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Highlights :

e 5,471 childhood central nervous system tumor cases recorded nationwide for 13 years
¢ Natural background radiation estimated on a fine scale (36,280 units)

e Overall, no association with gamma radiation or radon concentration

e Positive association between radiation exposure and pilocytic astrocytomas

e Greater support for a role of gamma radiation rather than radon



Abstract

Background: High-dose ionizing radiation is an established risk factor for childhood central
nervous system tumors (CNST) but the role of low doses remains debated. In particular, there
are few studies of natural background radiation (NBR, gamma radiation and radon) and

childhood CNST, and their results are inconclusive.

Objectives: This study aimed to investigate the association between NBR exposure and
childhood CNST in France, over the period 2000-2012, based on data from the French national

registry of childhood cancers.

Methods: 5,471 childhood CNST cases, and their municipality of residence at diagnosis, were
recorded, and municipality NBR exposures were estimated by cockriging models, using NBR
measurements and additional geographic data. The standardized incidence ratios (SIR) per
unit variation of exposure were estimated with Poisson log-linear regression models. NBR
exposures were considered at the time of diagnosis, and cumulatively from birth to diagnosis.

In an exploratory analysis, the cumulative brain dose due to NBR was used.

Results: Overall, there was no significant association between NBR exposure and childhood
CNST, but an association was suggested for pilocytic astrocytomas with NBR levels at
diagnosis: SIR=1.12(1.00,1.25) per 50 nSv/h for gamma radiation, and
SIR = 1.15 (1.01,1.32) per 100 Bg/m? for radon). Upward trends for this subtype were also
suggested with the cumulative exposures to gamma radiation and radon separately. The
results for the total brain dose were similar to those for the cumulative exposure to gamma

radiation. Adjustment for socio-demographic factors did not change the findings.

Conclusions: Our study was based on high quality incidence data, large numbers of CNST
cases, and validated models of assessment of NBR exposures. However, we could not
disentangle the possible role of each type of radiation in the association with pilocytic
astrocytomas, even though gamma radiation may be more implicated than radon, given its

physical properties.
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1. Introduction’

Central nervous system tumors (CNST) are the second most common cancer worldwide in
children aged 0-14 years, after leukemia. On average, 400 cases per year are diagnosed in
mainland France. The etiology of childhood CNST is still largely unknown, and only a few rare
genetic syndromes (neurofibromatosis, tuberous sclerosis, Li-Fraumeni syndrome, Gorlin’s
syndrome and Turcot’s syndrome) and high-dose ionizing radiation (IR) exposure are known
risk factors (Baldwin and Preston-Martin 2004; Johnson et al. 2014; McKinney 2005).

IR is classified as carcinogenic for humans by the International Agency for Research on Cancer
(IARC 2000). The main results for the effects of IR on human health derive from studies of
atomic bomb survivors, who received acute high levels of external IR. A positive association
with various types of cancers was evidenced, several years or decades after IR exposure, in
particular for CNST, but not childhood CNST specifically. With regard to medical irradiation
during childhood (therapeutic or diagnostic), which may result in exposure to high doses of IR,
a long latency period has been suggested, with the cancers mainly occurring during adulthood.
However, with a high level of evidence, United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) has suggested a greater sensitivity of children compared to
adults with regard to IR-induced tumors. Moreover, the younger children are, the greater the
risk may be (UNSCEAR 2013).

A linear relationship between IR and solid cancers (including CNST) is generally considered,
with no threshold. This assumption appears consistent with recent epidemiological findings,
even though the effects of low dose radiation exposure on health are still under debate (NCRP
2018). In particular, the role of natural background radiation (NBR, i.e. gamma rays and the IR
associated with radon gas and its decay products) in childhood CNST is under discussion.

NBR gives rise to chronic low levels of exposure, and the general population is continuously

1 Abbreviations :
Cl : Confidence Interval; CNST : Central Nervous System Tumors; CT-scan : Computerized

Tomography scan; DNA : Deoxyribonucleic Acid; ERR : Excess Relative Risk; FDep : French Deprivation
Index ; HR : Hazard Ratio; IARC : International Agency for Research on Cancer ; ICCC : International
Classification of Childhood Cancer; INSEE : French National Institute for Statistics and Economic
Studies; IR : lonizing Radiation; IRSN : French Institute for Radiological Protection and Nuclear Safety;
LET : Linear Energy Transfer; NBR : Natural Background Radiation; RR : Risk Ratio; RNCE : French
National Registry of Childhood Cancer; RPL : Radiophotoluminescent; SIR : Standardized Incidence
Ratio; UNSCEAR : United Nations Scientific Committee on the Effects of Atomic Radiation



exposed to NBR, externally and internally by inhalation and ingestion. Natural gamma radiation
exposure is the result of two components: the cosmic rays that enter the atmosphere, and the
terrestrial rays emitted by the disintegration of radioactive elements present in the ground
(uranium-238, potassium-40 and thorium-232). Gamma radiation is also classified in the first
IARC group of carcinogens for several cancer sites, and especially the brain and central
nervous system (IARC 2000). Radon gas also derives from the disintegration of uranium-238
present in the ground. Radon gas diffuses in the air and may be concentrated indoor, where it
may be inhaled. Radon gas and its decay products emit alpha particles that may irradiate the
lungs, and, to a lesser extent, other parts of the body, including the brain. Radon is classified
by the IARC as carcinogenic to humans, for its association with lung cancer (occupational and

indoor-residential exposure).

Before 2002, three studies reported a positive association between radon and childhood CNST
(Collman et al. 1991; Henshaw et al. 1990; Kaletsch et al. 1999), and one study did not find
any significant association with radon exposure or gamma radiation (UKCCS Investigators
2002). However, those studies suffer from serious limitations in terms of the measurement of
exposure for the ecological studies (Collman et al. 1991; Henshaw et al. 1990) and
participation rates for the case-control studies involving indoor measurements of exposure
(Kaletsch et al. 1999; UKCCS Investigators 2002).

More recently, six large record-linkage studies were conducted in European countries, linking
national registries of childhood cancer data and national modeling of radiation exposure levels
on afine scale (Del Risco Kollerud et al. 2014; Hauri et al. 2013; Kendall et al. 2013; Raaschou-
Nielsen et al. 2008; Spix et al. 2017; Spycher et al. 2015) (Table 1). Radiation exposure levels
were estimated using predictive models based on large national samples of geolocated
measurements, and, in three studies (Kendall et al. 2013; Raaschou-Nielsen et al. 2008;
Spycher et al. 2015), information on soil composition and structure. Positive associations
between gamma radiation and childhood CNST were reported in Switzerland and Germany
(Spix et al. 2017; Spycher et al. 2015), while no significant association was observed in a large
British study (Kendall et al. 2013). Four studies investigated the link between radon exposure
and childhood CNST (Del Risco Kollerud et al. 2014; Hauri et al. 2013; Kendall et al. 2013;
Raaschou-Nielsen et al. 2008), and three of them reported positive but not statistically
significant associations (Del Risco Kollerud et al. 2014; Hauri et al. 2013; Kendall et al. 2013).
Radon levels were not associated with childhood CNST in Denmark either
(RR =0.92 (0.69,1.22) per 100 Bg/m® (Raaschou-Nielsen et al. 2008)).



Several childhood CNST subgroups were considered only in the Danish study (ependymomas,
astrocytomas, medulloblastomas), which reported non-significant results for radon exposure
(Raaschou-Nielsen et al. 2008).

In this context, the aim of our ecological study was to investigate, for the first time in mainland
France, the association between NBR and childhood CNST, over the period 2000-2012. We
used a large dataset from the French national registry of childhood cancer (RNCE), including
5,471 cases of childhood CNST, together with local information on the levels of NBR on the
fine scale of 36,280 French municipalities. The large number of cases and the wide range of
exposure levels ensured high statistical power with respect to childhood CNST overall and by

subtype.

2. Methods
2.1. Geographic units

Mainland France is divided into 95 départements and more than 36,000 municipalities, the
smallest administrative units. In 2006 the French population was 61,399,719, with 11,249,984
children less than 15 years old. Seventy-five percent of the population lived in municipalities
with less than 1,000 inhabitants (Table S1).

A few municipalities were grouped together to take into account the variation in their perimeter
over the study period. We thus considered 36,280 spatial units with a stable definition over

2000-2012 (referred to as municipalities hereafter).

2.2, Population estimates on the municipality scale

Population data were provided by the French National Institute for Statistics and Economic
Studies (INSEE). Annual population data were available for each département over the whole
study period and, for each municipality for 1999 and each year from 2006 (census years). For
years between 2000 and 2005, the age-specific populations in a given municipality were
estimated using a linear interpolation of the annual proportion of population in the municipality
relative to its département population between 1999 and 2006. The estimated proportions were

applied to the annual département population estimates.

The CNST cases were identified by the RNCE, which has included all malignant and non-
malignant CNS neoplasms diagnosed since 2000 in children under the age of 15 living in
mainland France at the time of diagnosis. Thus, 5,471 childhood CNST cases diagnosed over
the period 2000-2012 were included in the study. CNST were coded using the International
Classification for Disease in Oncology and classified in line with the recommendations of the

International Classification of Childhood Cancer, third edition (ICCC-3). Analyses were
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performed for all childhood CNST, and for various subtypes: ependymomas and plexus
choroid tumors (llla. in ICCC-3), referred to as “ependymomas” hereafter, embryonal tumors
(Ile. in ICCC-3) and gliomas (llib, llld. and Ille4. in ICCC-3). We also analyzed pilocytic

astrocytomas (36.7 % of all gliomas) separately from other gliomas.

The national childhood CNST incidence rates were estimated over the whole study period and
were used as reference rates. They were estimated by age group (<1 year,1-4 years, 5-9
years, 10-14 years) for the analyses of NBR exposure at diagnosis, or year of age (0 to 14) for
the analyses based on cumulative NBR exposure. The number of cases expected in each
municipality under the hypothesis of homogeneous age-specific incidence rates over mainland
France was obtained by multiplying the age-specific at-risk populations by the reference

incidence rates.

2.3. Exposure assessment

The methodology used to estimate NBR exposure has been described in detail in two recent
papers (IRSN 2012; Warnery et al. 2015).

During a national campaign conducted in 2011 and 2012, the French Institute for Radiological
Protection and Nuclear Safety (IRSN) performed 97,595 measurements of indoor gamma
radiation in 17,404 locations using radiophotoluminescent (RPL) dosimeters exposed to
natural sources of radiation for several months. Multi-collocated cokriging was performed on a
1x1 km? grid combining gamma ray dose-rate measurements and the uranium potential of the

French geological formations, classified as four qualitative categories (Warnery et al. 2015).

Between 1982 and 2003, a national campaign of indoor radon concentration measurements
was also conducted by the IRSN, using Kodalpha LR 115 track-etch detectors. In all, 10,843
measurements of indoor radon concentration were available. As for gamma radiation,
cokriging based on those measurements and complementary information from a map of the
geogenic radon potential (lelsch et al. 2010) was performed in order to estimate radon
concentration on a 5x5 km? grid (IRSN 2012).

