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(e study aimed at reassessing the radiological risk from exposure to ionizing radiation from Fukushima Daiichi nuclear power
plant accident. (e estimated risks from the study were compared with World Health Organization (WHO) risk assessment
estimates for validity and verification. A Radiation Risk Assessment Tool (RadRAT) was used to estimate Lifetime Attributable
Risks (LAR) of cancer upon exposure. All solid cancers, leukemia, and thyroid cancer risks for ages of 1, 10, and 20 years (infants,
children, and adults) in 100,000 persons at exposure were estimated. For solid cancers, LAR (10−2) was estimated in a range of
0.223∼0.668 and 0.345∼1.24 for males and females, respectively, whereas the LAR (10−2) for leukemia was estimated at
0.0155∼0.055 and 0.0118∼0.0375 for males and females, respectively. LAR (10−2) for thyroid cancer ranged from 0.0722∼0.545 and
0.0369∼0.265, respectively.

1. Introduction

A nuclear accident is described as an event that leads to a
radiation release and resultant significant consequences for
the general public, environment, and nuclear facility where it
occurred [1]. Deterministic (short term) and stochastic (long
term) effects are associated with exposure to dose by ionizing
radiation. At lower doses, stochastic effects, particularly
somatic effects (cancer), are expected to occur and are ba-
sically proportional to exposure doses, while at higher doses,
deterministic effects occur, and there is a threshold of doses
below which the effect from exposure does not occur [2].
Understanding the relationship between exposure to radi-
ation dose and the health risk effect is very necessary for the
proper emergency planning and response immediately after
a nuclear power plant (NPP) accident. Generally, the in-
formative epidemiological data on human exposure to ra-
diation has been described from the life span study (LSS) of
Japanese atomic bomb survivors who were exposed to ra-
diation at Hiroshima and Nagasaki in 1945 [3]. Nuclear
accidents lead to the release of many different radioactive

materials that have different toxic effects depending on the
type of radiation such as gamma ray, beta, and alpha par-
ticles. Researches on the previous accidents at NPPs have
suggested that inert gases including xenon and krypton are
likely to be released along with iodine, cesium, strontium,
tellurium, and rubidium [4]. (e Fukushima Daiichi NPP
accident that occurred on March 11, 2011 released a large
amount of radioactive materials into the environment.
Volatile fission products including noble gases of xenon
(133Xe) and krypton (85Kr), isotopes of cesium (134Cs, 136Cs,
137Cs) and iodine (131I, 132I), and tellurium (132Te) were
found to be dominantly released [5]. 131I was considered as
one of the most important radionuclides during the first
week after a nuclear accident due to its short half-life of 8
days. Doses to the thyroid gland require special attention
because of their contributions to the total effective dose from
short-lived (mainly, 131I) and long-lived (mainly, 134Cs and
137Cs) radionuclides [6]. (e current methodology and
approach to the nuclear emergency planning and response
adopted in most countries in the world are generally de-
terministic based on the dose estimation of off-site
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radiological consequences. But it has been getting more
attention and importance to provide and implement the
probabilistic risk-informed technical supports in decision-
making processes related with NPP emergency planning and
response measures since Fukushima nuclear accidents in
2011 [7–9]. (is study investigated the reassessment of the
radiological risks from exposure to the radioactive releases
from the Fukushima Daiichi nuclear accidents during the
first four days of the accident. Following the available ra-
diological source terms, the radiological assessment system
for consequence analysis (RASCAL) has been applied to
evaluate the doses and assess the lifetime attributable risk
(LAR) of homogeneous population groups affected by the
accident [10–13]. Cancer risk assessment is still challenging
in the radiation-related industries and hospital activities,
and thus this research will be relevant to reemphasize the
need to understand and predict the cancer risk that may
occur after exposure to a large amount of radiation from a
nuclear accident. With the help of different methods and
assumptions, the cancer risk estimates in this study were
compared with those of World Health Organization (WHO)
study in 2013 to check their validity and correlation. (e
relationship between radiation exposure and lifetime risk of
cancer was investigated using some factors including radi-
ation dose, age at exposure, sex, and cancer site.

