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objectIveS
The Research Center for Radiation Protection was 

established in 2006.  The aim of the Center 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 end-
points are examined, and the mechanisms underlying the 
effects are investigated. The Research Center disseminates 
its research results to promote public understanding of 
radiation effects and to encourage 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 Center by the International 
Atomic Energy Agency.  

oveRvIew 
The Research Center consists of 4 Research Groups 

(Regulatory Sciences Research Group, Experimental 
Radiobiology for Children’s Health Research Group, 
Radiation Effect Mechanisms Research Group, and 
Environmental Radiation Effects Research Group), 
the Nakaminato Laboratory for Radioecology, and the 
Department of Advanced Technologies for Radiation 
Protection Research. 

The Department of Advanced Technologies for Radia-
tion Protection Research consists of 4 sections.  In the 
Advanced Analytical Technology Section, cooperative 
work with other research groups from inside and outside 
of NIRS has been carried out to measure trace elements 
and naturally occurring radionuclides in environmental 
and biological samples. Also, newly developed analytical 
techniques to determine trace elements have been com-
pared with conventional ones to show the accuracy of these 
developed methods.
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The Animal Pathology Section has provided technical 
and diagnostic histopathological support for NIRS 
intramural research. 

The Advanced Animal Research Section has supported 
integrated research of molecular and genetic studies with 
physiological studies in whole animals.  Although remark-
able progress of radiation biology has been made at genetic, 
molecular and cellular levels, physiological analysis of 
whole animal models is inevitable for extrapolation to 
human health.  The group supports radiobiological research 
by application of assisted reproductive technologies (ARTs) 
in genetically modified laboratory mice, including in 
vitro fertilization, embryo transfer, micromanipulation of 
embryos and cryopreservation.  Such technologies have 
also become essential to efficiently conduct large-scale 
animal experiments by providing a large number of 
animals synchronously.  The Animal Research Section 
also has supported research using Medaka fish by provid-
ing tumor-bearing fish, generating transgenic fish, and 
providing quality control of frozen sperms of qualified 
strains of Medaka fish.

The Environmental Radioactivity Survey Section 
initiated three collaborative studies with three universities 
in Japan. They involved “Construction of the Natural 
Radiation Exposure Study Network” from the Special Co-
ordination Funds for Promotion of Science and Technology 
of the Ministry of Education, Culture, Sports, Science and 
Technology. In addition, several collaborative studies were 
conducted with domestic and foreign institutions. This 
section also carried out several commissioned projects, 
utilizing NIRS technologies and facilities.

The Research Center was designated by the International 
Atomic Energy Agency as a Collaborating Center for Low 
Dose Radiation.  Annual reports for the research outcome 
in this area have been sent to IAEA and highly valued. 

4. ReSeaRch ceNteR foR RadIatIoN 
 pRotectIoN
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In the Research Center 49 permanent and 34 temporary 
members actively conducted their research during FY 2010.  
They produced 85 original papers and 27 reviews and 
proceedings.  The Center held an International Workshop 
on Radon and Thoron (May 2010) and a symposium on 
“Regulatory Sciences in Radiation Protection and Their 
Perspective” (December 2010).

Dr. Kazuo Sakai continued to be the Director of the 
Research Center; Dr. Hidenori Yonehara, the Director 
of the Regulatory Sciences Research Group; Dr. Yoshiya 
Shimada, the Director of the Experimental Radiobiology 
for Children’s Health Research Group; Dr. Mitsuru 
Nenoi, the Director of the Radiation Effect Mechanisms 
Research Group; Dr. Satoshi Yoshida, the Director of the 
Environmental Radiation Effects Research Group; and 
Dr. Kiyomi Eguchi-Kasai, the Head of the Planning and 
Coordination Section of the Research Center. 

Summary activities in the 2nd Mid-term Plan 
In addition to individual research output, one of the 

greatest outcomes was the establishment of a framework of 
an international hub function. We have, with support of the 
International and Research Cooperation Section reinforced 
connection with international organizations, including 
IAEA, UNSCEAR, ICRP, WHO, and OECD/NEA.  

The activities as a Collaborating Center in the low dose 
radiation effects were highly valued by IAEA and the 
renewal for the second term (2010-2013) was endorsed. 

For the planning of the 2nd Mid-term Plan and its 
execution at the early stage of this term, the contribution 
by Dr. Masahiro Doi (Director, Regulatory Sciences 
Research Group) should be specially noted, who untimely 
passed away in 2006.

Toward the very end of the 2nd Mid-term Plan, on 
11 March, the Great East Japan Earthquake occurred, 
followed by the Fukushima Daiichi Nuclear Power Plant 
accident.  The members of the Research Center have 
been involved in initial monitoring, screening, and other 
operations in the aftermath of the accident. 

Nakaminato Laboratory for Marine Radioecology, only 
one branch laboratory of NIRS located at the seashore 
of Hitachinaka City, Ibaraki was closed as of March 31, 
2011. Its role had been to provide data for modeling the 
behavior of radionuclides and radiation dose evaluations 
in the marine ecosystems. In this branch laboratory the 
distribution and behavior of artificial radionuclides in 
the ocean were investigated by actively utilizing external 
funds. The laboratory also conducted studies concerning 
environmental issues using natural radionuclides as 
tracers.
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objectIveS
The objectives of regulatory sciences research for radia-

tion safety and protection are to summarize scientifically 
based information for radiation safety regulation and to 
exchange the information among different stakeholders 
to bridge the gap between science and society. The 
research programs of FY 2011 focused on the following 
four points.
1) Summarizing information on radiation protection 

issues
The group is summarizing achievements of research 

projects on radiation protection provided by NIRS, as well 
as other research institutes to contribute to activities of 
relevant international organizations such as UNSCEAR 
and ICRP. The group is also constructing a research 
information network on radiation protection for sharing 
information with scientific organizations, regulatory 
authorities and the public. 

2) Radiation risk assessment and construction of informa-
tion databases 
The group is constructing information databases 

on risk assessment for people who are exposed to 
low dose radiation and controllable natural radiation 
sources. Scientific information on radiological archives of 
experimental research, on the exposures and health effects 
of radiation among different human populations, and on 
effects of environmental radiation from epidemiological 
studies are collected for the databases. The group is 
carrying out epidemiological studies on health effects of 
the exposure to natural radiation sources for the purpose 
of risk assessment. 

3) Development of mathematical models 
Using the results of basic research related to the effects 
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of radiation on human health and the environment, the 
group is developing mathematical models to estimate the 
risk from exposure to natural radiation sources, medical 
exposure, and the models for analysis of radiological 
effects on the environment. 

