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In Belgium, variations in thyroid cancer incidence were observed around themajor nuclear sites. The present ecological study

investigates whether there is an excess incidence of thyroid cancer among people living in the vicinity of the four nuclear sites at the

smallest Belgian geographical level. Rate ratios were obtained from a Bayesian hierarchical model for areas of varying sizes around

the nuclear sites. Focused hypothesis tests and generalized additivemodels were performed to test the hypothesis of a gradient in

thyroid cancer incidence with increasing levels of surrogate exposures. No evidence was found for more incident cases of thyroid

cancer near the two nuclear power plants. Regarding the two industrial and research nuclear sites, no evidence for a higher incidence

in the vicinity ofMol-Dessel was observed, whereas a slightly nonsignificant higher incidence was found in the close vicinity of

Fleurus. In addition, significant gradients for thyroid cancer incidence were observed with the different types of surrogate exposure

considered in the 20 km area around the site of Fleurus (decreasing distance, increasing wind direction frequency and increasing

exposure to estimated hypothetical radioactive discharges of iodine-131). In the investigation at the smallest Belgian geographical

level, variations in thyroid cancer incidence were found around the Belgian nuclear sites. Significant exposure–response

relationships were also observed for the site of Fleurus. Further investigations into these findings could be useful to allow inferring

causal relationships on the origin of variations in incidence and to provide information at the individual level.

Introduction
Exposure to ionizing radiation, particularly during childhood, is
the best-established risk factor associated with thyroid cancer
(mainly papillary forms).1–3 Ionizing radiation has the capacity of
damaging tissue by ionizations, which disrupt molecules directly
and also produces highly reactive free radicals, which in turn can
affect nearby cells. The consequence is that biological molecules
suffer from local disruption, which can lead to replication and
transcriptional errors and, thus, can result in premature aging
and cancer.4,5 Ionizing radiation can theoretically cause almost all
forms of cancer while the bone marrow, the thyroid, the lungs
and the female breasts are known to be particularly sensitive to
radiation induction of cancer.4,5

The radionuclide iodine-131 is known to be a major contribu-
tor to thyroid cancer risk in the case of nuclear accidents.6 Studies
on survivors of the atomic bombings at Hiroshima and Nagasaki,
Japan, have demonstrated significantly higher risks of developing
thyroid cancer after radiation exposure during childhood.7,8 A
direct consequence of the Chernobyl disaster was an increase in
the number of thyroid cancers in children during the years after
the accident.8,9 Radiation-related risk of thyroid cancer after expo-
sure during childhood has been shown to persist for decades after
exposure.7 Exposure during adulthood has been less clearly linked
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to thyroid cancer; ionizing radiation can also cause thyroid cancer
in adults, but they will occur after exposure to higher doses.10–12

In Belgium, a radiological incident happened in 2008 at the
Institute for Radio-Elements situated in the nuclear site of Fleurus.
At the same time, the German KiKK-study (Kinderkrebs in der
Umgebung von Kernkraftwerken) on childhood cancer, more spe-
cifically childhood leukemia, boosted the public concern about the
possible health risks associated with living in the vicinity of nuclear
power plants worldwide.13,14 In response, the Belgian Minister of
Social Affairs and Public Health commissioned a study to assess
the possible health risks for populations living in the proximity of
nuclear power plants or other facilities that can be at the origin of a
release of radioactive material. The results of this ecological study,
performed at the level of the communes (municipalities), showed
no higher incidence of thyroid cancer around the two Belgian
nuclear power plants. For the two nuclear sites with research and
industrial activities, a slightly higher incidence of thyroid cancer
was observed compared to the regional average.15–18

The present study is the follow-up thereof and follows the
recommendation to make data available at smaller geographi-
cal level. The present study was performed at the level of the
statistical sectors, a subdivision of commune. The statistical
sector, which was defined by the Belgian statistical office based
on social, economic and urban characteristics, is the smallest
area in Belgium. Such data has the advantage of reducing the
risk of misclassification of the exposure and ecological bias
thanks to a smaller within-area variation of the exposure.19–21

More specifically, the study has investigated whether thyroid
cancer incidence is higher than expected in the vicinity of the
Belgian nuclear sites. In a second phase, the study investigated
whether there is evidence for a gradient in cancer incidence
with increasing surrogate exposures from nuclear sites.

Materials and Methods
Population and cancer data
Population data were collected by the Intermutualistic Agency
(IMA-AIM) which gathers demographic and socioeconomic
data concerning the members of the Belgian mutual insurance
companies. Population counts were provided by sex, age
groups (0–4 years, 5–9 years, …, 80–84 years, ≥85 years) and
statistical sector for December 31 of each year. Data was reli-
able from 2006 onwards.

Thyroid cancer incidence data (defined by the International
Classification of Diseases, 10 revision, code C73) was selected
from the Belgian Cancer Registry, a national population-based

registry. The incidence year, sex, age and place of residence at
diagnosis were used to characterize the cancer diagnosis of people
diagnosed between January 1, 2006 and December 31, 2014.

In 2014, the IMA-AIM collected information on a population
of 10,841,091 people, among which 5,311,307 were male and
5,529,784 were female. The Belgian territory is divided into the
Flemish (the northern part of Belgium, 6,318,580 inhabitants),
Walloon (the southern part of Belgium, 3,454,499 inhabitants)
and Brussels Capital (1,068,012 inhabitants) Regions. There are
19,782 statistical sectors in Belgium, as defined by the Belgian sta-
tistical office in 2011. On average, the statistical sector has a sur-
face area of 1.5 km2 and a population count of about
500 inhabitants ranging from 0 to 7,897 inhabitants (these latter
located in the city of Brussels) in 2014. In comparison, there are
589 communes in Belgium, which have on average an area of
50 km2 and a population count of about 18,000 inhabitants.

