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Background: The 2011 Great East Japan Earthquake led to a nu-
clear accident at Fukushima Daiichi Nuclear Power Plant. This study 
examines the associations of radiation dose and lifestyle factors with 
incidence of thyroid cancer in Fukushima.
Methods: We designed a prospective study with 300,473 partici-
pants aged 18 years or younger, who underwent thyroid examinations 
from October 2011. Follow-up surveys were conducted through June 
2017, and 245,530 participants (123,480 men and 122,050 women, 

82% follow-up) received follow-up examinations. Fukushima Pre-
fecture was divided into five areas based on individual external radi-
ation dose. We calculated relative risks and 95% confidence intervals 
(CIs) for thyroid cancer in each area, with area of lowest dose as 
reference, using age-adjusted Poisson regression models. We also 
calculated risks associated with overweight and obesity.
Results: The incidence per 100,000 for Groups A (highest dose), B, 
C, D, and E (lowest dose) were 13.5, 19.2, 17.3, 9.0, and 8.3, respec-
tively. Compared with Group E, the age-adjusted risks (95% CIs) 
were 1.62 (0.59, 4.47) for group A, 2.32 (0.86, 6.24) for group B, 
2.21 (0.82, 5.94) for group C, and 1.02 (0.36, 2.86) for group D. 
Obesity was positively associated with thyroid cancer incidence; the 
multivariable-adjusted risk of thyroid cancer was 2.23 (1.01, 4.90) 
for obese individuals compared with nonobese individuals.
Conclusion: Regional differences in radiation dose were not as-
sociated with increased risk of thyroid cancer among children in 
Fukushima within 4 to 6 years after the nuclear power plant acci-
dent. Obesity may be an important factor for further follow-up in 
Fukushima.

Keywords: Childhood; Disaster; Epidemiology; Population-based; 
Prospective study; Radiation; Thyroid gland

(Epidemiology 2019;30: 853–860)

The Great East Japan Earthquake, registering 9.0 on the 
Richter scale, occurred on 11 March 2011. From the day 

of the disaster, the Fukushima Daiichi Nuclear Power Plant, 
located in the central eastern coast area in Fukushima Pre-
fecture, released radioactive elements when a nuclear acci-
dent caused by the earthquake and the subsequent tsunami 
that struck the plant. Many residents living in the areas sur-
rounding the nuclear power plant were forced to evacuate their 
homes and change their lifestyles.1

Previous studies reported that one of the main adverse 
health effects of radiation is a substantial rise in thyroid cancer 
among exposed young people,2 and numerous cases of thyroid 
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cancer among younger children were reported after the acci-
dent at the Chernobyl Nuclear Power Plant in 1986.2 Although 
internal exposures to 131I among children in Fukushima, even in 
areas with the highest contamination, were much smaller than 
those in Chernobyl, Fukushima Prefecture started to examine 
the thyroid gland by ultrasonography among residents aged 18 
years or younger 6 months after the accident to detect the long-
term effects of low-dose radiation exposure on thyroid cancer 
incidence and to reduce anxiety among residents in Fukushima.3

We reported that regional and individual differences 
in external radiation doses were not associated with thyroid 
cancer prevalence among children in the 4 years after the ac-
cident.4–6 However, follow-up surveys should be conducted 
for a prolonged period before any conclusions are drawn; 
the previous studies conducted cross-sectional analyses only. 
Furthermore, although several risk factors for thyroid cancer, 
such as obesity and diet, have been reported among adults, 
few studies have reported risk factors among children. Be-
cause children in the evacuation area were forced to change 
their lifestyles after the accident,7 it was necessary to examine 
the association between lifestyle factors and the incidence of 
thyroid cancer among children in Fukushima Prefecture.

We therefore sought to examine the association between 
radiation dose and the risk of thyroid cancer detected by ultra-
sonography among residents of Fukushima in a prospective 
study. We also investigated the associations of lifestyle factors 
with thyroid cancer, using data collected from about 300,000 
residents aged 18 years or younger obtained from the Fuku-
shima Health Management Survey.

