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Featured Application: More appropriate decision making on how to manage a land contaminated
by hazardous materials would be possible by application of the site-specific approach for health
risk assessment presented herewith.

Abstract: After the Fukushima Daiichi accident, there have been long controversial discussions on
“how safe is safe?” between the authorities and the residents in the affected area. This controversy
was partly attributable to the way the authorities made a judgement based on the annual effective
dose rate; meanwhile, many of the local residents have serious concerns about future consequences
for their health caused by chronic radiation exposure, particularly of small children. To settle this
controversy, the author presents an approach based on long-term cancer risk projections of female
infants, i.e., the most radiosensitive group, following land contamination by radiocesium deposition
into ground with different surface conditions; the land was classified into three categories on the
basis of decaying patterns of radiation dose rate: “Fast”, “Middle”, and “Slow”. From the results of
analyses with an initial dose rate of 20 mGy per year, it was predicted that the integrated lifetime
attributable risk (LAR) of cancer mortality of a female person ranged by a factor of 2 from 1.8% (for
the Fast area) to 3.6% (for the Slow area) that were clearly higher than the nominal risk values derived
from effective dose estimates with median values of environmental model parameters. These findings
suggest that accurate site-specific information on the behavioral characteristics of radionuclides in the
terrestrial environment are critically important for adequate decision making for protecting people
when there is an event accompanied by large-scale radioactive contamination.

Keywords: terrestrial environment; radiocesium; cesium-137; radioactive contamination; cancer risk;
radionuclide; nuclear accident; nominal risk; decision making

1. Introduction

After the severe nuclear accident that occurred at the Fukushima Daiichi nuclear
power station on 11 March 2011, more than 160,000 people from within a 20 km zone and
the area having relatively high radiation levels were forced to evacuate and, as of March
2021, more than 40,000 people are still recognized as evacuees [1]. While it is certain that
those evacuation measures prevented some excessive radiation exposure of residents [2–4],
it has caused severe psychological distress in evacuees who were forced to stay outside
their home towns/villages for years [5,6].

Currently, most of the evacuation orders have been lifted in the affected areas where
the levels of radioactive contamination are quite low. However, it seems many residents
have not returned to their previous homes partly due to persistent concerns about the
possible adverse health effects of chronic radiation exposure, despite the fact authorities
have tried to convince them that they are overly concerned about the radiological effects
by introducing the recommendations of international authorities such as the International
Commission on Radiological Protection (ICRP). This standstill is attributable to the way
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authorities have provided explanations by the using short-term effective dose estimates. For
example, soon after the accident occurred, the national and local governments announced
that the reference level for such an emergency situation was typically in the effective
dose band of 20 to 100 mSv, with citation of the basic recommendations of ICRP [7].
Though updates of these reference levels have been recommended by ICRP in a recent
publication [8] as shown in Table 1, the decision process based on effective dose of a
certain-scale population has not essentially changed.

Table 1. Updated reference levels for guiding the optimization of protection of members of the public
during the successive phases of a nuclear accident [8].

Early and Intermediate Phase Long-Term Phase

100 mSv or below for the entire duration of
both the early and intermediate phases 1

Lower half of the 1 to 20 mSv per year band
with the objective to progressively reduce

exposure to levels towards the lower end of the
band or below, if possible

1 Previously, the Commission recommended the selection of reference levels in the band of 20–100 mSv for
emergency exposure situations. The current recommendation recognizes that in some circumstances, the most
appropriate reference level may be below 20 mSv.