2. Materials and Methods

2.1. Radiological Assessment System for Consequence Analysis
(RASCAL). RASCAL was developed for the Nuclear
Regulatory Commission (NRC) as a tool for the rapid
assessment of an incident or accident in order to help a
decision-making process of implementing protective ac-
tions such as evacuation and sheltering in the first four
days after a nuclear accident. Following the same accident
sequence of Fukushima Daiichi nuclear accident, RAS-
CAL was used to estimate the radiological source terms
and radiation doses. (e source term to dose module
(STDose) in RASCAL was used to predict the total ef-
fective dose equivalent (TEDE) and thyroid dose within a
radius of 1.61 to 32 km from the plume of the released
radioactive materials to the downwind public where the
wind is blowing towards for 96 hours [14]. (e STDose
module generated time-dependent source terms and then
provided the input data to the atmospheric transport and
dispersion model. STDose module required information
such as event location, event type, release path, source
term, and meteorological data in order to predict the
exposure dose to the general public. Gaussian plume and
Gaussian puff models are embedded within RASCAL for
the atmospheric transport, dispersion, and deposition of
radioactive materials from the release point. (e con-
ventional straight-line Gaussian equation used in RAS-
CAL was as follows:
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A simplified version of the straight-line Gaussian model
could be expressed by

χ(x, y, z)
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2πu σy σz

, (2)

where χ �mean concentration, Q′� release rate,
Fy, Fz � lateral and vertical exponential terms, x� downwind
distance at which χ, σx , σy and σz are evaluated, u� speed of
the wind, t� time.

Using the feature of multi-unit source term merge in
RASCAL, the merging of atmospheric source terms from
multiple units on a single NPP site provided a means to
calculate doses from radioactive releases of Fukushima
Daiichi reactors. (e technique assumed that the releases
occurred at the same location; however, the individual re-
lease points might be separated by as much as several
hundred feet.(e separationmight cause the results near the
release point to be in error, but it might not necessarily have
a considerable effect on the results at off-site locations.

2.2. Radiation Risk Assessment Tool (RadRAT). RadRAT, an
online tool that was developed by the national cancer in-
stitute of United States, was used in this study to estimate the
lifetime attributable risks (LAR) of radiation-related cancers.
RadRATenables users to estimate the lifetime risk of cancer
incidence for the general population of United States and
some other selected countries from exposure to ionizing
radiation in terms of radiation doses below 1 Sv. RadRAT
followed the biologic effects of ionizing radiation (BEIR) VII
report assumptions by applying an uncertain dose and dose-
rate effectiveness factor (DDREF) for all chronic exposures
using a lognormal distribution with a geometric mean of 1.5
and no-threshold risk models [15]. Input information that
was required by RadRAT running included sex, birth year,
history of exposure, and run-specific parameters. RadRAT
4.1.1 was used in this study because it followed the meth-
odology of WHO framework very closely and included the
2010 Japanese population data. (e radiation risk calculator
estimated LAR from the time when an individual was ex-
posed until the end of expected lifetime. Future risks were
given as risk attributable to radiation (i.e., the excess risk),
the baseline risk (i.e., risk in the absence of exposure to
radiation), and total risk (i.e., excess plus baseline). LAR
calculation was performed as a function of attained age (a)
for the period of life after radiation exposure up to the end of
the 90th year of life. LAR from one yearly dose (LAR (D, e, s))
specifies the sex (s), age-at-exposure (e), and specific cu-
mulative probability of a specific cancer attributable to
radiation exposure over a period up to a maximum age
(amax):

LAR (D, e, s) � 􏽚
amax

e+L
M(D, e, a, s)

Saj(a, g)

Saj(e, g)
da, (3)

where, M (D, e, a, s) is the risk model, Saj(a, g) is the
probability of surviving cancer-free to age (a) for the un-
exposed population, L is the minimum latency period, and
the ratio Saj(a, g)/Saj(e, g) is the conditional probability of a
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person alive and cancer-free at age-at exposure (e) to reach at
least an attained age (a).