METHODS

Study Population and Design
The subjects were inhabitants of Fukushima Prefecture, 

with a target population of 367,685, who were aged between 0 
and 18 years on 11 March 2011. The first thyroid examinations 
were conducted from October 2011 to April 2015 as part of the 
Fukushima Health Management Survey.3 Through April 2015, a 
total of 300,473 subjects (82% of the target population), including 
evacuees currently living in other prefectures, were examined.

Follow-up examinations were conducted among sub-
jects who agreed to participate in the survey from April 2014 
to June 2017, and the follow-up survey was also conducted 
countrywide. As a result, 245,530 participants (123,480 men 
and 122,050 women; 82% follow-up) received follow-up 
examinations (Figure 1), with average follow-up periods of 
2.1 years from the baseline examination and 4.0 years from 
the nuclear power plant accident.

The Ethics Committee of Fukushima Medical Univer-
sity approved this study (1318 and 1294). Written informed 
consent was obtained from the parents of all surveyed children.

Thyroid Ultrasound Screening Program
Ultrasonography was used for thyroid gland examina-

tions; the detailed protocol is reported elsewhere.3,5,8,9 Thyroid 

volume, nodules, cysts, and other findings, such as congen-
ital defects and ectopic thymus, were recorded. Secondary 
confirmatory examinations were recommended when the ul-
trasonography findings met the following criteria: nodules 
≥5.1 mm or cysts ≥20.1 mm; or immediate need for confirma-
tory examination for clinical reasons. In the follow-up survey, 
secondary confirmatory examinations were recommended for 
2049 participants, of whom 1,670 (82%) completed the exam-
inations through June 2017. At baseline and follow-up, height 
in stocking feet and weight in light clothing were measured or 
self-reported, and the body mass index (BMI) was calculated 
as weight (kg)/height (m)2 (n = 237,230).

The secondary confirmatory examinations included fur-
ther ultrasonography, blood tests, urinalysis, and fine-needle 
aspiration cytology if needed. According to the Japan Associ-
ation of Breast and Thyroid Sonology guidelines,10 fine-nee-
dle aspiration cytology is recommended for nodules >5 mm in 
diameter if thyroid carcinoma is strongly suspected, nodules 
>10 mm in diameter if carcinoma is suspected, and all nodules 
>20 mm in diameter.5 These guidelines were followed to avoid 
unnecessary fine-needle aspiration cytology, especially for 
nodules >5 mm but <10 mm. Of 1670 participants, 214 (13%) 
underwent fine-needle aspiration cytology. Among them, 70 
participants had nodules classified as suspicious or malignant, 
with 50 participants receiving surgical treatment. Finally, 50 
participants were diagnosed with thyroid carcinoma.

Estimation of External Radiation Dose
The Basic Survey of the Fukushima Health Manage-

ment Survey for the estimation of radiation dose (methods 

FIGURE 1. Flow chart of the selection of participants in the 
present study of the association between external radiation 
dose and incidence of thyroid cancer. The Fukushima Health 
Management Survey.



Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Epidemiology • Volume 30, Number 6, November 2019 External Radiation Dose, Obesity, and Risk of Thyroid Cancer

