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On April 26, 1986, the worst nuclear reactor accident to
date occurred at the Chornobyl (Chernobyl) power plant in
Ukraine. Millions of people in Ukraine, Belarus and Russia
were exposed to radioactive nuclides, especially '*'I. Since
then, research has been conducted on various subgroups of
the exposed population, and it has been demonstrated that the
large increase in thyroid cancer is related to the '*'I exposure.
However, because of study limitations, quantified risk esti-
mates are limited, and there remains a need for additional
information. We conducted an ecological study to investigate
the relationship between I thyroid dose and the diagnosis of
thyroid cancer in three highly contaminated oblasts in North-
ern Ukraine. The study population is comprised of 301,907
persons who were between the ages of 1 and 18 at the time of
the Chornobyl accident and were living in 1,293 rural settle-
ments in the three study oblasts. Twenty-four percent of the
study population had individual thyroid dose estimates and
the other 76 % had ‘“‘individualized” estimates of thyroid dose
based on direct thyroid measurements taken from a person
of the same age and gender living in the same or nearby set-
tlement. Cases include 232 thyroid cancers diagnosed from
January 1990 through December 2001, and all were con-
firmed histologically. Dose-response analyses took into ac-
count differences in the rate of ultrasound examinations con-
ducted in the three study oblasts. The estimated excess relative
risk per gray was 8.0 (95% CI = 4.6-15) and the excess ab-
solute risk per 10,000 person-year gray was estimated to be
1.5 95% CI = 1.2-1.9). In broad terms, these estimates are
compatible with results of other studies from the contaminat-
ed areas, as well as studies of external radiation exposure.
© 2006 by Radiation Research Society

INTRODUCTION

Due to the accident at the Chornobyl nuclear plant, very
large quantities of radioactive materials were unintention-
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ally released into the atmosphere from April 26 to May 10,
1986. Fallout from the accident affected almost the entire
territory of Ukraine, and most of the population was ex-
posed to radionuclides from inhalation and ingestion of lo-
cal foodstuffs, resulting in substantial radioactive iodine ex-
posure to the thyroid gland, especially in children. Fallout
levels were extremely non-uniform, and the highest con-
tamination occurred in northern Ukraine. Retrospective re-
construction of thyroid doses in Ukraine began in 1989 (/-
4). Since then, methods have been developed for estimating
doses for individuals with direct measurements of radio-
active iodine in their thyroid glands as well as for those
without such measurements (5).?

The first publication reporting unusually high thyroid
cancer incidence rates among children and adolescents in
northern Ukraine appeared 5 years after the Chornobyl ac-
cident (6). At about the same time, similar information was
reported for Belarus (7) and some time later for the con-
taminated areas of Russia (8). A large number of other re-
ports quickly followed (9-18). While there clearly is an
association between thyroid cancer incidence and radiation
exposure to the thyroid for persons born between 1968 and
1986, the relationship has not been quantified adequately
(19). A dose-response relationship between radioiodines
and thyroid cancer was demonstrated in three case-control
studies conducted in Belarus and in Russia (15, 20, 21).
Risk estimates have been reported from several ecological
studies conducted in Ukraine, Belarus and Russia (13, 22,
23-27), but interpretation of the results from ecological
studies is complicated by the potential influence of screen-
ing and the introduction of modern ultrasonography to de-
tect thyroid nodules. By the year 2000, the number of ul-
trasound examinations in some areas in Ukraine was high
enough to detect most nodules, whereas in other regions,
ultrasonography was not introduced with the same intensity
or at the same time. In the current study, we tried to address
this issue by adjusting for screening intensity over time.

2 In ref. (5), these doses (which are based on the results of a thyroid
activity measurement and on the reference values of dietary consumption
and behavior) are called instrumentally individualized thyroid doses.
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FIG. 1. Radioactive '*'I contamination of the northern part of Ukraine and distribution of the study population by settlements with (Group 1) and

without (Group 2) direct thyroid measurements.

This study is also unique in that we have estimated indi-
vidual doses for study subjects who had direct thyroid mea-
surements taken shortly after the accident. We developed
group-averaged “‘individualized” doses for study subjects
who did not have direct measurements, based on direct
measurements of people of the same age and sex who were
living in the same or nearby settlements.

MATERIALS AND METHODS

Study Population

The study is comprised of the population of 1,293 rural settlements in
Kyiv, Zhytomyr and Chernihiv regions (oblasts?), three heavily contam-
inated oblasts in northern Ukraine (Fig. 1). In May and June of 1986,
direct measurements of '*'T activity in the thyroid were performed on part
of the population living in the northern districts (raions) of Kyiv and
Zhytomyr and western raions of Chernihiv oblasts. At the time of the
accident, 320,040 persons between the ages of 0 and 18 were living in
the study settlements. The gender and age distributions for each settle-
ment were available. Because the doses for children less than 1 year old
at the time of the accident are very uncertain due to potential in utero
exposure, the 18,133 infants in this age group were excluded. With this

3Raion is an administrative unit within an oblast. Usually, there are
10 to 20 raions in an oblast. The raion is comparable to a county in the
U.S., while the oblast is comparable to a state.

exclusion, 301,907 individuals (152,474 males and 149,433 females) with
thyroid dose estimates of different levels of reliability comprise the study
population. Table 1 presents the distribution of the study subjects by
gender and dose group.

Thyroid Doses

As described in a companion paper (5), a three-level system of '*'I
thyroid dose reconstruction was developed for the entire population of
Ukrainian children. For subjects with direct measurements of '*'I activity
in the thyroid, individual absorbed thyroid doses were reconstructed on
the basis of the results of these measurements, as well as an ecological
model that describes the transport of '*'I through the environment and in
people. The model takes into account inhalation of contaminated air, the
process of '*'I deposition on ground and vegetation, the transfer of '3'I
into milk and leafy vegetables, the reference daily consumption of these
contaminated foodstuffs, and the uptake and retention of '*'I in the thy-
roid. The ecological model was used to estimate the time-integrated '3'I
activities in the thyroids of the subjects with a direct thyroid measure-
ment. These activities were then adjusted to the results of the direct thy-
roid measurements. The individual thyroid doses are directly proportional
to the time-integrated '*'I activities in the thyroids. All together, 24% of
the study population (73,216 persons) had direct thyroid measurements.

