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Abstract Children living near highways are exposed to
higher concentrations of traffic-related carcinogenic pol-
lutants. Several studies reported an increased risk of
childhood cancer associated with traffic exposure, but the
published evidence is inconclusive. We investigated
whether cancer risk is associated with proximity of resi-
dence to highways in a nation-wide cohort study including
all children aged <16 years from Swiss national censuses
in 1990 and 2000. Cancer incidence was investigated in
time to event analyses (1990-2008) using Cox propor-
tional hazards models and incidence density analyses
(1985-2008) using Poisson regression. Adjustments were
made for socio-economic factors, ionising background
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radiation and electromagnetic fields. In time to event
analysis based on 532 cases the adjusted hazard ratio for
leukaemia comparing children living <100 m from a
highway with unexposed children (=500 m) was 1.43
(95 % CI 0.79, 2.61). Results were similar in incidence
density analysis including 1367 leukaemia cases (inci-
dence rate ratio (IRR) 1.57; 95 % CI 1.09, 2.25). Asso-
ciations were similar for acute lymphoblastic leukaemia
(IRR 1.64; 95 % CI 1.10, 2.43) and stronger for leukae-
mia in children aged <5 years (IRR 1.92; 95 % CI 1.22,
3.04). Little evidence of association was found for other
tumours. Our study suggests that young children living
close to highways are at increased risk of developing
leukaemia.

Keywords Leukaemia - Lymphoma - Traffic exhaust -
Air pollution - Tumours of the central nervous system -
Vehicle emissions

Introduction

Emissions from motor-vehicles are an important compo-
nent of ambient air pollution and may contribute to health
risks including cancer [1]. Various components of vehicle
emissions are carcinogenic, including diesel exhaust [2],
benzene, 1,3-butadiene, and benzo(a)pyrene [3]. Benzene
and 1,3-butadiene are known to cause hematopoietic and
lymphatic malignancies in occupationally exposed adults
[3]. Concentrations of traffic related pollutants are con-
siderably higher in the immediate vicinity of highways;
decrease rapidly within the first 100 m and become indis-
tinguishable from background levels by about 500 m [4, 5].
About 10 % of the population in European Union member
states live within 500 m from a highway [6].
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Several studies have investigated whether traffic-related
pollution is associated with an increased risk of childhood
cancer [7-12]. The focus has been on leukaemia, and
specifically acute lymphoblastic leukaemia (ALL), and
tumours of the central nervous system (CNS). Exposure
measures were typically based on residence near major
roads (proximity measures) or on modelled or measured
concentrations of individual pollutants. A recent review
and meta-analysis of previous studies on traffic-related
pollution and childhood leukaemia suggests increased risks
with exposure at diagnosis or longest place of residence,
but not with exposure at birth [13]. However, there was
evidence of publication bias. Furthermore, the authors
noted a trade-off between adequate control for confounding
and avoiding the risk of selection bias: studies collecting
detailed information on confounding factors were suscep-
tible to bias due to self-selection of participants. Previous
studies were case—control or ecologic studies; to our
knowledge, no cohort study has been published.

We aimed to assess associations between residence near
a highway and childhood cancers in a census-based
nationwide cohort. Our focus was on hematopoietic and
lymphatic malignancies (leukaemia, ALL, lymphoma) but
we also considered CNS and other tumours. We considered
exposure at a time point between birth and diagnosis (time
of census) and at diagnosis, adjusted for a wide range of
potential confounders, and investigated whether associa-
tions might differ between urban and rural areas and
between calendar periods. We hypothesized that excess
risk associated with proximity to highways, if present,
should be greater in rural than in urban areas due to lower
background concentrations and higher exposure contrasts,
and greater before 2000 than after due to reductions in
vehicle emissions.

Methods
Study population

The study population consisted of the Swiss resident pop-
ulation aged <16 years at the national censuses of 1990
and 2000. Data were obtained from the Swiss National
Cohort (SNC), a research platform linking national cen-
suses with national datasets on mortality, migration and
birth [14]. This allows computing follow-up time from the
time of the first census an individual was recorded in (entry
into the cohort) to the end of 2008. Other data available
from the SNC included geocoded place of residence and
demographic and socio-economic data. We excluded chil-
dren living in mobile or temporary dwellings and children
whose residential coordinates were missing or could not be
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determined with a margin of error <100 m (about 1.5 % of
all children). Geocodes were missing for persons who
could not be assigned to a unique building, for instance,
because they did not have a fixed residential address.

Incident cases of childhood cancer were identified
through probabilistic record linkage with the Swiss
Childhood Cancer Registry (SCCR). The SCCR is a pop-
ulation-based registry of high coverage. Recent estimates
suggest that it includes 91 % (about 95 % since 1995) of
all cancer cases diagnosed in Switzerland at <16 years of
age since 1985 [15]. Eligible cases were those diagnosed
during follow-up with a diagnosis classified according to
the International Classification of Childhood Cancer, third
edition (ICCC-3) (Supplementary Fig. S1) [16]. The SCCR
collects address histories from diagnosis to birth allowing
us to obtain residence at census time points. Record linkage
between the SNC and the SCCR was based on sex, date of
birth, maternal and paternal dates of birth, geocoded resi-
dence at census, municipality of residence at census and at
birth, and nationality. Addresses were geocoded using a
geo-referenced address list from the Swiss postal system
(GeoPost) or manually using the online facility “map
viewer” maintained by the Federal Office of Topography
(swisstopo) at www.geo.admin.ch. Cases who were diag-
nosed before entry into the cohort were excluded (Sup-
plementary Fig. S1).