Gamma radiation and radon concentration (expressed in nSv/h and Bg/m?, respectively) were

estimated at the town hall of each French municipality.

2.4. Statistical analyses

Analyses were conducted using SAS V9.4 software (SAS Institute Inc. Cary, North Carolina,
USA).



Taking into account the scarcity of childhood cancer, the 36,280 municipalities were grouped
into ten categories of exposure to avoid over- or under-dispersion in Poisson regression
models. Each category contained ten percent of the total number of expected cases.
Standardized incidence ratios (SIR) were calculated as the ratio of the observed (Oi) to the
expected (Ei) numbers of cases in each group of exposure 'I' and Byar’s approximation was
used for the 95% confidence intervals (95% CI) (Breslow and Day 1987). Chi-square tests

were used to test the hypothesis of a statistical heterogeneity of SIRs between categories.

To explore the possibility of a continuous exposure-response relationship, a linear Poisson-
regression model was fitted using In(Ei) as an offset: In (E(0;)) = In (E;) + Bo + B1X; in which X;
is the population-weighted average of exposure (to gamma radiation or radon) in the it
category (I =1 to 10), Bo is the intercept and B, is the slope of the log-linear trend. The
exponential of B, represents the SIR or excess relative risk (ERR) of childhood CNST per unit

variation of radiation exposure X;.

We systematically checked that there was no statistically significant departure from linearity in

the Poisson regression models with the log-likelihood ratio test.

Cumulative exposures to gamma radiation (mSv) and radon (Bg/m? x y) were derived, for each
year of age, from the exposure level of the municipality of residence at diagnosis, assuming
that exposure levels were constant from birth to diagnosis. We introduced an age-dependent

intercept, Boa, in the regression model for cumulative exposure:
In (E(0p) = In (E) + Boa + B2XH" [1]

in which X" is the cumulative exposure level (due to gamma rays or radon) estimated for a

child aged ‘a’ who had been living in municipality i’ since birth (X" =X, % (a+ 0.5)).

A multivariate model including both exposure variables was considered to evaluate the joint
effects of gamma radiation and radon exposure. We compared this model with the null model

using the likelihood ratio test.

2.5. Supplementary analyses

We divided the study period into halves (2000-2005, 2006-2012) to evaluate the temporal
stability of the main results. We also conducted sensitivity analyses considering 20 groups of
radiation exposure (instead of 10 in the main analysis), with 1/20t of the pediatric population

in each group.



A higher incidence rate of childhood gliomas, possibly due to differences in clinical practices
or registration, has recently been evidenced in the south of France, mainly in the Occitanie
region (Goujon et al. 2018) . Sensitivity analyses excluding that region (i.e. 8% of the pediatric

population) were conducted.

We performed separate analyses for children younger than 7 years (vs. older children),

because of a potentially higher sensitivity of the youngest children to IR (UNSCEAR 2013).

Gamma radiation and radon concentration are spatially correlated. We tried to separate the
effects of gamma radiation and radon on childhood CNST by excluding the municipalities with
the highest levels of radon concentration (i.e. in the 9th and 10th deciles) in a sensitivity

analysis on gamma radiation.

We also considered an index of socio-economic disparities on the municipality scale (the
French deprivation index, FDep) (Rey et al. 2009), and an indicator of urbanization (the size
of urban unit of the municipality) as potential confounders in the association between NBR and
childhood CNST.

In an exploratory analysis, we estimated the cumulative brain dose due to NBR exposures.
Only intracranial CNST localized in skull bone were considered. For the dose due to radon and
its decay products, we used conversion coefficients estimated with gas diffusion models from
air to different organs in a child-body (Kendall and Smith 2005). The coefficients for the brain
were 0.09 mSv and 0.08 mSv for a 200 Bg/m? exposure for one year, for children aged 1 year
and 10 years, respectively. We considered that all gamma-rays pass through skull bone and
thus used a conversion coefficient of 1 between the gamma dose rate in air and the equivalent

dose to the brain.

2.6. Statistical power

The study included 5,471 cases of childhood CNST diagnosed over the period 2000-2012.
Under the hypothesis that only 10% of the pediatric population had a higher risk of CNST due
to their exposure to NBR, using a two-sided test with an error rate of 5%, we were able to
detect a minimum SIR of 1.09 with a statistical power of 80% considering CNST overall. The
minimum detectable SIR was about 1.44 for ependymomas, 1.27 for embryonal CNST, and

1.16 for all gliomas (1.28 for pilocytic astrocytomas, 1.20 for other gliomas).

We also evaluated the statistical power of the study under the hypothesis of a linear association
between childhood CNST incidence rate (overall and by diagnostic group) and NBR using a
simulation procedure. The alternative hypotheses were based on Poisson regression models
with the following hypothetical values of ERR: 5%, 10%, 15%, 20%, 25% and 30% per



50 nSv/h and per 100 Bg/m?® for gamma radiation exposure and radon concentration at
diagnosis, respectively. Five thousand simulations were run for each hypothetical value of the
ERR. In each simulation, the total number of observed cases was distributed in the
municipalities using a multinomial distribution with probabilities proportional to the numbers of

0-14 year old cases expected under the various alternative hypotheses.

We also estimated the statistical power of the analysis based on cumulative NBR exposure,
considering ERR values of 5%, 10%, 15%, 20%, 25% and 30% per 5 mSv and per 1000
Ba/m3 x y, for cumulative gamma exposure and cumulative radon exposure, respectively. A

multinomial distribution was considered separately for each year of age.

For gamma radiation exposure, the power to detect an ERR greater than 10% per 50 nSv/h
was greater than 80% for all childhood CNST and all gliomas (Table S2). For ependymomas
and embryonal tumors, ERRs of 25% and 20% per 50 nSv/h, respectively, were detected with
similar statistical power. For cumulative gamma radiation exposure, the log-linear Poisson
regression analysis had a statistical power greater than 80 % to detect an ERR greater than
15% per 5 mSv for all childhood CNST and gliomas, and greater than 30% per 5 mSv for

embryonal tumors. The statistical power was weaker for ependymomas.

Overall, with the same values of hypothetical ERR (per 100 Bg/m? and 1000 Bg/m?3 x y), the
statistical power estimates were of the same order of magnitude for radon concentration and
cumulative radon exposure, as for gamma radiation and cumulative gamma radiation exposure
(Table S2).

3. Results

Over 2000-2012, 5,471 cases of CNST were diagnosed in children under the age of 15 years,
in mainland France, of which 532 ependymomas (9.7%), 1,079 embryonal CNST (19.7%), and
3,340 gliomas (61%). The glioma group included 1,215 pilocytic astrocytomas and 2,125 other

gliomas.

3.1. NBR exposure at diagnosis and childhood CNST

The population-weighted gamma radiation exposure in mainland France was 92.2 nSv/h on
average on the municipality scale, with first and third quartile values of 72.0 and 106.2 nSv/h,
respectively (Table 2). With regard to radon, the annual indoor concentration was 67.8 Bg/m?3
on average with an interquartile range of 41.0 Bg/m®(41.0 Bg/m3-82.0 Bg/m?3). Both exposures
were correlated on the municipality scale (Spearman correlation coefficient = 0.61, p < 0.0001,

Figure 1).



Tables 3 and 4 show the results for qualitative and linear Poisson regression analyses
considering gamma radiation and radon exposures at diagnosis separately. For gamma
radiation, we did not find any significant association with all CNST (SIR = 1.04 (0.98,1.09),
p = 0.19 for a 50 nSv/h increase in exposure), ependymomas or embryonal tumors. A positive
trend was observed for gliomas (SIR = 1.06 (0.99,1.14), p = 0.07 for a 50 nSv/h increase in
exposure), in particular for pilocytic astrocytomas (SIR= 1.12 (1.00,1.25), p=0.04 for a

50 nSv/h increase in exposure, Table 3, Figure 2).

With regard to radon exposure, there was no significant association with all childhood CNST
(SIR =1.04 (0.97,1.11), p = 0.26 for a 100 Bg/m? increase in exposure, Table 4), or with the
main CNST groups, but a significant positive trend was found for pilocytic astrocytomas
(SIR =1.15(1.01,1.32), p = 0.03 for a 100 Bg/m?increase in exposure, Table 4, Figure 3).

Overall, the results were similar when we considered two time periods (Table S3) and when

municipalities were grouped into 20 exposure categories (Table S4, Figures S1 and S2).

NBR exposure levels in the Occitanie region were slightly higher than in all mainland France,
with a population-weighted average of 108.7 nSv/h (vs. 92.2 nSv/h) for gamma radiation and
79.5 Bg/m?3 (vs. 67.8 Bg/m?®) for radon concentration, on the municipality scale. Thus, about
99% of the pediatric population in Occitanie lived in a municipality with a gamma radiation
exposure level higher than the median French level while 93% of the same population had a
radon exposure level higher than the median French level. Overall, the results were unchanged

when the Occitanie region was excluded from the main analyses (Table S3).

The association between childhood pilocytic astrocytomas and radon seemed to be slightly
higher for children aged less than 7 years than for older children (SIR = 1.22 (1.02,1.45),
p=0.03, vs. 1.09 (0.89,1.32), p = 0.41 for a 100 Bg/m? increase, Table S3). However, no

statistically significant interaction with age was evidenced for either radon or gamma radiation.

Overall, we did not find any significant association between childhood CNST and the socio-
economic and urbanization indexes we considered (Table S5). The degree of urbanization was
slightly associated with NBR, with lower levels in the Paris urban unit than in the other
urbanization categories (Figure S3). The NBR levels were also lower in the least deprived
FDep category (Figure S3), which consists of several municipalities in the Paris urban unit
(48% of the population of that FDep category). The results for the association between NBR
and childhood CNST were mostly unchanged when adjusted for the socio-economic and

demographic indicators (Table S6 and S7).



We investigated the joint effects of gamma radiation and radon exposures on childhood CNST
incidence (Table 5). Both exposures, taken together, were slightly associated with pilocytic
astrocytoma incidence (prst=0.10). The slope parameter associated with each type of
radiation was lower than when gamma radiation and radon exposures were considered
separately, and far from being statistically significant (SIR = 1.07 (0.90,1.26) for a 50 nSv/h
increase, p = 0.44, and SIR = 1.08 (0.89,1.31) for a 100 Bg/m? increase, p = 0.45, for gamma
radiation and radon, respectively). When we excluded the municipalities of the two highest
deciles of radon exposure, 23,273 municipalities remained with a radon concentration lower
than 90 Bg/m?® and a large range of gamma radiation exposure (population-weighted average:
85 nSv/h, range: 54.4 nSv/h to 173.5 nSv/h). The residual Spearman correlation coefficient
between radon and gamma exposures was 0.43. In those municipalities, 946 cases of pilocytic
astrocytoma were diagnosed. A positive association of the same order of magnitude as in the
main analysis was observed with gamma radiation exposure (SIR=1.13(0.96,1.33) for
50 nSv/h, p = 0.14, not shown).

