
EPIDEMIOLOGY

Thyroid Cancer Incidence in the Vicinity
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Background: Public health concern about nuclear activities have existed since the 1980s. Most studies on this
subject investigated childhood leukemia. Thyroid cancer may be another health outcome of interest, because
some nuclear installations are a potential source of radioactive iodine isotopes in the environment and because
thyroid cancer is known to occur after exposure to these isotopes.
Methods: This study describes an ecological study investigating whether there is excessive thyroid cancer
incidence among residents living in the vicinity of nuclear sites. Single-site analyses using indirect standard-
ization (standardized incidence ratios [SIRs]) and Poisson regression modeling (rate ratios [RRs]) were con-
ducted. The proximity area is typically defined as a circular zone with a radius of 20 km centered on the site.
However, the choice of the size of this area is somewhat arbitrary. Therefore, a sensitivity analysis was carried
out to investigate whether the results vary with radii of increasing proximity.
Results: No increased thyroid cancer incidence was found within the 20 km proximity area around the nuclear
power plants of Doel (SIR = 0.74 [95% confidence interval (CI) = 0.64; 0.84] and RR = 0.72 [95% CI = 0.63;
0.83]) and Tihange (SIR = 0.86 [95% CI = 0.70; 1.01] and RR = 0.85 [95% CI = 0.70; 1.02]). For the sites of
Mol-Dessel and Fleurus, where a combination of nuclear research and industrial activities are located, the
incidences of thyroid cancer within the 20 km proximity area were higher than expected (Mol-Dessel: SIR =
1.19 [95% CI = 1.01; 1.36] and RR = 1.19 [95% CI = 1.02; 1.38]; Fleurus: SIR = 1.15 [95% CI = 1.02; 1.28] and
RR = 1.17 [95% CI = 1.04; 1.33]). For Chooz, a French nuclear power plant close to the Belgian border, the
results were unstable as a result of the small population denominator. For all Belgian nuclear sites, the results
were generally insensitive to the choice of the proximity area.
Conclusions: No evidence for excessive thyroid cancer incidence around the Belgian nuclear power plants was
found. On the other hand, an increased incidence of thyroid cancer was observed around the sites with other
nuclear activities. Further research is recommended to verify whether the observed increases could be related to
the site-specific nuclear activities.

Introduction

The possible health risks associated with living in the
vicinity of a nuclear installation has been a public con-

cern for several decades. Most studies on this subject have
primarily focused on childhood leukemia (1–3), however,
thyroid cancer is another possible health outcome of interest
(4,5). Indeed, some nuclear installations are a potential
source of emissions of radioactive isotopes of iodine, and
thyroid cancer is known to occur after exposure to these
isotopes, although latency times are generally long (6,7).

In 2008, the public health concern with regard to nuclear
activities was intensified worldwide by the publication of the
German KiKK study, a large-scale case-control study that
showed a significantly increased risk for solid cancers and
leukemia among children living within 5 km of nuclear
power plants in Germany (2,8,9). In Belgium, the incidental
gaseous release of 131I that occurred in 2008 at the Institute
for Radio-Elements (IRE) in Fleurus, one of the major pro-
duction sites of radioiodines in Europe, further elevated
public concern. In the 2008 incident, rated as INES-3, an
estimated 48 GBq of 131I was released into the environment
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over 4 consecutive days. The postincident investigation in-
dicated points of serious concern with regard to both the
operational safety and the management of the Fleurus site
(10,11) and hence, the presence of earlier exposures cannot
be ruled out.

In response to both the publication of the KiKK study and
the incident at Fleurus, the Minister for Social Affairs and
Public Health commissioned a nationwide epidemiologic
study to explore health risks associated with living in the
vicinity of nuclear sites in Belgium. As it was the first study
of its kind in Belgium, a multidisciplinary research group
decided that this study was to adopt an ecological approach
using data that were readily available and should focus on
acute childhood leukemia and on thyroid cancer. The study
was carried out by the Belgian Scientific Institute of Public
Health (WIV-ISP), in collaboration with the Belgian Cancer
Registry (BCR) and the Federal Agency for Nuclear Control
(FANC). The present study describes the analyses inves-
tigating whether thyroid cancer incidence (all ages) in the
vicinity of the nuclear sites is higher than expected. A second
approach, investigating the hypothesis of a gradient in thy-
roid cancer incidence with increasing levels of simulated
exposure as well as the results for acute childhood leukemia
are reported by Bollaerts et al. (12).

In the more developed regions of the world, thyroid cancer
represents 1.8% of all cancers (13). It is, however, the most
common malignancy of the endocrine system, including a
variety of histologic types of neoplasia, in particular papillary
and follicular cancers. The incidence of thyroid cancer in
women is approximately threefold higher than in men (14).
Over the past 30 years, the incidence of differentiated thyroid
cancers represented by the papillary type has increased in
many countries. A study across five continents revealed an
average increase of 67% in females and of 48% in males
between 1973 and 2002 (15). The reasons for this increase in
thyroid cancer incidence are not yet completely understood.
One possible explanation is the increasing use of diagnostic
techniques to detect thyroid cancer (16). However, recent
studies suggest that other factors may be involved in the
increasing incidence of thyroid cancer (17,18). Established
risk factors for thyroid cancer include exposure to ionizing
radiation and iodine deficiency, whereas putative risk factors
include obesity, occupational exposures to certain chemical
pollutants, genetic factors, and female sex hormones.

Exposure to ionizing radiation, particularly during child-
hood, is the best established risk factor associated with thy-
roid cancer (19). Studies on patients treated by radiotherapy,
on survivors of the atomic bombings, or on people exposed in
nuclear accidents, have demonstrated a significantly in-
creased risk for developing thyroid carcinomas following
radiation exposure during childhood. After the Chernobyl
reactor accident in 1986, *1.8 EBq of 131I was released into
the atmosphere. In Belarus and Ukraine in particular, child-
hood thyroid cancer, mainly of the papillary type, started to
increase less than 5 years after the accident (20,21). Nuclear
facilities, including those investigated in the current study,
can release 131I into the environment, not only accidentally
but also during routine operations.

The aims of the current study are twofold: (i) to investigate
whether there is an excess of thyroid cancer in the vicinity of the
nuclear sites in Belgium, and (ii) to evaluate these associations
for different definitions of the proximity area of the nuclear sites.

