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Childhood exposure due to the Chernobyl accident and
thyroid cancer risk in contaminated areas of Belarus
and Russia

P Jacob 1, Y Kenigsberg 2, I Zvonova 3, G Goulko 1, E Buglova 2, WF Heidenreich 1, A Golovneva 2, AA Bratilova 3,
V Drozdovitch 2,*, J Kruk 2, GT Pochtennaja 5, M Balonov 3, EP Demidchik 4 and HG Paretzke 1

1GSF – Institute of Radiation Protection, D-85764 Neuherberg, Germany; 2Research and Clinical Institute of Radiation Medicine and Endocrinology, 220600
Minsk, Belarus; 3Research and Technical Center Protection, 197101 St Petersburg, Russia; 4Republican Scientific and Practical Center of Thyroid Tumors,
220600 Minsk, Belarus; 5Regional Oncological Clinic, 241032 Bryansk, Russia

Summary The thyroid dose due to 131I releases during the Chernobyl accident was reconstructed for children and adolescents in two cities
and 2122 settlements in Belarus, and in one city and 607 settlements in the Bryansk district of the Russian Federation. In this area, which
covers the two high contamination spots in the two countries following the accident, data on thyroid cancer incidence during the period
1991–1995 were analysed in the light of possible increased thyroid surveillance. Two methods of risk analysis were applied: Poisson
regression with results for the single settlements and Monte Carlo (MC) calculations for results in larger areas or sub-populations. Best
estimates of both methods agreed well. Poisson regression estimates of 95% confidence intervals (CIs) were considerably smaller than the
MC results, which allow for extra-Poisson uncertainties due to reconstructed doses and the background thyroid cancer incidence. The excess
absolute risk per unit thyroid dose (EARPD) for the birth cohort 1971–1985 by the MC analysis was 2.1 (95% CI 1.0–4.5) cases per 104

person-year Gy. The point estimate is lower by a factor of two than that observed in a pooled study of thyroid cancer risk after external
exposures. The excess relative risk per unit thyroid dose was 23 (95% CI 8.6–82) Gy–1. No significant differences between countries or cities
and rural areas were found. In the lowest dose group of the settlements with an average thyroid dose of 0.05 Gy the risk was statistically
significantly elevated. Dependencies of risks on age-at-exposure and on gender are consistent with findings after external exposures.
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Current knowledge on thyroid cancer risk due to 131I during child-
hood or adolescence is limited. Results of three studies have
published for thyroid doses below 10 Gy (Hamilton et al, 1
Kerber et al, 1993; Hall et al 1996). Higher doses have a 
potential for cell killing and are not considered here. The t
studies had low statistical power due to small collective thy
doses in the cohorts (below 4 3 103 person Gy), and sma
numbers both of expected (below six) and observed (belo
equal to eight) thyroid cancer cases.

A new source of information on the thyroid cancer risk afte131I
exposure is the reactor accident of Chernobyl on 26 April 1
more than 70% of the thyroid dose of the population in the 
taminated area being due to 131I (Zvonova and Balonov, 1993). 
subsequent years, there was a large increase of the thyroid 
incidence in Belarus (Kazakov et al, 1992; Buglova et al, 1
and in Ukraine (Likhtarev et al, 1995; Sobolev et al, 1997).

A case-control study with 107 thyroid cancer cases and
matched control groups of similar size indicated a strong rela
ship between thyroid cancer and radiation dose from
Chernobyl accident (Astakhova et al, 1998). Cohort studie
individuals whose thyroid 131I activity was measured during t
first 2 months after the accident would be expected to give re
results, although possible drawbacks include:
nd
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1. long observation times necessary to gather enough cance
cases to achieve statistical power

2. large uncertainties of the individual thyroid doses due to th
unknown thyroid mass at the time of the accident.

These drawbacks can be minimized in aggregate stu
hundreds of excess thyroid cancer cases have already
occurred and average thyroid doses can be reconstructed 
higher reliability than individual thyroid doses. On the other ha
the appropriateness of aggregate studies to derive quanti
information on risk is limited to special cases (e.g. Greenland
Robin, 1994; Sheppard et al, 1996). A linear dose–response
tionship and a control of confounding factors are essentia
deriving reliable results.

Two aggregate studies (Buglova et al, 1996; Jacob et al, 1
of the thyroid cancer incidence in the contaminated areas de
strated the large potential of such analyses to derive quanti
results on the cancer risk after 131I exposures.

The purpose of this paper is to continue these analyses by

1. summarizing observations related to regional and tempora
variability of thyroid surveillance, which is potentially a larg
confounding factor for thyroid cancer after Chernobyl, and
estimating an uncertainty range for the background inciden

2. discussing the methodology for assessing best estimates a
confidence intervals for the risk per unit dose
1461
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3. deriving information on the dependence of the risk on age 
exposure and on gender.

