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Background: International organizations such as the World Health Organization (WHO) and
the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) re-
ported public exposure doses due to radionuclides released in the Fukushima nuclear accident a
few years after the event. However, the reported doses were generally overestimated due to con-
servative assumptions such as a longer stay in deliberate areas designated for evacuation than the
actual stay. After these reports had been published, more realistic dose values were reported by
Japanese scientists.

Materials and Methods: The present paper reviews those reports, including the most recently
published articles; and summarizes estimated effective doses (external and internal) and issues
related to their estimation.

Results and Discussion: External dose estimation can be categorized as taking two approach-
es—estimation from ambient dose rate and peoples’ behavior patterns—and measurements us-
ing personal dosimeters. The former approach was useful for estimating external doses in an
early stage after the accident. The first 4-month doses were less than 2 mSv for most (94%) study
subjects. Later on, individual doses came to be monitored by personal dosimeter measure-
ments. On the basis of these measurements, the estimated median annual external dose was re-
ported to be <1 mSv in 2011 for 22 municipalities of Fukushima Prefecture. Internal dose esti-
mation also can be categorized as taking two approaches: estimation from whole-body counting
and estimation from monitoring of environmental samples such as radioactivity concentrations
in food and drinking water. According to results by the former approach, committed effective
dose due to *Cs and '7’Cs could be less than 0.1 mSv for most residents including those from
evacuated areas.

Conclusion: Realistic doses estimated by Japanese scientists indicated that the doses reported
by WHO and UNSCEAR were generally overestimated. Average values for the first-year effec-
tive doses for residents in two affected areas (Namie Town and Iitate Village) were not likely to
reach 10 mSv, the lower end of the doses estimated by WHO.

Keywords: Fukushima Accident, Effective Dose, External Exposure, Internal Exposure, First-
Year Dose

Introduction

A large amount of radionuclides was released into environment due to the Fukushi-
ma Daiichi Nuclear Power Plant (FDNPP) accident, which caused internal and exter-
nal exposure to the public. International organizations such as the World Health Orga-
nization (WHO) and the United Nations Scientific Committee on the Effects of Atomic
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Radiation (UNSCEAR) reported public doses due to this ac-
cident a few years after the event. However, these doses were
generally overestimated, because they were based on con-
servative assumptions. WHO reported that adult residents of
two affected areas (Namie Town and litate Village, their loca-
tions are shown in Fig. 1) received effective doses of 10-50
mSv for the first year after the accident in its first 2012 report
[1]. These values were cited in an article in Nature [2] and
were repeated by others. Later, a revised dose band of 12-25
mSv for the same areas was reported in WHO’s second re-
port in 2013 [3]. However, it was still based on conservative
assumptions that people in deliberate evacuation areas
stayed there for the first 4 months although the inhabitants
were subjected to relocation at different times during the

Fig. 1. Locations of municipalities mentioned in the present review.

4-month period.

The first-year doses for the same areas reported in the UN-
SCEAR 2013 Report [4] were further decreased: around 8 mSv
for adult evacuees from Iitate Village and 5.0 or 7.0 mSv for
adult evacuees from Namie Town (depending on evacuation
routes). Still, the UNSCEAR Report stated that it was likely
that some overestimation had been introduced generally by
the methodology used by the Committee. UNSCEAR pub-
lished “white papers” [5] that reviewed publications after the
2013 Report, but the doses estimated in the 2013 Report were
not changed.

Since the WHO and UNSCEAR 2013 Reports, more realis-
tic dose values have been reported by Japanese scientists.
Reviews on those studies have been published [6, 7], but the
present paper aims at reviewing papers including the most
recently published articles (articles accepted until the end of
2019) by Japanese scientists. The present paper focuses on
effective dose only and does not deal with thyroid dose, be-
cause a review paper about thyroid dose will be published in
this journal by another author. The locations of municipali-
ties mentioned hereafter are shown in Fig. 1. Also, the dose
values mentioned in the present paper indicate additional
dose due to the accident excluding dose due to natural radia-
tion, unless otherwise noted.

Methods for External Dose Estimation

Fig. 2 illustrates two typical approaches for external dose
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Fig. 2. Two approaches for external dose estimation.
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Personal dose equivalent is an approximation for
effective dose due to exposure from radiocesium
deposited on the ground
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estimation. One is estimation from ambient dose rate. Distri-
bution of outdoor ambient dose rate for an area can be esti-
mated by various methods such as car-borne and airborne
(helicopter) monitoring [8]. Also, ambient dose rate can be
calculated from radionuclide concentration in soil (or depo-
sition density) using conversion coefficients [9]. In this ap-
proach, factors affecting accuracy of dose estimation could
be: (1) estimation of ambient dose rate for sites (indoors/
outdoors) where target individuals spent time; (2) their oc-
cupancy factors (behavior patterns); and (3) the conversion
factor from ambient dose to effective dose. In most cases,
ambient dose rate indoors is estimated by using appropriate
shielding factors and ambient dose rate estimated for neigh-
boring places outdoors.

The other approach is to use personal dosimeters. In this
approach, the proper use of personal dosimeters (i.e., wear-
ing dosimeters all the time in principle) is important for ac-
curacy of the measured dose. The personal dose equivalent,
measured with personal dosimeters, obtained in the geo-
metrical conditions of the affected areas in Fukushima Pre-
fecture is known to be comparable with the effective dose of
isotropic or rotational irradiation geometries [10].

In an early stage after the accident, the Japanese govern-
ment adopted external dose estimation with two conserva-
tive assumptions that: (1) people stay 16 hours indoors and 8
hours outdoors; and (2) the conversion factor from ambient
dose to effective dose equals one. Hereafter, this estimation
method is called the “government model” [11]. However, the
time spent outdoors was generally much less than 8 hours.
Also, the conversion factor appropriate for situations in Fu-
kushima was around 0.6 [8]. Thus, individual effective dose
was overestimated with these assumptions in most cases.
The Japanese government changed the policy later and
started to recommend use of personal dosimeters to esti-
mate individual doses. On the other hand, the estimation
from ambient dose rate remains useful in the case that peo-
ple predict their individual doses before returning to their
hometown [12]. How these two approaches have been used
after the accident are described below.

Estimation from Ambient Dose Rate

1. Dose Assessment using Actual Behavior Records

In an early stage after the accident, personal dosimeters
were not widely available for the public. As noted above, how
occupancy factors (behavior patterns) are assumed is one of
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the influential factors for dose estimation from ambient dose
rate. Some evacuees had complex behaviors including mul-
tiple moves. Therefore, obtaining records of individual be-
havior (such as post-disaster evacuation behavior) from resi-
dents, and combining this information with ambient dose
rate was considered to estimate external dose.

This was conducted as the “Basic Survey”, a part of the Fu-
kushima Health Management Survey [13]. Details of the Ba-
sic Survey are described elsewhere [14]. Questionnaires ask-
ing behavior patterns for the first 4 months after the accident
were sent to all persons registered as Fukushima Prefecture
residents (around 2 million), including residents of non-
evacuated areas. The Basic Survey estimates individual ex-
ternal effective doses using the digitized behavior records
and a calculation program which includes 2 x 2 km? mesh
daily ambient dose rate maps.

Individual external doses for the first 4 months were esti-
mated for about 475,000 persons. Although the maximum
dose was 25 mSv, 94% of the doses were less than 2 mSv. The
Basic Survey also revealed actual occupancy factors after the
accident. In the case of litate Village, average time spent out-
doors per day was around 2 hours [15], which was much
shorter than the 8 hours used by the government model. Ac-
cording to the Basic Survey, age dependence of individual
effective doses was not so large: the 4-month doses for in-
fants (<6 years old) and children (6-15 years old) were 1.1
times and 1.04 times larger than that for adults (> 15 years
old) on average in non-evacuated areas [16]. The ratios were
smaller than those estimated by the UNSCEAR 2013 Report:
around 1.7 times and 1.4 times smaller for infants and chil-
dren for the first-year dose.

2. Dose Assessment using Typical Behavior Patterns

The UNSCEAR 2013 Report estimated municipality-aver-
age doses using this approach for non-evacuated areas [4].
The dose estimation was based on (1) ambient dose rate cal-
culated from measured deposition density data and (2) sev-
eral occupancy factors depending on age groups and occu-
pation (outdoor worker/indoor worker). For evacuees, UN-
SCEAR used 18 typical evacuation patterns [17] to estimate
their doses.

Dose estimation based on some typical behavior patterns
by age group or occupation could give a more realistic dose
than that estimated using a fixed pattern like 8 hours out-
doors and 16 hours indoors. Takahara et al. [18, 19] investi-
gated behavior patterns for four population groups: Fukushi-
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ma City Office staff, senior citizens’ club members, contrac-
tors’ association members, and agricultural cooperative
members. Then, probabilistic dose assessments were made
for these population groups by considering the spatial vari-
ability of ambient dose rate and interpopulation differences
resulting from behavior patterns. Mori et al. [20] applied the
probabilistic approach to estimate the external doses that
children would receive after returning to evacuated areas.
Application of this approach is described in another paper of
this journal in more detail [8].