Outcomes

Outcomes were all cancers (all ICCC-3 diagnostic groups),
leukaemia (ICCC-3 main group I), ALL (Ia), lymphoma
(I), CNS tumours (III) and all other cancers (All ICCC-3
groups except [-III).

Exposure measurement

Exposure to highways was measured as the distance from
the place of residence at a given time point (census or
diagnosis, see section on statistical analysis) to the nearest
highway. For children living <500 m from a highway,
estimated traffic volume on the nearest highway segment
was obtained for all vehicles, and for trucks. Digital maps
of the highway network including data on the opening
years of individual highway segments and on traffic vol-
ume were obtained from the Federal Office of Spatial
Development. All roads referred to as ‘Autobahn’ (dual-
carriage motorway) or ‘Autostrasse’ (high-speed road)
were designated as highways. Traffic volume was available
for each highway segment in both directions for various
vehicle categories. Volumes for all categories in both
directions were added to obtain total vehicle traffic volume.
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Fig. 1 Map showing traffic volume (vehicles per day) in 2005 on Swiss highway network and population density. Highway segments without
information on traffic volume (mainly highways built after 2005) are shaded in grey

Volume of truck traffic included the categories trucks and
semi-trailer trucks. We used the data for mean weekday
road traffic volume in 2005 [17]. Figure 1 shows the Swiss
highway network with traffic volumes.

Potential confounding

We considered confounding by following factors assessed
for all children at census time points: degree of urbanisa-
tion (urban, peri-urban, rural), neighbourhood socio-eco-
nomic position (Swiss-SEP index) [18], educational level
of household head (compulsory, secondary, tertiary),
crowding (number of persons per room), nationality (by
continent for non-Swiss nationals), background ionising
radiation (terrestrial gamma and cosmic rays) [19, 20],
distance to nearest high voltage (380 or 220 kV) power
lines, and strength of electromagnetic fields (EMF) from
broadcast transmitters [21].

Statistical analyses

We analysed the data using two approaches: time to event
analyses of the SNC with linked SCCR cases covering the
period from the national census in 1990 to the end of 2008,
and incidence density analyses using all SCCR cases
diagnosed between 1985 and 2008 with person years at risk
calculated from census data. In time to event analyses,
exposure calculation was based on residence at the time of
census as obtained from the SNC for all cohort members
including linked cancer cases. In incidence density

analyses, exposure was based on residence at diagnosis: for
cases these were obtained from the SCCR while person
year calculations were based on the residence of age and
sex peers at the time of census as obtained from the SNC.
In both approaches, we compared cancer risk across
exposure categories (<100, 100-<250, 250-<500, and
>500 m) using the least exposed (=500 m, referred to here
as unexposed) as reference category.

In time to event analyses, we used Cox proportional
hazards models with age as underlying time scale to cal-
culate hazard ratios. Follow-up began at entry into cohort
(census date: 4th December 1990 or 5th December 2000)
and ended at diagnosis, the 16th birthday, emigration, death
or administrative censoring (31st December 2008),
whichever occurred first. Exposure could vary over time.
Children living near a highway that opened after entry into
the cohort were initially classified as unexposed and
reclassified on Ist January of the first full year that the
highway was in operation. Children registered in both
censuses, but with differing places of residence were
reclassified on the date of the 2000 census or on 5th
December 1995 if at the 2000 census the child was reported
to have lived at the new location for the past 5 years. Data
on potential confounders were time-updated analogously.
All models were adjusted for sex and birth year. In separate
models we additionally included all other potential con-
founders. To explore potential effects of exposure mis-
classification due to mobility, we repeated analyses in the
sub-cohort of children with stable place of residence before
entry, i.e. children who had the same residence 5 years
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before entry or, if this data was missing (the main reason
for this being that children were aged <5 years), who lived
in the same municipality at birth.

Incidence density analyses included a considerably lar-
ger number of cases because it did not require record
linkage between the SNC and SCCR and the study period
could begin in 1985, a time by which the present level of
coverage had largely been achieved. This approach has
been described in detail elsewhere [22]. Incidence rates
were calculated based on numbers of incident cases and
persons years at risk (The calculation of person years is
described in detail in the supplementary Text S1) and
compared across exposure categories using Poisson
regression models. All models were adjusted for sex, age at
diagnosis and calendar year. We did not adjust for other
potential confounders in these analyses. We also fitted
models with distance as a continuous exposure variable
allowing for a flexible functional form of the dependency
of cancer risk on distance. For these analyses we only
included children living <1 km from a highway. Penalised
cubic regression splines were used to model the depen-
dency on distance with the degree of smoothing selected
according to the Akaike Information Criterion [23].

