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Background: In contrast with established evidence linking high doses of ionizing radiation with 
childhood cancer, research on low-dose ionizing radiation and childhood cancer has produced 
inconsistent results.

oBjective: We investigated the association between domestic radon exposure and childhood can-
cers, particularly leukemia and central nervous system (CNS) tumors.

Methods: We conducted a nationwide census-based cohort study including all children < 16 years 
of age living in Switzerland on 5 December 2000, the date of the 2000 census. Follow-up lasted 
until the date of diagnosis, death, emigration, a child’s 16th birthday, or 31 December 2008. 
Domestic radon levels were estimated for each individual home address using a model developed 
and validated based on approximately 45,000 measurements taken throughout Switzerland. Data 
were analyzed with Cox proportional hazard models adjusted for child age, child sex, birth order, 
parents’ socioeconomic status, environmental gamma radiation, and period effects.

results: In total, 997 childhood cancer cases were included in the study. Compared with children 
exposed to a radon concentration below the median (< 77.7 Bq/m3), adjusted hazard ratios for chil-
dren with exposure ≥ the 90th percentile (≥ 139.9 Bq/m3) were 0.93 (95% CI: 0.74, 1.16) for all 
cancers, 0.95 (95% CI: 0.63, 1.43) for all leukemias, 0.90 (95% CI: 0.56, 1.43) for acute lympho-
blastic leukemia, and 1.05 (95% CI: 0.68, 1.61) for CNS tumors.

conclusions: We did not find evidence that domestic radon exposure is associated with childhood 
cancer, despite relatively high radon levels in Switzerland.

citation: Hauri D, Spycher B, Huss A, Zimmermann F, Grotzer M, von der Weid N, Weber D, 
Spoerri A, Kuehni C, Röösli M, for the Swiss National Cohort and the Swiss Paediatric 
Oncology Group (SPOG). 2013. Domestic radon exposure and risk of childhood cancer: a pro-
spective census-based cohort study. Environ Health Perspect 121:1239–1244; http://dx.doi.
org/10.1289/ehp.1306500

Introduction
Childhood cancer is the second most common 
cause of death in children (after accidents) in 
developed countries (Jemal et al. 2010; UK 
Childhood Cancer Study Investigators 2000). 
Incidence rates of childhood malignancies 
increased by approximately 1% per year in 
Europe between 1970 and 1999 (Kaatsch et al. 
2006; McKinney 2005; Steliarova-Foucher 
et al. 2004), and this increase did not slow 
down in the first 5 years after 2000 (Pritchard-
Jones et al. 2006). In the United States, the 
incidence of childhood malignancies increased 
by approximately 0.5% per year between 1992 
and 2007 (Kohler et al. 2011).

Low-dose ionizing radiation is hypoth-
esized to cause childhood cancer. Radon is a 
decay product of uranium, a naturally occur-
ring element in granitic and metamorphic 
rocks (Ball et al. 1991; Gillmore et al. 2005; 
Gunderson 1992). Radon emanates from soil 
and concentrates inside buildings. Domestic 
radon is a major natural source of ionizing 
radiation exposure. Worldwide, radon is 
estimated to contribute to roughly half of 
the average annual ionizing radiation dose 

(Charles 2001). In Switzerland, this figure 
was estimated to be 60% (Federal Office of 
Public Health 2011).

Because of the high fat content of red 
bone marrow, it has been suggested that 
radon gas doses delivered to this organ may 
be high enough to damage stem cells (Tong 
et al. 2012) and increase the risk of child-
hood leukemia (Richardson 2008). The 
relationship between radon exposure and 
childhood leukemia has been addressed in 
various case–control studies (Cartwright et al. 
2002; Kaletsch et al. 1999; Kendall et al. 
2013; Lubin et al. 1998; Maged et al. 2000; 
Raaschou-Nielsen et al. 2008; Steinbuch 
et al. 1999; Stjernfeldt et al. 1987) and eco-
logical studies (Alexander et al. 1990; Butland 
et al. 1990; Collman et al. 1991; Evrard et al. 
2005, 2006; Foreman et al. 1994; Gilman 
and Knox 1998; Henshaw et al. 1990; Lucie 
1990; Muirhead et al. 1991; Richardson et al. 
1995; Thorne et al. 1996a, 1996b). Most 
of the ecological studies reported an asso-
ciation between childhood leukemia and esti-
mated domestic radon exposure. However, 
because these were population-level analyses, 

control for individual-level confounders was 
not possible. Results of case–control stud-
ies have been inconsistent (Laurier et al. 
2001; Tong et al. 2012), with some studies 
reporting an association (Maged et al. 2000; 
Raaschou-Nielsen et al. 2008) and others 
not (Cartwright et al. 2002; Kaletsch et al. 
1999; Kendall et al. 2013; Lubin et al. 1998; 
Steinbuch et al. 1999; Stjernfeldt et al. 1987). 
A recent analysis of a Danish case–control 
study reported evidence that air pollution 
from road traffic might enhance the associa-
tion between radon and childhood leukemia 
(Bräuner et al. 2012). The authors speculated 
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that attachment of radon decay products 
to traffic exhaust particles may have been 
responsible for this observation.

For central nervous system (CNS) tumors, 
which are almost all found in the brain 
(McKinney 2005), only a few ecological 
(Collman et al. 1991; Henshaw et al. 1990; 
Thorne et al. 1996b) and case–control studies 
(Cartwright et al. 2002; Kaletsch et al. 1999; 
Kendall et al. 2013; Raaschou-Nielsen et al. 
2008) have been performed, also showing 
inconsistent results. Ecological studies have 
suggested an association between domes-
tic radon concentration and CNS tumors 
(Collman et al. 1991; Henshaw et al. 1990; 
Thorne et al. 1996b). Two large case–control 
studies performed in Denmark (Raaschou-
Nielsen et al. 2008) and the United Kingdom 
(Kendall et al. 2013) reported no evidence of 
an association. In contrast, a German study 
(Kaletsch et al. 1999) reported elevated risks 
of CNS tumors associated with radon expo-
sures > 70 Bq/m3. However, the association 
was based on six exposed cases only.

