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ARTICLE INFO ABSTRACT

Background: Air pollution is an established carcinogen. Evidence for an association with brain tumors is,
however, inconclusive. We investigated if individual particulate matter constituents were associated with brain
tumor risk.

Methods: From comprehensive national registers, we identified all (n = 12 928) brain tumor cases, diagnosed in
Denmark in the period 1989-2014, and selected 22 961 controls, matched on age, sex and year of birth. We
established address histories and estimated 10-year mean residential outdoor concentrations of particulate
matter < 2.5 um, primarily emitted black carbon (BC) and organic carbon (OC), and combined carbon (OC/
BC), as well as secondary inorganic and organic PM air pollutants from a detailed dispersion model. We used
conditional logistic regression to calculate odds ratios (OR) per inter quartile range (IQR) exposure. We adjusted
for income, marital and employment status as well as area-level socio-demographic characteristics.

Results: Total tumors of the brain were associated with OC/BC (OR: 1.053, 95%CI: 1.005-1.103, per IQR). The
data suggested strongest associations for malignant tumors with ORs per IQR for OC/BC, BC and OC of 1.063
(95% CI: 1.007-1.123), 1.036 (95% CI: 1.006-1.067) and 1.030 (95%CI: 0.979-1.085), respectively. The results
did not indicate adverse effects of other PM components.

Conclusions: This large, population based study showed associations between primary emitted carbonaceous
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particles and risk for malignant brain tumors. As the first of its kind, this study needs replication.

1. Background

Brain tumors constitute a heterogeneous group of tumors. The in-
cidence differs by tumor type, sex, race and age (Barnholtz-Sloan et al.,
2018; McNeill, 2016). Hereditary symptoms have been estimated to
account for around 5% of these tumors (Barnholtz-Sloan et al., 2018).
The only established exogenous risk factor is ionizing radiation. Allergic
and atopic conditions (Barnholtz-Sloan et al., 2018; Wang et al., 2016)
as well as a range of medications (Amirian et al., 2019; Tong et al.,
2012; Andersen et al., 2013; Andersen et al., 2015) have been in-
vestigated as potential risk factors, with strongest evidence for a pro-
tective association with allergic and atopic conditions. Some studies
have indicated an association with pesticides or fertilizers (Carles et al.,
2017; Samanic et al., 2008; Bassil et al., 2007; Schmidt et al., 2008) but
the results remain inconclusive. At present, no occupational or

environmental risk factors have been conclusively established (IVicNeill,
2016; Gomes et al., 2011).

Air pollution consists of a complex array of substances and has been
classified as “carcinogenic to humans” by the International Agency for
Research on Cancer (Loomis et al., 2013; Benbrahim-Tallaa et al., 2012)
based primarily on mechanistic studies and epidemiological research
demonstrating associations with lung cancer. Air pollution exposures
have also been associated with stroke and impaired cognitive function
(Bourdrel et al., 2017; Suades-Gonzalez et al., 2015; Schraufnagel et al.,
2019; Schraufnagel et al., 2019) and neuroimaging has shown links
with reduced brain white matter volume (de Prado et al., 2018). Am-
bient air pollution may be indirectly mutagenic/carcinogenic via oxi-
dative stress or induced inflammation, but may also be directly muta-
genic and may reach organs beyond the respiratory tract (Genc et al.,
2012; Block and Calderon-Garciduenas, 2009). Studies suggest that
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ultrafine particles (UFP < 0.1 um) may enter the blood stream and
cross the blood-brain barrier and particles may also reach the brain via
the olfactory nerve (Genc et al., 2012; Oberdorster et al., 2004). One
recent study has found UFP assessed at postal code level, to be asso-
ciated with risk of malignant brain tumors (Weichenthal et al., 2020).
Several other studies of air pollution and intracranial CNS tumors show
inconsistent results (Weichenthal et al., 2020; Boeglin et al., 2006;
Turner et al., 2017; McKean-Cowdin et al., 2009; Raaschou-Nielsen
etal., 2011; Poulsen et al., 2016; Jorgensen et al., 2016; Andersen et al.,
2018). The studies differed with regard to air pollutants investigated
and case definition. The European ESCAPE project reported suggestive
evidence of an association between malignant tumors and exposure to
PM, s absorbance, a quantity closely related to black carbon (BC)
(Andersen et al., 2018). Particulate matter < 2.5 um (PM, s) has been
investigated in several studies but, only one has reported suggestions of
a positive association with CNS tumors (Jorgensen et al., 2016). We
have recently conducted the largest study to date on the issue and found
indications that PM,s) was associated with risk for malignant non-
glioma tumors of the brain and that BC, was associated with risk of
glioma and non-glioma brain tumors