For the 228,691 persons without direct measurements, the set of re-
constructed individual doses was used to estimate age- and gender-spe-
cific group-average ‘‘individualized” thyroid doses with two levels of
reliability. About 62% (140,951) of these people resided in 745 rural
settlements (called group 1 settlements) where reliable high-quality direct
thyroid measurements were made in May and June 1986 for at least part
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TABLE 1

Thyroid Cancer in Ukraine (1990-2001) after the Chornobyl Accident: Distribution of

Study Population by Gender and Thyroid Dose Interval“

. Males Females Total
Thyroid dose
interval, mGy No. Percentage No. Percentage No. Percentage
<20 10,130 6.6 13,725 9.2 23,855 7.9
20-50 33,514 22.0 34,823 233 68,337 22.6
50-100 33,187 21.8 32,249 21.6 65,436 21.7
100-200 31,367 20.6 28,982 19.4 60,349 20.0
200-300 16,423 10.8 15,208 10.2 31,631 10.5
300-500 12,931 8.5 11,226 7.5 24,157 8.0
500-800 7,078 4.6 6,261 43 13,339 44
800-1,200 3,900 2.6 3,255 22 7,155 24
1,200-2,000 2,166 1.4 2,222 1.5 4,388 1.5
2,000-4,000 1,161 0.8 979 0.7 2,140 0.7
4,000+ 617 0.4 503 0.3 1,120 0.4
Total 152,474 100.0 149,433 100.0 301,907 100

@ Includes people who were ages 1-18 years old at the time of the accident.

of the inhabitants who were between the ages of 1 and 18 at that time.
The group-average doses for these subjects were reconstructed based on
the results of direct measurements and thyroid dose estimates taken for
subjects of the same age and gender living in the same settlement. In
45% of these settlements, more than half of the residents had direct thy-
roid measurements, whereas in 18% of the settlements, fewer than 10%
of the residents had direct measurements. Overall, about 35% of the pop-
ulation from these settlements had direct thyroid measurements made
within the first few weeks after the accident. The remaining 87,740 (38%)
people resided in 548 rural settlements (called group 2 settlements) where
direct thyroid measurements were not made but are located in raions
where direct thyroid measurements were made in nearby settlements. The
group-average doses for these persons were reconstructed as described
for people living in group 1 settlements, but instead of being based on
direct thyroid measurements from the same settlements, direct measure-
ments from the closest settlements in the same raion with an adequate
number of direct measurements were used. Figure 1 shows the location
of group 1 and group 2 settlements.

Hence the study population consists of subjects with instrumentally
individualized thyroid doses and subjects with group-average ‘‘individ-
ualized” doses based on direct measurements from group 1 settlements
or group 2 settlements. The distribution of the study population with
individual direct measurements and those with group-average doses and
corresponding cancer cases is presented for Zhytomir, Kyiv and Chernihiv
oblasts in Table 2.

As seen in Table 1, the study subjects have a wide distribution of doses.
The average thyroid dose for the study population was 353 mGy. Slightly
over 70% of subjects had thyroid doses below 200 mGy and about 1%
had doses above 2000 mGy. Doses were similar for males and females.

Cancer Ascertainment

Between April 26, 1986 and December 31, 2001, 232 thyroid cancers
were diagnosed among all people who were born between 1968 and 1986
and who lived in the study regions at the time of the accident. Cases
were identified from the databases of the two medical institutions that
had collected information on thyroid cancers: the Institute of Endocri-
nology and Metabolism and the National Cancer Registry of Ukraine.
The medical records of cases fitting the diagnostic, age and residence
criteria were abstracted. The National Cancer Registry, which began ac-
tive follow-up in 1995, obtains information on all malignancies from
oblast oncology centers, state medical research institutes, and public hos-
pitals. The diagnoses for the thyroid cancer cases included in the study
were validated through medical records (28, 29). For each case, data were
available on the settlement of residence at the time of the accident, gen-

der, age in 1986, date of thyroid surgery, and age at diagnosis. The dis-
tribution of the cancer cases by raion is given in Table 2.

Thyroid Screening

To take into account both the geographic and temporal differences in
the intensity of thyroid screening, the use of ultrasound as a diagnostic
tool, and a general heightened awareness of the relationship between ra-
diation exposure from Chornobyl and development of thyroid neoplasia,
we developed a variable called ‘“‘screening rate.” This variable was de-
fined as the number of ultrasound examinations performed per 100,000
population (including both children and adults) in the three study oblasts
in 1990, 1995 and 2002 (data from the Ukraine Ministry of Health). As
seen in Fig. 2, the number of ultrasound examinations increased dramat-
ically in all oblasts between 1990 and 2002, over 20-fold in Chernihiv
and Zhytomyr Oblasts.

Statistical Analysis

Person-years at risk were computed using the population data. It was
not possible to take into account in- or out-migration or loss due to death
because these data were unavailable. Loss to follow-up would be ex-
pected to be relatively small in view of the young age of the cohort.
Person-years and the four thyroid cancers diagnosed in the period of
1986-1989 were excluded from the analyses due to the less intense case
detection in the first few years after the accident and because these years
presumably represent the latent period for radiation-induced thyroid can-
cers. Thus each person contributed a total of 12 years at risk between
January 1, 1990 and December 31, 2001.

Case counts and person-years at risk were cross-classified by oblast
(Kyiv, Chernihiv and Zhytomyr), gender (male and female), age in 1986
(1-, 5—, 10— and 15-18 years), age at risk (1-, 5—, ... and 30-34), and
dose (0—, 50—, 100-, 150—, 200—, 250-, 300—, 400—, 500-, 600—, 800—,
1000—, 1500—, 2000— and 4000— mGy). The dose categories were se-
lected to give an approximately equal distribution of thyroid cancer cases
in each category. The cross-classification also included screening rate
(<0.7, 0.7-1.2, 1.3-1.8 and =1.8 per 100 population) or calendar year
(1990—, 1993—, 1996— and 1999-2001).

Poisson regression methods were used to model the background rate
of thyroid cancer in terms of gender, age at risk (attained age), oblast and
screening rate, with an interaction term for gender and attained age and
an indicator variable for individual thyroid measurements. The variables
were simultaneously adjusted for each other and also for the effect of
dose using a linear excess relative risk model. Adjusting for gender and
age was necessary because both factors substantially influence rates of
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TABLE 2
Thyroid Cancer in Ukraine (1990-2001) after the Chornobyl Accident: Study
Settlements, Population and Number of Cancer Cases for Persons with and without
Direct Thyroid Measurements

Study population Study population
. with measurements®  without measurements®
Raion No. of
Oblast code’ Raion name settlements No. Cancers No. Cancers
Zhytomyr 71 Korosten’ 113 6,926 3 24,665 11
72 Luhyny 49 12 0 7,040 3
73 Narodychi 76 5,189 14 1,465 11
74 Ovruch 154 11,850 7 9,756 10
75 Olevs’k 60 611 0 17,249 8
76 Radomishel’ 82 16 0 12,385 2
Novograd-Volins’k 1 241 0 14,215 3
Kyiv K1 Borodianka 45 4,795 1 10,052 4
K2 Vyshhorod 58 5913 5 11,366 12
K3 Ivankiv 67 3,441 1 3,226 6
K4 Kievo-Sviatoshyn 56 2,200 1 66,510 28
K5 Makariv 63 4,123 0 5,658 8
K6 Polis’ke 61 3,380 5 4,339 8
K7 Chernoby!’ 62 4,173 3 5,824 7
Pripjat-town<¢ 2 3,775 6 9,987 29
Chernihiv Chl Kozelet’s 107 4,801 2 10,282 3
Ch2 Ripky 112 3,878 2 5,445 4
Ch3 Chernihiv 125 7,892 8 9,227 17
Total 1,293 73,216 58 228,691 174

@ Includes people who were 1 to 18 years old at the time of the accident.

