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Abstract
Thyroid cancer risk following exposure to ionizing radiation in childhood and adolescence is a
topic of public concern. To characterize the long-term temporal trend and age-at-exposure
variation in the radiation-induced risk of thyroid cancer, we analyzed thyroid cancer incidence
data for the period from 1958 through 2005 among 105,401 members of the Life Span Study
cohort of Japanese atomic-bomb survivors. During the follow-up period, 371 thyroid cancer cases
(excluding those with microcarcinoma with a diameter <10 mm) were identified as a first primary
among the eligible subjects. Using a linear dose–response model, the excess relative risk of
thyroid cancer at 1 Gy of radiation exposure was estimated as 1.28 (95% confidence interval:
0.59–2.70) at age 60 after acute exposure at age 10. The risk decreased sharply with increasing
age-at-exposure and there was little evidence of increased thyroid cancer rates for those exposed
after age 20. About 36% of the thyroid cancer cases among those exposed before age 20 were
estimated to be attributable to radiation exposure. While the magnitude of the excess risk has
decreased with increasing attained age or time since exposure, the excess thyroid cancer risk
associated with childhood exposure has persisted for >50 years after exposure
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INTRODUCTION
Thyroid cancer is not frequent but is a focus of special attention in populations exposed to
ionizing radiation, particularly when children are exposed. This is because the thyroid is
known to be highly susceptible to the carcinogenic effect of radiation exposure in childhood
or adolescence, with increased risks apparent from about 5 years after exposure.1, 2 Studies
of Japanese atomic-bomb survivors3, 4 and other populations5–9 have shown that the risk of
thyroid cancer associated with radiation exposure tends to decrease with time since exposure
or with increasing age-at-exposure. However, with little empirical data existing on the
lifetime risk of radiation-related thyroid cancer, important questions remain about the
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duration and temporal pattern of the risk. Having extended the follow-up in the Life Span
Study (LSS) cohort of atomic-bomb survivors through 2005, the current study analyzed the
temporal patterns of thyroid cancer risk up to 60 years after exposure, which provides one of
the longest thyroid cancer follow-ups of a general population following radiation exposure.

MATERIAL AND METHODS
The LSS cohort includes about 93,000 atomic-bomb survivors in Hiroshima and Nagasaki
and about 27,000 people who were not in the cities at the time of bombings.10 The incident
thyroid cancer cases in this cohort were identified from a special study, in which records
from the Hiroshima and Nagasaki tumor registries and histological materials collected from
area hospitals and pathology laboratories were reviewed by a panel of pathologists for
diagnostic confirmation and classification. The Hiroshima and Nagasaki tumor registries, to
which the LSS data were linked, are population-based registries that have been in operation
since 1958. In the present analysis, we excluded cohort members who could not be traced, or
were known to have had cancer or died before 1958 (8,399 people), or did not have radiation
dose estimates (6,521 people), which resulted in the 105,401 eligible subjects (43% of
whom were alive at the end of 2005). We analyzed first primary thyroid cancer diagnosed in
the Hiroshima or Nagasaki tumor registry catchment area, with person-years of follow-up
adjusted, as in other LSS cancer incidence analyses,4 for the probability of residence in the
catchment area estimated using the information from the Adult Health Study (AHS) sub-
cohort, a clinical subset of the LSS cohort. As described elsewhere,11 thyroid papillary
microcarcinomas (with a diameter of <10 mm) in this cohort had primarily been identified at
autopsy and were excluded from the current analyses. These analyses were based on thyroid
doses estimated using the current survivor dosimetry system (DS02).12 As usual in analysis
with the LSS, we used the weighted dose (the gamma dose plus 10 times the neutron dose,
expressed in units of weighted dose in Gy) to reflect the relatively larger biologic effect
assumed of neutron radiation and incorporated an adjustment to allow for effects of dose
measurement error.13 The median, mean and maximum of the weighted thyroid doses
among the members who were in the cities at the time of bombing were 0.009, 0.142 and
4.26 Gy weighted dose, respectively. The effect of radiation exposure on the thyroid cancer
incidence was analyzed based on both excess relative risk (ERR) and excess absolute rate
(EAR) models with adjustment for city, sex, attained age, age and location at exposure, time
since exposure and participation in the AHS program offering biennial health examinations
and affecting baseline thyroid cancer rates (see below) to a subset of the LSS.14 Parameter
estimates and hypothesis testing were based on Poisson regression models fitted using
maximum-likelihood methods with the Epicure software.15 Confidence intervals (CIs) for
the parameters were calculated with the likelihood ratio method using Epicure, and CIs for
attributable fractions were based on the Bayesian posterior distribution (with non-
informative priors) using WinBUGS.16 While we considered the effect of exposure received
at any age, our primary focus in this report concerned the long-term effects of childhood and
adolescent exposures (i.e., exposures occurring before age 20).