Nuclear sites and surrogate exposure
Nuclear sites. The nuclear sites under study are Doel (Flemish
Region), Tihange (Walloon Region), Mol-Dessel (Flemish
Region) and Fleurus (Walloon Region), the four Belgian nuclear
sites containing facilities of class 1 defined as facilities with the
highest radiological risk.22 Doel and Tihange are electricity-
generating nuclear power plants. The nuclear site of Mol-Dessel
primarily consists of the Belgian Nuclear Research Centre and
hosts a combination of nuclear activities (applied research and
metrology, scientific and technological research, operational waste
management). The nuclear site of Fleurus primarily consists of
the Institute for Radio-Elements, one of the major production
sites of radioiodine for use in diagnostic and therapeutic nuclear
medicine in Europe (see,17 for a more detailed description of the
sites). In August 2008, an estimated activity of 48.109 Bq of
iodine-131 released to the atmosphere over 4 days (International
Nuclear and Radiological Event Scale, INES-rating: 3/7).

Distance and proximity areas. In the literature, a distance of
20 km is usually taken as the vicinity around the nuclear
installation. We considered different proximity areas defined
as a circle of 5 km radius centered on the site and ring-shaped
areas until 20 km (5–10, 10–15 and 15–20 km). The proximity
area around a nuclear site was constructed as the aggregation
of the statistical sectors having their centroid lying within the
proximity area (for more details, see Supporting Information).

Prevailing winds. From data on wind direction and speed col-
lected between 2006 and 2014 by the Belgian Federal Agency for

What’s new?
Potential cancer risk associated with living near nuclear installations has long been a public concern. In Belgium, a previous

study found a higher incidence around the two nuclear sites with research and industrial activities, but not around the two

nuclear power plants. Exposure misclassification due to the large geographical scale could not be excluded, however. The

present study, which uses data available at the smallest Belgian geographical level, confirms the previously-described

incidence patterns around the nuclear power plants and for one of the research and industrial sites. There was a significant

exposure-response relationship for the latter. This finding is valuable for thyroid cancer etiology.
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Nuclear Control, we calculated wind direction frequency for the
16 wind rose sectors around each nuclear site. The statistical sectors
lying within the 20 km around each nuclear site were then catego-
rized into one of the 16 wind rose sectors on the basis of their cen-
troid and were attributed to the corresponding wind direction
frequency (for more details, see Supporting Information).

Hypothetical radioactive discharge estimates. Amodeled esti-
mate of the direct radiological impact of hypothetical releases of
radioactive gaseous substances from the nuclear plants within
the 20 km around the site was used as a measure of surrogate
exposure. This modeled estimate was calculated using a mathe-
matical dispersion model (Hotspot23) by the Federal Agency for
Nuclear Control for the sites of Mol-Dessel and Fleurus, as
motivated later (Results). The hypothetical radioactive dis-
charge estimates for each statistical sector have been calculated
as the product of the percentage of time that the wind was blow-
ing towards the statistical sector multiplied by the modeled
hypothetical radioactive discharges for that statistical sector (for
more details, see Supporting Information).

Statistical analyses
Descriptive analyses. The occurrence of thyroid cancer as a
function of age and sex was investigated by calculating age- and
sex-specific incidence rates. Regional incidences were explored by
calculating the age- and sex-standardized rates (European Stan-
dard Population, 2013 edition24). Ninety-five percent confidence
intervals were calculated by Poisson approximation.

Incidence of thyroid cancer around nuclear sites. Rate ratios
(RR) in the proximity areas were estimated from a Bayesian hier-
archical model25,26 (for more details, see Supporting Information).
The posterior summaries of the rates and their 95% credibility
intervals (95% CI) were obtained by sampling from the posterior
distribution for each statistical sector and then averaging over the
proximity areas. We used the R-INLA (R-Integrated Nested
Laplace Approximations) package R version 3.2.2.*

In the IMA-AIM data, the age of the population is calculated
at the end of the year. Information on the statistical sector relates
to the statistical sector of residence at the end of the year. For inci-
dent cases, information on the statistical sector of residence was
the statistical sector where the case lives at the end of the year of
diagnosis. The age was the age of the case at the time of diagnosis.
This resulted in discrepancies when comparing the cases and the
reference population. A sensitivity analysis was performed to
have a view at the beginning of the year for the cases and the pop-
ulation.We calculated the age on January 1 and attributed the sta-
tistical sector of residence on December 31 of the preceding year
for the cases and the population.

In addition, to interpret the signals of slightly elevated thy-
roid cancer incidences around the nuclear site, we also investi-
gated whether people living near that nuclear site, are more
likely to be screened prone to the detection of subclinical dis-
ease as a result of overdiagnosis. The proportion of tumors of
size T1, that is, <2 cm (TNM classification) during the period
2006–2014 in the 0–5 km proximity area around the site was
compared to the proportion of tumors of size T1 in the refer-
ence region using the Chi-square test for comparison of an
observed and a theoretical proportion.

Finally, to investigate the thyroid cancer incidence after the
Fleurus incident in 2008, standardized incidence ratios (SIR;
i.e., ratio of the observed number of cases and the expected
number of cases based on age, sex and yearly reference rates)
were calculated for the period 2006–2007 and for the period
2008–2014 in the 20 km around Fleurus, for all ages and for
ages <30 years. Thyroid cancer can develop 5 years to several
decades after exposure.2,3 Hence we also considered a 5-year
latency period between the time of the incident and the time
of diagnosis as it was observed after the Chernobyl acci-
dent27,28 and calculated SIR for the years 2013–2014.