Materials and Methods

Data

Thyroid cancer incidence data (ICD-10 C73) were re-
quested from the Belgian Cancer Registry (BCR), a popula-
tion-based registry. The data were available at the level of the
communes, the lowest administrative level at which age- and
sex-specific cancer data are currently available in Belgium. In
particular, Belgium has a total of 589 communes, divided
over the Flemish (n = 308), Walloon (n = 262), and Brussels-
Capital regions (n = 19; Fig. 1). The incidence year and the
place of residence are defined at the moment of cancer di-
agnosis. Cancer data of the Flemish Region were available
for the diagnosis years 2000–2008. For the Walloon and
Brussels-Capital regions, cancer data were available for the
diagnosis years 2004–2008.

Population data by sex, 5-year age groups, and commune of
residence were obtained from the Belgian Federal Public
Service (FPS) Economy, Directorate-General Statistics and
Economic Information, for every year from 2000 to 2008. In
2008, Belgium had a total population of 10,666,866 inhabitants,
divided over the Flemish (n = 6,161,600), Walloon (n =
3,456,775), and Brussels-Capital regions (n = 1,048,491).

Nuclear sites

The nuclear sites of interest are the four Belgian civil nu-
clear facilities of Class 1 [defined as facilities with the highest
radiologic risk (22)] and the French nuclear facility of Chooz,
which is located *3 km from the Belgian border. An over-
view of the nuclear sites with their main type of activity, the
initial year of operation, the number of reactors, and the total
capacity of the sites is given in Table 1. Doel (Flemish re-
gion), Tihange (Walloon region), and Chooz (France) are
electricity-generating nuclear power plants. Several facilities
in nuclear research and nuclear industry are situated on the
sites of Mol-Dessel (Flemish region) and Fleurus (Walloon
region). The nuclear site of Mol-Dessel primarily consists of
the Belgian Nuclear Research Centre (SCK-CEN), the Class
1 operator with the highest potential source term at the site.
Finally, the nuclear site of Fleurus primarily consists of the
Institute for Radioelements (IRE), one of the major produc-
tion sites of radioiodines for usage in diagnostic and thera-
peutic nuclear medicine in Europe. IRE is therefore a major
potential source of 131I emissions.

Proximity areas

For each of the 589 Belgian communes, distances were
calculated between the commune’s centroid and the geo-
graphical location of the nuclear sites. The locations of the
sites were determined by locating the nuclear facilities. For
Doel, Tihange, and Chooz, a point amidst the respective four,
three, and three reactor buildings was determined. For Mol-
Dessel, the geographical coordinates correspond to chimney
BR1 of SCK-CEN, whereas for Fleurus the coordinates
correspond to chimney B6 of IRE. Then, the proximity area
of a site was constructed as the aggregation of communes
having their centroid lying within a circle of radius r centered
on the site. Typically, the radius r is taken to be 20 km
(Fig. 1), as it corresponds to the perimeter used for nuclear
power plant emergency plans, and as it is often used within
the literature for this type of studies (2,9,23–25).
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Statistical methods

Exploratory analyses. Thyroid cancer incidence was first
explored as a function of some epidemiologic covariates,
namely age, sex, time, and geographical location. These
covariates were selected because they have been identified in
the literature to play an important role in the epidemiologic
patterns of thyroid cancer and because they are available at
the commune level within the BCR.

The occurrence of thyroid cancer as a function of age and
sex was evaluated by means of age (5-year age groups) and
sex-specific incidence rates, whereas time and regional trends
were investigated by calculating the age- and sex-standardized
rates (European Standard Population). The Poisson approxi-
mation was used to obtain the 95% confidence intervals (CIs).

Relative risk. Single-site analyses were performed using
two approaches, i.e., indirect standardization (age- and sex-
adjusted standardized incidence ratios [SIRs]) and Poisson
regression modeling, to investigate whether there is an ex-
cessive thyroid cancer incidence among residents living in

the vicinity of nuclear sites. The SIRs were calculated using
regional reference populations, as regional differences in
thyroid cancer incidences are large. This means that the areas
in proximity to the nuclear sites of Doel and Mol-Dessel were
compared with the whole Flemish region whereas the areas in
proximity to nuclear sites of Fleurus, Tihange, and Chooz
were compared with the whole Walloon and Brussels-Capital
regions. Confidence intervals were obtained using the Wald
method.

The SIRs were complemented with single-site Poisson
regression models. For rare diseases and aggregated data,
Poisson regression models are a natural choice to compare
cancer incidences between populations while accounting for
several covariates (26). The regression parameters of the
Poisson model have a good epidemiologic interpretation.
Indeed, the exponent of the regression parameter for a binary
variable is the incidence rate ratio (RR). For example, let the
binary variable Xk refer to living (Xk = 1) or not living (Xk = 0)
in the proximity of a nuclear site. Then exp(bk) is to be in-
terpreted as the disease risk for a person living in the prox-
imity of a nuclear site compared to the disease risk for a

FIG. 1. Map of Belgium depicting the nuclear sites, the communes’ centroids, and the 20 km radius proximity areas
(white) around the nuclear sites.

908 BOLLAERTS ET AL.
D

ow
nl

oa
de

d 
by

 C
O

D
A

 (
V

E
T

E
R

N
A

R
Y

 &
 A

G
R

O
C

H
E

M
 R

SC
H

 C
E

N
T

R
E

)B
IB

L
IO

T
H

E
E

K
 f

ro
m

 o
nl

in
e.

lie
be

rt
pu

b.
co

m
 a

t 1
0/

16
/1

7.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

http://online.liebertpub.com/action/showImage?doi=10.1089/thy.2013.0227&iName=master.img-000.jpg&w=490&h=400


T
a

b
l
e

1
.

O
v

e
r
v

i
e
w

o
f

t
h

e
C

l
a

s
s

1
N

u
c
l
e
a

r
S

i
t
e
s

i
n

B
e
l
g

i
u

m

M
a
in

a
ct

iv
it

y
R

ea
ct

o
rs

M
a
x.