As our previous study pointed towards particulate matter pollution
as a possible risk factor for tumors of the brain, we designed the present
study to investigate if specific PM, s constituents could better capture
association with brain tumor risk. We used the same nationwide case-
control setup as in our previous study and assessed the constituents
from the same state-of-the-art exposure model.

2. Methods

The study was conducted in Denmark (population approx. 5.4 mil-
lion), where all citizens can be followed across all health and admin-
istrative registers via a unique personal identification number in-
troduced in 1968 (Schmidt et al., 2014; Thygesen et al., 2011).

2.1. Case ascertainment

We identified all Danes, aged 20 years or above, with a primary
brain tumor in the period 1989 to 2014 from the Danish Cancer
Register, that holds nearly complete records of all cancer diagnoses in
Denmark since 1943 (Gjerstorff, 2011; Storm et al., 1997). We excluded
cases that had other cancer diagnoses (except non-melanoma skin
cancer) prior to their brain tumor. We included all brain tumors (ICD10:
C70.0, C71.0-C71.9, C72.2, C72.5, D32.0, D33.0-D33.3, D42.0,
D43.0-D43.3) and also classified tumors according to malignancy: non-
malignant and malignant and the latter group was further divided as
glioma (ICD-O3 morphology codes 9380/0-9480/9 within ICD10:
C71.0-C71.9, D33.0-D33.3 D43.0-D43.2), and other and unspecified
malignant tumors.

2.2. Sampling of controls

For each case, we sampled two random controls, matched on sex
and month and year of birth (Kahn et al., 2019), and alive and without
a cancer diagnosis at the time of diagnosis for their matched case
(index-date) from the Danish Civil Registration System, which covers
all residents in Denmark (Pedersen, 2011).

2.3. Exclusion criteria

We excluded cases and controls who at index-date had: 1) No re-
corded address in Denmark, 2) < 80% geocodable address history for
the ten years preceding index date and 3) missing information on
marital status, employment status, household disposable income or area
of residence (parish). For some of these exclusion criteria, information
was available only after initial matching and we excluded cases left
without controls or vice versa, after all other exclusions.
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2.4. Exposure assessment

Address histories since 1979 were obtained from the Danish Civil
Registration System for all cases and controls (Pedersen, 2011). Ad-
dresses were geocoded and front door air pollutant concentrations at
2 m height were calculated using the Danish DEHM/UBM/AirGIS
modelling system (Kahn et al., 2019; Brandt et al., 2001; Jensen et al.,
2017). This multi-scale integrated air pollution model system in-
corporates detailed time-varying information based on three air pollu-
tion contributions. 1) The regional background, modelled with the
DEHM model(Brandt et al., 2012) covering the northern hemisphere,
with an increasing spatial resolution going from 150 km X 150 km far
from Denmark to 5.6 km X 5.6 km over Denmark and based on in-
ternational and national emission inventories (Cooperative programme
for monitoring an evaluation of long-range transmission of air pollu-
tants in Europe, and the national Danish emissions based on the
SPREAD-model(Plejdrup et al., november 2018 2018.). Natural emis-
sions are included via specific sub-models, included in DEHM(Plejdrup
et al., november 2018 2018.). DEHM is driven by meteorology provided
by the Weather Research and Forecasting (WRF) Model (https://www.
mmm.ucar.edu/weather-research-and-forecasting-model) 2) the urban
background modelled with the UBM model(Brandt et al., 2003) cov-
ering Denmark with a resolution of 1 km X 1 km, based on high re-
solution emission data for Denmark for all emission sectors (the na-
tional Danish emissions based on the SPREAD-model (Plejdrup et al.,
2018), land-use data and building heights. The UBM model uses input
data from the DEHM model for boundary conditions for regional air
pollution to the local scale model. 3) the street-level local air pollution
calculated with the OSPM model (Ketzel et al., 2012), based on street-
level information on traffic type/intensity (from the Danish GIS traffic
database (Jensen et al., 2019) combined with emission factors (from the
European COPERT model) and taking into account meteorology (From
DEHM model) as well as street and building configuration (originating
from a GIS map containing all building footprints and heights). The
model system is described in detail elsewhere (Kahn et al., 2019;
Hvidtfeldt et al., 2019), the three models of the system all operate at 1-
hour time resolution. Subsequently results are aggregated to yearly
mean values of individual components as well as total PM, 5, which is
the sum of a number of different particle components that are either
emitted directly (primary) or are formed in the atmosphere (secondary)
due to both anthropogenic and natural emissions.