MATERIALS AND METHODS

Study area and population structure in 1986

The study area covers the two main contamination spots in Be
and Russia that occurred after the Chernobyl accident (Figure
consists of three cities (Bryansk, Gomel and Minsk), and all se
ments in six areas in Bryansk district (Russian Federation),
areas in Gomel district and eight areas in Mogilev district (b
Belarus), including the population of evacuated settlements.
area was chosen because a large amount of 131I measurements in
human thyroids was available in the three cities and in the six 
of Bryansk district. Further, published data on 131I contaminations
of the environment and 137Cs contaminations of each settlemen
the other 17 areas were available as an input to a radioecol
model (Drozdovitch et al, 1997).

To estimate the population structure in the study area in Be
at the time of the accident, the following officially published d
were used:
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Figure 1 The study area consisting in Belarus of Minsk city, Gomel city and
2122 settlements in nine areas of Gomel district and in eight areas of Mogilev
district, and in Russia of Bryansk city and 607 settlements in six areas of
Bryansk district
rus
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• total population n in 1986 of the cities and towns, and of the
villages that were evacuated during May/June 1986

• results of estimation for the population Na,s for age-groups 0,
1–4, 5–9, 10–14, 15–19, ..., and gender s in each district in
1986 (performed by the Ministry of Statistic and Analysis)

• total population n89 in each settlement according to the cens
data for 1989

• age- and gender-specific death rates qyear
i,s for the years 1986,

1987 and 1988.

For cities and towns, the number of people na,s in 5-year inter-
vals and for gender swas estimated according to:

na,s= n × Na,s/Σs Σa≥0 Na,s (1)

In some towns the number of children in 1986 was known. Fo
calculation of the age and gender structure among children
summation in (1) extended in these cases only over the first
age intervals. Linear interpolation was used to estimate the po
tion ni,s in 1-year intervals.

Since, except for the evacuated villages, there are no of
data about village population in 1986, we have used 1989 ce
data. Equation (1) and linear interpolation were applied to ob
the population n89

i,s in 1-year intervals. Age- and gender-spec
survival rates pyear

i,s were used to calculate the population struct
n86

i,s according to:

n86
i,s = n89

i+3,s/(p
88

i+2,s × p87
i+l,s × p86

i,s). (2)

The age and sex structure of the population of the Bry
district was derived from the census data for 1989, which show
numbers of males and females by 5-year age groups in Bry
city and in every settlement. These data were used for 1986,
linear interpolation to obtain results for each year of age.

Thyroid doses in Belarus

The doses reconstructed in the present paper are base
environmental measurements and on a radioecological m
(Drozdovitch et al, 1997).

The most important pathway for thyroid exposure to 131I was
ingestion with contaminated milk. During the time of depositi
leafy vegetables were not well-developed, even in the sou
part of Belarus, and iodine ingestion with leafy vegetables 
estimated to be in range of several per cents. Thyroid exposur
to inhalation was only important (a) for evacuees shortly afte
accident and (b) for persons with radically reduced milk consu
tion (Zvonova and Balonov, 1993). Therefore, thyroid expos
only due to incorporation of 131I with milk is considered here.

Relatively large data sets on measurement results of 131I activi-
ties in soil, grass and milk samples were available. The follow
radioecological local parameters were assessed: (a) ratio be
activities of 131I and 137Cs in ground deposition; (b) initial interce
tion of 131I by vegetation; (c) elimination rate of 131I from grass and
milk; and (d) transfer factor for 131I from grass to cows’ milk. Age
dependent milk consumption rates estimated in a public su
were used in the calculations. Additionally, the influence
applied countermeasures (evacuation; introduction of maxim
permissible level of 131I activity in milk) was taken into account.

In 91 settlements there were more than 15 measuremen
settlement of 131I activities in thyroids available for the age gro
13–17 (Gavrilin et al, 1992). For 95% of these settlements
results of the radioecological model and the measurements 
within a factor of 4 (Drozdovitch et al, 1997).
© 1999 Cancer Research Campaign 
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Chernobyl exposure and thyroid cancer 1463

Table 1 Average thyroid dose in different age cohorts relative to the
average thyroid dose of adults; for Bryansk, the 95% range of the
measurement results and the number of measurements are also indicated

Birth cohort Belarus (model) Russia (measurements)

1986 4.6 9.8 (1.6–36)/344
1980–1985 4.1 3.6 (1.8–6.9)/2679
1976–1979 2.2 1.6 (0.9–2.7)/1365
1971–1975 1.5 1.5 (0.9–2.4)/1260
1968–1970 1.1 1.2 (0.6–2.4)/474
1971–1985 2.6 2.4 (1.4–3.7)/5304
Before 1968 1.0 1.0 (–)/6615

Table 2 Results of a Poisson regression analysis of the thyroid cancer
incidence rate in the period 1991–1995 among the birth cohort 1971–1985 in
three cities and 2729 settlements in Belarus and Bryansk district

Model Constant term per Linear term per Quadratic term per
106 person-years 10 4 person-year Gy 10 4 person-year Gy 2