p
o
w

er
P

er
io

d
o
f

o
p
er

a
ti

o
n

S
p
ec

ifi
ca

ti
o
n
s

N
P

P
s

D
o
el

N
P

P
(4

re
ac

to
rs

)
D

o
el

1
4
3
3

M
W

e
1
9
7
5
–

P
W

R
D

o
el

2
4
3
3

M
W

e
1
9
7
5
–

P
W

R
D

o
el

3
1
0
0
6

M
W

e
1
9
8
2
–

P
W

R
D

o
el

4
1
0
3
9

M
W

e
1
9
8
5
–

P
W

R
D

ry
st

o
ra

g
e

o
f

u
se

d
n
u
cl

ea
r

fu
el

T
re

at
m

en
t

o
f

w
as

te
an

d
ef

fl
u
en

ts
T

ih
an

g
e

N
P

P
(3

re
ac

to
rs

)
T

ih
an

g
e

1
9
6
2

M
W

e
1
9
7
5
–

P
W

R
T

ih
an

g
e

2
1
0
0
8

M
W

e
1
9
8
3
–

P
W

R
T

ih
an

g
e

3
1
0
5
4

M
W

e
1
9
8
5
–

P
W

R
W

et
st

o
ra

g
e

o
f

u
se

d
n
u
cl

ea
r

fu
el

T
re

at
m

en
t

o
f

w
as

te
an

d
ef

fl
u
en

ts
C

h
o
o
z

N
P

P
C

h
o
o
z

A
3
0
5

M
W

e
1
9
6
7
–
1
9
9
1

P
W

R
–
b
ei

n
g

d
is

m
an

tl
ed

C
h
o
o
z

B
1

1
4
5
0

M
W

e
1
9
9
6
–

P
W

R
C

h
o
o
z

B
2

1
4
5
0

M
W

e
1
9
9
7
–

P
W

R

O
th

er
F

le
u
ru

s
IR

E
P

ro
d
u
ct

io
n

o
f

ra
d
io

n
u
cl

id
es

fo
r

m
ed

ic
in

e
an

d
in

d
u
st

ry
1
9
7
1
–

M
o
-9

9
,

I-
1
3
1
,

(X
e-

1
3
3
)

S
te

ri
g
en

ic
s

S
te

ri
li

za
ti

o
n

o
f

m
ed

ic
al

eq
u
ip

m
en

t
an

d
ir

ra
d
ia

ti
o
n

o
f

fo
o
d
st

u
ff

s
1
9
7
8

C
o
-6

0

N
IR

A
S

C
le

an
-u

p
o
f

fo
rm

er
B

es
t

M
ed

ic
al

B
el

g
iu

m
(B

M
B

)
p
la

n
t:

p
ro

d
u
ct

io
n

o
f

ra
d
io

n
u
cl

id
es

fo
r

m
ed

ic
al

ap
p
li

ca
ti

o
n
s

fr
o
m

1
9
7
1
–
2
0
1
2

(fi
rs

t
IR

E
,

th
en

M
S

D
-N

o
rd

io
n
,

th
en

B
M

B
)

2
0
1
2
–

2
cy

cl
o
tr

o
n
s

an
d

ra
d
io

n
u
cl

id
e

p
ro

d
u
ct

io
n

la
b
s

(o
u
t

o
f

o
p
er

at
io

n
)

N
T

P
P

ro
d
u
ct

io
n

o
f

1
9

2
Ir

so
u
rc

es
fo

r
in

d
u
st

ry
1
9
7
1
–

Ir
-1

9
2
-

IB
A

P
h
ar

m
a

P
ro

d
u
ct

io
n

o
f

1
0

3
P

d
fo

r
m

ed
ic

al
ap

p
li

ca
ti

o
n
s

2
0
0
2
–
2
0
0
4

P
d
-1

0
3

b
y

cy
cl

o
tr

o
n

M
o
l-

D
es

se
l

B
el

g
o
p
ro

ce
ss

O
p
er

at
io

n
al

w
as

te
m

an
ag

em
en

t
S

it
e

1
:

1
9
8
4
–

S
it

e
2
:

1
9
8
9
–

ex
-E

u
ro

ch
em

ic
p
la

n
t

(1
9
6
6
)

ex
-S

C
K

p
la

n
t

(1
9
5
6
)

S
C

K
-C

E
N

S
ci

en
ti

fi
c

an
d

te
ch

n
o
lo

g
ic

al
re

se
ar

ch
(4

re
ac

to
rs

)
B

R
1

4
M

W
th

1
9
5
6
–

A
ir

-c
o
o
le

d
,

g
ra

p
h
it

e
B

R
2

1
2
0

M
w

th
1
9
6
3
–

R
es

ea
rc

h
re

ac
to

r
B

R
3

1
0
.5

M
W

e
1
9
6
2
–
1
9
8
7

P
W

R
-d

is
m

an
tl

ed
,

V
E

N
U

S
Z

er
o

p
o
w

er
cr

it
ic

al
as

se
m

b
ly

1
9
6
4
–

E
x
p
er

im
en

ta
l

re
ac

to
r,

ze
ro

-
p
o
w

er
cr

it
ic

al
fa

ci
li

ty
B

el
g
ia

n
U

n
d
er

g
ro

u
n
d

R
es

ea
rc

h
L

ab
o
ra

to
ry

1
9
8
3

S
tu

d
y

o
f

st
o
ra

g
e

co
n
d
it

io
n
s

o
f

ra
d
io

ac
ti

v
e

w
as

te
in

d
ee

p
g
eo

lo
g
ic

al
fo

rm
at

io
n
s

L
ab

o
ra

to
ry

1
9
6
0

H
ig

h
an

d
m

id
d
le

ra
d
io

ac
ti

v
it

y
la

b
o
ra

to
ri

a,
m

ai
n
ly

fo
r

n
u
cl

ea
r

fu
el

re
se

ar
ch

IR
R

M
M

et
ro

lo
g
y

an
d

ap
p
li

ed
re

se
ar

ch
1
9
6
0
–

L
ab

o
ra

to
ri

es
,

p
ar

ti
cl

e
ac

ce
le

ra
to

rs
B

el
g
o
n
u
cl

éa
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person not living in the proximity of a nuclear site, given all
other covariates remain the same. As such, an RR > 1 ( < 1)
means that the disease risk is larger (smaller) when Xk = 1
compared to when Xk = 0 and an RR close to 1 means that
risks are similar in both cases.

The model was built by including the main effects of (i)
proximity to the nuclear site (defined using a circle centered at
the nuclear site having a 20 km radius r), (ii) 5-year age groups,
(iii) sex, (iv) time, and (v) region (Walloon and Brussels-
Capital regions vs. Flemish region; Table 2). To reflect the

results of the exploratory analyses, a quadratic term for age
group and interactions between sex and age group and between
incidence year and region were included as well.

To decide upon model simplification, backwards selection
was adopted using Wald tests at a significance level a = 0.05.
Proximity to the nuclear site, the independent variable of main
interest, was not considered for exclusion. Confidence inter-
vals of the RRs were calculated using the delta-method. To
account for overdispersion, the model was fitted using the
quasi-likelihood approach with Pearson-based overdispersion
parameter u (27).

Sensitivity analysis. Although crucial, the choice of the
size of the proximity area is to a certain extent arbitrary.
Therefore, a sensitivity analysis was conducted by varying
the radius r of the circles used to determine the proximity
areas. More precisely, for every r, with r = 1,2,.25 km, the
SIRs and RRs were calculated as above, allowing to inves-
tigate whether the results vary with expanding proximity
areas.