RESULTS
Among the eligible subjects, 371 thyroid cancer cases (299 papillary carcinomas, 15
follicular carcinomas, 12 anaplastic carcinomas, three medullary carcinomas, 42 carcinomas
NOS or other) in the tumor registry catchment area were identified as a first primary during
the follow-up period between 1958 and 2005. Crude thyroid cancer rates increased markedly
with radiation dose among those exposed as children or adolescents and were higher for
women than for men (Table 1). Fitted baseline rates generally increased with increasing
birth year (p < 0.001) and were significantly higher for women than for men (p < 0.001).
After allowing for radiation effects, AHS participants had higher baseline rates than non-
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participating counterparts (p < 0.001), with larger differences in younger birth-cohorts (p =
0.04). This is likely due to increased detection or awareness of cancer-related conditions
among AHS subjects because the routine biennial health examinations do not include
ultrasonography or other screening procedures to detect thyroid nodules.

Based on a linear dose–response model with effect modification by age-at-exposure and
attained age, the gender-averaged ERR and EAR at age 60 after exposure at age 10 were
estimated as 1.28 (95% CI: 0.59–2.70) per 1 Gy weighted dose and 29.5 (13.8–49.6) cases
per 100,000 person-year-Gy weighted dose, respectively. Figure 1 shows the fitted linear
dose response (solid line) with non-parametric estimates in dose categories with 95% CIs
under the ERR model. The fitted linear EAR dose response and points were similar in shape
to those of ERR. Both the ERR and EAR significantly and rapidly decreased with increasing
age-at-exposure by 53% (p = 0.03) and 70% (p = 0.002), respectively, per decade increase in
exposure age. Allowing for the modifying effect of age-at-exposure, the ERR tended to
decrease and the EAR to increase with increasing attained age, in proportion to age to the
power −1.27 (p = 0.15) and 1.03 (p = 0.11), respectively. The EAR for women was
significantly higher than that for men, with a female:male ratio of 6.3 (p = 0.001), while the
ERR sex ratio was smaller and not statistically significant (2.0; p = 0.30). There was no
significant dependence of the ERR on AHS participation (p = 0.23). There was a suggestion
of a flattening of the dose–response at higher doses based on a model with a linear-
exponential dose response (p = 0.07, the dashed curve in Fig. 1) but no evidence against
linearity when the analysis was restricted to those with dose <2 Gy (p = 0.44). The estimated
lowest dose range with a significant linear ERR was 0–0.2 Gy weighted dose (p = 0.02) with
no evidence of a threshold level (p > 0.5).

Under the fitted linear ERR model, about 36% (95% CI: 22–46) of the 191 cases among
those exposed as children or adolescents were estimated to be attributable to radiation
exposure, which was considerably higher than that of 4% (1–17) for those exposed as adults
(Table 1). The majority (93%) of the 44 attributable cases in this cohort were from the
younger group. Among those exposed as children or adolescents, the attributable fraction
decreased with attained age, but remained elevated (16%, 95% CI: 6–24) during the latest
follow-up period of 1996–2005.

