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ABSTRACT

Objectives: Measurement of soil contamination levels
has been considered a feasible method for dose
estimation of internal radiation exposure following the
Chernobyl disaster by means of aggregate transfer
factors; however, it is still unclear whether the estimation
of internal contamination based on soil contamination
levels is universally valid or incident specific.

Methods: To address this issue, we evaluated
relationships between in vivo and soil cesium-137 (Cs-
137) contamination using data on internal contamination
levels among Minamisoma (10-40 km north from the
Fukushima Daiichi nuclear power plant), Fukushima
residents 2-3 years following the disaster, and
constructed three models for statistical analysis based on
continuous and categorical (equal intervals and
quantiles) soil contamination levels.

Results: A total of 7987 people with a mean age of
55.4 years underwent screening of in vivo Cs-137 whole-
body counting. A statistically significant association was
noted between internal and continuous Cs-137 soil
contamination levels (model 1, p value <0.001), although
the association was slight (relative risk (RR): 1.03 per
10 kBg/m? increase in soil contamination). Analysis of
categorical soil contamination levels showed statistical
(but not clinical) significance only in relatively higher soil
contamination levels (model 2: Cs-137 levels above

100 kBg/m? compared to those <25 kBg/m?,

RR=1.75, p value <0.01; model 3: levels above

63 kBg/m? compared to those <11 kBg/m?, RR=1.45,

p value <0.05).

Conclusions: Low levels of internal and soil
contamination were not associated, and only loose/small
associations were observed in areas with slightly higher
levels of soil contamination in Fukushima, representing a
clear difference from the strong associations found in
post-disaster Chernobyl. These results indicate that soil
contamination levels generally do not contribute to the
internal contamination of residents in Fukushima; thus,
individual measurements are essential for the precise
evaluation of chronic internal radiation contamination.

Strengths and limitations of this study

= We undertook the first study after Japan’s 2011
Fukushima nuclear incident to clarify whether
soil contamination levels are useful for estimat-
ing internal contamination levels among resi-
dents living in radio-contaminated areas.

= We used the data in Minamisoma city, which
had soil contamination levels equivalent to those
of Zone Il in Chernobyl, where the local govern-
ment offered the internal radiation screening pro-
gramme free of charge to all residents.

= Whole body counter screenings were voluntary,
and this study is limited to data from
Minamisoma, and it is unclear whether these
results are generalisable to other towns or
villages.

INTRODUCTION

Radiation exposure can generate long-term
health risks, including tumours.' 2 Cumulative
radiation exposure is a serious public concern
among residents in areas contaminated by
radiation after nuclear accidents.” Chronic
internal radiation exposure accounts for a sub-
stantial fraction of long-term cumulative radi-
ation exposure among residents due to
sustained contamination of locally grown
produce, as was the case after the Chernobyl
disaster;4 thus, precise evaluation of chronic
internal contamination among residents is of
great importance for providing accurate and
effective countermeasures.”

However, carrying out individual evalua-
tions requires substantial human and mater-
ial costs in addition to time; this type of
evaluation is often impossible due to lack of
measurement devices, consent or interest in
screening services.® In these situations,
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assessment of food and soil contamination levels is often
the only feasible method for estimating levels of internal
contamination.” While internal contamination can be
estimated through pathways such as food, water and air,
a strong correlation has been reported between soil and
internal contamination levels, and the use of soil con-
tamination as an internal contamination marker was
recommended as a simple and effective method after
the Chernobyl disaster.® In 1996, 10years after the
Chernobyl disaster, the Ukraine was divided into zones
based on the levels of soil contamination, with Zone I
representing the highest level of contamination
(Cesium-137: Cs-187 deposition density >1480 kBq/m?).
Residents living in Zone II (555-1480 kBq/mQ) have
higher levels of internal contamination than those living
in Zone Il or Zone IV (185-555kBq/m” and 37-
555 kBq/mQ, respectively) and these conditions have
persisted even 25 years after the disaster.”