In both approaches we investigated effect modification
by time period (before and after 2000) and degree of
urbanisation (urban vs. rural). In incidence density analyses
for leukaemia we additionally stratified analyses by age of
diagnosis (0—4; 5-15 years). We also investigated associ-
ations between cancer risk and traffic volume in children
living <500 m from a highway. Traffic volume was
included as a linear term [in units of 10,000 (all vehicles)
or 1000 (trucks) vehicles per day] and as quartiles and
models were adjusted for distance to nearest highway. We
also tested for interactions between traffic volume and
distance to nearest highway. In these analyses, children
living close to highways built after 2005—and thus lacking
information on traffic volumes—were excluded. All anal-
yses were done using Stata version 12.1 (StataCorp, Texas,
USA) except for the models with penalized regression
splines which were fitted using the ‘mgcv’ package in the
statistical software environment R version 3.1.3.

Results
Characteristics of study population

The time to event analyses included 2,096,402 children,
after excluding those with a previous diagnosis of cancer or
with uncertain place of residence (Supplementary Fig. S2).
Of these 1783 developed a cancer during the follow-up
period, including 532 children with leukaemia, 326 with
lymphoma, and 420 with a CNS tumour. Mean follow-up
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time was 7.7 years. Follow-up time ended before the 16th
birthday in 31.1 % of the children. Reasons included
administrative censoring (28.8 %), emigration (2.1 %), and
death (0.1 %). Of the children entering the cohort at census
1990, 37 % were still in follow-up at census 2000 (the
main reason for prior censoring was reaching the 16th
birthday). Of these, 96 % could be linked with a record in
the 2000 census. Of those linked 57 % had relocated
between the censuses. At entry into the cohort, 271,593
(13.0 %) children lived <500 m and 28,162 (1.3 %)
<100 m from a highway. Compared to unexposed chil-
dren, exposed children were more likely to live in urban
areas, neighbourhoods of lower SEP, in households with
crowding or low levels of education, and likely to be more
exposed to background ionising radiation, power lines, or
EMF from broadcast transmitters (Table 1).

The incidence density analyses included 4263 cancer
cases (1367 leukaemias, 574 lymphomas, and 890 CNS
tumours) and 30.4 million person-years. Compared to
incidence density analyses, cases included in time to event
analyses were older at diagnosis and thus less likely to have
leukaemia and other cancers characterized by early onset
(Supplementary Table S1).

Childhood cancer and proximity to highways

In time to event analyses, the hazard ratio (HR) comparing
children living <100 m from a highway with unexposed
children was 1.47 (95 % CI 0.81, 2.67) for leukaemia, 1.53
(95 % CI 0.79, 2.97) for ALL, 1.33 (95 % CI 0.66, 2.68)
for CNS tumours, and 1.19 (95 % CI 0.83, 1.70) for all
childhood cancers (Table 2). Though based on few cases,
HRs were higher for leukaemia diagnosed before 5 years of
age: 2.02 (95 % CI 0.75, 5.47) for leukaemia and 1.70
(0.54-5.35) for ALL. Adjusting for potential confounders
had little effect on results (Table 2). Of the children
included in time to event analyses, 66.5 % had a
stable place of residence before entry into the cohort. Of
these, 57.1 % lived at the same address 5 years earlier
while the remaining—consisting mainly of children
younger than 5 years at entry—lived in the same munici-
pality at birth. Results were similar for children with
stable place of residence, with somewhat increased effect
estimates for leukaemia and ALL diagnosed before 5 years
of age, for CNS tumours and the group of all cancers
(Table 3). For leukaemia and ALL diagnosed before
5 years of age, effects estimates for the exposure category
100-250 m were also increased.