Linear 11 (4–19) 1.9 (1.6–2.3) –
Linear–quadratic 9 (2–17) 2.2 (1.6–2.7) –0.2 (–0.4–0.2)

Values in parentheses indicate 95% confidence intervals.
Thyroid doses in Bryansk district

Dose reconstruction in Bryansk district was based on mea
ments of the 131I activity in thyroids performed in the period 1
May to 13 June 1986. Two types of devices were used for t
measurements: the radiodiagnostic device GAMMA and 
radiometer SRP-68-01. Both were NaI(T1) scintillation detect
The diagnostic equipment had a crystal (40 × 40 mm) with a
lead collimator, and was operated with a low energy thres
between 200 and 300 keV. The device SRP-68-01 had a c
(30 × 20 mm) without collimator and with an energy threshold
25 keV. The number of measurements was 1017 with the rad
agnostic equipment, and 11 720 with SRP-68-01.

The diagnostic equipment was calibrated using a neck-phan
Experimentally obtained calibration factors were in a good ag
ment with values calculated by the Monte Carlo (MC) met
(Ulanovsky et al, 1997). Calibration factors for measuremen
131I in human thyroid with SRP-68-01 were determined by inve
gations of patients who received 131I for diagnostic examination
Calibration factors for caesium were determined in investigat
with volunteers who incorporated radiocaesium (Kaidanovski
Dolgirev, 1997).
© 1999 Cancer Research Campaign 

Table 3 Basic data for a risk analysis for thyroid cancer in the period 1991–1995 
confidence intervals are given in parentheses.

Area Children (in thousand) Average thyro

Bryansk, city 100 (80–120) 0.049 (0
Bryansk, rural 57 (46–68) 0.20 (0
Gomel, city 111 (89–133) 0.37 (0
Gomel, rural 85 (68–102) 1.07 (0
Mogilev, rural 56 (45–67) 0.59 (0
Minsk, city 342 (274–410) 0.07 (0

aBest estimate is assumed to be three times the incidence that was observed in Be
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All measurements with GAMMA and some with SRP-68
were carried out in two detector positions: the first over the f
surface of the neck and the second over the thigh. The se
measurement was used for the estimation of the count rate d
radiocaesium distributed in a human body (Zvonova et al, 19
Individual correction factors were calculated for all dou
measurements. Average values for each day of examinatio
for three age groups, 0–7, 8–17 and above 17 years, were 
mined and applied to measurements for which no second mea
ment over the thigh was performed.

Taking into account the contribution of extrathyroidal activ
reduces thyroid dose estimates by 20–50% for measurem
performed with SRP-68–01 in the middle of May and by a fa
of 2–3 in the first 10 days of June 1986.

Based on about 1000 measurements of total β activity in milk,
the 131I intake was assumed to be constant within the first 10
days, depending on local conditions of cows’ grazing. For 
times, the 131I intake was assumed to decrease as the concent
in milk with a half-life of 5 days.

Information on the beginning of the grazing period, and whe
and when the 131I intake was reduced drastically due to tak
stable iodine or due to the prohibition of local milk consumpt
was obtained by interviewing people and local authorities.

Individual thyroid doses were assessed for 12 732 inhabitan
Bryansk district; 11 300 of these lived in settlements with m
than five measurements of the 131I activity in the thyroid of adults
(18 years or older at the time of accident). Individual thyroid d
of children younger then 18 were normalized to arithmetic m
of the doses of adults in each settlement. The resulting age d
dence was applied to all settlements.

Doses in settlements with fewer than six measurements o131I
activities in thyroids of adults were obtained by an interpola
procedure based on a correlation of thyroid doses with 137Cs activities
per unit area and with the gamma dose rate in air in the period
the contribution by 131I was maximal (Zvonova and Balonov, 1993

Collection of records about thyroid cancer cases

A database about thyroid cancer cases in Belarus was estab
at the Research and Clinical Institute of Radiation Medicine
Endocrinology. The following information sources were used:

• medical records for patients with thyroid cancer operated in
the Republican Scientific and Practical Center of Thyroid
Tumors and in the clinic of the Research and Clinical Instit
of Radiation Medicine and Endocrinology,

• the Belorussian Cancer Registry, and
• data from the regional dispensaries of oncology.
British Journal of Cancer (1999) 80(9), 1461–1469

among the birth cohort 1971–1985 in the study area. Assumed 95%

id dose (Gy) Observed cases Background cases a

.025–0.098) 7 4.7 (1.6–7.8)

.10–0.40) 21 2.6 (0.9–4.3)

.19–0.74) 69 5.2 (1.8–8.6)

.54–2.1) 93 3.9 (1.3–6.5)

.30–1.2) 14 2.6 (0.9–4.3)

.04–0.14) 39 16 (5.4–27)

larus in the period 1983–1987 for the same age group.
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Table 4 Excess absolute risk per unit thyroid dose in the observation period
1991–1995 among the birth cohort 1971–1985, median values and 95%
confidence intervals

Area Excess absolute risk per unit dose
(per 104 person-year Gy)