3. Results and Discussion

3.1. Source TermandDose Estimation. Using RASCAL 4.3.3,
this study used previously estimated 1.3 ×1018 Bq by the
authors as the total amount of source terms released from
the Fukushima Daiichi NPPs to the atmospheric envi-
ronment [14]. In the authors’ previous study, estimated
source terms were quantitatively compared and discussed
with the existing literatures, which had been derived from
the estimation method using accident progression and
inverse modeling by US Nuclear Regulatory Commission,
International Atomic Energy Agency, Nuclear and Industry
Safety Agency in Japan, and other four individual re-
searchers in the world. Although the model comparison
showed a good fit within the same order of magnitude in
terms of activities of 131I and 137Cs, it was found that their
differences were mainly attributed to the assumed values of
leakage rates from the reactor containment to the envi-
ronment, mathematical models embedded in different
computer codes, and uncertainties of values measured at
the time of the accident. (e simulation was conducted for
a period from 12th to 15th March 2011 because it was the
period during which most radioactive materials were re-
leased to the environment. (e determined dose values
were applied to estimate the radiological health risks that
might have been incurred by the Japanese people. (e
TEDE was calculated as the summation of inhalation
committed effective dose equivalent (CEDE), cloud-shine,
and 4-day ground-shine. (e inhalation CEDE was cal-
culated to be a 50-year committed dose to an adult. Table 1
provides a summary of reference doses for individuals
exposed from NPPs to up to a distance of 32.2 km during
the first 4 days.

3.2. Cancer Risk Estimation. (e LAR of developing cancer
for the general population in Japan consisting of both males
and females exposed at 1 year (infant), 10 years (children),
and 20 years of age (adults) was estimated using RadRAT.
(e LAR in this study was defined as the probability of an
early incidence of a cancer attributable to radiation exposure
in a representative group of the population. A sample size of
100,000 persons at exposure was applied in this study. Due to
their unique radio-sensitivity, solid cancers, thyroid cancer,
and leukemia were estimated using the population status of
Japan in 2010. Based on cancer incidence rates from a
general population, the lifetime baseline risk (LBR) was
estimated as the cumulated baseline probability of having a
specific cancer over the lifetime (up to the age of 89 years).
Tables 2 and 3 show the LAR of developing solid cancers,
leukemia, and thyroid cancer for females and males of
different ages in 100,000 persons exposed to a certain
amount of radiation. (e population within a radius of
1.61 km from NPPs received the highest TEDE of 760mSv
and thus had the greatest excess cancer risk incidence rate.
(e infants had the greatest LAR of cancer incidence for all

solid cancers, thyroid, and leukemia, respectively. (e as-
sessment of the cancer risk incidence in men was lower than
females with solid cancers having the highest LAR (10−2) of
40.1. Leukemia LAR was greatest for males when compared
with females. (e risk for thyroid cancer incidence was
greatest in female infants when compared with the male
infants. Leukemia showed the lowest risk incidence in both
sexes and age groups. (e LAR of all solid cancers combined
was estimated as the sum of all risks of individual organs.
Generally, the cancer risk estimates were much higher for
females than those for males, which might be due to the
combined effects of the higher radio-sensitivity in women
than in men.

3.3.Comparison of LifetimeAttributableRisk. Doses within a
20 km radius around Fukushima Daiichi NPPs had not been
assessed in the WHO preliminary dose estimation, and
therefore this geographical area was not included in this
health risk assessment [7]. WHO only considered groups 1
and 2 for the risk assessment as shown in Table 4. For the
purpose of comparison, dose values estimated in this study
that had a dose range of 12∼25mSv, which was similar to the
dose range considered by WHO risk assessment in Group 1,
were considered.

