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Summary
Background Thyroid ultrasound examinations using a cohort study design (from the Fukushima Health Management
Survey [FHMS]) were conducted after the nuclear power plant accident caused by the Great East Japan Earthquake in
2011. This study investigated the association between radiation exposure and the detection of thyroid cancer in
children and adolescents.

Methods The cohort study has been conducted in Fukushima prefecture in Japan since 2011. The primary outcome
was the external dose. We enrolled 253346 examinees who lived in Fukushima at the time of the accident (Dataset A),
including 113120 examinees who had data on external radiation exposure (ERE) (Dataset B). The median dose in the
examinee’s district was used for missing dose. The association between ERE and detection of thyroid cancer or
suspected thyroid cancer was analyzed using Poisson regressions with two types of explanatory variables: sex, age,
overweight status, and district (Model 1), and past medical history, family history of thyroid cancer, frequency of
seafood consumption, and frequency of seaweed consumption in addition to Model 1 (Model 2).

Findings During the second and third rounds of examinations, a total of 97 thyroid patients were detected, for a
detection rate of 10.328 [105year−1] (95% confidence interval: 8.464–12.602 [105year−1]). Multivariate Poisson
regression showed that the detection rate ratio of the ERE (1+ mSv) to <1 (mSv) was 1.577 (0.715–3.394) in Model
1 and 1.596 (0.726–3.512) in Model 2, for Dataset A; and 1.677 (0.746–3.773) in Model 1 and 1.669 (0.743–3.748)
in Model 2, for Dataset B.

Interpretation Our study showed no association between radiation exposure with extremely low dose which were
more than 99.9% of all the exposure was less than 5 mSv, and thyroid cancer detection, when the follow-up period
was an average of 3.7 years at the present, using the cohort study design.
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Research in context

Evidence before this study
Some articles reported that the 116 cases were unusually
high, possibly leading to the early effects of radiation
exposure, and that the detected cases were significantly
associated with radiation exposure in the first round thyroid
examination. Many of these results were obtained by
ecological design, not by cohort design with individual unit.

Added value of this study
By cohort design with individual data, we showed no
associations between external radiation exposure and cancer
detection for extremely low dose exposure by adjusting sex,
age, six districts in Fukushima, overweight status, past medical
history, family history of thyroid cancer, frequency of seafood
consumption, and frequency of seaweed consumption.

Implications of all the available evidence
Our study showed no association between extremely low-
dose radiation exposure, which was less than 99.9% of all
exposure was less than 5 mSv, and thyroid cancer detection,
when the follow-up period was an average of 3.7 years at the
present. Previously, the relationship between low-dose
exposure (20 mV) and thyroid cancer has been controversial,
which based on the results of ecological studies, etc. Our
result of no association was based on the cohort study with
higher level of evidence than these studies. Despite some
limitations, to the best of our knowledge, this is the first
study to show the results of a cohort analysis using individual
data for extremely low dose exposure. It has the highest
implication for public health practice.
Introduction
The Great East Japan Earthquake on March 11, 2011, led
to the Fukushima Daiichi Nuclear Power Plant accident,
releasing radioactive elements from the power plant into
the surrounding areas. A complete cohort study was
performed to support and promote the long-term health
of residents, particularly children and adolescents with
thyroid cancer living near this power plant, in which
thyroid ultrasound examinations (TUEs) were conduct-
ed along the protocol of the Fukushima Health Man-
agement Survey (FHMS).1 TUE was comprised of
baseline examinations to determine the “prevalence” of
thyroid cancer in the first 3 years after the accident (i.e.,
first-round examinations performed between 2011 and
2013); thereafter, incidence examinations were per-
formed to routinely monitor thyroid cancer “incidence”
every 2 years (second-round or first full-scale examina-
tions between 2014 and 2015 and third-round or second
full-scale examinations between 2016 and 2017) in in-
dividuals aged <20 years, and every 5 years in in-
dividuals aged ≥20 years, for all Fukushima Prefecture
residents aged ≤18 years at the time of the accident.1

Much evidence has been published on the association
between radioactive fallout/exposure and childhood
thyroid cancer. This study was based on observations
from the Chernobyl nuclear power plant accident in
1986, which showed an increase in thyroid cancer
incidence in children and adolescents, 4 years after the
accident (four, five, six, 29, and 55 cases in 1987, 1988,
1989, 1990, and 1991, respectively).2 After determining
the prevalence of thyroid cancer estimated from first-
round examinations 3 years after the accident, the
“detection rate” (DR), a term used for the “incidence
rate” of thyroid cancer in FHMS, was estimated in the
second and third rounds of examinations 4–7 years after
the accident. These rates are considered essential for
determining the relationship between external radiation
exposure (ERE) and thyroid cancer detection.