Results

Exploratory analyses

The age- and sex-specific incidence rates of thyroid cancer
(Fig. 2) were significantly higher among women compared to
men for the ages ranging from 20 to 79 years. Taking all years
together, a male:female ratio of 1:3 was obtained. Thyroid
cancer is mainly affecting middle-aged people, with a peak at
the age of 55–59 years, both for women and men. In contrast,
thyroid cancer rarely occurs in children.

Table 2. Description of the Covariates Used

in the Poisson Regression Model

Variable Description Values

Proximity Commune (centroid)
within proximity area

0 = no;
1 = yes

Sex Gender 0 = female;
1 = male

Age Age group 0 = 0–4 yrs
1 = 5–9 yrs

..
16 = 80–84 yrs
17 = + 85 yrs

Wl-Bxl Commune in Walloon
or Brussels-Capital region

0 = no;
1 = yes

Time Incidence year 0 = 2000
1 = 2001

.
8 = 2008

FIG. 2. Age- and sex-specific incidence rates of thyroid cancer in Belgium, 2000/2004–2008.
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The European standardized incidence rates (ESR) of thy-
roid cancer (Fig. 3) were significantly lower in the Flemish
region compared to the Walloon and Brussels-Capital re-
gions. Within the Flemish region, the thyroid cancer inci-
dence has been steadily increasing over time with the
incidence in 2008 being significantly higher than that of
2000. This increasing time trend was not observed in the
Walloon and Brussels-Capital regions, possibly because of
the shorter time period of registration.

Relative risk

The results of the single site analyses investigating the
evidence of an excess of thyroid cancer incidence within
the 20 km proximity area are summarized in Table 3. Both the
indirect standardization (SIRs) and Poisson regression (RRs)
full model, which could not be simplified, yielded similar
results. For the nuclear power plants of Doel and Tihange, a
lowered thyroid cancer incidence was found within the 20 km
proximity area. For Doel, this difference was significant

(SIR = 0.74 [95% CI = 0.64; 0.84] and RR = 0.72 [95%
CI = 0.63; 0.83]), whereas it was not for Tihange (SIR = 0.86
[95% CI = 0.70; 1.01] and RR = 0.85 [95% CI = 0.70; 1.02]).
A significantly increased thyroid cancer incidence was found
around the nuclear sites of Mol-Dessel (SIR = 1.19 [95%
CI = 1.01; 1.28] and RR = 1.19 [95% CI = 1.02; 1.38]) and
Fleurus (SIR = 1.15 [95% CI = 1.03; 1.30] and RR = 1.17
[95% CI = 1.04; 1.33]), the two sites with combined industrial
and research activities. For the French nuclear power plant
of Chooz, the SIR was not significant (SIR = 1.47 [95%
CI = 0.93; 2.00]), whereas the RR was borderline significant
[95% CI = 1:02; 2:10]. However, the small population de-
nominator for the Belgian territory around the nuclear power
plant of Chooz resulted in large confidence intervals and
unstable results.

Sensitivity analyses

The results of the sensitivity analysis, investigating whether
the RRs vary with expanding proximity areas, are graphically

FIG. 3. Age- and sex-standard-
ized rates (European Standard
Rate, ESR) of thyroid cancer by
year of diagnosis and region in
Belgium, 2000/2004–2008.

Table 3. Standardized Incidence Ratios and Rate Ratios of Thyroid Cancer Incidence

Between 2000 or 2004 and 2008 Among Residents Living in the Vicinity of the Nuclear Sites Studied

SIR RR

Nuclear site PY O E Est. 95% CI Est. 95% CI

Doelb 6,771,023 207 279.69 0.74 [0.64; 0.84] - 0.72 [0.63; 0.83] -
Tihangea 1,497,989 119 139.13 0.86 [0.70; 1.01] 0.85 [0.70; 1.02]
Mol-Desselb 3,681,228 178 150.01 1.19 [1.01; 1.36] + 1.19 [1.02; 1.38] +
Fleurusa 2,785,130 295 256.97 1.15 [1.02; 1.28] + 1.17 [1.04; 1.33] +
Chooza 212,917 29 19.76 1.47 [0.93; 2.00] 1.46 [1.02; 2.10] +

RRs are calculated as exp(b1) based on the Poisson regression model.
aWalloon/Brussels-Capital region as reference region.
bFlemish region as reference region.
PY, person years at risk; O, observed number of cases; E, expected number of cases; SIR, standardized incidence ratio; RR, rate ratio;

est., estimated; CI, confidence interval; + , significantly increased incidence; - , significantly decreased incidence.
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displayed in Figure 4 for increasing radius r with r = 1,2,3,.,
25 km. The SIRs resulted in similar estimates and are not shown.
For the nuclear power plants of Doel and Tihange, no excess in
thyroid cancer incidence was observed, irrespective of the size
of proximity area.

For the nuclear sites of Fleurus and Mol-Dessel, significant
excesses in thyroid cancer incidence were regularly found for
proximity areas with radii from *10 to *25 km. Around the
nuclear power plant of Chooz, significance showed to be
sensitive to varying radii of the proximity area. Observe that

FIG. 4. Incidence rate ratios (RRs) of thyroid cancer in the vicinity of nuclear sites by increasing circle radius (km) of the
proximity area. The 95% confidence intervals are represented by the dotted lines.
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all confidence intervals narrow for increasing radius r as the
population denominator increases.

Discussion

This article presents the first Belgian study investigating
health risks associated with living in the vicinity of the largest
nuclear sites. This study is in response to the public health
concern following the accidental gaseous release of 131I in
2008 in Fleurus, one of the major production sites of radio-
iodines in Europe. Because the study has been ordered for the
whole of Belgium, it focused on all Class 1 installations
[defined as facilities with the highest potential radiologic risk
(22)] including the Fleurus site. All of these installations may
be potential sources of radioisotope release from accidental
emissions and during routine operations. The multidisci-
plinary research group that had been launched after the
Fleurus 2008 incident advocated the use of an ecological
study design, because the study was to (i) be a first approach
to answer the question on possible increased health risks
around nuclear facilities and (ii) make use of data that were
readily available. To this end, the cancer incidence data from
the BCR, which is a population-based registry for the whole
of Belgium, were used.