The efficacy of this estimation method has been
assessed using a transfer coefficient to estimate the
degree to which radioactive substances transfer from soil
to growing food,'’ and subsequently estimating the
internal contamination levels of residents in each area
by modelling the intake of these foods, as described by
the United Nations Scientific Committee on the Effects
of Atomic Radiation (UNSCEAR).® Several researches
post-Chernobyl disaster addressed the relationship of
radionuclide soil contamination to the human’s internal
contamination, and showed the difficulty in assuming a
predictable relationship between them."'™" However,
there has been no study that evaluates if this soil

Fukushima Prefecture

80 km

Figure 1

contamination-based estimation method for internal
contamination levels is an appropriate approach in the
context of the Fukushima disaster.

After the Fukushima Daiichi nuclear accident on 11
March 2011,'® a number of radiation measurements
were performed, including soil contamination and indi-
vidual whole body counter (WBC) screenings.l7
Minamisoma city is located 10-40 km from the power
plant, with part of the city falling under the mandatory
exclusion zone,18 and has offered WBC internal radi-
ation exposure screenings free of charge to all residents
since July 2011'? (figure 1). According to measurements
made 2 months after the accident (April 2011), over
half of Minamisoma city, where many people continue
to live, had soil contamination levels equivalent to those
of Zone III in Chernobyl.

To clarify whether soil contamination levels are similarly
useful for estimating internal contamination levels follow-
ing the Fukushima Daiichi nuclear power plant accident,
this study assessed the relationship between chronic
internal and soil contamination, and evaluated the efficacy
of using soil contamination as a marker for internal con-
tamination based on the results of continuous internal
radiation exposure monitoring in Minamisoma city.

MATERIALS AND METHODS

In order to assess the possible associations between soil
and internal contamination levels in Minamisoma resi-
dents, data on internal contamination levels were
accessed through the records of WBC screenings that

Watanabe Hospital

Minamisoma Municipal General Hospital

Minamisoma City

Fukushima Daiichi
Nuclear Power Plant
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Geographical location of Minamisoma city on the base map of radiocesium deposition distribution as of 28 December

2012 (the data source of radiocesium deposition levels is described in the ‘Home soil contamination levels’ section).
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took place 2-3years following the accident (12 March
2013 to 11 March 2014). Age, sex, weight, levels of
internal Cs-137 contamination, date of screening, resi-
dential address, and dietary intakes and behaviours
(avoiding products from Fukushima or not) were ascer-
tained for all screening participants based on responses
to questionnaires administered at the time of the screen-
ings. Soil contamination as of the day of screening was
calculated using data on each patient’s residential
address.

The excretion of Cs is faster in children compared to
adults, and as internal contamination levels of Cs have
been marginal, with almost no internal contamination
detected in children in Minamisoma,?’ it was impossible
to accurately assess associations between soil contamin-
ation and internal contamination in children. For this
reason, the present study only included WBC screening
participants aged 16 years and older.

WBC screening in Minamisoma city

Since July 2011, the free WBC screenings in
Minamisoma city have targeted all Minamisoma resi-
dents.' Those who wish may undergo screenings once a
year. Information on screenings is distributed by the
local government and publicised in magazines. These
screenings take place at two hospitals in the city that
host permanent WBC systems. The WBC machine in
Minamisoma Municipal General Hospital is a stereo-
scopic machine with two 3x5x16 inch Nal scintillation
detectors (Fastscan Model 2251; Canberra, Inc,
Meriden, Connecticut, USA). A 30 cm stool was used for
residents below 130 cm in height. The WBC device in
Watanabe Hospital is in the shape of a chair and has two
3xbx16 inch Nal scintillation detectors (WBC-R43-22458;
Hitachi Aloka Medical, Ltd, Mitaka, Tokyo, Japan). The
detection limits of both machines are 220 Bq/body for
Cs-134 and 250 Bq/body for Cs-137 following a 2 min
scan. Calibration was performed on the basis of recom-
mendations from the respective companies.

Home soil contamination levels
Data were collected from the official website of the
Ministry of Education, Culture, Sports, Science and
Technology (MEXT).?" After the Fukushima Daiichi
nuclear accident, MEXT has conducted repeated air-
borne monitoring within an 80 km zone from the
nuclear power plant. Monitoring is performed 300 m
above the ground, with a track width of about 1.85 km,
and estimates the deposition of radioactive substances
on the ground surface based on the air dose rate 1 m
above the ground surface The recorded data are the
average of the measured values within circles 600 m in
diameter at ground level. The data contain the Cs
(Cs—134+Cs—137) deposition levels (Bq/mQ) and the
latitude and longitude coordinates of their monitoring
points.

