medical imaging of as-

ymptomatic people for individual health assessment -”, and the

“Global Initiative on Radiation Safety in Health Care Settings, In-

ternational Consultation”.

NIRS will continue to fulfill its functions in the above mentioned

fields in cooperation with WHO.
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NIRS has been closely working with international organizations such as UNSCEAR, IAEA, and WHO in the field of
radiological sciences, with the aims of contributing to advances in human health and creating a society that enjoys
better radiation safety and peace of mind.

�60th UNSCEAR Meeting
�Meeting of the IAEA Fukushima Comprehensive Re-

port Working Group 4
�IAEA International Experts’ Meeting on Radiation Pro-

tection after the Fukushima Daiichi Accident: Promot-
ing Confidence and Understanding

�IAEA Research Coordination Meeting on the Produc-
tion and Utilization of Emerging Positron Emitters for
Medical Application with an Emphasis on 64Cu and 124I

�The Joint Meetings of the ICRP Main Commission and
Committees and the 2nd ICRP International Sympo-
sium on the System of Radiological Protection

�WHO Regional Meeting on Regional Strategy for Pub-
lic Health Response to Chemical and Radiation
Events in the Context of IHR.

�In September 2013, NIRS was designated as a WHO Collaborating Centre, and launched its 4-year long activi-
ties in five radiation-related areas: radiation emergency medicine and preparedness, biodosimetry, medical ra-
diation exposure, and exposure to indoor radon.

�In January 2014, NIRS was designated again as an IAEA Collaborating Centre in radiobiology, charged particle
therapy and molecular imaging for an additional 4 years.

Working with international organizations

Collaborating Centres

International Collaboration

The meetings attended by NIRS experts from April 2013 to March 2014 included:
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InternationalCollaboration
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Year in Review－international meetings, training courses, etc.

※ The events shown in blue took place outside Japan.

International Collaboration
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Budget
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(as of April 1, 2013)

Personnel

Research Staff 467

Permanent 210

Fixed-term 257

Administrative Staff 344

Permanent 105

Fixed-term 239

Total 811

Budget,Personnel
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This list includes the main publications by staff members that

were registered with the NIRS Institutional Repository during the

period from April 1, 2013 to March 31, 2014.

■ Research on Cancer Therapy with Carbon Beams

1. Phase I/II trial of definitive carbon ion radiotherapy for pros-

tate cancer: evaluation of shortening of treatment period to 3

weeks. T Nomiya, H Tsuji, K Maruyama, S Toyama, H Suzuki,

K Akakura, J Shimazaki, K Nemoto, T Kamada, H Tsujii, Brit-

ish Journal of Cancer, 110, 2389 - 2395,2014.

2. Effect of in vivo administration of reprogramming factors in

the mouse liver. Akira Tomokuni, Hidetoshi Eguchi, Hiromitsu

Hoshino, Dyah Laksmi Dewi, Shinpei Nishikawa, Yoshihiro

Kano, Norikatsu Miyoshi, Arinobu Tojo, Seiichiro Kobayashi,

Noriko Gotoh, Kunihiko Hinohara, Noemi Fusaki, Toshiyuki

Saito, Hiroshi Suemizu, Hiroshi Wada, Shogo Kobayashi,

Shigeru Marubashi, Masahiro Tanemura, Yuichiro Doki,

Masaki Mori, Hideshi Ishii, Oncology Letters, 6(2), 323 - 328,

2013.

3. Preliminary Results from a Multi-center Prospective Study

(JROSG 05-5) on Postoperative Radiotherapy for Patients

with High-risk Ductal Carcinoma in situ with Involved Margins

or Margin Widths 1 mm or less than. Naoto Shikama, Kenji

Sekiguchi, Naoki Nakamura, Hiroshi Sekine, Yuko Nakayama,

Kazufumi Imanaka, Takeshi Akiba, Masahiko Aoki, Yoshiomi

Hatayama, Etsuko Ogo, Yoshikazu Kagami, Miho Kawashima,

Kumiko Karasawa, American Journal of Breast Cancer Re-

search, 1(1), 1 - 8, 2014.

4. Clinical trial of carbon ion radiotherapy for gynecological

melanoma. Kumiko Karasawa, Masaru Wakatsuki, Shingo

Kato, Hiroki Kiyohara, Tadashi Kamada, The Working Group

for Gynecological Tumors Journal of Radiation Research, 55

(2), 343 - 350, 2014.