®The codes are used in Fig. 1 to indicate the location of the raions within the Zhytomyr, Kyiv and Chernihiv
oblasts.

¢ Includes Jarniv railway station.

4 Population evacuated to other raions.
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FIG. 2. Number of ultrasound examinations per 100, 000 population by time and oblast.
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FIG. 3. Number of thyroid cancer cases diagnosed in Ukraine by time period and oblast.

thyroid cancer (/9). Oblast and screening rate were included in the model
to allow for the possible effects of time and geographic variation in early
detection thyroid screening and the introduction and use of technical ad-
vances in diagnosis of thyroid diseases. In an alternative model, calendar
time replaced screening rate. These two variables could not be included
together in the same model because they were too highly correlated.
Using the described model assumes that the intensity of the screening
rate was constant for a given oblast in a given year, which we think is a
reasonable assumption.

Poisson regression also was used to fit both excess relative risk models
(ERR) and excess absolute risk (EAR) models to the observed and per-
son-year data. These models may be expressed, respectively, as

R, X (1 + BD X e®v2), (1)
R, + BD X ™%, )

where the background term (R,) represents the effect of such non-radia-
tion variables as gender and age, 3 is the ERR per gray (Eq. 1) or the
EAR per 10,000 person-year (PY) Gy (Eq. 2), which may be modified
by factors represented by variables Z.

Point and interval estimates and tests of significance were based on
standard likelihood techniques. The AMFIT program of the computer
package EPICURE (30) was used to fit the data. Confidence intervals are
likelihood-based unless indicated otherwise.

RESULTS
Background Rates

In the 12-year period from January 1990 through Decem-
ber 2001, 232 thyroid cancers fitting the study criteria were
diagnosed, of which 156 were in females and 76 in males.
The number of thyroid cancers increased sharply during
this period in all three oblasts (Fig. 3). Table 3 shows the
number and crude rates of thyroid cancers by gender, oblast
and calendar time. The overall crude incidence rate was 6.2
per 100,000 PY. The largest population and highest inci-

dence rate are in Kyiv Oblast. As expected, the crude back-
ground rates of thyroid cancer for females were higher than
the rates for males (8.4 and 4.0 per 100,000 PY, respec-
tively; female/male ratio = 2.1). Among women, rates
jumped from 3.7 per 100,000 PY in 1990-1992 to 14.1 in
1999-2001, and among men, the rates rose from 1.5 to 7.4
during the same period.

The relationship between gender and age was compli-
cated. Taking gender, attained age, oblast, screening rate
and dose into account, with an interaction term for gender
and age, the relative risks for background variables are
shown in Table 4. With males aged 5-9 years at risk as the
referent group, female thyroid cancer incidence was lowest
between age 15-19 years and then increased rapidly with
age. For males, the risk decreased from early childhood
through age 20-24 and then remained stable. A statistically
significant modifying effect was seen for oblast of residence
in 1986, with Zhytomyr Oblast having the lowest incidence
rate. The rate in Zhytomyr was less than half the rate in
Kyiv Oblast (P < 0.0001). Females were more than twice
as likely to develop thyroid cancer as males in all but the
15-19 age-at-risk category.

The thyroid cancer incidence rate increased substantially
with increasing screening rate, an observation that is highly
statistically significant (P << 0.0001). The RR for the high-
est screening rate category (=1.8 per 100) was more than
three times greater than for the lowest category (<0.7 per
100). There also was a steadily increasing incidence of thy-
roid cancer when calendar year period was substituted in
the model for screening rate (P << 0.0001). In the final 3-
year period (1999-2001), the relative risk was 4.5 times
higher than in the period from 1990 to 1992. Analyzing the
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TABLE 3
Thyroid Cancer in Ukraine (1990-2001) after the Chornobyl Accident: Thyroid Cancer Cases and Crude
Incidence Rates® by Oblast and Calendar Year

Calendar year Total
1990-1992 1993-1995 1996-1998 1999-2001
Oblast Male Female Male Female Male Female Male Female Male Female All
Kyiv No. 5 13 9 16 30 12 31 34 90 124
PY* 222,148 222,138 224,148 222,138 224,148 222,138 224,148 222,138 896,592 888,552 1,785,144
Rate 2.2 59 4.0 7.2 13.5 54 14.0 3.8 10.1 6.9
Chernihiv  No. 1 0 2 7 2 10 12 15 21 36
PY 76,534 75,724 76,534 75,724 76,534 75,724 76,534 75,724 306,136 302,896 609,032
Rate 1.3 0.0 2.6 9.2 2.6 13.1 15.8 4.9 6.9 5.9
Zhytomyr No. 1 4 5 11 8 13 22 27 45 72
PY 170,655 164,205 170,655 164,205 170,655 164,205 170,655 164,205 682,620 656,820 1,339,440
Rate 0.6 2.4 2.9 6.7 4.9 7.6 13.4 4.0 6.9 54
Total No. 7 17 16 34 40 35 65 76 156 232
PY* 471,337 462,067 471,337 462,067 471,337 462,067 471,337 462,067 1,885,348 1,848,268 3,733,616
Rate 1.5 3.7 34 7.4 8.7 7.4 14.1 4.0 8.4 6.2

@ Crude rate per 100,000 person years.
®PY = person years.

data using alternative ways of adjusting for the effects of
screening on thyroid cancer incidence, e.g., adjusting for
the possible combination of oblast, calendar year and set-
tlement size, essentially made no difference in the results.

Radiation Risks

Estimates of adjusted relative risks by dose categories
are shown in Table 5. Monotonically increasing relative
risks with dose were seen (Fig. 4), and these relative risks
were statistically significant starting with the dose category
of 0.2-0.5 Gy. The relative risk associated with a dose of
1 Gy or more was estimated to be close to 12. The P values
for trend and homogeneity were <0.0001.

Table 6 shows the results of fitting four linear ERR mod-
els to the data and examines the effects of various effect
modifiers. The linear model (Model 1), in which only the
main effect of dose was examined, estimates an ERR per
gray of 8.0 (CI = 4.6-15).

Males were estimated to have an ERR per gray about
five times higher than females (Model 2). However, the
difference was only of borderline statistical significance (P
= 0.069), and changes in the adjustment variables resulted
in a fair amount of variation in the results. With 76 male
thyroid cancer cases, data were limited for the evaluation
of dose-response differences by gender.