© 2019 Wolters Kluwer Health, Inc. All rights reserved. www.epidem.com | 855

detailed elsewhere11,12) was launched around 4 months after 
the nuclear power plant accident. To examine the associa-
tion between radiation dose and the risk of thyroid cancer, 
we used the basic survey data (individual external radiation 
doses based on personal behaviors) because of the limited 
availability of information on internal exposure to 131I. In the 
basic survey, self-administered questionnaires were prepared 
to collect information from all residents (about 2.06 million) 
in Fukushima Prefecture on residence, places visited, length 
of time spent indoors and outdoors, and travelling time dur-
ing the period from March 11 to 11 July 2011, because most 
people who were living in the evacuation area moved from 
their original locations after the accident and such moves 
were different from person to person. Individual external 
doses were estimated by digitizing these behavioral data 
and comparing them against computations of daily gamma 
ray dose rate maps drawn after the accident. Of all residents, 
566,773 (27%) responded to the questionnaire through 30 
June 2017, and individual dose estimates were completed for 
around 97% of them (552,298).13 Although some were esti-
mated for periods of <4 months due to the absence of data 
on behavior in the returned questionnaires, most of the indi-
vidual doses were estimated for the 4 months (11 March to 
11 July 2011). The distribution of individual external doses 
of the respondents for the first 4 months (excluding radiation 
workers) was highly right-skewed: <1 mSv, 62%; <2 mSv, 
94%; and <5 mSv, 99.8%. We used the distribution data for 
59 municipalities in these analyses. All of the population 
screened for thyroid examination is included in population 
for external dose assessment. Although the response rate to 
the questionnaire to estimate external doses in this study was 
different among municipalities, we confirmed that the esti-
mated external doses were representative of the dose distri-
bution for the whole population of each municipality.12 Data 
on estimated individual radiation doses were available for 
113,150 of 245,530 participants. As mentioned above, some 
of them were estimated for periods of <4 months, and we 
deleted them (n = 4,170). As a result, 108,980 individual dose 
data were used for analysis.

Statistical Analysis
In the present study, 70 cases with nodules classified 

as suspicious or malignant by fine-needle aspiration cytology 
were defined as thyroid cancer. We calculated the proportion 
of residents who received an external radiation exposure of ≥1 
mSv in each municipality in Fukushima (59 municipalities) 
based on the data for estimated individual radiation doses, and 
then classified the 59 municipalities into quintiles according 
to the order of the proportion, as shown in Figure 2. First, we 
compared the means or prevalences of baseline variables of 
interest between participants with and without thyroid cancer. 
Because 1033 participants did not live in Fukushima Pre-
fecture on 11 March 2011, and information on municipality 
of residence was lacking for 2665 participants, we excluded 
these participants, and included the remaining 241,832 partic-
ipants in the final analysis. It should be noted that the excluded 
population included one thyroid cancer case. We calculated 
time at risk (time to event or time to censoring) from the date 
of the baseline examination to the date of the second-round 
examination. We calculated the relative risks (RRs) and 95% 
confidence intervals (CIs) for thyroid cancer in all areas, with 
the area of lowest radiation dose as a control reference, using 
Poisson regression models adjusted for age and sex. We also 
calculated the age- and sex-adjusted RRs and 95% CIs for thy-
roid cancer incidence according to obesity and individual ex-
ternal radiation dose.

Because BMI was closely associated with age at the 
time of survey, overweight and obesity were defined as age- 
and sex-specific BMI higher than the 85% (overweight) and 
95% (obesity) percentiles of all Japanese in their age as the 
criteria given by the Japanese Society for Pediatric Endocri-
nology and the Japanese Association for Human Auxology,14 
which was recommended for evaluating Japanese children 
and adolescents. We calculated the age- and sex-adjusted RR 
(95% CI) of thyroid cancer for overweight and obesity, com-
pared with nonobese individuals.

Moreover, as a sensitivity analysis, we conducted the 
same analysis limited to nodules 10 mm or more in diam-
eter for thyroid cancer (n = 34), because the proportion of 

FIGURE 2. Geographic details of the highest-dose, high-middle-dose, middle-dose, low-middle-dose, and lowest-dose areas 
according to the first 4-month external radiation doses estimated by the Fukushima Health Management Survey.6
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fine-needle aspiration cytology varied when the diameter of 
the nodules was between 5 and 10 mm. Furthermore, we ana-
lyzed the association between the incidence of thyroid cancer 
and quintiles of radiation doses using the proportion of resi-
dents who received an external radiation exposure of ≥2 mSv 
in each municipality in Fukushima.