Overall, the spatial resolution of the secondary inorganic (SIA) and
organic chemical (SOA) species is 5.6 km X 5.6 km (DEHM model).
These species do not include local sources and are characterized by
longer life times in the atmosphere and smoother spatial gradients and
therefore it is not optimal to include these species in the local models,
operating at scales smaller than 5.6 km. The local emitted species; BC
and OC are included in UBM and modelled with a spatial resolution of
1 km X 1 km. PM, 5 and the traffic dominated BC is modelled using
OSPM at a spatial resolution of about 1 m for addresses located near
busy streets with daily traffic above 500 vehicles/day. We include in
this study the total PM, 5 as well as a number of the components: black
carbon (BC), primary organic carbon (OC, including the total mass of
organic chemical compound not only carbon mass) and total primary
emitted carbonaceous particles (OC/BC - the sum of the two former
constituents), secondary organic aerosols (SOA) and secondary in-
organic aerosols (SIA). For primary emitted PM, s and BC, where traffic
is a non-negligible source, the modeled values included street level
variation, for other components regional exposure levels were inter-
polated to estimate exposure at each address. For each pollutant and
each individual, we calculated a time-weighted average (TWA) con-
centration over residential addresses during the 10 years preceding the
index date.
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2.5. Covariates

Brain tumor risk varies by age and gender and some studies have
suggested variation by ethnicity. For symptom-free tumors, the like-
lihood of being diagnosed may depend on the likelihood of receiving
brain scans for other reasons. In addition, the likelihood of receiving a
very specific tumor diagnosis rather than a more general diagnosis
could conceivably vary. Such variation may occur both at the individual
level and at the area level since quality and praxis of primary and
secondary health care might be different in different areas of Denmark.

From Statistics Denmark, we obtained yearly individual-level in-
formation on disposable income, marital status, employment status and
country of origin. We also obtained yearly information, calculated for
all Danish parishes describing percentage of adult parish population: in
lowest income quartile, unemployed, retired, doing manual labor,
owning their own dwelling, living in social housing, being of Danish
origin, previously convicted (theft, robbery, vandalism or violence),
single parent families and having basic education as highest attained
education level. In 1996, a total of 2160 parishes existed with a median
number of 1032 inhabitants (range 33-35,979) and a mean area of
16.2 km? (range 0.1-126.2). As Denmark is a small, relatively homo-
geneous country with universal free health care it is not readily ap-
parent what factors might relate to area level variations in health praxis
and we therefore included a range of socio-demographic indicators,
which alone or in combination could be related to such variation. Both
the individual and area level covariates might also be related to where
participants live and therefore also to exposure.

To minimize potential effects of prodromal symptoms, we assessed
covariates one year before index date.

2.6. Statistical methods

We used conditional logistic regression to calculate odds ratios (OR)
per inter quartile range (IQR). We tested for deviations from linearity
for each air pollutant by likelihood ratio testing comparing models with
and without the second-degree polynomial of the pollutant and found
no significant deviations.

We analyzed data in three models: a crude model only taking into
account the matching factors, a model additionally adjusting for in-
dividual-level covariates, and a final, main model, which also included
parish-level covariates. Individual-level covariates included personal
income in deciles (calculated annually based on the distribution among
controls), marital status (currently living together, formerly married or
never married) and employment status (retired, unemployed, blue-
collar, low-level white-collar, high-level white-collar). Area level cov-
ariates were included linearly. Each pollutant was investigated sepa-
rately and fully adjusted two-pollutant models including each of the
other pollutants.