To ensure the safety of residents, the local govern-
ment of Fukushima Prefecture routinely releases
monitoring reports using data at the municipality level.
The distribution of ERE published by Radiation Medical
Center shows that radiation exposure from the
Fukushima accident of less than 5 mSv accounts for
more than 99.9% of total exposure.3 The ERE data were
calculated using data from the first 4 months after the
accident (March 11, 2011, to July 11, 2011).3 Using these
aggregated data, some researchers conducted ecological
studies without adjusting for potential confounders and
inferred an association between thyroid cancer inci-
dence and radiation exposure.4–6

In contrast, several studies for example, Lubin et al.,7

Gilbert et al.,8 and Ivanov et al.,9 have found no signifi-
cant association between low-dose exposure at <5 mSv
and thyroid cancer incidence. In Fukushima, although
the calculated radiation exposure for the first 4 months
after the accident occurred at almost less than 5 mSv,
determining the association between exposure and
cancer detection is essential for the health of the resi-
dents. Therefore, the aim of this cohort study was to
clarify the association between ERE and thyroid cancer
detection in children and adolescents.
Methods
Study design and participants
The TUE was consisted of a primary examination
(for all participants) and, if necessary, a secondary
www.thelancet.com Vol 75 September, 2024
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examination with fine-needle aspiratory cytology in
children and adolescents born between April 2, 1992,
and April 1, 2011 and including neonates born between
April 2, 2011 and April 1, 2012 (first-round examina-
tions). Baseline/first-round examinations were con-
ducted in the first 3 years after the accident
(2011–2014). Subsequently, incidence examinations
(second and third rounds) were performed between
2014 and 2015, and between 2016 and 2017, respec-
tively. In each round of examinations, all individuals
underwent the primary examination, and only those
with a high-risk result underwent the secondary ex-
aminations.1,10 The criteria of both examinations were
described in Suzuki10 and Shimura.11 The current study
population comprised 253346 examinees living in
Fukushima at the time of the accident (Dataset A),
including 113120 examinees with available ERE data
(Dataset B), as shown in Fig. 1. This study was
approved by the ethics committee of Fukushima
Medical University (approval no. 1318).
Eligible people for the 
baseline screening

(born between April2,1992 and April 
1,2011) 

N=367633

Candidates for the parƟcipants of the Cohort study
N=266289

ParƟcipants of the 
baseline screening 

N=300468

ParƟcipants in
the first-round screening

N=257300

Absence from the baseline 
screening   
N=67165

Diagnosed or suspected 
with thyroid cancer 

N=116

Absence from both the 
second- and third- round 

screening 
N=43052

Eligible people who newly 
became subjects from the 
second- round screening 

N=13661

ParƟcipants from the 
second-round screening

N=8989

Absence from both 
the second- and 

third-round 
screening 
N=3947

People who were not in Fukushima 
Prefecture at the Ɵme of the accident or 

who lacked an address
N=12943

ParƟcipants in this Cohort study
N=253346

Dataset A

Other than
2, 3 and 4 years old

at the second-round  
examinaƟon 

N=725

Eligible people from the 
second- round screening 

(born between April2,2011 
and April 1,2012) 

N=12936

ParƟcipants in this Cohort study
who have external radiaƟon dose 

N=113120

Dataset B

People who did not parƟcipate in the 
basic survey of dose esƟmaƟon (missing 

external radiaƟon dose)
N=140226

Fig. 1: Participants in the cohort study.
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Primary outcome
The primary outcome of this study was the participants’
detection rate (DR), which was calculated as the number
of individuals diagnosed or suspected of having thyroid
cancer (DSTC) divided by the sum of the individuals’
person-years. Person-years were calculated as the sum
of the individual’s observed time from the start date of
their primary examination (to determine the prevalence
of thyroid cancer) to the end date of the last examina-
tion, the date the individual was diagnosed with thyroid
cancer, or the date the individual died. Participants
diagnosed with thyroid cancer could not be distin-
guished from those suspected of having thyroid cancer
by thyroid ultrasound (the DR in this study may have
overestimated the true incident rate). The detection rate
ratio (DRR) was defined as the ratio of the DR of a
category to its reference level.

Target exposure
In this study, external radiation was used as the target
exposure. Individual radiation doses between March 11
and July 11, 2011 (4 months) were presented using esti-
mation models based on several assumptions12–15 from the
basic survey. The radiation doses of the participants in this
study were presented in Table 1. Their accuracy has been
examined and demonstrated in several literatures.15–18 We
categorized ERE into two levels as [0,1) (control group),
which is greater than or equal to 0 and less than 1, and
[1,∞) (exposed group), which is greater than or equal to 1,
in our analysis.