In view of these conflicting results, we 
conducted a prospective census-based cohort 
study to investigate whether domestic radon 
exposure is associated with childhood can-
cers, particularly leukemia and CNS tumors. 
In addition, we evaluated whether exposure 
to traffic-related air pollution [i.e., nitrogen 
dioxide (NO2)] might modify associations.

Methods
Databases. We used data from the Swiss 
National Cohort (SNC 2011), which is 
described in detail elsewhere (Bopp et al. 
2009; Spoerri et al. 2010). Briefly, the SNC 
is a nationwide longitudinal research platform 
that links census data collected in 1990 and 
2000 with birth records, mortality records, and 
emigration data. It includes data on all persons 
living in Switzerland at the time of each cen-
sus, including individual- and  household-level 
data (e.g., information on child sex, birth order 
within each household, and the socioeconomic 
status of adults based on highest education and 
socioprofessional category), as well as building 
information. Participation in the census was 
compulsory, and the coverage for 2000 was 
estimated to be 98.6% (Renaud 2004). For 
this study we included all children between 
0 and 15 years of age living in Switzerland on 
5 December 2000.

Incident cancer cases in the SNC were 
identified by probabilistic record linkage with 
the Swiss Childhood Cancer Registry (SCCR) 
based on birth date, sex, and residential geo-
codes. The SCCR is a longitudinal national 
database founded in 1976 by the Swiss 
Pediatric Oncology Group (SPOG) (Michel 
et al. 2008). This registry contains baseline 
information and long-term follow-up infor-
mation on cancer patients < 21 years of age 
(Kuehni et al. 2012). Registration of children 

diagnosed with cancer before 16 years of 
age is estimated to be at least 95% (Kuehni 
et al. 2012).

Of 1,127 cases identified in the SCCR, 2 
were excluded because their cancer was diag-
nosed after they emigrated from Switzerland 
and 117 were excluded because they could not 
be successfully linked with records in the SNC 
(Figure 1). The remaining 1,008 were linked 
to the SNC cohort consisting of 1,332,944 
children. Finally, 45,590 (including 11 cases 
and 45,579 noncases) were excluded from our 
analysis because their exact place of residence 
was uncertain (e.g., because they were living in 
emergency accommodations, mobile or pro-
visional dwellings, or buildings that could not 
be geocoded), leaving 997 cases and a total 
cohort of 1,287,354 children for the main 
analysis. In addition, we conducted a sensitiv-
ity analysis that also included 51 of the 117 
cases who could not be linked to the SNC, but 
had address information from the 2000 census 
(1,048 cases in a total cohort of 1,287,405 
children). This study is based on register data, 
and informed consent was not required. The 
SNC was approved by the ethics committees in 
Bern (205/06) and Zurich (13/06) and by the 
Federal Data Protection Office.

Exposure assessment. We estimated indoor 
radon exposure at baseline (5 December 
2000) for each child’s home address using a 
nationwide radon prediction model (Hauri 

Figure 1. Overview on the study population obtained from linking the Swiss Childhood Cancer registry to the Swiss National Cohort. ALL, acute lymphoblastic leukemia. 

Excluded children: exact place of residence uncertain
(mobile/provisional dwellings, missing geocodes)
(11 cases, 45,579 noncases)   

Swiss Childhood Cancer Registry (SCCR) 1,127 cases:
• 317 leukemia (of these, 253 ALL)
• 285 CNS tumors 
• 525 other cancers   

Swiss National Cohort 
(n = 1,332,944) 

Main analysis: 1,287,354 cohort members
including 997 cancer cases:
• 283 leukemia (of these, 225 ALL)
• 258 CNS tumors
• 456 other cancers   

Address information in the SCCR: 51 cases:
• 15 leukemia (of these, 12 ALL)
• 9 CNS tumors
• 27 other cancers    

Sensitivity analysis: 1,287,354 cohort members
+ 51 cancer cases, thus including 1,048 cancer cases:
• 298 leukemia (of these, 237 ALL)
• 267 CNS tumors
• 483 other cancers   

Not linked with SNC: 117 cases:
• 27 leukemia (of these, 22 ALL) 
• 26 CNS tumors
• 64 other cancers  

Probabilistic linkage: 1,008 cases:
• 290 leukemia (of these, 231 ALL)
• 259 CNS tumors
• 461 other cancers   

Excluded: 66 cases
no address information in SCCR:
• 12 leukemia (of these, 10 ALL)
• 17 CNS tumors
• 37 other cancers    

Excluded: 2 cases
cancer diagnosis after
emigration date:
• 2 ALL   
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et al. 2012, 2013). The prediction model is a 
log-linear regression model that was developed 
based on 35,706 measurements, carried out in 
Switzerland between 1994 and 2004. Relevant 
predictors in the model were tectonic units, 
building age, building type, soil texture, degree 
of urbanization, and floor level (Hauri et al. 
2012). The adjusted R² was 20%. The model 
was validated using an independent data set of 
8,925 radon measurements that were not used 
to develop the model. Spearman rank correla-
tions between predicted and measured radon 
values were 0.45 (95% CI: 0.44, 0.46) for the 
development data set and 0.44 (95% CI: 0.42, 
0.46) for the validation data set. Using a cut-off 
at the 90th percentile, areas under the ROC 
(receiver operating characteristic) curve were 
0.73 (95% CI: 0.72, 0.74) for the develop ment 
set and 0.72 (95% CI: 0.71, 0.74) for the vali-
dation set. Sensitivity was 0.31 for the develop-
ment and 0.29 for the validation data set, and 
specificity was 0.92 for both data sets.