Model 3 shows statistically significant variation in the
ERR per gray by age at the time of the accident in 1986
(P = 0.02), with the ERR per gray decreasing with increas-
ing age at exposure and estimates that persons exposed to
radiation from Chornobyl before age 5 years would have
approximately 4.4 times the effect from dose as those ex-
posed at 15 to 18 years of age. There was evidence of an
increasing dose effect with calendar year period (P <
0.001), especially in the more recent period (Model 4).

Table 7 shows the results when the EAR model is used.

The estimate for the EAR per 10,000 PY Gy was 1.5 (95%
CI = 1.2-1.9). There was some suggestion of a gender
interaction effect (P = 0.15), with females having a higher
risk than males. The interaction effects with age at exposure
and time since exposure are similar in pattern to those seen
for the corresponding relative risk model with the effect of
dose decreasing with age at exposure and increasing with
time since exposure. Thus, with the exception of gender,
the patterns observed from the excess relative risk analysis
(Table 6) and the excess absolute risk analysis (Table 7) are
qualitatively similar and complement each other.

Finally, we estimated the ERR per gray and EAR per
10,000 PY Gy for the group of individuals with direct thy-
roid measurements and for those without measurements.
The ERR and EAR estimates differed significantly in the
two groups, with the risks being lower in the group with
direct measurements. The ERR and EAR estimates were
3.89 (95% CI = 0.94-6.84) and 0.82 (95% CI = 0.45-
1.19), respectively, for those with direct measurements and
13.03 (95% CI = 5.32-20.7) and 2.06 (95% CI = 1.57-
2.55), respectively, for those without direct measurements.

DISCUSSION

The massive explosion at the Chornobyl nuclear power
plant resulted in the worst industrial radiation accident ever
to occur. Large quantities of radioiodines, mainly '*'I, were
spewed into the atmosphere in northern Ukraine and were
carried by the winds to Belarus and the Bryansk, Orel and
Tula regions of Russia. Since the thyroid gland concentrates
iodines, it is the organ of greatest concern when considering
the public health consequences from the radiation exposure.

Studies of external radiation such as those of the atomic
bomb survivors and patients treated with radiotherapy for
a variety of head and neck conditions have clearly shown
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TABLE 4
Thyroid Cancer in Ukraine (1990-2001) after the
Chornobyl Accident: Relative Risks and 95%
Confidence Intervals for Background Variables

Lower  Upper
95% 95%
Variable  Estimate* bound  bound X’ df P value®
Oblast
Kyiv 1 27.43 2 <0.0001
Chernihiv 0.58 0.38 0.90
Zhytomyr 0.45 0.33 0.61
Age at risk, years
males 22.05 11 0.005
5-9 1
10-14 0.84 0.68 4.37
15-19 0.68 0.35 2.05
20-24 0.52 0.28 1.68
25-29 0.54 0.19 1.38
30+ 0.62 0.18 1.55
females
5-9 1.72 0.15 2.60
10-14 1.86 0.82 4.23
15-19 0.80 0.35 1.83
20-24 1.50 0.60 3.75
25-29 2.18 0.80 5.98
30+ 2.22 0.55 8.96
Screening rate per 100
<0.7 1 25.50 3 <0.0001
0.7-1.2 2.11 1.40 3.18
1.3-1.7 2.53 1.60 3.98
=1.8 3.30 1.99 5.46
Calendar time 14.37 3 0.002
1990-1992 1
1993-1995 2.05 1.17 3.58
1996-1998 2.06 0.93 4.56
1999-2001 4.54 1.70 12.10

@ Adjusted for gender, oblast, age, screening intensity and interaction
effects of age and sex.
b Tests addition of corresponding variables.

that relatively low doses to children can significantly in-
crease the risk of thyroid tumors (79, 37/-33). On the other
hand, the role of internal doses of radioiodines and espe-
cially ' is not as clear, and a recent study of children
living near the U.S. Hanford nuclear facility at the time it
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was releasing "'l into the atmosphere found no elevated
risk of thyroid cancer or any other thyroid disorders (34).
The Chornobyl accident offers an unprecedented opportu-
nity to evaluate the thyroid cancer risks associated with
exposure to internally deposited radioactive iodines. In the
18 years since the accident, a huge jump in the number of
pediatric thyroid cancers occurred due to fallout of radio-
active iodines from the Chornobyl plant.

Risk estimates for radiation-related thyroid cancer have
been published from ecological studies (22, 24, 25, 27, 35,
36), but they have limited use for radiation protection due
to inherent methodological problems with ecological stud-
ies (37-39). In a series of well-designed investigations, Ja-
cob et al. (24, 25, 27, 36) established that a linear dose—
response relationship adequately described the data for Be-
larus and the contaminated regions of Ukraine and Russia
and that the EAR was of the order of about 2 per 10, 000
PY Gy and the ERR close to 20 per gray. In the most recent
study (27), Jacob and colleagues reported an EAR of 2.66
(95% CI = 2.19-3.13) and an ERR of 18.9 (95% CI =
11.1-27) for 426 settlements in Belarus and 608 settlements
in Ukraine.

In the current study, we estimated the ERR per Gy to be
8.0 (95% CI = 4.6-15) and the EAR per 10,000 PY gray
to be 1.5 with a 95% CI of 1.2-1.9. Since Jacob et al. (27)
noted that the excess relative and excess absolute risks in
Belarus were approximately 1.6 and 1.4 times higher, re-
spectively, than in Ukraine, our results for the three con-
taminated oblasts in Ukraine are very similar to, albeit
slightly lower than, those estimated by Jacob et al. (27).

Two relatively small, population-based case-control stud-
ies (15, 21) have confirmed the association between *'I and
childhood thyroid cancer, but these studies did not quantify
risk estimates that could be used for radiation protection
purposes. A recent larger study (20) included 276 cases and
1300 matched controls from the contaminated areas of Be-
larus and Russia. Based on a linear dose-response model,
an odds ratio of 5.5 (95% CI = 3.1-9.5) was observed after
childhood exposure to radioiodines. In iodine-deficient ar-
eas, the risk was three times larger than in iodine-sufficient
areas, and potassium iodide intake was shown to reduce
risk to about one-third. While this study has added signif-

TABLE 5
Thyroid Cancer in Ukraine (1990-2001) after the Chornobyl Accident: Relative Risks
and 95% Confidence Bounds by Dose Categories

Dose category, mGy

Mean dose, mGy 0-0.03 0.05-0.12 0.20-0.32 0.50-0.70 1.00-2.79
Cases 37 52 50 43 50
Person-years 1,097,180 1,519,090 668,976 205,152 132,480
Relative risk” 1 1.2 2.63 7.25 11.59
Lower 95% bound 0.78 1.67 4.47 7.13
Upper 95% bound 1.87 4.14 11.76 18.84