5. Modeling the biological response of normal human cells, in-

cluding repair processes, to fractionated carbon beam irra-

diation. Mami Wada, Masao Suzuki, Cuihua Liu, Yumiko

Kaneko, Shigekazu Fukuda, Koichi Ando, Naruhiro Matsufuji,

Journal of Radiation Research, 54(5), 798 - 807, 2013.

6. The dosimetric impact of respiratory breast movement and

daily setup error on tangential whole breast irradiation using

conventional wedge, field-in-field and irregular surface com-

pensator techniques. Tomohisa Furuya, Satoru Sugimoto,

Chie Kurokawa, Shuichi Ozawa, Kumiko Karasawa, Keisuke

Sasai, Journal of Radiation Research, 54(1), 157 - 165, 2013.

7. Preparation of Phi29 DNA Polymerase Free of Amplifiable

DNA Using Ethidium Monoazide, an Ultraviolet-Free Light-

Emitting Diode Lamp and Trehalose. Hirokazu Takahashi, Hi-

royuki Yamazaki, Satoshi Akanuma, Hiroko Kanahara, Toshi-

yuki Saito, Tomoyuki Chimuro, Takayoshi Kobayashi, Toshio

Ohtani, Kimiko Yamamoto, Shigeru Sugiyama, PLOS ONE, 9

(2), e82624, 2014.

8. Discussions on target theory: past and present. Takuma

Nomiya, Journal of Radiation Research, 54(6), 1161 - 1163,

2013.

9. Accuracy of methionine-PET in predicting the efficacy of

heavy-particle therapy on primary adenoid cystic carcinomas

of the head and neck. Sachiko Toubaru, Kyosan Yoshikawa,

Seiya Ohashi, Katsuyuki Tanimoto, Azusa Hasegawa, Koji

Kawaguchi, Tsuneo Saga, Tadashi Kamada, Radiation Oncol-

ogy (London, England), 8(1), 143, 2013.

10. Carbon-ion radiotherapy for marginal lymph node recur-

rences of cervical cancer after definitive radiotherapy: a case

report. Tomoaki Tamaki, Tatsuya Ohno, Hiroki Kiyohara, Shin-

Ei Noda, Yu Ohkubo, Ken Ando, Masaru Wakatsuki, Shingo

Kato, Tadashi Kamada, Takashi Nakano, Radiation Oncology

(London, England), 8(1), 79, 2013.

11. Interfractional change of high-risk CTV D90 during image-

guided brachytherapy for uterine cervical cancer. Yu Oh-

kubo, Tatsuya Ohno, Shin-ei Noda, Nobuteru Kubo, Akiko

Nakagawa, Masahiro Kawahara, Takanori Abe, Hiroki Kiyo-

hara, Masaru Wakatsuki, Takashi Nakano, Journal of Radia-

tion Research, 54(6), 1138 - 1145, 2013.

12. A Review of Update Clinical Results of Carbon Ion Radiother-

apy for Uterine Cervical Cancer. Masaru Wakatuki, Shingo

Kato, Kumiko Karasawa, Hirohiko Tsujii, Tadashi Kamada,

iConcept Press, 1, 2014.

13. Osteoma of the Internal Auditory Canal Mimicking Vestibular

Schwannoma: Case Report and Review of 17 Recent Cases.

Jun Suzuki, Yusuke Takata, Hiromitsu Miyazaki, Izumi Yahata,

Yasuhiko Tachibana, Toshimitsu Kobayashi, Tetsuaki Kawase,

Yukio Katori, Tohoku Journal of Experimental Medicine, 232

(1), 63 - 68, 2014.

14. Risk factors for brain injury after carbon ion radiotherapy for

skull base tumors. Masashi Koto, Azusa Hasegawa, Ryo Tak-

agi, Akira Fujikawa, Takamichi Morikawa, Riwa Kishimoto,

Keiichi Jingu, Hirohiko Tsujii, Tadashi Kamada, Radiotherapy

and Oncology: Journal of the European Society for Therapeu-

tic Radiology and Oncology, 111(1), 25 - 29, 2013.

15. Usefulness of 18F-fluorodeoxyglucose Positron Emission To-

mography as Predictor of Distant Metastasis in Preoperative

Carbon-ion Radiotherapy for Pancreatic Cancer. Makoto Shi-

noto, Shigeru Yamada, Kyosan Yoshikawa, Shigeo Yasuda,

Yoshiyuki Shioyama, Hiroshi Honda, Tadashi Kamada, Hiro-

hiko Tsujii, Anticancer Research, 33(12), 5579 - 5584, 2013.