Variables and models
Potential confounders (variables obtained during the
first-round/baseline examinations) included age (the
years at the primary examination) of 5 categories ([3,9),
[9,12), [12,15), [15,18), [18,25)), sex (Boy, Girl), district
(North, Central, South, Soso, Iwaki, and Aizu + Minami
Aizu), and overweight status (yes, no) in Model 1, while
Model 2 included past medical history (presence of any
disease or surgery that had been treated in a hospital in
the past; yes or no), family history of thyroid cancer
(presence of family members with a history of thyroid
disease; yes or no), frequency of seafood consumption
(eating seafood at least 3 days per week) of two cate-
gories (less than 0–2 days per week, more than or equal
to 3 per week), and frequency of seaweed consumption
(eating seaweed at least 3 days per week) of two cate-
gories (less than 0–2 days a week, more than or equal
to 3 a week), in addition to those in Model 1, respec-
tively. Overweight status as in Model 1 was defined
as the degree of obesity, (actual weight)/(standard
weight) × 100, greater than or equal to 20% in Japan,
where standard weight was defined by the Japanese
Society for Pediatric Endocrinology. The district variable
was composed of six instead of seven Fukushima dis-
tricts because Minami Aizu was combined with Aizu
3
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Substituted Dataa (Dataset A) N = 253346 Complete Datab (Dataset B) N = 113120

N Detected
suspected

thyroid cancer
cases

(DSTC cases)

Total person-
years (PY)c

DRd(per
105 PY)

DRRe DRR
95% CIf

N Detected
suspected

thyroid cancer
cases

(DSTC cases)

Total person-
years (PY)

DR (per
105 PY)

DRR DRR
95% CI

All 253346 97 939207.2 10.328 – – 113120 46 422682.3 10.883 – –

Missing 0 0 – – – – 0 0 – – – –

External radiation exposure (mSv) 10 levels

[0,1)g (reference) 132083 47 490257.8 9.587 1 – 65444 21 242228.4 8.670 1 –

[1,2) 111269 45 410434.4 10.964 1.146 0.762–1.725 37682 20 141938.9 14.091 1.634 0.886–3.014

[2,3) 9552 5 36722.0 13.616 1.418 0.564–3.565 9552 5 36722.0 13.616 1.565 0.590–4.150

[3,4) 360 0 1458.0 0 – – 360 0 1458.0 0 – –

[4,5) 44 0 174.5 0 – – 44 0 174.5 0 – –

[5,6) 22 0 93.2 0 – – 22 0 93.2 0 – –

[6,7) 5 0 22.2 0 – – 5 0 22.2 0 – –

[7,8) 5 0 20.8 0 – – 5 0 20.8 0 – –

[8,9) 6 0 24.2 0 – – 6 0 24.2 0 – –

[9,∞) 0 0 – – – – 0 0 0 0 – –

External radiation exposure (mSv) 2 levels

<1 (reference) 132083 47 490257.8 9.587 1 – 65444 21 242228.4 8.670 1 –

1+ 121263 50 448949.3 11.137 1.164 0.782–1.734 47676 25 180453.8 13.854 1.603 0.898–2.864

Missing 0 0 – – – – 0 0 – – – –

Sex

Boy (reference) 127373 41 471312.4 8.699 1 – 56739 22 211581.9 10.398 1 –

Girl 125973 56 467894.7 11.969 1.381 0.923–2.065 56381 24 211100.3 11.369 1.098 0.616–1.958

Missing 0 0 – – – – 0 0 – – – –

Age (years)

[3,9)e 62126 0 246577.7 0 – – 30870 0 122925.4 0 – –

[9,12) (reference) 49500 10 201164.8 4.971 1 – 21289 4 86988.0 4.598 1 –

[12,15) 52849 24 208325.8 11.520 2.318 1.108–4.846 21872 8 87204.7 9.174 1.995 0.601–6.626

[15,18) 50091 31 162664.8 19.058 3.834 1.880–7.820 20558 14 68939.1 20.308 4.416 1.454–13.417

[18,25) 28456 30 79000.9 37.974 8.764 4.285–17.928 15133 20 43103.0 46.401 11.601 3.965–33.941

[25,∞) 1 0 – – – – 1 0 – – – –

Missing 10323 2 – – – – 3397 0 – – – –

Past medical history (PMH)

No (reference) 217523 78 805981.7 9.678 1 – 96528 37 360193.5 10.272 1 –

Yes 33098 18 124004.2 14.516 1.502 0.899–2.507 15638 9 59158.4 15.213 1.482 0.715–3.071

Missing 2725 1 – – – – 954 0 – – – –

Family history of thyroid cancer (FTC)

No (reference) 231142 90 856918.5 10.503 1 – 102612 41 383311.9 10.696 1 –

Yes 19724 7 73923.2 9.469 0.903 0.418–1.948 9664 5 36437.9 13.722 1.282 0.506–3.243

Missing 2480 0 – – – – 844 0 – – – –

Frequency of eating seafood (FESF)

0 or 1–2/week
(reference)

186784 73 690049.7 10.579 1 – 82597 35 307152.9 11.395 1 –

3－5 or 6–7/week 64061 24 240778.9 9.968 0.938 0.591–1.487 29728 11 112797.9 9.752 0.851 0.432–1.675