We used log-likelihood tests to evaluate interaction with sex, ca-
lendar time (before after years 2000) and living in greater Copenhagen
area (Y/N) without finding consistent evidence of interaction across
outcomes or exposures (Supplement table 1).

Statistical analyses were performed in SAS 9.4 (SAS Institute Inc.,
Cary, NC, USA).

3. Results

In the years 1989 to 2014, 13 802 adults where diagnosed with a
primary brain tumor in Denmark. For these cases we matched 27 604
controls. Cases (16 / 0.1%) and controls (2286 / 8.3%) not living in
Denmark at the time of diagnosis were excluded. We also excluded
cases (542 / 3.9%) and controls (1342 / 4.9%), who in the 10 years
preceding index date had less than 80% geocodable Danish address
history. Cases (33 / 0.2%) and controls (88 / 0.3%) lacking data on one
or more covariates were also excluded. Cases (445 / 2.1%) and controls
(1529 / 3.4%) left without matched cases or controls and were
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Table 1
Descriptive characteristics of brain tumor cases and matched controls in
Denmark, 1989-2014.

Cases Controls
n % n %
TOTAL 12,928 100% 22,961 100%
Individual level factors:
Female 5,891 53% 10,722 54%
Age at index date®
median 62 63
10 pctl 37 38
90 pctl 80 81
Region of origin
Denmark 12,439 96% 21,924 95%
Non-Western 163 2% 378 2%
Western 326 3% 658 3%
Marital status
Married 7,811 61% 13,472 59%
Previously married 3,132 25% 5,963 26%
Never married 1,985 14% 3,526 14%
Occupational status
Unemployed 516 4% 873 4%
Blue collar 2,951 23% 5,000 22%
Low level white collar 2,079 16% 3,574 16%
High level white collar 989 8% 1,772 8%
Retired 6,393 49% 11,742 50%
Disposable income (DKK)
median 122,592 119,929
10 petl 60,202 58,183
90 petl 251,651 250,410
Parish level factors:
% of population with only basic education
median 28 28
10 pctl 15 15
90 pctl 42 43
% of population in manual labour
median 29 29
10 pctl 18 18
90 petl 38 38
% of population retired
median 6 6
10 petl 3 3
90 petl 11 11
% of population unemployed
median 4 4
10 petl 1 1
90 pctl 8 8
% of population in 1st income quartile
median 10 10
10 petl 5 5
90 pctl 18 18
Parish_dwell ownalmen_pct
median 13 13
10 pctl 0 0
90 pctl 43 43
% of population owning own dwelling
median 65 66
10 pctl 30 29
90 petl 92 92
% single-parent families
median 5 5
10 petl 3 3
90 pctl 7 7
% of population of Danish origin
median 94 95
10 petl 85 85
90 pctl 98 98
% of population previously convicted
median 0 0
10 pctl 0 0
90 pctl 1 1 1

a: index date = date of diagnosis of matched case.
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Table 2
Descriptive data on 10-year time weighted average air pollutants among brain tumor cases and controls in Denmark, 1989-2014.
10 year time-weighted mean exposure Percentiles
min Ist 5th 10th 25th 50th 75th 90th 95th 99th max
PM2.5 (pg/m3)
Cases 9.93 11.83 12.87 13.44 14.7 16.99 20.26 22.64 23.68 26.30 41.46
Controls 9.91 11.86 12.89 13.52 14.84 17.14 20.36 22.61 23.66 26.42 37.09
OC/BC (pg/m3)
Cases 0.95 1.20 1.36 1.46 1.66 2.03 2.84 3.55 3.82 4.95 14.70
Controls 0.96 1.20 1.36 1.46 1.66 2.02 2.81 3.52 3.80 4.97 9.16
BC (ng/m3)
Cases 0.30 0.38 0.43 0.46 0.56 0.72 0.95 1.23 1.53 2.47 13.64
Controls 0.29 0.37 0.43 0.47 0.55 0.72 0.94 1.21 1.50 2.43 8.00
OC (pg/m3)
Cases 0.64 0.79 0.90 0.97 1.09 1.28 1.78 2.43 2.63 2.80 2.93
Controls 0.64 0.79 0.90 0.97 1.09 1.27 1.75 2.41 2.62 2.79 2.92
SIA (pg/m3)
Cases 3.51 4.37 4.76 5.07 5.82 7.45 9.82 11.56 12.27 13.53 14.93
Controls 3.39 4.37 4.77 5.10 5.90 7.61 9.99 11.61 12.27 13.56 15.00
SOA (ug/m3)
Cases 0.20 0.24 0.26 0.27 0.28 0.31 0.34 0.36 0.37 0.38 0.39
Controls 0.20 0.24 0.26 0.27 0.28 0.31 0.34 0.36 0.37 0.38 0.39