4) Development of a method for risk communication
The group is collecting examples in which risk 

information on radiation safety would be communicated 
to the public, and the group is analyzing methods of risk 
communication with sociological consideration. 

pRogReSS of ReSeaRch
1) Construction of information databases for radiation 

risk assessment
The issue of radiation protection against exposure due to 

industrial use of naturally occurring radioactive materials 
(NORM) has become more significant with wider use of 
the materials in workplaces.  In response to the situation, 
an original database for information on the exposure due 
to NORM use has been developed and published on the 
NIRS website. The database provides a search system by 
which users can check the level of activity concentration 
in more than 1000 types of materials and the dose when 
handling the materials (Fig.4.1).

Long term animal studies have played fundamental 
roles for studies on radiation effects providing important 
complementary data to those obtained from human 
epidemiological studies. NIRS has been carrying out vari-
ous kinds of the long term animal experiments for many 
years.  To carry out further biological investigations with 
the latest techniques and using meta-analysis of the animal 
data, we have been promoting the construction of animal 
experiment archives. The fundamental design of the 

4.1. RegulatoRy ScIeNceS ReSeaRch
 foR RadIatIoN Safety aNd pRotectIoN
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archives was decided on the basis on a previous experiment 
carried out in NIRS using 6400 C3H/He mice, which were 
gamma irradiated and grouped into 25 groups according 
to their doses and dose rates; the design was expanded to 
be able to record other sets of animal and cell experiments 
with related bibliographic information. Furthermore, the 
collaboration with the foreign archive networks has been 
carried out. The accumulated information and its as-
sociated researchers, radiation sources, biological results, 
macroscopic and microscopic observations, etc. have 
been registered in “STORE”, the international long-term 
animal experiment archive which is operated within the 
framework of EURATOM FP7. 

2) Development of mathematical models 
The group aimed at developing two types of mathemati-

cal models for regulatory science. The first type of model 
gives simulation modeling of carcinogenesis for the main 
purpose of evaluating the risk of radiation at a low dose of 
exposure. The second type evaluates the effects of ionizing 
radiation on environmental biota and ecosystems.

   Recently, international concerns about the framework 
for protection of non-human biota have been increasing 
and various European and North American countries have 
separately developed assessment frameworks and tools to 
evaluate the radiological impact on non-human biota. We 
applied the assessment tools developed by Europe and 
the U.S.A. to the environment of Japan and found that 
the assessment framework can work, although default 
parameters which are used in the tools were different 
from the Japanese environment.  Therefore, we collected 
Japanese concentration ratio data from the literature and 
compared the collected data with default values of the 
ERICA tool (European assessment model). We also 
estimated the screening level with the biota-effects data 
obtained in Japan. To derive the screening level, we used 
the same method as was used in the ERICA tool. As 
shown in Fig.4.2, we estimated the 5% hazardous dose rate 
(HDR5) was 76.4μGy/h(C.I. 16.0-595μGy/h). The predicted 
no effect dose rate (PNEDR) was obtained as 10μGy/h, 
which was the same value as obtained with the ERICA tool. 
Therefore, we concluded the assessment framework used 
in ERICA is applicable to the Japanese environment.

3) Epidemiological study
The possible effects of exposures to controllable natural 

radiation and medical radiation are our main research 
interests. We conducted a case-control study of residential 
radon (222Rn) and thoron(220Rn) levels and lung cancer 
among cave-dwelling residents in Gansu Province, China, 
in cooperation with researchers inside and outside NIRS. 
A total of 103 cases and 200 controls were included in the 

study, and 1-year measurements for radon, thoron and their 
decay products were made for all subjects. Data analyses 
are on-going, and lung cancer risk in relation to radon and 
thoron will be evaluated.

In order to evaluate cancer risk from medical exposures, 
we continued a meta-analysis of second cancer risk 
among childhood cancer survivors who were treated 
with radiotherapy. We selected 26 relevant publications 
by searching the PubMed database (1950 through 2009), 
supplemented by hand-searching reference lists of already 
retrieved papers. In the 26 studies, ERR estimates ranged 
from 0.004 to 10.2 per Gy, and the combined ERR by a 
random effects model was 0.61 (95% CI: 0.31, 1.20) per Gy. 
To examine the dependence of ERR on the age at exposure, 
a meta-regression including the age at exposure as a 
covariate was conducted, which suggested a decreasing 
trend in ERR with increasing age at exposure. Overall, the 
results of our meta-analysis were consistent with findings 
from other radiation epidemiological studies except for the 
apparent higher estimate of ERR per unit dose than that 
among atomic bomb survivors. Cancer risk from low dose 
medical exposures remains to be evaluated.

   
4) Investigation into justification of medical radiological 

procedures
We surveyed national and international guidelines for 

making judgments in applications of radiation diagnostic 
procedures.  Guidelines to determine the most appropriate 
diagnostic imaging examinations and to reduce unneces-
sary exposure of patients to radiation based on the available 
evidence are well established in the UK and the USA.  A 
few programs in Japanese undergraduate medical educa-
tion have been started in order to train students to choose 
the most appropriate imaging investigation or intervention 
for patients. Also a few practical tools have been provided 
in hospitals to assist in communicating an understanding 
of risk among medical doctors, radiological technicians 
and patients for various radiodiagnostic examinations and 
radiation exposure. Results of a survey on risk perception 
done in FY 2007 were analyzed using risk ranking 
techniques.  The survey was conducted in all parts of Japan 
using web-based questionnaires and 638 responses were 
obtained.  Subjects were asked to rank 30 items of various 
types of technologies and human activities according 
to their subjective judgments on the order of perceived 
magnitude of risk.  Irrespective of sex, age, occupation 
and educational level, all groups examined perceived 
handguns, nuclear power and cigarettes as having the 
highest risk, while X-ray exposure was perceived as a 
moderate risk.  Respondents tended to believe the informa-
tion from TV more than that from public organizations.   
We also interviewed researchers within the NIRS.  The 
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NIRS researchers perceived nuclear power as less risky 
and bicycles and motor vehicles as more risky compared 
with the perception of the general public. 