With the consideration of the mean, the estimated LAR
at Fukushima Daiichi NPPs showed a variation by sex, age,
and dose as shown in Figures 1 and 2. (ese doses were
estimated by RASCAL for the first four days after the ac-
cident, whereas WHO considered a dose received in the first
year to determine the cancer risk. According to WHO risk
assessment, the LAR (10−2) for solid cancers in males and
females ranged from 0.225∼0.730 and 0.336∼1.113, respec-
tively. (is study estimated the LAR (10−2) in the range of
0.223∼0.668 and 0.345∼1.24 for males and females, re-
spectively. WHO estimated leukemia cancer incidence risk
to be between 0.015∼0.023 and 0.009∼0.016 for males and
females, respectively, for the case of leukemia, whereas the
LAR (10−2) for leukemia in this study was estimated to be
0.0155∼0.055 and 0.0118∼0.0375 for males and females as
shown in Figures 1 and 2, respectively. (e LAR (10−2) for
thyroid cancer risk in males and females ranged from
0.010∼0.118 and 0.048∼0.524, respectively, whereas an es-
timation for LAR (10−2) in this study ranged from
0.0722∼0.545 and 0.0369∼0.265, respectively. (e obtained
results were compared with each other, and the comparison
showed good agreement between this study and WHO re-
port within the same order of magnitude (10−2) of cancer
risk estimates although the observed differences might be
attributed to many uncertainties of estimated doses and
assumed population data. WHO applied the Japanese
population status in 2004, whereas the population status of
2010 was used for this study. In addition, a sample size of
100,000 persons at exposure was applied in this study, while

Table 1: Estimated TEDE with distance [14].

Distance (km) 1.61 2.41 3.22 4.83 6.44 16.1 24.1 32.2
TEDE (mSv) 760 340 190 87 51 23 17 16
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Table 3: LAR (10−2) of males per 100,000 exposed persons.

Infants Children Adults
Distance (km) Solid cancers Leukemia (yroid cancer Solid cancers Leukemia (yroid cancer Solid cancers Leukemia (yroid cancer
1.61 22.1 1.82 1.8 15.2 0.963 0.853 10.6 0.739 0.366
2.41 9.88 0.813 0.805 6.81 0.431 0.382 4.73 0.33 0.164
3.22 5.52 0.454 0.45 3.81 0.241 0.213 2.64 0.185 0.0914
4.83 2.53 0.208 0.206 1.74 0.11 0.0977 1.21 0.0845 0.0419
6.44 1.48 0.122 0.121 1.02 0.0646 0.0573 0.709 0.0496 0.0245
16.1 0.668 0.055 0.0545 0.461 0.0292 0.0258 0.32 0.0224 0.111
24.1 0.494 0.0407 0.0403 0.341 0.0215 0.0191 0.236 0.0165 0.0818
32.2 0.461 0.0383 0.0379 0.321 0.0203 0.00387 0.223 0.0155 0.0722
LBR (×10−2) 40.74 0.57 0.21 40.71 0.58 0.21 40.60 0.60 0.21

Table 4: Group classification considered by WHO study.

Group Description
Group 1 Two locations in Fukushima prefecture with effective doses of 12∼25mSv
Group 2 Locations in Fukushima prefecture with effective doses of 3∼5mSv
Group 3 Less-affected locations in Fukushima prefecture and the rest of Japan with effective doses of 1mSv
Group 4 Neighboring countries and the rest of world with effective doses of well below of 1mSv

Table 2: LAR (10−2) of females per 100,000 exposed persons.