excluded. The final study population consisted of 12 928 cases and 22
961 controls. The majority (n = 7315) of tumors were glioma (by de-
finition histologically verified). For the two other groups, malignant
non-glioma (n 2 301) and non-malignant tumors (n 3123), 84%
and 80% of tumors lacked histological verification.

Table 1 shows only minor differences between cases and controls
regarding the socioeconomic factors. For all pollutants, the distribution
of exposure was very similar for cases and controls (Table 2). For total
OC/BC, BC and PM, 5 the highest observed exposure levels were higher
for cases.

PM, 5 and SIA were strongly correlated (Table 3). The correlations
between SIA and other pollutants never exceeded 0.21. SOA was most
closely correlated with OC and OC/BC. OC/BC was strongly correlated
with BC and OC, whereas these two were only moderately correlated.

For total tumors of the brain, the OR per IQR was 0.985 (95%CL:
0.906-1.071) for PM, 5 and 1.053 (95%CI: 1.005-1.103) for OC/BC.
The corresponding OR for BC and OC where 1.026 (95%CI:
1.001-1.052) and 1.034 (95%CI: 0.989-1.0381), respectively (Table 4).
When included in the same model the OR per IQR for BC and OC were
1.022 (95%CL 0.996-1.049) and 1.021 (95%CI: 0.975-1.070), re-
spectively (Table 5).

Non-malignant tumors were inversely associated with SIA (OR:
0.687, 95%CI: 0.522-0.905 per IQR) (Table 4). The corresponding OR
for PM, s was 0.886 (95% CI: 0.753.1.043).

Malignant tumors were associated with OC/BC (OR: 1.063, 95%CI:
1.007-1.123, per IQR), BC (OR: 1.036, 95%CI: 1.006-1.067, per IQR),
OC (OR: 1.030, 95%CI: 0.979-1.085 per IQR) and PM, s (OR: 1.028,
95%CI: 0.932-1.134) (Table 4). In a two pollutant model, the ORs per
IQR for BC and OC were 1.034 (95%CI: 1.003-1.066) and 1.013 (95%
CI: 0.959-1.069) (Table 5).

Glioma was associated with OC/BC (OR:

1.067, 95%CI:

Table 3

1.001-1.137, per IQR), BC (OR: 1.029 (95%CL: 0.994-1.066) and OC
(OR: 1.050, 95%CI: 0.989-1.114) (Table 4). For PM, s, the OR was
0.944 (95%CIL: 0.840-1.061). In a two-pollutant model with OC and BC
the ORs where 1.037 (95% CIL: 0.974-1.105) and 1.022 (95% CI:
0.985-1.060) respectively (Table 5). Glioma was inversely associated
with SIA (OR: 0.805, 95% CI: 0.671-0.967) (Table 4). In a two-pollu-
tant model including OC/BC and SIA, ORs were similar to those from
single pollutant models (Table 5).

For malignant non-glioma tumors of the brain, we observed the
strongest associations in the study for PM,s (OR: 1.266, 95%CI:
1.053-1.523) and SIA (OR: 1.663, 95%CI: 1.216-2.274). For BC and
OC/BC the OR per IQR were 1.052 (95%CIL: 0.996-1.111) and 1.048
(95%CI: 0.940-1.168), respectively (Table 4). In the two-pollutant
model including PM, 5 and BC the OR per IQR for BC decreased to null
whereas the OR for PM, 5 was 1.122 (95%CI: 0.906-1.390) (Table 5). In
a two pollutant model including PM, 5 and SIA the ORs per IQR were
1.299 (95%CL 0.967-1.746) and 1.510 (95%CIL 1.052-2.166), re-
spectively.

Fully-adjusted models gave stronger associations between several
pollutants and non-glioma malignant tumors but in general, adjustment
had little effect on the risk estimates (Supplement table 2).