   

Fig. 4.1. NORM Database English version

Fig. 4.2. Species sensitivity distribution using Japanese effects data
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5) Risk communication on radiation exposure in 
medicine 
A series of meetings called "Dialog Seminars" were held 

on various themes related to important issues of radiation 
protection. In the seminars regarding optimization of 
radiodiagnostic exposure, medical doctors, radiological 
technicians, experts for radioprotection, and regulators 
discussed international trends, the present status and 
experimental and epidemiological data of risk assessments, 
and the present regulatory status and problems in clinical 
fields related to protection of medical exposure. Making 
use of the results achieved from the seminars, materials 
were published to provide scientific evidence for nurses 
and the general public to understand the basic principles 
of justification of radiation exposure in medicine. 

 The preparation of referral guidelines for application to 
radiation examinations is in progress; these guidelines will 
helps\ medical doctors to determine the most appropriate 
imaging examinations, thus reducing unnecessary 
exposure of patients.
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objectIveS
With the advent of an era of low birthrate and prolonged 

longevity, concern about the safety of fetuses and children 
has been growing. Programs to protect the health of 
fetuses and children from toxic agents are being instituted, 
particularly in the USA and Europe. The regulations are 
mainly directed at foodstuffs and chemicals. Recently, 
a progressive increase in medical uses of radiation for 
children has forced ICRP, IAEA and WHO to draft global 
initiatives on radiation protection of children.  This group 
carries out studies to provide information on the cancer risk 
of  radiation exposure during fetal and childhood periods, 
for which there are at present insufficient data.  Using 
animal models, we study the effects of radiation exposure 
on lifespan shortening and cancer induction.  Final goals 
of this research group are to propose age-weighting factors 
and relative biological effectiveness (RBE) of heavy 
ions and neutrons for fetuses and children for radiation 
protection. 

pRogReSS of ReSeaRch
1) Age dependence of lifespan shortening by irradiation 

in B6C3F1 mice
Fifty female and male B6C3F1 mice per group, which 

have been used in a wide variety of toxicological studies 
such as the National Toxicology Program (NTP) in the 
USA, were exposed to gamma rays (137Cs), carbon ions (en-
ergy, 290 MeV/u; LET, 13 keV/μm) and neutrons (energy, 
2 MeV) at various ages during fetal to mature adulthood 
periods.  The ages at exposure were pre-implantation 
(3 days post-conception (dpc)), major organogenesis (13 
dpc), late fetal (17 dpc), neonatal (1 week after birth), 
pre-pubertal (3 weeks), post-pubertal (7 weeks) and mature 
adult stages (15 weeks).  The doses ranged between 0.2 
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and 4 Gy for gamma rays, 0.2 and 2 Gy for carbon ions, 
and 0.05 and 1 Gy for neutrons.  The mice were observed 
until moribundity, and their lifespan and the developed 
cancers were analyzed.  Our study indicated that female 
mice appeared to be more susceptible to radiation-induced 
lifespan shortening than male mice. The effect of gamma 
rays on lifespan shortening was more manifest when 
irradiated at the neonatal than the adult stage. Surprisingly, 
irradiation with gamma rays at the late fetal stage had 
little influence on lifespan shortening compared to infant 
and adulthood exposures. Dose responses of gamma rays 
(0.2 to 2Gy) for lifespan shortening indicated that the age 
weighting factor for 17-dpc, and 1 postnatal week against 
age-at-exposure of 7 weeks was 0.3 and 1.4 in females, 
and 0.9 and 2.8 in males, respectively.  On the other 
hand, carbon ions were more potent in reducing lifespan 
than gamma rays especially for neonatal female mice. 
Fetuses were more susceptible than infants for carbon 
ion-induced lifespan shortening, suggesting a larger RBE 
of carbon ions for fetuses than postnatal stages. However, 
the tumor-free survival rate after carbon- ion exposure was 
similar to gamma rays, and RBE of 13keV/µm carbon for 
cancer induction was 1.0 to 1.7 irrespective of gender and 
age-at-exposure.

2) Age dependence of cancer risks in mammary gland, 
lung, bone marrow, liver, kidney, brain and intestine 
Radiation risks are dependent upon both the tissue 

types and the ageatexposure.  The breast is one of the most 
susceptible organs to radiation-associated cancer risk. We 
have used the Sprague-Dawley (SD) rat mammary cancer 
model to investigate the age effect of 137Cs gamma rays or 
carbon ions on breast cancer risk. In FY 2010, pathological 
diagnosis and autopsy were completed. The incidence of 
mammary carcinoma tended to increase in groups of rats 

4.2 expeRIMeNtal RadIobIology foR chIldReN’S 
health ReSeaRch gRoup
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irradiated with 1 Gy of either gamma rays or carbon ions 
at ages between 1 and 7 postnatal weeks but not in those 
irradiated at fetal or mature adult stages. The dose response 
for irradiation with either radiation type at 1 week of age 
showed an irregularity at 2 Gy, which may be due to early 
cessation of the estrous cycle; otherwise, dose responses 
of gamma rays were similar among the groups of rats 
irradiated at 1, 3 and 7 weeks of age. The effect of heavy 
ions tended to increase with increasing the ageatexposure, 
indicating RBEs of 0, 1 and 2.5 for 1, 3 and 7 weeks of 
age, respectively. SD rats at 1, 3 and 7 weeks of age have 
been irradiated with fast neutrons at 0.05, 0.1, 0.2, 0.5 and 
1 Gy for further observation.

Brain tumors (medulloblastoma) in Ptch1+/- mice devel-
oped in a dose-dependent fashion, showing considerable 
effects even at a low dose of 0.1 Gy. Late fetal stages were 
also sensitive to radiation-induced brain tumorigenesis.  
We confirmed that radiation-induced brain tumors in 
Ptch1+/- mice had interstitial chromosomal deletion, 
which was characteristic of radiation-induced tumors. 
This enabled us to distinguish radiation-induced from 
spontaneous tumors, and consequently led to the finding 
of radiation-associated brain tumors even at a low dose.  

Intestinal tumors, which developed in ApcMin/+ mice that 
had received ionizing radiation at early postnatal ages, also 
exhibited intrachromosomal LOH.  This was rarely seen 
in spontaneous tumors.   

The incidence of T-cell lymphomas in B6C3F1 and 
Mlh1-/- mice exposed at 17 dpc-, 2- or 10-week-old was 
also examined. Infant mice were the most susceptible to 
radiation-induction of T-cell lymphoma, while irradiation 
at 17dpc increased splenic lymphoma of T- and B-cell 
origin.  In the thymic lymphoma, frequent frameshift 
mutations at mononucleotide repeat sequences in Ikaros 
were observed.  On the other hand, frequent frameshift 
mutations at the mononucleotide repeat in p53 were 
observed in the splenic lymphoma.