16. Dose-escalation study of carbon ion radiotherapy for locally

advanced squamous cell carcinoma of the uterine cervix

(9902). Masaru Wakatsuki, Shingo Kato, Tatsuya Ohno, Ku-

miko Karasawa, Ken Ando, Hiroki Kiyohara, Hirohiko Tsujii,

Takashi Nakano, Tadashi Kamada, Makio Shozu, Gyne-

cologic Oncology, 132(1), 87 - 92, 2014.
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17. Health-related quality of life after carbon-ion radiotherapy for

prostate cancer: A 3-year prospective study. Hiroyuki Katoh,

Hiroshi Tsuji, Hitoshi Ishikawa, Tadashi Kamada, Masaru

Wakatuki, Naoki Hirasawa, Hiroyoshi Suzuki, Koichiro

Akakura, Takashi Nakano, Jun Shimazaki, Hirohiko Tsujii, In-

ternational Journal of Urology, 21(4), 370 - 375, 2014.

18. Long-term results of carbon ion radiation therapy for locally

advanced or unfavorably located choroidal melanoma: use-

fulness of CT-based 2-port orthogonal therapy for reducing

the incidence of neovascular glaucoma. Shingo Toyama, Hi-

roshi Tsuji, Nobutaka Mizoguchi, Takuma Nomiya, Tadashi

Kamada, Sunao Tokumaru, Atsushi Mizota, Yoshitaka Oh-

nishi, Hirohiko Tsujii, International Journal of Radiation Oncol-

ogy, Biology, Physics, 86(2), 270-6, 2013.

19. Transient ischemic attack-like episodes without stroke-like le-

sions in MELAS. Tadahiro Mitani, Noriko Aida, Moyoko Tomiy-

asu, Takahito Wada, Hitoshi Osaka, Pediatric Radiology, 43

(10), 1400 - 1403, 2013.

20. Neonatal Brain Metabolite Concentrations: An In Vivo Mag-

netic Resonance Spectroscopy Study with a Clinical MR Sys-

tem at 3 Tesla. Moyoko Tomiyasu, Noriko Aida, Mamiko Endo,

Jun Shibasaki, Kumiko Nozawa, Eiji Shimizu, Hiroshi Tsuji,

Takayuki Obata, PLOS ONE, 8(11), e82746, 2013.

21. Magnetic displacement force and torque on dental keepers

in the static magnetic field of an MR scanner. Mika Omatsu,

Takayuki Obata, Kazuyuki Minowa, Koichi Yokosawa, Eri Ina-

gaki, Kinya Ishizaka, Koichi Shibayama, Toru Yamamoto,

Journal of Magnetic Resonance Imaging, 2013.

22. Effects of chewing on cognitive processing speed. Yoshiyuki

Hirano, Takayuki Obata, Hidehiko Takahashi, Atsumichi

Tachibana, Daigo Kuroiwa, Toru Takahashi, Hiroo Ikehira, Mi-

noru Onozuka, Brain and Cognition, 81(3), 376 - 381, 2013.

23. The role of chemoradiotherapy in patients with unresectable

T4 breast tumors. Kumiko Karasawa, Mitsue Saito, Hisako Hi-

rowatari, Hiromi Izawa, Tomohiko Furuya, Shuichi Ozawa,

Kana Ito, Takahisa Suzuki, Norio Mitsuhashi, Breast Cancer,

20(3), 254 - 61, 2013.

24. Impact of carbon ion radiotherapy for primary spinal sar-

coma. Keiji Matsumoto, Reiko Imai, Tadashi Kamada, Kat-

suya Maruyama, Hiroshi Tsuji, Hirohiko Tsujii, Yoshiyuki

Shioyama, Honda Hiroshi, Kazuo Isu, Cancer, 119(19), 3496 -

3503, 2013.

25. Total spondylectomy following carbon ion radiotherapy to

treat chordoma of the mobile spine. Tomohiro Matsumoto,

Shirou Imagama, Zenya Ito, Reiko Imai, Tadashi Kamada,

Naoki Ishiguro, et al., Bone and Joint Journal, 95-B(10), 1392

- 1395, 2013.