The soil contamination levels at each participant
household were calculated as follows. First, since the

most recent soil contamination data were measured in
2012, and therefore did not match the study period
(12 March 2013 to 11 March 2014), a time extrapolation
method was applied to estimate the soil contamination
levels on the date of WBC measurement. We considered
two MEXT monitoring results in 2012: the fifth monitor-
ing performed between 22 and 26 June 2012, and the
sixth monitoring between 31 October and 16 November
2012.

Second, the MEXT monitoring results were averaged
by a 500-m? mesh on the basis of the Japan Profile for
Geographical Information Standards (elevation and
slope angle fourth mesh data), developed by the
Ministry of Land, Infrastructure and Transport in Japan,
so that each participant’s home was assigned to one of
the mesh areas. This approach enabled us to estimate
soil contamination levels at each participant’s home on
the date of their WBC measurements.

Food choices/behaviours

A selfreported dietary preference assessment question-
naire was administered to the participants at the time of
their WBC screening. This questionnaire contained
items on food and water consumption. The food-related
items asked whether the respondents selected certain
supermarket produce (fish, meat, rice, vegetable/fruits,
mushroom and milk) based on their origin (Fukushima
vs non-Fukushima), or whether they shopped at local
farms. The waterrelated questions asked whether the
respondents avoided drinking tap water.

Analysis

We used Tobit regression analysis to evaluate the rela-
tionship between internal and soil contamination after
adjusting for potential covariates. Since WBC measure-
ment has a limited detection capability, the levels of
internal contamination in a large number of screening
participants fell below the detection threshold, resulting
in zero measurement values. Tobit regression is an
appropriate analysis method that adjusts standard linear
regression models for left-censoring effects such as those
observed with WBCs. Justification for the use of Tobit
regression analysis in the context of WBC measurements
post-Fukushima disaster can be found elsewhere.* #*
Since a small number of outliers in terms of internal
contamination levels were expected in the screening
programme, the natural logarithm of the measurement
value (ie, the body burden of Cs-137 concentration
(Bq/body)) was employed as the dependent variable in
the models. Accordingly, the regression coefficients for
each of the independent variables were computed on a
logarithmic scale; we therefore used the exponentiated
forms of the coefficients in the regression results to indi-
cate the multiplicative change in Cs-137 contamination
levels for a per-unit increase in the variables, which is
presented as ‘relative risk (RR)’ in the resulting table. In
addition, in order to support clinical and policy inter-
pretations, we considered body concentration (Bq/kg)
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rather than body burden (Bq/body) as an outcome
measure by adding the natural logarithm of weight as an
offset variable to the independent variables. The offset
restricts the coefficient of weight to a value of 1, which
theoretically enabled us to move weight to the left side
of the equation in order to transform body burden into
body concentration.”* **

The confounding variables considered during analysis
were age, sex, height, dwelling location (Minamisoma
city or different places within or out of the Fukushima
Prefecture), date of screening and season of the examin-
ation (spring, summer, autumn or winter). All of these
variables were included as covariates in the models and
tested for multicollinearity using partial F tests.
Although our data set contained the results of the food
choices/behaviour assessments (ie, participant foodstuff
procurement preferences for supermarket or locally
grown produce) because only a small proportion of par-
ticipants reported consuming locally grown products, it
was difficult to construct stable multivariate regression
models; we therefore did not consider these assessments
in the regression analyses.

Since some uncertainty might exist regarding the soil
contamination levels, we conducted sensitivity analyses by
constructing regression models where the levels of soil
contamination were analysed in two types of categorical
forms—equal intervals and quantiles; that is, we made
the three regression models as described below:

Model 1: soil contamination in continuous form;

Model 2: soil contamination in categorical forms with
equal intervals;

Model 3: soil contamination in categorical forms with
quantiles.

Equal interval means that the range of values (ie, soil
contamination levels in this study) is divided into the
specified number of classes, with each interval having
the same width. Quantiles are a set of cut-off points that
divide the population into equally sized classes.
Geospatial processing of data was conducted using
ArcGIS V.10.2 and all statistical analyses were performed
using STATA/MP V.13.