3. Issues Related to Dose Assessment from Ambient

Dose Rate

Among the three factors affecting individual external dose
assessment (Fig. 2), the Basic Survey has an advantage for
the second point (obtaining actual behavior records), but it
has disadvantages for the first point. In the Basic Survey, out-
door ambient dose rate was assumed to be uniform within 2
km x 2 km mesh areas, but strictly speaking, that would not
be true. Also, the Basic Survey used a fixed shielding factor
for each type of building (e.g., 0.4 for wooden houses) to esti-
mate indoor dose rate from outdoor dose rate, but the factor
could differ from house to house [12].

Even for the second point, the Basic Survey was consid-
ered to have a potential weakness: it relies on people’s mem-
ories for the behavior records and “recall bias” may affect the
individual doses. However, a comparison between dose esti-
mates based on behavior records collected before and those
collected recently indicated that the effect of recall bias could
be small [21].

Another issue is that the Basic Survey is a volunteer-based
survey, while the dose assessment using typical behavior
patterns can be applied to a whole population group. Due to
this concern, representativeness of individual doses estimat-
ed by the Basic Survey was investigated [22]. Although the
response rate to the Basic Survey questionnaires was around
27%, the dose distribution was considered to be representa-
tive for the whole prefecture, according to a statistical test.

Estimation from Personal Dosimeters

1. Integrating-Type Personal Dosimeters
1) Personal doses in the rehabilitation phase

Around a half year after the accident, measurements of ex-
ternal dose for residents by using integrating-type personal
dosimeters (glass badges) were started on a large scale by lo-
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cal governments of Fukushima Prefecture. Because the mea-
surements had an important aspect of risk communication,
residents were notified of the estimated personal doses. Also,
most of the municipalities have disclosed overall results to
residents (e.g., Koriyama City [23] and Fukushima City [24]).
Generally, children and pregnant women were considered
to have high priority for personal dosimeter measurements
at first. Later on, the target users were expanded to residents
of all ages who wish to measure their personal doses. In 22
municipalities of Fukushima, the estimated median annual
external dose was reported to be <1 mSvin 2011 [25]. Some
municipalities continue the measurements even now.

Some scientific papers reported results for specific areas
(Minamisoma City, Soma City, Nihonmatsu City). A paper
on Soma City showed that the geometric mean levels of an-
nual doses from external exposure decreased each year: 0.60
mSy, 0.37 mSy, 0.22 mSy, 0.20 mSy, and 0.17 mSv in 2011,
2012, 2013, 2014, and 2015, respectively [26]. The proportion
of residents with annual doses from external exposure of
more than 1 mSv dropped from 15.6% in 2011 to zero in
2015. For Minamisoma City, the calculated annual effective
dose from external exposure ranged from 0.00 to 3.45 mSv
(median, 0.66 mSv), based on measurements conducted
from June 2012 to February 2013 [27]. Here, measured values
below a background dose (0.54 mSv per year) were treated
as an additional dose of zero. In Nihonmatsu City [28], the
mean dose 6 months after the accident was reported to be 1.5
mSv, when converted to annual dose. The annual dose was
the same (1.5 mSv) in 2012, but decreased to 1.0 mSv in 2013,
and 0.65 mSvin 2014.

Integrating-type personal dosimeters cannot identify the
major contribution to received dose. Then, regarding this
point, Nomura et al. [29] investigated the relationship be-
tween behavioral patterns of school children and personal
dose. According to them, outdoor activities had no statisti-
cally significant relationship to the personal dose. Their re-
sults indicated that behaviors related to outdoor activities,
such as commuting means and hours spent, and hours
spent outdoors after school and on weekends, had no signifi-
cant statistical relationship with the doses over the 3-month
period. Meanwhile, a 0.1 pSv/hr increase in the ambient
dose rate at home was associated with a 10% increase in the
dose (p<0.001). The study indicated that the ambient dose
levels at the places where children spend most of their day
were the significant predictors of the dose.
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2) Effects of decontamination on personal dose

As described previously, personal doses in the same areas
generally decreased during the course of time (year-to-year),
although the subjects for each year were not the same. In ad-
dition to physical decay of deposited radionuclides, weather-
ing and decontamination could play a role in the decrease of
personal doses. The UNSCEAR 2013 Report estimated 10-
year and lifetime doses, but it did not consider effects of de-
contamination.

Although it was reported that decontamination decreased
ambient dose rate [30], it was not demonstrated whether or
not the decontamination surely lowered personal doses. The
first report on this appeared in 2019 [31]. The annual DRRs
(dose reduction rates for personal dose) in areas that had
undergone decontamination for both adults and children
were significantly higher than those in areas without decon-
tamination. The higher the dose at the time decontamina-
tion was started, the greater the DRR by decontamination,
regardless of the timing of the decontamination. Effects of
decontamination was also investigated from airborne moni-
toring results of the same areas [32]. Airborne monitoring
was seen to be less sensitive to the effects of decontamina-
tion than individual monitoring. This result may be due to
airborne monitoring also including non-decontamination
areas (e.g., forests) or being affected by surrounding areas.

3) Doses for returnees

A few years after the accident, the government started lift-
ing evacuation orders in some areas. People began to return
to or temporally stay in their hometown in such areas. Some
studies reported personal dosimeter measurements made
by such returnees. In the case of Kawauchi Village, the maxi-
mum cumulative individual dose was 3.28 mSv per year, and
the median and minimum doses were 1.35 and 0.71 mSv per
year for those who returned in 2013 [33]. Another study in-
vestigated returnees to Minamisoma City [34]. Doses for a
total of 112 returnees to Odaka district (where all residents
were forced to evacuate elsewhere at the time of the acci-
dent), in Minamisoma City, were compared to 266 non-re-
turnees. The proportion of participants with annual doses
from external exposure above 1 mSv was 7.0% for returnees,
and 7.3% and 4.2% for non-returnees living in other districts
of the city and outside it, respectively.

2. D-Shuttle
Although glass badges are useful in large-scale personal
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monitoring, their disadvantages are that (1) they generally
need a measurement period of a few months and (2) it is not
possible to determine when and where the person is exposed
(athome, at work, etc.). A personal dosimeter, D-shuttle, over-
coming these disadvantages was developed in 2013 by AIST
(National Institute of Advanced Industrial Science and Tech-
nology) and it was made commercially available by Chiyoda
Technol Corporation [35]. D-shuttle enables users to record
hourly personal doses and to read out the hourly doses any-
time by using a dedicated device for its administration.

Studies using the D-shuttle in combination with GPS sys-
tems allowed identification of exposure levels, locations, and
times. In particular, it was possible to find the dominant ex-
posure in the total exposure. Identifying source contributions
to the total dose is important in determining effective dose
reduction measures. In this respect, it has been broadly used
for risk communication in Fukushima Prefecture [36, 37].

As described previously, personal doses for hometown re-
turnees were obtained using integrating-type personal do-
simeters. Monitoring for those people also has been done
using the D-shuttle [38, 39]. A 2020 publication analyzed
doses for 239 voluntary participants among returnees across
ten municipalities [40]. Monte Carlo simulations used for
quantifying both uncertainty and population variability of
observed data demonstrated that the mean of the annual
dose in 2019 (including natural background doses) was 0.93
mSv (95% uncertainty interval, 0.53-1.76 mSv), with limited
variation among municipalities.

3. Issues Related to Personal Dosimeter Measurements
1) Relationship between ambient dose and personal dose

Since personal dosimeters have come into large-scale use,
it has become necessary to give the public a reasonable ex-
planation for the discrepancy between external dose esti-
mated by the government model and that estimated with
personal dosimeters. Related to any explanation would be
the consideration that airborne monitoring can grasp the
distribution of air dose rate widely and quickly, while indi-
vidual dose estimation by personal dosimeters takes time in
the case of glass badges and future doses after returning to
former evacuation areas cannot be predicted. Then, it would
be useful for a rapid understanding of individual dose levels,
if individual dose levels are estimated from airborne moni-
toring results. In particular, it would be useful for those who
wish to return to former evacuation areas.

Thus, the relationship between ambient dose rate and
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personal dose has been studied by several groups of investi-
gators. Nomura et al. [41] compared individual dose levels
directly measured with personal dosimeters and those re-
constructed by the government model. The reduction factor
(RF), which is defined as the ratio of the additional individual
external doses to the additional ambient doses, was 0.3 +0.1
on average, whereas the value used in the government mod-
el was 0.6. Major potential causes of the discrepancy were (1)
the conversion factor from ambient dose to effective dose
that was used (the government model used 1.0, although it is
actually around 0.6 [8]) (Fig. 2) and (2) less time being spent
outdoors than was assumed in the government model (8
hours).