3) Combined effect of radiation and chemical carcinogens/
calorie restriction on tumorigenesis
The age effect of combined exposure to radiation 

and chemicals has been investigated on pulmonary and 
intestinal carcinogenesis.  For lung tumors, the thoracic 
region of female Wistar rats was irradiated with X-rays (3 
Gy) at neonatal (1 weeks of age), pubertal (5 weeks) or adult 
(22 weeks) stages, and then N-nitrosobis(2-hydroxypropyl)
amine (BHP) was intraperitoneally injected one week after 
irradiation.  Synergistic effects of the X-rays and BHP 
were found in rats exposed at pubertal stages, and the 
synergistic effect persisted for the interval of 18 months 
between the treatments.  

We also examined the combined effect of a tumor 

promoter dextran sulfate sodium and radiation on intestinal 
tumor induction in ApcMin/+ mice.  The regimen gave a 
significant synergistic effect on colon tumor induction 
irrespective of the age at exposure.  The synergistic effects 
gradually reduced with increasing intervals between the 
treatments.  These data indicate that radiation-induced 
damages persist for a while, and that secondary stimuli 
such as inflammation and regeneration can help them get 
uncovered.

Calorie restriction (CR) has emerged as the most 
potently-acting dietary intervention for reducing cancer 
risk. We estimated the anti-cancer effect of CR in B6C3F1 
mice on liver tumorigenesis after infant irradiation. We 
found that mice irradiated at 1 week of age were susceptible 
to radiation-induced liver tumorigenesis. CR that started 
from 7 weeks of age reduced both tumor incidence and 
lifespan shortening, suggesting that CR is unarguably 
the most useful remedy to prevent cancer after childhood 
exposure to radiation.

4) Detrimental effect of uranium on the developing 
kidney
The health effects on children in depleted uranium–

polluted areas and uranium mining areas are of recent 
concern.  Uranium and its compounds have the potential 
to cause nephrotoxicity.  Uranium localization in kidney 
was examined in immature rats exposed to uranium 
acetate by microbeam-based quantitative local analysis. 
At 15 days after administration, the mean uranium 
concentration in kidney decreased to 53% of the value at 
day 1. Damaged tubules regenerated at the inner cortex 
and the outer medulla. Several tubules, however, which 
still contained uranium at more than 600 times the mean 
uranium concentration in kidney, were found in the 
area, indicating persistent site-selective accumulation 
of uranium. Experimental groups for the late effect of 
uranium have been set up.
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objectIveS
Estimation of the low-dose radiation risk has been made 

using the high-dose data from atomic bomb survivors 
at Hiroshima and Nagasaki under the assumption that 
the risk is proportional to the radiation dose without a 
threshold. However, we do not have scientific evidence 
to necessarily support this assumption. We do not have 
sufficient scientific data on the effects of low-dose radiation 
on developmental and differentiational anomalies either. 
Because it is now considered to be difficult to assess the 
risk of low-dose radiation from empirical studies with 
animals or in epidemiological data, this research group 
conducts mechanistic studies on radiation effects caused by 
low-dose radiation. The purpose of this research group is 
to derive findings useful in the risk assessment of low-dose 
radiation that can be used as a basis for the development 
of an appropriate regulatory framework. The following 
study items are investigated by the four teams.
1) Radiation Carcinogenesis Research Team: Evaluation of 

indirect effects of low-dose radiation on carcinogenesis 
(carcinogenesis due to changes in the microenviron-
ment caused by irradiation) and examination of the 
involvement of DNA repair mechanisms in low-dose 
radiation-induced carcinogenesis.

2) DNA Repair Gene Research Team: Clarification of 
low-dose radiation risk-modifying factors in nonho-
mologous end-joining DNA-repair and its molecular 
mechanism.

3) Developmental and Differentiational Anomaly 
Research Team: Verif ication of the validity of 
radiation regulations relating to developmental and 
differentiational anomalies by evaluating the effects 
of low-dose radiation on abnormalities in neural crest 
cell differentiation.

4) Radioadaptive Response Research Team: Determination 
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of risk-modifying factors specific to low-dose radiation 
by identifying genes associated with biological re-
sponses to low-dose radiation, including radioadaptive 
responses and signal transduction.

pRogReSS of ReSeaRch
1) Radiation Carcinogenesis Research Team

Radiation risk of cancer induction has been evaluated 
based on direct effects of radiation on irradiated cells. It 
is known that radiation causes cancer through two types 
of damage: DNA damage directly induced in target cells 
and radiation-induced change of a microenvironment. 
The contribution of the latter effect to radiation-induced 
cancer risk has not been evaluated. We have established a 
thymus transplantation system for assessing the effect of a 
microenvironmental change on thymic lymphomagenesis. 
When thymuses of nonirradiated new-born wild type 
mice were transplanted in thymectomized, irradiated scid 
mice, T-cell lymphomas of transplanted thymus origin 
were induced at 0.1 or 0.2 Gy. The results indicate that 
low doses of γ-rays cause lymphoma induction through 
a microenvironmental change under a Prkdc-deficient 
condition. Bone marrow transplantation prevented this 
radiation effect on carcinogenesis by supplying progenitor 
T cells into transplanted atrophic thymuses and relieving 
them from radiation-induced thymic hypoplasia, which 
demonstrated a relationship between induction of 
lymphomagenesis due to a microenvironmental change 
and thymic hypoplasia. 

To clarify cellular changes due to a microenvironmental 
change and their involvement in lymphomagenesis, the 
characteristics of thymocytes in C57BL/6 mice irradiated 
4 times with 1.8Gy γ-rays were examined. Reactive oxygen 
species were generated in irradiated thymocytes at the stage 
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of radiation-induced thymic atrophy. Concomitantly, DNA 
double-strand breaks, chromosomal instability, aneuploidy 
with trisomy 15, and bystander effects on chromosomal 
aberration induction in co-cultured DNA repair-deficient 
mutant cells occurred, suggesting that reactive oxygen 
species were involved in the nontargeted effects. The 
emergence of thymic lymphomas from the thymocyte 
population containing abnormal cell clones indicated that 
clones with trisomy 15 and altered karyotypes were prel-
ymphoma cells with the potential to develop into thymic 
lymphomas. Thus, delayed nontargeted radiation effects 
drive thymic lymphomagenesis through the induction of 
characteristic changes in T-cell precursor/progenitor cells 
and the generation of prelymphoma cells. 