Bryansk, city 1.0 (–1.8–4.9)
Bryansk, rural 3.5 (1.3–8.2)
Gomel, city 3.2 (1.5–6.9)
Gomel, rural 2.1 (1.0–4.4)
Mogilev, rural 0.7 (0.2–1.8)
Minsk, city 1.9 (0.5–4.9)
Study area in Belarus 2.1 (1.0–4.4)
Study area in Bryansk 2.7 (0.9–6.5)
Cities 2.6 (1.2–5.8)
Rural areas 1.9 (0.9–3.9)
All 2.1 (1.0–4.5)

Table 5 Observed number of thyroid cancer and excess absolute risk per
unit thyroid dose (per 104 person-year Gy) in the period 1991–1995 in three
cities and 2729 settlements in Belarus and Russia

Birth period Boys Girls Both

1968–1970 3/0.02 (–1.3–1.4) 21/2.5 (–1.0–8.4) 24/1.2 (–0.8–4.4)
1971–1975 6/0.2 (–0.4–1.2) 26/1.4 (–0.3–4.3) 32/0.8 (–0.2–2.5)
1976–1979 18/1.6 (0.6–3.7) 36/3.0 (1.2–6.9) 54/2.3 (1.0–5.0)
1980–1985 65/2.0 (1.0–4.3) 92/2.9 (1.4–6.0) 157/2.5 (1.2–5.0)
1986a 1/0.3 (–0.5–1.4) 5/1.8 (0.2–5.1) 6/1.1 (0.2–2.9)

aBorn before 31 May 1986. Median values and 95% confidence intervals of
10 000 trials in a Monte Carlo calculation for each category are given.
The Belorussian Cancer Registry collects data from 12 onc
ical dispensaries of the Republic where primary medical recor
cancer patients are being stored. Most of the cases operated
Republican Scientific and Practical Center of Thyroid Tum
were verified by an international panel of pathologists.

The different information sources were compared to clarify
records for each thyroid cancer case. The most importan
labourious task was to identify the address at the tim
Chernobyl exposure, because many people under investig
moved after the Chernobyl accident.

People with thyroid cancer incidence from our study are
Russia were operated upon in hospitals of the Bryansk distri
in Moscow or Obninsk. Histological samples are analysed in
clinic where the operation was performed. Subsequently, mo
them were checked in specialized clinics in Moscow and Obn
Information on thyroid cancer cases among inhabitants o
Bryansk district is collected in the regional oncological regi
which was used for the risk analysis.

The record for each thyroid cancer case includes:

• date of birth
• gender
• place of residence at the time of accident
• date of operation.

Thyroid surveillance and background incidence rate of
cancer

In Belarus and Russia, programmes of annual medical exa
tions were set up shortly after the accident to survey childre
British Journal of Cancer (1999) 80(9), 1461–1469

Table 6 Basic data and excess absolute risk per unit thyroid dose (result of Mont
the birth cohort 1971–1985 in three cities and 2729 settlements in Belarus and Ru

Range of thyroid Average thyroid dose Person-years Observed
doses (Gy) (Gy) (in thousands)

≤ 0.1 0.05 1756
0.1–0.5 0.21 1398
0.5–1.0 0.68 386
1.0–2.0 1.4 158
> 2.0 3.0 56

aBest estimate is three times the incidence that was observed in Belarus in the per
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thyroid disease. Examinations include palpation of the neck, u
sound imaging and thyroid hormone testing. In Belarus, 62%
the thyroid cancer cases among children were found in the p
1986–1994 by this programme (Stsjazhko et al, 1995). A m
effect of this intense thyroid surveillance of children might be
early diagnosis, contributing to the considerably higher thy
cancer incidence in Belarus for ages 7–15, if compared to
16–22. This is consistent with the relatively high amount (25%
tumours of size smaller than 1 cm.

Due to an order of the Ministry of Public Health of the form
Soviet Union from Autumn 1986, in addition to the thyro
surveillance for children, in areas with 137Cs contaminations large
than 555 kBq m–2 the adult population is requested to attend
annual clinical examination that includes palpation and ultras
imaging of the thyroid.

The effect of enhanced thyroid surveillance is expressed in
study by an age-independent factor S on the incidence ra
Belarus in the period 1983–1987, which has been approxim
for all persons younger than 27 years by 0.012*(age)2,02 cases pe
106 person-years and similar functions for males and fem
(Heidenreich et al, 1999).