Because internal exposure was closely associated with 
the incidence of thyroid cancer among children after the Cher-
nobyl Nuclear Power Plant accident,2 we further used internal 
thyroid doses to 1-year-old children as estimated by Kim et 
al.15 We also calculated the adjusted RRs and 95% CIs for thy-
roid cancer incidence according to internal thyroid dose. We 
divided a total of 59 municipalities in Fukushima into three 
groups according to the 90th percentile values of internal thy-
roid dose to 1-year-old children: Group I (three municipali-
ties: 30 mSv), Group II (eight municipalities: 10–20 mSv), 
and Group III (48 municipalities: <10 mSv).15

SAS, version 9.4 (SAS Institute, Cary, NC, USA) was 
used for all analyses.

RESULTS
The means (SD) and prevalences of characteristics of 

participants with and without thyroid cancer are presented 
in Table 1. The mean values of age and BMI and the preva-
lence of obesity tended to be higher among participants with 
cancer than among those without cancer. The age- and sex-
adjusted RRs and 95% CIs for thyroid cancer according to 
the external radiation doses are presented in Table 2. The in-
cidence rates per 100,000 for Group A, B, C, D, and E were 
13.5, 19.2, 17.3, 9.0, and 8.3. Compared with the lowest-dose 
area (Group E), the age- and sex-adjusted RRs (95% CIs) for 
Groups A, B, C, and D were 1.62 (0.59, 4.46), 2.32 (0.86, 

6.24), 2.20 (0.82, 5.93), and 1.02 (0.36, 2.86), respectively. 
When we further analyzed the association between the inci-
dence of thyroid cancer and quintiles of radiation doses, using 
the proportion of residents who received an external radiation 
exposure of ≥2 mSv in each municipality in Fukushima, the 
associations were essentially unchanged. Compared with the 
lowest-dose area (the proportion of exposed external radiation 
of 2 mSv or more <0.05%), the age- and sex-adjusted RRs 
(95% CIs) were 1.27 (0.42, 3.85) for groups of the highest 
(proportion of 2 mSv or more >12.2%), 1.92 (0.65, 5.67) for 
high middle (12.2%> proportion of 2 mSv or more ≥8.8%), 
1.68 (0.57, 4.94) for middle (8.8%> proportion of 2 mSv or 
more ≥0.25%), and 0.81 (0.27, 2.46) for low middle (0.25%> 
proportion of 2 mSv or more ≥0.05%).

Age was positively associated with the incidence of 
thyroid cancer, but there was no association between sex and 
the incidence of thyroid cancer. Obesity was positively asso-
ciated with the incidence of thyroid cancer, and the age- and 
sex-adjusted RR (95% CI) of thyroid cancer was 2.20 (1.00, 
4.84) for obese individuals compared with that for nonobese 
(Table 3). Furthermore, the adjusted RR was unchanged after 
adjustment for external radiation doses.

Data on the individual external radiation dose were 
available for 36 cases. Of the participants with thyroid 
cancer, 31 (0.03%) had an external radiation dose <2 mSv 
and 5 (0.05%) had a dose ≥2 mSv among 108,980 partici-
pants with external radiation dose data. When we analyzed 
the relation between thyroid cancer and individual external 
radiation dose, the age- and sex-adjusted RR and 95% CI for 
thyroid cancer with individual external radiation doses ≥2 
mSv, with an external dose <2 mSv as a reference, was 2.09 
(0.81, 5.40; P = 0.13).