3.2. Association between cumulative exposure to NBR and CNST

The population-weighted cumulative exposures resulting from the environmental levels of NBR
were on average 6.1 mSv and 508.7 Bg/m? x y for 0-14 year-old children, for gamma radiation
and radon, respectively (Table 2). As expected, the average levels and ranges of exposure
were strongly dependent on age. For 90% of children aged 14 years, the cumulative exposure
was in the range of 8.0-18.3 mSv for natural gamma radiation, and in the range of 326.8-
2,111.4 Bg/m?3 x y for radon (Table S8, S9).

No statistically significant associations were observed between all CNST and cumulative
exposure to gamma radiation or radon separately (SIR = 1.07 (0.99,1.16) for 5 mSyv, p = 0.09,
and SIR =1.05(0.96,1.14) for 1000 Bg/m? x y, p = 0.29, respectively, Table 6). However,
positive associations were observed for cumulative exposure to gamma radiation and gliomas,
and especially pilocytic astrocytomas (SIR = 1.18 (1.00,1.40) for 5mSv, p =0.05). The
association between cumulative radon exposure and pilocytic astrocytomas was also positive
but not statistically significant (SIR = 1.14 (0.96,1.36), p = 0.15 for a 1000 Bg/m? x y increase).

As expected, the range of cumulative exposures was larger in the 7-14 year-old group than in
the youngest group (from 3.6 to 32.4 mSv vs. 0.2 to 14.5 mSv for gamma radiation, Table S8;
from 93.5 to 11,998.2 Bg/m3 x y vs. 6.2 to 5,378.5 Bg/m?® x y for radon, Table S9). For 7-14
year-old children, the associations with pilocytic astrocytomas were of the same order of
magnitude as in the main analysis (SIR=1.15(0.96,1.39) for 5mSv and
SIR = 1.12 (0.92,1.36) for 1000 Bg/m? x y for gamma radiation and radon, respectively) (not
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shown). The parameter estimates were slightly higher in the 0-6 year-old group, with quite
large 95% confidence intervals (SIR = 1.33 (0.88,2.01) for 5 mSv and SIR = 1.24 (0.84,1.83)
for 1000 Bg/m? x y for gamma radiation and radon, respectively) (not shown). The interactions

were not statistically significant.

The results were mostly unchanged when cumulative gamma radiation and radon exposures
were considered simultaneously in a multivariate regression model. Interestingly, for pilocytic
astrocytomas, only the positive association with gamma radiation seemed to persist
(SIR =1.19 (0.91,1.55) for 5 mSv, p=0.21 and SIR = 0.99 (0.75,1.31) for 1000 Bg/m? x vy,

p = 0.95, for gamma radiation and radon, respectively, Table 7).

3.3. Estimated brain NBR dose and CNST

The total dose to the brain was estimated to be 6.3 mSv on average (IQR =2.9-8.8 mSy,
Table 2), with a large contribution of gamma radiation exposure (96.8% on average, range:
78.6% to 99.3%). After exclusion of the tumors not localized in skull bone, 5,265 childhood
CNST remained, with 3,221 gliomas (1,154 pilocytic astrocytomas, 2,067 other gliomas).
Considering the estimated total dose to the brain, a positive association with CNST was
observed for gliomas and pilocytic astrocytomas (SIR=1.10(1.00,1.21) and
SIR = 1.16 (0.99,1.37) for a 5 mSv increase, respectively (Table 8)). No significant association

was observed for other CNST subgroups.

4. Discussion

Our results suggest an increase in the incidence rate of childhood pilocytic astrocytomas with
an increase in the level of exposure to NBR in the municipality of residence at the time of
diagnosis. Positive associations were also evidenced with cumulative NBR exposures for that
CNST subgroup. No other subgroup of childhood CNST was associated with NBR exposure

levels on the municipality scale.

This study aimed to characterize the level of environmental NBR exposure and describe
exposure contrasts on the municipality scale in relation to childhood CNST incidence rate. The
total individual IR exposure was not estimated. In particular, we did not consider internal
exposure to natural radiation due to ingestion of radionuclides. This source of exposure
contributes to, on average, 12% of the total individual exposure to IR, and greatly depends on
individual lifestyle (IRSN 2015). We did not consider medical irradiation during childhood, due
to CT-scans or radiographies. Several studies have suggested an increased risk of brain
tumors after exposure to CT-scans, but IR-induced cancers mainly occur after age 15 years
(Pearce et al. 2012; Mathews et al. 2013).
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Our study was based on high-quality data: the completeness of the RNCE between 2000 and
2012 ensured the accuracy of incidence-rate estimates in France, with no participation bias;
the long study period resulted in about 5,500 cases, despite the scarcity of childhood CNST,
enabling fairly high statistical power overall and in almost all subgroup analyses; objective and

high quality NBR exposure estimates were available on the fine scale of 36,280 municipalities.

The NBR exposure models used in this study were validated by the IRSN. The cokriging model
for gamma radiation exposure showed an excellent internal predictive capacity, based on a
cross validation procedure with several learning sets of different size (Marquant et al. 2018;
Warnery et al. 2015). The cokriged estimate was a smoothed value of exposure in the
municipality. Based on this approach, it was estimated that 65% of the variance of gamma
dose rate measurements and 32% of the variance of indoor radon measurements was
explained by the spatial coordinates of the home location (IRSN 2012; Warnery et al. 2015).
These figures indicate that the geographic coordinates of the place of residence did not totally
explain the NBR variability, especially for radon. The same observation has been made in
Denmark (r? = 0.45, (Raaschou-Nielsen et al. 2008)) and Switzerland (r? = 0.20, (Hauri et al.
2013)) for radon exposure, and in Great-Britain for gamma radiation (r> = 0.23 (Chernyavskiy
et al. 2016)). The cokriged estimates used in the present study do not reflect the exposure to
NBR in a given building. In particular, indoor radon exposure varies greatly depending on
several factors, such as building material, ventilation, season, and lifestyle characteristics
(Demoury et al. 2013).

With regard to crude indicators of gamma radiation exposure, i.e. not taking into account the
spatial distribution of the population, the average exposure in France (100 nSv/h), is slightly
higher than in Great Britain (94.7 nGy/h (Kendall et al. 2013)) or Germany (0.817 mSvly, i.e.
93.2 nSv/h (Spix et al. 2017)), and slightly less than in Switzerland (109 nSv/h (Spycher et al.
2015)). With regard to indoor radon, the annual average concentration in France is higher than
in the UK and Denmark, and slightly lower than in Switzerland (Hauri et al. 2013) and Norway
(Del Risco Kollerud et al. 2014). The ranges of exposures in France (54.4-254.8 nSv/h for
gamma radiation, 12.5-827.5 Bg/m?® for radon concentration) are moderately greater than in
other countries, due to the diversity of geological characteristics in France. Population-
weighted average levels may be slightly different, as is the case in France, as fewer people
live in the most exposed mountainous areas (probably less frequently than in Switzerland, for

example).

We did not evidence any significant association between childhood CNST, taken together, and
NBR exposures, which is consistent with most of the recent studies (Table 1). In particular,

with regard to radon exposure, no significant association was found in Denmark
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(RR=0.92 (0.69,1.22) for 1,000 Bg/m® x y (Raaschou-Nielsen et al. 2008)), Switzerland
(HR=1.19(0.91,1.17) for 100 Bqg/m3 (Hauri et al. 2013)) or Great-Britain
(RR = 1.14 (0.94,1.37) for 100 Bg/m? (Kendall et al. 2013)). The British study did not find any
significant association with gamma radiation exposure indicators, for either ambient exposure
(RR=1.08 (0.91,1.28) for 1 pGy/day) or cumulative exposure (RR=1.02 (0.96,1.09)
per mGy). In contrast, a German study reported a statistically significant result with gamma
radiation exposure (RR = 1.35 (1.17,1.57) for exposure of 1.5 mSv/h vs. 0.5 mSv/h (Spix et al.
2017), and a positive association was observed with cumulative gamma radiation exposure in
a Swiss study (RR = 1.04 (1.00,1.08) per mSv (Spycher et al. 2015)). Interestingly, when
converted to the same unit (Table 1), the results are of the same order of magnitude in almost

all the studies, although not systematically statistically significant.

Only the Danish study considered subgroups of childhood CNST separately (ependymomas,
astrocytomas and medulloblastomas). No significant association was found with radon
exposure, while the association with gamma radiation exposure was not investigated
(Raaschou-Nielsen et al. 2008). In the present study, we observed a specific association with
pilocytic astrocytomas (36% of the glioma group, and about 60% of all childhood
astrocytomas), a low-grade infra-tentorial tumor mainly diagnosed in children. Childhood
CNST diagnoses are complex, and, in particular, it may be difficult to separate malignant from
non-malignant tumors and characterize glioma subgroups. Spatial differences in clinical
practices and classification bias are likely. Therefore, we decided to consider a large group of
gliomas, and then to distinguish specifically pilocytic astrocytomas from other gliomas. We
cannot rule out that the observed association between NBR and childhood CNST may not be
restricted to pilocytic astrocytomas, and may extend to other subtypes included in the “other

gliomas” group.

We grouped the municipalities into several exposure categories (10 and 20 categories), and
assigned the population-weighted average exposure to each category. Overall, the results
were consistent with a linear no-threshold relationship between IR and cancer, but we cannot
formally rule out the possibility of a threshold and an increased risk only in the highest exposure

categories.

An association between NBR exposure level and pilocytic astrocytomas incidence rate was
evidenced with both ambient and cumulative exposures. Our estimates of the cumulative NBR
exposure of the population were based on the municipality of residence at diagnosis and the
residential histories of the children were not taken into account. The cumulative estimates were
obtained directly from the exposure at the residence at diagnosis, multiplied by age. In the

ESCALE study, a French national case-control study, it was shown that 66% of the children
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lived in the same municipality at the times of birth and diagnosis (Demoury et al. 2017). Several
studies have used information based on residential history to estimate the cumulative exposure
(Del Risco Kollerud et al. 2014; Hauri et al. 2013; Raaschou-Nielsen et al. 2008; Spycher et
al. 2015), and the British study used the coordinates of the mother's residence at birth,
considering that exposure was constant from birth to diagnosis (Kendall et al. 2013). The latter
study also considered the NBR levels in the place of residence at the time of birth, and no
association with childhood CNST was reported (Kendall et al. 2013). However, the periods
surrounding conception and birth may be important time windows, because of a potential
susceptibility of the gametes, embryo and young child to environmental factors, in particular
IR.