2) DNA Repair Gene Research Team
DNA double strand breaks (DSBs) are highly cytotoxic 

lesions that are generated by ionizing radiation (IR), vari-
ous DNA-damaging chemicals and DNA replication itself. 
Failure to repair DSBs, or their misrepair, may result in cell 
death or genome rearrangements, including chromosomal 
deletions and translocations. Resulting alterations in some 
genes can promote carcinogenesis and accelerate aging. 
The repair of DSBs is indispensable for genomic integrity. 
Cells, therefore, are invested in at least two pathways to 
repair DSBs, namely homologous recombination repair 
(HRR) and non-homologous end-joining (NHEJ). In 
higher organisms, NHEJ can function in all phases of the 
cell cycle and is the predominant repair pathway. Our chief 
aim is, in this context, to clarify the induction-mechanism 
of mutation by radiation. In particular, the identification of 
the modulatory factor(s) for a low-dose radiation-risk in 
NHEJ and the elucidation of the molecular mechanism(s) 
involved with those factor(s) are the focus of our interest. 
To define the biological roles of NHEJ-related genes on 
DNA damage response, we utilized three cell lines, estab-
lished by another research program in our institute, having 
XRCC4, Artemis and MDC1 (mediator of DNA damage 
checkpoint 1) disrupted, respectively, by a gene targeting 
technique in a human colon tumor cell line HCT116. 
Through the end of FY 2010, we have demonstrated 
higher sensitivities of these three knockout cell lines to 
IR and various chemical reagents that induce different 
types of DNA damages by a survival assay in comparison 
with parental HCT116 cells. Frequencies of chromosomal 
aberration induced by IR were also significantly higher in 
all deficient cell lines than those in the parental cells. HPRT 
gene mutation frequency was significantly increased in a 
dose-dependent manner in MDC1-/- cells after exposure 
to X-rays (0.5-2 Gy). We also demonstrated that MDC1 
closely correlates with regulation of the phosphorylation, 
at least, of ATM and DNA-PKcs after IR. In addition, we 

showed that enhanced expression levels of genes coding 
for factors related to DNA replication, cell cycle and 
DNA repair were exhibited in MDC1-/- cells in compared 
with parental HCT116 cells under the normal culture 
condition by use of a DNA micro-array analysis, while 
the expression levels of genes related to translation and 
protein folding were suppressed. Interestingly, we found 
that MDC1 is associated with the expression of genes 
coding for factors which function in pathways of aging 
and circadian rhythms. 

In our most recent study, we determined the frequency 
of random DNA integration in MDC1-/- cells to clarify 
whether MDC1 makes an impact on NHEJ function, since 
it has long been postulated that most random integration 
events result from NHEJ. The frequencies of random 
integration of plasmid-DNA significantly declined in 
MDC1-/-, XRCC4-/- and Artemis-/- cells to 44%, 19% and 
46% of parental HCT116 cells, respectively. This suggests 
that MDC1 clearly participates in NHEJ function through 
interactions with some NHEJ components. To attest the 
authenticity of the outcomes from the DNA micro-arrays, 
quantitative real-time RT-PCR was performed on 10 genes 
of interest (CDC6, CHAF1A, CHAF1B, TREX1, UBE2C, 
WEE1, DDIT3, KLF4, PER1, PPARG) which significantly 
altered the expression levels in MDC1-/- cells in the micro-
array analyses. Expression ratios of genes except for 
TREX1 were consistent with the profiles obtained in DNA 
micro-array analyses. This suggests that these genes might 
be modification factors under MDC1 governance for the 
risk of IR. In any event, MDC1 may regulate many aspects 
of DNA damage response pathways, and is likely closely 
associated with the recruitment, activation and retention 
of the DNA damage signaling and repair components. 
Subsequently, MDC1 may play a crucial role in the 
mammalian DNA damage responses. 

Meanwhile, since Ku70 plays a key role as a sensor of 
DSBs induced following exposure to IR, we established 
Ku70-deficient epithelial cell lines from murine lungs 
lacking Ku70 to elucidate whether Ku70 plays a role 
in the low-dose radioresistance of lung epithelial cells. 
Ku70-/- lung epithelial cells exhibited a reduced Ku80 
expression and were more sensitive than controls (Ku70+/- 
lung epithelial cells) to low-dose X-irradiation (<0.5 Gy). 
We also found that consistent with the Ku70 function as 
a sensor of DSBs, Ku70 mainly localized in the nuclei 
of murine lung epithelial cells. These findings clearly 
indicate that Ku70 plays a key role in the regulation of 
the Ku80 expression level in, and the radioresistance of, 
lung epithelial cells. Finally, our experimental systems 
utilizing human and murine cell lines deficient in NHEJ 
related genes could be useful for studying the molecular 
mechanisms of response to DNA damage induced by 
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radiation and a variety of chemotherapeutic drugs. 

3) Developmental Anomalies Research Team
The effects of low-dose γ-rays on the embryonic 

development of animal cells are not well studied. 
Melanocytes, neural crest-derived cells, are a good model 
to study the effects of low-dose γ-rays on the proliferation 
and differentiation of animal cells, since they possess a 
high proliferation rate in the embryonic stage and visible 
pigment (melanin) as a differentiation marker. To elucidate 
the mechanism of the effects of low-dose radiations on 
the proliferation and differentiation of melanocytes in the 
epidermis and hair bulbs at the cellular level, pregnant 
females of C57BL/10J mice at 9 days of gestation were 
whole-body irradiated with a single acute dose of γ-rays 
(0.1, 0.25, 0.5, and 0.75 Gy) at a dose rate of 0.3 Gy/min. 
The effects of γ-rays were studied by scoring changes in the 

development of epidermal melanoblasts and melanocytes, 
hair follicles, and hair bulb melanocytes at 18 days in 
gestation. The number of epidermal melanoblasts and 
melanocytes, hair follicles, and hair bulb melanocytes in 
the dorsal and ventral skins was markedly decreased even 
in 0.1 Gy-treated embryos (P < 0.001), and the number 
gradually decreased as dose was increased from 0.1 Gy. 
The effects on the ventral skin were greater than those 
on the dorsal skin. A dramatic reduction in the number 
of melanocytes compared to melanoblasts was observed 
in the ventral skin, but not in the dorsal skin. These 
results suggest that the low-dose γ-rays elicit the death of 
melanoblasts and melanocytes, or inhibit the proliferation 
and differentiation of melanoblasts and melanocytes with 
greater effects on the ventral skin, even at the low dose 
(Fig.4.3). 