Association between surrogate exposures and incidence of
thyroid cancer around nuclear sites. Surrogate exposures
considered were the inverse residential distance from nuclear
site, the wind direction frequency, and the hypothetical radio-
active discharge estimates. To test the hypothesis of a positive
gradient in thyroid cancer incidence with increasing levels of
each surrogate exposure, three focused hypothesis tests were
performed: (i) the conditional form of Stone’s test;29 (ii) the
conditional form of Bithell’s Linear Risk Score test (LRS)30

and (iii) the conditional form of Bithell’s LRS rank test with
corresponding ranks. Monte Carlo simulations from the mul-
tinomial distribution with 5,000 iterations were performed to
obtain the p values of the tests.

Finally, the shapes of the exposure–response relationships
were investigated using generalized additive models.31 In par-
ticular, a Poisson regression model was extended by allowing
the RR to vary smoothly as a function of exposure (see Ref. 16
for a more detailed description of the statistical methodology).
The analyses were generated using SAS software (version 9.3,
SAS Institute Inc., Cary, NC) and R software version 3.2.2.

Ethical approval
As our study takes entirely place within the legal framework
of the Belgian Cancer Registry, no ethical approval of con-
cerned patients was needed (privacy law of 08/12/1992
Chapter III art 9 §2 2e a) and 2e b)† which refers to Health
law of 2006‡).

*R Core Team (2016). R: A language and environment for statistical

computing. R Foundation for Statistical Computing, Vienna, Austria.

URL https://www.R-project.org/.

†http://www.privacycommission.be/sites/privacycommission/files/

documents/CONS_wet_privacy_08_12_1992.pdf.
‡http://www.kankerregister.org/media/docs/Wetgeving/

Staatsbladgezondheidswet13122006pub22122006.pdf.
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Data availability
The data that support the findings of our study are available upon
reasonable request. The data can be given within the secured
environment of the Belgian Cancer Registry, according to its reg-
ulations, and only upon approval by the Information Security
Committee.

Results
Descriptive analyses
Over the period 2006–2014, 7,780 cases of thyroid cancer were
diagnosed in Belgium. 7,285 cases were included in the analyses.
For 298 cases, the coupling of the Belgian Cancer Registry data to
IMA-AIM data was not possible and thus information on the sta-
tistical sector was missing. In addition, information on the statis-
tical sector was not valid for 197 cases. These cases were not
included in the analyses.

Figure 1 shows the age- and sex-specific crude incidence
rates of thyroid cancer in Belgium for the period 2006–2014.
Rates were lower in children than in adults. Thyroid cancer
occurred significantly more frequently among women com-
pared to men for the ages ranging from 10 to 79 years. For
female adults, the incidence rates steadily raised until the age
of 55–59 years and dropped afterward. For male adults, the
incidence rates also raised until the age of 65–74 years.

Supporting Information Figure S1 depicts the age- and sex-
standardized rates to the European Standard Population of thy-
roid cancer per 100,000 person-years at risk (European Standard
Rates, ESR) for the three Belgian regions separately. The ESR in
the Flemish Region was significantly lower than the ESR in the

Figure 1. Age- and sex-specific incidence rates and 95% confidence
intervals (95% CI) of thyroid cancer in Belgium, 2006–2014.

Table 1. Rates ratios (RR) of thyroid cancer incidence and 95% credibility
intervals (CI) for the 0–5, 5–10, 10–15 and 15–20 km proximity areas
around each nuclear site for the period 2006–2014, all ages

Proximity area around
the nuclear site PY O E RR (95% CI)1

Doel

0–5 km 31,497 <5 <5 0.78 (0.58;1.01)

5–10 km 230,629 11 13.8 0.76 (0.62;0.93)

10–15 km 1,459,668 58 89.5 0.76 (0.65;0.87)

15–20 km 4,779,764 215 274.4 0.82 (0.74;0.90)

Tihange

0–5 km 384,433 32 40.3 0.83 (0.68;1.00)

5–10 km 309,643 24 32.5 0.84 (0.72;0.98)

10–15 km 603,513 47 63.7 0.84 (0.74;0.95)

15–20 km 1,360,054 112 143.6 0.86 (0.78;0.95)

Mol-Dessel

0–5 km 305,918 18 18.8 1.00 (0.80;1.24)

5–10 km 625,313 45 38.2 1.00 (0.85;1.17)

10–15 km 865,085 49 52.9 0.97 (0.85;1.10)

15–20 km 1,694,147 103 102.8 0.96 (0.86;1.07)

Fleurus

0–5 km 734,039 95 77.4 1.13 (0.99;1.30)

5–10 km 1,819,518 200 187.4 1.06 (0.96;1.16)

10–15 km 1,350,860 146 142.9 1.01 (0.92;1.10)

15–20 km 1,299,308 121 137.5 0.97 (0.89;1.06)

All sites

0–5 km 1,455,887 146 138.3 1.00 (0.90;1.10)

5–10 km 2,985,103 280 271.9 0.98 (0.91;1.05)

10–15 km 4,279,126 300 348.9 0.91 (0.86;0.97)

15–20 km 9,133,273 551 658.4 0.90 (0.86;0.94)

Age is calculated at diagnosis for the cases, on December 31 for the pop-
ulation. The statistical sector corresponds to the statistical sector of resi-
dence on December 31 for the cases and the population.
1Rates ratios and their 95% credibility intervals.
Abbreviations: E, expected number of cases; O, observed; PY, person-years.