TABLE 1. Mean (SD) or Proportion of Characteristics of Participants With and Without Thyroid Cancer, the Fukushima Health 
Management Survey, 2011–2015

Characteristic
Incident  

Thyroid Cancer (n = 70)
No Thyroid Cancer  

(n = 245,460)

Age at NPP accident (yr), mean (SD) 12.6 (3.3) 8 (4.6)

Age at NPP accident <5 yr, (%) 0  25.9  

5 yr ≤ age at NPP accident < 10 yr, (%) 15.7  34.7  

10 yr ≤ age at NPP accident < 15 yr, (%) 51.4  31.8  

Age at NPP accident ≥ 15 yr, (%) 32.9  7.7  

Age at baseline thyroid examination (yr), mean (SD) 14.3 (3.3) 9.9 (4.6)

Age at follow-up thyroid examination (yr), mean (SD) 16.6 (3.3) 12 (4.6)

Sex (women), (%) 55.7  49.7  

Height at baseline (cm), mean (SD) 155.5 (13.4) 134.8 (24.9)

Weight at baseline (kg), mean (SD) 50.1 (14.7) 34.9 (16.6)

Body mass index (kg/m2), mean (SD) 20.3 (3.8) 17.9 (3.5)

Age- and sex-specific obesity, (%) 10.6  6.2  

External radiation dosea (mSv), mean (SD) 1.1 (0.6) 0.92 (0.7)

External radiation dosea (≥1 mSv), (%) 58  42  

an = 36 for incident thyroid cancer and n = 113,114 for no thyroid cancer.
NPP indicates Fukushima Daiichi Nuclear Power Plant.
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As shown in eTable 1; http://links.lww.com/EDE/B553, 
the association between the external radiation dose and the 
incidence of thyroid cancer was attenuated when we limited 
the analysis to thyroid cancers with diameter >10 mm. Com-
pared with the lowest-dose area (Group E), the age- and sex-
adjusted RRs (95% CIs) for Groups A, B, C, and D were 0.91 
(0.22, 3.80), 1.30 (0.32, 5.19), 2.24 (0.63, 8.03), and 1.19 
(0.32, 4.41), respectively. On the contrary, the association be-
tween obesity and the incidence of thyroid cancer was almost 
unchanged, and the age- and sex-adjusted RR (95% CI) of 

thyroid cancer was 2.49 (0.87, 7.11; p = 0.09) for obese indi-
viduals compared with that for nonobese.

The age- and sex-adjusted RRs and 95% CIs for thyroid 
cancer according to the internal thyroid doses are presented 
in eTable 2; http://links.lww.com/EDE/B554. The incidence 
rates per 100,000 for groups I (30 mSv), II (10–20 mSv), and 
III (<10 mSv) were 9.6, 18.8, and 13.7, respectively. Com-
pared with the lowest-dose area (Group III), the age- and sex-
adjusted RRs (95% CIs) for groups I and II were 0.63 (0.31, 
1.27) and 1.50 (0.71, 3.16), respectively. There were no cancer 

TABLE 2. Mean (SD) or Proportion of Characteristics of Participants and Adjusted Relative Risks (RRs) and 95% Confidence 
Intervals (CIs) for Thyroid Cancer

Variable Group A Group B Group C Group D Group E

No. at risk 52,693 44,743 44,875 67,893 31,628

Sex (girls), (%) 49.7 49.4 50.3 49.7 49.8

Age at NPP accident (yr), mean 8.3 8 8.2 7.9 7.6

Age at baseline thyroid examination (yr), mean 9.7 9.9 9.5 10.2 10.4

Age at follow-up thyroid examination (yr), mean 11.8 12 11.8 12.3 12.3

Participants needing confirmatory testing, n (%) 441 (0.84) 349 (0.78) 437 (0.97) 535 (0.79) 255 (0.81)

Participants completed confirmatory testing, n (%) 369 (84) 279 (80) 367 (84) 440 (82) 196 (77)

Participants underwent FNAC, n (%)a 60 (16.3) 41 (14.7) 42 (11.4) 31 (7.0) 14 (7.1)

Person–yrs 111,067 93,740 103,941 144,637 60,409

No. of cases 15 18 18 13 5

Incidence rate per 100,000 13.5 19.2 17.3 9 8.3

Age- and sex-adjusted RR (95% CI) 1.62(0.59, 4.46) 2.32(0.86, 6.24) 2.2(0.82, 5.93) 1.02(0.36, 2.86) Reference