Naito et al. [38, 42, 43] conducted several studies on this
topic using the D-shuttle. Their study [42], including partici-
pants from Fukushima City, Koriyama City, and Nihonmatsu
City, showed that, for most study volunteers, the exposure
from staying at home represented about half of the total cu-
mulative dose and on average the RFs reported were about
0.3. This was similar to the value estimated by Nomura et al.
[41] using integrating-type dosimeters (glass badges). The
third study conducted by Naito et al. [43] showed that the
RFs were on average 0.14 and 0.32 for time spent at home
and outdoors, respectively. They considered reasons for this
discrepancy as the values of background doses used to esti-
mate additional dose, consideration of decay in the ambient
dose determination, and differences in number and type of
participants. The study that Naito et al. [38] conducted in Ti-
tate Village showed the medians of the average RFs were 0.13
(min-max, 0.06-0.27) for time spent at home and 0.18 (min-
max, 0.08-0.36) for time spent outdoors.

2) Interpretation of personal dose measurement results

When interpreting results obtained with personal dosime-
ters including the D-shuttle, several points need to be con-
sidered: (1) participant selection bias, (2) conditions of use,
and (3) background dose.

First, the personal dose measurement conducted by local
governments of Fukushima Prefecture was basically volun-
teer-based. Also, soon after the accident, the main targets for
personal dosimeter measurements were children and preg-
nant women [26, 27]. These conditions present no problem
in individual risk communication, but they present issues of
selection bias in a large-scale survey to estimate dose distri-
bution as a whole for a municipality level. Monte Carlo sim-
ulation could be a useful tool to examine representativeness
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of study participants [40].

The second point affects measured values, and it is related
to whether or not personal dosimeters were wore in a proper
manner. Nomura et al. [44] investigated this issue. Data from
children who did not wear the dosimeters to school and out-
doors had statistically significant errors (ratio: 1.13, p<0.01
and 0.97, p <0.05, respectively), whereas improper use of the
dosimeters at school, at home and at bedtime did not gener-
ate significant errors. Considering the small dose error due
to the improper use of the dosimeters, however, solid evalu-
ation of external dose may be possible with some accuracy,
even if the dosimeters are not properly used.

Third, it is difficult to estimate an accurate background
dose (the dose due to natural radiation) for each subject. The
background dose could differ from place to place, but dis-
criminating the natural radiation dose from the dose due to
the accident needs a spectroscopic measurement at each
place [45]. In Fukushima Prefecture, integrating-type per-
sonal dosimeters from two manufacturers were mainly used.
One manufacturer used 0.54 mSv per year as the background
dose, which was based on measured values in a place distant
from Fukushima. The other used “control badges” to esti-
mate background dose [28]. It is a reasonable expectation
that the background dose will depend on where the control
badges are placed. The D-shuttle also includes background
radiation in its measurements and estimating additional
dose from measured results needs to take background dose
into consideration.

Methods for Internal Dose Estimation

Internal dose estimation can be categorized into two ap-
proaches: estimation from personal monitoring and estima-
tion from monitoring of environmental samples such as ra-
dioactivity concentration in food and drinking water (Fig. 3).
Both approaches aim at estimating intake amount of radio-
nuclides. Then, multiplying the estimated intake by dose co-
efficients presented by the ICRP is a common method to es-
timate committed effective dose (CED). Estimation of inter-
nal dose from bioassay samples such as urine can be classified
as personal monitoring, but only one report could be found
for dose estimation by a bioassay method after the Fukushi-
ma accident [46]. Thus, this section deals only with whole-
body counting (WBC) as personal monitoring. Dose estima-
tions after the accident by these two categories of approach-
es are described below. Hereafter, the term “CED” is used as
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Fig. 3. Two approaches for internal dose estimation.

CED only from "**Cs and '*Cs, unless otherwise noted.

1. Estimation by Whole-Body Counting

Immediately after the accident, no whole-body counters
were available in Fukushima Prefecture. Thus, initially
whole-body counters located outside the prefecture were
utilized for measuring **Cs and '*’Cs body contents for resi-
dents from Fukushima Prefecture.

Morita et al. [47] reported internal contamination level for
evacuees from Fukushima after the accident using a whole-
body counter at Nagasaki University. Measurable *'Cs and
¥7Cs amounts were detected in 49 out of 196 people who
were in Fukushima Prefecture at any time during March 11
to April 20, 2011. Among these 49 people, the 90" percentile
CED value was 0.06 mSv.

The Fukushima Prefecture government organized WBC
measurements by a committed institute, the National Insti-
tute of Radiological Sciences, which started at the end of
June 2011 [48]. A total of 174 subjects mostly from evacuated
areas were measured until the end of July. The 90® percentile
CED value for adults was around 0.1 mSv and the maximum
CED (0.63 mSv) was found in an elderly male.

Another committed institute, the Japan Atomic Energy
Agency (JAEA), started WBC measurements on July 11, 2011.
A total of 9,927 subjects were measured until the end of Janu-
ary 2012. Most of these subjects were residents of evacuated
areas. The median CED values were 0.02 mSv and 0.025 mSv
for subjects aged 13-17 years and for subjects aged >17
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years, respectively [49].

Several months after the accident, installation of whole-
body counters in Fukushima Prefecture was started. Some of
them were a mobile type. The installed whole-body counters
were operated either by (i) Fukushima Prefecture including
its commissioned organizations such as JAEA; (ii) local gov-
ernments (municipalities); or (iii) organizations indepen-
dent of the prefectural or local governments. Data on mea-
surements conducted by operators of category (i) have been
collected by the Fukushima Prefectural government and
they are periodically reported on webpages of Fukushima
Prefecture [50]. According to these webpages, persons with
CEDs greater than or equal to 1 mSv numbered 26 among
more than 340,000 subjects measured. Also, no subject with
a CED greater than or equal to 1 mSv was found after March
2012 (1 year after the accident).

Some results obtained by operators for categories (ii) and
(iii) have been reported as scientific papers: these papers in-
cluded subjects of Minamisoma City [51, 52], Iwaki City (in-
cluding its suburbs) [53, 54], Namie Town [55], and Miharu
Town [56], and subjects in and around Fukushima Prefecture
[57, 58]. All papers reported very low doses as follows: (1)
among 9,498 residents measured between September 26,
2011 and March 31, 2012, CEDs were less than 1 mSv except
for 1 resident (1.07 mSv) [51]; (2) CEDs of 566 high-risk resi-
dents measured about 4 months after the accident were
found to be less than 1 mSv [52]; (3) the maximum CEDs in
two studies were both less than 0.1 mSv [53, 54]; (4) the aver-
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age CED for residents with detectable radioactivity of *"Cs or
134Cs was 0.025 mSv [55]; (5) no child was found to exceed
the "¥Cs detection limit of 300 Bq per body (corresponding
to the CED of 0.04 mSv due to *’Cs for a 6-year old) in 2012
and 2013 [56]; (6) among 2,700 babies, none had detectable
levels of **Cs or ¥*"Cs (the detectable level of *’Cs corre-
sponds to 0.016 mSv per year including the contribution
from '*Cs) [57]; and (7) between 12 to 20 months after the
accident, the '*"Cs detection frequency was 1.0% among all
ages (0.09% among children) [58].

As mentioned before, personal dosimeters were utilized
for estimating external doses for returnees to the former
evacuation order areas. Most municipalities in such areas
organize opportunities for persons to undergo WBC so that
they can check their own internal contamination, if they
wish. WBC results for returnees to Kawauchi Village were re-
ported by Tsubokura et al. [59]. Although returnees had
higher chances of consuming locally produced vegetables,
proportions of individuals with internal radiation exposure
above the ¥Cs detection limit were 3.4%, 1.6%, and 3.1% for
the returnees, commuters and non-returnees among the
Kawauchi villagers, respectively. A Cochran-Mantel-
Haenszel (CMH) test showed the level of internal radiation
exposure for the returnees was not significantly higher than
that in the two other groups. This indicated that it was possi-
ble to maintain internal exposure at very low levels even in a
highly contaminated region.