In incidence density analyses associations were slightly
stronger for leukaemia and ALL, but weaker for CNS
tumours compared to the time to event analysis. Incidence
rate ratios (IRR) comparing children living <100 m from a
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Table 1 Characteristics of study population at entry into the cohort by residential proximity to highways
Characteristics <100 m N (%) 100—<250 m N (%) 250-<500 m N (%) >500 m N (%) p value®
All children N = 28,162 (100.0 %) N = 80,207 (100.0 %) N = 163,224 (100.0 %) N = 1,824,809 (100.0 %)
Sex
Male 14,422 (51.2) 41,275 (51.5) 84,123 (51.5) 934,900 (51.2) 0.075
Female 13,740 (48.8) 38,932 (48.5) 79,101 (48.5) 889,909 (48.8)
Year of birth
1974-1979 4544 (16.1) 13,384 (16.7) 28,263 (17.3) 331,293 (18.2) <0.001
1980-1984 4689 (16.7) 13,799 (17.2) 28,107 (17.2) 337,104 (18.5)
1985-1989 5965 (21.2) 16,757 (20.9) 33,612 (20.6) 393,164 (21.5)
1990-1994 6131 (21.8) 17,265 (21.5) 34,719 (21.3) 372,083 (20.4)
1995-2000 6833 (24.3) 19,002 (23.7) 38,523 (23.6) 391,165 (21.4)
Degree of urbanisation
Urban 10,182 (36.2) 22,991 (28.7) 44,154 (27.1) 425,039 (23.3) <0.001
Peri-urban 13,641 (48.4) 44,046 (54.9) 92,945 (56.9) 803,879 (44.1)
Rural 4,339 (15.4) 13,170 (16.4) 26,125 (16.0) 595,891 (32.7)
Swiss-SEP index
1st quintile (low SEP) 10,068 (35.8) 24,340 (30.3) 47,161 (28.9) 494,871 (27.1) <0.001
2nd quintile 5826 (20.7) 16,301 (20.3) 32,776 (20.1) 381,818 (20.9)
3rd quintile 4944 (17.6) 15,216 (19.0) 30,959 (19.0) 346,689 (19.0)
4th quintile 3989 (14.2) 14,074 (17.5) 28,917 (17.7) 321,604 (17.6)
5th quintile (high SEP) 3199 (11.4) 9997 (12.5) 22,949 (14.1) 275,420 (15.1)
Missing 136 (0.5) 279 (0.3) 462 (0.3) 4407 (0.2)
Education level of head of household
Compulsory or less 6928 (24.6) 16,166 (20.2) 32,256 (19.8) 322,223 (17.7) <0.001
Secondary level 13,448 (47.8) 39,945 (49.8) 80,478 (49.3) 907,664 (49.7)
Tertiary level 6422 (22.8) 20,984 (26.2) 44,217 (27.1) 537,309 (29.4)
Not known 1364 (4.8) 3112 (3.9) 6273 (3.8) 57,613 (3.2)
Persons per room (tertiles)
<0.82 8381 (29.8) 26,235 (32.7) 54,328 (33.3) 662,620 (36.3) <0.001
0.82-<1.08 10,041 (35.7) 30,080 (37.5) 61,044 (37.4) 666,756 (36.5)
>1.08 9740 (34.6) 23,892 (29.8) 47,852 (29.3) 495,433 (27.1)
Nationality (by continent)
Swiss 18,338 (65.1) 57,068 (71.2) 117,655 (72.1) 1,422,164 (77.9) <0.001
Europe (non-Swiss) 8420 (29.9) 20,230 (25.2) 39,870 (24.4) 353,563 (19.4)
Africa 346 (1.2) 747 (0.9) 1457 (0.9) 12,112 (0.7)
America 223 (0.8) 580 (0.7) 1159 (0.7) 11,770 (0.6)
Asia/Oceania 833 (3.0) 1566 (2.0) 3074 (1.9) 25,044 (1.4)
Missing 2 (0.0) 16 (0.0) 9 (0.0) 156 (0.0)
Background ionising radiation
<100 nSv/h 8916 (31.7) 26,282 (32.8) 56,149 (34.4) 715,103 (39.2) <0.001
100-<150 nSv/h 17,112 (60.8) 47,050 (58.7) 93,364 (57.2) 988,943 (54.2)
150-<200 nSv/h 1588 (5.6) 5551 (6.9) 11,958 (7.3) 100,148 (5.5)
>200 nSv/h 535 (1.9) 1266 (1.6) 1577 (1.0) 18,117 (1.0)
Missing 11 (0.0) 58 (0.1) 176 (0.1) 2498 (0.1)
Distance to high voltage power line
<100 m 428 (1.5) 1079 (1.3) 1515 (0.9) 13,033 (0.7) <0.001
100-<250 m 829 (2.9) 4002 (5.0) 5401 (3.3) 33,960 (1.9)
250-<500 m 1625 (5.8) 5874 (7.3) 19,028 (11.7) 83,335 (4.6)
>500 m 25,269 (89.7) 69,194 (86.3) 137,104 (84.0) 1,691,983 (92.7)
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Table 1 continued

Characteristics <100 m N (%) 100—-<250 m N (%) 250-<500 m N (%) >500 m N (%) p value®
Missing 11 (0.0) 58 (0.1) 176 (0.1) 2,498 (0.1)

EMF from broadcast transmitters®
< 0.05 V/m 21,768 (77.3) 64,361 (80.2) 133,062 (81.5) 1,562,686 (85.6) <0.001
0.05-<0.2 V/m 4367 (15.5) 11,773 (14.7) 23,210 (14.2) 191,704 (10.5)
>0.2 V/m 1911 (6.8) 3878 (4.8) 6617 (4.1) 67,109 (3.7)
Missing 116 (0.4) 195 (0.2) 335 (0.2) 3310 (0.2)

SEP socioeconomic position, EMF electromagnetic fields
* From Chi squared tests
® Modelled field strength from radio- and TV-transmitters

highway with unexposed children were 1.57 (95 % CI
1.09, 2.25) for leukaemia, 1.64 (95 % CI 1.10, 2.43) for
ALL and 1.20 (95 % CI 0.72, 2.00) for CNS tumours
(Table 4). Associations were strongest for leukaemia
diagnosed before age 5 years: IRRs were 1.92 for leukae-
mia (95 % CI 1.22, 3.04) and 1.94 (95 % CI 1.18, 3.20) for
ALL (Table 5). There was evidence of increased risk for
any cancer (IRR 1.54; 95 % CI 1.13, 2.11) before the age
of 5 years, but no evidence of association at older ages
(Table 5).

Results from time to event and incidence density anal-
yses are summarised in Fig. 2 and supplementary Fig. S3
for diagnoses before the age of 16 and 5 years respectively.
Overall, relative risks for the smallest distance category
tended to be >1 for all outcomes except lymphoma, while
they tended to be closer to 1 for the two intermediate
distance categories. We found no evidence for effect
modification by calendar period (p > 0.2 for all outcomes
in both time to event and incidence density analyses,
Supplementary Fig S4) or by degree of urbanisation
(p > 0.2, Supplementary Fig S5).