Multivariable-adjustedb RR (95% CI) 1.68(0.61–4.62) 2.4(0.89–6.48) 2.16(0.80–5.82) 1.05(0.37–2.95) Reference

According to location group by first 4-months external radiation doses estimated by the Fukushima Health Management Survey, 2011–2017.
aParticipants underwent FNAC/participants completed confirmatory testing.
bAdjusted for age, sex, and obesity (normal-weight, overweight, obesity).
FNAC indicates fine-needle aspiration cytology; NPP, Fukushima Daiichi Nuclear Power Plant.

TABLE 3. Mean (SD) or Proportion of Characteristics of Participants and Adjusted Relative Risks (RRs) and 95% Confidence 
Intervals (CIs) of Thyroid Cancer According to Overweight/Obese Group

Nonoverweight/ 
Obesity Overweight Obesity

No. at risk 200,202 22,395 14,633

Sex (girl), (%) 50.9 44.5 42

Age at NPP accident (yr), means 8.2 7.2 6.9

Age at baseline thyroid examination (yr), means 10.1 9.1 8.7

Age at follow-up thyroid examination (yr), mean 12.2 11.3 10.9

Participants needing confirmatory testing, n (%) 1,673 (0.84) 180 (0.80) 130 (0.89)

Participants completed confirmatory testing, n (%) 1,361 (81) 156 (87) 107 (82)

Participants underwent FNAC, n (%)a 161 (11.8) 10 (6.4) 10 (9.3)

Person–yrs 424,456 47,647 31,283

No. of cases 56 3 7

Incidence rate per 100,000 people 13.2 6.3 22.4

Age- and sex-adjusted RR (95% CI) Reference 0.62 (0.19, 1.99) 2.20 (1.00, 4.84)

Multivariable-adjustedb RR Reference 0.63 (0.20, 2.01) 2.23 (1.01, 4.90)

aParticipants underwent FNAC/participants completed confirmatory testing.
bAdjusted for age, sex, and location group by first 4-months external radiation doses.
FNAC indicates fine-needle aspiration cytology; NPP, Fukushima Daiichi Nuclear Power Plant.

http://links.lww.com/EDE/B554
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cases in Group I with the highest external radiation exposure 
area (Group A).

DISCUSSION
The main finding of this longitudinal study was that re-

gional and individual differences in external radiation dose 
were not associated with the incidence of thyroid cancer 
among children in the 4 to 6 years after the Fukushima Dai-
ichi Nuclear Power Plant accident resulting from the Great 
East Japan Earthquake. On the contrary, obesity was posi-
tively associated with the incidence of thyroid cancer among 
the children, regardless of whether they lived close to or far 
from the nuclear power plant. Since children in the evacuation 
area tended to be overweight after the accident, we need to pay 
attention not only to radiation but also to overweight and obe-
sity when monitoring for future thyroid cancers in Fukushima 
Prefecture.

Previous epidemiologic studies reported associations 
between external and/or internal radiation doses and the risk 
of thyroid cancer among children.16–20 An obvious increase 
in the incidence of childhood thyroid cancer in Belarus and 
Ukraine, especially in highly exposed areas, was reported 
after the Chernobyl Nuclear Power Plant accident.16 Since 
the dose of radiation in Fukushima was much lower than that 
in the Chernobyl accident,11 regional differences in external 
radiation dose might not be associated with the incidence of 
thyroid cancer in this study. Furthermore, although age was 
inversely associated with the incidence of radiation-related 
thyroid cancer in Chernobyl,18 there was a positive association 
between age and the incidence of thyroid cancer in the present 
study. Excessive cases of thyroid cancer among younger chil-
dren, especially those aged between 0 and 4 years, were re-
ported after the Chernobyl accident.21 However, the patients in 
whom thyroid cancer was detected in the present study tended 
to be older: the number of cases was zero (0.0%) for chil-
dren 0- to 4-years old, 11 (0.01%) for those 5- to 9-years old, 
36 (0.05%) for those 10- to 14-years old, and 23 (0.12%) for 
those 15- to 18-years old.