RESULTS

In the second year after the accident (12 March 2013-31
March 2014), 7987 people underwent internal radiation
screening, more than 90% of whom were living in
Minamisoma city (table 1). Each individual underwent
WBC screening only once over the surveyed time. Their
mean age was 55.4 years (range: 16-95 years), and 4560
(57.1%) were female. Internal contamination was detected
in 145 participants (1.8%). Among these participants
with detectable levels of Cs-137, the mean body burden
and concentrations were 558.6 Bq/body (range: 252-
16 810 Bq/body) and 9.0 Bq/kg (range: 3.0-247.2 Bq/kg),
respectively. The proportion of people consuming locally
grown produce was low, at 12.6% for rice and 25.8% for
vegetable/fruits, and extremely low for fish, meat,

Table 1 Demographic characteristics (n=7987)

Age (years) (mean, SD) 55.4 (18.4)
Gender (N, %)
Male 3427 (42.9)
Female 4560 (57.1)
BMI (kg/m3) (mean, SD) 23.8 (3.8)
Dwelling site (N, %)
Minamisoma city 7236 (90.6)
Inside Fukushima 525 (6.6)
Outside Fukushima 226 (2.8)
Internal contamination (N, % of those 145 (1.8)

detected)
Product purchase pattern (N, % of those who considered
the geographical origin of products)

Fish 2388 (29.9)
Meat 2828 (35.4)
Rice 2321 (29.1)
Vegetable/fruits 3746 (46.9)
Mushrooms 2138 (26.8)
Milk 3024 (37.9)

BMI, body mass index.

mushrooms and milk, at 2.1-3.4%, depending on produce
type. There was no statistical relationship between Cs soil
contamination and the proportion of those who avoided
Fukushima produce (table 2), and few people consumed
locally grown produce without radiation inspection certifi-
cates (0.1-6.1%, depending on produce type).

Table 3 presents the associations between internal and
soil Cs-137 contamination levels. Models 1, 2 and 3 con-
sidered soil contamination as continuous and categorical
(equal intervals and quantiles) values, respectively.
Classification of soil contamination levels in models
2 and 3 was performed on five classes, which is the
maximum number of groups, where each class had suffi-
cient numbers of participants to produce stable models.
No problematic correlations between covariates were
detected in any model.

We identified a statistically significant association
between internal and continuous soil Cs-137 contamin-
ation levels (model 1, p value <0.001), although there
was only a slight association (RR: 1.03 per 10 kBq/m”
increase in soil contamination, 95% CI 1.01 to 1.05).
Analysis of categorical soil contamination levels revealed
statistical (but not clinical) significance only in relatively
higher soil contamination levels, with RR of Cs-137 levels
above 100 kBq/m? compared to those below 25 kBq/m*
of 1.75 and 95% CI of 1.20 to 2.54 (model 2, p value
<0.01) and above 63 kBq/m® compared to those below
11 kBq/m2 of 1.45 and 95% CI of 1.03 to 2.05 (model 3,
p value <0.05). These results indicate a statistically sig-
nificant relationship between the internal and soil
Cs-137 contamination levels; however, the effect of living
in areas with relatively lower soil contamination levels
(in terms of the equal interval/quantile classifications in
the context of Minamisoma city) on internal Cs-137 con-
tamination levels may be so low that it was undetectable
in this study. Since model 1-3 showed similar results for
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Table 2 2 Test results from cross tabulation of the percentage of participants who considered the geographical origin of
products and radiocesium deposition level at the dwelling location

Radiocesium deposition (kBg/m?)

>25 (25-50) (50-75) (75-100) 100< p Value
Product type
Fish 69.8 70.3 70.4 69.3 71.8 0.91
Meat 63.8 64.8 66.1 63.0 67.5 0.33
Rice 70.0 71.6 721 70.4 71.8 0.59
Vegetable/fruits 53.3 52.7 54.2 54.0 49.0 0.44
Mushrooms 72.9 74.0 73.8 7.7 72.2 0.70
Milk 60.5 62.9 64.5 63.1 61.7 0.10

the regression estimates on the soil contamination, the
uncertainty in the soil contamination data might be
marginal.