Our work constitutes the first study to estimate a total brain dose, using conversion coefficients
to account for the biological effect of the two types of NBR. For radon, we used coefficients
given by Kendall and derived from biokinetic and dosimetric models (Kendall and Smith 2005).
We had already used them for a previous analysis of childhood leukemia and red-bone marrow
dose (Demoury et al. 2017). The coefficients for the dose to the brain (e.g. 0.08 mSyv for a 10
year-old child exposed to an annual dose of 200 Bg/m?®) are far smaller than those for the lungs
(181.2 mSv) or even bone marrow (0.63 mSv). We considered that all gamma rays pass
through skull bone and used a conversion coefficient of 1. Unsurprisingly, the results were
similar to those observed with cumulative gamma radiation exposure, which constituted more

than 90% of the total dose received by the brain, on average.

The specific association between each source of NBR exposure and the risk of pilocytic
astrocytoma is difficult to determine because of the intrinsic correlation between indoor radon
and terrestrial gamma radiation. The positive association observed with gamma radiation
persisted when we excluded the municipalities with the highest radon levels. The reverse
analysis, which would consist in excluding municipalities with higher level of gamma radiation
to investigate the association between childhood CNST and radon, was not feasible since
those municipalities were also those with the highest radon levels. Gamma rays produce low
linear energy transfer (LET) radiation, transmitting energy via photons, which may lead to
ionization of molecules in a cell when photons pass through it. Highly reactive free radicals that
may damage DNA are produced. They are less ionizing than the alpha particles emitted by
radon disintegration but have a high penetrating power, which explains why they can pass
through skull bone and damage brain cells. Even though radon and its decay products are
alpha emitters, they are less likely to cross the blood brain barrier, which is reflected in the low
conversion coefficients for brain (Kendall and Smith 2005). As gamma radiation constitutes
more than 90% of the estimated brain dose, it is likely that the associations observed with

pilocytic astrocytomas are mostly attributable to gamma radiation. In that case, the
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associations observed with radon may just reflect the correlation between the two exposure

estimates.

Our results might also reflect the effect of confounding factors, if municipalities with higher
levels of NBR differed with respect to other factors associated with childhood CNST. Known
risk factors for childhood CNST (genetic syndromes, high dose IR) are unlikely to be
confounders for the association between NBR exposure and CNST incidence rate on the
municipality scale and there are no other obvious potential confounding candidates. We
considered the degrees of deprivation and urbanization of the municipalities as potential
confounders, as they are likely to be associated with several other characteristics of the place
of residence, and lifestyle. A previous French study did not find any significant association
between those indicators and various subgroups of childhood CNST (Marquant et al. 2016).
We came to the same conclusion. In the present study, those contextual indicators were
associated with NBR exposures, positively for the deprivation index and negatively for the
degree of urbanization. In particular, the NBR level is lower in the Paris area, which strongly
contributes to the least deprived and most urban categories. However, the results for NBR and

childhood CNST were almost unchanged when the contextual indicators were accounted for.

5. Conclusion

In conclusion, this study made use of high-quality incidence data and objective and precise
NBR exposure estimates on the municipality scale. With more than 5,000 childhood CNST
cases, the statistical power was high, which enabled specific CNST subgroups to be
considered. Overall, there was no significant association between NBR exposure and
childhood CNST, but a statistically significant association was found for pilocytic astrocytomas.
The physical properties of the various types of NBR have led us to opt for a role of gamma
radiation rather than radon. It remains possible that the observed associations may be due to
confounding by some unknown CNST risk factor that is associated with NBR levels on the

municipality scale.
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Table 1: Summary of the recent nationwide record-linkage studies on natural background radiation {(NBR) exposure and childhood central nervous system

tumors (CNST)

Great Britain

1980 -2006

0-15Yy.

6,585 CNST
cases
8,997 controls

Mean gamma and radon
exposure in each county district
(459 units)

-predictive map for radon
exposure based on 400,000
indoor measurements and
geological information.
Mothers’ addresses of residence
at birth

Indoor ambient
gamma

Cumulative radon
and gamma
exposures {main
analyses)

Mean: 94.7 nGy/h
Min: 38.1 nGy/h
Max: 159.7 nGy/h

Reference Study design  |Source of data on NBR Type of radiation Level of exposure  |Results and 95%ClI
Country Age
Study period  |Nb subjects
Raaschou- Case-control Radon exposure estimated by a |Indoor ambient Mean: 48 Bg/m? Radon cumulative exposure in 1,000 Bg/m3xy
Nielsen et al. study predictive model based on: radon p10: 10 Bg/m? <0.26: RR=1.00 ref.
Epidemiology - 3116 indoor measurements p50: 41 Bg/m?® <0.89: RR=0.92 (0.76;1.12)
2008 0-14vy. - geographical region p90: 102 Bg/m? >0.89: RR=1.11(0.81;1.51)
- digital map of soil Per 1,000 Bg/m? xy: RR=0.92 (0.69;1.22)
903 CNST cases |- house characteristics
Denmark 2,684 controls Cumulative radon p50: 260 Bg/m3*xy |Ependymomas: NS
1968-1994 Residential history exposure p90: 890 Bg/m® xy |Astrocytomas: NS
(18,899 geocoded addresses) Medulloblastomas: NS
Hauri et al. Cohort study |Indoor ambient radon exposure |Indoor ambient Mean: 85.9 Bg/m® |Ambient radon in Bg/m?® (adjusted model?)
EHP in 2000 estimated by a radon Min: 0.7 Bg/m?3 < 77.7: HR=1.00 ref
2013 0-15y. predictive model based on p50: 77.7 Bg/m? <139.9: HR=0.95 (0.73,1.23)
35,706 measurements p90: 139.9 Bg/m? > 139.9: HR=1.05 (0.68,1.61)
Swiss 258 CNST cases |(validated with independent Max: 490.1 Bg/m?
2000- 2008 data) Per 100 Bg/m?: HR=1.19 (0.91,1.57)
Kendall et al. Case-control - National survey of NBR with Indoor ambient Mean: 21.3 Bg/m® |- Ambient exposures (joint effects®)
Leukemia study gamma and radon indoor radon Min: 1.2 Bg/m?3 Radon: RR=1.14 (0.94,1.37)} per 100 Bg/m?
2013 measurements (2283 homes) Max : 692 Bg/m? Gamma: RR=1.08 (0.91,1.28) per uGy/day

RR=1.10 (0.89,1.34) per 50 nSv/h

{Main analyses in the referring paper)
- Cumulative exposures (joint effects)
Radon: RR=1.15 (0.88,1.50} per 1KBg/m3 x y
Gamma: RR=1.02 (0.96,1.09) per mGy
RR=1.10 {(0.81,1.54) per 5 mSv




Reference Study design  |Source of data on NBR Type of radiation Level of exposure  |Results and 95%ClI
Country Age
Study period  |Nb subjects
Del Risco Cohort study |Estimated indoor radon at Ambient indoor Min: 1 Bg/m? Crude estimates per 100 Bg/m?
Kollerud et al. residences each year since birth |radon p33: 56.8 Bg/m? OR=1.15 (1.02,1.30) average exp. 0-15y.
BJC 0-15y. with a buffer model {radius pé6: 93.2 Bg/m? OR=1.17 (1.04,1.32) average exp. <1v.
2014 from 300 m to 2,000 m) Max: 6315 Bg/m?®
417 cases - 41,515 measurements Adjusted estimates® per 100 Bg/m?3
Norway In the cohort: OR=1.13 (0.99,1.28) average exp. 0-15y.
Mean: 90 Bg/m?® OR=1.13 (1.00,1.29) average exp. <1v.
1967-2009 Average radon exposure over p50: 74 Bg/m?
three time windows
Residential history with
geocoded addresses
Spycher et al.  |Cohort study |2 x 2 km grid of gamma Ambient outdoor Mean : 109 nSv/h per 100 nSv/h (adjusted estimates®):
EHP radiation combining gamma dose rate p25: 95 nSv/h - Entire cohort :HR=1.32 (0.91,1.91) p=0.14
2015 0-15y. - cosmic dose rate p75:112nSv/h - Sub-cohortf :HR=1.42 (0.96,2.12) p=0.08
- airborne y-ray spectro. Converted estimate per 50 nSv/h¢:
Switzerland 423 cases - in situ y-ray spectro. (166 sites) Entire cohort :HR=1.15 (0.95,1.38)
- in situ dose rate Sub-cohortf :HR=1.19 (0.98,1.46)
1990-2008 measurements (837 sites)
- laboratory measurements of  [Cumulative gamma |Mean: 9.1 mSv per mSv (adjusted estimates):
rock samples (612 sites) dose p25:5.6 mSv - Entire cohort :HR=1.04 (1.00,1.08) p=0.04
- 1,615 ground data points p75:12.1 mSv - Sub-cohortf :HR=1.06 (1.02,1.11) p=0.008
- 137Cs depositing
measurements Converted estimate © per 5 mSv:
Residential history partly known - Entire cohort: HR=1.23 (1.00,1.47) p=0.04
{geocoded addresses at birth - Sub-cohort::HR=1.34 (1.10,1.68) p=0.008
and census years)
Spix et al. Ecological Ambient gamma dose rate Ambient outdoor Mean*: 0.817 mSv/y [>0.817 mSv/y vs< 0.817 mSv/y
Radiat Environ |study 1,800 measurement stations gamma dose rate {93.2 nSv/h)? RR&=1.06 (1.02,1.11)

Biophys.

{outdoor)

Min: 0.499 mSv/y

Non-linear model:




Reference Study design  |Source of data on NBR Type of radiation Level of exposure  |Results and 95%ClI

Country Age

Study period  |Nb subjects

2017 9,048 CNS Spatial distance-based {56.9 nSv/h)? RR® smsv/y vs 0.5msvy =1.35 (1.16,1.56)
5,552 malign. |interpolation for each Max 1.508 mSv/y

Germany community of residence at {172 nSv/h)? Converted estimatec per 50 nSv/h

diagnosis (11,292 units) RRe=1.14 (1.07,1.22)
1987-2011

NBR : natural background radiation; CNST : central nervous system tumors; 95%Cl: 95% confidence interval; pop.: population; y: year; p : percentile; ; RR: rate ratio; NS : not significant according
to the authors (results not shown in the published paper); EHP: Environmental Health Perspectives; Min : minimum; Max : maximum; HR: hazard ratio; BJC: British Journal of Cancer; OR=odd
ratio; Exp : exposure; spectro. : spectrometry; malign.: malignant; Mean™: population weighted average

amodel with adjustment for age, child sex, birth order, socioeconomic status of the parents, environmental gamma radiation, and period

bjoint model with radon and gamma exposures and adjustment for Carstairs’ socioeconomic index

< original results were converted to the unit used in the present paper: increase per 50 nSv/h and per 100 Bg/m? for gamma radiation exposure and radon concentration, respectively; increase

per 5mSv and per 1,000 Bg/m? X y for cumulative gamma radiation and cumulative radon exposures, respectively
4 model with adjustment for parity, birth weight, gender, congenital malformations, family income, mother’s and father’s education level

emodel with adjustment for gender and year of birth
fsub-cohort composed of children with stable residence between birth and diagnosis (66.5% of the entire cohort)
e model with adjustment for a deprivation index and an East-West indicator




Table 2. Distribution of the ambient and cumulative exposures to natural background radiation (radon and gamma radiation) and the estimated total dose
to the brain in the 36,280 French municipalities

Type of exposure Mean + SE Min p5% p25% p50% p75% pP95% Max IQR
Gamma radiation

Crude exposure (nSv/h) 100.0 £ 25.6 544 689 804 94.7 1141 149.8 254.8 33.7
Population-weighted exposure (nSv/h) 922+16131 544 626 720 85.2 106.2 143.7 254.8 34.2
Cumulative population-weighted exposure? (mSv) 6.1 £254.0 02 05 2.8 5.7 8.6 13.4 324 57
Radon concentration

Crude exposure (Bgq/m3) 91.8+63.4 125 383 542 72.6 107.7 2034 827.5 53.5
Population-weighted exposure (Bqg/m?d) 67.8+£29740 125 225 410 55.6 82.0 145.6 827.5 41.0
é”q”}”m'ii';’f population-weighted exposures 5087+318100 62 365 187.2 3858 6685 13858 119882 4813
Total dose to the brain

Cumulative population-weighted exposure? (mSv) 6.3 £264,2 03 05 2.9 5.9 8.8 13.9 352 59

Note: radon concentration and gamma radiation were estimated at the town hall of each municipality.