Fig.4.3. Histogram of the number of hair bulb melanocytes in the dorsal and ventral skins exposed to γ-rays. The number of hair bulb melanocytes 
in the control and irradiated embryos exhibits the normal distribution both in the dorsal (A) and ventral (B) skins. The distribution of hair bulb 
melanocytes is gradually shifted from higher to lower level after exposure to increasing doses of γ-rays in both the skins.

4) Radioadaptive response research team
   We have described the existence of adaptive response 

(AR) in mouse embryos exposed to X-rays in utero. AR 
was described as a reduction in prenatal deaths and 
congenital malformations in animals pre-exposed to low 
doses of X-rays. On the postu-lation that priming exposure 
activates genes involved in the protection against ionizing 
radiation (IR), we analyzed transcriptome modulations 
in mouse embryos exposed to different low doses of 
priming IR, which were or were not efficient in inducing 
AR in this model. Gene modulations resulting from 
AR-inducing and non-AR-inducing priming exposure 
were compared and AR-specific gene regulations were 
identified. AR-specific genes were involved in various 
molecular functions and pathways (including DNA repair, 
cell signaling, developmental growth factors or tumor 

pro¬tein p53-related pathways). Identification of the 
molecular pathways underlying AR in mouse embryos 
required the use of an experimental model, which would 
overcome the technical difficulties inherent to in utero 
studies. We developed a model consisting of micromass 
cultures of limb bud cells, which gave us the opportunity 
to reproduce in vitro biological properties of our in utero 
model. We showed that the teratogenic effects of IR in 
mouse embryos result from radiation-induced apo¬ptosis; 
decreased apoptosis was observed in the limb buds of 
adapted embryos and in adapted cultured limb bud cells. 
In this study, we evaluated the role of three candidate 
genes in the apoptotic AR in the micromass cultures of 
limb bud cells: Csf1, Cacna1a and Tead3. Gene silencing 
of these three genes abrogated AR. Knowing that TEAD3 
protein levels are significantly higher in adapted cells and 
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that YAP/TAZ/TEAD are involved in the control of cell 
proliferation and apoptosis, we suggest that modulation 
of Tead3 could play a role in the induction of AR in our 
model, seen as a reduction of radiation-induced apoptosis 
and a stimulation of proliferation and differentiation in 
limb bud cells.

MajoR publIcatIoNS
1. Hirobe T, Eguchi-Kasai K, Sugaya K, Murakami 

M: Effects of Low-dose Heavy Ions on the Postnatal 
Development of Mice and the Yield of White Spots in 
the Mid-ventrum and Tail-tips, Journal of Radiation 
Research, 52(3), 278-286, 2011

2. Hirobe T, Eguchi-Kasai K, Sugaya K, Murakami M: 
Effects of Low-dose g-rays on the Embryonic Develop-
ment of Mouse Melanoblasts and Melanocytes in the 
Epidermis and Hair Bulbs, Zoological Science, 28(6), 
389-396, 2011

3. Koike M, Yutoku Y, Koike A: Establishment of 
Ku70-Deficient Lung Epithelial Cell Lines and Their 
Hypersensitivity to Low-Dose X-Irradiation. Journal 
of Veterinary Medical Science,73(5),549-554, 2011

4. Bing W, Tanaka K, Vares G, Shang Y, Fujita K, 
Ninomiya Y, Nakajima T, Eguchi-Kasai K, Nenoi M: 
X-rays-induced radioresistance against high-LET radia-
tions from accelerated heavy ions in mice, Radiation 
Research, 174(4), 532-536, 2010 

5. Varès G, Wang B, Tanaka K, Shang Y, Taki K, Naka-
jima T, Nenoi M: Gene silencing of Tead3 abrogates 
radiation-induced adaptive response in cultured mouse 
limb bud cells. Journal of Radiation Research, 52(1), 
39-46, 2011 



59 NatIoNal  INStItute of RadIologIcal ScIeNceS  aNNual RepoRt  apRIl 2010-MaRch 2011 NatIoNal  INStItute of RadIologIcal ScIeNceS  aNNual RepoRt  apRIl 2010-MaRch 2011

objectIveS
The recent rapid changes in energy production 

systems and life styles of people worldwide have made 
environmental radiation research even more important. 
In order to satisfy the needs for radiation safety and 
regulations, this research group investigates three subjects 
related to environmental radiation and radioactivity: i.e. 
1) effects of radiation on organisms and ecosystems; 2) 
exposure of the public to natural radiation; and 3) marine 
dynamics of important radionuclides. The group consists 
of five research teams: Terrestrial Radiation Ecotoxicol-
ogy Research Team, Aquatic Radiation Ecotoxicology 
Research Team, Natural Radiation Exposure Research 
Team, Cosmic Radiation Exposure Research Team, and 
Marine Radioecology Research Team. The following 
describes the progress of each of these teams during FY 
2006 - 2010.

pRogReSS of ReSeaRch
1) Effects on organisms and ecosystems

While the importance of radiological protection of the 
environment based on scientific principles is increasingly 
recognized internationally as environmental issues garner 
more attention, the relevant scientific data are extremely 
limited. This group conducted studies to evaluate the 
effects of radiation on representative terrestrial and aquatic 
organisms as well as studied to estimate radiation doses 
on those environmental organisms. In addition, the group 
developed methods to evaluate the ecological effects of 
radiation using experimental model ecosystems containing 
various species.

Terrestrial Radiation Ecotoxicology Research Team
To understand the impact of radiation on terrestrial 
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ecosystems, plant and animal terrestrial organisms,  par-
ticularly cedar trees, fungi, earthworms and collembolans, 
were selected due to their high radio-sensitivity or their 
important roles in the maintenance of the terrestrial 
ecosystem. At first the relationships between dose and 
classical effects such as those on the survival, growth or 
reproduction for radiation were investigated. As a number 
of studies have shown that gene expression analysis is 
a promising sensitive biomarker, a novel technology, 
high-coverage expression profiling (HiCEP), developed 
by researchers in NIRS, was applied in order to detect 
the radiation responsive genes in these organisms that 
had no genome information. The HiCEP analysis showed 
that several transcript-derived fragments (TDFs) were 
up-regulated by irradiation, and sequencing the TDFs 
revealed that a few of them were similar to genes relating to 
DNA repair and response to oxidative stress. Particularly, 
poly (ADP-ribose) polymerase I gene was identified as 
a sensitive radiation responsive gene in several animals 
and plants, springtail (Folsomia candida), a model plant 
(Arabidopsis thaliana) and an earthworm (Enchytraeus 
japonensis).