2. Estimation from Environmental Monitoring Data

The UNSCEAR 2013 Report adopted this approach. It esti-
mated ingestion dose based on a food database with some
conservative assumptions. For example, many '*'Cs and *"Cs
concentrations in the database were shown as below the
limits of detection and in these cases, it was generally as-
sumed that **Cs and “Cs concentrations were each 10
Bq-kg'. The 2013 Report estimated inhalation dose based
on atmospheric transport dispersion and deposition models
for radioactive materials released from the FDNPP accident.
The first-year dose due to ingestion was estimated to be 0.94
mSyv for adults in non-evacuated areas. The first-year dose
due to inhalation was estimated to be from 0 to 0.47 mSv for
adults in non-evacuated areas, depending on location. Thus,
the municipality-average first-year dose due to internal ex-
posure ranged from 0.94 to 1.41 mSv for adults. Comparison
with the WBC results mentioned in previous section indi-
cates the dose was likely to be overestimated.
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Actually, restriction orders for food supplies such as con-
taminated vegetables and milk, and intake of tap water were
implemented within several days after the major release of
radionuclides on March 15, 2011 [60]. In addition, collapse
in supply chains, i.e., due to damage to distribution facilities,
lack of transportation vehicles or electricity, and the closure
of earthquake-damaged retail stores, contributed to a situa-
tion where contaminated food or supplies were not con-
sumed in large quantities in general, even before the food re-
striction orders [61]. Due to this situation, ingestion of highly
contaminated food was not likely to occur.

Harada et al. [62] estimated that the median CED was 23
uSv due to dietary intake of '**Cs and "*"Cs for the year, based
on food-duplicate samples collected in December 2011.
Their CED was estimated assuming that the dietary intake of
3Cs and ""Cs was constant throughout the year. Koizumi et
al. [63] purchased fifty-five sets of meals, each representing
one person’s daily intake, in local towns in Fukushima Pre-
fecture in July 2011 and analyzed them while including a
daily tap water intake. The median CED was estimated to be
3.0 uSv per year (ranging from not detectable to 83.1 pSv per
year), with the assumption that the dietary intake of **Cs
and ""Cs was constant throughout the year. Since 2011, *'Cs
and '"Cs contents in food have been monitored and they
seem to remain very low. Analyses by the duplicate diet
method covering 100 families throughout Fukushima Pre-
fecture showed that CED did not exceed 0.1 mSv [64]. Based
on 7,668 food samples collected in Kawauchi Village in 2013
and 2014, Orita et al. [65] estimated that CED due to 1-year
ingestion ranged from 24.4 to 42.7 pSv for males and from
21.7 to 43.4 pSv for females.

In this general situation that ingestion of highly contami-
nated food was not likely to occur, attention should be di-
rected to residents who consume homegrown produce with-
out radiation inspection, and who often collect wild mush-
rooms or cultivate their own mushrooms on bed-logs.
Tsubokura et al. [66] advised those residents (n=9) to con-
sume the distributed food mainly and to refrain from con-
suming potentially contaminated foods without a radiation
inspection and local products under shipment restrictions
such as mushrooms, mountain vegetables, and meat of wild
game. A few months after the intervention, re-examination
of *Cs and "Cs levels revealed remarkable reduction of in-
ternal contamination in all the nine residents.
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3. Issues Related to Internal Dose Assessment

Technical issues raised for internal dose assessment by
WBC of Fukushima Prefecture residents were well summa-
rized by Kurihara et al. [67]. The issues can be categorized as
follows: (1) setting a suitable intake scenario to estimate in-
take amount from measured *'Cs and '*’Cs body content
(acute or chronic, inhalation or ingestion); (2) avoiding in-
terference by the natural radionuclide **Bi in "**Cs detection
(both radionuclides emit similar energies of gamma rays,
which makes spectrum analysis difficult); (3) standardizing
calibration and measurement procedures; (4) establishing a
method for estimating '*'Cs and '*’Cs body contents of chil-
dren (whole-body counters were originally designed for
measuring adult radiation workers); and (5) avoiding effects
on measurements due to body surface contamination.

The first issue is associated with how to estimate the intake
amount from **Cs and *"Cs body content (see Fig. 3), while
the four other issues are related to measurement accuracy of
3Cs and ""Cs body content. Although the four issues on
measurement accuracy have been settled to some extent,
how to treat the first issue in estimating early intake remains
somewhat controversial [68-71].

Kunishima et al. [68] analyzed the relationship between
evacuation behavior data obtained from 112 out of the 174
subjects who underwent WBC [48] and their CEDs. Most
subjects living in municipalities near the FDNPP started
evacuation promptly. The percentage of persons remaining
within the 20-km radius area of the FDNPP was found to be
100% at 16:00 on March 12, 2011 and 42.9% at 0:00 on March
15 for those with CEDs >0.1 mSyv, whereas the correspond-
ing percentages were much lower for those with CEDs <0.1
mSv. Igarashi et al. [69] demonstrated that the *'Cs and *"Cs
detection rates in the WBC results were both several times
higher in the late evacuees (who evacuated outside the 20-
km radius of the FDNPP at 15:00 on March 12 or later) com-
pared to the prompt evacuees (who evacuated before 15:00
on March 12). These differences in '**Cs and *"Cs detection
rates would be caused by exposure to the radioactive plume
on the afternoon of March 12, which was likely to influence
the late evacuees. Time-related changes in rate of positive
detection of radiocesium (either or both of **Cs and '*'Cs) in
WBC also supported that acute intake was the major con-
tributor of *'Cs and "*"Cs body contents [70].

On the other hand, Nomura et al. [71] showed that indi-
viduals who evacuated to areas outside Fukushima Prefec-
ture had similar contamination levels of **Cs to individuals
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who stayed in Fukushima (relative risk, 0.86; 95% confidence
interval, 0.74-0.99). They found that time spent outdoors
had no significant relationship with contamination levels
and they considered that effects of inhalation from radioac-
tive plumes on total internal radiation contamination might
be so low as to be undetectable by the WBC unit used to ex-
amine participants.

As mentioned in previous subsection, “interpretation of
personal dose measurement results”, representativeness of
subjects is one of the concerns about volunteer-based moni-
toring. Representativeness of WBC subjects was investigated
by Nomura et al. [72]. Based on regression projection tech-
niques, separate probabilities for *’Cs and **Cs detection for
a whole population were simulated. They were compared
with '*'Cs and "’Cs levels measured from October 2011 to
March 2015 for voluntary participants. They found sufficient
agreement between simulated and measured '*'Cs and *"Cs
levels except for '*'Cs in October 2011 and concluded that
the voluntary monitoring participant group was a good rep-
resentative sample [72].

Overview of Doses

1. Comparison of Different Methodologies for Dose

Estimation

Doses reported by the publications reviewed in the pres-
ent paper were summarized in Tables 1 and 2. Table 1 sum-
marizes doses estimated for the first-year (or first 4-month)
doses or doses estimated based on measurements within the
first year after the accident. Table 2 summarizes doses esti-
mated for periods after the first year. The doses in both tables
are shown with information on methodology for dose esti-
mation, target population (age groups and residential areas)
and year of measurement.

Internal doses were basically shown as CEDs due to intake
within the periods of interest. The CEDs in the reviewed
publications were calculated based on either acute or chron-
ic intake scenario. The scenario adopted for each publication
is shown in Tables 1 and 2. The acute intake scenario as-
sumed that the intake occurred just after the accident and no
further intake occurred after that. As described previously,
the acute intake scenario was considered to be reasonable
especially in the evacuated areas [68-70]. On the other hand,
the chronic intake scenario assumed the same amount of
consecutive intake for the period of interest in both ap-
proaches of food analysis and WBC. In the case of WBC,

www.jrpr.org 61



Ishikawa T

JRPR

“UoiieziueBIO UlesH PO ‘OHM ‘8S0p aA10sle PSIIWWOO ‘30 ‘Uoelpey SIWOLY JO S108}iF U} U0 S81IWLIOD OlIUSIOS SUCKEN PSIUN ‘HY3OSNN