The following data on thyroid cancer incidence in Belarus a
the Chernobyl accident were used to derive an estimate of S:

i. Among those born in Belarus in the period 1987–1997 (no
exposed by the Chernobyl accident but being subject to th
same thyroid surveillance as those exposed) nine thyroid
cancer cases were registered up to the end of 1997. This c
sponds to a factor S of 4, which indicates the upper range
because of the more intense surveillance for school-childre

ii. A large amount (45%) of the tumours operated in the
Republican Scientific and Practical Center of Thyroid
Tumours were in a late stage. At least these cases would h
become obvious independent of any thyroid surveillance in
cating a factor of S not more than 2.
© 1999 Cancer Research Campaign 

e Carlo calculations) for the cancer incidence in the period 1991–1995 among
ssia

 cases Background cases a Excess absolute risk per unit
dose (per 10 4 person-year Gy)

38 16 2.6 (0.5–6.7)
65 13 1.9 (0.8–4.1)
52 3.6 2.0 (0.9–4.2)
50 1.5 2.3 (1.1–4.9)
38 0.5 2.4 (1.1–5.1)

iod 1983–1987 for the same age group.



ich
re-
e
nt 
ere

r S
vat
abo
s i

a, 
Y

er
d fo

-
s

ed
on
anc

rs a

 ca
r
 th
ra

cco
na
en
d f
ra
 th
nce

ted

ou
a

 of

d 

tak
me
late

ribu-
cess

985
areas
were
m 1
sure
up),
oung

me of

of 5
adio-
f the

985
with
ansk
f the
 the
latter
 and
ses is
llec-
 that
nt.

in the
cities
near
yroid
 cases

with
large
 for a

atic

s per
lly

 unit
 10
ing to
e MC
sion.
ved
inties
isson
d to
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iii. Among the birth cohort 1968–1986 in Belarus, 23 thyroid
cancer cases were observed in the period 1986–1988, wh
before the onset of the Chernobyl induced cases. This cor
sponds to a factor S of 1.5, which indicates the lower rang
because in the early period after the accident the equipme
thyroid surveillance was not as good as in the period of int
(1991–1995) for this study.

A value of 3 was assumed as the best estimate of the facto
the study area. For the birth cohort 1971–1985 and the obser
period 1991–1995 this corresponds to a background risk of 
nine cases per 106 person-years. The background risk to male
about a factor of three smaller than for females.

Risk analysis

For each of the 2732 cities and settlements in the study are
average age-specific thyroid dose Di, the person-years at risk Pi,
and the number Li of cancer cases in the period 1991–1995 w
the input data for the risk analysis. The following model is use
the number of cases Λi in each settlement:

Λi = PYi * (r0 + r1 *D i + r2 *D i
2),

where r0 is the background risk, r1 the EARPD, and r2 tests for non
linear dose-dependencies. The linear model has r2 =0. The exces
relative risk per unit thyroid dose (ERRPD) is defined by r1/r0.

These modelled numbers Λi are compared with the observ
number of thyroid cancer cases Li in each settlement by Poiss
regression (McCullagh and Nelder, 1991) minimizing the devi

d = –2Σk
i=1 (Li – Λi + Li 1n Λi/Li).

The 95% confidence bounds of the estimated paramete
calculated by the profile likelihood method: If dmin is the minimum
of the deviance, then for each of the parameters the range is
lated in which the deviance is smaller than dmin+4.00, if the othe
parameters are still allowed to vary in order to minimize
deviance. The calculations were performed with the prog
MINUIT (James, 1994).

Since the standard Poisson regression does not take into a
uncertainties of population data and dose estimates, an alter
procedure was adopted to derive risk factors and their confid
intervals. The excess risk per unit thyroid dose was calculate
groups of the settlements by MC calculations with the prog
Crystal Ball (Decisioneering, Denver, CO, USA). Based on
material discussed in the previous sections, the following u
tainty distributions of the parameters were used:

i. person-years at risk were assumed to be normally distribu
with a standard deviation of 10%

ii. estimates of average thyroid doses for larger population gr
or areas were assumed to be lognormally distributed with 
geometrical standard deviation of sqrt(2)

iii. the number L of observed cancer cases in the sub-cohorts
interest was assumed to be a sample of a variable with a
Poisson distribution

iv. the factor S for the background incidence rate was assume
be normally distributed with a standard deviation of 33%.

No correlations between the four input parameters were 
into account. For each calculation, 10 000 runs were perfor
median values and 2.5 and 97.5 percentiles were calcu
© 1999 Cancer Research Campaign 
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Sensitivity analyses were performed to determine the cont
tions of the four input variables to the uncertainty of the ex
risks per unit dose.

Excess risks were calculated for the birth cohort 1971–1
(age 0.4–15.4 years at the time of exposure) for different sub-
and dose groups. For the whole study area calculations 
performed for both genders and for birth cohorts 1986 (fro
January to 31 May), 1980–1985 (children at the time of expo
and at the time of operation), 1976–1979 (intermediate gro
1971–1975 (children at time of exposure and adolescents or y
adults at time of operation) and 1968–1970 (adolescents at ti
exposure and young adults at time of operation).

RESULTS

Dose distributions

Average thyroid doses of small children are about a factor 
higher than average doses of adults. The results of the r
ecological model agree well with the measured 95% ranges o
individual relative doses (Table 1).

