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ARTICLE INFO ABSTRACT

Handling Editor: Marti Nadal There is evidence that local traffic density and living near major roads can adversely affect health outcomes. We

aimed to assess the relationship between local road length, proximity to primary highways, and cause-specific

Keywords:

Ai:gollution mortality in the 1991 Canadian Census Health and Environment Cohort (CanCHEC). In this long-term study of
Traffic 2.6 million people, based on completion of the long-form census in 1991 and followed until 2011, we used
Environmental health annual residential addresses to determine the total length of local roads within 200 m of postal code re-
Mortality presentative points and the postal code's distance to primary highways. The association between exposure to
Eﬁig::;tory health traffic and cause-specific non-accidental mortality was estimated using Cox proportional hazards models, ad-

justing for individual covariates and contextual factors, including census division-level proportion in high
school, the percentage of recent immigrants, and neighborhood income. We performed sensitivity analyses,
including adjustment for exposure to PM, 5, NO,, or Os, restricting to subjects in core urban areas, and spatial
variation by climatic zone. The hazard ratio (HR) for all non-accidental mortality associated with an inter-
quartile increase in length of local roads was 1.05 (95% CI 1.04, 1.05), while for an interquartile range increase
in proximity to primary highways, the HR was 1.03 (95% CI 1.02, 1.04). HRs by traffic quartile increased with
increasing lengths of local roads, as well as with closer proximity to primary highways, for all mortality causes.
The associations were stronger within subjects' resident in urban core areas, attenuated by adjustment for PM, s,
and HRs showed limited spatial variation by climatic zone. In the CanCHEC cohort, exposure to higher road
density and proximity to major traffic roads was associated with increased mortality risk from cerebrovascular
and cardiovascular disease, ischemic heart disease, COPD, respiratory disease, and lung cancer, with unclear
results for diabetes.

1. Introduction particulate matter and various gaseous pollutants, which are associated

with a wide range of systemic effects including oxidative stress (Zhang

A number of epidemiologic studies have documented the adverse
effects of traffic exposure on different health outcomes, including
asthma, lung function, and cardiovascular health (Cakmak et al.,
2016a; Dales et al., 2009; Urman et al., 2014). Proximity to traffic in-
creases exposure to a broad suite of ambient pollutants generated from
vehicle exhaust, combustion, and friction with road surfaces, including
oxides of nitrogen, heavy metals, volatile organic compounds, and
polycyclic aromatic hydrocarbons (Bell et al., 2014). As a major source
of ambient air pollution in urban environments, traffic generates fine
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et al., 2016), elevated blood pressure (Fuks et al., 2014), lung in-
flammation (Holguin et al., 2007), reduced lung function (Cakmak
et al., 2016a), and increased mortality from cancer, cardiovascular
causes, and diabetes (Weinmayr et al., 2015). People may be ad-
ditionally burdened by exposure to traffic noise (Beelen et al., 2009;
Tzivian et al., 2016), as well as limited access to green space due to
urban design (Crouse et al., 2017).

Previous studies using the Canadian Census Health and
Environment Cohort (CanCHEC) have considered the effects of nitrogen
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dioxide (NO,), fine particulate matter < 2.5um in diameter (PMs),
and ozone (O3) on a range of mortality outcomes (Cakmak et al., 2016b,
2018; Crouse et al., 2015). These studies used land use regression (LUR)
models, which capture spatial variability in pollutants and incorporate
traffic-related information, such as roadway cartographic data, to as-
sign these pollutant exposures each year to cohort subjects based on
their six-digit postal code. Using either seven year average exposure
values (Cakmak et al., 2016b; Crouse et al., 2015) or assigning annual
exposure values (Cakmak et al., 2018), the studies then determine the
effect of long term exposures on health outcomes. In the current study,
we complement these previous studies with an analysis of the effect of
traffic exposure on disease mortality within the 1991 CanCHEC using
national contrasts of interquartile ranges of traffic density. We hy-
pothesize that long term exposure to greater traffic density contributes
to exacerbations of health conditions and increased mortality risk.

As smoking status (Turner et al., 2011) and body mass index (BMI)
have also been observed to modify the effect of PM exposure on mor-
tality (Tamayo et al., 2014), we use an indirect adjustment technique to
consider the influence of smoking and obesity on population health in
our cohort, with an additional exploration of the spatial variation in
this risk by climate zone.