We evaluated potential confounders iden-
tified from the literature on environmental 
risk factors for childhood cancer and leuke-
mia (McNally and Parker 2006; Tong et al. 
2012). The following factors were considered: 
distance to major roads, railways, and electric 
power lines; particulate matter air pollution 
(PM10; ≤ 10 μm in aerodynamic diameter), 
NO2, and ambient benzene concentrations; 
exposure to radiofrequency electromagnetic 
fields from broadcast transmitters; and poten-
tial exposure to agricultural pesticides based 
on distance to the nearest orchard, vineyard, 
or golf course. In addition, we considered dis-
tance to the nearest pediatric cancer center 
because it may be associated with the com-
pleteness of childhood cancer registration, 
which may be better in areas with a pediatric 
cancer center than in the rest of Switzerland, 
and with the spatial distribution of radon. We 
estimated exposures to potential confound-
ers from digital maps, using ArcGIS (ESRI, 
Redlands, CA, USA). We extracted data on 
background gamma radiation exposure from 
Swiss radiation maps (Rybach et al. 2002) 
with a grid cell resolution of 2 km. We 
obtained digital maps of power lines with 
a resolution of 1:25,000, from the Federal 
Inspectorate for Heavy Current Installations. 
Distances to major roads were obtained 
using digital maps on the traffic network 
with a resolution of 1:25,000 (VECTOR25-
maps), published by the Federal Office of 
Topography (swisstopo) (2010). Data dis-
tances to orchards, vineyards, and golf courses 
(used to estimate exposure to agricultural 
pesticides) were derived from Swiss land use 
statistics for 1997 (Arealstatistik Schweiz), 
published by the Swiss Federal Statistical 
Office (Neuchâtel, Switzerland; http://www.
bfs.admin.ch) with a grid cell resolution of 
100 m × 100 m. Pediatric cancer centers were 

manually geocoded using the fixed point data 
service of the Federal Office of Topography 
(2010). We extracted modeled benzene levels 
for the year 2005 from a digital map with a 
grid cell resolution of 400 m, published by the 
Swiss Agency for the Environment, Forests 
and Landscape (Heldstab et al. 2004) and 
extracted PM10 and NO2 exposure levels from 
2005 from digital maps with a grid cell resolu-
tion of 100 m, published by the Federal Office 
of the Environment (Heldstab et al. 2011). 
Exposure to analogous, digital radio, and digi-
tal TV broadcast transmitters was modeled for 
the year 2000 for residences within 10 km of 
a transmitter. Exposure to short-wave radio 
and medium-wave radio was modeled for the 
year 1997 for residences within 20 km of these 
transmitters. These models were developed by 
the Federal Office of Communications (Biel, 
Switzerland; http://www.bakom.admin.ch). 

We used exposure to PM10, NO2, and ben-
zene ambient concentrations as linear variables. 
The other factors were used categorically with 
predefined as exposure corridors for distance to 
major roads [> 400 m to highways or > 200 m 
to main roads (class 1), 100–400 m to high-
ways or 50–200 m to main roads, 40–100 m 
to highways or 20–50 m to main roads, < 40 m 
to highways or < 20 m to main roads], to 
high voltage power lines (including railways) 
(< 50 m, 50–200 m, 200–600 m, > 600 m), to 
agricultural pesticides [distance to the nearest 
orchards (> 200 m, 100–200 m, 50–100 m, 
< 50 m)], to vineyards (> 500 m, 250–500 m, 
100–250 m, < 100 m), to golf courses 
(> 3,000 m, 1,500–3,000 m, 750–1,500 m, 
< 750 m), and to the nearest pediatric center 
(> 30 km, 15–30 km, 5–15 km, < 5 km). 
Exposure categories for the radio frequency–
electromagnetic frequency exposure were used, 
with a cut-off at 0.05 and 0.2 V/m to differen-
tiate among low, medium, and high exposures. 
Residences outside the model area were consid-
ered in the lowest exposure category.

Statistical analysis. We analyzed data 
using Cox proportional hazard models with 
age as the underlying time scale. Time at risk 
began on 5 December 2005 (the date of the 
census) and ended on the date of diagnosis, 
death, emigration, the child’s 16th birthday, 
or 31 December 2008, whichever occurred 
first. We categorized exposure using a priori 
cut points at the 50th and 90th percentiles. 
In addition, we conducted linear exposure–
response analyses of radon concentration mod-
eled as simple continuous predictor. Hazard 
ratios (HRs) are expressed per 100 Bq/m3 
increase in radon exposure. All models were 
adjusted for child sex, birth order within each 
household (linearly), socioeconomic status of 
the parents using the parents’ highest educa-
tion (low, medium, high, no information) 
and their job position (low, medium, high, 
unemployed/retired/housewife/volunteer work, 

no information), as well as total background 
gamma radiation exposure from cosmic, ter-
restrial, and artificial ground radiation from the 
Chernobyl event [by categorizing at the 50th, 
103 nSV/h (nanoSieverts per hour); and 90th 
percentiles, 133 nSV/h], and period effects (by 
dichotomizing follow-up time into two 4-year 
blocks). We added potential confounders to 
models one at a time and used a change-in-
estimation criterion of 10% to select covariates 
for the final model (Greenland 1989). None 
of the potential confounders met this crite-
rion; therefore our final models included child 
sex, birth order, socioeconomic status, back-
ground gamma radiation exposure, and period 
only. We confirmed the proportional hazard 
assumption using Nelson–Aalen survival func-
tions and statistical tests based on Schoenfeld 
residuals and by examining variation in asso-
ciations between covariates and the outcomes 
varied over time (data not shown).

Subgroup and sensitivity analyses. Because 
a recent case–control study (Bräuner et al. 
2012) suggested an interaction between 
domestic radon exposure and NOx (nitro-
gen oxides) from traffic exhaust, we stratified 
our analysis at the median NO2 concentra-
tion in our cohort (21.6 μg/m3). Further, we 
evaluated possible effect modification by sex 
because the risk of cancer is higher for boys 
than girls (Michel et al. 2008). We also con-
ducted separate analyses for preschool chil-
dren (< 5 years of age) and schoolchildren 
(5–15 years of age) because young children 
may be more vulnerable to exposure from ion-
izing radiation than older children (Little et al. 
2010). In addition, for children 5–15 years 
of age, we evaluated the effect of exposure 
misclassification due to residential mobility 
(Warner et al. 1995) by conducting separate 
analyses of children who did or did not move 
residence between 1995 and 2000 based on 
information available in the SNC.

We also carried out a separate regional 
analysis for cantons that lie at least partly in 
the Alpine region (Grisons, Appenzell, Bern, 
Glarus, Lucerne, Unterwalden, Schwyz, 
St. Gallen, Ticino, Uri, Valais, Vaud) where 
the highest radon concentrations were found.