In the Belarus study area, 95% of the birth cohort 1971–1
(children at the time of the accident) belong to settlements 
age-specific thyroid doses in the range of 0.035–2 Gy, in Bry
in the range 0.02–0.5 Gy (Figure 2). The dose distribution o
population is at lower thyroid doses than the distributions of
cancer cases and of the collective dose. The similarity of the 
two distributions indicates the high correlation of thyroid dose
cancer cases. For doses below 1 Gy, the distribution of the ca
shifted to lower doses if compared to the distribution of the co
tive dose, indicating the contribution of thyroid cancer cases
occur independently of the dose due to the Chernobyl accide

Poisson regression versus Monte Carlo calculations

Poisson regression analysis of the thyroid cancer incidence 
period 1991–1995 among the birth cohort 1971–1985 in three 
and 2729 settlements in Belarus and Bryansk district with li
and linear–quadratic models gave best estimates for the th
cancer incidence rate among unexposed person of 11 and nine
per 106 person-years respectively (Table 2), in full accordance 
the assumption of a value of 3 for the screening factor 5. The 
confidence intervals indicate that the study cohort is not suited
quantitative assessment of the background incidence rate.

The linear term is about two excess cases per 104 person-year
Gy. It is lower in the linear model than in the linear–quadr
model, although there is no statistically significant difference.

The best estimate for the quadratic term is small (–0.2 case
104 person-year Gy2). The difference from zero is not statistica
significant.

The MC calculation resulted in an excess absolute risk per
thyroid dose (EARPD) of 2.1 (95% CI 1.0–4.5) cases per4

person-year Gy, agreeing well with the best estimates accord
the Poisson regression. As expected, the CI according to th
calculation is considerably larger than for the Poisson regres
If in the MC calculation only the Poisson error of the obser
number of cases is taken into account and all other uncerta
are neglected, the calculation results in a similar CI as the Po
regression. In the following, only the MC method was applie
calculate excess risks and their CIs.
British Journal of Cancer (1999) 80(9), 1461–1469
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Figure 3 Excess thyroid cancer incidence rate in the period 1991–1995
among the birth cohort 1971–1985 in three cities and 2729 settlements in
Belarus and Russia: Observation for inhabitants of cities and settlements
with average thyroid doses of ≤ 0.1, 0.1–0.5, 0.5–1.0, 1–2 and > 2 Gy (points
and 95% confidence error bars), linear models according to Poisson
regression (95% confidence dotted lines) and Monte Carlo simulation (solid
line and 95% confidence broken lines)
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Collective dose
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Collective dose
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Collective dose

Population

Cases

Belarus:
0.594 Mio children
215 Cases
191 000 PGy

Russia:
0.157 Mio children
28 Cases
15 000 PGy

All:
0.751 Mio children
243 Cases
206 000 PGy

Thyroid dose (Gy)

Figure 2 Dose distributions among the birth cohort 1971–1985 in the study
area
Excess thyroid cancer risk per unit thyroid dose

Basic data for the birth cohort 1971–1985 in six sub-areas o
study area are shown in Table 3. The best estimates fo
EARPD in ten combinations of the sub-areas were in the r
0.7–3.5 cases per 104 person-year Gy. The 95% CIs of the EAR
for all sub-areas overlap (Table 4). There is no statistically sig
cant difference either between Belarus and Bryansk distric
between cities and rural areas. In eight of the 11 categ
analysed, the uncertainty of the dose assessment dominated
contribution of 54–86% the variance of EARPD; in the rural a
of Mogilev district and in Minsk city it contributed 45% and 41
respectively. The Poisson distribution of the observed case
the dominating contributor (67%) for Bryansk city, for rural ar
in Mogilev district it contributed (46%), and in the other cases
than 34%. The uncertainty of the background incidence 
contributed at most 22% (Bryansk city), and the uncertainty o
person-years at risk was always negligible.

The excess relative risk per unit thyroid dose (ERRPD) fo
birth cohort 1971–1985 in the study area was 23 (95% CI 8.6
British Journal of Cancer (1999) 80(9), 1461–1469
e
e
e

-
r
s

h a
s

as

s
e
e

e
)

Gy–1. The largest contributors to the uncertainty were the un
tainties of the background incidence rate (53%) and of the thy
doses (40%).

In the birth cohort 1976–1985 the best estimate of the EAR
for males is by a factor of 1.7 lower than that for females (Table
The EARPD for females in the birth cohorts 1971–1975 
1968–1970 is lower than for the birth cohort 1976–1985, b
factor of 2 and 1.2 respectively. The differences are not sta
cally significant. For boys in the birth cohort 1968–1970, 
number of observed thyroid cancer cases is comparable to the
mated background. Taking both genders together, the EARP
those born in the period 1976–1985 is by a factor of 2 higher 
of those born in the first 5 months of 1986 and in the pe
1968–1975.

For the birth cohort 1971–1985, the ERRPD of boys w
39 Gy–1 and by a factor of 2 higher than the ERRPD for girls. T
ERRPD is highest for young children at time of exposure. For
birth cohort 1976–1979 it is lower by a factor of 2, and for 
birth cohort 1968–1975 it is lower by a factor of 10.