Mean: arithmetic mean, SE: standard error, Min: minimum, p: percentile, Max: maximum, IQR: interquartile range

2 The cumulative population-weighted exposure was estimated as follows: X“ia" = X; X (a + 0.5) in which X“i" is the cumulative exposure level (due to gamma radiation or radon) estimated
for a child aged 'a' who had been living in municipality 'i' since birth, and X; the crude exposure level in municipality 'i'

b The total dose to the brain was estimated using conversion coefficients estimated with gas diffusion models from air to different organs in a child body for radon (Kendall and Smith 2005), and
a unit coefficient for gamma radiation.



Table 3. Association between childhood CNST (and main CNST subgroups) and gamma radiation
exposure level in the municipality of residence at the time of diagnosis (France, 2000-2012)

All CNST Ependymomas Embryonal CNST

(N = 5,471) (N = 532) (N = 1,079)
Gamma radiation o g SIR 95%Cl O E SIR 95%Cl O E SIR 95%Cl
(nSv/h)
154.4,65.8] 577 547.0 1.05(0.97,1.14) 64 545 1.17(0.90,1.50) 109 109.1 1.00(0.82,1.21)
165.8,70.1] 533 5459 0.98 (0.90,1.06) 59 53.4 1.10(0.84,1.42) 123 108.1 1.14(0.95,1.36)
170.1,74.4] 530 548.4 0.97 (0.89,1.05) 45 535 0.84(0.61,1.13) 102 108.3 0.94(0.77,1.14)
174.4,79.7] 485 501.1 0.97 (0.88,1.06) 52 487 1.07 (0.80,1.40) 106 98.8 1.07 (0.88,1.30)
179.7,85.2] 563 593.2 0.95(0.87,1.03) 54 57.6 0.94(0.70,1.22) 104 116.8 0.89 (0.73,1.08)
185.2,92.2] 541 546.9 0.99 (0.91,1.08) 65 52.9 1.23(0.951.57) 96 107.6 0.89(0.72,1.09)
192.2,101.6] 563 547.2 1.03(0.95,1.12) 51 528 0.97(0.72,1.27) 113 107.6 1.05(0.87,1.26)
1101.6,112.7] 524 547.1 0.96 (0.88,1.04) 38 528 0.72(0.51,0.99) 111 107.6 1.03(0.85,1.24)
1112.7,129.0] 586 547.0 1.07 (0.99,1.16) 53 53.0 1.00(0.75,1.31) 93 107.7 0.86(0.70,1.06)
1129.0,254.8] 569 547.3 1.04 (0.96,1.13) 51 528 0.97(0.72,1.27) 122 107.5 1.13(0.94,1.36)
Pheterog 0.37 0.27 0.35
Plog-ineariy” 0.43 0.25 0.27
gge;‘giﬁfR per 1.04 (0.98,1.09) 0.91 (0.76,1.08) 1.02 (0.91,1.15)
pe 0.19 0.28 0.74

All gliomas Pilocytic astrocytomas Other gliomas

(N = 3,340) (N = 1,215) (N = 2,125)
agm‘)a radiation 5 g SIR 95%Cl O E  SIR95%CI o E SIR 95%Cl
154.4,65.8] 357 3324 1.07(0.97,1.19) 117 1211 0.97 (0.80,1.16) 240 211.3 1.14(1.00,1.29)
165.8,70.1] 295 332.9 0.89(0.79,0.99) 95 1212 0.78(0.63,0.96) 200 211.7 0.94 (0.82,1.09)
170.1,74.4] 333 3346 1.00(0.89,1.11) 130 121.8 1.07(0.89,1.27) 203 2128 0.95(0.83,1.09)
174.4,79.7] 274 305.9 0.90(0.79,1.01) 100 111.3 0.90 (0.73,1.09) 174 1946 0.89 (0.77,1.04)
179.7,85.2] 357 362.2 0.99 (0.89,1.09) 135 131.7 1.02(0.86,1.21) 222 230.5 0.96 (0.84,1.10)
185.2,92.2] 324 334.3 0.97 (0.87,1.08) 128 121.5 1.05(0.88,1.25) 196 212.7 0.92 (0.80,1.06)
192.2,101.6] 344 3345 1.03(0.92,1.14) 122 1216 1.00(0.83,1.20) 222 2129 1.04(0.91,1.19)
1101.6,112.7] 332 3344 0.99(0.89,1.11) 109 121.6 0.90(0.74,1.08) 223 2128 1.05(0.91,1.19)
1112.7,129.0] 382 3342 1.14(1.03,1.26) 149 1215 1.23(1.04,1.44) 233 2126 1.10(0.96,1.25)
1129.0,254.8] 342 334.7 1.02(0.92,1.14) 130 121.7 1.07(0.89,1.27) 212 213.0 1.00(0.87,1.14)
Pheterog 0.05 0.07 0.23
Plog-iinearit,” 0.08 0.15 0.20
foend: RR by 1.06 (0.99,1.14) 112 (1.00,1.25) 1.03(0.95.1.12)
pe 0.07 0.04 0.48

Note: CNST: central nervous system tumor; N: total number of cases; O: number of observed cases in each exposure category;
E: number of cases expected in each exposure category under the hypothesis of homogeneous age-specific incidence ratios
throughout France; ERR: excess relative risk per unit of exposure; SIR: standardized incidence ratio defined as O/E; 95% Cl:
95% confidence interval of the SIR.

ap-value of the Chi-square test for heterogeneity in SIRs between gamma radiation exposure categories.

bp-value of the test of departure from log-linearity.
cresults from a Poisson regression model under the hypothesis of a log-linear association between childhood CNST and
gamma radiation exposure level (population weighted average exposure in the ten categories). p: p-value of the Chi-square
test for the slope parameter estimate.



Table 4. Association between childhood CNST (and main CNST subgroups) and radon concentration in
the municipality of residence at time of diagnosis (France, 2000-2012)

All CNST Ependymomas Embryonal CNST

(N = 5,471) (N = 532) (N =1,079)
Radon
concentration o E SIR 95%ClI o E SIR 95%CI o E SIR 95%ClI
(Bg/m?3)
112.5,28.8] 572 547.0 1.05(0.96,1.14) 60 54.7 1.10(0.84,1.41) 115 109.3 1.05 (0.87,1.26)
128.8,37.2] 582 546.7 1.06 (0.98,1.15) 55 536 1.03(0.77,1.33) 132 108.3 1.22(1.02,1.45)
137.2,42.9] 529 546.9 0.97 (0.89,1.05) 49 534 0.92(0.68,1.21) 105 108.1 0.97 (0.79,1.18)
142.9,49.1] 494 5471 0.90 (0.83,0.99) 46 53.0 0.87 (0.64,1.16) 88 107.7 0.82(0.66,1.01)
149.1,55.5] 537 547.7 0.98(0.90,1.07) 53 531 1.00(0.75,1.31) 129 107.8 1.20 (1.00,1.42)
155.5,63.1] 498 546.1 0.91(0.83,1.00) 54 528 1.02(0.77,1.33) 81 107.4 0.75(0.60,0.94)
163.1,74.3] 554 5482 1.01(0.93,1.10) 55 53.0 1.04(0.78,1.35) 101 107.8 0.94 (0.76,1.14)
174.3,89.9] 568 546.6 1.04 (0.96,1.13) 54 529 1.02(0.77,1.33) 126 107.6 1.17 (0.98,1.39)
189.9,119.9] 559 542.8 1.03(0.95,1.12) 57 523 1.09(0.83,1.41) 90 106.7 0.84 (0.68,1.04)
1119.9,827.5] 578 552.0 1.05(0.96,1.14) 49 532 0.92(0.68,1.22) 112 108.4 1.03(0.85,1.24)
Pheterog 0.06 0.97 0.002
Plog-ineariy” 0.06 0.95 0.26
Ig%”gjﬁ%f by 1.04 (0.97,1.11) 0.97 (0.79,1.19) 0.97 (0.77,1.22)
pe 0.26 0.76 0.78¢

All gliomas Pilocytic astrocytomas Other gliomas

(N = 3,340) (N = 1,215) (N = 2,125)
Radon
concentration o E SIR 95%ClI o E SIR 95%CI o E SIR 95%ClI
(Bg/m?3)
112.5,28.8] 352 3322 1.06(0.95,1.18) 119 1211 0.98(0.81,1.18) 233 211.1 1.10(0.97,1.26)
128.8,37.2] 340 3332 1.02(0.91,1.14) 113 1213 0.93(0.77,1.12) 227 211.9 1.07 (0.94,1.22)
137.2,42.9] 324 3336 0.97 (0.87,1.08) 121 1214 1.00(0.83,1.19) 203 2122 0.96(0.83,1.10)
142.9,49.1] 305 334.3 0.91(0.81,1.02) 100 1215 0.82(0.67,1.00) 205 212.7 0.96(0.84,1.11)
149.1,55.5] 310 3346 0.93(0.83,1.04) 129 121.7 1.06 (0.89,1.26) 181 212.9 0.85(0.73,0.98)
155.5,63.1] 312 333.7 0.93(0.83,1.04) 117 1213 0.96 (0.80,1.16) 195 2124 0.92(0.79,1.06)
163.1,74.3] 343 3351 1.02(0.92,1.14) 125 121.8 1.03(0.851.22) 218 213.3 1.02(0.89,1.17)
174.3,89.9] 343 334.0 1.03(0.92,1.14) 122 1215 1.00(0.83,1.20) 221 2125 1.04(0.91,1.19)
189.9,119.9] 356 331.9 1.07 (0.96,1.19) 126 120.7 1.04(0.87,1.24) 230 211.2 1.09(0.951.24)
1119.9,827.5] 355 337.5 1.05(0.95,1.17) 143 1227 1.17(0.98,1.37) 212 214.8 0.99(0.86,1.13)
Pheterog.” 0.31 0.47 0.19
Plog-ineariy” 0.35 0.83 0.13
Ig%”gjﬁ%f by 1.06 (0.97,1.14) 1.15 (1.01,1.32) 1.00 (0.90,1.11)
pe 0.19 0.03 0.99