In addition to soil contamination levels, several other
covariates were associated with internal Cs-137 levels
(table 3). For example, the older age group (over
65 years) had significantly higher internal contamination
than the younger age group (16—40years), with RR
ranging from 2.17 to 2.20 depending on the models.
Internal contamination levels in women were half those
in men, with RR ranging from 0.52 to 0.53 depending on
the models. Internal contamination levels in summer
were lower than those in spring, with RR ranging from
0.66 to 0.67 depending on the models. Dwelling locations
were not significantly associated with internal Cs-137 con-
tamination levels. Given the small CIs (or SE) of each cov-
ariate for the regression estimates, the uncertainty in the
WBC data used in this study might be small.

DISCUSSION

Some previous studies in the context of the Chernobyl
disaster demonstrated difficulty in estimating the levels
of internal contamination based on radionuclide depos-
ition or soil contamination.'? ?* 2 This study supports
their findings in the case of the Fukushima Daiichi
nuclear power plant accident.

This study revealed that internal and soil contamin-
ation were not associated at low levels, and only loose/
small associations were observed in areas with slightly
higher levels of soil contamination. These results indi-
cate that soil contamination levels generally do not con-
tribute to the internal contamination of residents in this
area, representing a clear difference from the strong
associations found in post-disaster Chernobyl, where resi-
dents had no choice but to consume local produce,
regardless of its potential contamination level.

Several reasons could be raised for this difference.
First, regardless of soil contamination levels, the majority
of participants consumed foodstuffs that had undergone
scrupulous control before reaching the market in
Fukushima. This study showed that the proportions of
residents consuming produce in supermarkets or locally
grown produce with radiation inspection certificates were
overwhelmingly large (93.9-99.9%, depending on

produce type, which is comparable to those in our previ-
ous study).”” Since the first few weeks after the disaster,
food products have undergone strict contamination
screening before distribution and previous research has
reported extremely low contamination levels in products
originating within and outside the Fukushima
Prefecture.'® A primary cause of internal contamination
is consumption of contaminated food products; however,
in situations where the available foods are thoroughly
screened, internal contamination levels may be low even
in residents living in highly contaminated areas.

Second, previous research has found high levels of
internal contamination to be associated with continued
consumption of particular foods, such as mushrooms,
mountain vegetables and wild game, which are locally
grown and consumed outside of the market and without
radiation inspection. In this study, few participants
reported consuming home-grown food products and the
lack of difference in consumption patterns by area may
partially explain the limited association between soil con-
tamination and internal contamination levels. However,
individuals continuously consuming foods outside of
market control may have high levels of internal contam-
ination. Individual assessment of internal radiation
remains important in order to identify these people.
Third, there is a geographical, social and cultural differ-
ence such as food habits, including consumption of
forest products, between Japan and the Chernobyl
disaster-stricken inland areas in Europe. In societies
such as Fukushima, with highly developed food markets
and freedom for residents to move as they wish, control
of food products released to the market is highly import-
ant. With successful food control, the soil contamination
levels in the areas in which the residents are living may
not affect their internal contamination levels.”® *”

It is to be noted that several covariates including age,
sex and seasons of examinations were associated with
high internal Cs-137 levels. While the older aged group
showed significantly higher levels of internal Cs-137 than
the younger aged group, this finding is presumably
because the rates of Cs metabolism in body and renal Cs
excretion show a decrease with age. The seasonal
changes in the levels of internal Cs-137 were assumed to
be due to the changes in consumption of contaminated
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Table 3 Tobit regression models for the relationship between Cs-137 level (bg/kg) and covariates

Relative risk (95% CI)

Variables Model 1 Model 2 Model 3
Radiocesium deposition (10 kbg/m?)t 1.03 (1.01 to 1.05)*

Class 1 - Ref. Ref.

Class 2 - 1.31 (1.00 to 1.71) 1.00 (0.69 to 1.46)

Class 3 - 1.11 (0.81 to 1.52) 1.29 (0.90 to 1.85)

Class 4 - 1.20 (0.83 to 1.75) 1.39 (0.98 to 1.97)

Class 5 - 1.73 (1.19 to 2.53)** 1.47 (1.04 to 2.07)*
Age (years)

(16-40) Ref. Ref. Ref.