: : FELO'L Sk LH88 abesony (A 1) syueyul 6 SSEqElEp wOQ
. . . oA pue Buippow uoisiadsip
= = z0-¢t 06-28 680/ obesony (A 0L ualpiuD T ————
- - g6t 0'8-8'2 0,06 obeleny (A 0z) SHNPY [7] HY3OSNN suleyred Joneysq
- G-I G-l Ge—cl Gz—ch ebuey sdnoib efe |l [€] OHM  paunsse pue sajes asop
osop Jesh-1si4 - Ok} 0S-+ 0S50} 0S50} abuey sdnoiB sfe |y [l OHM jusiquue :8sop [euleixy 20
uonsebul - Fo> - - - WINWIXeN sinpy [¥9] e 1o Ores
olUOIYO Jeah-| - €000 - - - UBIps| SHnpy [£9] e 1 WNZIoy] (uonsebui)
o1enp 3o - 200 - - - UBIPSN synpy [29] [e 1o epesey sisAjeue Jajem pue poo4 [eussIU|
- ¢8'¢c—06'+ = - - abesony (A 1) syueju| oseqeIep
- v6 =91k = = = obeleny UA 0L) usIpIuD pooy pue Bulspow
osop Jesh-1si4 - L 1=v6°0 = - = abesony (A 02) SHNPY [7] HY3OSNN uoisiedsip olsydsowiy
OLBUSOS
a¥eluUl aInNoe (UhgL<)
uo paseq 30 BWOSIWeUIN - 1> - - WNWIXepN  Uaipjiyod pue synpy [zg] ‘fe 10 oueleH
usip|iyo
Jo} OLIeUBOS
8)ejul olUoIYo
pue synpe
Jo} OLIeUBOS
oMelul 8)nde UAg<)
uo peseq 430 ewoSIWeUI\ - 107k - - wnwixely  UaIpiyo pue synpy  [1S] ‘e 18 einyogns|.
- - G200 UEIpaN (WA 21 <) sunpy
g 2 200 UeIPSN (A LL-g1) uaipiyD  [6Y] 'Te 1o esowol
- - G600 [4N0] 8jpusoied Y06 (A gL >) usipiyd
OLBUBOS - - 200 G800 4N0] 8lpuedied UI06 (A 21<) sinpy [87] '[e 1o Wiy
a¥ejul ejnoe euIysNyN4
uo paseq 030 Ul seoe(d snouep 900 a|nusosad Y06 SInpy (2] e 10 EWIOW Bununoo Apog-sjoyp [eusau|
SOSOp [enuue
0} POLIBAUCD
aJom Jusplooe
8y} Jeye (Jeye| Jo)
SUILOW 9 WOl NSIEWLOYIN Gl - - - obeieny  pAgL-Q)uaipyd  [82] e 1o einwiing
painseall Sasop Bwiog 90 - - - uesw oewosn  AgL>)usipiud  [9g] e 3o einyogns|.
Yluow-ma} selyedpiunw zz > - - - UBIpSN uonduosap oN [g2] ‘e 1o BAIWEY Jalewisop [euosiad
- 060 - - - abesony (A 1) swuey| susened
- €0 - - - obesony (WA O uaipiD JOIABUSQ POLUNSSE
osop Jeah-1si4 - 0¢-0 - - - obeleny (A 02) sInpy [¥] 9¥3OSNN pue seye.l 8sop Jusiguly
8s0p suJeyied Joineyaq [enjoe
Yluow- 184 - S1-10 L % L abeseny sdnosBebe |y [i1] ‘e 10 emexus| pue sejeJ 8sop JusIguly [eUeIXg
(pequossep Adwis Ji) seale seale - SILEN Jee

Sylewisy

ssoe|d pajeleq

pOI1BNOBAS-UON  PSIenoeAs Jeyi0

-WweJted [eonsiers

(ASw) ease Ag SesOp [eUOHIPPY

uolreindod 106.4e]

soualsley

ABOjopoyIsN

1USPIOOY 81 Ja)Je JesA | UILIM SpoLiad J0} pejewnsT seso( ° | 8|ael

https://doi.org/10.14407/jrpr.2020.45.2.53

62 www.jrpr.org



JRPR

Individual Doses after the Fukushima Nuclear Accident

AlU0 $0,¢, 01 8NP O30

"8JaU} SUOP SEM JusWIaINSESL PUE Al NSIBLLILOYIN O} PSJENOBAS SJom SIUSPISaI SILUENq
"Juswiainsesw Jo Aep sy} 01 Lels Jueplooe 8y} Buimojjo) Aep ey wioy uonsebul oluoIyo Buinsse 30 pelenoed [£g] ‘e 18 BIIQe
"9S0P SAI0BYS PAIILIWOD ‘3D

sishjeue
uoisabul DIUoIYO Iyonemey| - (7102 01 £102) ¥0'0-20°0 obuey sdnoub ebe |y [G9] fe 1o €O _ ‘_m_a\s (uonsabui)
Jeah-| oyenp 030 BuiySNdNS JO Sesse |y (€102) 10> - WINWIXeN sinpy [#9] fe1o 0leS  pue poo feuley|
suosJed
Iyonemey - (€102 04 2102) 1100 pp810818p IO} UeIps|N sInpY  [6S] e 10 eIndoans|.
*018 ‘BUIOSIWBUIN (A L1-0)
‘Dem| ‘eweAloy]  (GLOg 0} £102) 9+0°0> (Gloz 01 €102) 910°0> WINWIXeN  sjuejul pue uaipiyy  [26] ‘[e 1o ouefey
NEeyN  (€10g 03 2102) ¥0'0> - wnwixeN (A G1-9) uaIplyD [e€] '[e 10 ouekeH
suosiad
(IUEN - (G102 01 2102) S20°0 pajosiep Joj abeleny sdnoib ebe |y [Sg] ‘[e 1o EmeMsOoSsoH
fJegl 1o Mem| (7102 04 2102) 620°0 - wnwixepy (A g<) sdnalb ebe |y [ e 10 eweApy
elO Jo} 1deoxe pMem|  (€10zZ 0} 2L02) 90°0 S wnuwixelN (A 0<) sdnolb ebe |y [eg] e 1o B0
uonsebul o1uoIYD [0g] @inyosyeid Bupunoo  (uonsabul)
Jeak-| 01enp 3D ewiysnyn4 jo seale |y (iusseud 0} 2102) | > (ussaid 0} 21.02) | > wnwixelN (A g<) sdnoub abe | BUWIYSNYNS  APOg-80Up [euselu|
(pepnioul s1 esop
puno.BMoeq)
8SOp [enuuy salfediounw O - (6102) £6°0 sbeleny SHnpy (o] "fe 3o eANWON
asop
[euolppe [enuuy BWOSILLBUIN - (£102) 70 sesuIN}al o) Uelpaln sdnoub ebe |y €] Te 19 BinwoN
(pepnioul s1 esop
puno.BMoeq)
8SO0p [enuuy 1yoneme| - (eLoz) ce't Uelps| sinpy [e€] e 1o eIO
NS}eWUOYIN (710Z 01 2102) G9'0-G'} - obeleny (A G1-0) uaIpuD [82] '[e 10 eanwiing
asop BUIOSILBUIA - (€10g 01 2102) 99°0 uelpsiy pAGL-g)uapiuD  [/2] el eIndodnsL  jeyeLLisop
[euonippe [enuuy ewos (GL0z 0v2102) L1'0-2€°0 - uesw ouieWos pAgL>) uaipiud  [9¢] e 1o eIMogNS|. [eucsied [euieIXq
(pequosep Adwis Ji) seale
Syewsy Seale pajendeny Jerewesed [eolsiels
se0ed pajered perendeAs-UON uonendod 186.e| sousleley ABojopoyIs

(uswiaInsesw JO Jeak ‘ASW) BaIe AQ SSSOP [BUOHIPPY

JeoA 18114 8U) Jele spoLied Joj perewsy sesoq “z 8lgel

www.jrpr.org 63

https://doi.org/10.14407/jrpr.2020.45.2.53



Ishikawa T

JRPR

measured amounts of radiocesium (either or both of **Cs
and ""Cs) were assumed to be in an equilibrium state be-
tween consecutive ingestion and excretion throughout 1
year. The CEDs estimated by this scenario can be interpreted
as resulting from ingestion that occurred within the year. An
exception was the CED reported by Orita et al. [53] who cal-
culated CED due to chronic ingestion from the day following
the accident start to the day of measurement (more than 2
years as the longest period of assumed chronic ingestion).

The different methodologies shown in these tables can be
compared in the following way. Regarding external dose es-
timation, personal dosimeters were not available on a large
scale for up to around 6 months from March 2011. Thus, ex-
ternal dose up to then had to be estimated from ambient
dose rate. As described before, Ishikawa et al. [14] estimated
external doses taking actual behavior patterns into account,
while WHO and UNSCEAR assumed typical behavior pat-
terns. WHO’s estimation was based on conservative assump-
tions that people in deliberate evacuation areas stayed there
for the first four months although the inhabitants were sub-
jected to relocation at different times during the four-month
period. Also, Ohba et al. [73] showed that the actual behavior
patterns of residents differed from the typical behavior pat-
terns used by UNSCEAR, although they analyzed only resi-
dents aged less than 20 years. In this respect, the estimation
by using actual behavior patterns could give more realistic
doses.