The fitted curves allowing for a flexible relationship
between cancer risk and distance (included as a continuous
exposure) within 1 km from highways show a marked
increase in risk with proximity for leukaemia and ALL
(Supplementary Fig. S6) particularly in children aged
0-4 years (Fig. 3). This rise follows an apparent dip in risk
occurring around 350-500 m. This dip is also apparent in
categorical analyses (Tables 4, 5) but appears to be limited
to urban and peri-urban areas (Supplementary Fig. S5). The
curves for other diagnostic groups and for the group of all
cancers were comparatively flat (Supplementary Fig. S6).

Childhood cancer and traffic volume on nearest
highway

Among children living <500 m from a highway, the risk of

any type of cancer increased with traffic volume: For every
additional 10,000 vehicles/day the HR was 1.05 (95 % CI
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1.01, 1.10) and the IRR 1.03 (95 % CI 1.00, 1.06) (Sup-
plementary Tables S2 and S3). Highest estimates were
found for lymphoma and the group of other malignant
tumours, particularly in time to event analyses: HRs 1.14
(95 % CI 1.04, 1.25) and 1.07 (95 % CI 0.98, 1.16)
respectively. No evidence of association with traffic vol-
ume was found for leukaemia and CNS tumours. A similar
pattern was found for traffic volume of trucks. In incidence
density analyses, we also investigated associations with
traffic volume in corridors <250 and <100 m around
highways and found similar results (Supplementary
Table S3). When traffic volume was included as a cate-
gorical term results suggested a U-shaped curve for the risk
of lymphoma (Supplementary Table S4). We found no
evidence of interaction between traffic volume and distance
to nearest highway (Supplementary Fig. S7).

Discussion
Main findings

This nationwide cohort study in Switzerland showed an
increased risk of leukaemia among children living in the
immediate proximity (<100 m) of highways. The associ-
ation was strongest for leukaemia in children aged below
5 years, for which a twofold higher risk was estimated.
Results were similar for ALL. There was little evidence of
an increase in risk in older children, or for lymphoma, CNS
tumours or other cancers. Adjustment for a range of con-
founders, including indicators of socio-economic status did
not materially affect results. Among children living
<500 m from a highway, an association with traffic vol-
ume was found for all cancers but not for leukaemia.

Our study in the context of previous studies

Our results are consistent with the findings of some but not
all previous studies of childhood cancer and residence in
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Table 2 Association between childhood cancer and residential proximity to highways (time to event analyses)

Outcome® Distance to highway (m) Cases IR® HR (95 % CI)® Adj. HR (95 % CI)¢

Leukaemia <100 11 4.83 1.47 (0.81, 2.67) 1.43 (0.79, 2.61)
100—<250 23 3.58 1.09 (0.72, 1.66) 1.05 (0.69, 1.60)
250-<500 41 3.15 0.96 (0.70, 1.33) 0.93 (0.67, 1.28)
>500 457 3.26 1.00 1.00

Leukaemia < 5 years <100 25.98 2.02 (0.75, 5.47) 2.17 (0.80, 5.89)
100-<250 19.14 1.50 (0.73, 3.07) 1.50 (0.73, 3.08)
250-<500 10.67 0.85 (0.43, 1.66) 0.84 (0.42, 1.66)
>500 126 14.56 1.00 1.00

ALL <100 9 3.95 1.53 (0.79, 2.97) 1.50 (0.77, 2.92)
100-<250 17 2.65 1.03 (0.63, 1.67) 0.99 (0.61, 1.62)
250-<500 31 2.38 0.93 (0.64, 1.34) 0.90 (0.62, 1.30)
>500 359 2.56 1.00 1.00

ALL < 5 years <100 19.49 1.70 (0.54, 5.35) 1.81 (0.57, 5.72)
100-<250 16.75 1.48 (0.69, 3.17) 1.47 (0.68, 3.16)
250-<500 9.49 0.85 (0.41, 1.73) 0.83 (0.40, 1.72)
>500 112 12.95 1.00 1.00

Lymphoma <100 3 1.32 0.65 (0.21, 2.04) 0.62 (0.20, 1.93)
100-<250 10 1.56 0.77 (0.41, 1.45) 0.74 (0.39, 1.39)
250-<500 32 2.46 1.22 (0.85, 1.76) 1.20 (0.83, 1.74)
>500 281 2.01 1.00 1.00

CNS tumours <100 8 351 1.33 (0.66, 2.68) 1.38 (0.68, 2.79)
100-<250 13 2.02 0.77 (0.44, 1.34) 0.79 (0.45, 1.37)
250-<500 35 2.69 1.02 (0.72, 1.45) 1.06 (0.74, 1.50)
>500 364 2.60 1.00 1.00

Other malignant tumours <100 8 3.51 1.11 (0.55, 2.23) 1.13 (0.56, 2.28)
100-<250 18 2.80 0.89 (0.55, 1.42) 0.89 (0.55, 1.42)
250-<500 37 2.84 0.90 (0.64, 1.26) 0.90 (0.64, 1.26)
>500 442 3.16 1.00 1.00

All cancers <100 30 13.16 1.19 (0.83, 1.70) 1.18 (0.82, 1.70)
100-<250 64 9.96 0.90 (0.70, 1.15) 0.89 (0.69, 1.14)
250-<500 145 11.14 1.01 (0.85, 1.19) 1.00 (0.84, 1.19)
>500 1544 11.02 1.00 1.00

ALL acute lymphoblastic leukaemia, CNS central nervous system, /R incidence rate, HR hazard ratio, CI confidence interval