Xx? (trend)
Xx? (homogeneity)

138.6, df = 1, P <0.0001
146.1, df = 4, P <0.0001

@ Adjusted for gender, oblast, age, screening intensity and interaction effects of age and sex.
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FIG. 4. Plot of the odds ratio estimates and the corresponding 95% confidence limits from the categorical analysis
and a fitted dose—response line.

icantly to what is known about '*'I, more information is  of 'l in inducing thyroid cancer relative to doses from
needed about the role of iodine deficiency, the effects of  external radiation is still not quantified adequately.

age at exposure and gender, and whether the risk from '3'] The variation in background rates of thyroid cancer by
is equal to, lower than or higher than that from external  oblast is curious. Since the oblast analysis is adjusted for
radiation. In other words, the effectiveness of internal doses radiation dose, the oblast effect should not be due to vary-

TABLE 6
Thyroid Cancer in Ukraine (1990-2001) after the Chernobyl Accident: Excess Relative
Risk (ERR) Models for Dose Main and Interaction Effects

ERR per Lower 95% Upper 95%

Model” Variable Gy* bound bound X2 df P value©
1 Dose 8.00 4.57 14.7
Gender
Male 17.93 1.6 117.3 3.31 1 0.069
Female 5.73 2.05 9.41
3 Age in 1986, years
1-4 15.52 3.55 27.48 5.78¢ 1 0.016
5-9 11.15 3.15 19.16
10-14 5.39 0.89 9.91
15-18 3.52 1.01 8.04
4 Calendar year period
1990-1992 1.77 0.66 4.18 10.5¢ 1 0.001
1993-1995 5.15 1.34 8.95
1996-1998 7.15 22 12.1
1999-2001 17.01 5.37 28.64

@ Adjusted for gender, oblast, age, screening intensity and interaction effects of age and sex.
b Excess relative risk per gray.

< Tests difference of model relative to model 1, i.e., tests interaction effects.

4 Deviance of the baseline model = 2052.69, df = 67,337.

¢ Test based on continuous variable with 1 df.
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TABLE 7

Thyroid Cancer in Ukraine (1990-2001) after the Chornobyl Accident: Excess Absolute

Risk (EAR) Models for Dose Main and Interaction Effects

EAR
per 10* Lower Upper
Model“ Variable per Gy* bound bound x? daf P value¢
1 Dose? 1.53 1.19 1.88
Gender
Male 1.37 0.97 1.77 2.10 1 0.148
Female 1.93 1.33 2.53
3 Age in 1986, years
0-4 1.96 1.44 2.49 9.02¢ 1 0.003
5-9 1.46 0.88 2.05
10-14 0.82 0.21 1.42
15-18 0.68 0.15 1.52
4 Calendar year period
1990-1992 ! 34.03¢ 1 <0.001
1993-1995
1996-1998
1999-2001

« Adjusted for gender, oblast, age, screening intensity and interaction effects of age and sex.

® Excess absolute risk per 10,000 person years per gray.

< Tests difference of model relative to model 1, i.e., tests interaction effects.
4 Deviance of the baseline model = 2069.90, df = 67,337.

¢ Test based on continuous variable with 1 df.
/MLE may be infinite or may not exist.

ing levels of radiation contamination. While most of the
areas in the study are iodine deficient, it is not known
whether the degree of deficiency is similar everywhere, but
all three oblasts are in the zone of moderate iodine defi-
ciency based on iodine concentration in ground water (3—
5 g per liter). Differences in iodine nutrition can affect
dose, thyroid cancer incidence, and radiation-related risk
(20, 21, 40), but because our whole study population lived
in moderately deficient areas, we were not able to compare
thyroid cancer risks associated with varying levels of iodine
deficiency.

The EAR per 10,000 PY Gy was 4.4 (95% CI = 1.9-
10) and the ERR per gray was 7.7 (95% CI = 2.1-29) in
a pooled analysis of childhood external radiation exposure
and the risk of developing thyroid cancer (32). In the cur-
rent study, the EAR was about one-third of that found in
the pooled analysis, but the ERR was just about the same.
The reasons for the lower EAR are not evident, but it could
be related to special characteristics of the Chernobyl study
population, e.g. moderate iodine deficiency, short latent pe-
riod, and young age at diagnosis. However, since differ-
ences in background rates generally have a larger impact
on the ERR than the EAR, it is difficult to understand why
the ERRs should be so similar while the EARs differ. The
substantially older age at risk in the pooled analysis of ex-
ternal radiation would result in considerably higher thyroid
cancer background rates, and thus a lower ERR and higher
EAR might be expected. As mentioned above, Ukraine is
a moderately iodine-deficient area, whereas none of the
study populations in the pooled analysis came from regions
with iodine deficiency. Indeed, the Japanese atomic bomb

survivors have a very high iodine intake from seaweed and
fish consumption, and the other studies were conducted in
the U.S. and Israel, which are largely iodine sufficient.
Some studies suggest that iodine deficiency is associated
with follicular thyroid carcinoma, whereas iodine-rich diets
are more often associated with papillary carcinoma (47). In
fact, Japan, Israel and the U.S. do have a high incidence of
papillary carcinoma. Thus the higher background rate of
papillary thyroid cancer in the pooled analysis populations
might also contribute to the higher EAR and lower ERR in
the Chornobyl studies. Finally, although a formal test was
not done, the EAR estimate in the current study falls within
the confidence interval of the pooled study, so the differ-
ence in the estimates may not have any real importance.
Another possible reason for variation in risk estimates
among studies is that there are methodological limitations
to ecological studies. Of primary concern is the fact that
dose estimates pertain to groups of people, not to individual
study subjects, that individual doses cannot be linked to
individual cancers, and that there is little or no information
on potential confounders. In the present investigation, we
were able to minimize some, but certainly not all, of the
problems of ecological studies. We estimated individual
doses based on direct thyroid measurements for about 25%
of the study population. For the rest of the study population,
measurements for people of the same sex and age and liv-
ing in the same or nearby villages were used to estimate
group-average doses. This approach is an improvement
over many ecological studies in which only mean regional
doses are available, but uncertainty in the dose estimates
remain, and the level of uncertainty differs for the different
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quality of dose estimates. The main sources of dose uncer-
tainties are related to the ecological dose model, which de-
scribes the time variation of '*'I in milk and leafy vegeta-
bles, the results of the individual direct thyroid measure-
ments, and the function of relative age-gender time-inte-
grated thyroid activity. Doses for subjects who live in
“measured settlements” are subject to Berkson error, with
the degree of uncertainty a function of the number of mea-
surements carried out. Doses for subjects who live in “un-
measured settlements’ that use mean doses from nearby
measured settlements would also be subject to Berkson er-
ror, but the level of uncertainty would be larger. We did
find a significant difference in risk estimates for the group
of people with direct measurements compared with those
with “individualized” dose estimates. This finding requires
further exploration to try to understand where these differ-
ences come from.

