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Absorbed radiation doses in the thyroid as estimated by UNSCEAR and subsequent risk of childhood
thyroid cancer following the Great East Japan Earthquake.
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ABSTRACT

The identification of thyroid cancers among children after the Chernobyl nuclear power plant accident propelled
concerns regarding long-term radiation effects on thyroid cancer in children affected by the Fukushima Daiichi nuclear
power plant accident in Fukushima, Japan. Herein we consider the potential association between absorbed dose
in the thyroid and the risk of developing thyroid cancer as detected by ultrasonography on 300 473 children and
adolescents aged 0-18 years in Fukushima. The absorbed dose mentioned in the present study indicates the sum
of that from external exposure and that from internally deposited radionuclides. We grouped participants according
to estimated absorbed doses in each of 59 municipalities in Fukushima Prefecture, based on The United Nations
Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) 2013 report. The 59 municipalities were
assigned to quartiles by dose. We limited our analyses to participants aged >6 years because only one case of thyroid
cancer was observed in participants aged <$ years; 164 299 participants were included in the final analysis. Compared
with the lowest dose quartile, the age- and sex-adjusted rate ratios (95% confidence intervals) for the low-middle,
high-middle and highest quartiles were 2.00 (0.84-4.80), 1.34 (0.50-3.59) and 1.42 (0.55-3.67) for the 6-14-year-
old groups and 1.99 (0.70-5.70), 0.54 (0.13-2.31) and 0.51 (0.12-2.15) for the > 1S5-year-old group, respectively. No
dose-dependent pattern emerged from the geographical distribution of absorbed doses by municipality, as estimated
by UNSCEAR, and the detection of thyroid cancer among participants within 4-6 years after the accident. Ongoing
surveillance might further clarify the effects of low-dose radiation exposure on thyroid cancer in Fukushima.

© The Author(s) 2020. Published by Oxford University Press on behalf of The Japanese Radiation Research Society and Japanese Society for Radiation Oncology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommon&org/licenses/by—
nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use,
please contact journals.permissions@oup.com
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INTRODUCTION

The Fukushima Daiichi nuclear power plant (NPP) accident, a
consequence of the 2011 Great East Japan Earthquake and subse-
quent tsunami, triggered an environmental release of radioisotopes.
Significantly more radioisotopes were released by the Chernobyl
NPP in 1986, after which many childhood thyroid cancer cases were
reported [1]. Although internal exposures to *'I among children in
Fukushima were much smaller than those in Chernobyl, the long-term
effects of low-dose radiation exposure on thyroid cancer incidence
among residents in Fukushima is of concern. Therefore, in Fukushima
Prefecture, investigations began 6 months after the NPP accident
to assess potential abnormalities in the thyroid glands of children
aged <18 years, starting with ultrasound examinations. The aim was
to identify long-term effects of total absorbed dose to thyroid on
thyroid cancer incidence and to address concerns and anxiety among
Fukushima residents in a constructive way.

Recently, we reported the absence of any association between
regional and individual external radiation doses and thyroid cancer
detection rates among children in Fukushima within 4-6 years of
the NPP accident [2]. However, it is necessary to investigate possible
associations with internal radiation doses, because internal radiation
exposure was reported to be significantly related to the incidence of
thyroid cancer in children following the Chernobyl accident [1]. This
prospective study uses ultrasonography and follow-up investigations to
consider any association between absorbed doses in the thyroid glands
of Fukushima children and adolescents, including that from internally
deposited radionuclides as well as that from external exposure, and the
risk of subsequently developing thyroid cancer.

MATERIALS AND METHODS

Under the Fukushima Health Management Survey, thyroid gland
examinations were offered to 367 685 people who were 0-18 years
of age at the time of the NPP accident, as previously described [3].
Initial/baseline thyroid examinations proceeded from October 2011
to April 20185, with 300 473 subjects (82%) participating, including
evacuees living in other prefectures [2, 4]. Japan’s civil registration
system and the Fukushima Health Management Survey database
allowed us to link thyroid cancer diagnoses to original municipalities
of residence. Follow-up examinations were conducted in those who
had no thyroid cancer detected at baseline and who subsequently
consented to participate in a follow-up survey that finished in
June 2017. Thereafter, 245 530 participants underwent follow-up
investigations, of whom 2049 were recommended for secondary
confirmatory examinations. Of these, 1,670 (81.5%) completed follow-
up, including 214 (10.4%) who underwent fine-needle aspiration
cytology (FNAC). Among these, 70 presented with nodules that were
classified either as malignant or suspicious for malignancy, and 52
received surgical treatment. Study approvals (#1318 and #1294) came
from the Ethics Committee of Fukushima Medical University, which is
guided by local policy, national law and the World Medical Association
Declaration of Helsinki. Informed consent was obtained from legal
guardians of all children participating in the survey.