? In children aged <16 years if not otherwise stated
® Incidence rates are per 100,000 person years

¢ From Cox proportional hazard models adjusting for sex and birth year (reference category >500 m)

4 Adjusting for sex, birth year, urbanisation, socio-economic position, educational level of household head, number of persons per room,
nationality, background ionising radiation (terrestrial gamma and cosmic rays), distance to nearest power line, electro-magnetic fields from

broadcast transmitters

the proximity to highly trafficked roads [9, 24-28]. The
largest of these studies, based on over 700 cases of ALL,
found a doubling of the risk among children living within
500 m of high-speed highways and main roads compared
to unexposed children [9]. Other studies using proximity
measures found little support for an association with leu-
kaemia risk [12, 29-32]. A nationwide Danish study with
almost 1000 leukaemia cases using time-weighted

cumulative exposure found no association with traffic
density [29]. However, this study considered front-door
roads only, and may have poorly captured pollution from
other highly trafficked roads nearby. Consistent with our
findings, previous studies looking at CNS tumours found
no [29-31] or only weak evidence [28] of an increased risk
associated with proximity to highly trafficked roads. To our
knowledge, only three other studies have investigated

@ Springer



1270

B. D. Spycher et al.

Table 3 Association between childhood cancer and residential proximity to highways among children with stable place of residence” (time to

event analyses)

Outcome® Distance to highway (m) Cases IR® HR (95 % CI)d Adj. HR (95 % CI)°

Leukaemia <100 8 5.31 1.51 (0.75, 3.05) 1.45 (0.72, 2.94)
100—<250 20 4.72 1.35 (0.86, 2.12) 1.28 (0.81, 2.02)
250-<500 26 3.02 0.87 (0.58, 1.29) 0.83 (0.56, 1.25)
>500 329 3.46 1.00 1.00

Leukaemia < 5 years <100 32.75 2.55 (0.94, 6.94) 2.62 (0.96, 7.16)
100—<250 24.16 1.87 (0.91, 3.85) 1.80 (0.87, 3.73)
250-<500 10.57 0.82 (0.38, 1.77) 0.80 (0.37, 1.74)
>500 103 14.92 1.00 1.00

ALL <100 7 4.64 1.66 (0.78, 3.52) 1.60 (0.75, 3.40)
100—<250 15 3.54 1.27 (0.76, 2.14) 1.20 (0.71, 2.03)
250-<500 22 2.55 0.92 (0.60, 1.43) 0.88 (0.57, 1.37)
>500 262 2.76 1.00 1.00

ALL < 5 years <100 3 24.56 2.18 (0.69, 6.88) 2.22 (0.70, 7.05)
100-<250 7 21.14 1.86 (0.86, 4.03) 1.78 (0.82, 3.87)
250-<500 9.06 0.81 (0.35, 1.84) 0.77 (0.34, 1.78)
>500 90 13.03 1.00 1.00

Lymphoma <100 3 1.99 0.96 (0.31, 3.00) 0.91 (0.29, 2.85)
100-<250 7 1.65 0.79 (0.37, 1.69) 0.77 (0.36, 1.64)
250-<500 23 2.67 1.28 (0.83, 1.97) 1.28 (0.83, 1.98)
>500 198 2.08 1.00 1.00

CNS tumours <100 8 5.31 1.78 (0.88, 3.60) 1.83 (0.90, 3.72)
100-<250 9 2.12 0.72 (0.37, 1.40) 0.74 (0.38, 1.45)
250-<500 28 3.25 1.10 (0.75, 1.63) 1.15 (0.78, 1.71)
>500 277 2.92 1.00 1.00

Other malignant tumours <100 7 4.64 1.35 (0.64, 2.86) 1.36 (0.64, 2.87)
100-<250 14 3.30 0.96 (0.56, 1.64) 0.95 (0.56, 1.63)
250-<500 29 3.36 0.98 (0.67, 1.44) 0.98 (0.66, 1.43)
>500 325 342 1.00 1.00

All cancers <100 26 17.25 1.44 (0.97, 2.12) 1.42 (0.96, 2.09)
100-<250 50 11.80 0.99 (0.74, 1.31) 0.97 (0.73, 1.29)
250—<500 106 12.29 1.03 (0.85, 1.26) 1.03 (0.84, 1.26)
>500 1129 11.89 1.00 1.00

ALL acute lymphoblastic leukaemia, CNS central nervous system, IR incidence rate, HR hazard ratio, CI confidence interval

* Resident at the same address 5 years before entry into the cohort or resident in the same municipality at birth if younger than 5 years at entry

® In children aged <16 years if not otherwise stated

¢ Incidence rates are per 100,000 person years

9 From Cox proportional hazard models adjusting for sex and birth year (reference category >500 m)

¢ Adjusting for sex, birth year, urbanisation, socio-economic position, educational level of household head, number of persons per room,
nationality, background ionising radiation (terrestrial gamma and cosmic rays), distance to nearest power line, electro-magnetic fields from

broadcast transmitters

lymphoma in relation to traffic exposure [11, 28, 29].
Consistent with our study, they found no evidence of an
association.