(40-65) 1.44 (0.97 to 2.14) 1.44 (0.97 to 2.13) 1.44 (0.97 to 2.12)

65— 2.20 (1.45 to 3.33)*** 2.20 (1.45 to 3.34)*** 2.17 (1.44 to 3.29)***
Gender

Male Ref. Ref. Ref.

Female 0.52 (0.39 to 0.71)*** 0.52 (0.39 to 0.71)*** 0.58 (0.39to0 0.71)***
Height (cm) 0.98 (0.96 to 1.00)* 0.98 (0.96 to 1.00)* 0.98 (0.96 to 1.00)*
Location

Minamisoma city

Inside Fukushima

Outside Fukushima
Examination date

Season of examination

Ref.

0.89 (0.58 to 1.38)
0.70 (0.28 to 1.76)
1.00 (1.00 to 1.00)**

Spring Ref.

Summer 0.66 (0.52 to 0.85)**
Autumn 1.25 (0.89 to 1.76)
Winter 1.31 (0.82 to 2.09)

Ref.

0.88 (0.56 to 1.37)
0.75 (0.29 to 1.90)
1.00 (1.00 to 1.00)**

Ref.

0.66 (0.51 to 0.84)**
1.25 (0.89 to 1.76)
1.31 (0.82 to 2.09)

Ref.

0.92 (0.60 to 1.43)
0.79 (0.31 to 2.03)
1.00 (1.00 to 1.00)**

Ref.

0.67 (0.52 to 0.86)**
1.27 (0.90 to 1.79)
1.33 (0.83 t0 2.12)

*<0.05, **<0.01, ***<0.001.

tClasses 1-5 indicate (0-2.5), (2.5-5.0), (5.0-7.5), (7.5-10.0) and 10.0—, respectively, for model 2, and (0-1.1), (1.1-2.8), (2.8-4.3),

(4.3-6.3) and 6.3—, respectively, for model 3.

locally grown produce such as mushroom and mountain
vegetables during harvesting, as was shown in previous
studies in Chernobyl.24

Caution is necessary in interpreting the slight associ-
ation between soil and internal contamination in areas
with comparatively high soil contamination. The reason
for this finding is not clear but may be related to occu-
pational or lifestyle differences between residents or
areas. With a larger number of participants, it is possible
that an association between soil contamination and
internal contamination could have been found in areas
with lower soil contamination levels. However, this study
suggests that soil contamination might have little to no
impact on the internal contamination among residents.
Control of market foods may make it possible to control
levels of internal radiation, even among residents inha-
biting areas with highly contaminated soil.

When comparing similar levels of soil contamination,
it should be noted that there are extreme differences
between internal radiation in residents of areas around
Chernobyl and those in Fukushima.?® This may be influ-
enced by Fukushima’s lower levels of radiation transfer
coefficients from soil to plants,gg’31 countermeasures
such as food screening policies and decontamination
efforts, greater freedom around choice of food products
and increased availability of foods from outside

Fukushima.?? 33 However, identification of the contribu-
tory factors is outside the scope of this study and war-
rants further research. Nevertheless, it appears that soil
contamination may not always be an effective marker of
internal contamination in Fukushima.

This study has several limitations. First, the WBC
screenings were voluntary, which may have led to over-
screening of those particularly cautious in regard to radi-
ation protection or under-screening of those who have
fears of being detected and having to undergo pressures
to change their dietary behaviour, and underestimation
of the actual levels of internal contamination. Contrarily,
those with high levels of internal contamination may
seek screening for fear of potential irradiation, which
could lead to an overestimation of internal contamin-
ation. Second, this study is limited to data from
Minamisoma, and it is unclear whether these results are
generalisable to other towns or villages. Third, in addi-
tion to food intake behaviours and the degree of soil
contamination, additional factors such as the policies of
each town or village, types of vegetables grown in each
place, accessibility of radiation-related information and
fear of radiation may differ greatly even within the
Fukushima Prefecture. These results may not be applic-
able to residents living in areas that are more highly con-
taminated than those in this study.
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CONCLUSION

Low levels of internal and soil contamination were not
associated, and only loose associations were observed in
areas with slightly higher levels of soil contamination in
Fukushima, most likely due to the rigorous control of
market food. Thus, individual WBC measurements are
essential for the precise evaluation of chronic internal
radiation contamination among residents.
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