The United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR) estimated absorbed doses in the thyroid
gland for individuals throughout Japan by age group (i.e., adults,
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10-year-old children and 1-year-old infants) during the first year
following the Fukushima Daiichi NPP accident [S]. Here, the absorbed
dose estimated by UNSCEAR was the sum of that from external
exposure and that from internally deposited radionuclides. Many
residents living in areas surrounding the Fukushima Daiichi NPP were
forced to evacuate because of elevated radiation levels from the nuclear
accident. Absorbed doses for these evacuees were estimated according
to their evacuation scenarios. Owing to the fact that there were several
evacuation scenarios in each municipal area, we considered the highest
and lowest values as the maximum and minimum representative values,
respectively, for each municipality [S], and we applied the values
by age group to render individual absorbed doses. We enumerated
participants by estimated absorbed doses in their thyroid glands in each
of Fukushima’s 59 municipalities. Subsequently, we classified these 59
municipalities into quartiles by dose (Figs 1 and 2).

To calculate person-years, observation times from baseline primary
examination to follow-up primary examination were summed. Because
all cases of thyroid cancer were found by ultrasonograpy and were
asymptomatic, we used detection rate rather than incident rate. We
calculated the rate ratios (RRs) and 95% confidence intervals (Cls) for
thyroid cancer development in all areas. The quartile with the lowest
radiation dose was used as a control reference; using Poisson regression
models, we then adjusted for age, sex and examination year. Further-
more, we limited our analyses to participants aged >6 years because
(unlike Chernobyl) only one case of thyroid cancer was observed
in participants aged <5 years. As a result, 164 299 participants were
included in the final analysis. In addition, we analysed the data stratified
by age groups. UNSCEAR considered the following three age groups
for dose estimation: adults, children and infants (>15, 6-15 and
0-S years, respectively). Different doses were assigned to each age
group in accordance with age-dependent dose factors [S]. SAS version
9.4 (SAS Institute, Cary, NC, USA) was used for all statistical analyses.

RESULTS AND DISCUSSION

Table 1 presents the adjusted RRs (95% Cls) for thyroid cancer accord-
ing to maximum estimated absorbed doses by quartile. In comparison
to the lowest quartile, age- and sex-adjusted RRs for the 6- to 14-year-
old group (95% Cls) with respect to the low-middle, high-middle and
highest quartiles were 2.00 (0.84-4.80), 1.34 (0.50-3.59) and 1.42
(0.55-3.67), respectively (P for trend = 0.76). Corresponding values
for the >1S-year-old group were 1.99 (0.70-5.70), 0.54 (0.13-2.31)
and 0.51 (0.12-2.15), respectively (P for trend = 0.89). After further
adjusting for examination year, the RR for the low-middle and high-
middle quartiles decreased to 1.42 (0.52-3.86) and 0.90 (0.29-2.77)
for the 6-14-year-old group and 1.37 (0.43-4.34) and 0.38 (0.08-
1.72) for the >15-year-old group, respectively.

The adjusted RRs (95% ClIs) for thyroid cancer according to the
minimum estimated absorbed doses exhibited the same trends as
those for the maximum absorbed doses (Table 2). The age- and sex-
adjusted RRs (95% ClIs) for the low-middle, high-middle and highest
quartiles compared with the lowest ones were 1.62 (0.61-4.32), 1.68
(0.74-3.83) and 1.35 (0.52-3.50) for the 6-14-year-old group (P for
trend = 0.54) and 2.03 (0.72-5.74), 0.66 (0.17-2.51) and 0.23 (0.03—
1.97) for the >15-year-old group (P for trend = 0.09), respectively.
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Fig. 1. Geographical distribution of the highest, high-middle, low-middle and lowest dose areas based on maximum estimates by

UNSCEAR, stratified by age groups.
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Fig. 2. Geographical distribution of the highest, high-middle, low-middle and lowest dose areas based on minimum estimates by

UNSCEAR, stratified by age groups.