2. Methods
2.1. The study cohort

The study cohort has been described in detail previously (Crouse
et al., 2015). In brief, CanCHEC is a population-based cohort with the
following inclusion criteria: subjects who were 25 years of age or older
at baseline, a resident of Canada on the census date, 4 June 1991, and
one of approximately 3.6 million respondents (20% of Canadian
households) to the long-form census questionnaire. Mortality data were
obtained by probalistically linking subjects to the Canadian Mortality
Database, with follow-up to 2011 (Peters et al., 2013). Residential 6-
digit postal codes were assigned to each subject for each year of follow-
up from the mailing addresses reported on annual personal tax returns
(Canada Revenue Agency) for the tax years 1984 to 2011 (which were
previously linked to the Cohort). For the purposes of linking exposure
data to postal codes, the exposure data were geocoded using the Postal
Code Conversion File Plus (PCCF +) program, v.6D (Statistics Canada,
2016). This software assigns postal code representative points using
either a population-weighted random allocation algorithm for rural
areas and equal random allocation for urban areas, deriving the re-
presentative points from the centroid of a block face, dissemination
block, or dissemination area (Statistics Canada, 2016). Cause of death
groupings were obtained from the World Health Organization Inter-
national Classification of Diseases (ICD)-9th Revision codes (for deaths
that occurred before 2000), and ICD-10th Revision codes (for deaths
recorded after 2000): COPD: ICD-9, 490-496, and ICD-10, J19-J46;
ischemic heart disease: ICD-9, 410-414, and ICD-10: 120-125; all non-
accidental mortality: ICD-9, < 800, and ICD-10, A-R; lung cancer: ICD-
9, 162, and ICD-10, C33-C34; diabetes: ICD-9, 250, and ICD-10, E10-
E14; cardiovascular disease: ICD-9, 410-440, and ICD-10, 120-125,
130-151, 160-169, 170; respiratory disease: ICD-9, 460-519, and ICD-10,
J00-J98; and cerebrovascular disease causes: ICD-9, 430-438, and ICD-
10, 160-169. Individual risk factors for mortality were obtained from
the long form census at baseline.

As socioeconomic status at the neighborhood level is also associated
with health risks, we derived three time-varying contextual variables
from the closest census year (1991, 1996, 2001, or 2006) that were
reassigned each year of follow-up: the proportion in the lowest income
quintile, a measure of relative household income, accounting for
household size and community; the percentage of the population aged
15 years or older with less than high school education; and the per-
centage of recent immigrants (within the previous five years).
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2.2. Exposure data

Exposure values for PM, s, O3, and NO,, were assigned to the cohort
each year by postal code as previously described (Cakmak et al., 2018).
If no postal code was available, which may be the result of the subject
not filing an income tax return or leaving Canada, then exposures were
missing for that year. Estimates for PM, 5 were obtained from satellite-
derived concentrations for the period 1998-2011 on a 10 by 10 km grid
surface(van Donkelaar et al., 2010), with inferred changes in PM, s over
the period between 1998 and 2006 using two radiometrically stable
satellite instruments, MISR and SeaWiFS (Boys et al., 2014). For Os, a
surface representing average daily 8-hr maximum concentrations for
the months of May to October 2002-2009, was developed with a re-
solution of 21 km using an optimal interpolation technique based on
that by Robichaud and Ménard (2013). Residential NO, exposures were
estimated using a national LUR model that incorporates five variables:
satellite NO, estimates (Hystad et al., 2011) for 2005-2011, 2006 Na-
tional Air Pollution Surveillance monitoring data, total road length
within 10 km of residence, mean summer rainfall, and area of industrial
land use within 2 km (see Crouse et al., 2015 for a complete description
of the NO, LUR method).

2.3. Traffic variables

Traffic data were linked to the cohort using the six digit postal code.
Using information from CanMap® Major Roads & Highways, developed
by DMTI Spatial (DMTI Spatial Inc., Markham, Ontario), the total
length of different categories of roadways within a 200 m radius around
a subject's home address (based on the postal code centroid) was de-
termined using GIS software (ArcMap 9.0,ESRI, Redlands, California).
This standardized ‘Cartographic Road Classification’ presents five types
of roadways: expressways, primary highways, secondary highways,
major roadways, and local roadways. Roadways predominantly serve
local traffic moving to and from destinations at lower speeds than do
primary highways and expressways, where traffic flow is more im-
portant and may travel at speeds up to 100 km/h. These estimates are
based on 2008 roadway data. These methods of estimating exposure to
traffic (i.e., total length of roadways and distance to certain roadway
types) has been previously used elsewhere (Gilbert et al., 2005;
McConnell et al., 2006). Here, we used the length of local roads with a
200 m radius of each postal code centroid, and the distance to the
nearest primary highway.