Table 2. Results (p values) of the Stone’s test, the Bithell’s linear risk
score test (LRS) and the Bithell’s linear risk score test with rank (LRS
rank) for the period 2006–2014, all ages

Doel Tihange Mol-Dessel Fleurus

Distance

Stone 0.97 0.45 0.41 <0.01

LRS 0.90 0.45 0.44 <0.01

LRS rank 0.90 0.44 0.42 <0.01

Wind direction frequency

Stone 0.17 0.42 0.36 <0.05

LRS 0.08 0.33 0.16 <0.01

LRS rank 0.53 0.25 0.13 <0.01

Hypothetical radioactive discharge estimates

Stone – – 0.30 <0.001

LRS – – 0.23 <0.001

LRS rank – – 0.27 <0.001
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Walloon or in the Brussels Capital Region. Over time, incidence
rates increased in the three Belgian Regions. The increase in inci-
dence of thyroid cancer concerns the early stage, that is, Stage I.32

More intensive use of thyroid imaging and surgery can potentially
lead tomore incidental thyroid cancer detection.33

Because of these regional differences in thyroid cancer inci-
dence, different reference populations were used to calculate the
expected number of cancer cases in the subsequent analyses. For
the nuclear sites located in a Flemish commune (i.e., for Doel and
Mol-Dessel), the reference was the Flemish population whereas,
for the nuclear sites located in a commune of theWalloon Region
(i.e., for Tihange and Fleurus), the reference was the Walloon/
Brussels Capital population.

Incidence of thyroid cancer around nuclear sites
RR was obtained from a conditional autoregressive (CAR)
model26 with Poisson distribution adjusted for the region.
Table 1 presents the RR and their 95% CI for the proximity
areas of 0–5, 5–10, 10–15 and 15–20 km around each nuclear
site. Around the nuclear sites of Doel and Tihange, lower inci-
dences of thyroid cancer were observed. The RR was signifi-
cantly lower than expected in the 5–10, 10–15 and 15–20 km.
The nuclear site of Mol-Dessel showed nonsignificant RR
close to one. Around the nuclear site of Fleurus a (borderline)
nonsignificant higher incidence was observed in the 0–5 km
proximity area, RR = 1.13 (95% CI: 0.99;1.30). Then, the RR
decreased to 0.97 (95% CI: 0.89;1.06) in the 15–20 km around

Figure 2. Rate ratios (RR) and 95% confidence intervals (dotted lines) of thyroid cancer incidence within the 20 km around the four nuclear
sites as a smooth function of the distance to the site for the period 2006–2014, all ages.

3038 Thyroid cancer incidence near nuclear sites
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the site. Considering the four Belgian sites together, the RR
ranged from 1.00 (95% CI: 0.90;1.10) in the 5 km around the
sites to 0.90 (95% CI: 0.86;0.94) in the 15–20 km.

Compared to the main analysis, the use of the statistical sector
of the residence at the end of the year preceding the incidence year
in the sensitivity analysis resulted in small changes (Supporting
Information Table S1). As in the main analysis, around the nuclear
sites of Doel and Tihange, lower incidences of thyroid cancer were
observed. For the nuclear site ofMol-Dessel, the RRwas nonsignif-
icantly decreasing from 1.00 for the 0–5 km proximity area to 0.95
in the 15–20 km proximity area. In the 5 km around the nuclear
site of Fleurus, a higher nonsignificant RR was observed

(RR = 1.10, 95% CI: 0.95;1.27). For the four Belgian sites together,
the results of themain and sensitivity analyses were similar.

We also investigated whether people living close to the Fleurus
nuclear site were more likely to be screened, prone to the detec-
tion of subclinical diseases as a result of overdiagnosis. The
observed proportions of tumors of size T1 were 62.5% in males
and 76.1% in females in the 0–5 km proximity area around
Fleurus. The observed proportions were not significantly different
among males (Chi-square test, p-value = 0.84), neither among
females (Chi-square test, p-value = 0.28) from the theoretically
expected proportions of tumors of size T1 in the Walloon Region
(60.0% inmales and 70.1% in females).

Figure 3. Rate ratios (RR) and 95% confidence intervals (dotted lines) of thyroid cancer incidence within the 20 km around the four nuclear
sites as a smooth function of the wind direction frequency for the period 2006–2014, all ages.
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Finally, the thyroid cancer incidence after the Fleurus incident
in 2008 was compared to the incidence before the incident. For
all ages, 121 and 441 cases were diagnosed over the periods
2006–2007 and 2008–2014, respectively, resulting in SIR and
95% confidence intervals of 1.20 (0.98;1.41) and 1.06 (0.96;1.16),
respectively. The SIR for the period 2013–2014 was not signifi-
cantly different (200 diagnosed cases, SIR = 1.07 [0.92;1.22]). For
people having less than 30 years, 7 and 35 cases were diagnosed
over the periods 2006–2007 and 2008–2014, resulting in SIR and
95% confidence intervals of 0.88 (0.23;1.52) and 0.98 (0.66;1.31),
respectively. Fourteen cases were diagnosed over the period
2013–2014; this resulted in a SIR of 0.79 (0.37;1.20). It has to be
stressed that these results, especially among people having less
than 30 years of age, are based on a small number of cases.

Association between surrogate exposures and incidence of
thyroid cancer around nuclear sites
Table 2 presents the results of the tests of a positive gradient
in thyroid cancer incidence with increasing surrogate expo-
sures in the 20 km around the nuclear sites. The conditional
forms of Stone’s test, the LRS test with inverse residential dis-
tance from the nuclear site and the LRS rank were not statisti-
cally significant for the nuclear sites of Doel, Tihange or Mol-
Dessel. Figure 2 which visualizes the exposure-response curves
as estimated by the spline models, that is, the RR of thyroid
cancer incidence as a smooth function of distance to the
nuclear site does not support the hypothesis of a decrease in
thyroid cancer incidence with increasing distance for Doel,
Tihange and Mol-Dessel. For Fleurus, the tests of the gradient

were significant (p values <0.01) and the exposure–response
curve is suggestive for a decreasing trend in thyroid cancer
incidence with increasing distance.