Most studies investigating exposure to specific traffic
related pollutants support an association with childhood
leukaemia [9-12, 33-37]. An ecological study from Texas
[35] and a recent case—control study from California [37]

@ Springer

found increased risks of childhood leukaemia associated
with elevated air concentrations of benzene. Both these
studies found a stronger association for acute myeloid
leukaemia (AML) than for ALL. Due to the small number
of AML cases in our study, we did not perform separate
analyses for AML. Another recent case—control study from
California using modelled carbon monoxide as a proxy for
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Table 4 Association between

childhood cancer and residential Outcome Distance to highway (m) Cases IR* IRR (95 % CI)b
proximity to highways Leukaemia <100 30 7.20 1.57 (1.09, 2.25)
(incidence density analyses)
100-<250 54 4.55 0.99 (0.76, 1.31)
250-<500 93 3.85 0.84 (0.68, 1.04)
>500 1190 4.52 1.00
ALL <100 25 6.00 1.64 (1.10, 2.43)
100-<250 43 3.62 0.99 (0.73, 1.35)
250-<500 75 3.11 0.85 (0.67, 1.08)
>500 950 3.61 1.00
Lymphoma <100 3 0.72 0.38 (0.12, 1.17)
100-<250 18 1.52 0.79 (0.49, 1.27)
250-<500 53 2.20 1.15 (0.86, 1.52)
>500 500 1.90 1.00
CNS tumours <100 15 3.60 1.20 (0.72, 2.00)
100-<250 26 2.19 0.73 (0.50, 1.09)
250-<500 83 3.44 1.16 (0.92, 1.45)
>500 m 766 291 1.00
Other malignant tumours <100 25 6.00 1.25 (0.84, 1.86)
100-<250 52 4.38 0.92 (0.69, 1.21)
250-<500 118 4.89 1.03 (0.85, 1.24)
>500 1237 4.70 1.00
All cancers <100 73 17.52 1.22 (0.97, 1.54)
100-<250 150 12.62 0.89 (0.75, 1.04)
250-<500 347 14.37 1.01 (0.91, 1.13)
>500 3693 14.02 1.00

ALL acute lymphoblastic leukaemia, CNS central nervous system, /R incidence rate, IRR incidence rate

ratio, CI confidence interval

# Incidence rates are per 100,000 person years

® From Poisson regression models adjusting for sex, age and calendar year (reference category >500 m)

traffic related pollution showed a positive association for
ALL but not for CNS tumours [11]. A Danish case—control
study found an increased risk with higher levels of mod-
elled nitrogen monoxide and benzene for Hodgkin’s lym-
phoma, but not for leukaemia or CNS tumours [29]. No
evidence of an association between traffic related pollu-
tants and leukaemia was found in a recent Italian study
[12].

Among studies that investigated leukaemia by age
groups, those that found positive associations with traffic
related pollution in all children—consistent with our
study—found stronger associations in the age group
0-4 years [10, 28]. However, studies that found no evi-
dence of association for leukaemia in all children found no
such evidence in young children if these were investigated
[12, 31].

Limitations and strengths

Our study used proximity to highways which is a crude
measure of traffic related pollution and does not allow

distinguishing between individual pollutants. Also, we
did not account for proximity of residence to other roads
or background levels of pollution. However, we adjusted
for degree of urbanisation which should have partially
corrected for higher background levels in urban areas.
We did not have address histories for the entire cohort,
which would have allowed us to investigate effects of
timing and duration of exposure. However, we repeated
analyses in a sub-cohort of children with stable residence
for 5 years before entry into the cohort and found sim-
ilar results. Precise geocodes were missing for a small
minority of subjects (1.5 %). Results from time to event
analyses are difficult to interpret in terms of exposure
timing because time of census, when exposure was
measured, can lie anywhere between birth and diagnosis.
Information on traffic volume was only available for
2005 and is probably not accurate for early time points.
However, highways that were highly trafficked have
been so throughout the study period suggesting that the
relative importance of highway segments was stable. In
time to event analyses, linkage errors may have resulted
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Table 5 Association between childhood cancer and residential proximity to highways by age group (incidence density analyses)

Outcome Distance to highway (m) Children aged 0—4 years Children aged 5-15 years
Cases IR* IRR (95 % CI)° Cases IR* IRR (95 % CI)°
Leukaemia <100 19 14.76 1.92 (1.22, 3.04) 11 3.82 1.19 (0.65, 2.16)
100-<250 35 9.63 1.26 (0.89, 1.77) 19 2.30 0.72 (0.45, 1.13)
250-<500 40 5.44 0.71 (0.51, 0.97) 53 3.16 0.99 (0.74, 1.31)
>500 607 7.62 1.00 583 3.17 1.00
ALL <100 16 12.43 1.94 (1.18, 3.20) 9 3.12 1.28 (0.66, 2.47)
100-<250 28 7.71 1.21 (0.82, 1.76) 15 1.82 0.75 (0.45, 1.25)
250-<500 33 4.49 0.70 (0.49, 0.99) 42 2.50 1.03 (0.75, 1.41)
>500 507 6.37 1.00 443 2.41 1.00
All cancers <100 40 31.08 1.54 (1.13, 2.11) 33 11.46 0.98 (0.69, 1.38)
100-<250 78 21.47 1.07 (0.85, 1.34) 72 8.73 0.75 (0.59, 0.95)
250-<500 141 19.17 0.95 (0.80, 1.13) 206 12.27 1.05 (0.91, 1.22)
>500 1578 19.82 1.00 2115 11.51 1.00