We also tried to compensate for lack of information on
early detection thyroid screening by using Ukrainian Min-
istry of Health data on the number of ultrasound exami-
nations performed by oblast and calendar time. The avail-
able data, however, are not ideal, because the information
on ultrasound examinations is specific for an oblast, while
the thyroid cases and estimated doses are for raions. This
difference can introduce correlated errors. Nonetheless, we
think the uncertainties in thyroid cancer surveillance rates
are relatively small due to the general standardization of
medical delivery and procedural protocols, as well as the
limits of residential mobility. If we over-adjusted for
screening by using this proxy measure, we may have arti-
ficially decreased the EAR estimate.

Spontaneous thyroid cancer is two to three times more
common among women than men, although the sex ratio
changes with age. At young ages, there typically is very
little difference in thyroid cancer incidence by gender, but
from young adulthood until about menopause, women have
substantially higher rates than men. In our study in northern
Ukraine, the background rates of thyroid cancer were high-
er for young girls than boys, but the rates for girls began
to rise rapidly during the late teenage years, so that by age
30 the incidence rate for females was about five times that
for males. An elevated thyroid cancer incidence after ra-
diation exposure has been demonstrated for both sexes, but
in several investigations of external (32) and "*'I radiation
(21, 26), the risk was higher in females than males. Cardis
et al. (20) found no gender difference in radiation effects.
In this study, we observed a lower excess relative risk for
females than males, and the difference was of borderline
statistical significance (P = 0.069). Our finding is in line
with similar results in Belarus and Ukraine (27, 35). In the
Michael Reese cohort of people irradiated with X rays for
enlarged tonsils and other benign head and neck conditions
when they were children, the excess relative risk also was
larger for males than females, but the difference was not
statistically significant (42).

After external irradiation, age at exposure is an important

modifying factor for the development of thyroid cancer,
with risk increasing as age at exposure decreases (/9, 30,
31). After radioiodine exposure from the Chornobyl acci-
dent, a similar trend has been observed in most (/1, 13, 26,
27, 36, 43—46) but not all (47) studies. We found a steady
reduction in risk with increasing age at exposure using ei-
ther ERR or EAR model; however, the trend was not sta-
tistically significant using the EAR model.

An excess risk of thyroid cancer is still observed in the
regions near Chornobyl among persons exposed as chil-
dren. The long-term time trends are not yet known, i.e.,
whether this elevated risk will continue throughout life and
if it does whether the risk will remain at the same level
seen until now or whether it will stabilize or decrease.

Chornobyl differs from other situations in which popu-
lations were unintentionally exposed to radiation because
the size and location of the contaminated areas resulted in
enormous exposed populations, some of which received ap-
preciable thyroid doses. The combination of the large pop-
ulation and relatively high doses meant that risks could be
detected among children who have very low naturally oc-
curring thyroid cancer incidence. While we generally can
make comparisons of radiation-related effects with those
observed among the atomic bomb survivors, in this case
there is virtually no information on childhood cancers
among the survivors because routine cancer incidence fol-
low-up only began 13 years after the bombings (48). Thus
many of the findings linked to exposure from Chornobyl
actually may be due to the early latent period or to very
young age at diagnosis for the majority of the cancers, es-
pecially since pediatric thyroid cancers differ in many re-
spects from thyroid cancers diagnosed later in life.

From the data currently available, it is difficult to com-
pare the carcinogenic effectiveness of '*'I to that of external
X or vy radiation since the results differ depending on
whether an ERR or EAR model is used and the potential
confounding effects of iodine deficiency are not yet ade-
quately quantified. A very short latent period has been dem-
onstrated after the accident in Chornobyl, but this finding
may be the result of the enhanced statistical power to ob-
serve such findings because of the extremely large number
of exposed individuals, the relatively high doses, and the
early detection screening rather than to a true biological
difference. In the pooled analysis of external radiation, ex-
cess risks continued throughout the 40-year follow-up pe-
riod, although the excess risk began to decline after 30
years. Thus further follow-up of the Chornobyl-exposed
populations is needed to learn whether risks will persist
throughout life. With a longer follow-up and larger number
of cases, a better understanding of the tumorigenic effects
of ' relative to external radiation should be gained.

ACKNOWLEDGMENTS

This work was supported by the Ukrainian Radiation Protection Insti-
tute of the Academy of Technological Science and by the Scientific Cen-



POST-CHORNOBYL THYROID CANCERS IN UKRAINE

ter for Radiation Medicine of the Academy of Medical Science of
Ukraine (Contract No. 385, reg. no, 0104U003638), and by the intramural
program of the U.S. National Cancer Institute, NIH, DHHS.

Received: June 20, 2005; accepted: April 3, 2006

10.

11.

12.

13.

REFERENCES

. I. A. Likhtariov, N. K. Shandala, G. M. Gulko, I. A. Kairo and N. I.

Chepurnoy, Exposure doses to thyroid of the Ukrainian population
after the Chernobyl accident. Health Phys. 64, 594-599 (1993).

. 1. A. Likhtarev, G. M. Gulko, B. G. Sobolev, I. A. Kairo, N. 1.

Chepurnoy, G. Prohl and K. Henrichs, Thyroid dose assessment for
the Chernigov region (Ukraine): Estimation based on "' thyroid
measurements and extrapolation of the results to districts without
monitoring. Radiat. Environ. Biophys. 33, 149-166 (1994).

. 1. Likhtarev, B. Sobolev, 1. Kairo, L. Tabachny, P. Jacob, G. Prohl

and G. Goulko, Results of large scale thyroid dose reconstruction in
Ukraine. In The Radiological Consequences of the Chernobyl Acci-
dent, Proceedings of the First International Conference, Minsk, Be-
larus, 18 to 22 March 1996 (A. Karaoglou, G. Desmet, G. N. Kelly
and H. G. Menzel, Eds.), pp. 1021-1034. EUR16544 EN, European
Commission, Luxembourg, 1996.

. 1. Likhtarev, I. Kairo, V. Shpak and N. Talerko, Thyroid retrospective

dosimetry problems in Ukraine: Achievements and delusions. In Ra-
diation and Thyroid Cancer (G. Thomas, A. Karaoglou and E. D.
Williams, Eds.), pp. 71-78. World Scientific Publishing, Singapore,
1999.

. 1. Likhtarov, L. Kovgan, S. Vavilov, M. Chepurny, A. Bouville, N.

Luckyanov, P. Jacob, P. Voillequé and G. Voigt, Post-Chornobyl thy-
roid cancers in Ukraine. Report 1: Estimation of thyroid doses. Ra-
diat. Res. 163, 125-136 (2005).