The health outcome of interest described in the current
study is thyroid cancer. This specific type of cancer is known
to occur after exposure to radioactive isotopes of iodine. For
the current study, thyroid cancer incidence data were avail-
able for the period 2000/2004–2008. The cross-section of
thyroid cancer cases of all ages (from 0 until 85 + years) was
taken. It should be noted that the ecological design and the
time window of the available data do not allow investigating
the health effects of the Fleurus 2008 incident itself. Instead,
as the cross-section over all ages was taken, it allows inves-
tigating the potential health effects of (possibly undetected or
unreported) past exposures. In addition, the uncertainty and
heterogeneity in latency period is accounted for by taking the
cross section over all ages. The two main pathways of ex-
posure from release of radionuclides in the atmosphere by
nuclear installations are gamma radiation and ingestion of
radionuclides through food contamination. The ecologic de-
sign allows taking into account only the first pathway. This is
also the way the population around the nuclear sites is mostly
exposed. Furthermore, as a result of the open food economy
in Belgium, the exposure through food contamination is
generally not considered to be a geographical risk factor
around the nuclear sites themselves.

Based on arguments presented by Korblein and Hoffmann
(8) and by Fairlie (28), more advanced statistical analy-
ses techniques were used. In particular, the indirect stan-
dardization method (SIRs) was complemented with Poisson
regression models (incidence RRs). These models are ad-
vantageous over SIRs because they enhance model flexibil-
ity, allowing more covariates to be taken into account
simultaneously and to elaborate on more evolved (exposure)
modeling (29). More specifically, the Poisson regression
enabled accounting for the observed increasing time trend in
thyroid cancer incidence in the north of Belgium and for the
regional differences in thyroid cancer incidence that were
observed between the northern and the southern part of
Belgium. In addition, the classic analyses on the 20 km
proximity area were complemented by sensitivity analyses to

investigate whether the results vary with expanding prox-
imity areas. Indeed, as the choice of the proximity area is to a
certain extent arbitrary, and as it has been shown that the
model results can depend on this choice (30), a sensitivity
analysis is highly recommended to test the robustness of the
model results to the choice of proximity area.

Based on the current analyses, no increased incidence of
thyroid cancer was found around the nuclear power plants of
Doel and Tihange. In contrast, increases of 20% in thyroid
cancer incidence were observed around the two nuclear sites
where a combination of nuclear research and industrial ac-
tivities are located. These results around the Belgian sites
were robust to the choice of the size of the proximity area.
Finally, the small number of expected cases for the Belgian
territory around the French nuclear power plant of Chooz
gave unstable results, and thus did not allow for any scien-
tifically valid interpretation.

Because the increased thyroid cancer incidences were
observed around the two nuclear sites with research and in-
dustrial activities and not around the nuclear power plants, it
could be hypothesized that these differences are associated
with differences in exposure or risk between the two types of
sites. Radiation-induced thyroid cancers are characterized by
a long latency period and individual variation in latency time
exists (31). Generally, latency times between 10 and 15 years
(and in some studies even up to 40 years) have been described
in the literature (6,7,32), when this irradiation concerns
children less than 15 years old. Exposure during adulthood
(after the age of 20 years) has not been linked convincingly to
thyroid cancer (33). The Chernobyl accident, however,
demonstrated that latency times may be much shorter when
exposure occurs at younger age and may also decrease with
increasing exposure (21). This difference is explained by the
higher sensitivity of children to ionizing radiation. The dose
received by the thyroid of a child is higher than that of an
adult exposed in the same conditions because of the lower
volume of the thyroid gland and the more pronounced con-
centration phenomenon in children compared to adults (34).
Moreover, young children have an increased susceptibility to
cancer induction compared to adults, mainly related to their
higher mitotic index (35). Therefore, supplementary analyses
were performed comparing age-specific incidence rates of
thyroid cancer within the proximity area of Mol-Dessel and
of Fleurus with the corresponding rates of the respective
reference population. In the younger age groups, the number
of cases were low and no significant increases were observed
(results not shown).

A number of studies have addressed the question of a
possible association between thyroid cancer and exposure to
ionizing radiation coming from nuclear sites. Thyroid cancer
and thyroid nodules have been described following the
atomic bombings in Hiroshima and Nagasaki due to external
exposure (32,36–39). The follow-up of the Life Span Study
cohort of Japanese atomic bomb survivors showed excess
relative thyroid cancer risks of 1.15 for the period 1958–1987
(39) and 1.28 for the period 1958–2005 (37) at 1 Gy of ra-
diation exposure. Positive associations have also been de-
scribed due to internal exposure following radioactive
fallout. For some nuclear facilities and sites with specific
high-risk activities, e.g., nuclear weapons testing sites, ex-
cessive thyroid cancer caused by radioactive fallout have
been reported in relation with both periodic releases during
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routine operations and with accidental exposures. As such, an
increased risk of thyroid neoplasms was observed in children
living in Utah, Nevada, and Arizona who had been exposed
to radioactive iodine from nuclear weapons testing at the
Nevada test site from 1951 through 1962 (40,41). Similarly, a
cohort study in the former USSR found cancer mortality to be
substantially higher in inhabitants of villages exposed to the
nuclear tests that occurred between 1949 and 1989 at the
Semipalatinsk nuclear test site (42). With regard to accidents,
an excess of thyroid abnormalities, including cancer, was
observed after the 1954 BRAVO thermonuclear test on the
Marshall Islands in the Pacific Ocean (43,44). In French
Polynesia, a population-based case-control study, carried out
after the atmospheric nuclear weapon tests in the Mururoa
and Fangataufa atolls, found that the risk of thyroid cancer
increased significantly with the thyroid dose received before
the age of 15 years (45).

For nuclear power plants, excessive thyroid cancer caused
by radioactive fallout has been observed only after major
accidents. This was the case following the Chernobyl reactor
accident in 1986, after which thyroid cancer, particularly
of the papillary type, dramatically increased in children
in Belarus and Ukraine only 4 years after the accident
(21,34,46,47). Excess relative risks/Gy of 8.0 [95% CI = 4.60;
15.00] and 19.0 [95% CI = 11.00; 27.00]) have been reported
in two recent studies (48,49). To the authors’ knowledge, no
increases of thyroid cancer have been reported for nuclear
power plants in case of smaller accidents/incidents [Wind-
scale Sellafield, England, 1957 (50,51); Three Mile Island,
Pennsylvania, 1979 (52)] or after routine operations (53,54).
It should be noted that substantial debate remains with regard
to the dose-effect relationships in all of these studies, even in
the case of Chernobyl, because exact doses are not known
(55). Finally, it has to be stressed that the implementation of
an intensive screening follow-up program after nuclear
events may induce in itself the detection of more cancer cases
and hence be responsible for an apparent increase in inci-
dence (screening bias) (56).

A number of studies have also investigated the occurrence
of thyroid cancer in nuclear workers (57–59). In these studies,
no consistent pattern of increase for any single cancer type
was observed across cohorts. It should be noted that these
studies predominantly included male workers, and workers
are not exposed during the most critical period for thyroid
cancer induction (early childhood).