Finally, we performed a sensitivity analy-
sis that included 51 cases who could not be 
linked to the SNC but had information in 
the SCCR on place of residence at the time 
of the 2000 census. Because we did not have 
information on the floor they lived on, build-
ing age, or building type for these children, 
we estimated their radon exposures assum-
ing that they lived on the first floor of apart-
ment buildings built between 1946 and 1970, 
consistent with average values for all children 
based on the 2000 census. These models were 
adjusted for sex, environmental gamma radia-
tion, and period effects, but not for socio-
economic status of the parents or birth order.

http://www.bfs.admin.ch
http://www.bfs.admin.ch
http://www.bakom.admin.ch
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Results
In the SNC database 1,332,944 children were 
identified who were between 0–15 years of 
age on the date of the 2000 census. Of these, 
45,590 were excluded because their exact 
place of residence was unclear (Figure 1). 
In total, we analyzed data from 1,287,354 
children, accumulating 7,627,646 person-
years during the study period. From the 
1,127 cancer cases identified in the SCCR 
who were diagnosed between 2000 and 2008, 
997 could be linked to the SNC database. 
Of these, 283 were diagnosed with leukemia 
[including 225 with acute lymphoblastic leu-
kemia (ALL)] and 258 with a CNS tumor.

The estimated median radon concentra-
tion for all cohort members was 77.7 Bq/m3, 
and the 90th percentile was 139.9 Bq/m3 (see 
Supplemental Material, Table S1). The 
arithmetic mean radon concentration was 
85.7 Bq/m3 (range, 6.9–337.2 Bq/m3) for 
childhood cancer cases and 85.9 Bq/m3 (range, 
0.7–490.1 Bq/m3) for the rest of the study pop-
ulation. Arithmetic mean radon concentrations 
were lowest (84.0 Bq/m3) for ALL cases and 
highest for CNS tumor cases (88.9 Bq/m3).

Results of the main analysis are shown in 
Table 1 and Figure 2. Compared with chil-
dren exposed to a radon concentration below 
the median, HRs for children with exposure 
≥ 90th percentile (≥ 139.9 Bq/m3) were 0.93 
(95% CI: 0.74, 1.16) for all cancers, 0.95 
(95% CI: 0.63, 1.43) for all leukemias, 0.90 
(95% CI: 0.56, 1.43) for ALL, and 1.05 (95% 
CI: 0.68, 1.61) for CNS tumors. Age-adjusted 
risk estimates were very similar to the fully 
adjusted results (Table 1). There was no evi-
dence of linear exposure–response associations 
for any of the outcomes (Table 1). Including 
51 additional cancer cases who had address 
information but could not be linked to the 
SNC had little influence on effect estimates 
(see Supplemental Material, Table S2). The 
subgroup analyses also did not indicate evi-
dence of effect modification by age, sex, or 
moving status (see Supplemental Material, 
Table S3). Restricting the analyses to Alpine 
cantons, where radon levels are highest, also 
did not indicate an association between domes-
tic radon concentration and childhood cancer 
(data not shown). Analyses stratified accord-
ing to low or high NO2 exposure (< 21.6 or 
≥ 21.6 μg/m3, respectively) did not provide 
evidence of an interaction between NO2 and 
domestic radon concentration for any of the 
outcomes (Table 2).

Discussion
Our census-based cohort study did not indi-
cate an association between domestic radon 
concentration and childhood cancer. The 
results were consistent across various sensitiv-
ity and subgroup analyses, and for different 
types of cancer.

To our knowledge, other cohort stud-
ies on domestic radon concentration and 
childhood cancers have not been published. 
The main strength of the present study is 
its nationwide coverage, which substan-
tially reduces the likelihood of selection bias. 
Exposure assessment was based on a compre-
hensive prediction model that was developed 
and validated using > 40,000 measurements 
taken throughout Switzerland between 1994 
and 2004. Previous case–control stud-
ies have reported participation < 55%, and 
exposure measurements were often limited 
to subsets of study participants (Cartwright 
et al. 2002; Kaletsch et al. 1999; Lubin et al. 
1998; Maged et al. 2000; Steinbuch et al. 
1999; Stjernfeldt et al. 1987). In contrast 

with ecological studies, we had information 
on a number of potential individual-level 
confounders (Laurier et al. 2001; Tong et al. 
2012), although adjusting for these variables 
did not materially affect hazard ratios, sug-
gesting little or no confounding by these fac-
tors although we cannot completely exclude 
residual confounding due to misclassification 
in the confounder variables. This is consis-
tent with the current knowledge on child-
hood cancer etiology: There is evidence of 
increased risks among children with a genetic 
predisposition and among those exposed to 
high doses of ionizing radiation (e.g., applied 
for cancer treatment), but little evidence 
of environmental risk factors (Belson et al. 
2007; Eden 2010; McKinney 2005; Pollack 

Table 1. Age-adjusted and fully adjusted hazard ratios (HRs) for childhood cancer and residential radon 
exposure.

Cancer type Radon exposure
No. of 

cancer cases Person-years
Age-adjusted HR 

(95% CI)
Fully adjusted HR 

(95% CI)a

All cancers < 77.7 Bq/m3 525 3,838,101 Reference Reference
77.7–139.9 Bq/m3 373 3,034,923 0.90 (0.79, 1.03) 0.89 (0.78, 1.02)

≥ 139.9 Bq/m3 99 754,623 0.96 (0.78, 1.19) 0.93 (0.74, 1.16)
per 100 Bq/m3 997 1.01 (0.87, 1.16) 0.99 (0.85, 1.14)

All leukemias < 77.7 Bq/m3 149 3,838,101 Reference Reference
77.7–139.9 Bq/m3 104 3,034,923 0.90 (0.70, 1.15) 0.86 (0.67, 1.11)

≥ 139.9 Bq/m3 30 754,623 1.04 (0.70, 1.54) 0.95 (0.63, 1.43)
per 100 Bq/m3 283 0.97 (0.74, 1.27) 0.90 (0.68, 1.19)

ALL < 77.7 Bq/m3 121 3,838,101 Reference Reference
77.7–139.9 Bq/m3 81 3,034,923 0.86 (0.65, 1.15) 0.83 (0.63, 1.11)

≥ 139.9 Bq/m3 23 754,623 0.99 (0.63, 1.55) 0.90 (0.56, 1.43)
per 100 Bq/m3 225 0.94 (0.69, 1.28) 0.86 (0.63, 1.19)

CNS tumors < 77.7 Bq/m3 132 3,838,101 Reference Reference
77.7–139.9 Bq/m3 99 3,034,923 0.95 (0.73, 1.23) 0.95 (0.73, 1.23)

≥ 139.9 Bq/m3 27 754,623 1.05 (0.69, 1.59) 1.05 (0.68, 1.61)
per 100 Bq/m3 258 1.18 (0.91, 1.54) 1.19 (0.91, 1.57)

For the categorical analysis, radon exposure levels were categorized at 50th and 90th percentile of the exposure 
 distribution. 
aIn addition to using age as the underlying time scale, adjusted for child sex, birth order, socioeconomic status of the 
parents, environmental gamma radiation, and period effects.