26. Management of high-risk prostate cancer: Radiation therapy

and hormonal therapy. Takuma Nomiya, Hiroshi Tsuji, Shingo

Toyama, Katsuya Maruyama, Kenji Nemoto, Hirohiko Tsujii,

Tadashi Kamada, Cancer Treatment Reviews, 39(8), 872 -

878, 2013.

27. Position statement on ethics, equioise and research on

charged Particle radiation therapy. Mark Sheehan, Claire Tim-

lin, Ken Peach, Tadashi Kamada, Hirohiko Tsujii, et al., Jour-

nal of Medical Ethics, 2013, 1 - 4, 2013.

28. Japanese structure survey of radiation oncology in 2009 with

special reference to designated canser care hospitals. Ho-

daka Numasaki, Masamichi Nishio, Hiroshi Ikeda, Kenji

Sekiguchi, Norihiko Kamikonya, Masahiko Koizumi, Masao

Tago, Yutaka Ando, et al., International Journal of Clinical On-

cology, 18(5), 775 - 783, 2012.

29. National medical care system may impede fostering of true

specialization of radiation oncologists: study based on struc-

ture survey in Japan. Hodaka Numasaki, Hitoshi Shibuya,

Masamichi Nishio, Hiroshi Ikeda, Kenji Sekiguchi, Norihiko

Kamikonya, Masahiko Koizumi, Masao Tago, Yutaka Ando, et

al., International Journal of Radiation Oncology Biology Phys-

ics, 82(1), e111 - e117, 2011.

30. Japanese structure survey of radiation oncology in 2009

based on institutional stratification of the patterns of care

study. Teruki Teshima, Hodaka Numasaki, Masamichi Nishio,

Hiroshi Ikeda, Kenji Sekiguchi, Norihiko Kamikonya, Masa-

hiko Koizumi, Masao Tago, Yutaka Ando, et al., Journal of Ra-

diation Research, 53(5), 710 - 721, 2012.

31. Analysis of Multiple B-Value Diffusion-Weighted Imaging in

Pediatric Acute Encephalopathy. Yasuhiko Tachibana, Noriko

Aida, Tetsu Niwa, Kumiko Nozawa, Kouki Kusagiri, Kana

Mori, Kazuo Endou, Takayuki Obata, Tomio Inoue, PLOS ONE

(Online only:URL:http://www.plosone.org), 8(6), e63869,

2013.

32. Impact of boost irradiation on pelvic lymph node control in

patients with cervical cancer. Masaru Wakatuki, Tatsuya

Ohno, Shingo Kato, Ken Ando, Shinei Noda, Hiroki Kiyohara,

Kei Shibuya, Kumiko Karasawa, Tadashi Kamada, Takashi

Nakano, Journal of Radiation Research, 55(1), 139 - 145,

2013.

33. A simple algorithm for beam profile diagnostics using a ther-

mographic camera. Ken Katagiri, Satoru Hojo, Toshihiro

Honma, Kazutoshi Suzuki, Akira Noda, Koji Noda, Review of

Scientific Instruments, 85, 033306, 2014.

34. Development of Fast Scanning Magnets and Their Power

Supply for Particle Therapy. Takuji Furukawa, Toshiyuki Shirai,

Taku Inaniwa, Shinji Sato, Eri Takeshita, Kota Mizushima, Yo-

suke Hara, Kouji Noda, et al., IEEE Transactions on Applied

Superconductivity, 24(3), 1 - 4, 2014.

35. Patient-specific QA and delivery verification of scanned ion

beam at NIRS-HIMAC. Takuji Furukawa, Taku Inaniwa,

Yousuke Hara, Kota Mizushima, Toshiyuki Shirai, Kouji Noda,

Medical Physics, 40(12), 121707-1 - 121707-7, 2013.

36. A serial 4DCT study to quantify range variations in charged

particle radiotherapy of thoracic cancers. Shinichiro Mori, Lei

Dong, George Starkschall, Radhe Mohan, George T.Y. Chen,

Journal of Radiation Research, 55(2), 309 - 319, 2013.

37. A microdosimetric-kinetic model for cell killing by protracted

continuous irradiation including dependence on LET I: Repair

in cultured mammalian cells. Roland B Hawkins, Taku In-

aniwa, Radiation Research, 180(6), 584 - 594, 2013.