Because of the ecological design of this study, however,
no causal relationships can be inferred nor can conclusions
at the individual level be drawn. Furthermore, migration
phenomena cannot be taken into account. Other causes
could be considered, such as predisposing thyroid disease
(60), thyrotropin levels (61,62), the role of other hormones
such as estrogens (63), heritable conditions (64), physical
characteristics such as obesity (65), medical radiation (66),
dietary iodine (67), or smoking status (68). Some factors,
such as advances in diagnostic practices and differences in
pathologic analyses, may also affect the incidence of thy-
roid cancer not by a true increase, but by an increased
number of findings. Advances in diagnostic practices may
lead to increasing rates of small tumors that remain otherwise
undiagnosed (16,69,70). On the other hand, thyroid cancers
may also be overdiagnosed because of increased patholo-
gist scrutiny, such as increased sectioning and histologic

sampling by pathologists (17,71). Indeed, an additional
study by the Belgian Health Care Knowledge Center (72)
showed more thyroid surgery as well as more thyroid imag-
ing, and thus a higher proportion of small tumors, in
Brussels and Wallonia as compared to Flanders. Further de-
tailed information on potential differences in medical
diagnostic practices within the regions are, however, not
available at this moment in Belgium. Nevertheless, it has to
be stressed that the etiology of thyroid cancer remains largely
unknown.

Because the current study indicates borderline increased
incidences of thyroid cancer around the nuclear sites of Mol-
Dessel and Fleurus, further research is recommended. In first
instance, as the etiology of thyroid cancer is still largely un-
known, more advanced surrogate exposure models were used
to verify whether the observed incidences could be related to
nuclear activities. In view of this, three surrogate exposures
were tested, i.e., residential proximity to the nuclear sites,
prevailing wind directions, and simulated radioactive dis-
charges into the environment on the basis of mathematical
modeling (12). Second, it was suggested to make cancer data
available at a smaller geographical level. These data are ex-
pected to be available in the near future, and will allow re-
peating the analyses with greater geographical detail and for an
extended time period.

Author Disclosure Statement

No competing financial interests exist.

References

1. Baker PJ, Hoel DG 2007 Meta-analysis of standardized
incidence and mortality rates of childhood leukaemia in
proximity to nuclear facilities. Eur J Cancer Care (Engl)
16:355–363.

2. Kaatsch P, Spix C, Schulze-Rath R, Schmiedel S, Blettner
M 2008 Leukaemia in young children living in the vicinity
of German nuclear power plants. Int J Cancer 122:721–
726.

3. Jablon S, Hrubec Z, Boice JD Jr 1991 Cancer in popula-
tions living near nuclear facilities. A survey of mortality
nationwide and incidence in two states. JAMA 265:1403–
1408.

4. Davis S, Kopecky KJ, Hamilton TE, Onstad L 2004 Thy-
roid neoplasia, autoimmune thyroiditis, and hypothyroid-
ism in persons exposed to iodine 131 from the hanford
nuclear site. JAMA 292:2600–2613.

5. Wing S, Richardson DB, Hoffmann W 2011 Cancer risks
near nuclear facilities: the importance of research design
and explicit study hypotheses. Environ Health Perspect
119:417–421.

6. Sadetzki S, Chetrit A, Lubina A, Stovall M, Novikov I
2006 Risk of thyroid cancer after childhood exposure to
ionizing radiation for tinea capitis. J Clin Endocrinol Metab
91:4798–4804.

7. Shore RE, Xue X-N 1999 Comparative thyroid cancer risk
of childhood and adult radiation exposure and estimation of
lifetime risk. In: Thomas D, Karaoglou A, Williams ED
(eds) Radiation and Thyroid Cancer. World Scientific
Publishing, Singapore, pp 491–498.

8. Korblein A, Hoffmann W 1999 Childhood cancer in the
vicinity of German nuclear power plants. Med Global
Survival 6:18–23.

914 BOLLAERTS ET AL.
D

ow
nl

oa
de

d 
by

 C
O

D
A

 (
V

E
T

E
R

N
A

R
Y

 &
 A

G
R

O
C

H
E

M
 R

SC
H

 C
E

N
T

R
E

)B
IB

L
IO

T
H

E
E

K
 f

ro
m

 o
nl

in
e.

lie
be

rt
pu

b.
co

m
 a

t 1
0/

16
/1

7.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=1999880&crossref=10.1001%2Fjama.1991.03460110069026&citationId=p_12
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=15572718&crossref=10.1001%2Fjama.292.21.2600&citationId=p_13
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=17587361&crossref=10.1111%2Fj.1365-2354.2007.00679.x&citationId=p_10
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=21147606&crossref=10.1289%2Fehp.1002853&citationId=p_14
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=18067131&crossref=10.1002%2Fijc.23330&citationId=p_11


9. Spix C, Schmiedel S, Kaatsch P, Schulze-Rath R, Blettner
M 2008 Case-control study on childhood cancer in the vi-
cinity of nuclear power plants in Germany 1980–2003. Eur
J Cancer 44:275–284.

10. Tombuyses B, Schmitz F, Wertelaers A, Schrauben M, Van
Den Berghe Y, Drymael H 2009 Incidental release in IRE.
www.eurosafe-forum.org/files/Presentations2009/Seminar5/
Slides/5.2-Incidental%20release%20in%20IRE.pdf (last ac-
cessed April 15, 2014).

11. Vandecasteele CM, Sonk M, Degueldre D 2011 Acci-
dental release of iodine-131 by IRE at Fleurus: back ex-
perience of Belgium safety authority. Radioprotection
46:159–173.

12. Bollaerts K, Fierens S, Simons K, Francart J, Poffijn A,
Sonck M, Van Bladel L, Geraets D, Gosselin P, Van Oyen
H, Van Eycken L, Van Nieuwenhuyse A 2012 Monitoring
of possible health effects of living in the vicinity of nuclear
sites in Belgium. Scientific Institute of Public Health (WIV-
ISP), Brussels, Belgium (D/2012/2505/01). https://www
.wiv-isp.be/Documents/120905_Monitoring%20Health%20
Effects%20Nuclear%20sites%20in%20Belgium.pdf

13. Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin
DM 2011 GLOBOCAN 2008, Cancer Incidence and
Mortality Worldwide: IARC CancerBase No. 10. Interna-
tional Agency for Research on Cancer, Lyon, France.

14. Sipos JA, Mazzaferri EL 2010 Thyroid cancer epidemi-
ology and prognostic variables. Clin Oncol (R Coll Radiol)
22:395–404.