Graphical presentation of the functional form of the ex-
posure—response associations is provided as supplement figure 1-5.

4. Discussion

In this nationwide study of brain tumors in Denmark, we found
indications that carbonaceous particles was positively associated with
malignant glioma and malignant non-glioma tumors of the brain, as
well as the total group of malignant brain tumors. In two-pollutant
models, OC ORs generally changed towards unity whereas the BC

Spearman rank correlation coefficients for 10-year time weighted average air pollutant concentrations.

SOA (ug/m®) SIA (ug/m®) 0C (pg/m®) BC (ng/m®) OC/BC (ug/m?) PM25 (ug/m?%)

Air pollutants

PM25 (pg/m°) 0.10 0.93 0.31 0.50 0.41 1.00
OC/BC (ug/m®) 0.72 0.14 0.95 0.93 1.00 0.41
BC (pg/m>) 0.57 0.21 0.79 1.00 0.93 0.50
0C (pg/m®) 0.77 0.07 1.00 0.79 0.95 0.31
SIA (ug/m®) —-0.09 1.00 0.07 0.21 0.14 0.93
SOA (ug/m®) 1.00 -0.09 0.77 0.57 0.72 0.10
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Table 4

Fully adjusted®, linear associations between time-weighted average air pollution (10 years before index date) and risk of brain tumors, Denmark 1989-2014.

SOA

SIA

ocC

BC

OC/BC

PM, 5

IQR: 0.05

IQR: 3.95

IQR: 0.67

IQR: 0.39

IQR: 1.16

IQR: 5.39

95%CI

ORP

95%CI

OR®

95%CI

OR®

95%CI

OR®

OR® 95%CI

95%CI

OR®

Controls

Cases

Tumor

(0.959-1.057)

1.007
0.999

(0.775-1.018)

0.888
0.687
0.968
0.805
1.663

(0.989-1.081)

1.034
1.041
1.030
1.050
0.969

(1.001-1.052)
(0.955-1.051)

1.026
1.002
1.036
1.029
1.052

(1.005-1.103)

1.053
1.027
1.063
1.067
1.048

(0.906-1.071)

0.985
0.886
1.028
0.944
1.266

22,960
5,870

12,928
3,312

Total brain tumors
Non-malignant
Malignant

Glioma

(0.522-0.905) (0.907-1.100)

(0.953-1.138)

(0.938-1.125)

(0.753-1.043)
(0.932-1.134)

(0.954-1.067)

1.009
1.025
0.955

17,090 (1.007-1.123) (1.006-1.067) (0.979-1.085) (0.827-1.133)
(0.989-1.114)

12,843
4,247

9,616

(0.961-1.094)
(0.852-1.071)

(0.671-0.967)
(1.216-2.274)

(1.001-1.137) (0.994-1.066)

(0.940-1.168)

(0.840-1.061)

7,315

(0.873-1.076)

(0.996-1.111)

(1.053-1.523)

2,301

Non-glioma

a: interquartile range (IQR) calculated among all controls.

b: Matched on age, sex and month of birth and adjusted for marital status, occupational status, personal income, region of origin and area level information on % of parish population with income in lowest quartile,

unemployed, manual labor, retired, basic education, living in social housing, owning their own dwelling, single parent families, previously convicted, of Danish origin.
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estimates where less affected. This indicates that the observed asso-
ciations with carbon particles might be mostly attributable to BC.
However, one should be cautious with the interpretation of this result,
as BC was modelled at address level whereas OC was modelled at re-
gional level (5.6 km X 5.6 km). Also, ORs were consistently higher
when considering OC/BC exposure rather than OC or BC alone.
Therefore, while our data indicated BC to be the more important carbon
particle our data do not allow firm conclusions.

The ESCAPE study found PM, s absorbance, a proxy for BC/ele-
mental carbon (Janssen et al., 2000), to be associated with elevated ORs
for malignant intracranial CNS tumors, albeit with confidence intervals
spanning the null, whereas there was no indication of an association
with benign tumors. We have not found previous studies of organic
carbon and brain tumor risk.