Figure 3 visualizes the RR of thyroid cancer incidence as a
smooth function of the percentage of time the wind is blowing
into a particular direction. For Doel, the figure supports the
hypothesis of an increase in thyroid cancer incidence with wind
direction frequency. This is mostly confirmed by the LRS test (p-
value = 0.08) but not by the LRS rank test (p-value = 0.53) nor the
Stone’s test (p-value = 0.17). For Tihange, the tests of a positive
gradient (Table 2) and the figure do not support the hypothesis of
an increase in thyroid cancer incidence with increased wind
direction frequency. For Mol-Dessel, the exposure–response
curve supports the hypothesis of an increase in thyroid cancer
incidence with wind direction frequency. However, the p values
of the Stone’s, LRS and LRS rank tests are not significant
(p values = 0.36, 0.16 and 0.13, respectively). For Fleurus, the tests
of a positive gradient were significant (p values <0.05 for all three
tests) and the figure is suggestive for an increasing trend in thy-
roid cancer incidence with wind direction frequency.

Modeling of the hypothetical discharges of iodine-131 was
performed for the two Belgian nuclear sites that showed higher
SIR of thyroid cancer within the 20 km around the sites (data not
shown), that is, the sites of Mol-Dessel and Fleurus. Figure 4 visu-
alizes the RR of thyroid cancer incidence as a smooth function of
the logarithm of the hypothetical radioactive discharge estimates.
When dealing with skewed data, the log transformation decreases
the variability of data and makes data conform more closely to
the normal distribution. For Mol-Dessel, the exposure–response

Figure 4. Rate ratios (RR) and 95% confidence intervals (dotted lines) of thyroid cancer incidence within the 20 km around the two nuclear
sites as a smooth function of the logarithm of the exposure estimates resulting from hypothetical radioactive discharges (iodine-131) for the
period 2006–2014, all ages.

3040 Thyroid cancer incidence near nuclear sites
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curve may suggest a very slight increase in thyroid cancer inci-
dence. None of the tests of a gradient was however significant: the
p values of the Stone’s, LRS and LRS rank tests were 0.30, 0.23
and 0.27, respectively. For Fleurus, the exposure–response curve
shows a global increasing trend in thyroid cancer incidence with
increasing exposure. The tests of the gradient were significant
(p values <0.001 for all three tests).

Discussion
The present study investigated whether there is an excess inci-
dence of thyroid cancer in populations living close to the
nuclear sites at the smallest Belgian geographical level. No evi-
dence was found for more incident cases of thyroid cancer
near the nuclear power plants of Doel and Tihange. Regarding
the industrial and research nuclear sites, no evidence for a
higher incidence in the vicinity of Mol-Dessel was observed. A
slightly nonsignificant higher incidence was found in the close
vicinity of Fleurus and significant gradients for thyroid cancer
incidence were observed with the different types of exposure
considered in the 20 km area around the site.

The study aimed to investigate the health effects of living near
nuclear sites in Belgium, using an ecological design. Ecological
studies have drawbacks because they are descriptive and do not
allow inferring causal relationships on the origin of variations in
incidence. Nevertheless, there is a real rationale for their conduct:
cancer risks near nuclear facilities are of scientific interest because
these facilities release radioactive substances. These substances
emit ionizing radiation, which can cause cancer.34 The aim of our
study was not to investigate the Fleurus 2008 incident itself, the
ecological design being not sensitive enough for the follow-up of
single accidents. However, the time window of the available data
covering the time of the incident, it was of interest to further
investigate it. Standardized incidence rates before the incident
were not significantly different from the rates after the incident.
However, rates, especially among people having <30 years of age,
are based on a small number of cases. The thyroid cancer inci-
dence may not be sufficiently high to capture a potential start of
increase. Radiation-induced thyroid cancers are characterized by
a long latency period.35–37 Even if thyroid cancer in young people
is characterized by a shortened latency period,35,38 the time win-
dow of the available data remains within the latency period and
may therefore be too short to already pick up any possible
increase in incidence. Moreover, short latencies concern high to
very high exposures which are known to have the potential of
causing thyroid cancer rather soon after exposure. Regarding a
potential detection bias, we cannot exclude that people living near
the nuclear sites are more likely to be detected with subclinical
diseases, as a result of overdiagnosis. However, we did not find
higher proportions of tumors of size T1 near Fleurus compared
to the wholeWalloon Region.

In the present investigation, we used cancer incidence data
aggregated at the level of the statistical sector. Information on sta-
tistical sectors is available in the data coming from the Inter-
Mutualistic Agency that is reliable from 2006. Consequently, the

present study covered the years 2006–2014 but did not cover the
years 2000–2005 for which cancer incidence data were available.
The IMA-AIM databases contain information for each year, for
all individuals registered in the mutual insurance companies.
Almost all Belgians (98–99%) are registered, with valid and
known residence and the differences with the total population
appear mainly in the communes with cross-border workers or
European officials. The exposure was estimated for the statistical
sector of residence at the time of diagnosis. With local or small
areas, it is more likely than for larger areas that the home address
at the time of diagnosis and the daytime location, school or
employment differ. However, compared to larger areas, such data
minimizes the risk of misclassification of the residential exposure
since the analysis is closer to the individual level.19–21,25 In addi-
tion, compared to individual studies, the effect of exposure mea-
surement error is reduced by averaging across groups.19