2.4. Climate zones

We explored sensitivity of the analysis to spatial variation in the
long-term traffic-health association based on spatial synoptic classifi-
cation (SSC) climate zones using methods previously described
(Cakmak et al., 2016b, 2018). In brief, based on the frequency of oc-
currence of different SSC weather type days over 30 years, clustering
analysis was used to delineate climate zones of similar SSC patterns
across Canada. The analysis found seven distinct climate zones: 1:
Polar; 2 East coast; 3: Great Lakes/St. Lawrence; 4: West Prairies; 5:
West coast; 6: East Prairies; 7: West Central. By including the most
populated zone, 3, as a reference category in the model, spatial varia-
tion in mortality risk by climate zone across Canada could be explored.
The distinction of climate zones by SSC lends itself well to climate and
health analysis and relative geographical comparisons, particularly
with air pollution and temperature (Hondula et al., 2014; Vanos et al.,
2015).

2.5. Statistical analysis
We estimated hazard ratios (HRs) for the relationship between long-

term exposure to the total length of local roads within 200 m of each
subject's residential address, as well as proximity of the residential
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address to primary highways, using standard Cox proportional hazards
models. We stratified the baseline hazard function by sex and by 5-year
increments in age from 25 to 89 years, censoring at 90 years due to
potential likelihood of inaccuracies in linking records for older subjects,
and followed subjects from 4 June 1991 to 31 December 2011. HRs
were calculated per interquartile range change in each traffic variable.
The models included the following personal level covariates: aboriginal
ancestry, visible minority status, marital status, education level, occu-
pational level, immigrant status, and income quintile. Three contextual
neighborhood covariates established at census division level: the pro-
portion of recent immigrants, the proportion of individuals in the
lowest income quintile, and the proportion of individuals that had not
completed high school.

In order to define urbanized areas, we used an urban index based on
Statistics Canada's census definitions, selecting the urban core postal
codes only for analysis (Statistics Canada, 2011). Using the annual six
digit postal code, this index identified residents as living in an urban
core (a census metropolitan area or agglomeration with a population of
at least 50,000 persons at the previous census), a secondary urban core
(an urban core merged with a larger census metropolitan area), and an
urban fringe (all small urban areas within a census metropolitan area or
agglomeration that is not contiguous with the urban core). The sensi-
tivity of the models was tested by restricting to the subjects coded as
resident in urban core areas only. This restriction is used because the
correspondence between a postal code and a residential address in an
urban area is much stronger than in rural areas, where a postal code
may encompass more than a single census tract or census subdivision
(Khan et al., 2018). Thus, restricting the analysis to urban areas reduces
this potential source of variability. Models were also tested with and
without adjustment for PM,s; by traffic variable quartile; and by
comparing HRs between climate zones developed from the time series
of SSC days (described below). These tests allowed for the exploration
of spatial differences in the relationship between traffic exposure and
mortality.

As information on each subject's smoking and BMI status was not
available, we used an empirical method to indirectly adjust for poten-
tial confounding due to smoking and BMI. Information on these vari-
ables, while not captured in CanCHEC, are however available from a
secondary dataset, the Canadian Community Health Survey, which
collects information regarding health status, health care utilisation, and
the determinants of health, across Canada, every two years. This in-
formation is assumed to be representative of subjects in the CanCHEC
cohort. The indirect adjustment method for missing variables adjusts
our hazard ratios for potential confounding due to smoking and BMI
while simultaneously controlling for other individual and contextual
risk factors included in our original model, and is explained in detail
elsewhere (Shin et al., 2012). This method of adjustment was only
applied to estimates of the overall effect of each traffic variable on
health. Models that estimated risk between traffic quartiles or between
climate zones used a selected reference level set to 1.0; hence the ap-
plication of an indirect adjustment to each HR would distort the scaling
between the levels being compared.