With their own experience of risk communication with the people affected by the
nuclear accident in Fukushima, the author feels that many of the residents have been
suspicious of such uniformly applied, dose-based approach since they know well that
every individual could have a unique consequence on his/her health from the same dose
radiation and, in particular, one with a higher radiosensitivity, like a small child, could
suffer from more severe damage. Actually, it has been clearly shown by many experts
that the radiosensitivity of humans significantly changes depending on age and sex. In
general, smaller children are more radiosensitive than adults, which is attributable to the
fact that children have more actively dividing cells that could amplify radiation-induced
DNA damage to a large extent compared to the adults [9–13]. It is also known that female
people are more radiosensitive in regard to carcinogenesis, mainly because the breast is
notably susceptible to radiation compared to other organs [7,9,11,13]. Thus, it is desirable
to answer more sincerely to their underlying question, “how safe is safe?”, by precisely
showing the health risk for the most sensitive group on a community basis, instead of just
presenting an average value of effective dose for an anonymous general population. It
is also desirable to show the integrated risk of all hazards, including possible effects of
other toxic materials such as heavy metals and some organic compounds released into
the environment, and then to enable the authorities to make more appropriate decisions
through comprehensive optimization of those different-quality risks and benefits.

With these considerations, the author tries to present an approach for predicting
long-term radiological risk of female infants, i.e., the most radiosensitive group, under the
assumption that they would live on the land contaminated by radiocesium (137Cs) with
consideration of the difference in land-surface properties. The radiological impact of 137Cs,
one of the most common products generated by the nuclear fission reaction, has been a
subject of high concern in both Chernobyl and Fukushima Daiichi accidents because of its
long half-life of about 30 years, chemically reactive feature, and high-energy (0.662 MeV)
γ-ray emissions [14–16]. Meanwhile, other long-lived radionuclides such as 90Sr (half-life:
29 years) and 106Ru (368 days) could also be causes for concern depending on the situation
of radioactive release to the environment, as indicated in the Chernobyl accident [17].

2. Materials and Methods
2.1. Projection of Absorbed Dose

First, a situation of land contamination caused by fall-out 137Cs deposited onto the
ground is assumed. In this situation, external exposure to γ-rays from the 137Cs source in
the ground surface is the main concern; internal exposure from radiocesium is supposed to
be quite small as confirmed from the Fukushima Daiichi accident [3,4,18]; Kim et al. [18]
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reported that most of the committed effective doses from radiocesium (137Cs and 134Cs)
determined based on whole-body-counter measurements were less than 0.1 mSv for most
of the examined residents (125 adults and 49 children) who lived near the Fukushima
Daichi nuclear power station at the time of the accident.

Assuming that the whole-body absorbed dose of a resident in the initial year, D(0),
was well known through in situ measurements at the respective site, the chronological
change of annual absorbed dose rate at time = t from radiocesium deposited onto the
ground can be calculated as follows:

D(t) = (D(0)− DBKG)· exp(−λ137·t)· f (t) (1)

where DBKG is the background dose rate at the site; λ137 is the physical decay constant of
137Cs; and f(t) is the attenuation function which is related to the cesium mobility in the
surface soil layer. As the value of DBKG, 0.05 µSv h−1 (0.44 mSv y−1) was employed from a
previous study on the external dose assessment of the evacuee in Fukushima Prefecture [19].
It is empirically known that the observed dose-rate changes can be approximated well with
f(t) composed of a sum of two exponential functions, i.e., short-term and long-term decay
components, as follows [2,20–23]:

f (t) = α·exp
(
− ln2

TS
·t
)
+ (1− α)·exp

(
− ln2

TL
·t
)

(2)

where α is a fraction of the short-term component; TS and TL are environmental half-
lives for short-term and long-term decay components, respectively, that characterize the
disappearing rates from the respective local environment due to the natural removal
phenomena and human activities for reusing the land. It is expected that the values of
site-specific TS and TL could be derived from the on-site radiation monitoring data obtained
for initial days by using the areal monitoring posts, monitoring vehicles, portable detectors,
monitoring airplane, etc., as demonstrated at the Fukushima Daiichi accident [24].