The best estimates for the excess absolute risk in five 
groups lie within the narrow uncertainty band of the linear 
model obtained by the Poisson regression (Figure 3). Accordi
the EARPD in all five dose groups is very similar (Table 6). T
lowest dose group has an average thyroid dose of 0.05 Gy an
EARPD is significantly different from zero.

DISCUSSION

Diagnostic 131I administration

Among these studies on thyroid cancer after diagnostic adm
tration of 131I the Swedish study (Hall et al, 1996) had the larg
collective thyroid dose. Hall et al concluded: ‘Among those un
age 20 years when 131I was administered, a small excess risk 
© 1999 Cancer Research Campaign 
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Figure 4 ERRPD for different age-at-exposure groups, normalized on the
age group 0–10 years
was about 2–10 times lower than that predicted from data fo
A-bomb survivors’. There are two reasons the small risk foun
this study should not be generalized without caution:

1. Only 300 of the 2408 in the cohort under age 20 were you
than 10 years (Hall, personal communication). Among the 
bomb survivors the thyroid cancer incidence among those
exposed before the age of 10 was increased by a factor of
more than the increase in incidence in the age group 10–1
(Thompson et al, 1994).

2. Estimates of thyroid doses after 131I administration have a larg
uncertainty if the mass of the individual thyroid is not know
Hall et al (1996) had no information on the individual thyro
mass for 52% of the cohort. Large uncertainties in dose es
mates are known to result in an underestimation of risk coe
cients, if they are not corrected for (Pierce et al, 1990; Tho
et al, 1993).

Uncertainties in thyroid dose estimates may also explain
absence of a dose dependency in the study of Hall et al (199
contrast to the whole study cohort, for the sub-cohort with kn
thyroid masses a dose dependency was seen: the 95% conf
of the standardized incidence ratio (SIR) in the lowest dose g
excluded the SIR in the highest dose group and vice versa.

Finally, the range of the factor 2–10 in the above statemen
based on Poisson statistics. Accounting for other uncertaintie
those in the dose estimates would enlarge the confidence inte

In summary, the non-conclusive findings of studies of thy
cancer after 131I administration do not question the results of 
present study.

Thyroid surveillance and background incidence rate of
cancer

The assumed screening factor of 3 may be compared with 
findings reported in the literature. It was argued (Beral 
Reeves, 1992) that at autopsy, the prevalence of occult pap
carcinoma is 2% at age 0–15 and 22% at age 16–30 (Franss
Harach, 1986), suggesting that many of the thyroid cancer 
© 1999 Cancer Research Campaign 
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observed after Chernobyl might be occult. However, patholog
examinations since then have shown that the thyroid cancer 
reported after Chernobyl are of aggressive nature in contra
occult carcinoma (Williams, 1994; Pacini, 1997).

The magnitude of screening effects on thyroid cancer incide
depends strongly on the conditions of the study:

1. A recall and screening programme of the Michael Reese
Hospital (MRH), Chicago, of patients who were treated with
head and neck radiation in the period 1939–1962 enhanced
thyroid cancer incidence in the period of most intensive
screening (1974–1979) by a factor of 7 for the whole cohor
and by a factor of 12 for patients with doses < 0.5 Gy (Ron 
al, 1992).

2. The Russian emergency workers of the Chernobyl acciden
who are included in the Russian National Medical Dosimetr
Registry have annual medical check-ups. In the period
1986–1990, the age-adjusted thyroid cancer incidence in th
cohort was larger by a factor of 2.6 than in the male Russia
population (Ivannov et al, 1997).

3. A subcohort of the atomic bomb survivors (AHS) received
biennial clinical examinations at RERF. The thyroid cancer
incidence in the AHS subcohort was about twice that of the
non-AHS participants (Thompson et al, 1994).

There are two reasons for a large effect as observed in the 
study is not applicable to the present study. First, thyroid ca
among those who were exposed as children by the Chernobyl
dent is predominantly of aggressive nature, which would bec
obvious independent of any screening. Second, a special reca
screening for a group of patients can be expected to be more 
tive than a mass thyroid surveillance, in which several hund
thousand children are checked for many issues, one of which 
thyroid disease. Screening effects as observed in the othe
studies are consistent with what was assumed in the present 

Risk estimates

In the birth cohort 1971–1985, 95% of the age-specific thyr
doses in the study population are in the range of 0.03–1.8 Gy.
range is larger by a factor of 6 as the typical 95% range of dos
inhabitants with the same age from a settlement (Goulko e
1998). Therefore, the linearity of the dose–response found in
analysis based on age-specific doses can be assumed to ho
for individual doses.

The results for the median values of the EARPD of the b
cohort 1971–1985 in the six sub-areas of the study are surpris
consistent (Table 4). The results of the study of Jacob et al (199
2.3 (95% CI 1.4–3.8) cases per 104 person-year Gy for contaminate
areas in Ukraine, Russia and Belarus are almost identical with
present study, although the study area and assumed backgroun
dence are different. The confidence range of the EARPD in Jac
al (1998) is smaller by a factor of 1.7 because dose estimates
assumed to be independent in each of the three countries.