Missing 2501 0 – – – – 795 0 – – – –

Frequency of eating seaweed (FESW)

0 or 1–2/week
(reference)

198713 79 735371.2 10.743 1 – 87747 35 326777.2 10.711 1 –

3－5 or 6–7/week 51334 18 192566.8 9.347 0.867 0.519–1.446 24260 11 91994.3 11.957 1.110 0.564–2.186

Missing 3299 0 – – – – 1113 0 – – – –

Six districts

North (reference) 66729 29 252114.4 11.503 1 – 32209 18 123046.1 14.629 1 –

Central 70545 23 253836.0 9.061 0.786 0.455–1.358 31478 9 114408.8 7.867 0.537 0.241–1.195

(Table 1 continues on next page)
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Substituted Dataa (Dataset A) N = 253346 Complete Datab (Dataset B) N = 113120

N Detected
suspected

thyroid cancer
cases

(DSTC cases)

Total person-
years (PY)c

DRd(per
105 PY)

DRRe DRR
95% CIf

N Detected
suspected

thyroid cancer
cases

(DSTC cases)

Total person-
years (PY)

DR (per
105 PY)

DRR DRR
95% CI

(Continued from previous page)

South 20328 5 72802.6 6.868 0.594 0.230–1.535 8735 2 31510.7 6.347 0.432 0.100–1.863

Soso 23103 12 94917.9 12.643 1.102 0.562–2.159 10507 8 43699.2 18.307 1.256 0.546–2.888

Iwaki 42948 19 167604.4 11.336 0.984 0.552–1.754 16547 5 64954.1 7.698 0.527 0.196–1.418

Aizu + Minami
Aizu

29693 9 97931.8 9.190 0.793 0.376–1.676 13644 4 45063.3 8.876 0.604 0.204–1.783

Missing 0 0 – – – – 0 0 – – – –

Overweight

No (reference) 197230 69 729686.0 9.456 1 – 89570 34 333876.8 10.183 1 –

Yes 52286 26 195554.6 13.296 1.397 0.890–2.194 22422 11 84629.8 12.998 1.267 0.642–2.501

Missing 3830 2 – – – – 1128 1 – – – –

aDataset A：for cases in which missing external radiation-dose data were substituted by the median dose of 6 districts in which each resident was at the accident. bDataset B：for cases in which external
radiation-dose data were observed. cPY: person-years. dDR: detection rate per 105 people. eDRR: detection rate ratio. f95% CI: 95% Confidence Interval. g[a,b): the interval with greater than or equal to a and
less than b.

Table 1: Characteristics of explanatory variables of eligible people.

Articles
because the former had two (Dataset A) and one
(Dataset B) participants with DSTC (Fig. 2).

Statistical analysis
The number (N) of participants, DSTC cases, total
person-years, mean follow-up period, DR (95% confi-
dence interval [CI]), and DRR (95% CI) were presented
for each of the explanatory variables. Poisson regression
Fig. 2: Six districts

www.thelancet.com Vol 75 September, 2024
was applied to Dataset A and Dataset B with Model 1 and
2, respectively. All analyses were performed using R and
its IDE (integrated development environment) of R-stu-
dio software (Build 22631, version 4.3.3 with main
packages of gnm, (1.1.5), lubridate (1.9.3), mice (3.16.0)
in use; R Core Team 2023),19 and we considered statistical
significance if the 95% CI did not contain its reference
value, which was equivalent to a p-value less than 0.05.
in the study.
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Ethics statement
Written informed consent was obtained from all the exam-
inees and/or their guardians. This atudy was approved by
the Ethics Committee of Fukushima Medical University
(approval no. 1318).

Role of the funding source
The National Health Fund for Children and Adults
Affected by the Nuclear Incidents in Japan had no role
in the design and conduct of the study; the collection,
management, analysis, and interpretation of the data;
the preparation, review, or approval of the manuscript;
or the decision to submit the manuscript for publica-
tion. Only a part of the data necessary for this study was
provided after the approval of the Radiation Medical
Science Center, Fukushima Medical University, and all
authors were responsible for the submission of the
manuscript.

Hideto Takahashi, Seiji Yasumura, Kunihiko Taka-
hashi accessed the Fukushima dataset.
Results
Table 1 showed the DRR of each explanatory variable for
Dataset A and Dataset B, respectively. For Dataset A, 97
individuals with DSTC were observed, and the DR was
10.328 (95% CI, 8.464–12.602), with a mean follow-up
period of 3.707 years. The mean observation time of
the participants with complete follow-up and those lost
to follow-up were 3.737 [years] and 3.684 [years],
respectively, which were almost the same. The DRR of
ERE (1+ mSv) was 1.164 (0.782–1.734) with (<1 mSv) as
the reference, which was not statistically significant.
With the 9–12 year age group as reference, the DRRs
were 2.318 (1.108–4.846), 3.834 (1.880–7.820), and 8.764
(4.285–17.928) for the 12–15, 15–18, and 18–25 years
age groups, respectively, which were all significant.
Explanatory variables (sex, past medical history, the
family history of thyroid cancer, the frequency of sea-
food consumption, the frequency of seaweed con-
sumption, and six districts) were not statistically
significant. For Dataset B, the DR of all the participants
was 10.883 (95% CI, 8.152–14.529) with a mean follow-
up period of 3.737 years. The DRR of ERE (1+ mSv) was
not statistically significant [1.603 (0.898–2.864)]. The
DRRs of the age groups were significant; 4.416
(1.454–13.417) and 11.601 (3.965–33.941) for the 15–18
and 18–25 year age groups, respectively. The other var-
iables (sex, past medical history, family history of thy-
roid cancer, the frequency of seafood consumption, the
frequency of seaweed consumption, and six districts)
were not statistically significant.