Infants Children Adults
Distance (km) Solid cancers Leukemia (yroid cancer Solid cancers Leukemia (yroid cancer Solid cancers Leukemia (yroid cancer
1.61 40.1 1.24 8.77 24.9 0.753 4.15 16.4 0.56 1.75
2.41 18.3 0.554 3.92 11.2 0.337 1.86 7.33 0.25 0.785
3.22 10.2 0.31 2.19 6.23 0.188 1.04 4.1 0.14 0.439
4.83 4.67 0.142 1 2.85 0.0862 0.475 1.88 0.0641 0.201
6.44 2.74 0.0831 0.588 1.67 0.0506 0.278 1.1 0.0376 0.118
16.1 1.24 0.0375 0.265 0.755 0.0228 0.126 0.496 0.0169 0.0531
24.1 0.913 0.0277 0.196 0.558 0.0169 0.0928 0.367 0.0125 0.0393
32.2 0.86 0.0261 0.185 0.525 0.0159 0.0874 0.345 0.0118 0.0369
LBR (×10−2) 29.04 0.43 0.76 29.09 0.43 0.77 29.07 0.40 0.77
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Figure 1: Comparison of LAR for cancer sites of males between WHO and this study.
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10,000 persons were used for WHO risk assessment.
(erefore, the proposed approach of coupling RASCAL and
RadRAT in this study has proved applicable to the imple-
mentation of risk-informed decision-making supports for
the responsible nuclear emergency organizations.

4. Conclusions

(is study aimed at estimating the radiological risk as-
sociated with exposure to radioactive materials from
Fukushima Daiichi NPPs accident. (e estimates were
compared with WHO estimates to ascertain their cor-
relation and validity and reemphasize the need for un-
derstanding cancer risk assessment. It was assumed in
this study that 100,000 persons of ages of 1 year, 10 years,
and 20 years received a whole body dose at different
distances from NPPs. LAR and the probability of an
incidence of cancer attributable to radiation exposure
from the Fukushima Daiichi NPPs accident in a repre-
sentative member of the population in Japan were esti-
mated in terms of excess cancer cases per 100,000 persons
by sex, age, and distance at exposure. Using RASCAL, the
source term and dose were determined by authors in the
previous literature, and they were applied to assess the
cancer risk incidences in this study. (e source term was
estimated to be 1.3 ×1018 Bq, whereas the TEDE was
determined to be 16∼760mSv in the radius of 1.61∼32 km
from NPPs. It was assumed that people in the most af-
fected areas were within the radius of 32.2 km; however,
for the purpose of comparison with WHO risk estimates,
only the population within 16.1∼32.2 km were considered
and estimated to receive a dose between 23 and 16mSv.
Lifetime cancer risks were determined using RadRAT
online tool. For solid cancers, LAR (10−2) was estimated
in a range of 0.223∼0.668 and 0.345∼1.24 for males and
females, respectively, whereas the LAR (10−2) for

leukemia was estimated at 0.0155∼0.055 and
0.0118∼0.0375 for males and females, respectively. LAR
(10−2) for thyroid cancer ranged from 0.0722∼0.545 and
0.0369∼0.265, respectively. Solid cancer incidence risks
were observed to be higher at younger ages-of-exposure
and were somewhat higher in females than in males. For
all the cancer risks, the most illustrative was thyroid
cancer, with a significant evidence of higher risks at
younger ages and with weak evidence for an excess or
significantly lower risks following radiation exposure in
adulthood. (is study observed that age at the time of
irradiation was one of the most important biological
variables influencing cancer risk incidences. (e results
showed the highest excess cancer risks among those
exposed in infancy (leukemia in males and solid cancers
in females). (e estimates in this study showed a sig-
nificant correlation with WHO cancer risk estimates. It
was found that the observed differences might be at-
tributed to the variations in the methods, dose estimates,
distances considered, and population status.

Abbreviations

BEIR: Biologic effects of ionizing radiation
CEDE: Committed effective dose equivalent
DDREF: Dose and dose-rate effectiveness factor
LAR: Lifetime attributable risk
LBR: Lifetime baseline risk
LSS: Life span study
NPP: Nuclear power plant
NRC: Nuclear regulatory commission
RadRAT: Radiation risk assessment tool
RASCAL: Radiological assessment system for consequence

analysis
TEDE: Total effective dose equivalent
WHO: World Health Organization.
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