Figure 2. HRs and 95% CIs for associations between domestic radon concentrations at baseline and all 
leukemias, ALL, CNS tumors, and all cancers diagnosed among Swiss children during 2000–2008. Ref, ref-
erence. Models are adjusted for child sex, birth order, socioeconomic status of the parents, environmental 
gamma radiation, and period effects, in addition to using age as the underlying time scale.
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and Jakacki 2011). Only two previous case–
control studies had similar methodological 
features to the present study—large sample 
size, consideration of confounding, radon 
exposure estimation based on prediction mod-
els, and a small likelihood of selection bias 
due to the use of population-based controls 
identified from registries without requiring 
consent for participation (Kendall et al. 2013; 
Raaschou-Nielsen et al. 2008). In contrast 
with our study, a Danish study reported 
that domestic radon exposure was associated 
with ALL (rate ratio = 1.56; 95% CI: 1.05, 
2.30 per 1,000 Bq/m3–years) based on 860 
cases diagnosed between 1968 and 1994, 
and 1,720 registry-based controls (Raaschou-
Nielsen et al. 2008). However, no association 
was reported between radon concentrations 
and CNS tumors (rate ratio = 0.92; 95% CI: 
0.69, 1.22 per 1,000 Bq/m3–years based on 
922 CNS tumor cases). In a British study, 
the estimated relative risk for leukemia per 
1,000 Bq/m3–years increase in cumulative 
radon exposure was 1.12 (95% CI: 0.88, 1.43) 
based on 9,058 cases and 11,912 controls, 
and the corresponding estimate for CNS 
tumors was 1.15 (95% CI: 0.88, 1.50) based 
on 6,585 cases and 8,997 controls (Kendall 
et al. 2013).

Recently, associations between radon 
and nonrespiratory cancers also have been 

investigated in adults. Consistent associations 
were not observed between nonrespiratory 
cancer mortality and ecologic measures of 
residential radon levels in the large prospec-
tive American Cancer Society cohort, which 
includes > 1 million participants (Turner 
et al. 2012). For example, the HR for leuke-
mia mortality was 0.93 (95% CI: 0.82, 1.05) 
per 100-Bq/m3 increase in mean county-level 
residential radon concentrations. These find-
ings are consistent with a collaborative analy-
sis of 11 studies of miners that indicated that 
leukemia mortality was not associated with 
radon exposure (Darby et al. 1995). Wheeler 
et al. (2012) reported evidence of an associa-
tion between radon levels and skin cancer in 
an ecological study conducted in southwest 
England during 2000–2004 (Wheeler et al. 
2012). The authors speculated that radon and 
its decay products are attracted to water mol-
ecules, and that the resulting aerosols could 
adhere to the skin via electrostatic attraction. 
Such a mechanism was also proposed in a sub-
sequent analysis of the Danish case–control 
study that reported evidence that air pollution 
(NOx) from road traffic strengthened associa-
tions between radon and childhood leukemia 
(Bräuner et al. 2012). Our study results, how-
ever, do not support such an interaction.

Our study also has limitations, and 
given the fact that we did not observe an 

association the main concern may be that 
we have missed a true association due to lack 
of power, or exposure misclassification. Our 
study included fewer cases than did the two 
large register-based case–control studies from 
Denmark (Raaschou-Nielsen et al. 2008) and 
Great Britain (Kendall et al. 2013). However, 
estimated exposure levels were larger in our 
Swiss study population on average (arithme-
tic mean radon concentration, 86 Bq/m3; 
range, 0.7–490.1 Bq/m3) than in the Danish 
(arithmetic mean concentration, 48 Bq/m3; 
range, 4 to 254 Bq/m3) and British studies 
(arithmetic mean radon in the control group, 
21.3 Bq/m3; range, 1.2–692 Bq/m3). Little 
et al. (2010) pointed out that in epidemio-
logical studies of cancer and ionizing radia-
tion, statistical power is influenced much 
more by differences in mean dose than by the 
number of cases. Thus, in terms of statisti-
cal power, the large differences in exposure 
levels of our study population may at least 
partly compensate for the smaller number of 
cases. Regarding exposure misclassification, 
we deal in our study mainly with a Berkson-
type error because we used a prediction model 
(Heid et al. 2004; Raaschou-Nielsen et al. 
2008; Steenland et al. 2000). Unlike errors 
of individual measurements, this type of 
error does not bias estimates of associations 
towards unity, but instead reduces statistical 
power resulting in wider confidence inter-
vals (Armstrong 1998; Steenland et al. 2000). 
Although non-Berkson error may have been 
introduced in the exposure assessment if peo-
ple changed their place of residence, associa-
tions based on cohort members who did not 
relocate during the 5 years before 2000 were 
similar to estimates for the cohort as whole, 
suggesting that exposure misclassification did 
not substantially bias our findings.

The observed lack of an association 
between domestic radon exposure and child-
hood leukemia or CNS tumors is consis-
tent with expectations, given low estimated 
doses of exposure to domestic radon for red 
bone marrow and the CNS. For a 1-year-
old child, an annual radon concentration of 
100 Bq/m3 [i.e., the radon concentration 
where remedial actions are recommended 
according to the World Health Organization 
(2009)] corresponds to an equivalent dose 
to the lung of 19.6 mSv per year (Kendall 
and Smith 2005). Organ-specific doses for 
red bone marrow (0.43 mSv) or the brain 
(0.19 mSv) are much smaller (Kendall and 
Smith 2002, 2005). Comparable values were 
estimated for 10-year-old children (lung: 21.1 
mSv; red bone marrow: 0.52 mSv; and brain: 
0.14 mSv) (Kendall and Smith 2005). These 
dose estimations support our observed results 
and suggest that doses from domestic radon 
levels to organs other than the lung are too 
weak to noticeably increase cancer risks.