3. Results

The cohort consisted of 2,644,370 subjects at baseline. By traffic
quartile (Table 1), subjects with any aboriginal ancestry were more
likely to be in the lowest quartile of local roads length (7.5%), than in
the fourth quartile as a proportion of that segment (2.7%). The cohort
population showed further differences by various individual risk fac-
tors: subjects with a university degree were more likely (15.0% versus
9.9%) to live in the fourth quartile for local road length, as were im-
migrants (13.3 to 21.6%). Visible minorities were twice as likely to live
in the fourth quartile of local road length (from 4.0 to 8.1%). Differ-
ences between individual risk factors and distances to primary high-
ways were less distinct, although visible minorities were less likely
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(from 10.6 to 4.5%) to live closest to this type of road.

Pollutant levels (Table 2) increased, although not significantly, with
interquartile increases in the two measures of traffic density. By length
of local roads, concentrations of PM,s ranged from 6.01ug/ms
(SD =+ 2.65) for < 475 m of total roadway to 8.1 um/m3 (SD =+ 2.62)
for over 1583 m. Ozone levels ranged from 38.18 ppb (SD * 7.95) in
the first quartile, to 39.07 ppb (SD 6.36) in the fourth quartile. Levels of
NO, ranged from 6.74ppb (SD * 4.97) to 13.05ppb (SD = 6.18)
from the first to fourth quartiles of the length of local roads. By distance
to primary highway (Table 2), PM, s exposures in the first quartile
(< 686m) were 6.61 ug/m3 (SD = 2.48), increasing to 8.34 ug/m3
(SD =+ 3.26) in the fourth quartile (> 6678 m). Ozone exposure levels
ranged from 37.00 ppb (SD + 6.24) in the first quartile to 42.31 ppb
(SD = 7.27) in the fourth quartile. NO, exposures ranged from
9.47 ppb (SD = 5.97) to 12.10ppb (SD * 7.77) from the first to
fourth quartiles.

Cause-specific mortality as a percentage of the overall population
was similar in each traffic variable quartile (Table 3), ranging from
0.91% for cerebrovascular disease in the first quartile of local roads
length (< 475m) to 0.89% for the fourth quartile (> 1583 m). Simi-
larly, for all non-accidental mortality, the percentage of overall mor-
tality ranged from 13.30 to 13.90% by length of local road first and
fourth quartile, respectively. Hence, there was minimal change in per-
cent of all-cause or a specific-cause mortality due to living near a
greater roadway length.

By distance to primary highways, cerebrovascular disease declined
from 1.01 to 0.86%, and all non-accidental mortality, 14.50 to 12.70%
from the first to the fourth quartile. Mortality due to COPD and diabetes
were < 1% in all quartiles, respiratory cause mortality < 1.50%, and
lung cancer was around 1.30%. Hence, there were no significant dif-
ferences in percent of all-cause or a specific-cause mortality for people
living closer to primary highway.

We estimated model sensitivity to adjustment for annual ambient
pollutant exposures, with a stepwise inclusion of PM, 5, NO,, or O3 in
Cox models for cause-specific mortality, and at an interquartile range
(IQR) (1108 m) change in local roads length around the subject's re-
sidential address (see Supplementary material, Table S1) as well as by
IQR change in distance to primary highway (5991 m) (see
Supplementary material, Table S2). The inclusion of any of the pollu-
tant terms attenuated the HRs for all mortality causes. For example, all
non-accidental mortality was decreased from HR 1.04 (95% CI 1.04,
1.05) to HR 1.02 (95% CI 1.01, 1.02) for models adjusted for PM, s,
NO,, or Os. In general, similar decreases were seen across the various
cause-specific mortality, thus the extent of change in HR was not highly
different for either NO,, PM, 5, or Os, indicating a high level of coli-
nearity between these pollutants.

We further estimated mortality risk for an IQR change in local roads
length (1108 m) for the cohort overall - that is, not separating by traffic
variable quartile — before and after adjustment for PM, 5 (Table 4). The
highest risk was estimated for lung cancer mortality with an IQR
change in length of local roads, with a significant HR of 1.07 (95% CI
1.06, 1.09) in models adjusted for PM, s.

Indirect adjustment for smoking and obesity had very little effect on
HRs; as in previous research with this cohort (Crouse et al., 2015), the
magnitude of change was around 1-2% (see Table 4). The largest
change found in the current study was a decrease in the HR for lung
cancer mortality from HR 1.10 (95% CI: 1.08, 1.11) in the main model
to 1.06 (95% CI: 1.05, 1.09) after adjustment for obesity and smoking.