For Dataset A, the multivariate Poisson regression
showed a DRR of ERE (1+ mSv) of 1.557 (0.715–3.394) in
Model 1, in which the explanatory variables were sex, age
group, overweight status, and six districts (Table 2 (left-
side)). The DRRs of most of the explanatory variables
were not significant, except the age group, which was
strongly associated with the DRRs, which were 2.280
(1.090–4.768), 3.598 (1.753–7.388), and 8.505
(4.152–17.422) in the 12–15, 15–18, and 18–25 years age
groups, respectively, with the 9–12 year age group as the
reference. Similarly, in Model 2, Poisson regression re-
sults showed a DRR of ERE (1+ mSv) of 1.596
(0.726–3.512) for sex, age group, overweight, past medi-
cal history, family history of thyroid cancer, the fre-
quency of seafood consumption, the frequency of
seaweed consumption, and six districts. The DRRs of
most of the explanatory variables were not significant,
except for the age group, which was strongly associated
with DRR in the 12–15 year group, 2.289 (1.094–4.788);
15–18 year group, 3.635 (1.770–7.465); and 18–25 year
group, 8.353 (4.060–17.184).

For Dataset B, Table 2 (right-side) showed DRR of
ERE (1+ mSv) of 1.677 (0.746–3.773) for Model 1, in
which the explanatory variables were sex, age group,
overweight status, and six districts. The DRRs of other
variables were not significant except for the age group,
which was strongly associated with the DRRs in the
15–18 and 18–25 year age groups [4.176 (1.360–12.820)
and 11.706 (3.996–34.290), respectively]. Similarly, the
DRR of the ERE (1+ mSv) was 1.669 (0.743–3.748) in
Model 2, with sex, age group, overweight status, past
medical history, family history of thyroid cancer, the
frequency of seafood consumption, the frequency of
seaweed consumption, and six districts as explanatory
variables. The DRRs of all variables were not significant
except for the age group, which was strongly associated
with the DRR in the 15–18 and 18–25-year groups [4.214
(1.372–12.941) and 11.802 (4.021–34.642)].
Discussion
Our cohort study showed no association between ERE
and thyroid cancer detection in situations where par-
ticipants’ radiation exposure was measured individually
by along their evacuation path over time,1 and that we
adjusted for several potential confounders (Table 1).

Previous ecological studies with group-level data for
both exposure and outcomes have suggested an associ-
ation between ERE and thyroid cancer detection.4,5

However, these studies did not adjust for confounding
factors such as age and participation proportion in sec-
ondary examination. There was one study4 which found
a high association by applying calculating published
data, however, many researchers questioned its inter-
pretation of overdiagnosis and the method used to
calculate incidence rates.

In general, epidemiology textbooks indicate that the
level of evidence of cohort studies is higher than that of
ecological studies because adjustment for confounding
factors leads to less biased results.

As described in the introduction, several studies have
shown no association. Lubin et al.7 reported the
www.thelancet.com Vol 75 September, 2024
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Substituted Data (Dataset A)a N = 253346 Complete Data (Dataset B)b N = 113120

Model 1c Model 2d Model 1 Model 2

DRRe 95% CIf DRR 95% CI DRR 95% CI DRR 95% CI

External radiation exposure (ERE): mSv

<1 reference 1 – 1 – 1 – 1 –

1+ 1.557 0.715–3.394 1.596 0.726–3.512 1.677 0.746–3.773 1.669 0.743–3.748

Sex

Boy 1 – 1 – 1 – 1 –

Girl 1.241 0.822–1.872 1.236 0.817–1.870 0.950 0.529–1.707 0.960 0.534–1.728

Age group (years)

[3,9)g – – – – – – – –

[9,12) 1 – 1 – 1 – 1 –

[12,15) 2.280 1.090–4.768 2.289 1.094–4.788 1.959 0.590–6.508 1.965 0.592–6.527

[15,18) 3.598 1.753–7.388 3.635 1.770–7.465 4.176 1.360–12.820 4.214 1.372–12.941

[18,25) 8.505 4.152–17.422 8.353 4.060–17.184 11.706 3.996–34.290 11.802 4.021–34.642