DISCUSSION
With long-term follow-up of a large cohort of men and women of all ages, tumor registry-
based case ascertainment supplemented with a pathology review, and well-characterized
dose estimates, the LSS cohort is an excellent resource to obtain the full picture of the long-
term trend of radiation-associated health effects. Based on the present findings, we conclude
that the radiation-related increase in thyroid cancer in atomic-bomb survivors is mostly
derived from the increase among those exposed as children or adolescents and that radiation-
related thyroid cancer risk decreases with time but has persisted for at least 5 decades after
exposure, and will likely continue throughout life. Children and adolescents internally
exposed to radioactive iodine from Chernobyl fallout have also shown a high risk of thyroid
cancer, similar in magnitude to the risk expected from atomic-bomb survivors.17, 18

Little or no evidence of increases in the thyroid cancer risks among atomic-bomb survivors
exposed as adults is consistent with results from some previous studies on thyroid cancer
rates following radiation exposures received as adults.2, 6, 19 Pooling thyroid cancer data
from medically exposed populations and the atomic-bomb survivors, Ron et al. reported that
there were limited data related to adult exposure, which provided insufficient evidence of a
radiation effect.5 This should not be interpreted as the lack of a radiation effect, but is likely
due to the lack of statistical power for detecting a small effect. While no significantly
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increased risk of thyroid cancer was seen in the adults exposed to relatively high doses to
I-131 in medical circumstances,7 a considerably high risk of thyroid cancer has been
attributed to adult exposure to I-131 among Chernobyl clean-up workers in Belarus, Russia
and Baltic countries.20 Analyzing the tumor registry-based LSS cancer incidence data,
Richardson reported a significant dose response for thyroid cancer among women, but not
among men, aged 20 years or older at exposure.21 Thyroid cancer cases analyzed by
Richardson included a sizable number (>100) of papillary microcarcinoma cases (diameter
<10 mm) mostly detected at autopsy that were excluded from our analysis. A large
proportion (95%) of these microcarcinoma cases in the LSS were seen in those exposed as
adults with a significant radiation effect, especially among women.11 In our analysis, the
ERR estimates for those exposed as adults were not significant for both women and men.
The inclusion of microcarcinoma cases is likely to explain the difference between
Richardson’s findings and ours.

Because the tumor registries in Hiroshima and Nagasaki were not in operation before 1958,
cancer incidence in the LSS could not be ascertained for the first 13 years after the
bombings. The high ERR for thyroid cancer seen for the youngest age-at-exposure group at
the beginning of the follow-up period does involve primarily those occurring at adolescent
ages and young adulthood, but not those that may have occurred shortly after exposure, i.e.,
in infancy or early childhood. The present data suggest, however, that the risk for thyroid
cancer at pediatric ages may have been even higher; there were two cases diagnosed before
age 20 years, both of which were highly exposed (1.3 and 1.9 Gy weighted dose).

Many people have, or will have their thyroid exposed to radiation from medical,
environmental or accidental sources, a large proportion of whom are likely to be children.
There has recently been a marked increase in collective dose received from medical
exposure in the general population, mostly due to increased utilization of various medical
imaging modalities, particularly CT.22 It is important to understand the lifetime risk of
radiation-related thyroid cancer among those exposed as a child or adolescent, as they have a
long life. Further follow-up of the LSS and other populations exposed to radiation at young
ages will be essential in obtaining the full picture of the long-term thyroid cancer risk, which
is important in both clinical practice and the organization of public health measures.
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Figure 1.
Fitted dose–response functions for thyroid cancer incidence in the LSS cohort. The solid line
is the fitted linear ERR dose response, and the dashed curve is the fitted ERR based on
linear-exponential dose–response model. The points are non-parametric estimates of the
ERR in dose categories with 95% CIs. The line and points are all gender-averaged estimates
at age 60 after exposure at age 10.
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Figure 2.
Fitted temporal patterns and age-at-exposure variation in the radiation-associated risk for
thyroid cancer in the LSS cohort. The upper panel presents the ERR at 1 Gy and the lower
panel the fitted EAR at 100,000 person-years-Gy, with attained age for ages at exposure of 5
(“0–9” for categorical estimates), 15 (“10–19”), 25 (“20–29”) and 41 (“30–”) years. All
curves and points are gender-averaged estimates.
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