The thyroid cancer risk after external exposures during childh
was assessed in a pooled analysis to 4.4 (95% CI 1.9–10.1) cas
104 person-year Gy (Ron et al, 1995). The best estimate of
present study is lower by a factor of 2. The difference is not sta
cally significant (P = 0.097). Also, there is a reason for the diffe
ence of the point estimates: the excess thyroid cancer incidence
the Chernobyl accident was steeply rising in the observation pe
1991–1995, the EARPD is expected to increase with longer o
vation times. The studies analysed by Ron and her colleagues (
British Journal of Cancer (1999) 80(9), 1461–1469
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had included observations extending to several decades aft
exposure.

The median value of the ERRPD in the present study is h
by a factor of 3 than the best estimate of 7.7 (95% CI 2.1–
obtained from observations over longer periods after ext
exposures (Ron et al, 1995). The difference is not statisti
significant (P = 0.075). A question remains as to how the ERR
for thyroid cancer after the Chernobyl accident will change 
longer observation times.

The difference of the EARPD for males in the present stud
that for females is consistent with observations after ext
exposures in the age before 15, where a difference by a fac
2.5 was found (Ron, personal communication).

The ratio of the ERRPD for males exposed during childhoo
external exposures compared to that of females found in se
studies was in the range of 0.2–2.6 (Ron et al, 1995). The ra
2 found in our study is additional information for this issue.

No plausible explanation could be found for the low numbe
observed cancer cases among males born in the period 1968
as compared to females in the same birth cohort or to males b
the period 1976–1985. This phenomenon is not only observ
the study area but also in the whole of Belarus (Heidenreich 
1999). Military service does not seem to be an explanation be
all cases occurring during this time have to be reported to
registry. Nevertheless, possible bias requires that results on a
exposure dependence should be treated with caution, as do
relatively low EARPD of children born in the period 1971–19
This is possibly due to a more intense thyroid surveillanc
school children.

In spite of these limitations, results of the present study on
at-exposure dependencies of excess risks per unit thyroid do
consistent with observations among the atomic bomb survi
the EARPD for 0–10 years at exposure and 10–20 years at 
sure was 4.37 resp. 2.67 cases per 104 person-year Sv (Thompso
et al, 1994).

Although the ERRPD has a large uncertainty, and the 
estimates found in the present study for 5–9 years after a131I
exposure and in other studies for several decades after ex
exposures differ by a factor of 3, the age-at-exposure depen
in the different studies is similar (Figure 4).

CONCLUSION

The excess absolute cancer risk per unit thyroid dose for the
cohort 1971–1985 was found for the observation period of 4.6
years after the exposure to be 2.1 (95% CI 1.0–4.5) cases p4

person-year Gy. The point estimate is lower by a factor of 2
what was observed in a pooled study of thyroid cancer risk 
external exposures (Ron et al, 1995). Uncertainties of thyroid
estimates have been identified as the main source of uncerta
the EARPD. A main focus of future research should therefor
improving estimates of thyroid doses due to the Chernobyl acc

The estimated ERRPD has a larger uncertainty than
EARPD, since the background incidence has a large uncer
and contributes only a small portion to the observed cancer c
In the context of the present study, EARPD and ERRPD are
numbers to describe the results, the observation period is too
to decide whether an absolute or a relative risk model desc
better the thyroid cancer incidence after the Chernobyl accide

The present study is an aggregate study using age-sp
thyroid doses and thyroid cancer incidence among the popu
British Journal of Cancer (1999) 80(9), 1461–1469
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of three cities and 2729 settlements at the time of the Cher
accident. Indications are given that quantitative risk estim
could be obtained by the study: the dose–effect response is 
the variability of individual doses in the single settlement
smaller than the variability of the average doses across the 
ments, and the assumed effect range of intensified thyroid su
lance was shown not to influence strongly the estimates o
EARPD. Nevertheless, further methodological studies are ne
to clarify the reliability of the risk estimates obtained.

Registry data about thyroid cancer cases have been used. A
all Belorussian children with thyroid cancer were operated up
the Republican Scientific and Pratical Center of Thyroid Tum
(Minsk) and pathological diagnosis was verified by internati
experts. However, the verification of the other case records u
this study is less clear. For a reliable assessment of the c
quences of the Chernobyl accident, an inspection of the ava
samples from these other cases is highly desirable. The outco
such inspections might well influence results of risk analyses.

In the present study, a relatively large effect of thyroid sur
lance on the recorded thyroid cancer cases was assume
ERRPD is inversely proportional to the assumed effect of thy
surveillance. The influence on the EARPD for the study area
high thyroid doses was shown to be small. However, thy
cancer is also drastically enhanced in areas with lower th
doses. At least for studies in these areas, the question of the
of thyroid surveillance has to be addressed again.
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