For rare diseases (small number of cases) and/or small areas
(hence small population at risk), area-specific rate estimates such
as standardized incidence ratios may be unstable because of
chance variations related to small numbers. Rates estimated inde-
pendently do not take into account nearby areas of the map, even
though these are likely to be similar. To take account of spatial
dependence of risks, we used a Bayesian hierarchical model. Such
a model leads to improved and more stable estimates of the
parameters of interest by increasing the amount of information
used to estimate them.25

In ecological studies, data are compared at the population-level
so that conclusions cannot be transferred to the individual level.
The dose of radiation received by individuals depends not only on
plant emission and geographic location but also on individual fac-
tors, behavioral factors and habits of life, such as possible genetic
variations in thyroid cancer, radiation sensitivity, dietary intake of
stable iodine, body mass, and medical examination.9 In the pre-
sent study, we did not account for the time spent in the exposed
areas. Neither did we account for other environmental risk
factors39 nor individual characteristics, which could potentially
confound the associations, as for example, the influence of iodine
deficiency. Iodine deficiency is common in Chernobyl-contami-
nated regions and has been suggested to modify the effects of radi-
ation since it increases the absorbed dose of radioiodine to the
thyroid and stimulates cellular proliferation, leading to a possible
tumor-promoting effect. The empirical data, however, are not
entirely consistent on this point but iodine deficiency deserves
careful attention in future studies of radiation-related thyroid can-
cer.40 This point was also cited by the United Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR)
which recently published an evaluation of data on thyroid cancer
in regions affected by the Chernobyl accident.41 Regarding Bel-
gium, the Belgian population was reported to be affected by iodine
deficiency with a urinary iodine median concentration of 80 μg/l
(in 1998).42,43 In the last 10 years, Belgium has implemented mea-
sures on universal salt iodization (e.g., information campaigns, use
of iodized salt in bakery products). The average dietary iodine
intake of 15-to 64-year-olds has increased significantly from 53 μg
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per day in 2004 to 152 μg per day in 2014 (Belgian Food Con-
sumption Survey44).

It was of interest to investigate whether the observed inci-
dence pattern could be compatible with levels of radiation
exposure from the sites. These levels of radioactivity of the
surrounding air are often below the detection limit of the rou-
tine environmental monitoring in Belgium (TELERAD net-
work). Therefore, we considered hypothetical radioactive
discharges and used a model for computing hypothetical sur-
rogate iodine-131 radioactive discharge estimates since mea-
surements were not available. Limitations and uncertainties
are inherent to the use of such a model in the situation at
hand. The strictly hypothetical release from the sites was con-
sidered to take place under most probable meteorological and
technical conditions to estimate an effective release height and
the model error can be close to the spatial resolution of the
data available at the statistical sector level. Moreover, the
potential bias of measurement error may be more pronounced
because it combines distance and wind direction misclassifica-
tions. However, this method is the radio-ecologically most
plausible because it takes into account the behavior of radioac-
tive substances atmospherically released to the environment to
produce an exposure estimate for a population living nearby.

There are several types of thyroid cancer, classified
according to their histopathological characteristics. Almost all
(about 95%) thyroid cancers originate from cells of the follicu-
lar epithelium and are divided into papillary, follicular, and
anaplastic forms. Papillary and follicular cancers are well-dif-
ferentiated, while anaplastic cancers are poorly differentiated.
Papillary carcinoma is the most frequent histological type
(73%), followed by follicular carcinoma (15%), medullary car-
cinoma (5%), anaplastic carcinoma (3%) and other types
(3%).45 In a further step, when more incidence years become
available, separate analyses for the different histologic forms
of thyroid cancer as well as for different sizes of the tumor
(based on the TNM classification) could be performed.

Around the two Belgian nuclear power plants of Doel and
Tihange, we observed lower incidences of thyroid cancer com-
pared to their reference area. A recent review and meta-analysis,
which studied the risk of thyroid cancer associated with living
near nuclear power plants, did not find increased risk of thyroid
cancer overall (summary Odd Ratio = 0.98, 95% confidence
interval: 0.87;1.11).46 For studies considered as well-designed
studies, the summary Odd Ratio was 1.13 (95% confidence
interval: 0.69;1.84). Since this meta-analysis publication, Wang

et al. studied cancer incidences in Taiwan for the period
1979–2003.47 Thyroid cancer incidence was not different
between the group of inhabitants living in the townships where
nuclear power plants are located and the “nonplant-vicinity”
group, these groups including 48 and 25 cases, respectively. In
France, a significantly lower risk of thyroid cancer was observed
in women living in the 20 km proximity area of the seven
nuclear power plants under study (RR = 0.86, 95% CI:
0.77;0.96).48 The authors suggest that a possible difference in
medical practices might explain the results.

The present study is a follow-up of the Nucabel study
which investigated the incidence of thyroid cancer around the
Belgian nuclear sites at the level of the communes over the
period 2000–2008 for the Flemish Region, 2004–2008 for the
Walloon and Brussels Capital Regions16,17 and more recently
for the period 2000(2004)–2014.15 For the nuclear site of Mol-
Dessel, higher thyroid cancer incidence was suggested in the
investigation at the level of the communes. No indication for
a higher thyroid cancer incidence was observed in the investi-
gation at the level of the statistical sectors. No significant gra-
dient for thyroid cancer incidence with surrogate exposures
(distance, wind direction frequency or hypothetical radioactive
discharge estimates) was observed in the present analysis at
the level of the statistical sectors for the period 2006–2014.
Ecological bias and exposure misclassification were more
likely to occur in the study at the level of the communes com-
pared to the present study.