Overweight

No 1 – 1 – 1 – 1 –

Yes 1.299 0.819–2.060 1.312 0.827–2.083 1.250 0.631–2.476 1.247 0.629–2.471

Past medical history (PMH):

No – – 1 – – – 1 –

Yes – – 1.381 0.803–2.375 – – 1.269 0.588–2.741

Family history of thyroid cancer (FTC):

No – – 1 – – – 1 –

Yes – – 0.869 0.401–1.883 – – 1.155 0.454–2.939

Frequency of eating seafood (FESF):

0 or 1–2/week – – 1 – – – 1 –

6–7 or 3–4/week – – 1.158 0.702–1.912 – – 0.944 0.452–1.973

Frequency of eating seaweed (FESW):

0 or 1–2/week – – 1 – – – 1 –

6–7 or 3–5/week – – 0.936 0.538–1.629 – – 1.272 0.610–2.656

Six districts

North (reference) 1 – 1 – 1 – 1 –

Central 0.792 0.447–1.402 0.795 0.449–1.407 0.626 0.275–1.426 0.632 0.277–1.441

South 0.926 0.292–2.938 0.952 0.299–3.031 0.594 0.126–2.813 0.601 0.127–2.843

Soso 1.561 0.623–3.910 1.451 0.567–3.712 1.448 0.547–3.837 1.461 0.551–3.868

Iwaki 1.374 0.539–3.503 1.404 0.546–3.607 0.669 0.198–2.267 0.679 0.201–2.299

Aizu + Minami-Aizu 1.257 0.440–3.597 1.306 0.453–3.763 0.898 0.245–3.288 0.924 0.253–3.381

aSubstituted Data (Dataset A)：for cases in which missing external radiation-dose data were substituted by the median dose of 6 districts in which each resident was at the
accident. bComplete Data (Dataset B)：for cases in which external radiation-dose data were observed. cModel 1: The explanatory variables were: ERE + Sex + Age + Six
districts + Overweight. dModel 2: The explanatory variables were: ERE + Sex + Age + Six districts + Overweight + PMH + FTC + FESF + FESW. eDRR: detection rate ratio. f95%
CI: 95% Confidence Interval. g[a,b): the interval with greater than or equal to a and less than b.

Table 2: Poisson regressions.

Articles
following incident rates per 100,000 person-years in
their Table 1; 142/1,865,957 × 105 = 7.610 in the unex-
posed group (dose 0 Gy) and 6.529 and 5.105 in the
exposed groups with dose ranges of (1–4 mGy) and
(5–20 mGy), respectively. After adjustment, the RRs in
the exposed groups were 1.07 (95% CI; 0.7–1.8) and 1.21
(0.8–1.9), respectively. In addition, Gilbert et al.8 re-
ported incident rates of 4185/60,200,000 × 105 = 6.952
and 7.797 for the reference (dose 0–5 mGy) and second
lowest (5–10 mGy) groups, respectively, who were <15
years of age. Their RR was 1.00 (0.93–10.7). In addition,
www.thelancet.com Vol 75 September, 2024
Ivanov et al.9 reported 5/185,683 × 105 = 2.693, 4.130,
12.626, and 9.391 with 0–10 (mGy) as the reference
group for 0–4, 5–9, 10–14, and 15–17 years (Girl), and
1.351 and 2.285 for the 0–9 and 10–17 years of age
(Boy), respectively. Our DRR of the exposed group (1+
mSv) to the unexposed group (<1 mSv) for Model 1 and
Model 2 for Dataset A were 1.557 (0.715–3.394), 1.596
(0.726–3.512), and 1.677 (0.746–3.773), 1.669
(0.743–3.748) for Dataset B, respectively. These values
were very similar to theirs. Here, the unit of “mSv” is a
value of equivalent dose, which evaluates the effect of
7
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radiation on the human body, and “mGy” indicates a
value of absorbed dose, which is the amount of energy
absorbed by the irradiated radiation.

The distribution of ERE is different from that of
Chernobyl. As shown in Table 1, radiation exposure of
less than 5 mSv from the Fukushima accident account
for more than 99.9% of the total exposures. Iwadate20

and Shimura21 also showed that the mutation mainly
detected in Fukushima residents was different from that
of post-Chernobyl thyroid cancer cases. The radiation
exposure by the Fukushima accident is much lower than
that of Chernobyl, suggesting that the incidence of
thyroid cancer is no association.

Confounders may significantly affect the association
between ERE and thyroid cancer detection. Age and sex
have been considered as basic potential confounders.
Several studies have shown the importance of adjusting
for participation proportions.22–24 The participation pro-
portion estimated from TUE may have overestimated
thyroid cancer detection and should be considered a
major confounder, because ultrasound examinations
were used to detect thyroid cancer instead of an earlier
diagnosis by basic clinical examination. Our study
adjusted for participation proportions for six districts as a
district variable. In addition, past medical history, family
history of thyroid cancer, the frequency of seafood con-
sumption, and the frequency of seaweed consumption
were also considered as natural potential confounders.