As described in previous section, internal dose estimation
can be categorized into two approaches: estimation from
personal monitoring (WBC) and estimation from monitoring
of environmental samples such as radioactivity concentra-
tion in food and drinking water. If the latter approach is ad-
opted with conservative assumptions, it results in overesti-
mation of dose. This was the case for UNSCEAR and WHO’s
dose estimations. That is, WHO assumed that all the food
monitored was on the market although the monitoring data
set included the results of food samples that were collected
for monitoring purposes and were not allowed on the mar-
ket [1, 3]. In the food database which UNSCEAR used, many
13Cs and *¥"Cs concentrations were shown as below the lim-
its of detection and in these cases, it was generally assumed
that *'Cs and "*"Cs concentrations were each 10 Bq-kg" [4].
These assumptions clearly lead to overestimation of ingestion
doses. Thus, the first-year internal doses estimated for non-
evacuees by UNSCEAR were much higher than those esti-
mated for evacuees by WBC (Table 1). Considering such con-
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servative assumptions, internal doses estimated by WBC could
be more reliable. Although estimation from WBC has issues
related to the intake scenarios, the acute and chronic intake
scenarios were considered both rational and appropriate as-
sumptions for estimating individual internal doses to large
populations from a single WBC measurement result [67].

2. Doses Estimated by the Most Reliable Methodology

The doses based on the most reliable methodology dis-
cussed above can be used to estimate the first-year effective
doses in the following way. As examples of two affected areas,
Namie Town and Iitate Village, effective doses for the first year
can be inferred as follows: as the first four-month doses, the
Basic Survey results showed that average doses for residents
in the two affected areas were around 4 mSv and 1 mSv for
all age groups, respectively [14]. Almost all the residents in
these areas were evacuated within the first 4 months after the
accident. Thus, subsequent doses for them could be inferred
from personal dosimeter measurements conducted in non-
evacuated areas [25]. Municipality averages were around 0.5
mSv per 3 months in 2011 even in relatively higher ambient
dose areas among non-evacuated areas, such as Date City
and Nihonmatsu City. Although there remains the uncertain-
ty as to items discussed in previous section, “interpretation
of personal dose measurement results”, the 8-month dose
can be roughly inferred as 1.5 mSv from this result. Internal
dose due to the acute intake of *'Cs and '*’Cs was mostly be-
low 0.1 mSv even for residents in contaminated areas [48, 49)].

Thus, the average values for the first-year effective doses for
residents in the two affected areas are not likely to reach 10
mSy, the lower end of doses estimated by the WHO’s first re-
port appearing in 2012. They would be even lower than the
district averages of the UNSCEAR estimations (7.8-8.0 mSv for
adult evacuees in Iitate Village and 5.0-7.0 mSv for adult evac-
uees in Namie Town, depending on evacuation routes) [4].

For non-evacuated areas, the maximum municipality-av-
erage first-year effective dose could be around 3 mSv (4-month
external dose, 1.5 mSv; the subsequent 8-month external dose,
1.5 mSv; internal dose due to **Cs and *"Cs, less than 0.1 mSv).
The maximum dose of 3 mSv due to external exposure for
non-evacuated areas was consistent with that estimated by
the UNSCEAR 2013 Report (adults). The municipality-aver-
age internal doses for the first year estimated by UNSCEAR
(0.94-1.41 mSy, adults in non-evacuated areas) must be
overestimated.
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3. Future Tasks for Effective Dose Estimation

Since the accident, individual external dose levels in in-
habitant areas have changed due to human factors as well as
radioactive decay and weathering. For example, (1) decon-
tamination of soil has been conducted in the inhabitant ar-
eas in Fukushima Prefecture and (2) some residents in for-
mer evacuation areas have begun to return to their home-
town. Also, people’s daily behaviors (occupancy factors) may
have changed (or returned to their normal behaviors before
the accident) over time. Due to these human factors, individ-
ual external doses in a rehabilitation phase cannot be cor-
rectly predicted only by model calculations [1, 3, 4] based on
deposited radionuclides after the accident. In this respect,
monitoring of individual external doses by personal dosime-
ters is of significance and such results are worthy of publica-
tion.

Some of the personal dosimeter/WBC measurements
conducted in Fukushima Prefecture (e.g., [23, 24, 50]) have
not yet been presented in scientific papers, although resi-
dents were notified of their own results and in most cases, all
results have been openly available to the residents. These
measurements were originally conducted as a healthcare
service for the residents. In order to disseminate these data
to global scientific communities, however, ethical issues in-
cluding consensus from residents and municipalities must
be overcome.

Conflict of Interest

No potential conflict of interest relevant to this article was
reported.

References

1. World Health Organization. Preliminary dose estimation from
the nuclear accident after the 2011 Great East Japan Earthquake
and Tsunami. Geneva, Switzerland: World Health Organization;
2012. p. 40-45.

2. Brumfiel G. Fukushima's doses tallied. Nature. 2012;485:423-424.

3. World Health Organization. Health risk assessment from the nu-
clear accident after the 2011 Great East Japan earthquake and
tsunami, based on a preliminary dose estimation. Geneva, Swit-
zerland: World Health Organization; 2013.

4. United Nations Scientific Committee on the Effects of Atomic
Radiation. UNSCEAR 2013 Report to the General Assembly with
Scientific Annexes (Volume I: Scientific Annex A): sources, ef-

fects and risks of ionizing radiation, attachments of C-12, C-13,

https://doi.org/10.14407/jrpr.2020.45.2.53

C-14, and C-18 [Internet]. New York, NY: United Nations; 2014
[cited 2020 May 31]. Available from: https://www.unscear.org/
unscear/en/publications/2013_1.html.

5. United Nations Scientific Committee on the Effects of Atomic
Radiation. Developments since the 2013 UNSCEAR Report on
the Levels and Effects of Radiation Exposure due to the Nuclear
Accident following the Great East-Japan Earthquake and tsunami:
a 2015 white paper to guide the Scientific Committee’s future
programme of work [Internet]. New York, NY: United Nations;
2015 [cited 2020 May 31]. Available from: https://www.unscear.
org/unscear/en/publications/Fukushima_WP2015.html.

6. Ishikawa T. Radiation doses and associated risk from the Fuku-
shima Nuclear Accident. Asia Pac ] Public Health. 2017;29(2_
suppl):18S-28S.

7. Kurihara O. External and internal dose assessments of Fukushi-
ma residents after the 2011 nuclear disaster. ] Natl Inst Public
Health. 2018;67:11-20.

8. Saito K, Mikami S, Andoh M, Matsuda N, Kinase S, Tsuda S, et al.
Temporal change in radiological environments on land after the
Fukushima Daiichi Nuclear Power Plant Accident. ] Radiat Prot
Res. 2019;44:128-148.

9. Saito K, Petoussi-Henss N. Ambient dose equivalent conversion
coefficients for radionuclides exponentially distributed in the
ground. ] Nucl Sci Technol. 2014;51:1274-1287.

10. Satoh D, Furuta T, Takahashi E Lee C, Bolch WE. Simulation study
of personal dose equivalent for external exposure to radioactive
cesium distributed in soil. ] Nucl Sci Technol. 2017;54:1018-1027.

11. Ministry of the Environment of Japan. Provisional calculation
standards for decontamination work in special decontamination
zones [Internet]. Tokyo, Japan: Ministry of the Environment;
c2019 [cited 2020 May 31]. Available from: http://josen.env.
go.jp/osen/osen_05.html.

12. Sato T, Andoh M, Sato M, Saito K. External dose evaluation based
on detailed air dose rate measurements in living environments.
] Environ Radioact. 2019;210:105973.

13. Yasumura S, Hosoya M, Yamashita S, Kamiya K, Abe M, Akashi
M, et al. Study protocol for the Fukushima Health Management
Survey. ] Epidemiol. 2012;22:375-383.

14. Ishikawa T, Yasumura S, Ozasa K, Kobashi G, Yasuda H, Miyaza-
ki M, et al. The Fukushima Health Management Survey: estima-
tion of external doses to residents in Fukushima Prefecture. Sci
Rep. 2015;5:12712.

15. Ishikawa T, Yasumura S, Ohtsuru A, Sakai A, Akahane K, Yonai S,
et al. An influential factor for external radiation dose estimation
for residents after the Fukushima Daiichi Nuclear Power Plant
accident-time spent outdoors for residents in Iitate Village. ] Ra-
diol Prot. 2016;36:255-268.

16. Ishikawa T, Yasumura S, Akahane K, Yonai S, Ohtsuru A, Sakai A,
et al. Age dependence of individual external doses in an early
stage after the Fukushima Nuclear Accident. Radiat Prot Dosim-

www.jrpr.org 65


https://www.unscear.org/unscear/en/publications/2013_1.html
https://www.unscear.org/unscear/en/publications/2013_1.html
https://www.unscear.org/unscear/en/publications/Fukushima_WP2015.html
https://www.unscear.org/unscear/en/publications/Fukushima_WP2015.html
http://josen.env.go.jp/osen/osen_05.html
http://josen.env.go.jp/osen/osen_05.html

JRPR

17.
18.
19.
20.
21.

22.

23.

24,

25.

26.

27.

Ishikawa T

etry. 2020;188:238-245.