Note: CNST: central nervous system tumor; N: total number of cases; ERR: excess relative risk per unit of exposure; O: number
of observed cases in each exposure category; E: number of cases expected in each exposure category under the hypothesis
of homogeneous age-specific incidence ratios throughout France; SIR: standardized incidence ratio defined as O/E; 95% Cl:
95% confidence interval of SIR.
#p-value of the Chi-square test for heterogeneity in SIRs between radon exposure categories.
bp-value of the test of departure from log-linearity.
¢ results from a Poisson regression model under the hypothesis of a log-linear association between childhood CNST and radon
exposure level (population weighted average exposure in the ten categories). p: p-value of the Chi-square test for the slope

parameter estimate.

dresults from a negative binomial model (Over-dispersion detected by the Dean and Lawless test using the Poisson regression



Table 5. Joint? effects of gamma radiation and radon concentration at the place of residence at
diagnosis in the risk of childhood CNST (France, 2000-2012)

Gamma radiation Radon R

Diagnostic group 0 Tr‘ggdnis,ﬁbby p quong EI;EqFfﬁsoby p | Test
All CNST 5,471 |1.03 (0.95,1.11) 0.50 1.02(0931.12) 0.73| 0.36
Ependymomas 532 |0.84 (0.65,1.09) 0.20 1.12 (0.82,1.52) 0.47 | 0.41
Embryonal CNST 1,079 [1.05 (0.86,1.30)¢ 0.62¢ |0.92 (0.72,1.19)¢ 0.54¢| 0.82
Gliomas 3,340 |1.07 (0.97,1.19) 0.18 0.99 (0.88,1.11) 0.86 | 0.19
Pilocytic astrocytomas 1,215 {1.07 (0.90,1.26) 0.44 1.08 (0.89,1.31) 0.45| 0.10
Other gliomas 2,125 |1.07 (0.95,1.22) 0.27 0.94 (0.81,1.09) 0.42| 0.55

Note: CNST: Central nervous system tumors; ERR: excess relative risk per unit of exposure; O: total number of cases; p: p-
value of the Chi-square test for the slope parameter

2 Results from a multivariate Poisson regression model

b ERR for a 50 nSv/h increase in gamma exposure and its 95% confidence interval

¢ ERR for a 100 Bg/m? increase in radon concentration and its 95% confidence interval

dp-value of the likelihood ratio test for the joint effect of gamma radiation and radon exposures (comparison to the null
model)

eresults from a negative binomial model (Over-dispersion detected by the Dean and Lawless test using the Poisson regression)



Table 6: Cumulative residential exposure to natural background radiation and risk of childhood CNST
(France, 2000-2012)

Gamma radiation Radon
Diagnostic group O Trend ERR by 5 mSv? p by 1288(1851;'1 y p
All CNST 5,471 1.07 (0.99,1.16) 0.09 1.05 (0.96,1.14) 0.29
Ependymomas 532 0.88 (0.65,1.21) 0.44 1.06 (0.77,1.46) 0.73
Embryonal CNST 1,079 1.03 (0.84,1.27) 0.76 0.93 (0.75,1.16) 0.54
Gliomas 3,340 1.11 (1.00,1.23) 0.04 1.05 (0.95,1.17) 0.35
Pilocytic astrocytomas 1,215 1.18 (1.00,1.40) 0.05 1.14 (0.96,1.36) 0.15
Other gliomas 2,125 1.07 (0.95,1.21) 0.26 1.01 (0.88,1.15) 0.92

Note: CNST: central nervous system tumors; ERR: excess relative risk per unit of exposure; O: total number of cases; p: p-
value of the Chi-square test for the parameter estimate
3 ERR for a 5 mSv increase in cumulative gamma radiation exposure and its 95% confidence interval

b ERR for a 1000 Bg/m? x y increase in cumulative radon exposure and its 95% confidence interval



Table 7: Joint? effects of cumulative exposures to gamma radiation and radon concentration and risk

of childhood CNST (France, 2000-2012)

Gamma radiation Radon LR
Diagnostic group o Trend ERR by 5 0 Trend ERR by 1,000 b Test?
mSwvP Bg/m3 x y°
All CNST 5471 1.07 (0.941.22) 0.28 1.00 (0.87,1.14) 098 | 0.24
Ependymomas 532 | 0.72 (0.441.17) 0.19 1.32 (0.80,2.20) 0.28 | 042
Embryonal CNST 1,079 1.09 (0.79,1.50) 0.60 0.90 (0.65,1.27) 056 | 0.84
Gliomas 3,340 115 (0.99,1.35) 0.08 0.94 (0.80,1.12) 0.50 | 0.11
Pilocytic astrocytomas 1,215 1.19 (0.91,1.55) 0.21 0.99 (0.75,1.31) 095 | 0.15
Other gliomas 2,125 114 (0.93,1.38) 0.20 0.92 (0.75,1.13) 042 | 0.41

Note: CNST: central nervous system tumors; ERR: excess relative risk per unit of exposure; O: total number of cases; p: p-
value of the Chi-square test for the parameter estimate
2 Results from a multivariate Poisson regression model

b ERR for a 5 mSv increase in cumulative gamma exposure and its 95% confidence interval

©ERR for a 1,000 Bg/m? x y increase in cumulative radon exposure and its 95% confidence interval
4 p-value of the likelihood ratio test for the joint effect of cumulative gamma radiation and cumulative radon exposures

(comparison to the null model)



Table 8: Association between childhood CNST incidence and estimated cumulative brain dose due to
natural background radiation (France, 2000-2012)

Diagnostic group O Trend ERR p
by 5 mSwv?

All CNST 5,265 1.07 (0.99,1.15) 0.1

Ependymomas 471 0.99 (0.70,1.40) 0.96

Embryonal CNS tumors 1,065 0.99 (0.82,1.21) 0.95

All gliomas 3,221 1.10 (1.00,1.21) 0.06
Pilocytic astrocytomas 1,154 1.16 (0.99,1.37) 0.07
Other gliomas 2,067 1.06 (0.94,1.20) 0.32

Note: Only intracranial childhood CNST (central nervous system tumors) were considered in the analysis. ERR: excess relative
risk per unit of exposure; O: total number of cases; p: p-value of the Chi-square test for the parameter estimate

2 results from a Poisson regression model under the hypothesis of a log-linear association between childhood CNST and
cumulative total brain dose from birth to diagnosis. ERR for a 5 mSv increase in cumulative total brain dose and its 95%
confidence interval



Figure 1: Correlation between gamma radiation (nSv/h) and indoor radon concentration (Bq/m?) on
the municipality scale {36,280 units)

Figure 2: Association between gamma-radiation exposure in the municipality of residence at
diagnosis (grouped into population decile categories) and standardized incidence ratios (SIR) of
pilocytic astrocytomas - France 2000-2012 (1,215 cases)

Note: The error bars represent the 95% confidence interval for the SIR calculated with the Byar's approximation

Figure 3: Association between indoor radon concentration in the municipality of residence at
diagnosis (grouped into decile population categories) and standardized incidence ratios (SIR) of
pilocytic astrocytomas - France 2000-2012 (1,215 cases)

Note: The error bars represent the 95% confidence interval for the SIR calculated with the Byar's approximation
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Table S1: Distribution of the 2006 population in the 36,280 French municipalities and 95 French
départements

‘ Mean Min p5% p25% p50% p75% pP95% Max
Municipalities (N = 36,280)
Population all ages 1,679 0 68 186 409 1,004 5134 2,181,374
Population 0-14 y. 307 0 10 33 78 195 964 313,870

Départements (N = 95)

Population all ages 646,313 76,806 146,283 299,000 534,291 882,998 15,360,956 2,565,258

Population 0-14 y. 118,421 12,281 23,531 52,681 95972 163,316 312,114 519,077

Note: Min: minimum; p: percentile; Max: maximum; y.: years



Table S2: Statistical power estimates for the 5% error rate, two-sided test of association between
natural background radiation and childhood CNST under various alternative hypotheses (5000

simulations?)

Gliomas
oo of radiation| Eree | ATCNST | Epend. E’Rﬁ;{)‘ga' !
ype of radiation All  |Piloc. astroc. | Other gliomas
N=5471 N =532 N=1215 |[N=3,340] N=1,215 N=2125
5% 0.42 0.08 0.13 0.30 0.13 0.20
10% 0.97 0.24 0.40 0.86 0.45 0.68
Gamma 15% 1.00 0.41 0.69 0.99 0.74 0.93
radiation
(per 50 nsvih) | 20% 1.00 0.64 0.91 1.00 0.94 1.00
25% 1.00 0.83 0.99 1.00 0.99 1.00
30% 1.00 0.94 1.00 1.00 1.00 1.00
5% 0.22 0.06 0.07 0.16 0.09 0.12
. 10% 0.72 0.11 0.17 0.52 0.22 0.37
Cumulatives
exposure  |20% 1.00 0.25 0.49 0.97 0.65 0.89
(perSmSV)  5c0s 1.00 0.36 067 1.00 0.82 0.97
30% 1.00 0.51 0.83 1.00 0.94 1.00
5% 0.34 0.08 0.10 0.22 0.11 0.16
10% 0.91 0.18 0.32 0.74 0.34 0.54
Radon 15% 1.00 0.30 0.55 0.96 0.61 0.83
concentration
(per 100 Bg/m?) | 20% 1.00 0.52 0.83 1.00 0.87 0.98
25% 1.00 0.73 0.95 1.00 0.97 1.00
30% 1.00 0.87 0.99 1.00 1.00 1.00
5% 0.21 0.06 0.07 0.15 0.08 0.11
. 10% 0.70 0.10 0.16 0.52 0.22 0.37
Cumulatives
radon exposure | 15% 0.94 0.15 0.30 0.82 0.40 0.65
(per 1,000 20% 1.00 0.25 0.48 0.97 0.64 0.88
Bg/m3 x y)
25% 1.00 0.38 0.68 1.00 0.83 0.98
30% 1.00 0.52 0.84 1.00 0.95 1.00

CNST: central nervous system tumor; Epend.: ependymomas; ERR: excess relative risk; N: total number of cases in each
simulated dataset; Piloc. Astroc.: pilocytic astrocytomas
aSimulations under linear Poisson regression model with hypothetical values of ERR defined in the second column of the

table

b ERR by unit of exposure (50 nSv/h and 100 Bg/m? for gamma radiation and radon concentration, respectively; 5 mSv and

1,000 Bg/m? x y for cumulative gamma and radon exposures, respectively)