Table 2. Age-adjusted and fully adjusted hazard ratios (HRs) for childhood cancer and radon exposure 
within strata of NO2 concentration.

Cancer type and NO2 
exposure all cancers Radon exposure

No. of 
cases

No. of 
person-years HR (95% CI)a

All cancers
NO2 < 21.6 μg/m3 < 77.7 Bq/m3 220 1,690,638 Reference

77.7–139.9 Bq/m3 185 1,635,275 0.85 (0.70, 1.03)
≥ 139.9 Bq/m3 70 465,612 1.08 (0.82, 1.43)

NO2 ≥ 21.6 μg/m3 < 77.7 Bq/m3 305 2,147,462 Reference
77.7–139.9 Bq/m3 188 1,399,648 0.96 (0.80, 1.15)

≥ 139.9 Bq/m3 29 289,011 0.74 (0.50, 1.11)
All leukemias

NO2 < 21.6 μg/m3 < 77.7 Bq/m3 63 1,690,638 Reference
77.7–139.9 Bq/m3 44 1,635,275 0.69 (0.47, 1.02)

≥ 139.9 Bq/m3 22 465,612 1.08 (0.65, 1.80)
NO2 ≥ 21.6 μg/m3 < 77.7 Bq/m3 86 2,147,462 Reference

77.7–139.9 Bq/m3 60 1,399,648 1.07 (0.77, 1.49)
≥ 139.9 Bq/m3 8 289,011 0.77 (0.37, 1.62)

ALL
NO2 < 21.6 μg/m3 < 77.7 Bq/m3 54 1,690,638 Reference

77.7–139.9 Bq/m3 34 1,635,275 0.62 (0.40, 0.95)
≥ 139.9 Bq/m3 17 465,612 0.92 (0.52, 1.64)

NO2 ≥ 21.6 μg/m3 < 77.7 Bq/m3 67 2,147,462 Reference
77.7–139.9 Bq/m3 47 1,399,648 1.08 (0.75, 1.58)

≥ 139.9 Bq/m3 6 289,011 0.78 (0.33, 1.82)
CNS tumors

NO2 < 21.6 μg/m3 < 77.7 Bq/m3 60 1,690,638 Reference
77.7–139.9 Bq/m3 49 1,635,275 0.86 (0.59, 1.26)

≥ 139.9 Bq/m3 18 465,612 1.14 (0.66, 1.96)
NO2 ≥ 21.6 μg/m3 < 77.7 Bq/m3 72 2,147,462 Reference

77.7–139.9 Bq/m3 50 1,399,648 1.05 (0.73, 1.52)
≥ 139.9 Bq/m3 9 289,011 0.91 (0.44, 1.89)

For the categorical analysis, radon exposure levels categorized at 50th and 90th percentile of the exposure distribution. 
NO2 exposure levels categorized at 50th percentile of the exposure distribution. 
aIn addition to using age as the underlying time scale, adjusted for child sex, birth order, socioeconomic status of the 
parents, environmental gamma radiation, and period effects. 
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Conclusions
In summary, we did not find evidence that 
domestic radon exposure is associated with 
childhood leukemia or CNS tumors, despite 
relative high radon levels in Switzerland.

correction

The values for age-adjusted hazard ratios 
(HRs) (95% CIs) for all leukemias in 
Table 1 and for HR (95% CI) for all leuke-
mias (NO2 < 21.6 μg/m3, ≥ 139.9 Bq/m3) 
in Table 2 were incorrect in the manuscript 
originally published online. They have been 
corrected here.

RefeRences

Alexander FE, McKinney PA, Cartwright RA. 1990. Radon and 
leukaemia (III). Lancet 335(8701):1336–1337.

Armstrong BG. 1998. Effect of measurement error on epide-
miological studies of environmental and occupational 
exposures. Occup Environ Med 55(10):651–656.

Ball TK, Cameron T, Colman B, Roberst PD. 1991. Behaviour 
of radon in the geological environment: a review. Q J 
Engineering Hydrogeol 24:169–182.

Belson M, Kingsley B, Holmes A. 2007. Risk factors for acute 
leukemia in children: a review. Environ Health Perspect 
115:138–145; doi:10.1289/ehp.9023.

Bopp M, Spoerri A, Zwahlen M, Gutzwiller F, Paccaud F, 
Braun-Fahrländer C, et al. 2009. Cohort profile: the Swiss 
National Cohort—a longitudinal study of 6.8 million people. 
Int J Epidemiol 38:379–384; doi:10.1093/ije/dyn042.

Bräuner EV, Andersen CE, Sorensen M, Andersen ZJ, 
Gravesen P, Ulbak K, et al. 2012. Residential radon and 
lung cancer incidence in a Danish cohort. Environ Res 
118:130–136.

Butland BK, Muirhead CR, Draper GJ. 1990. Radon and leukae-
mia (VI). Lancet 335(8701):1338–1339.

Cartwright RA, Law G, Roman E, Gurney KA, Gilman E, 
Eden  OB, et  al. 2002. The United Kingdom Childhood 
Cancer Study of exposure to domestic sources of ionising 
radiation: I: Radon gas. Br J Cancer 86(11):1721–1726.

Charles M. 2001. UNSCEAR report 2000: sources and effects 
of ionizing radiation. United Nations Scientific Comittee 
on the Effects of Atomic Radiation. J Radiol Prot 21:83–86.

Collman GW, Loomis DP, Sandler DP. 1991. Childhood cancer 
mortality and radon concentration in drinking water in 
North Carolina. Br J Cancer 63(4):626–629.

Darby SC, Whitley E, Howe GR, Hutchings SJ, Kusiak RA, 
Lubin JH, et al. 1995. Radon and cancers other than lung 
cancer in underground miners: a collaborative analysis of 
11 studies. J Natl Cancer Inst 87(5):378–384.

Eden T. 2010. Aetiology of childhood leukaemia. Cancer Treat 
Rev 36(4):286–297.

Evrard AS, Hemon D, Billon S, Laurier D, Jougla E, Tirmarche M, 
et al. 2005. Ecological association between indoor radon 
concentration and childhood leukaemia incidence in 
France, 1990–1998. Eur J Cancer Prev 14(2):147–157.