38. Microdosimetric study on influence of low energy photons on

relative biological effectiveness under therapeutic conditions

using 6 MV linac. Hiroyuki Okamoto, Toshiyuki Kohno, Tat-

suaki Kanai, Yuuki Kase, Yoshitaka Matsumoto, Jun Itami,

Yoshiya Furusawa, Yukio Fujita, et al., Medical Physics, 38(8),

4714 - 4722, 2011.

39. Numerical analysis of the space charge effect in a MWPC.

Ken Katagiri, Takuji Furukawa, Eri Takeshita, Kouji Noda, J.

Plasma Fusion Res. Series, 9, 614 - 619, 2010.

40. Development of a superconducting rotating-gantry for heavy-

ion therapy. Yoshiyuki Iwata, Kouji Noda, Takeshi Murakami,

Toshiyuki Shirai, Takuji Furukawa, Takashi Fujita, Shinichiro
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Mori, Kota Mizushima, Kouichi Shoda, et al., Nuclear Instru-

ments and Methods in Physics Research Section B, 317(Part

B), 793 - 797, 2013.

41. 11CH4-molecule production using a NaBH4 target for 11C-ion

acceleration. Ken Katagiri, Koutarou Nagatsu, Katsuyuki

Minegishi, Satoru Houjou, Masayuki Muramatsu, Kazutoshi

Suzuki, Toshihiro Honma, Atsushi Kitagawa, Akira Noda,

Kouji Noda, Review of Scientific Instruments, 85, 02C305-1 -

02C305-3, 2014.

42. Development of curved combined-function superconducting-

magnets for a heavy-ion rotating-gantry. Yoshiyuki Iwata,

Shinji Suzuki, Kouji Noda, Toshiyuki Shirai, Takeshi Murakami,

Takuji Furukawa, Takashi Fujita, Yousuke Hara, Kota Mi-

zushima, Shinji Satou, Shinichiro Mori, Kouichi Shoda, et al.,

IEEE Transactions on Applied Superconductivity, 24(3), 2013.

43. Measurement of Neutron Ambient Dose Equivalent in Carbon

-Ion Radiotherapy with an Active Scanned Delivery System.

Shunsuke Yonai, Takuji Furukawa, Taku Inaniwa, Radiation

Protection Dosimetry, 1 - 4, 2013.

44. Multiconductor Transmission-Line Theory with Electromag-

netic Radiation. Hiroshi Toki, Kenji Satou, Journal of the Physi-

cal Society of Japan, 81, 014201, 2012.

45. Plasma spectroscopy of metal ions for hyper-electron cyclo-

tron resonance ion source. Hideshi Muto, Yukimitsu Ohshiro,

Shoichi Yamaka, Shin-ichi Watanabe, Michihiro Oyaizu, Shig-

eru Kubono, Hidetoshi Yamaguchi, Masayuki Kase, Toshiyuki

Hattori, Susumu Shimoura, Review of Scientific Instruments,

85, 02A905, 2013.

46. Adaptive radiotherapy based on the daily regression of a tu-

mor in carbon-ion beam irradiation. Ai Nagano, Shinichi Mino-

hara, Shingo Kato, Hiroki Kiyohara, Ken Ando, Physics in

Medicine and Biology, 57, 8343, 2012.

47. Simulated studies on the biological effects of space radiation-

Simulated studies on the biological effects of space on quies-

cent human fibroblasts. Nan Ding, Hailong Pei, Jinpeng He,

Yoshiya Furusawa, Ryoichi Hirayama, Cuihua Liu, Yoshitaka

Matsumoto, He Li, Wentao Hu, Yinghui Li, Jufang Wang, Ti-

eshan Wang, Guangming Zhou, Advances in Space Re-

search, 52, 1314 - 1319, 2013.

48. Effects of shielding on the induction of 53BP1 foci and micro-

nuclei after Fe ion exposures. Wentao Hu, Hailong Pei, He Li,

Nan Ding, Jufang Wang, Jinpeng He, Yoshiya Furusawa, Ry-

oichi Hirayama, Yoshitaka Matsumoto, Cuihua Liu, Yinghui Li,

Tetsuya Kawata, Guangming Zhou, Journal of Radiation Re-

search, 55(1), 10 - 16, 2013.

49. Performance of a fluorescent screen with a CCD system for

quality assurance in a heavy-ion beam scanning irradiation

system. Yousuke Hara, Takuji Furukawa, Eri Takeshita, Kota

Mizushima, Shinji Satou, Toshiyuki Shirai, Kouji Noda, Journal

of the Korean Physical Society, 63(7), 1446 - 1450, 2013.