In conclusion, the present investigation at the smallest Bel-
gian geographical level showed variations in thyroid cancer
incidence around the Belgian nuclear sites. In addition, signifi-
cant exposure–response relationships were observed for the
site of Fleurus. Further investigations into these findings could
be useful to allow inferring causal relationships on the origin
of variations in incidence and to provide information at the
individual level.

Acknowledgements
The authors gratefully acknowledge Prof. Elisabeth Cardis (Institute for
Global Health, Spain), Dr Enora Cléro (Institute for Radiological Protec-
tion and Nuclear Safety, France) and Dr Bernd Grosche (Federal Office
for Radiation Protection, Germany) for their valuable insights. The
authors thank the staff team of the Belgian Cancer Registry as well as
Michel Sonck at the Belgian Federal Agency for Nuclear Control for pro-
viding data. The authors also thank Tom De Smedt who participated in
the design of the study and in the data collection.

References

1. Sinnott B, Ron E, Schneider AB. Exposing the
thyroid to radiation: a review of its current extent,
risks, and implications. Endocr Rev 2010;31:
756–73.

2. Ron E, Lubin JH, Shore RE, et al. Thyroid cancer
after exposure to external radiation: a pooled
analysis of seven studies. Radiat Res 1995;141:
259–77.

3. Veiga LH, Holmberg E, Anderson H, et al. Thy-
roid cancer after childhood exposure to external
radiation: an updated pooled analysis of 12 studies.
Radiat Res 2016;185:473–84.

4. UNSCEAR. Effects of Ionizing Radiation,
UNSCEAR Report to the General Assembly, with
Scientific Annexes, Volume I. New York:
UNSCEAR, 2006.

5. Wakeford R. The cancer epidemiology of radia-
tion. Oncogene 2004;23:6404–28.

6. Thomas G. Radiation and thyroid cancer—an
overview. Radiat Prot Dosimetry 2018;182:53–7.

7. Furukawa K, Preston D, Funamoto S, et al. Long-
term trend of thyroid cancer risk among Japanese
atomic-bomb survivors: 60 years after exposure.
Int J Cancer 2013;132:1222–6.

3042 Thyroid cancer incidence near nuclear sites

Int. J. Cancer: 146, 3034–3043 (2020) © 2019 Sciensano. International Journal of Cancer published by John Wiley & Sons Ltd on behalf

of UICC

C
an

ce
r
E
pi
de
m
io
lo
gy



8. Boice JD. Thyroid disease 60 years after Hiro-
shima and 20 years after Chernobyl. JAMA 2006;
295:1060–2.

9. Cardis E, Kesminiene A, Ivanov V, et al. Risk of
thyroid cancer after exposure to 131I in child-
hood. J Natl Cancer Inst 2005;97:724–32.

10. UNSCEAR. Sources, Effects and Risks of Ionizing
Radiation, UNSCEAR 2012 Report to the General
Assembly, with Scientific Annexes A and B.
New York: UNSCEAR, 2012.

11. Kesminiene A, Evrard AS, Ivanov VK, et al. Risk
of thyroid cancer among Chernobyl liquidators.
Radiat Res 2012;178:425–36.

12. Richardson DB. Exposure to ionizing radiation in
adulthood and thyroid cancer incidence. Epidemi-
ology 2009;20:181–7.

13. Spix C, Schmiedel S, Kaatsch P, et al. Case–
control study on childhood cancer in the vicinity
of nuclear power plants in Germany 1980–2003.
Eur J Cancer 2008;44:275–84.

14. Kaatsch P, Spix C, Schulze-Rath R, et al. Leukaemia
in young children living in the vicinity of German
nuclear power plants. Int J Cancer 2008;122:721–6.

15. Demoury C, De Smedt T, De Schutter H, et al.
Thyroid cancer incidence around the Belgian
nuclear sites, 2000-2014. Int J Environ Res Public
Health 2017;14:988.

16. Bollaerts K, Sonck M, Simons K, et al. Thyroid
cancer incidence around the Belgian nuclear sites:
surrogate exposure modelling. Cancer Epidemiol
2015;39:48–54.

17. Bollaerts K, Fierens S, Van Bladel L, et al. Thyroid
cancer incidence in the vicinity of nuclear sites in
Belgium, 2000-2008. Thyroid 2014;24:906–17.

18. Bollaerts K, Fierens S, Simons K, et al. Monitoring
of possible health effects of living in the vicinity of
nuclear sites in Belgium. Ixelles, Belgium: Belgian
Institute of Public Health, 2012.

19. Wakefield J. Ecologic studies revisited. Annu Rev
Public Health 2008;29:75–90.

20. Beale L, Abellan JJ, Hodgson S, et al. Meth-
odologic issues and approaches to spatial epidemi-
ology. Environ Health Perspect 2008;116:1105–10.

21. Elliott P, Wartenberg D. Spatial epidemiology:
current approaches and future challenges. Environ
Health Perspect 2004;112:998–1006.

22. Belgian Federal Government, 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 radi-
ation, 2001/00726. 2001.

23. Hotspot. Available from: https://narac.llnl.gov/
hotspot.

24. Gissler M, Pace M, Lanzieri G, et al. Revision of
the European Standard Population, Report of
Eurostat’s task force. Brussels, Belgium: European
Commission, 2013.

25. Richardson S, Best N. Bayesian hierarchical
models in ecological studies of health–
environment effects. Environ 2003;14:129–47.

26. Besag J, York Y, Mollié A. Bayesian image restora-
tion with two applications in spatial statistics.
Ann Inst Statist Math 1991;43:1–20.