The biological effect of long-term irradiation has more 
relevance to study in radiation ecotoxicology. Therefore, 
the effects of chronic exposure were studied. The model 
plant A. thaliana was exposed to gamma rays for 2 weeks 
at a dose rate of 20 Gy/day and then was assessed for gene 
expression and metabolic analyses.  

The effects of high LET radiation on terrestrial 
ecosystems must be considered because many radiation 
sources in the environment could be alpha and beta 
emitters as well as gamma emitters. Based on the idea that 
an exposure study of environmental organisms to heavy 
ions at NIRS-HIMAC might provide valuable information 
to judge whether or not the radiation weighting factors 

4.4. StudIeS oN eNvIRoNMeNtal RadIatIoN
 effectS



NatIoNal  INStItute of RadIologIcal ScIeNceS  aNNual RepoRt  apRIl 2010-MaRch 2011 60NatIoNal  INStItute of RadIologIcal ScIeNceS  aNNual RepoRt  apRIl 2010-MaRch 2011

defined in human radiation protection could be applied to 
the other environmental organisms, the effects of heavy 
ions were studied in E. japonensis using HIMAC. Heavy 
ions clearly showed stronger effects than gamma rays with 
respect to the growth inhibition of the earthworm.

Aquatic Radiation Ecotoxicology Research Team
Radiation effects were investigated in some selected 

organisms such as phytoplankton, duckweeds, daphnia 
and medaka (Oryzias latipes). Mortality, reduced ingestion 
rates, brain apoptosis, and thymic involution were adopted 
as endpoints to obtain dose-effect relationships and 50 % 
lethal or effect doses (LD50 or ED50). Some of these results 
are cited in the ICRP Publication 108 and contributed to 
updating the FREDERICA radiation effects database 
through IAEA EMRAS II. 

Radiation effects at the community or ecosystem level 
were also investigated in several types of experimental 
ecosystem models, i.e., microcosms. Interesting results 
were observed in the flooded paddy soil microcosms. A 
bacterial community structure detected by denaturant 
gradient gel electrophoresis (DGGE) of 16S rDNA was 
affected after chronic gamma-irradiation at a dose rate of 
as low as 1 Gy/d for 5 days. Some of the observed effects 
were increases in the relative abundance in specific species 
of the genera Clostridium and Massilia. This positive 
effect is unexpected from a conventional single-species 
approach. Additionally, the concentrations of sulfate ion 
increased in the liquid phase of the irradiated microcosm, 
while concentrations of Na+, Ca2+, F- and soluble iron 
decreased. This suggests that the low dose of irradiation 
affected material cycles, i.e., ecosystem functioning. These 
effects may have been caused by the bacterial community 
structure change.

2) Exposure to natural radiation
Since natural radioactive substances and cosmic radia-

tion at high altitudes contribute greatly to the radiation dose 
received by the general public, it is necessary to quantify 
the actual level of exposure and to document its features. 
The group therefore investigated the concentration and 
exposure doses of radon (222Rn), thoron (220Rn), and related 
radionuclides, mainly in areas with high natural radiation, 
and analyzed the results together with epidemiological 
data. The group also collected scientific information on 
dose and effects of cosmic radiation in aircraft and is work-
ing to provide them in an intelligible and easily accessible 
way for the general public such as on the Internet. 
Natural Radiation Exposure Research Team 

Recent epidemiological studies indicated that lung 
cancer risk significantly increases due to exposure to 
relatively low-level residential radon (100 Bq/m3). We have 

conducted an epidemiological study (case-control study) 
in China, in cooperation with the Radiation Epidemiology 
Team of the Regulatory Sciences Research Group. Passive 
radon detectors developed by NIRS were used for this 
study. Measurements with passive detectors was conducted 
as follows: (1) a large number of passive detectors were 
assembled at NIRS; (2) these detectors were sent to China 
by post; (3) Chinese collaborators placed them in dwellings 
selected in studied areas; (4) they were retrieved after six 
months of exposure; (5) the exposed detectors were sent 
back to NIRS; and (6) they were processed at NIRS and 
radon concentration for each dwelling was estimated. 
This work has been conducted since 2007. The last series 
of measurements was finished in 2010 and we have now 
obtained residential radon concentration data for around 
100 lung cancer cases and 200 controls. 

We also investigated potential exposure due to natural 
radionuclides contained in building materials used in 
Japan. Building material samples were collected for this 
purpose and radon exhalation rates were measured for these 
samples. A simulation program was developed to estimate 
exposure due to radon exhaled from building materials. 
the program includes a room model and calculates indoor 
radon concentration and its changes with time by inputting 
radon exhalation rate for a building material used, together 
with related environmental parameters.

Cosmic Radiation Exposure Research Team 
More than 16 million Japanese people go abroad every 

year using aircraft and about 20 thousand persons are 
working as aircraft crew of Japanese airline companies. 
At aviation altitudes, they are exposed to enhanced cosmic 
radiation of which the annual personal dose generally 
exceeds 1 mSv. However, the situation and health effects 
of cosmic radiation exposure are still uncertain. The team 
therefore made efforts to collect scientific information 
on doses and effects of cosmic radiation and also to 
provide them to the general public. Major tasks were: 
(1) calculation of aviation route doses (effective doses 
received in aircraft) using the most up-to-date method; 
(2) development of new detectors to verify calculations in 
aircraft; and (3) improvement of a comprehensive system 
for radiation protection dosimetry of aircraft crew. Some 
research outputs of the team are open to the public as a 
web tool named “Japanese Internet System for Calculation 
of Aviation Route Doses (JISCARD)” available on the 
NIRS home page. In FY 2010, we carried out in-flight 
measurements onboard a commercial jet aircraft from New 
York to Seoul using a moderator-type neutron detector for 
verification of the calculation code. Satisfactory agreement 
was found between the estimated and observed results. A 
real-time, continuous monitoring system of cosmic-ray 



61

4.4. StudIeS oN eNvIRoNMeNtal RadIatIoN effectS

NatIoNal  INStItute of RadIologIcal ScIeNceS  aNNual RepoRt  apRIl 2010-MaRch 2011 NatIoNal  INStItute of RadIologIcal ScIeNceS  aNNual RepoRt  apRIl 2010-MaRch 2011

neutrons in the upper atmosphere has been constructed 
at the summit of Mt. Fuji. Also, we continue to cooperate 
with airline companies in Japan, regarding management 
of cosmic radiation exposure for aircraft crew.