. A. Prisyazhiuk, O. A. Pjatak, V. A. Buzanov, G. K. Reeves and V.

Beral, Cancer in the Ukraine, post-Chernobyl. Lancet 338, 1334-—
1335 (1991).

. V. S. Kazakov, E. P. Demidchik and L. N. Astakhova, Thyroid cancer

after Chernobyl. Nature 359, 21 (1992).

. A. E Tsyb, E. M. Parshkov, V. V. Shakhtarin, V. E Stepanenko, V. E

Skvortsov and I. V. Chebotareva, Thyroid cancer in children and
adolescents of Bryansk and Kaluga regions. In The Radiological
Consequences of the Chernobyl Accident, Proceedings of the First
International Conference, Minsk, Belarus, 18 to 22 March 1996 (A.
Karaoglou, G. Desmet, G. N. Kelly and H. G. Menzel, Eds.), pp.
691-697. EUR 16544 EN, European Commission, Luxembourg,
1996.

. 1. A. Likhtarev, I. A. Kairo, N. D. Tronko, T. I. Bogdanova., J. Ken-

igsberg, E. Buglova, V. Drozdovitch, A. Golovneva, E. P. Demidchik
and V. Beral, Thyroid cancer risk to children calculated. Nature 392,
31-32 (1998).

I. A. Likhtarev, B. G. Sobolev, I. A. Kairo, N. D. Tronko, T. I. Bog-
danova, V. A. Oleinic, E. V. Epshtein and V. Beral, Thyroid cancer
in the Ukraine. Nature 375, 365 (1995).

N. D. Tronko, T. I. Bogdanova, I. Komissarenko, S. Rybakov, A.
Kovalenko, O. Epshtein, V. Oliynik, V. Tereshchenko, I. Likhtarev,
I. Kairo and M. Chepurnoy, The post-Chernobyl incidence of child-
hood thyroid cancer in Ukraine. In Radiation and Thyroid Cancer
(G. Thomas, A. Karaoglou and E. D. Williams, Eds.), pp. 61-69.
World Scientific Publishing, Singapore, 1999.

N. D. Tronko, T. I. Bogdanova, I. V. Komissarenko, O. V. Epstein,
V. A. Oliynik, A. Y. Kovalenko, I. A. Likhtarev, I. A. Kairo, S. B.
Peters and V. A. LiVolsi, Thyroid carcinoma in children and adoles-
cents in Ukraine after the Chernobyl accident: statistical data and
clinicomorphologic characteristics. Cancer 86, 149-156 (1999).

B. Sobolev, 1. Likhtarev, I. Kairo, N. Tronko, V. Oleynik and T.
Bogdanova, Radiation risk assessment of the thyroid cancer in Ukrai-
nian children exposed due to Chernobyl. In The Radiological Con-
sequences of the Chernobyl Accident, Proceedings of the First Inter-
national Conference, Minsk, Belarus 18 to 22 March 1996 (A. Ka-

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

385

raoglou, G. Desmet, G. N. Kelly and H. G. Menzel, Eds.), pp. 741-
748. EUR16544 EN, European Commission, Luxemburg, 1996.

T. Abelin, J. Averkin, A. Okeanov and J. Bleuer, Thyroid cancer in
Belarus: The epidemiological situation. In The Radiological Conse-
quences of the Chernobyl Accident, Proceedings of the First Inter-
national Conference, Minsk, Belarus 18 to 22 March 1996 (A. Ka-
raoglou, G. Desmet, G. N. Kelly and H. G. Menzel, Eds.), pp. 727-
730. EUR16544 EN, European Commission, Luxembourg, 1996.

L. N. Astakhova, L. R. Anspaugh, G. W. Beebe, A. Bouville, V. V.
Drozdovitch, G. Garber, Y. I. Gavrilin, V. T. Khrouch, A. V. Kuv-
shinnikov and M. A. Waclawiw, Chernobyl-related thyroid cancer in
children of Belarus: A case-control study. Radiat. Res. 150, 349-356
(1998).

E. P. Demidchic, I. M. Drobyshevskaya, E. D. Cherstvoy, L. N. As-
takhova, A. E. Okeanov, T. V. Vorontsova and M. Germanchuk, Thy-
roid cancer in children in Belarus. In The Radiological Consequences
of the Chernobyl Accident, Proceedings of the First International
Conference, Minsk, Belarus, 18 to 22 March 1996 (A. Karaoglou,
G. Desmet, G. N. Kelly and H. G. Menzel, Eds.), pp. 677-682. EUR
16544 EN, European Commission, Luxembourg, 1996.

J. Kenigsberg, E. Buglova, H. Paretzke and W. Heidenreich, Per-
spectives of development of thyroid cancer in Belarus. In The Ra-
diological Consequences of the Chernobyl Accident, Proceedings of
the First International Conference, Minsk, Belarus, 18 to 22 March
1996 (A. Karaoglou, G. Desmet, G. N. Kelly and H. G. Menzel,
Eds.), pp. 771-775. EUR 16544 EN, European Commission, Lux-
embourg, 1996.

V. Ivanov, A. Gorsky, V. Pitkevitch, A. Tsyb, E. Cardis and H. Storm,
Risk of radiogenic thyroid cancer in Russia following the Chernobyl
accident. In Radiation and Thyroid Cancer (G. Thomas, A. Karaog-
lou and E. D. Williams, Eds.). pp. 89-96. World Scientific Publish-
ing, Singapore, 1999.

United Nations Scientific Committee on the Effects of Atomic Ra-
diation, Sources and Effects of lonizing Radiation, Vol. II, with Ef-
fects. United Nations, New York, 2000.

E. Cardis, A. Kesminiene, V. Ivanov, I. Malakhova, Y. Shibata, V.
Khrouch, V. Drozdovitch, E. Maceika, I. Zvonova and D. Williams,
Risk of thyroid cancer after exposure to "*'I in childhood. J. Natl.
Cancer Inst. 97, 724-732 (2005).

S. Davis, V. Stepanenko, N. Rivkind, K. Kopecky, P. Voillequé, V.
Shakhtarin, E. Parshkov, S. Kulikov, E. Lushnikov and A. Tsyb, Risk
of thyroid cancer in the Bryansk Oblast of the Russian Federation
after the Chernobyl power station accident. Radiat. Res. 162, 241—
248 (2004).

B. Sobolev, W. Heidenreich, I. Kairo, P. Jacob, G. Goulko and I.
Likhtarev, Thyroid cancer incidence in the Ukraine after the Cher-
nobyl accident: Comparison with spontaneous incidence. Radiat. En-
viron. Biophys. 36, 195-199 (1997).

I. Likhtarev, I. Kayro, V. Shpak, N. Tronko and T. Bogdanova, Ra-
diation-induced and background thyroid cancer of Ukrainian children
(dosimetric approach). Int. J. Radiat. Med. 3—4, 51-66 (1999).