Evrard AS, Hemon D, Billon S, Laurier D, Jougla E, Tirmarche M, 
et al. 2006. Childhood leukemia incidence and exposure 
to indoor radon, terrestrial and cosmic gamma radiation. 
Health Phys 90(6):569–579.

Federal Office of Public Health. 2011. Nationaler Radonaktionsplan 
2012 – 2020 [in German]. Bern:Federal Office of Public Health.

Federal Office of Topography (swisstopo). 2010. Geodetic 
points (FPDS). Available: http://www.swisstopo.admin.ch/
internet/swisstopo/en/home/apps/fpds.html [accessed 
14 December 2012].

Foreman NK, Thorne R, Berry PJ, Oakhill A, Mott MG. 1994. 
Childhood malignancies in the south-west region of 
England, 1976–1985. Med Pediatr Oncol 23(1):14–19.

Gillmore GK, Phillips PS, Denman AR. 2005. The effects of 
geology and the impact of seasonal correction factors 
on indoor radon levels: a case study approach. J Environ 
Radioact 84(3):469–479.

Gilman EA, Knox EG. 1998. Geographical distribution of birth places 
of children with cancer in the UK. Br J Cancer 77(5):842–849.

Greenland S. 1989. Modeling and variable selection in 
 epidemiologic analysis. Am J Public Health 79(3):340–349.

Gunderson LCS. 1992. Role of geology in predicting radon 
potential. Health Phys 62(supplement):S13. 

Hauri DD, Huss A, Zimmermann F, Kuehni CE, Roosli M. 2012. A 
prediction model for assessing residential radon concen-
tration in Switzerland. J Environ Radioact 112:83–89.

Hauri DD, Huss A, Zimmermann F, Kuehni CE, Roosli M. 2013. 
Prediction of residential radon exposure of the whole 
Swiss population: comparison of model-based predic-
tions with measurement based predictions. Indoor Air; 
doi:10.1111/ina.12040 [Online 6 March 2013].

Heid IM, Küchenhoff H, Miles J, Kreienbrock L, Wichmann HE. 
2004. Two dimensions of measurement error: classical and 
Berkson error in residential radon exposure assessment. 
J Expo Anal Environ Epidemiol 14:365–377.

Heldstab J, de Haan P, Künzle T, Kljun N, Keller M, Zbinden R. 
2004. Modelling of NO2 and Benzene Ambient Concentrations 
in Switzerland 2000 to 2020. Available: http://www.
bafu.admin.ch/publikationen/publikation/00288/index.
html?lang=en [accessed 7 September 2013].

Heldstab J, Leippert F, Wüthrich P, Künzle T. 2011. NO2 
Ambient Concentrations in Switzerland. Modelling Results 
for 2005, 2010, 2015. Available: http://www.bafu.admin.
ch/publikationen/publikation/01634/index.html?lang=en 
[accessed 7 September 2013].

Henshaw DL, Eatough JP, Richardson RB. 1990. Radon as a 
causative factor in induction of myeloid leukaemia and 
other cancers. Lancet 335(8696):1008–1012.

Jemal A, Siegel R, Xu J, Ward E. 2010. Cancer statistics, 2010. 
CA Cancer J Clin 60(5):277–300.

Kaatsch P, Steliarova-Foucher E, Crocetti E, Magnani C, Spix C, 
Zambon P. 2006. Time trends of cancer incidence in 
European children (1978–1997): report from the Automated 
Childhood Cancer Information System project. Eur J 
Cancer 42(13):1961–1971.

Kaletsch U, Kaatsch P, Meinert R, Schuz J, Czarwinski R, 
Michaelis J. 1999. Childhood cancer and residential radon 
exposure—results of a population-based case-control 
study in Lower Saxony (Germany). Radiat Environ Biophys 
38(3):211–215.

Kendall GM, Little MP, Wakeford R, Bunch KJ, Miles JC, 
Vincent TJ, et al. 2013. A record-based case-control study 
of natural background radiation and the incidence of 
childhood leukaemia and other cancers in Great Britain 
during 1980–2006. Leukemia 27(1):3–9.

Kendall GM, Smith TJ. 2002. Doses to organs and tissues from 
radon and its decay products. J Radiol Prot 22(4):389–406.

Kendall GM, Smith TJ. 2005. Doses from radon and its decay 
products to children. J Radiol Prot 25(3):241–256.

Kohler BA, Ward E, McCarthy BJ, Schymura MJ, Ries LA, 
Eheman C, et  al. 2011. Annual report to the nation 
on the status of cancer, 1975–2007, featuring tumors of 
the brain and other nervous system. J Natl Cancer Inst 
103(9):714–736.

Kuehni CE, Rueegg CS, Michel G, Rebholz CE, Strippoli MP, 
Niggli FK, et al. 2012. Cohort profile: The Swiss Childhood 
Cancer Survivor Study. Int J Epidemiol 41(6):1553–1564; 
doi:10.1093/ije/dyr142.

Laurier D, Valenty M, Tirmarche M. 2001. Radon exposure and 
the risk of leukemia: a review of epidemiological studies. 
Health Phys 81(3):272–288.

Little MP, Wakeford R, Lubin JH, Kendall GM. 2010. The sta-
tistical power of epidemiological studies analyzing the 
relationship between exposure to ionizing radiation and 
cancer, with special reference to childhood leukemia and 
natural background radiation. Radiat Res 174(3):387–402; 
doi:10.1667/RR2110.1.

Lubin JH, Linet MS, Boice Jr JD, Buckley J, Conrath SM, 
Hatch EE, et al. 1998. Case-control study of childhood 
acute lymphoblastic leukemia and residential radon expo-
sure. J Natl Cancer Inst 90(4):294–300.

Lucie NP. 1990. Radon and acute lymphoblastic leukemia. Leuk 
Lymphoma 3(3):213–216.

Maged AF, Mokhtar GM, El-Tobgui MM, Gabbr AA, Attia NI, 
Abu Shady MM. 2000. Domestic radon concentration 
and childhood cancer study in Cairo, Egypt. J Environ Sci 
Health C Environ Carcinog Ecotoxicol Rev 18(2):153–170; 
doi:10.1080/10590500009373519.