50. Misrepair of DNA double-strand breaks after exposure to

heavy-ion beams causes a peak in the LET-RBE relationship

with respect to cell killing in DT40 cells. Mizuho Aoki-Nakano,

Yoshiya Furusawa, Journal of Radiation Research, 54(6),

1029 - 1035, 2013.

51. Microdosimetric calculation of relative biological effective-

ness for design of therapeutic proton beams. Yuki Kase,

Wataru Yamashita, Naruhiro Matsufuji, Kenta Takada, Takeji

Sakae, Yoshiya Furusawa, Haruo Yamashita, Shigeyuki Mu-

rayama, Journal of Radiation Research, 54(3), 485 - 493,

2013.

52. Beam Spot Imaging System Using a Fluorescent Screen for

Carbon-ion Radiotherapy. Kota Mizushima, Eri Takeshita,

Takuji Furukawa, Yousuke Hara, Toshiyuki Shirai, Ken

Katagiri, Kouji Noda, Journal of the Korean Physical Society,

63(7), 1437 - 1440, 2013.

53. OH Radicals from the Indirect Actions of X-Rays Induce Cell

Lethality and Mediate the Majority of the Oxygen Enhance-

ment Effect. Ryoichi Hirayama, Atsushi Ito, Miho Noguchi,

Yoshitaka Matsumoto, Akiko Uzawa, Gen Kobashi, Ryuichi

Okayasu, Yoshiya Furusawa, Radiation Research, 180(5),

514 - 523, 2013.

54. Response of a Plate-type Thermoluminescence Dosimeter to

a Therapeutic Carbon Beam. Yusuke Koba, Shigekazu

Fukuda, Kiyomitsu Shinsho, Genichiro Wakabayashi, Satoshi

Tamatsu, Journal of the Korean Physical Society, 63(7), 1432 -

1436, 2013.

55. Modeling the biological response of normal human cells, in-

cluding repair processes, to fractionated carbon beam irra-

diation. Mami Wada, Masao Suzuki, Cui Hua Liu, Yumiko

Kaneko, Shigekazu Fukuda, Koichi Ando, Naruhiro Matsufuji,

Journal of Radiation Research, 54(5), 798 - 807, 2013.

56. Evaluation of SCCVII tumor cell survival in clamped and non-

clamped solid tumors exposed to carbon-ion beams in com-

parison to X-rays. Ryoichi Hirayama, Akiko Uzawa, Nobuhiro

Takase, Yoshitaka Matsumoto, Miho Noguchi, Kana Koda,

Masakuni Ozaki, Kei Yamashita, Huizi Li, Yuki Kase, Naruhiro

Matsufuji, Sachiko Koike, Shinichiro Masunaga, Koichi Ando,

Ryuichi Okayasu, Yoshiya Furusawa, Mutation Research/Ge-

netic Toxicology and Environmental Mutagenesis, 756(1-2),

146 - 151, 2013.

57. Adequate margin definition for scanned particle therapy in

the incidence of intrafractional motion. Knopf Christin Antje,

Shinichiro Mori, et al., Physics in Medicine and Biology, 58

(17), 6079 - 6094, 2013.

58. Effects of dose-delivery time structure on biological effective-

ness for therapeutic carbon-ion beams evaluated with micro-

dosimetric kinetic model. Taku Inaniwa, Masao Suzuki, Takuji

Furukawa, Yuki Kase, Nobuyuki Kanematsu, Toshiyuki Shirai,

et al., Radiation Research, 180(1), 44 - 59, 2013.

59. Quantitative proteomic analysis for radiation-induced cell cy-

cle suspension in 92-1 melanoma cell line. Fengling Wang,

Zhitong Bing, Yanan Zhang, Bin Ao, Sheng Zhang, Caiyong

Ye, Jinpeng He, Nan Ding, Wenling Ye, Jie Xiong, Jintu Sun,

Yoshiya Furusawa, Guangming Zhou, Lei Yang, Journal of

Radiation Research, 54, 649 - 662, 2013.

60. Effects of a difference in respiratory cycle between treatment

planning and irradiation for phase controlled rescanning and

carbon pencil beam scanning. Shinichiro Mori, Silvan Marius

Zenklusen, Taku Inaniwa, Takuji Furukawa, Toshiyuki Shirai,

Kouji Noda, British Journal of Radiology, 86, 20130163-1 -

20130163-9, 2013.