We observed no statistically significant difference be-
tween the ERE and DSTC detection in simple or multi-
variate Poisson regression analyses (Model 1 and 2, in
Datasets A and B). From a previous study, the estimated
number of DSTC cases detected during the first round of
TUE was 190.4 (Boy, 49.3 and Girl, 141.3), when the
sensitivities of both primary and secondary examinations
were 100% in their simulation.25 A perfect sensitivity was
difficult to achieve because determining the three-
dimensional pathological lesions from a cross-sectional,
two-dimensional, ultrasound graphic surface depended
on whether the surface could capture the object. In
addition, in our study, the 97 DSTC cases may have
included some of the 190.4 individuals who underwent
the first-round of examinations. Considering that 116 of
the 190.4 individuals were diagnosed with DSTC in the
first-round of examinations, the remaining 74.4 (Boy,
10.3 and Girl, 64.1) children may have been diagnosed in
the later rounds.

Based on the National Cancer Registry from 2011 to
2015, the DRs for both sexes were 0–0.2, 0.3–0.8,
0.9–2.1, and 2.9–4.7 for individuals aged 5–9, 10–14,
15–19, and 20–24 years, respectively.26 However, the
DRs for both sexes in our study (2.9, 16.2, 26.2, and 41.3
for individuals aged 3–15, 15–18, 18–21, and 21–26
years, respectively) were higher than those in the Na-
tional Cancer Registry. However, this does not mean
that the incidence of thyroid cancer in children and
adolescents in Fukushima is high in Japan, but rather
that the DR differs from the incidence rate. We
considered that many more cases of thyroid cancer were
detected by ultrasound examinations than by using
clinical symptoms.

In our analyses, different tendencies of DRRs for
family history of thyroid cancer, the frequency of eating
seafood and the frequency of eating seaweed con-
sumption were observed between Dataset A (all partic-
ipants; left side of Table 1) and Dataset B (only those
with radiation data; right side of Table 1), and between
both models (Table 2). In particular, the DRRs of family
history of thyroid cancer and the frequency of eating
seaweed consumption tended to be less than 1 in
Dataset A and greater than 1 in Dataset B. Regarding the
basic survey, the response proportion in the six districts
of Dataset A was 30.2% (North), 24.6% (Central), 23.3%
(South), 46.1% (Soso), 25.5% (Iwaki), and 21.7%
(Aizu + Minami Aizu) as of March 31, 2019,27 and
Dataset B had a similar response proportion. Thus, a
possible explanation may be that this was mediated by
the protective effect of stable iodine against radiation.
Following the increased media coverage, more people
may have consumed large amounts of seaweed, which is
considered to be iodine-rich, especially in Soso, the
district closest to the nuclear power plant. We suspect
that the difference in DRRs may have been caused by
this increase in the frequency of seaweed consumption
in addition to the recall bias for the family history of
thyroid cancer and the frequency of seaweed con-
sumption. Regarding the actual relationship between
stable iodine and thyroid cancer, some studies have
showen that stable iodine has a preventive effect, while
others have shown that seaweed increases risk of cancer
in pre- or postmenopausal women, and still others have
found no association between seaweed intake and thy-
roid cancer incidence. The review committee for food
intake standards for Japanese on iodine intake in Japan
reported high concentrations of iodine in seaweeds,
particularly in kelp; thus, Japan had the highest iodine
intake in the world, ranging from 1 to 3 mg/day, and
they set the acceptable upper limit as 3 mg/day and
2 mg/day for ≧15 years and for 12–14 years, respec-
tively,28 based on the amount that dose not cause adverse
health effects or the minimum amount that causes
adverse health effects in their report. The UNSCEAR
2020/2021 issued the following statement, “The Japa-
nese population has traditionally consumed an iodine-
rich diet, containing up to tens of thousands of micro-
grams of stable iodine per day, which is about two or-
ders of magnitude higher than the global average.“29

Furthermore, Tsubokura et al. showed that the iodine
intake of Japanese people was 204 μg/L of median uri-
nary iodine concentration,30 which was almost same as
the median values (216 for DSTC cases and 195 for
others) in the first-round examinations31 and in 19018332

and 23017633 participants in the second and third
rounds of the FHMS, respectively. Fuse et al. reported a
www.thelancet.com Vol 75 September, 2024
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median urinary iodine concentration (UIC) of 287 μg/L
in Tohoku (including Fukushima) and 269 μg/L in
Japan, which was within the “adequate” range
(100–299 μg/L) defined by the World Health Organiza-
tion34 (UIC of 1 mg/L corresponds to 1.4 mg/day of
iodine for a person weighing 60 kg).35 In our analysis, no
significant effect of seaweed intake was found.