McKinney PA. 2005. Central nervous system tumours in chil-
dren: epidemiology and risk factors. Bioelectromagnetics 
Suppl 7:S60–S68.

McNally RJ, Parker L. 2006. Environmental factors and 

childhood acute leukemias and lymphomas. Leuk 
Lymphoma 47(4):583–598.

Michel G, Von Der Weid NX, Zwahlen M, Redmond S, 
Strippoli MPF, Kuehni CE. 2008. Incidence of childhood 
cancer in Switzerland: the Swiss Childhood Cancer 
Registry. Pediatric Blood and Cancer 50(1):46–51.

Muirhead CR, Butland BK, Green BMR, Draper GJ. 1991. 
Childhood leukaemia and natural radiation. Lancet 
337(8739):503–504.

Pollack IF, Jakacki RI. 2011. Childhood brain tumors: epidemiol-
ogy, current management and future directions. Nat Rev 
Neurol 7(9):495–506.

Pritchard-Jones K, Kaatsch P, Steliarova-Foucher E, Stiller CA, 
Coebergh JW. 2006. Cancer in children and adolescents 
in Europe: developments over 20 years and future chal-
lenges. Eur J Cancer 42(13):2183–2190.

Raaschou-Nielsen O, Andersen CE, Andersen HP, Gravesen P, 
Lind M, Schuz J, et al. 2008. Domestic radon and childhood 
cancer in Denmark. Epidemiology 19(4):536–543.

Renaud A. 2004. Coverage Estimation for the Swiss 
Population Census 2000. Available: http://www.bfs.
admin.ch/bfs/portal/en/index/themen/00/07/blank/02.
html?publicationID=1631 [accessed 7 September 2013].

Richardson RB. 2008. Age-dependent changes in oxy-
gen tension, radiation dose and sensitivity within nor-
mal and diseased coronary arteries-Part A: dose from 
radon and thoron. Int J Radiat Biol 84(10):838–848; 
doi:10.1080/09553000802392748.

Richardson S, Monfort C, Green M, Draper G, Muirhead C. 
1995. Spatial variation of natural radiation and child-
hood leukaemia incidence in Great Britain. Stat Med 
14(21–22):2487–2501.

Rybach L, Bachler D, Bucher B, Schwarz G. 2002. Radiation 
doses of Swiss population from external sources. 
J Environ Radioact 62(3):277–286.

SNC (Swiss National Cohort). 2011. Introduction. Available: 
h t tp : / /www.swissnat ionalcohor t .ch/  [accessed 
7 September 2013].

Spoerri A, Zwahlen M, Egger M, Bopp M. 2010. The Swiss 
National Cohort: a unique database for national and inter-
national researchers. Int J Public Health 55(4):239–242.

Steenland K, Deddens JA, Shuhong Z. 2000. Biases in estimat-
ing the effect of cumulative exposure in log-linear models 
when estimated exposure levels are assigned. Scand J 
Work Environ Health 26:37–43.

Steinbuch M, Weinberg CR, Buckley JD, Robison LL, Sandler DP. 
1999. Indoor residential radon exposure and risk of child-
hood acute myeloid leukaemia. Br J Cancer 81(5):900–906.

Steliarova-Foucher E, Stiller C, Kaatsch P, Berrino F, 
Coebergh JW, Lacour B, et al. 2004. Geographical pat-
terns and time trends of cancer incidence and survival 
among children and adolescents in Europe since the 1970s 
(the ACCIS project): an epidemiological study. Lancet 
364(9451):2097–2105.

Stjernfeldt M, Samuelsson L, Ludvigsson J. 1987. Radiation in 
dwellings and cancer in children. Pediatr Hematol Oncol 
4(1):55–61.

Thorne R, Foreman NK, Mott MG. 1996a. Radon exposure 
and incidence of paediatric malignancies. Eur J Cancer 
32A(13):2371–2372; doi:10.1016/S0959-8049(96)00286-9.

Thorne R, Foreman NK, Mott MG. 1996b. Radon in Devon and 
Cornwall and paediatric malignancies. Eur J Cancer 
32A(2):282–285; doi:10.1016/0959-8049(95)00523-4.

Tong J, Qin L, Cao Y, Li J, Zhang J, Nie J, et  al. 2012. 
Environmental radon exposure and childhood leukemia. 
J Toxicol Environ Health B Crit Rev 15(5):332–347.

Turner MC, Krewski D, Chen Y, Pope CA III, Gapstur SM, 
Thun MJ. 2012. Radon and nonrespiratory mortality in 
the American Cancer Society cohort. Am J Epidemiol 
176(9):808–814.

UK Childhood Cancer Study Investigators. 2000. The United 
Kingdom Childhood Cancer Study: objectives, materials 
and methods. Br J Cancer 82(5):1073–1102.

Warner KE, Courant PN, Mendez D. 1995. Effects of residen-
tial mobility on individual versus population risk of radon-
related lung cancer. Environ Health Perspect 103:1144–1149.

Wheeler BW, Allen J, Depledge MH, Curnow A. 2012. Radon 
and skin cancer in southwest England: an ecologic study. 
Epidemiology 23(1):44–52; doi:10.1097/EDE.0b013e31823b6139.

World Health Organization. 2009. WHO Handbook on Indoor 
Radon–A Public Health Perspective. Geneva:World Health 
Organization.

http://www.swisstopo.admin.ch/internet/swisstopo/en/home/apps/fpds.html
http://www.swisstopo.admin.ch/internet/swisstopo/en/home/apps/fpds.html
http://www.bafu.admin.ch/publikationen/publikation/00288/index.html?lang=en
http://www.bafu.admin.ch/publikationen/publikation/00288/index.html?lang=en
http://www.bafu.admin.ch/publikationen/publikation/00288/index.html?lang=en
http://www.bafu.admin.ch/publikationen/publikation/01634/index.html?lang=en
http://www.bafu.admin.ch/publikationen/publikation/01634/index.html?lang=en
http://www.bfs.admin.ch/bfs/portal/en/index/themen/00/07/blank/02.html?publicationID=1631
http://www.bfs.admin.ch/bfs/portal/en/index/themen/00/07/blank/02.html?publicationID=1631
http://www.bfs.admin.ch/bfs/portal/en/index/themen/00/07/blank/02.html?publicationID=1631
http://www.swissnationalcohort.ch

	1