27. Weiss W. Chernobyl thyroid cancer: 30 years of
follow-up overview. Radiat Prot Dosimetry 2018;
182:58–61.

28. Hatch M, Ron E, Bouville A, et al. The Chernobyl
disaster: cancer following the accident at the
Chernobyl nuclear power plant. Epidemiol Rev
2005;27:56–66.

29. Stone RA. Investigations of excess environmental
risks around putative sources: statistical problems
and a proposed test. Stat Med 1988;7:649–60.

30. Bithell JF. The choice of test for detecting raised
disease risk near a point source. Stat Med 1995;14:
2309–22.

31. McCullagh P, Nelder J. Generalized Linear
Models, 2nd edn. London: Chapman and Hall,
1989.

32. Belgian Cancer Registry. Cancer in an Ageing Pop-
ulation in Belgium 2004-2016. Brussels: Belgian
Cancer Registry, 2018.

33. Van den Bruel A, Francart J, Dubois C, et al.
Regional variation in thyroid cancer incidence in
Belgium is associated with variation in thyroid
imaging and thyroid disease management. J Clin
Endocrinol Metab 2013;98:4063–71.

34. Wing S, Richardson DB, Hoffmann W. Cancer
risks near nuclear facilities: the importance of
research design and explicit study hypotheses.
Environ Health Perspect 2011;119:417–21.

35. Iglesias ML, Schmidt A, Ghuzlan AA, et al. Radia-
tion exposure and thyroid cancer: a review. Arch
Endocrinol Metab 2017;61:180–7.

36. de Vathaire F, Hardiman C, Shamsaldin A, et al.
Thyroid carcinomas after irradiation for a first

cancer during childhood. JAMA Intern Med 1999;
159:2713–9.

37. Schneider AB, Ron E, Lubin J, et al. Dose-
response relationships for radiation-induced thy-
roid cancer and thyroid nodules: evidence for the
prolonged effects of radiation on the thyroid.
J Clin Endocrinol Metab 1993;77:362–9.

38. Kazakov VS, Demidchik EP, Astakhova LN. Thy-
roid cancer after Chernobyl. Nature 1992;359:21.

39. Fiore M, Oliveri Conti G, Caltabiano R, et al. Role
of emerging environmental risk factors in thyroid
cancer: a brief review. Int J Environ Res Public
Health 2019;16:1185.

40. Hatch M, Cardis E. Somatic health effects of
Chernobyl: 30 years on. Eur J Epidemiol 2017;32:
1047–54.

41. UNSCEAR. Evaluation of Data on Thyroid Cancer
in Regions Affected by the Chernobyl Accident. A
white paper to guide the Scientific Committee’s
future programme of work. New York: UNSCEAR,
2017.

42. WHO Global Database on Iodine Deficiency.
Available from: https://www.who.int/vmnis/
iodine/data/database/countries/bel_idd.pdf.

43. Delange F, Benker G, Caron P, et al. Thyroid vol-
ume and urinary iodine in European
schoolchildren: standardization of values for
assessment of iodine deficiency. Eur J Endocrinol
1997;136:180–7.

44. Voedselconsumptiepeiling 2014–2015. Available
from: https://fcs.wiv-isp.be/nl/Gedeelde%20%
20documenten/NEDERLANDS/Samenvatting%
20_NL_Finaal_web.pdf.

45. Cancer Fact Sheets. Thyroid Cancer ICD10:C73,
Incidence Year 2016. Brussels: Belgian Cancer
Registry, 2018.

46. Kim J, Bang Y, Lee WJ. Living near nuclear power
plants and thyroid cancer risk: a systematic review
and meta-analysis. Environ Int 2016;87:42–8.

47. Wang SI, Yaung CL, Lee LT, et al. Cancer inci-
dence in the vicinity of nuclear power plants in
Taiwan: a population-based study. Environ Sci
Pollut Res Int 2016;23:571–80.

48. Desbiolles A, Roudier C, Goria S, et al. Cancer
incidence in adults living in the vicinity of nuclear
power plants in France, based on data from the
French network of cancer registries. Int J Cancer
2018;142:899–909.

Demoury et al. 3043

Int. J. Cancer: 146, 3034–3043 (2020) © 2019 Sciensano. International Journal of Cancer published by John Wiley & Sons Ltd on behalf

of UICC

C
an

ce
r
E
pi
de
m
io
lo
gy

https://narac.llnl.gov/hotspot
https://narac.llnl.gov/hotspot
https://www.who.int/vmnis/iodine/data/database/countries/bel_idd.pdf
https://www.who.int/vmnis/iodine/data/database/countries/bel_idd.pdf
https://fcs.wiv-isp.be/nl/Gedeelde%20%20documenten/NEDERLANDS/Samenvatting%20_NL_Finaal_web.pdf
https://fcs.wiv-isp.be/nl/Gedeelde%20%20documenten/NEDERLANDS/Samenvatting%20_NL_Finaal_web.pdf
https://fcs.wiv-isp.be/nl/Gedeelde%20%20documenten/NEDERLANDS/Samenvatting%20_NL_Finaal_web.pdf

	 Thyroid cancer incidence near nuclear sites in Belgium: An ecological study at small geographical level
	Introduction
	Materials and Methods
	Population and cancer data
	Nuclear sites and surrogate exposure
	Nuclear sites
	Distance and proximity areas
	Prevailing winds
	Hypothetical radioactive discharge estimates

	Statistical analyses
	Descriptive analyses
	Incidence of thyroid cancer around nuclear sites
	Association between surrogate exposures and incidence of thyroid cancer around nuclear sites

	Ethical approval
	Data availability

	Results
	Descriptive analyses
	Incidence of thyroid cancer around nuclear sites
	Association between surrogate exposures and incidence of thyroid cancer around nuclear sites

	Discussion
	Acknowledgements
	References