15. Kilfoy BA, Zheng T, Holford TR, Han X, Ward MH,
Sjodin A, Zhang Y, Bai Y, Zhu C, Guo GL, Rothman N,
Zhang Y 2009 International patterns and trends in thyroid
cancer incidence, 1973–2002. Cancer Causes Control
20:525–531.

16. Leenhardt L, Grosclaude P, Cherie-Challine L 2004 Increased
incidence of thyroid carcinoma in france: a true epidemic or
thyroid nodule management effects? Report from the French
Thyroid Cancer Committee. Thyroid 14:1056–1060.

17. Morris LG, Myssiorek D 2010 Improved detection does not
fully explain the rising incidence of well-differentiated
thyroid cancer: a population-based analysis. Am J Surg
200:454–461.

18. McNally RJ, Blakey K, James PW, Gomez PB, Basta NO,
Hale J 2012 Increasing incidence of thyroid cancer in Great
Britain, 1976–2005: age-period-cohort analysis. Eur J
Epidemiol 27:615–622.

19. Sinnott B, Ron E, Schneider AB 2010 Exposing the thyroid
to radiation: a review of its current extent, risks, and im-
plications. Endocr Rev 31:756–773.

20. Cardis E, Kesminiene A, Ivanov V, Malakhova I, Shibata Y,
Khrouch V, Drozdovitch V, Maceika E, Zvonova I, Vlassov
O, Bouville A, Goulko G, Hoshi M, Abrosimov A, Anoshko
J, Astakhova L, Chekin S, Demidchik E, Galanti R, Ito M,
Korobova E, Lushnikov E, Maksioutov M, Masyakin V,
Nerovnia A, Parshin V, Parshkov E, Piliptsevich N, Pinchera A,
Polyakov S, Shabeka N, Suonio E, Tenet V, Tsyb A, Yamashita
S, Williams D 2005 Risk of thyroid cancer after exposure to 131I
in childhood. J Natl Cancer Inst 97:724–732.

21. Cardis E, Hatch M 2011 The Chernobyl accident—an ep-
idemiological perspective. Clin Oncol (R Coll Radiol)
23:251–260.

22. Royal Decree of 20 July 2001 laying down the General
Regulation for the protection of the public, workers and the
environment against the hazards of ionizing radiation,
2001/00726, Belgian Federal Government, 2001.

23. Laurier D, Jacob S, Bernier MO, Leuraud K, Metz C,
Samson E, Laloi P 2008 Epidemiological studies of leu-
kaemia in children and young adults around nuclear
facilities: a critical review. Radiat Prot Dosimetry 132:
182–190.

24. Spycher BD, Feller M, Zwahlen M, Roosli M, von der
Weid NX, Hengartner H, Hengartner H, Egger M, Kuehni
CE; Swiss Paediatric Oncology Group; Swiss National
Cohort Study Group 2011 Childhood cancer and nuclear
power plants in Switzerland: a census-based cohort study.
Int J Epidemiol 40:1247–1260.

25. White-Koning ML, Hemon D, Laurier D, Tirmarche M,
Jougla E, Goubin A, Tirmarche M, Jougla E, Goubin A,
Clavel J 2004 Incidence of childhood leukaemia in the
vicinity of nuclear sites in France, 1990–1998. Br J Cancer
91:916–922.

26. Dobson A 2010 An Introduction to Generalized General
Models, 2nd edition. Chapman & Hall, London.

27. McCullagh P, Nelder J 1989 Generalized Linear Models,
2nd edition. Chapman & Hall, London.

28. Fairlie I 2009 Commentary: childhood cancer near nuclear
power stations. Environ Health 8:43.

29. Elliott P, Wakefield J, Best NG, Briggs DJ 2000 Spatial
Epidemiology: Methods and Applications. Oxford Uni-
versity Press, Oxford.

30. Urquhart JD 1991 The investigation of leukeamia incidence
around sites of special interest. Nucl Energy 30:21–26.

31. Richardson DB, Ashmore JP 2005 Investigating time pat-
terns of variation in radiation cancer associations. Occup
Environ Med 62:551–558.

32. Ron E, Lubin JH, Shore RE, Mabuchi K, Modan B, Pottern
LM, Schneider AB, Tucker MA, Boice JD Jr 1995 Thyroid
cancer after exposure to external radiation: a pooled anal-
ysis of seven studies. Radiat Res 141:259–277.

33. United Nations Scientific Committee on the Effects of
Atomic Radiation 2000 Sources and Effects of Ionizing
Radiation. UNSCEAR, New York.

34. Grall Y, Lerouge B 2004 [Thyroid cancers due to the
Chernobyl accident]. French Nuclear Energy Society, Paris.

35. Barnes ND 1988 Effects of external irradiation on the
thyroid gland in childhood. Horm Res 30:84–89.

36. Sakata R, Grant EJ, Ozasa K 2012 Long-term follow-up of
atomic bomb survivors. Maturitas 72:99–103.

37. Furukawa K, Preston D, Funamoto S, Yonehara S, Ito M,
Tokuoka S, Sugiyama H, Soda M, Ozasa K, Mabuchi K
2013 Long-term trend of thyroid cancer risk among Japa-
nese atomic-bomb survivors: 60 years after exposure. Int J
Cancer 132:1222–1226.

38. Little MP 2009 Cancer and non-cancer effects in Japanese
atomic bomb survivors. J Radiol Prot 29:A43–A59.

39. Thompson DE, Mabuchi K, Ron E, Soda M, Tokunaga M,
Ochikubo S, Sugimoto S, Ikeda T, Terasaki M, Izumi S,
Preston DL 1994 Cancer incidence in atomic bomb survi-
vors. Part II: Solid tumors, 1958–1987. Radiat Res 137(2
Suppl):S17–S67.

40. Kerber RA, Till JE, Simon SL, Lyon JL, Thomas DC,
Preston-Martin S, Rallison ML, Lloyd RD, Stevens W 1993
A cohort study of thyroid disease in relation to fallout from
nuclear weapons testing. JAMA 270:2076–2082.