ALL acute lymphoblastic leukaemia, IR incidence rate, IRR incidence rate ratio, CI confidence interval

 Incidence rates are per 100,000 person years

® From Poisson regression models adjusting for sex, age and calendar year (reference category >500 m)

in some misclassification of exposures and outcomes. In
incidence density analyses, calculations of person years
at risk were approximate. However, results were con-
sistent across these two analyses suggesting that neither
of these issues caused important bias. While coverage of
cancer registration was high, incomplete registration
must have caused some misclassification of outcomes.
Regional differences in registration are unlikely to exist
at a scale smaller than the Swiss cantons. To investigate
whether such differences may have affected our results,
we repeated analyses for leukaemia adjusting for the
Swiss cantons but results remained stable (data not
shown).

Our study is unique in that it was based on individual
data from the entire childhood population of a country.
Since all data were obtained from routine sources of high
coverage, the study is likely free of selection or response
biases that may have affected previous case—control stud-
ies. For a given number of cases, our cohort design also
provides greater statistical power than previous case—con-
trol designs which usually had 1-4 controls per case. It also
allowed accounting for exposure changes over time due to
new highway construction and mobility between the two
censuses. The use of precise residential locations allowed
capturing small-scale spatial variation of pollutant con-
centrations around highways, which are unlikely to have
been captured in most ecological studies. Furthermore, in
contrast to most previous studies, our study was able to
account for a wide range of potentially important con-
founding factors.
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Interpretation of findings

Our most consistent finding was that of a higher risk of
leukaemia among children aged <5 years living within
100 m from a highway. Carcinogenic effects of traffic
emissions are a plausible explanation for this association.
Monitoring studies have shown that most of the decline
from roadside to background concentrations of many traffic
related pollutants occurs within the first 100 m from the
highway. Particularly steep declines with distance from
highway have been shown for carbon monoxide, nitrogen
monoxide, ultrafine particles, black carbon and volatile
organic compounds including benzene [4, 5, 38]. Our
finding of an excess risk in children aged <5 years could
indicate a time window of increased susceptibility to
environmental exposures. For rural areas, where contami-
nation from other roads is likely to be less important, our
results were suggestive of a dose response in the risk of
childhood leukaemia and ALL approaching background
levels within 500 m from highways (Supplementary
Fig. S5). However, statistical evidence for effect modifi-
cation by degree of urbanisation was lacking.

Other findings of our study cast doubt on a causative
role of pollution. Near highway concentrations of traffic
pollutants are strongly affected by traffic volume [39].
While we did observe a positive association between traffic
volume and risk of any cancer, we found little evidence
that the risk of leukaemia was influenced by traffic volume
among those living close to a highway. A possible expla-
nation is the effect of sound barriers which are commonly
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«Fig. 2 Associations between childhood cancer and distance of

residence to nearest highway. Results from time to event analysis
adjusting for sex and birth year; time to event analysis adjusting for
sex, birth year, urbanisation, socio-economic position, educational
level of household head, number of persons per room, nationality,
background ionising radiation, distance to nearest power line, electro-
magnetic fields from broadcast transmitters; time to event analysis
adjusting for sex and birth year in a subsample with stable place of
residence 5 years preceding entry into cohort; incidence density
analysis adjusting for sex, age and calendar year. Reference category
is residence >500 m

used to shield residential areas from highways and have
been shown to reduce downwind concentrations of traffic
pollutants by lifting the plume and increasing vertical
mixing [40]. Also, the observed increase in leukaemia risk
may be due to elevated concentrations of individual pol-
lutants of which total vehicle counts are a poor measure.
Unfortunately we could not differentiate traffic flows by
gasoline- and diesel-powered vehicles. Another unexpected
finding was that the time period (before and after the year
2000) did not seem to affect the strength of association
between leukaemia and proximity to highways, while
traffic emissions have decreased dramatically in Switzer-
land since the early nineties [41, 42]. It is possible, how-
ever, that emission reductions affected background and
roadside concentrations proportionately and that spatial
gradients around highways and relative risks were little
affected. Statistical power might also have been insufficient
to detect an effect modification by calendar period.

Other factors that might be considered include traffic
noise and socio-economic factors. Noise levels and traffic
related air pollutants show similar associations with high-
way traffic [43] whereas noise levels may be more effec-
tively offset by noise barriers. A possible causal path
linking ambient noise with childhood leukaemia might be
through immune responses. Ambient noise has been shown
to affect immune response in mice [44]. Aberrant immune
responses to infections have been hypothesized to cause
childhood leukaemia [45]. Our findings are unlikely to be
explained by socio-economic factors. Adjusting for a
number of socio-economic indicators both at the neigh-
bourhood and household level did not attenuate the esti-
mated effects sizes for leukaemia.

In conclusion, this nationwide cohort study suggests that
children living in the close proximity (<100 m) of highways
are at increased risk of developing leukaemia. The associ-
ation was strongest in children aged less than 5 years and in
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Fig. 3 Smoothed relative risks [
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children with stable place of residence before entering the
cohort. Vehicle exhaust contains known carcinogens and the
risk increase observed in our study parallels the marked
peaks in pollution concentrations within this distance from
highways observed in other studies. Our study thus provides
further support that traffic related pollution may increase the
risk of leukaemia in young children.
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