P. Jacob, G. Goulko, W. Heidenreich, I. Likhtarev, I. Kairo, N. Tron-
ko, T. Bogdanova, J. Kenigsberg, E. Buglova and V. Beral, Thyroid
cancer risk to children calculated. Nature 392, 31-32 (1998).

P. Jacob, Y. Kenigsberg, I. Zvonova, G. Goulko, E. Buglova, W.
Heidenreich, A. Golovneva, A. Bratilova, V. Drozdovitch and H. Par-
etzke, Childhood exposure due to the Chernobyl accident and thyroid
cancer risk in contaminated area of Belarus and Russia. Br. J. Cancer
80, 1461-1469 (1999).

W. Heidenreich, J. Kenigsberg, P. Jacob, E. Buglova, G. Goulko, H.
Paretzke, E. Demidchik and A. Golovneva, Time trends of thyroid
cancer incidence in Belarus after the Chernobyl Accident. Radiat.
Res. 151, 617-625 (1999).

P. Jacob, T. 1. Bogdanova, E. Buglova, M. Chepurniy, Y. Demidchik,
Y. Gavrilin, J. Kenigsberg, R. Meckbach, C. Schotola and L. Walsh,
Thyroid cancer risk in areas of Ukraine and Belarus affected by the
Chernobyl accident. Radiat. Res. 165, 1-8 (2006).

S. Shalimov, Incidence risk, mortality, indices of oncology service
activity. In Cancer in Ukraine, 1998-2000. Bulletin of National Can-
cer Register of Ukraine, Institute of Oncology, Kyiv, 2000.



386

29.

30.
31

32.

33.

34.

35.

36.

37.

38.

39.

S. Shalimov, Incidence risk, mortality, indices of oncology service
activity. In Cancer in Ukraine, 2000-2001. Bulletin of National Can-
cer Register of Ukraine, Institute of Oncology, Kyiv, 2002.

D. L. Preston, J. Lubin, D. Pierce and M. McConney, Epicure Users
Guide. Hirosoft International Corporation, Seattle, 2002.

R. Shore, Issues and epidemiological evidence regarding radiation-
induced thyroid cancer. Radiat. Res. 131, 98-111 (1992).

E. Ron, J. Lubin, R. Shore, K. Mabuchi, B. Modan, L. Potter, A.
Schneider, M. Tucker and J. Boice, Thyroid cancer after exposure to
external radiation: a pooled analysis of seven studies. Radiat. Res.
141, 259-277 (1995).

D. Thompson, K. Mabuchi, E. Ron, M. Soda, M. Tokunaga, S. Ochi-
kubo, S. Sugimoto, T. Ikeda, M. Terasaki and S. Izumi, Cancer in-
cidence in atomic bomb survivors. Part II: Solid tumors, 1958-1987.
Radiat. Res. 137 (Suppl.), S17-S67 (1994).

S. Davis, K. J. Kopecky, T. E. Hamilton, L. Onstad and the Hanford
Thyroid Disease Study Team, Thyroid neoplasia, autoimmune thy-
roiditis, and hypothyroidism in person exposed to iodine 131 from
the Hanford nuclear site. J. Am. Med. Assoc. 292, 2600-2613 (2004).
E. Buglova, J. Kenigsberg and N. Sergeeva, Cancer risk estimation
in Belarussian children due to thyroid irradiation as a consequence
of the Chernobyl nuclear accident. Health Phys. 71, 45—49 (1996).

P. Jacob, J. Kenigsberg, G. Goulko, E. Buglova, E Gering, A. Go-
lovneva, J. Kruk and E. P. Demidchik, Thyroid cancer risk in Belarus
after the Chernobyl accident: Comparison with external exposure.
Radiat. Environ. Biophys. 39, 25-31 (2000).

S. Greenland and J. Robins, Ecologic studies—biases, misconcep-
tions, and counterexamples. Am. J. Epidemiol. 139, 747-760 (1994).
H. Morgenstern, Ecologic studies in epidemiology: Concepts, prin-
ciples, and methods. Annu. Rev. Public Health 16, 61-81 (1995).

S. Piantadosi, D. Byar and S. Green, The ecologic fallacy. Am. J.
Epidemiol. 127, 893-904 (1988).

40.

41.

42.

43.

44.

45.

46.

47.

48.

LIKHTAROV ET AL.

V. Shakhtarin, A. Tsyb, V. Stepanenko, M. Orlov, K. Kopecky and
S. Davis, lodine deficiency, radiation dose, and the risk of thyroid
cancer among children and adolescents in the Bryansk region of Rus-
sia following the Chernobyl power station accident. Int. J. Epidemiol.
32, 584-591 (2003).

E. Ron, Thyroid cancer. In Cancer Epidemiology and Prevention (D.
Schottenfeld and J. E Fraumeni Jr., Eds.), pp. 1000-1021. Oxford
Press, Oxford, 1996.

A. Schneider, E. Ron, J. Lubin, M. Stovall and T. Gierlowski, Dose—
response relationships for radiation-induced thyroid neoplasia: Evi-
dence for the prolonged effects of radiation on the thyroid. J. Clin.
Endocrinol. Metab. 77, 362-369 (1993).

M. C. Mahoney, S. Lawvere, K. L. Falkner, Y. I. Averkin, V. A.
Ostapenko, A. M. Michalek, K. B. Moysich and P. L. McCarthy,
Thyroid cancer incidence trends in Belarus: Examining the impact of
Chernobyl. Intl. J. Epidemiol. 33, 1025-1033 (2004).

K. Moysich, R. Menezes and A. Michalek, Chernobyl-related ionis-
ing radiation exposure and cancer risk: An epidemiological review.
Lancet Oncol. 3, 269-279 (2002).

E. Parshkov, Pathogenesis of radiation-induced thyroid cancer in
children affected as a result of the Chernobyl accident. Intl. J. Radiat.
Med. 3-4, 67-75 (1999).

D. Williams, Cancer after nuclear fallout: Lessons from the Cher-
nobyl accident. Nat. Rev. Cancer 2, 543-549 (2002).

W. Heidenreich, T. Bogdanova, A. Biryukov and N. D. Tronki, Time
trends of thyroid cancer incidence in Ukraine after the Chornobyl
accident. J. Radiol. Prot. 24, 283-293 (2004).

K. Mabuchi, M. Soda, E. Ron, M. Tokunaga, S. Ochikubo, S. Sug-
imoto, T. Ikeda, T. Teraskai, D. Preston and D. Thompson, Cancer
incidence in atomic bomb survivors. Part I: Use of the tumor regis-
tries in Hiroshima and Nagasaki for incidence studies. Radiat. Res.
137 (Suppl), S1-S16 (1994).