No dose-dependent pattern emerged according to geographical
distribution of absorbed doses (by municipality, as estimated by
UNSCEAR) for the detection rate of thyroid cancer among partic-
ipants within 4-6 years after the Fukushima Daiichi NPP accident.
We previously reported that regional and individual external radiation
doses were not associated with the prevalence and/or detection rate of
thyroid cancer after the accident [2, 4, 6, 7]. Therefore, our current
results underscore that both external radiation exposure and the
absorbed dose in the thyroid, including that from internally deposited
radionuclides, shows no association with an increased risk of thyroid
cancer among children in Fukushima.

In contrast, a recent ecological study suggested a positive correla-
tion between the average June 2011 radiation dose-rates in Fukushima
Prefecture’s 59 municipalities and the corresponding thyroid cancer
detection rates from October 2011 to March 2016 [8]. However, this

discrepancy can be explained by how radiation doses were estimated
and by variations in the fraction of cases that proceeded to FNAC
examination in confirmatory testing among Fukushima’s 59 munic-
ipalities. More specifically, the previous ecological study [8] based
associations on average dose rates in the municipalities according to
ground deposition densities of cesium measured in June 2011. On the
other hand, our absorbed dose estimates take account of evacuation
scenarios for those residents near the Fukushima Daiichi NPP who
were evacuated shortly after the NPP accident. Therefore, we were able
to analyse the associations between radiation doses and detection of
thyroid cancer more accurately.

In addition, the FNAC rates among those receiving confirmatory
testing varied by municipality [9]. Municipalities that had lower expo-
sure rates also tended to have lower rates of FNAC. Therefore, rates

of thyroid cancer detection in these lower-exposed municipalities were
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Table 1. Median (interquartile range), characteristics of participants and adjusted RRs (95% ClIs) for thyroid cancer according to
maximum absorbed doses in thyroid glands, as estimated by UNSCEAR

Lowest quartile ~Low middle High middle Highest quartile Total

Age 6-14 years

Absorbed dose (mGy), range 14.00-18.81 18.82-22.82 23.96-28.73 31.16-58.0

No. at risk 35175 44 555 33387 32 390 145 507

Sex (female), % 492 49.5 49.1 49.7 49.4

Age at NPP accident (years), median (25-75%) 10 (8-12) 10 (8-12) 10 (8-12) 10 (8-12) 10 (8-12)

Age at baseline thyroid examination (years), 14 (12-16) 14 (12-16) 13 (11-16) 14 (12-16) 14 (12-16)
median (25-75%)

Participants needing confirmatory testing, n (%) 341 (0.97) 448 (1.01) 328 (0.98) 320 (0.99) 1437 (0.99)

Participants completing confirmatory testing, 271(0.77) 357 (0.80) 273 (0.82) 269 (0.83) 1170 (0.80)
n (%)

Participants getting ENAC, n (%)* 20 (7.4) 45 (12.6) 44 (16.1) 31(1L.5) 140 (12.0)

Examination year

2014 (%) 7645 (21.7) 38370(86.1)  33366(99.9) 8083 (25.0) 87 464 (60.1)

2015-17 (%) 27530(78.3)  6185(13.9) 21(0.1) 24307 (75.0) 58043 (39.9)

Interval from baseline to follow-up examination 2.0 (1.9-2.1) 2.1(2.0-2.2) 2.1(2.1-2.2) 2.3 (2.1-2.6) 2.1(2.0-2.3)
(years), median (25-75%)

No. of cases 7 18 9 11 45

Detection rate per 100 000 person-years 10.1 19.2 12.5 14.7 14.5

Age- and sex-adjusted RR (95% CI) Ref. 2.00 (0.84-4.80) 1.34(0.50-3.59) 1.42(0.55-3.67) (Trend P=0.76)

Age-, sex- and examination year-adjusted RR Ref. 1.42 (0.52-3.86) 0.90 (0.29-2.77) 1.41(0.55-3.64) (Trend P=0.89)
(95% CI)

Age >15 years

Absorbed dose (mGy), range 7.88-11.4S 12.48-15.00 15.42-16.30 17.35-35.00

No. at risk 4599 4827 4430 4936 18792

Sex (female), % 57.9 55.5 56.7 56.2 56.6

Age at NPP accident (years), median (25-75%) 16 (15-17) 16 (15-17) 16 (15-17) 16 (15-17) 16 (15-17)

Age at baseline thyroid examination (years), 21 (20-22) 20 (19-21) 20 (19-21) 21 (20-22) 20 (19-21)
median (25-75%)