In the present analyses, the environmental half-life of the long-term decay component
(TL) was assumed to be 50 years in reference to the relevant work of Golikov et al. [20]
in regard to the Chernobyl accident and also the assessment of United Nations Scientific
Committee on the effects of atomic radiation (UNSCEAR) regarding the Fukushima Dai-
ichi accident [2]. As to the fraction (α) and environmental half-life (TS) of the short-term
component, large variations depending on the land-surface properties have been observed
in the area affected by the Fukushima Daiichi accident [3,22,23]. Here, the 5th percentile,
median and 95th percentile values of the “other than forest” undisturbed area in the evacu-
ation zone were chosen from the paper of Kinase et al. [22] and subjectively formed three
land categories, “Fast”, “Middle”, and “Slow”, covering the wide range of the observed
decaying patterns of ambient dose rate. The values adopted for α and TS corresponding to
these three categories are shown in Table 2.

Table 2. The values of environmental half-life (Ts) and fraction (α) of the short-term decay component;
they were adopted from the 5th percentile, median and 95th percentile values derived from the
observations of ambient dose in Fukushima Prefecture [22].

Land Category TS [y] α [adu]

Fast 0.22 0.67
Middle 1.03 0.51

Slow 2.69 0.35

2.2. Projection of Cancer Risk

In cancer risk projections, the author focused on female infants (0-year-old children)
because this group is known to be the most radiation sensitive for whole-body external
exposure in regard to the all-cancer risk. Figure 1 shows the plots of the lifetime attributable
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risk (LAR) of cancer mortality attributing to a single whole-body exposure of 0.1 Gy as a
function of age at exposure [10]; here, the LAR values have been converted to the fraction
[%], while the original LAR values were given as the numbers of cases per 100,000 subjects.
According to these data, the radiation-induced cancer risks of children is considered to be
2 to 3 times higher than those of adults; and female people are more susceptible to radiation
than male people.
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exposure for male (solid line) and female people (dotted line) (after the BEIR VII report [10]).

With these facts, the author focused on female people as the critical group in assess-
ment of life-long radiological risk and then predicted long-term cancer risks of female
people for three time periods: 0 to 6 years (preschool), 0 to 18 years (up to high school
graduation), and 0 to 80 years (lifetime). The integrated cancer-mortality risk for the period
from 0 year to age y, R(y), was calculated by integration of the products of the annual
absorbed dose and corresponding LAR value for the respective period as follows:

R(y) =
y

∑
t=1
{1− R(t− 1)}·D(t)

102 ·LAR(t) (3)

where R(0) is 0; and D(t) is the annual absorbed dose rate at time = t [mGy y−1]. In general,
D(0) is to be determined from on-site monitoring data; and D(1) and subsequent annual
dose rates are estimated by the method described in Section 2.1. Calculations of the R(y)
values were performed with a manually made program of Visual Basic for Applications
(VBA) of Microsoft Excel.

3. Results and Discussions
3.1. Long-Term Cancer Risk

Figure 2 shows the chronological changes of annual external dose rates of γ-rays
from 137Cs deposited onto the ground classified by the land categories (Fast, Middle, and
Slow). Clear differences were seen in the decay patterns of the dose rates among three
categories, which suggests that the land-surface properties could bring significant effects
on the long-term radiation exposures of residents.

Using the predicted dose rate changes (Figure 2) and the data of age-dependent LAR
(Figure 1), the author calculated integrated cancer-mortality risks of a female infant (0 years
old) for her lifetime (up to 80 years old). The results are shown in Figure 3 as time plots
of the integrated cancer risks for three land categories and also in Table 3 as the land-
dependent integrated risks for three periods from the birth: 6 years (preschool period),
18 years (up to high school), and 80 years (lifetime). It was found that the cancer-mortality
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risk of a female person could change by a factor of 2 depending on the land-surface
properties; in other words, where to live.
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ground for a female infant (0 years old) at the initial dose rate of 20 mGy y−1.

Table 3. Integrated cancer risks of a female person for three periods at the areas having different
land-surface properties with the initial dose rate of 20 mGy y−1.