¢The cumulative exposure estimate was derived from the ambient exposure in the municipality of residence at diagnosis
under the assumption that the level of exposure remained stable from birth to diagnosis




Table S3: Sensitivity analyses for the association between natural background radiation exposure level of the municipality of residence at diagnosis and
childhood gliomas subgroups (France, 2000-2012)

Gamma radiation Radon concentration
Diagnostic group O Trggdng\r?’/ﬁaby p Trend;quﬁsfy 100
All gliomas Main analyses 2000-2012| 3,340 | 1.06 (0.99,1.14) 0.07 | 1.06 (0.97,1.14) 0.19
By Period 2000-2005| 1,447 | 1.05 (0.951.16) 0.37 | 1.06 (0.94,1.20) 0.35
2006-2012| 1,893 | 1.07 (0.98,1.18) 0.11 | 1.05 (0.94,1.17) 0.36
Excluding the Occitanie region 3,013 | 1.04 (097,112) 0.29 | 1.05 (0.96,1.14) 0.30
Pilocytic astrocytomas | Main analyses 2000-2012| 1,215 | 112 (1.00,1.25) 0.04 | 1.15 (1.01,1.32) 0.03
By period 2000-2005| 570 | 113 (0.96,1.33) 0.13 | 118 (0.97,1.42) 0.10
2006-2012| 645 | 111 (0.951.29) 0.17 | 1.14 (0.951.29) 0.17
Excluding the Occitanie region 1,105 | 112 (1.00,1.26) 0.05 | 117 (1.02,1.34) 0.02
Age 06y.| 665 | 1.14 (0.98,1.32) 0.09 | 1.22 (1.02,1.45) 0.03
7-14y.| 550 | 1.11 (0.941.30) 022 | 1.09 (0.89,1.32) 0.41
Other gliomas Main analyses 2000-2012| 2,125 | 1.03 (0.951.12) 048 | 1.00 (0.90,1.11) 0.99
By period 2000-2005| 877 | 1.00 (0.87,1.14) 095 | 099 (0.84,1.16) 0.88
2006-2012| 1,248 | 1.06 (0.951.18) 0.34 | 1.01 (0.88,1.15) 0.89
Excluding the Occitanie region 1,908 | 099 (091,11.09) 088 | 098 (0.88,1.09) 0.68

CNST: central nervous system tumor; y.: years; ERR: excess relative risk per unit of exposure; 95% Cl: 95% confidence interval.
p: p-value of the chi-square test for the slope parameter estimate

3ERR and its 95% confidence interval for a 50 nSv/h increase in gamma radiation exposure

bERR and its 95% confidence interval for a 100 Bg/m? increase in radon concentration



Table S4: Standardized incidence ratio of pilocytic astrocytoma incidence in 20 groups of
municipalities with increasing levels of gamma radiation and radon? (France, 2000-2012)

Gamma radiation Radon concentration
Exposure Exposure
category? O E SIR 95% ClI category?® O E SIR  95% ClI
(nSv/h) (Ba/m®)

154.4625] | 61 595 1.02 (0.78,1.32)| 112.5224] | 61 604 1.01 (0.77,1.30)
162.5658] | 56 616 091 (0.69,1.18)| 122.4289] | 58 607 0.95 (0.72,1.23)
16586811 | 53 606 087 (0.66,1.14)| 128.9,33.3] | 63 607 1.04 (0.80,1.33)
168.1701] | 42 606 069 (0.50,0.94)| 133.3,37.2] | 50 606 0.83 (0.61,1.09)
17017191 | 62 608 1.02 (0.78.131)| 137.241.0] | 60 609 0.99 (0.75,1.27)
171.9744] | 68 609 112 (0.87,1.41)| 141.0429] | 61 605 1.01 (0.77,1.29)
174.4775] | 61 606 101 (0.77,1.29)| 142.9.459] | 47 583 0.81 (0.59,1.07)
17757971 | 39 506 077 (0.551.05)| 145.9.49.1] | 53 632 0.84 (0.63,1.10)
179.7823] | 72 706 1.02 (0.80,1.28)| 149.1,521] | 67 553 1.21 (0.94,1.54)
182.3852] | 63 611 1.03 (0.79,1.32)| 152.1,55.5] | 62 66.3 0.93 (0.72,1.20)
185.2886] | 54 604 089 (0.67.117)| 155.5558.9] | 59 586 1.01 (0.77,1.30)
188.692.2] | 74 608 122 (0.96,1.53)| 158.9.63.1] | 58 627 0.92 (0.70,1.20)
19229671 | 61 607 1.00 (0.77,1.29)| 163.167.9] | 71 61.0 1.16 (0.91,1.47)
196.7,1016] | 61 609 1.00 (0.77,1.29)| 167.9,743] | 54 60.8 0.89 (0.67,1.16)
1101.6,106.1] | 57  60.8 0.94 (0.71,1.21)| ]74.3,82.0] | 64 60.8 1.05 (0.81,1.34)
1106.1,112.7] | 52  60.8 0.86 (0.64,1.12)| ]82.0,89.9] | 58 60.6 096 (0.73,1.24)
1112.7,1201] | 61 543 112 (0.86,1.44)| 189.9,100.8] | 70 603 1.16 (0.90,1.47)
1120.1,129.01 | 88  67.2 1.31 (1.05,1.61)|]100.8,119.9] | 56 60.4 0.93 (0.70,1.20)
1129.0,143.5] | 57  60.8 0.94 (0.71,1.21)|]119.9,1456] | 69 602 1.15 (0.89,1.45)
1143.5254.8] | 73  60.8 1.20 (0.94,1.51)|]1456,827.5] | 74 625 1.18 (0.93,1.49)

Total 1,215 1,215 Total 1,215 1,215
pheterogb 01 4 pheterogb 059
Piog.linearity” 0.29 Piog linearity” 0.78
Trend ERR Trend ERR

113 (1.02,1.26) 1.13 (1.00,1.28)

by 50nSv/h? by100 Bg/m?3e
p 0.03 p 0.05

O: total number of cases; E: expected number of cases in each group under the hypothesis of homogeneous age-specific
incidence ratios throughout France; ERR: excess relative risk per unit of exposure; SIR: standardized incidence ratio; 95% :
95% confidence interval; p: p-value of the Chi-square test for the slope parameter estimate

a groups of municipalities based on gamma radiation (radon concentration) levels. Each category contained 5% of the
French pediatric population.

b p-value of the Chi-square test for heterogeneity in SIRs between gamma radiation (radon concentration) categories.

¢ p-value of the test of departure from log-linearity.

4 results from a Poisson regression model under the hypothesis of a log-linear association between childhood CNST and
gamma radiation exposure level (population-weighted average exposure in the twenty categories). ERR and its 95%
confidence interval for a 50 nSv/h increase in gamma radiation exposure.

¢ results from a Poisson regression model under the hypothesis of a log-linear association between childhood CNST and
radon concentration (population-weighted average exposure in the twenty categories). ERR and its 95% confidence interval
for a 100 Bg/m?® increase in radon concentration



Table S5: Association between childhood CNST and two contextual indexes of deprivation and urbanization (France, 2000-2012)

Deprivation Urbanization

Diagnostic group Stratum? O E SIR 95% ClI p O E SIR 95% ClI p
AllCNST 1 1019 10854 094 (0.881.00) 1450 14542 100  (0.951.05)

2 1096 10850 101 (0.951.07) 656 6409  1.02  (0.951.11)

3 1094 10821 101 (0.95107) 0.20| 886 9580 092  (0.86,0.99) 0.07

4 1089 1,087.8 100 (0.94,1.06) 1473 14621 101  (0.96,1.06)

5 1127 10846 104 (0.981.10) 1006 9559  1.05  (0.99,1.12)
Ependymomas 1 87 1053 083 (0.66,1.02) 153 1396 110  (0.93,1.28)

2 115 1050 109 (0.90,1.31) 71 614 116  (0.90,1.46)

3 101 1047 096 (0791.17) 029| 75 927 081  (0.641.01) 007

4 113 1052 107 (0.88,1.29) 128 1432 089  (0.75,1.06)

5 109 1047 104 (0.851.26) 105 952 110  (0.90,1.34)
Embryonal tumors 1 194 2141 091 (0.78,1.04) 265 2860 093  (0.82,1.05)

2 214 2139 100 (0.87,1.14) 121 1255 096  (0.80,1.15)

3 196 2132 092 (0.80,1.06) 0.16| 178 1880 095  (0.81,1.10) 0.25

4 233 2143 109 (0.951.24) 302 2887 105  (0.93,1.17)

5 232 2135 109 (0.951.24) 213 1908 112  (0.97,1.28)
All gliomas 1 630 6626 096 (0.89,1.04) 901 8896 101  (0.951.08)

2 667 6626 101 (0.93,1.09) 402 3924 102  (0.931.13)

3 693 6609 105 (0.97,113) 053 | 539 5856 092  (0.84,1.00) 0.34

4 644 6643 097 (0.90,1.05) 905 8916 102  (0.95,1.08)

5 670 6626 101 (0.94,1.09) 503 5808  1.02  (0.94,1.11)
Z;'t‘;gf;fomas 1 240 2413 099 (0.87,1.13) 343 3236 106  (0.951.18)

2 200 2412 095 (0.83,1.08) 146 1425 102  (0.86,1.20)

3 267 2406 111 (098125 042 189 2127 089  (0.77,1.02) 0.24




Deprivation Urbanization
Diagnostic group Stratum? O E SIR 95% ClI p O E SIR 95% ClI p
4 234 2419 097 (0.85,1.10) 339 3243 1.05 (0.94,1.16)
5 236 2411 098 (0.86,1.11) 198 211.8 0.93 (0.81,1.07)
Other gliomas 1 399 4213 095 (0.86,1.04) 558 566.0 0.99 (0.91,1.07)
2 438 4213 1.04 (0.94,1.14) 256 2499 1.02 (0.90,1.16)
3 426 4203 1.01 (0.92,1.11) 0.62 350 3728 0.94 (0.84,1.04) 0.48
4 410 4225 097 (0.88,1.07) 566 567.3 1.00 (0.92,1.08)
5 434 4216 1.03 (0.93,1.13) 395 369.1 1.07 (0.97,1.18)

CNST: central nervous system tumor; O: observed cases in each stratum of deprivation or urbanization; E: expected number of cases in each stratum under the hypothesis of homogeneous age-
specific incidence ratios throughout France; SIR: standardized incidence ratio; 95% Cl: 95% confidence interval; p: p-value of the Chi-square test for heterogeneity in SIRs between deprivation
or urbanization strata.

a French deprivation index (FDep): 1 = least deprived to 5 = most deprived; the urbanization index is based on the population size of the urban unit of the municipality of residence
(inhabitants) 1 = < 2,000; 2 = 2,000-9,999; 3 = 10,000-99,999; 4 = 100,000-1,999,9999; 5 = Paris urban unit



Table Sé6: Association between natural background radiation exposure level of the municipality of
residence at diagnosis and childhood CNST with adjustment for the French deprivation index (FDep)