Participants needing confirmatory testing, n (%) 125 (2.72) 134 (2.78) 109 (2.46) 146 (2.96) 514 (2.74)

Participants completing confirmatory testing, 105 (2.28) 113 (2.34) 88 (1.99) 114 (2.31) 420 (2.23)
n (%)

Participants getting ENAC, n (%)* 7(6.7) 18 (15.9) 14 (15.9) 7 (6.1) 46 (11.0)

Examination year

2014 (%) 1778 (38.7) 4825 (99.96) 4426 (99.9) 1349 (27.3) 12 378 (65.9)

2015-17 (%) 2821 (61.3) 2 (0.04) 4(0.1) 3587 (72.7) 6414 (34.1)

Interval from baseline to follow-up examination 2.1 (2.0-2.3) 2.1 (2.0-2.6) 2.1 (2.0-2.2) 2.2 (2.0-2.6) 2.1 (2.0-2.5)
(years), median (25-75%)

No. of cases S 12 3 3 23

Detection rate per 100 000 person-years S1.0 108.2 30.9 26.6 54.9

Age- and sex-adjusted RR (95% CI) Ref. 1.99 (0.70-5.70) 0.54 (0.13-2.31) 0.51(0.12-2.15) (Trend P =0.10)

Age-, sex- and examination year-adjusted RR Ref. 1.37 (0.43-4.34) 0.38 (0.08-1.72) 0.55(0.13-2.33) (Trend P=0.08)

(95% CI1)

*Participants who underwent FNAC/participants who completed confirmatory testing.

likely lower because the fraction of those receiving FNAC is strongly
associated with the detection rate of thyroid cancer. In other words,
such underestimation may have contributed to an erroneous conclu-
sion. Despite the fact that age- and sex-adjusted RRs in the low-middle
and high-middle quartiles, compared with the lowest quartile, were
2.00 and 1.34, respectively, for the 6-14-year-old group (Table 1), the
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adjusted RRs decreased to 1.42 and 0.90 after further adjustment for
the examination year. In fact, this adjustment is strongly associated with
the respective FNAC rates. Furthermore, the rates of FNAC for 6-
14-year-old participants in the low-middle, high-middle and highest
quartiles were higher (low-middle, 12.6%; high-middle, 16.1%; and
highest, 11.5%) than those in the lowest quartile (7.4%; Table 1). On
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Table 2. Median (interquartile range), characteristics of participants and adjusted RRs (95% Cls) for thyroid cancer according to
minimum absorbed doses in thyroid glands, as estimated by UNSCEAR

Lowest quartile  Low middle High middle Highest quartile  Total

Age 6-14 years

Absorbed dose (mGy), range 12.00-18.81 18.82-22.61 22.82-28.73 29.00-58.00

No. at risk 38262 23037 57 547 26 661 145 507

Sex (female), % 49.3 49.7 49.1 49.7 49.4

Age at NPP accident (years), median (25-75%) 10 (8-12) 10 (8-12) 10 (8-12) 10 (8-12) 10 (8-12)

Age at baseline thyroid examination (years), 14 (12-16) 13 (11-16) 14 (11-16) 14 (12-16) 14 (12-16)
median (25-75%)

Participants needing confirmatory testing, n (%) 380 (0.99) 251 (1.09) 551 (0.96) 255 (0.96) 1,437 (0.99)

Participants completing confirmatory testing, 302 (0.79) 213 (0.92) 444 (0.77) 211 (0.79) 1,170 (0.80)
n (%)

Participants getting FNAC, n (%)* 25(8.3) 23(10.8) 69 (15.5) 23(10.9) 140 (12.0)

Examination year

2014 (%) 10728 (28.0) 16 876 (73.3) 57501 (99.9) 2359 (8.8) 87 464 (60.1)

2015-17 (%) 27 534 (72.0) 6161 (26.7) 46 (0.1) 24302 (91.2) 58 043 (39.9)

Interval from baseline to follow-up examination 2.0 (1.9-2.1) 2.1 (2.0-2.4) 2.1(2.0-2.2) 2.2 (2.1-2.5) 2.1(2.0-2.3)
(years), median (25-75%)

No. of cases 8 8 20 9 45

Detection rate per 100 000 person-years 104 15.9 16.4 14.8 14.5

Age- and sex-adjusted RR (95% CI) Ref. 1.62 (0.61-4.32) 1.68 (0.74-3.83) 1.35(0.52-3.50) (Trend P=0.54)