41. Lyon JL, Alder SC, Stone MB, Scholl A, Reading JC,
Holubkov R, Sheng X, White GL Jr, Hegmann KT, An-
spaugh L, Hoffman FO, Simon SL, Thomas B, Carroll R,
Meikle AW 2006 Thyroid disease associated with exposure
to the Nevada nuclear weapons test site radiation: a re-

THYROID CANCER INCIDENCE NEAR NUCLEAR SITES 915
D

ow
nl

oa
de

d 
by

 C
O

D
A

 (
V

E
T

E
R

N
A

R
Y

 &
 A

G
R

O
C

H
E

M
 R

SC
H

 C
E

N
T

R
E

)B
IB

L
IO

T
H

E
E

K
 f

ro
m

 o
nl

in
e.

lie
be

rt
pu

b.
co

m
 a

t 1
0/

16
/1

7.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=22440534&crossref=10.1016%2Fj.maturitas.2012.02.009&citationId=p_45
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=22440534&crossref=10.1016%2Fj.maturitas.2012.02.009&citationId=p_45
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=20627675&crossref=10.1016%2Fj.clon.2010.05.004&citationId=p_23
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=22760704&crossref=10.1007%2Fs10654-012-9710-x&citationId=p_27
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=22847218&crossref=10.1002%2Fijc.27749&citationId=p_46
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=19016336&crossref=10.1007%2Fs10552-008-9260-4&citationId=p_24
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=20650861&crossref=10.1210%2Fer.2010-0003&citationId=p_28
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=18922823&crossref=10.1093%2Frpd%2Fncn262&citationId=p_32
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=19454804&crossref=10.1088%2F0952-4746%2F29%2F2A%2FS04&citationId=p_47
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=16046608&crossref=10.1136%2Foem.2004.017368&citationId=p_40
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&system=10.1089%2Fthy.2004.14.1056&citationId=p_25
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=3074031&crossref=10.1159%2F000181034&citationId=p_44
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=15900042&crossref=10.1093%2Fjnci%2Fdji129&citationId=p_29
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=21750009&crossref=10.1093%2Fije%2Fdyr115&citationId=p_33
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&crossref=10.2307%2F3578892&citationId=p_48
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=20561605&crossref=10.1016%2Fj.amjsurg.2009.11.008&citationId=p_26
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Fthy.2013.0227&pmid=20561605&crossref=10.1016%2Fj.amjsurg.2009.11.008&citationId=p_26


evaluation based on corrected dosimetry and examination
data. Epidemiology 17:604–614.

42. Bauer S, Gusev BI, Pivina LM, Apsalikov KN, Grosche
B 2005 Radiation exposure due to local fallout from
Soviet atmospheric nuclear weapons testing in Kazakh-
stan: solid cancer mortality in the Semipalatinsk his-
torical cohort, 1960–1999. Radiat Res 164(4 Pt 1):
409–419.

43. Hamilton TE, van Belle G, LoGerfo JP 1987 Thyroid
neoplasia in Marshall Islanders exposed to nuclear fallout.
JAMA 258:629–635.

44. Ron E, Schneider A 2006 Thyroid cancer. In: Schottenfeld
D, Fraumeni J Jr, eds. Cancer Epidemiology and Preven-
tion, 3rd edition. Oxford University Press, New York, pp
975–994.

45. de Vathaire F, Drozdovitch V, Brindel P, Rachedi
F, Boissin JL, Sebbag J, Shan L, Bost-Bezeaud F,
Petitdidier P, Paoaafaite J, Teuri J, Iltis J, Bouville A,
Cardis E, Hill C, Doyon F 2010 Thyroid cancer follow-
ing nuclear tests in French Polynesia. Br J Cancer
103:1115–1121.

46. Cardis E, Krewski D, Boniol M, Drozdovitch V, Darby SC,
Gilbert ES, Akiba S, Benichou J, Ferlay J, Gandini S, Hill
C, Howe G, Kesminiene A, Moser M, Sanchez M, Storm H,
Voisin L, Boyle P 2006 Estimates of the cancer burden in
Europe from radioactive fallout from the Chernobyl acci-
dent. Int J Cancer 119:1224–35.

47. Yablokov AV, Nesterenko VB, Nesterenko AV 2009 15.
Consequences of the Chernobyl catastrophe for public
health and the environment 23 years later. Ann NY Acad
Sci 1181:318–26.

48. Jacob P, Bogdanova TI, Buglova E, Chepurniy M, De-
midchik Y, Gavrilin Y, Kenigsberg J, Meckbach R, Scho-
tola C, Shinkarev S, Tronko MD, Ulanovsky A, Vavilov S,
Walsh L 2006 Thyroid cancer risk in areas of Ukraine and
Belarus affected by the Chernobyl accident. Radiat Res
1181:318.

49. Likhtarov I, Kovgan L, Vavilov S, Chepurny M, Ron E,
Lubin J, Bouville A, Tronko N, Bogdanova T, Gulak L,
Zablotska L, Howe G 2006 Post-Chernobyl thyroid cancers
in Ukraine. Report 2: risk analysis. Radiat Res 166:375–
386.

50. Crick MJ, Linsley GS 1984 An assessment of the radio-
logical impact of the Windscale reactor fire, October
1957. Int J Radiat Biol Relat Stud Phys Chem Med
46:479–506.

51. Dunster HJ, Howells H, Templeton WL 2007 District sur-
veys following the Windscale incident, October 1957.
1958. J Radiol Prot 27:217–230.

52. Han YY, Youk AO, Sasser H, Talbott EO 2011 Cancer
incidence among residents of the Three Mile Island acci-
dent area: 1982–1995. Environ Res 111:1230–1235.

53. Boice JD, Jr., Bigbee WL, Mumma MT, Tarone RE, Blot
WJ 2009 County mortality and cancer incidence in relation
to living near two former nuclear materials processing
facilities in Pennsylvania—an update. Health Phys 96:
128–137.

54. Rekacewicz C, de VF, Delise MJ 1993 Differentiated
thyroid carcinoma incidence around the French nuclear
power plant in Chooz. Lancet 341:493.

55. Baverstock K, Williams D 2006 The Chernobyl accident 20
years on: an assessment of the health consequences and the
international response. Environ Health Perspect 114:
1312–7.

56. Welch HG, Black WC 2010 Overdiagnosis in cancer. J Natl
Cancer Inst 102:605–613.

57. Jablon S, Boice JD Jr 1993 Mortality among workers at a
nuclear power plant in the United States. Cancer Causes
Control 4:427–430.

58. Jeong M, Jin YW, Yang KH, Ahn YO, Cha CY 2010
Radiation exposure and cancer incidence in a co-
hort of nuclear power industry workers in the Republic
of Korea, 1992–2005. Radiat Environ Biophys 49:
47–55.

59. Cardis E, Vrijheid M, Blettner M, Gilbert E, Hakama M,
Hill C, Howe G, Kaldor J, Muirhead CR, Schubauer-Ber-
igan M, Yoshimura T, Bermann F, Cowper G, Fix J,
Hacker C, Heinmiller B, Marshall M, Thierry-Chef I, Ut-
terback D, Ahn YO, Amoros E, Ashmore P, Auvinen A,
Bae JM, Bernar J, Biau A, Combalot E, Deboodt P, Diez
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