(France, 2000-2012)

Gamma radiation

Diagnostic group o] Trend p p
ERR by 50nSv/h? ERR by 100Bg/m?3®

All CNST 5,425 1.05 (1.00,1.11) 0.07 (0.97,1.12)° 0.23¢

Ependymomas 525 0.92 0.77,1.11) 0.39 0.64

Embryonal CNS tumors 1,069 1.05 (0.92,1.19) 0.46 (0.82,1.20)° 0.94¢

All gliomas 3,313 1.07 (1.00,1.15) 0.05 0.21
Pilocytic astrocytomas 1,206 1.13 (1.00,1.26) 0.04 0.06
All other gliomas 2,107 1.04 (0.95,1.14) 0.37 0.88

Note: CNST: central nervous system tumor; ERR: excess relative risk per unit of exposure; O: number of observed cases in

each exposure category; p-value of the Chi-square test for the slope parameter estimate

a results from a Poisson regression model under the hypothesis of a log-linear association between childhood CNST and
gamma radiation exposure level. ERR and its 95% confidence interval for a 50 nSv/h increase in gamma radiation exposure
b results from a Poisson regression model under the hypothesis of a log-linear association between childhood CNST and radon

exposure level. ERR and its 95% confidence interval for a 100 Bg/m? increase in radon exposure

< estimates given by a negative binomial model (Over-dispersion detected by the Dean and Lawless test using the Poisson

regression)



Table S7: Association between natural background radiation exposure level of the municipality of
residence at diagnosis and CNST adjusted on the degree of urbanization (France, 2000-2012)

Gamma radiation Radon
Diagnostic group O Trend ERR by 50 nSv/h? p Tre“dBEquy 100 p
All CNST 5471 | 1.08 (1.01,1.15) 0.02 1.08 (1.01,1.16)  0.03
Ependymomas 532 | 0.91 (0.74,1.11) 0.36 0.97 (0.771.22) 0.79
Embryonal CNST 1,079 | 1.1 (0.97,1.27) 0.14 1.05¢ (0.89,1.24)¢ 0.56¢9
All gliomas 3,340 | 1.10¢ (1.01,1.20)c 0.02¢ 1.09 (0.99,1.19) 0.06
Pilocytic astrocytomas 1,215 | 1.12 (0.99,1.27) 0.08 1.14 (0.98,1.32) 0.09
All other gliomas 2,125 1.08 (0.98,1.19) 0.11 1.06¢ (0.95,1.19)¢ 0.31¢

Note: CNST: central nervous system tumor; ERR: excess relative risk per unit of exposure; O: number of observed cases in
each exposure category

2 results from a Poisson regression model under the hypothesis of a log-linear association between childhood CNST and
gamma radiation exposure level. ERR and its 95% confidence interval for a 50 nSv/h increase in gamma radiation exposure

b results from a Poisson regression model under the hypothesis of a log-linear association between childhood CNST and radon
exposure level. ERR and its 95% confidence interval for a 100 Bg/m? increase in radon concentration

p: p-value of the chi-square test for the parameter estimate

c estimates given by a negative binomial model (Over-dispersion detected by the Dean and Lawless test using the Poisson
regression)

d significant result for the test of departure from log-linearity: results should be considered with caution
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Table S8: Population-weighted distribution of the cumulative gamma radiation exposure levels (mSv)

in the 36,280 French municipalities, by year of age

Age Mean = SD Min p5% pP25% p50% p75% pP95% Max
0 0.40 £7.07 0.24 0.27 0.32 0.37 0.47 0.63 112

1 121212 0.71 0.82 0.95 112 1.40 1.89 3.35

2 202+354 1.19 1.37 1.58 1.87 2.33 3.15 5.58
3 2.83+495 1.67 1.92 2.21 2.61 3.26 4.41 7.82
4 3.64 £63.6 2.14 2.47 2.84 3.36 419 5.67 10.05
5 444 £77.7 2.62 3.02 3.47 4.11 5.12 6.93 12.28
6 525+91.9 3.10 3.56 410 4.86 6.05 8.19 14.52
7 6.06 £ 106.1 3.57 4.11 473 5.60 6.98 9.45 16.75

8 6.87 £120.2 4.05 4.66 5.36 6.35 7.91 10.71 18.98

9 7.67 £134.3 4.53 5.21 5.99 710 8.84 11.97 | 21.21
10 8.48 £+148.4 5.00 5.76 6.62 7.84 9.77 13.23 | 23.45
11 9.33£162.6 5.48 6.31 7.26 8.59 10.70 | 1449 | 25.68
12 10.29 £+178.8 5.96 6.85 7.89 9.34 1164 | 1575 | 27.91
13 10.91 £190.9 6.43 7.40 8.52 10.08 | 1257 | 17.01 30.15
14 11.71 £ 2051 6.91 7.95 9.15 10.83 | 1350 | 18.27 | 32.38
0-6y. 2.83+£117.7 0.24 0.34 1.35 2.65 3.99 6.19 14.52
7-14 y. 8.89 £197.9 3.57 4.90 6.64 8.31 10.51 15.00 | 32.38
Total 6.06 £ 254.0 0.24 0.47 2.83 5.69 8.55 13.33 | 32.38

Note: population-weighted distribution of the cumulative gamma radiation level
Mean: arithmetic mean, SD: standard deviation, Min: minimum, p: percentile, Max: maximum; y.: years

11



Table S9: Population-weighted distribution of the cumulative radon exposure levels (Bg/m? x year) in

the 36,280 French municipalities, by year of age

Age Mean = SD Min p5% p25% | p50% p75% pP95% Max
0 33.9+1,487.1 6.23 11.27 | 20.51 27.78 41.02 72.81 413.73
1 101.7+4,461.4| 1869 | 33.81 | 6152 | 83.33 123.05 21843 | 1,241.19
2 169.6 £7,435.7| 3115 | 56.35 | 102.53 | 138.88 | 205.08 364.05 | 2,068.65
3 237.4 £10,409.9| 43.61 78.89 | 143.54 | 19443 | 287.11 509.67 | 2,896.11
4 305.2£13,384.2| 56.07 | 101.43 | 184.55 | 249.98 | 369.14 655.29 | 3,723.57
5 373.1 £16,358.5| 68.53 | 123.97 | 225.56 | 305.53 | 451.17 800.91 4,551.03
6 440.8+19,332.7| 80.99 | 146.51 | 266.57 | 361.08 | 533.20 946.53 | 5,378.49
7 508.7 £22,307.0| 93.45 | 169.05 | 307.58 | 41663 | 61523 | 1,092.15 | 6,205.95
8 576.5 £25,281.3| 105.91 | 191.59 | 348.59 | 47218 | 697.26 | 1,237.77 | 7,033.41
9 644.4 +28,2555| 118.37 | 21413 | 389.60 | 527.73 | 779.29 | 1,383.39 | 7,860.87
10 712.2 £31,229.8| 130.83 | 236.67 | 430.61 | 583.28 | 861.32 | 1,529.01 | 8,688.33
11 780.0 £34,204.1| 143.29 | 259.21 | 47162 | 63883 | 943.35 | 1,674.63 | 9,515.79
12 847.84+37,178.3| 155.75 | 281.65 | 512.63 | 694.38 | 1,025.38 | 1,820.25 | 1,0343.25
13 915.7 £40,152.6| 168.21 | 304.29 | 553.64 | 749.93 | 1,1107.41 | 1,965.87 | 1,1170.70
14 983.5+43,126.9| 180.67 | 326.83 | 594.65 | 80548 | 1,189.44 | 2,111.49 | 11,998.71
0-6y. (237.4+14,7842| 6.23 2299 | 86.90 | 181.00 | 312.33 646.31 5,378.49
7-14y. | 746.1+£34,857.13| 93.45 | 240.07 | 415.91 | 605.81 899.65 | 1,709.00 | 11,998.17
Total |508.7 +£31,810.3| 6.23 36.48 | 187.16 | 385.8 668.5 1,385.78 | 11,998.17

Note: population-weighted distribution of the cumulative radon level

Mean: arithmetic mean, SD: standard deviation, Min: minimum, p: percentile, Max: maximum); y.: years
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Figure S1: Association between gamma-radiation exposure in the municipality of residence at
diagnosis (grouped into 20 population categories) and standardized incidence ratios of pilocytic
astrocytomas (France, 2000-2012, 1,215 cases)
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Figure S2: Association between indoor radon concentration in the municipality of residence at
diagnosis (grouped into 20 population categories) and standardized incidence ratios of pilocytic
astrocytomas (France, 2000-2012, 1,215 cases)
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Note : FDep : French deprivation index : 1 = least deprived to 5 = most deprived.

The urbanization index is based on the population size of the urban unit of the municipality of residence 1 = < 2,000
inhabitants; 2 = 2,000-9,999 inhabitants; 3 = 10,000-99,999 inhabitants; 4 = 100,000-1,999,9999 inhabitants; 5 = Paris urban
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Figure S3: Distribution of population-weighted gamma radiation exposure level and radon
concentration in the 36,280 municipalities grouped by FDep categories or by degree of urbanization
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We enclose a manuscript entitled « Association between childhood central nervous system tumors and
residential exposure to natural background radiation in France, 2000-2012» for consideration for publication
as a research original article in Journal of Environmental Radioactivity.

High-dose ionizing radiation is an established risk factor for childhood central nervous system tumors (CNST)
but the role of low-dose exposures remains debated. In this paper, we test the hypothesis that natural
background radiation (NBR, gamma radiation and radon) are associated with the risk of childhood CNST.

This work was based on high-quality data: we included more than 5,000 CNST cases diagnosed in mainland
France during 2000-2012, and registered in the French national registry of childhood cancers. The NBR
exposure levels were estimated on a fine geographical scale (36,280 municipalities} by the ‘Institut de
Radioprotection et de Sireté Nucléaire’ (IRSN), from national measurements campaigns and geological data.
The large number of cases enabled to consider CNST as a whole and by histological subgroups, while
maintaining a high statistical power.

There was no association between all childhood CNST and NBR exposure levels in the municipality of
residence at diagnosis. However, we found evidence supporting a positive association between gamma
exposure and radon concentration and pilocytic astrocytomas, a well-defined subtype of gliomas (20% of
childhood CNST). A positive association was also observed between pilocytic astrocytomas and cumulative
NBR exposures estimated from birth to diagnosis.

We assessed the temporal stability of the results, by considering two calendar periods. We performed specific
analyses for the younger children, who might be more sensitive to ionizing radiation. We also considered
socio-demographic indicators as potential confounders in the association between NBR and CNST. While we
could not disentangle the possible role of gamma radiation and radon, the physical properties of the various
types of NBR have led us to favor the hypothesis of a role of gamma radiation rather than radon.
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All of them have read and approved the paper and it has not been published previously nor is it being
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We hope you will appreciate the strengths of this study and will be willing to consider this article for
evaluation and publication.
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