Age-, sex- and examination year-adjusted RR 1.22 (0.43-3.49) 1.12 (0.43-2.95) 1.60 (0.59-4.33) (Trend P =0.43)
(95% CI)

Age >15 years

Absorbed dose (mGy), range 7.20-11.12 11.28-12.62 13.31-16.30 17.35-34.00

No. at risk 4604 5160 4989 4039 18792

Sex (female), % 58.1 54.8 57.2 56.3 56.6

Age at NPP accident (years), median (25-75%) 16 (15-17) 16 (15-17) 16 (15-17) 16 (15-17) 16 (15-17)

Age at baseline thyroid examination (years), 21 (20-22) 20 (19-21) 20 (19-21) 21(20-22) 20 (19-21)
median (25-75%)

Participants needing confirmatory testing, n (%) 124 (2.69) 144 (2.79) 128 (2.57) 118 (2.92) 514 (2.74)

Participants completing confirmatory testing, 103 (2.24) 120 (2.33) 104 (2.08) 93 (2.30) 420 (2.23)
n (%)

Participants getting FNAC, n (%)* 7 (6.8) 23(19.2) 15 (14.4) 1(1.1) 46 (11.0)

Examination year

2014 (%) 1784 (38.7) 5156 (99.9) 4985 (99.9) 453 (11.2) 12 378 (65.9)

2015-17 (%) 2820 (61.3) 4(0.1) 4(0.1) 3586 (88.8) 6414 (34.1)

Interval from baseline to follow-up examination 2.1 (2.0-2.4) 2.1 (2.0-2.6) 2.1(2.0-2.3) 2.1 (2.0-2.5) 2.1 (2.0-2.5)
(years), median (25-75%)

No. of cases S 13 4 1 23

Detection rate per 100 000 person-years 50.1 107.6 36.0 11.5 54.9

Age- and sex-adjusted RR (95% CI) Ref. 2.03 (0.72-5.74) 0.66 (0.17-2.51) 0.23 (0.03-1.97) (Trend P =0.09)

Age-, sex- and examination year-adjusted RR

(95% CI)

1.66 (0.47-5.86) 0.54 (0.12-2.45) 0.26 (0.03-2.42) (Trend P=0.08)

*Participants who underwent FNAC/participants who completed confirmatory testing.

the other hand, our findings did not reveal any significant difference
in the proportions of participants needing additional confirmatory
testing among the groups: 0.97, 1.01, 0.98 and 0.99 for the lowest, low-
middle, high-middle and the highest quartile, respectively (Table 1).
These findings may support our hypothesis, although the underlying
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groups are not completely elucidated.

causes for the distinct differences in the FNAC rates among the quartile

The strengths of this study are the inclusion of a relatively large
number of residents in a prospective manner, including both evacuees
and non-evacuees following the Fukushima accident. Ultrasonography
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was used to investigate the thyroid glands of participants in a baseline
survey and subsequent follow-ups. Furthermore, to avoid an ecology-
based fallacy, we analysed associations between absorbed radiation
doses and detection rate of thyroid cancer after adjusting for con-
founding factors, such as age, sex and examination year, whereas pre-
vious ecological research could not adjust for such factors [8, 10].
Nevertheless, there are potential limitations of the study that need
to be considered. First, although absorbed doses were estimated by
UNSCEAR according to evacuation scenarios, individual absorbed
doses could not be uniquely established. In fact, UNSCEAR has stated
that dose estimates in their 2013 report may be higher than actual expo-
sures as a result of the limited information available before UNSCEAR
had completed its 2013 report [S]. Therefore, associations between
the absorbed doses and the detection rate of thyroid cancer may be
underestimated/overestimated. Second, although all participants who
underwent secondary confirmatory examinations at any location and
were diagnosed with thyroid cancer were counted, some who did not
undergo primary examination or secondary confirmatory examination
at follow-up could have undocumented thyroid cancer in the present
study. This could modify the results. However, if the proportion of
such participants did not differ among the absorbed-dose quartile
groups, associations between doses to the thyroid and detection rate
of thyroid cancer would not be affected by this issue. Furthermore,
because of the short timeframe used to assess all thyroid cancers,
further long-term follow-up surveys need to be conducted to clar-
ify the effects of low-dose radiation exposure on thyroid cancer in
Fukushima.
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