61. High LET Radiation Amplifies Centrosome Overduplication

through a Pathway of Gamma-Tubulin Monoubiquitination.

Mikio Shimada, Ryoichi Hirayama, Kenshi Komatsu, Interna-

tional Journal of Radiation Oncology Biology Physics, 86(2),

358 - 365, 2013.

62. Systematic evaluation of four-dimensional hybrid depth scan-

ning for carbon-ion lung therapy. Shinichiro Mori, Takuji Fu-

rukawa, Taku Inaniwa, Silvan Marius Zenklusen, Minoru
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Nakao, Toshiyuki Shirai, Kouji Noda, Medical Physics, 40(3),

031720-1 - 031720-18, 2013.

63. Evaluation of plastic materials for range shifting, range com-

pensation, and solid-phantom dosimetry in carbon-ion radio-

therapy. Nobuyuki Kanematsu, Yusuke Koba, Risa Ogata,

Medical Physics, 40(4), 041724-1 - 041724-6, 2013.

64. Effective and organ doses in helical 4DCT for thoracic and

abdominal therapies. Yuka Matsuzaki, Keisuke Fujii, Motoki

Kumagai, Ichirou Tsuruoka, Shinichiro Mori, Journal of Radia-

tion Research, 54, 962 - 970, 2013.

65. Positional Dependence of the CT number use of a Cone-

beam CT Scanner for an Electron Density Phantom in Particle

Beam Therapy. Yohsuke Kusano, Saki Uesaka, Kaori Yajima,

Motoki Kumagai, Hideyuki Mizuno, Shinichiro Mori, Radiologi-

cal Physics and Technology, 6, 241 - 247, 2013.

66. Current status and future prospects of multi-dimensional im-

age guided particle therapy. Shinichiro Mori, Silvan Marius

Zenklusen, Knopf Christin Antje, Radiological Physics and

Technology, 6(2), 249 - 272, 2013.

67. Radiosensitivity of pimonidazole-unlabeled intratumor quies-

cent cell population to gamma-rays, accelerated carbon ion

beams and boron neutron capture reaction. Shinichiro Masu-

naga, Yoshinori Sakurai, Hiroki Tanaka, Ryoichi Hirayama,

Yoshitaka Matsumoto, Akiko Uzawa, Minoru Suzuki, Natsuko

Kondo, Akira Maruhashi, Koji Ono, British Journal of Radiol-

ogy, 86(1021), 20120302, 2013.

68. Radiobiological description of the LET dependence of the

cell survival of oxic and anoxic cells irradiated by carbon

ions. L. Antonovic, Anders Brahme, Yoshiya Furusawa, Juli-

ana Toma-Dasu, Journal of Radiation Research, 54, 18 - 26,

2013.

69. Synthesis and Radical-Scavenging Activity of a Dimethyl-

catechin Analogue. Kohei Imai, Ikuo Nakanishi, Akiko Ohno,

Masaaki Kurihara, Naoki Miyata, Ken-ichiro Matsumoto, Asao

Nakamura, Kiyoshi Fukuhara, Bioorganic and Medicinal

Chemistry Letters, 24(11), 2582 - 2584, 2014.

70. Scavenging of reactive oxygen species induced by hyper-

thermia in biological fluid. Megumi Ueno, Minako Nyui, Ikuo

Nakanishi, Kazunori Anzai, Toshihiko Ozawa, Ken-ichiro Mat-

sumoto, Yoshihiro Uto, Journal of Clinical Biochemistry and

Nutrition, 54(2), 75 - 80, 2014.

71. Disproportionation of a 2,2-Diphenyl-1-Picrylhydrazyl Radical

as a Model of Reactive Oxygen Species Catalysed by Lewis

and/or Bro/nsted Acids. Ikuo Nakanishi, Tomonori Kawashima,

Kei Ohkubo, Tsukasa Waki, Yoshihiro Uto, Tadashi Kamada,

Toshihiko Ozawa, Ken-Ichiro Matsumoto, Shunichi Fukuzumi,

Chemical Communications, 50(7), 814 - 816, 2014.

72. Cellular Internalization of Fibroblast Growth Factor-12 Exerts

Radioprotective Effects on Intestinal Radiation Damage Inde-

pendently of FGFR Signaling. Fumiaki Nakayama, Sachiko

Umeda, Takeshi Yasuda, Mayumi Fujita, Masahiro Asada, Vik-
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