Akahane K, Yonai S, Fukuda S, Miyahara N, Yasuda H, Iwaoka K,
et al. NIRS external dose estimation system for Fukushima resi-
dents after the Fukushima Dai-ichi NPP accident. Sci Rep. 2013;
3:1670.

Takahara S, Abe T, Iijima M, Shimada K, Shiratori Y. Statistical
characterization of radiation doses from external exposures and
relevant contributors in Fukushima prefecture. Health Phys.
2014;107:326-335.

Takahara S, Iijima M, Yoneda M, Shimada Y. A Probabilistic ap-
proach to assess external doses to the public considering spatial
variability of radioactive contamination and interpopulation
differences in behavior pattern. Risk Anal. 2019;39:212-224.
Mori A, Takahara S, Yoshida H, Sanada Y, Munakata M. Devel-
opment of an external radiation dose estimation model for chil-
dren returning to their homes in areas affected by the Fukushi-
ma Nuclear Accident. Health Phys. 2019;117:606-617.

Ishikawa T, Yasumura S, Akahane K, Yonai S, Ohtsuru A, Sakai A,
et al. The latest update on individual external doses in an early
stage after the Fukushima nuclear accident. Radiat Prot Dosim-
etry. 2019;187:402-406.

Ishikawa T, Takahashi H, Yasumura S, Ohtsuru A, Sakai A, Ohira
T, et al. Representativeness of individual external doses estimated
for one quarter of residents in the Fukushima Prefecture after the
nuclear disaster: the Fukushima Health Management Survey. ]
Radiol Prot. 2017;37:584-605.

Koriyama City Official. Individual cumulative dose measurement
of children and students [Internet]. Koriyama, Japan: Koriyama
City Official; 2020 [cited 2020 May 31]. https://www.city.kori-
yama.lg.jp/bosai_bohan_safecommunity/shinsai_hoshasentai-
saku/4/gaibukenko/10870.html.

Fukushima City Official Site. Results for individual cumulative
dose measurement using personal dosimeters [Internet]. Fuku-
shima, Japan: Fukushima City Official; 2020 [cited 2020 May
31]. Available from: http://www.city.fukushima.fukushima.jp/
hoken-hoshasen-kikakukanri/bosai/bosaikiki/shinsai/hosha-
no/hosha/hkenkou-kanri190205.html.

Kamiya K, Ishikawa T, Yasumura S, Sakai A, Ohira T, Takahashi H,
et al. External and internal exposure to Fukushima residents.
Radiat Prot Dosimetry. 2016;171:7-13.

Tsubokura M, Murakami M, Nomura S, Morita T, Nishikawa Y,
Leppold C, et al. Individual external doses below the lowest ref-
erence level of 1 mSv per year five years after the 2011 Fukushi-
ma nuclear accident among all children in Soma City, Fukushi-
ma: a retrospective observational study. PLoS One. 2017;12:
€0172305.

Tsubokura M, Kato S, Morita T, Nomura S, Kami M, Sakaihara K,
etal. Assessment of the annual additional effective doses amongst
Minamisoma children during the second year after the Fukushi-
ma Daiichi Nuclear Power Plant Disaster. PLoS One. 2015;10:

66 www.jrpr.org

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

€0129114.

Fujimura MS, Komasa Y, Kimura S, Shibanuma A, Kitamura A,
Jimba M. Roles of children and their parents in the reduction of
radiation risk after the 2011 Fukushima Daiichi Nuclear Power
Plant accident. PLoS One. 2017;12:e0188906.

Nomura S, Tsubokura M, Furutani T, Hayano RS, Kami M, Kanaza-
wa, et al. Dependence of radiation dose on the behavioral pat-
terns among school children: a retrospective analysis 18 to 20
months following the 2011 Fukushima Nuclear Incident in Japan.
J Radiat Res. 2016;57:1-8.

Saito K, Mikami S, Andoh M, Matsuda N, Kinase S, Tsuda S, et al.
Summary of temporal changes in air dose rates and radionuclide
deposition densities in the 80 km zone over five years after the
Fukushima Nuclear Power Plant accident. ] Environ Radioact.
2019 Dec;210:105878.

Tsubokura M, Murakami M, Takebayashi Y, Nomura S, Ono K,
Ozaki A, et al. Impact of decontamination on individual radia-
tion doses from external exposure among residents of Minamiso-
ma City after the 2011 Fukushima Daiichi nuclear power plant
incident in Japan: a retrospective observational study. ] Radiol
Prot. 2019;39:854-871.

Murakami M, Nomura S, Tsubokura M, Takebayashi Y, Yama-
moto K, Oikawa T. Radiation doses and decontamination effects
in Minamisoma city: airborne and individual monitoring after
the Fukushima nuclear accident. ] Radiol Prot. 2019;39:N27-N35.
Orita M, Hayashida N, Taira Y, Fukushima Y, Ide J, Endo Y, et al.
Measurement of individual doses of radiation by personal do-
simeter is important for the return of residents from evacuation
order areas after nuclear disaster. PLoS One. 2015;10:€0121990.
Nomura S, Oikawa T, Tsubokura M. Low dose from external ra-
diation among returning residents to the former evacuation
zone in Minamisoma City, Fukushima Prefecture. ] Radiol Prot.
2019;39:548-563.

Murayama K. D-shuttle electric dosimeter and its applications.
Radioisotopes. 2018;67:453-460.

Miyazaki M, Tanigawa K, Murakami M. After Fukushima: creat-
ing a dialogue. Science. 2016;352:666.

Miyazaki M. Using and explaining individual dosimetry data:
case study of four municipalities in Fukushima. Asia Pac J Public
Health. 2017;29(2_suppl):110S-119S.

Naito W, Uesaka M, Kurosawa T, Kuroda Y. Measuring and as-
sessing individual external doses during the rehabilitation phase
in Iitate village after the Fukushima Daiichi nuclear power plant
accident. ] Radiol Prot. 2017;37:606-622.

Tsujiguchi T, Shiroma Y, Suzuki T, Tamakuma Y, Yamaguchi M,
Iwaoka K, et al. Investigation of external radiation doses during
residents’ temporal stay to Namie Town, Fukushima Prefecture.
Radiat Prot Dosimetry. 2019;184:514-517.

Nomura S, Murakami M, Naito W, Yasutaka T, Sawano T, Tsuboku-
ra M. Low dose of external exposure among returnees to former

https://doi.org/10.14407/jrpr.2020.45.2.53


https://www.city.koriyama.lg.jp/bosai_bohan_safecommunity/shinsai_hoshasentaisaku/4/gaibukenko/10870.html
https://www.city.koriyama.lg.jp/bosai_bohan_safecommunity/shinsai_hoshasentaisaku/4/gaibukenko/10870.html
https://www.city.koriyama.lg.jp/bosai_bohan_safecommunity/shinsai_hoshasentaisaku/4/gaibukenko/10870.html
http://www.city.fukushima.fukushima.jp/hoken-hoshasen-kikakukanri/bosai/bosaikiki/shinsai/hoshano/hosha/hkenkou-kanri190205.html
http://www.city.fukushima.fukushima.jp/hoken-hoshasen-kikakukanri/bosai/bosaikiki/shinsai/hoshano/hosha/hkenkou-kanri190205.html
http://www.city.fukushima.fukushima.jp/hoken-hoshasen-kikakukanri/bosai/bosaikiki/shinsai/hoshano/hosha/hkenkou-kanri190205.html

Individual Doses after the Fukushima Nuclear Accident

JRPR

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

evacuation areas: a cross-sectional all-municipality joint study
following the 2011 Fukushima Daiichi nuclear power plant inci-
dent. ] Radiol Prot. 2020;40:1-18.

Nomura S, Tsubokura M, Hayano R, Furutani T, Yoneoka D, Kami
M, et al. Comparison between direct measurements and mod-
eled estimates of external radiation exposure among school
children 18 to 30 months after the Fukushima nuclear accident
in Japan. Environ Sci Technol. 2015;49:1009-1016.

Naito W, Uesaka M, Yamada C, Ishii H. Evaluation of dose from
external irradiation for individuals living in areas affected by the
Fukushima Daiichi Nuclear Plant accident. Radiat Prot Dosime-
try. 2015;163:353-361.

Naito W, Uesaka M, Yamada C, Kurosawa T, Yasutaka T, Ishii H.
Relationship between individual external doses, ambient dose
rates and individuals' activity-patterns in affected areas in Fuku-
shima following the Fukushima Daiichi Nuclear Power Plant
Accident. PLoS One. 2016;11:e0158879.

Nomura S, Tsubokura M, Hayano R, Yoneoka D, Ozaki A, Shima-
day, et al. Compliance with the proper use of an individual ra-
diation dosimeter among children and the effects of improper
use on the measured dose: a retrospective study 18-20 months
following Japan's 2011 Fukushima nuclear incident. BMJ Open.
2015;5:€009555.