In this study, one of the important issues is the high
proportion of missing ERE, 55.3% (=(253346–113120)/
253346). For this issue, we applied the median values of
ERE in each district. We also confirmed that the results
are almost the same if we use the mean instead of the
median. To examine the validity of the results, first, we
conducted a sensitivity analysis. In this case, a natural
way to estimate the fluctuation is to estimate the stan-
dard deviation when missing values were to obtain as
the real distribution of the dose in this Poison regres-
sion. It results in the standard deviation of DRR of ERE
as 0.227, and 0.228 for Models 1 and 2 in the left side of
Table 2, respectively, which gives the confidence in-
tervals (0.912–1.803) and (0.907–1.801). We found the
effect of missing values as the range ±0.446 ∼ ±0.447 in
the DRR of ERE.

Second, a sophisticated method for missing data has
been developed called multiple imputation, which im-
putes multiple values for each missing value. It creates
multiple complete data, and we can obtain more plau-
sible results by this data. A comprehensive tutorial36 will
be a guide and introduction for multiple imputation. Of
the nine variables used in Poisson regression, seven
variables other than gender and age, were applied by
using predictive mean matching for external dose
(continuous variable), and logistic regression or multi-
nomial logit regression for categorical variables for
initial complement. The results were obtained by
applying imputation 50 times, which were DRR (95%
CI) of Poisson regression for Model 1 and 2 of Table 2,
as 1.202 (0.772–1.872), 1.201 (0.772–1.871) in sTable 2,
respectively. More detailed results were summarized in
supplemental tables (sTable 1 and sTable 2). They also
showed similar results.

When we convert nominal categorical variable to
continuous variable, we could obtain similar results,
DRR (95% CI) of Poisson regression for Model 1 and 2
in the left side of Table 2 were 1.802 (0.998–3.253), and
1.775 (0.983–3.206), respectively. If we applied the var-
iable age as a continuous variable instead of an ordered
categorical variable, we could obtain similar results of
DR (95% CI) of Poisson regression (only linear terms)
for Model 1 and 2 in Table 2, as 1.657 (0.770–3.565), and
1.699 (0.783–3.686), respectively. In this analysis, we
applied a model with only linear terms for simplicity.

When we conduct an equivalent test for ERE in
Poisson regression with applying the indifference
margin of (−1.5, 1.5) of the coefficient of ERE in Pois-
son regression (before exponential transformation), our
results yield the 95% confidence intervals were (−0.345
www.thelancet.com Vol 75 September, 2024
to 1.231) and (−0.321 to 1.256) in Model 1 and 2 in
Table 2 (Dataset A), respectively, which were included
in the indifference margin. It means that this cohort
study showed no association between ERE and cancer
detection at the second and third round of thyroid ex-
aminations by applying the indifference margin of
(−1.5, 1.5) of ERE in the coefficient of ERE in Poisson
regression (before exponential transformation) with 5%
significance level. Similar results of (−0.297 to 1.327)
and (−0.297 to 1.321) in Model 1 and 2 in Table 2
(Dataset B) were obtained.

As well known, Poisson regression requires some
assumptions, such as (1) the mean of a Poisson random
variable must be equal to its variance, and (2) the log-
arithm of the mean rate is a linear function of the
covariates.

For checking the assumptions (1), we estimated pa-
rameters of Pearson χ2statisitc divided by the degree of
freedom, which were 0.735 and 0.722, for Model 1 and
Model 2 (Dataset A), and 0.820 and 0.830 for Model 1
and Model 2 (Dataset B), respectively. All of these values
showed the model assumption (1) was held suitable
(these values < 1). For checking the assumption (2), we
drew the scatterplot of the explanatory variables and the
log of the mean rate and checked the acceptability of the
assumption (2) of the linearity.

This study has several limitations. First, only 44.7%
of the study participants had actual external radiation
data, which may have reduced the accuracy of the
external dose analysis. Missing data were replaced with
the median dose in the examinee’s district. Second,
individual internal radiation dose data from the FHMS
were not available, which may have affected the accuracy
of the analysis, since an estimate of the internal dose is
important for accurate results. Third, the follow-up
period was 3.71 years on the average, which will be
difficult to show the late effect of radiation exposure on
the thyroid. These limitations cause bias in our results.

Our study showed no association between
extremely low-dose radiation exposure, which was
more than 99.9% of all the exposure was less than
5 mSv, and thyroid cancer detection when the follow-
up period was averagely 3.7 years at the present. Pre-
viously, the relationship between low-dose exposure
(20 mV) and thyroid cancer has been controversial,
based on the results of ecological studies, etc. Our
result of no association was based on the cohort study
with a higher level of evidence than these studies.
Despite some limitations, to the best of our knowl-
edge, this is the first study to show the results of a
cohort analysis using individual data for extremely
low-dose exposure.

We believe that these results provided important
evidence for the association between radiation exposure
at low dose and thyroid cancer detection. On the other
hands, studies with longer follow-up periods are
required to confirm the results.
9
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