Land
Category

Integrated Cancer Risk [%]

~6 Years ~18 Years ~80 Years

Fast 0.88 1.40 1.83
Middle 1.28 2.05 2.69

Slow 1.64 2.70 3.56

3.2. Comparison with Nominal Risk

Effective dose is a widely used quantity to evaluate the stochastic health effects of
radiation exposure for the aim of radiological protection. This quantity is not defined for
an individual person but for “Reference Person” which represents a nominal population
having typical age and sex distributions. On the basis of this concept, nominal risk coeffi-
cients for estimating nominal risks from the effective dose are given for two groups: whole
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population (the public) and adults (workers) [7]. Thus, the risks estimated from effective
doses should be the same for all members of an intended group regardless of the different
physical and physiological properties. This nature was intentionally given for avoiding
unnecessarily discriminatory actions, which means that this quantity is unsuitable for the
purpose of assessing individual risks [7,13].

If we employed the ICRP-recommended nominal risk coefficient (5.5% for cancer
mortality) [7] in calculation of the cancer risk for the whole population of residents that
were assumed to live in the land having an average land-surface properties (i.e., the Middle
category), the nominal risks following the initial dose rate of 20 mGy y−1 were calculated
to be 0.45% for the preschool age (~6 years), 0.86% for up to the high-school graduation,
and 1.5% for lifetime (~80 years) (Table 4). These values were much lower (35% to 57%)
than those calculated for a female person of the corresponding time period (Table 3).

Table 4. Nominal cancer risks estimated by using the nominal risk coefficients of ICRP [6] and the
ratios of those nominal risks to the specific risks of a female person calculated in this study (Table 3)
for three areas having different land-surface properties.

Land
Category

Nominal Cancer Risk [%] Ratio (Nominal/Specific)

~6 Years ~18 Years ~80 Years ~6 Years ~18 Years ~80 Years

Fast 0.305 0.582 1.03 0.347 0.417 0.562
Middle 0.449 0.861 1.53 0.353 0.421 0.566

Slow 0.584 1.15 2.03 0.357 0.426 0.571

The findings above imply that the currently common approach using effective dose
would lead to an inappropriate judgement in the process of decision making regarding
protective actions such as evacuation, relocation and decontamination following the con-
cept for optimization in radiological protection, i.e., “As Low As Reasonably Achievable
(ALARA)” [7,9]. It is expected that the alternate risk-based approach presented in this study
would be useful for more appropriate judgement in optimization based on the integrated
risk of all hazardous materials including heavy ions and toxic organic compounds in the
living environment and the different sensitivities of the respective people to those materials.

It should be noted that difficulties still remain in the application of the presented
approach to the decision making regarding protective actions. It is envisaged that many
of the residents would prefer to behave as a community and they would not consider
the difference in individual health status as an important matter. Moreover, the fear of
radiation exposure would force them to just stay distant from the affected area, while it
would not necessarily reduce the total health risk because some other effects, including
psychological stress, could bring about more significant impacts on physiological status,
as highlighted in the Fukushima Daiichi accident [5,6]. More efforts are needed for prac-
tical application of the presented approach based on the firm concept of minimizing the
overall risk with consideration of social, economic, and psychological factors as well as the
radiological consequences.

4. Conclusions

When a severe nuclear accident occurs, it is crucial to make prompt decisions on the
measures for protecting people from excessive exposure to the radioactive sources in the
living environment and other possible hazards. For contributing to this important decision
making, the author has presented an approach for site-specific cancer risk projections of the
most radiosensitive group following large-scale land contamination caused by radiocesium
deposition. The obtained results indicated that accurate site-specific information on the
behavioral characteristics of the radionuclides in the ground surface of the land is critically
important for precise prediction of future consequences on the health of affected people.

The findings of this study indicate that we need to know, in advance, the physicochem-
ical properties of the living environment of residents for maximizing our overall well-being
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through the best possible optimization of various risks and benefits for an unexpected
event accompanied by large-scale environmental contamination. While recognizing that
it is not an easy task, the author believes that such site-specific assessment of individual
risks would enable the authority to make more appropriate decisions on protective actions,
such as evacuation, relocation and decontamination, for averting excessive exposures to all
hazards, including social, economic, and psychological impacts.
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