Omori Y, Sorimachi A, Ishikawa T. Measurement of gamma ra-
diation at junior high school sites in Fukushima City. Radiat. En-
viron Med. 2018;7:21-27.

Kamada N, Saito O, Endo S, Kimura A, Shizuma K. Radiation dos-
es among residents living 37 kim northwest of the Fukushima Dai-
ichi Nuclear Power Plant. ] Environ Radioact. 2012;110:84-89.
Morita N, Miura M, Yoshida M, Kumagai A, Ohtsuru A, Usa T, et
al. Spatiotemporal characteristics of internal radiation exposure
in evacuees and first responders after the radiological accident
in Fukushima. Radiat Res. 2013;180:299-306.

Kim E, Kurihara O, Kunishima N, Nakano T, Tani K, Hachiya M,
et al. Early intake of radiocesium by residents living near the
TEPCO Fukushima Dai-Ichi Nuclear Power Plant after the acci-
dent. Part 1: Internal doses based on whole-body measurements
by NIRS. Health Phys. 2016;111:451-464.

Momose T, Takada C, Nakagawa T, Nakai K, Kurihara O, Tsujimu-
ra N, et al. Whole-body counting of Fukushima residents after
the TEPCO Fukushima Daiichi nuclear power station accident
(No. NIRS-M-252). Chiba, Japan: National Institute of Radiologi-
cal Sciences; 2012.

Fukushima Prefecture. Results of examinations for internal ex-
posure using whole-body counters [Internet]. Fukushima, Japan:
Fukushima Prefecture; 2019 [Internet]. Available from: http://
www.pref.fukushima.lg.jp/site/portal/ps-wbc-kensa-kekka.html.
Tsubokura M, Gilmour S, Takahashi K, Oikawa T, Kanazawa Y.
Internal radiation exposure after the Fukushima nuclear power
plant disaster. JAMA. 2012;308:669-670.

https://doi.org/10.14407/jrpr.2020.45.2.53

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Hayano RS, Watanabe YN, Nomura S, Nemoto T, Tsubokura M,
Hanai T, et al. Whole-body counter survey results 4 months after
the Fukushima Dai-ichi NPP accident in Minamisoma City, Fu-
kushima. ] Radiol Prot. 2014;34:787-799.

Orita M, Hayashida N, Nukui H, Fukuda N, Kudo T, Matsuda N,
et al. Internal radiation exposure dose in Iwaki city, Fukushima
prefecture after the accident at Fukushima Dai-ichi Nuclear
Power Plant. PLoS One. 2014;9:€114407.

AldyamaJ, Kato S, Tsubokura M, Mori J, Tanimoto T, Abe K, et al.
Minimal internal radiation exposure in residents living south of
the Fukushima Daiichi Nuclear Power Plant Disaster. PLoS One.
2015;10:e0140482.

Hosokawa Y, Nomura K, Tsushima E, Kudo K, Noto Y, Nishizawa
Y. Whole-Body Counter(WBC) and food radiocesium contami-
nation surveys in Namie, Fukushima Prefecture. PLoS One. 2017;
12:€0174549.

Hayano RS, Tsubokura M, Miyazaki M, Satou H, Sato K, Masaki S,
et al. Comprehensive whole-body counter surveys of Miharu-town
school children for three consecutive years after the Fukushima
NPP accident. Proc Jpn Acad Ser B Phys Biol Sci. 2014;90:211-213.
Hayano RS, Tsubokura M, Miyazaki M, Ozaki A, Shimada Y, Kam-
be T, et al. Whole-body counter surveys of over 2700 babies and
small children in and around Fukushima Prefecture 33 to 49
months after the Fukushima Daiichi NPP accident. Proc Jpn
Acad Ser B Phys Biol Sci. 2015;91:440-406.

Hayano RS, Tsubokura M, Miyazaki M, Satou H, Sato K, Masaki S,
et al. Internal radiocesium contamination of adults and children
in Fukushima 7 to 20 months after the Fukushima NPP accident
as measured by extensive whole-body-counter surveys. Proc
Jpn Acad Ser B Phys Biol Sci. 2013;89:157-163.

Tsubokura M, Kato S, Nihei M, Sakuma Y, Furutani T, Uehara K,
et al. Limited internal radiation exposure associated with reset-
tlements to a radiation-contaminated homeland after the Fuku-
shima Daiichi nuclear disaster. PLoS One. 2013;8:€81909.
Hamada N, Ogino H, Fujimichi Y. Safety regulations of food and
water implemented in the first year following the Fukushima
nuclear accident. ] Radiat Res. 2012;53:641-671.

Hirakawa S, Yoshizawa N, Murakami K, Takizawa M, Kawai M,
Sato O, Takagi S, Suzuki G. Surveys of Food Intake Just after the
Nuclear Accident at the Fukushima Daiichi Nuclear Power Sta-
tion. Shokuhin Eiseigaku Zasshi. 2017;58:36-42.

Harada KH, Fujii Y, Adachi A, Tsukidate A, Asai F, Koizumi A.
Dietary intake of radiocesium in adult residents in Fukushima
prefecture and neighboring regions after the Fukushima nuclear
power plant accident: 24-h food-duplicate survey in December
2011. Environ Sci Technol. 2013;47:2520-2526.

Koizumi A, Harada KH, Niisoe T, Adachi A, Fujii Y, Hitomi T, et
al. Preliminary assessment of ecological exposure of adult resi-
dents in Fukushima Prefecture to radioactive cesium through
ingestion and inhalation. Environ Health Prev Med. 2012;17:

www.jrpr.org 67


http://www.pref.fukushima.lg.jp/site/portal/ps-wbc-kensa-kekka.html
http://www.pref.fukushima.lg.jp/site/portal/ps-wbc-kensa-kekka.html

JRPR

64.

65.

66.

67.

68.

Ishikawa T

292-298.

Sato O, Nonaka S, Tada J. Intake of radioactive materials as as-
sessed by the duplicate diet method in Fukushima. J Radiol Prot.
2013;33:823-838.

Orita M, Nakashima K, Hayashida N, Endo Y, Yamashita S, Taka-
mura N. Concentrations of radiocesium in local foods collected
in Kawauchi Village after the accident at the Fukushima Dai-ichi
Nuclear Power Station. Sci Rep. 2016;6:28470.

Tsubokura M, Kato S, Nomura S, Gilmour S, Nihei M, Sakuma Y,
et al. Reduction of high levels of internal radio-contamination
by dietary intervention in residents of areas affected by the Fu-
kushima Daiichi nuclear plant disaster: a case series. PLoS One.
2014;9:€100302.

Kurihara O, Li C, Lopez MA, Kim E, Tani K, Nakano T, et al. Ex-
periences of population monitoring using whole-body counters
in response to the Fukushima Nuclear Accident. Health Phys.
2018;115:259-274.

Kunishima N, Kurihara O, Kim E, Ishikawa T, Nakano T, Fukutsu
K, et al. Early intake of radiocesium by residents living near the
Tepco Fukushima Dai-ichi Nuclear Power Plant after the acci-
dent. Part 2: Relationship between internal dose and evacuation
behavior in individuals. Health Phys. 2017;112:512-525.

68 www.jrpr.org

69.

70.

71.

72.

73.

Igarashi Y, Kim E, Hashimoto S, Tani K, Yajima K, limoto T, et al.
Difference in the cesium body contents of affected area residents
depending on the evacuation timepoint following the 2011 Fu-
kushima Nuclear Disaster. Health Phys. 2020 May 5 [Epub]. doi:
10.1097/HP.0000000000001249.

Tsubokura M, Shibuya K, Kato S, Oikawa T, Kanazawa Y. Acute
intake of radionuclides immediately after the incident as the main
contributor of the internal radiation exposure after Fukushima
Daiichi nuclear disaster. JAMA Pediatr. 2013;167:1169-1170.
Nomura S, Tsubokura M, Gilmour S, Hayano RS, Watanabe YN,
Kami M, et al. An evaluation of early countermeasures to reduce
the risk of internal radiation exposure after the Fukushima nu-
clear incident in Japan. Health Policy Plan. 2016;31:425-433.
Nomura S, Tsubokura M, Murakami M, Ono K, Nishikawa Y,
Oikawa T. Towards a long-term strategy for voluntary-based in-
ternal radiation contamination monitoring: representativeness
of the monitoring results in Fukushima, Japan. Int ] Environ Res
Public Health. 2017;14:656.

Ohba T, Ishikawa T, Nagai H, Tokonami S, Hasegawa A, Suzuki G.
Reconstruction of residents' thyroid equivalent doses from in-
ternal radionuclides after the Fukushima Daiichi nuclear power
station accident. Sci Rep. 2020;10:3639.

https://doi.org/10.14407/jrpr.2020.45.2.53