The SIAs were positively associated with risk of malignant non-
glioma tumors of the brain and negatively associated with glioma and
non-malignant tumors. We are not aware of plausible biological me-
chanisms that could explain these patterns. However, SIA levels in
Denmark exhibit a declining gradient from south to north due to long-
range transport from south. Therefore, exposure levels may differ be-
tween healthcare districts and several factors may suggest that the
observed associations could relate to diagnostic practice rather than to
the pollutants: 1) the range and distribution of SIA exposure among
cases and controls was virtually identical. 2) The observed positive and
negative associations more or less cancel each other out when analyzing
all malignant tumors. 3) A large proportion of non-malignant tumors
and non-glioma lack morphology information.

4.1. Strengths and limitations

A major strength of our study was the extensive and near complete
Danish registers (Schmidt et al., 2014; Thygesen et al., 2011) that en-
abled inclusion of all registered cases diagnosed in Denmark over a 26-
year period. The large number of cases allowed for investigation of CNS
tumor subgroups. The Danish registers provided nearly complete ad-
dress histories for the vast majority of participants. Combined with a
state-of-the-art integrated air pollution system, the address data en-
abled estimation of TWA concentrations of outdoor pollution for almost
all participants over the ten years prior to index date.

Our air pollution model has been evaluated against measured levels
of SIA (Brandt et al., 2012), PM, s, BC and precursors of SOA with
correlation coefficients ranging from 0.67 to 0.85 (Brandt et al., 2012;
Hvidtfeldt et al., 2018; Zare et al., 2012). For SIA, PM, 5 and BC the
correlation coefficients were very similar. For SOA correlation coeffi-
cients ranged from 0.34 to 0.85 at measurement stations in Europa and
the US (Zare et al., 2014), the wide range may reflect uncertainty re-
lating to the primarily botanical sources and atmosphere chemistry. For
OC it is a limitation that we could not account for address-specific
variations in contributions from wood fire stoves and that no validation
is presently available.

Non-differential exposure misclassification is inevitable and may
have driven risk estimates towards the null and we cannot rule out that
this may have masked associations with SOA. Also, if exposure mis-
classification differ by constituents, observed associations in two pol-
lutant models may shift towards the better-modeled constituents (Zeger
et al., 2000). This is a particular concern for OC were we contrary to
other components could not model exposure on a scale reflecting the
spatial variation of the major sources. We have previously found that a
10-year exposure time window before index date produced stronger
association between air pollution and CNS tumors than longer or
shorter windows, indicating that it better captures relevant aspects of
exposure (Poulsen et al., 2016). However, the optimal time window, if
one exists, remains elusive and exposure misclassification may there-
fore have driven results towards the null. We could not account for
occupational exposures, but previous studies have found little or no
effect of adjusting for occupation in the petrochemical industry
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(Raaschou-Nielsen et al., 2011; Andersen et al., 2018) and such che-
mical exposures are rare in Denmark. It was a major strength of our
study that we had data on several individual PM components. We did
not, however, have data on metals in the PM nor did we have in-
formation to analyze the ultrafine particle fraction. It was a major
strength of our study that we, in a nationwide study, could adjust in
detail for personal socioeconomic position and neighborhood socio-
demographic factors. However, we cannot rule out that confounding
from unknown risk factors or chance may have affected our findings,
particularly since we performed a large number of analyses. A potential
limitation for the benign tumors is that we had no information on
scanning procedures prior to diagnosis. This may have affected our
results for benign tumors if the quality or likelihood of scanning dif-
fered by air pollution level since some benign tumors, can be symptom
free for many years and may only be detected by chance during routine
scanning (Wiemels et al., 2010). It was also a limitation that the ma-
jority of non-glioma tumors did not have information about mor-
phology and that we therefore could not subdivide tumor groups fur-
ther. We did not account for pre-existing genetic conditions associated
with risk for CNS tumors. If families with such genetic syndromes are
more likely to live in urban or rural areas, it may have affected risk
estimates. However, the potential size of this bias is limited by the low
population prevalence of such conditions and the small proportion of
CNS tumors related to such syndromes. We did not adjust for medical
conditions such as allergy, which some studies have linked with CNS
tumors. In a Danish context, these factors do, however, not appear to be
relevant confounders.

This large study with detailed modelling of PM constituents showed
associations between carbon particles in the air and risk for malignant
tumors of the brain. As the first of its kind, this study needs replication.
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