Conversely, we previously reported the associations be-
tween radiation doses and the prevalence of thyroid cancer 
using the data of the first thyroid examinations, and compared 
with the lowest dose area (Group E), the age- and sex-adjusted 
odds ratios (95% CIs) for Groups A, B, C, and D were 0.95 
(0.48, 1.88), 1.44 (0.75, 2.75), 1.05 (0.53, 2.09), and 1.08 
(0.58, 2.01), respectively.6 In the present study, although there 
were no dose-dependent associations between radiation dose 
and the risk of thyroid cancer, the adjusted RRs in groups A 
to C were between 1.6 and 2.3, and low statistical power may 
have led to imprecise estimates. However, the increased RRs 
in groups A to C may be explained by the differences in rate 
of fine-needle aspiration cytology, regardless of low statistical 
power. As shown in Table 2, the rates of fine-needle aspira-
tion cytology in groups A to C were higher (Group A: 16.3%, 
Group B: 14.7%, and Group C: 11.4%) than Group E (7.1%), 

while the rates of needing confirmatory testing were not so 
different among the groups. The reasons for the differences in 
the rates of fine-needle aspiration cytology among the groups 
are not fully elucidated. However, the participants in the areas 
of higher radiation dose might tend to undergo fine-needle as-
piration cytology due to anxiety of radiation effects. Indeed, 
the increased RRs in groups A and B were not observed when 
the diameter of the nodules was limited to 10.0 mm or more in 
the present study, and this may support our hypothesis.

In Chernobyl, the increase in thyroid cancer among chil-
dren after the accident was caused mainly by internal expo-
sure to 131I radiation from intake of contaminated food, such 
as milk and other dairy products.22 On the contrary, although 
only the external radiation dose was evaluated in the present 
study, it was reported that radiation doses to the thyroid were 
much lower in Fukushima than in Chernobyl, even if internal 
doses from both cesium and iodine were included.23–26 The 
dose assessment of internal exposure due to cesium conducted 
among 184,205 residents in Fukushima by using a whole body 
counter showed that 99.99% received <1 mSv, with the max-
imum dose being 3 mSv.26 A study analyzed the huge data set 
of the post-Fukushima food monitoring campaign and esti-
mated the doses to the general public in a worst-case scenario 
by using a conservative dose model.27 The results showed that 
the internal exposure levels due to iodine, even for infants and 
young children, did not reach 50 mSv in the worst-case sce-
nario, which is a maximum dose as thyroid equivalent dose for 
exposure from ingestion of contaminated food and beverages 
confirmed by the Nuclear Safety Committee in Japan.27 Kim 
et al. estimated that the highest internal thyroid doses were 
expected to affect residents of Futaba Town, Iitate Village, 
and Iwaki City, and their doses were estimated to be mostly 
below 30 mSv.15 In the present study, we further calculated 
the adjusted RRs of thyroid cancer for the three municipalities 
with the highest doses compared with the lowest-dose area, 
and there were no dose-dependent associations between in-
ternal thyroid doses and incidence of thyroid cancer. There-
fore, the thyroid cancer cases observed after the Fukushima 
nuclear power plant accident were unlikely to be linked to 
the release of radioiodine from the accident, but were rather 
caused by a screening effect28,29 or other confounding factors.