3) Marine dynamics of important radionuclides
Because many Japanese nuclear facilities are located in 

coastal areas facing the Pacific Ocean and the Japan Sea, 
it is very important to predict the environmental behavior, 
and thus the fate of radionuclides in marine ecosystems. 
The group focused on the development of highly sensitive 
analytical methods for important radionuclides (e.g., plu-
tonium, americium, iodine, etc.) for which data are scarce, 
and provided data on their activities and isotopic ratios 
to understand their environmental behavior in marine 
ecosystems.

Marine Radioecology Research Team 
Anthropogenic radionuclides have been released into 

the environment as the result of atmospheric nuclear 
weapons testing, nuclear fuel reprocessing, disposal of 
nuclear waste, and accidental releases from nuclear 
power plants. To understand their environmental behavior 
and make dose assessments, development of a highly 
sensitive analytical method is required.  We established 
a highly sensitive mass spectrometric method for precise 
and accurate determination of activity and isotopic ratios 
for isotopes of U and Pu, and 241Am by the combination of 
a high-efficiency sample introduction system with sector-
field ICP-MS. The obtained detection limits for Pu isotopes 
and 241Am were among the best obtained by any system 
in the world. These newly developed methods have been 
applied to sample determinations for seawater, settling 
particles, sediment and soil . In addition, we also developed 
a sensitive hyphenation technique, HPLC-ICP-MS for the 
speciation of stable iodine in seawater, considering the 
fact that the chemical form of radionuclides is one of the 
most important factors controlling their environmental 
behavior in the ocean. 

To deal with the problem of global warming, rapid 
growth in nuclear power generation is expected in East 
Asia. For the purpose of rapid source identification and 
risk assessment for any future radioactive contamination 
in the marine environment, we made particular efforts 
to investigate the distribution of the Pu isotope ratio 
(240Pu/239Pu) and the mechanism controlling the transport 
of Pu in the Pacific Ocean and its marginal seas. The atom 
ratio of 240Pu/239Pu in surface water from Sagami Bay was 
found to be 0.224 ± 0.014 and showed no notable variation 
from the surface to the bottom with the mean atom ratio 
being 0.234 ± 0.004. The atom ratios for the Pacific coast, 
near the Rokkasho Nuclear Fuel Reprocessing Plant, were 

approximately the same as 0.224 obtained in Sagami Bay. 
The mean 240Pu/239Pu atom ratio in water columns in the 
Japan Sea was ~ 0.240 and there was no spatial variation 
of this ratio in the Yamato and Tsushima Basins. For the 
sediments collected from the Japan Sea, the East China 
Sea, and coastal areas in the North West Pacific, for 
example, in Sagami Bay and Hiroshima Bay, the 240Pu/239Pu 
atom ratios ranged from 0.20 to 0.30, while in most surface 
sediments, a mean of 0.24 was observed. The distribution 
of Pu with the 240Pu/239Pu atom ratio significantly higher 
than the mean global fallout ratio of 0.18 in the marine 
environment in the North West Pacific and its marginal 
seas was attributed to the transport and scavenging of 
close-in fallout Pu originating from the Pacific Proving 
Grounds and carried by the North Equatorial Current and 
Kuroshio Current. The 240Pu/239Pu atom ratios in seawater 
and marine sediments obtained in the past years in the 
North West Pacific will provide useful baseline data for 
the identification and estimating the extent of radioactive 
contamination from the accident at the Fukushima Dai-ichi 
Nuclear Power Plant.  
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objectIveS
It is necessary to provide environmental transfer 

parameters for radiation dose assessments from radio-
nuclides released from radioactive waste disposal sites. 
To obtain suitable parameters for the Japanese biosphere, 
this team has been  studying four topics: (1) behavior of 
radionuclides in Japanese estuarine areas; (2) prediction 
of the behavior of the key radionuclides (14C and 129I) in 
transuranic waste (TRU); (3) transfer of radon from soil 
to the air; and (4) development of estimation methods for 
environmental parameters. 

pRogReSS of ReSeaRch
1) Behavior of radionuclides in Japanese estuarine areas

More than 40 elements in water samples were analyzed 
for the estimation of the behavior of stable elements 
and radionuclides in selected Japanese estuarine areas. 
Estuarine water to biota concentration ratios (CRs) of 
various elements were also obtained as analogues of 
radionuclides for algae, molluscs, and crustaceans, in 
eight estuarine areas around Japan (Fig. 4.4). When the 
obtained geometric means of CRs were compared with the 
CRs recommended in IAEA Technical Report Series 422 
for marine organisms, no big differences between them 
were found. Some elements tended to be concentrated in 
internal organs of biota collected in the estuarine areas.

2) Prediction of the behavior of the key radionuclides 
(14C- and 129I) in transuranic waste (TRU)
Production of 14C-containing gas from soil was studied 

using 14C in sodium acetate form. These production ratios 
were determined by batch tests using 142 agricultural 
(upland and paddy) soil samples. Each of the soil samples 
was suspended in deionized water containing either [1-14C] 
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or [1,2-14C] sodium acetate and shake-incubated for 7 days. 
Average production ratios were 69% for [1-14C] sodium 
acetate and 59% for [1,2-14C] sodium acetate. From the 
results, the 14C-containing gas production ratio for [2-14C] 
sodium acetate was calculated to be 50%. The carboxyl 
group of sodium acetate, therefore, is easily released as 
gas in Japanese agricultural soils. 

3) Transfer of radon from soil to the air
A continuous measurement system, with a ventilation-

type accumulation chamber, was developed for radon 
exhalation rate determination. A reasonable sampling 
flow rate was estimated to be less than 0.2 L min−1. In the 
field, radon exhalation rates were investigated in Gunma 
and Kagoshima Prefectures. Radon and thoron exhalation 
rates ranged from 72% to 74% and from 80% to 120%, 
respectively. 

4) Development of estimation methods for environmental 
parameters
Based on databases such as Database for Soil Analysis in 

Japan and Food Composition Database, estimation models 
of soil-to-plant transfer factors for six elements (Ni, As, 
Se, Cs, I, and Ra) were developed. Soil characteristics (clay 
content, pH, EC, CEC, exchangeable Ca, exchangeable K, 
active Fe, water content, total carbon, and total nitrogen) 
and elements in crops (P, Ca, Fe, K, Mg, Mn, Na, Cu, Zn) 
were used as explanatory variables for multiple regression 
models. When the Food Composition Database was used 
for the estimation of soil-to-plant transfer factors, a good 
correlation was found between estimated values and actual 
measured values.
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Fig. 4.4. CRs of the whole body for (a) algae, (b) molluscs, and (c) crustaceans collected 
in eight Japanese estuarine areas. Dashed lines indicate CR values of 1 and 100 L/kg. 
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