Overweight or obesity is one of the plausible lifestyle-
related risk factors for thyroid cancer. A meta-analysis of 21 
observational studies showed that obesity was associated with 
an increased risk of thyroid cancer other than medullary thy-
roid cancer, regardless of age, sex, and ethnicity.30 On the one 
hand, in the present study, the postoperative pathological di-
agnosis revealed that most cases (99%) were papillary thyroid 
carcinoma29; therefore, the results of the present study are in 
line with those of previous studies. On the other hand, few 
studies have found an association between obesity and thy-
roid cancer among children.31 The Copenhagen School Health 
Records Register, in a prospective study among 7- to 13-year-
old children, reported that higher BMI during childhood was 
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associated with an increased risk of thyroid cancer in later life 
(median follow-up, 38.6 years).31 Our results added the fur-
ther finding that obesity might be associated with an increased 
risk of thyroid cancer among children at an earlier age than 
expected.

The BMI of boys and girls in Fukushima who were 
aged 3 to 4 years at the time of the accident increased more 
19 months after the accident than did the BMI of children in 
unaffected prefectures (Yamagata, Akita, and Aomori).32 Fur-
ther, the prevalence of overweight among primary school boys 
6 to 11 years of age and girls 6 to 10 years of age in Fuku-
shima increased from before to after the accident. Moreover, 
the increase in the proportion of overweight or obese people 
was influenced by evacuation after the accident, regardless of 
age and sex.7,33 Therefore, the Fukushima nuclear power plant 
accident may have led to an increased risk of thyroid cancer 
due, in part, to weight gain.

The strength of the present study is that we analyzed 
risk factors for thyroid cancer based on a large number of resi-
dents, including both evacuees and nonevacuees after the ac-
cident, in a prospective study. Ultrasonography was used for 
examination of the thyroid gland in all participants in both the 
baseline and follow-up surveys.

Some potential limitations of this study should, how-
ever, be considered. First, low-exposure doses, especially 
compared with those at Chernobyl and small inter-regional 
differences in doses within Fukushima, made it difficult to ob-
tain precise estimates of effects. Second, we did not examine 
life style factors other than BMI, such as dietary iodine in-
take. Previous epidemiologic studies reported that some die-
tary factors, including iodine-rich foods and goitrogens, were 
associated with an increased risk of thyroid cancer.34,35 Be-
cause food frequency questionnaires for iodine-rich foods 
were administered in the follow-up surveys in the Fukushima 
Health Management Survey, the association between dietary 
factors and risk of thyroid cancer should be analyzed in the 
future. Third, the response rate to the questionnaire to esti-
mate external doses in this study was low, which may have 
affected the results, although the estimated external doses 
were representative of the dose distribution for the whole pop-
ulation of each area.12 Furthermore, because external doses 
were estimated using self-administered questionnaire, some 
uncertainty around participants’ replies were possible due 
to faulty memories of their behavior. This may have led to 
misclassification in the groups of external doses. Fourth, be-
cause the sensitivity of thyroid examination by ultrasonog-
raphy is unknown, the thyroid cancers observed in the present 
study were likely a mixture of prevalent and incident cases. 
This may have led to an underestimation of the association 
between radiation dose and the risk of thyroid cancer. Fifth, 
although obesity was associated with the incidence of thyroid 
cancer in the present study, it is not clear whether obesity is a 
causal factor or a marker of other confounding factors, such 
as diet and hormonal factors, including growth hormone and 

thyroid-stimulating hormone,36 among children. Finally, the 
mean duration from accident to diagnosis was about 4 years, 
which may be too short to detect all radiation-related thyroid 
cancers, although the incidence of thyroid cancer in children 
and adolescents increased 4 years after the Chernobyl NPP ac-
cident.16 Therefore, longer follow-up surveys should be con-
ducted for several years before any conclusions can be drawn.

In conclusion, although there were no associations of 
regional and individual differences in external radiation doses 
with the incidence of thyroid cancer among children in Fuku-
shima within 4 to 6 years of the nuclear power plant accident, 
lifestyle factor, such as obesity, may be an important factor to 
address in further follow-up. The further long-term follow-up 
survey should help clarify the effects of low-dose radiation 
exposure on the incidence of thyroid cancer in Fukushima.
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