HRs for an IQR change in local roads length were estimated for each
quartile, relative to the first quartile (the lowest length of local roads
(< 475m)), set to 1 (Table 5). Relative to the lowest quartile and length
of local roads, each quartile showed an increase in HR for all causes of
death except diabetes. Non-accidental mortality also increased as the
length of local roads increased, where the fourth quartile resulted in a
significant non-adjusted HR of 1.20 (95% CI: 1.18, 1.23), which was
also significantly higher than in quartile 2. HRs for lung cancer and
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Percentage of cohort population by individual-level risk factors in each traffic variable quartile.

Local roads length quartile

Distance to primary highway quartile

1st quartile  2nd 3rd 4th 1st quartile  2nd 3rd 4th

(< 475m) (475-1152m)  (1152-1583m) (> 1583m) (< 686m) (686-2109m)  (2109-6678m) (> 6678 m)
Any aboriginal ancestry
Yes 7.5 3.0 29 2.7 4.6 3.4 3.0 4.9
No 92.5 97.0 97.1 97.3 95.4 96.6 97.0 95.1
Education level
Post-secondary, non-university degree 14.4 16.0 16.2 15.3 14.9 16.1 16.2 14.9
High School with or without certificate  36.6 37.0 36.4 35.4 36.5 37.3 37.0 34.6
Did not complete high school 39.1 333 32.2 34.3 37.5 33.4 32.7 34.8
University degree 9.9 13.7 15.2 15.0 11.1 13.2 14.2 15.8
Immigrant status
Non-immigrant 86.7 78.0 75.5 78.4 86.1 97.9 77.6 71.1
Immigrant/permanent resident 13.3 22.0 24.5 21.6 13.9 2.1 22.4 28.9
Labour force status
Unemployed 7.7 6.7 6.5 6.8 7.1 6.7 6.6 7.3
Not in labour force 27.6 28.7 27.9 29.5 30.9 28.2 27.0 27.1
Employed 64.6 64.7 65.6 63.7 62.0 65.1 66.4 65.6
Marital status
Single 11.6 13.8 13.5 14.4 14.6 13.4 12.8 12.3
Separated/divorced/widowed 10.6 12.3 13.0 14.3 13.4 12.2 11.5 12.8
Married/common law 77.8 73.9 73.5 71.3 72.0 74.3 75.6 74.9
Occupational level
Management 7.6 8.6 8.7 8.0 7.4 8.2 8.4 8.9
Professional (all) 26.4 23.4 23.1 22.4 23.8 24.0 24.1 23.4
Skilled/technical/supervisor 24.8 24.3 24.2 23.6 23.6 24.2 24.7 24.5
Semi-skilled 8.4 7.5 7.6 7.8 8.2 7.7 7.6 7.8
Unskilled 9.3 11.3 12.3 12.2 9.9 11.4 11.8 12.1
NA 23.6 24.9 24.1 25.9 27.1 24.5 23.4 23.2
Income adequacy quintile
1-Lowest 16.5 17.0 17.0 17.9 18.4 16.5 16.0 17.3
2 18.8 18.9 19.4 20.3 19.4 19.3 19.2 19.5
3 20.3 20.3 21.0 21.1 20.5 21.0 20.9 20.3
4 21.3 21.3 21.5 21.0 20.8 21.6 21.7 21.0
5-Highest 23.1 22.4 21.1 19.7 20.8 21.6 22.2 21.8
Sex
Male 51.0 48.9 49.0 49.3 49.7 49.1 49.6 49.8
Female 49.0 51.1 51.0 50.7 50.3 50.9 50.4 50.2
Visible minority
Yes 4.0 8.0 9.3 8.1 4.5 6.4 8.4 10.6
No 96.0 92.0 90.7 91.9 95.5 93.6 91.6 89.4

Table 2 We further examined risk by traffic quartile and cause-specific

Mean pollutant concentrations (and standard deviation (SD)) by traffic variable
quartile. Pollutant concentration units are as follows: PM,s (ug/m™>), O
(ppb), NO, (ppb).

Local roads Concentration Distance to Concentration

Length Traffic of pollutant primary highway of pollutant

quartile traffic quartile
PM,s 1(<475m) 6.01 (2.65) 1 (< 686m) 6.61 (2.48)
O3 38.18 (7.95) 37.00 (6.24)
NO, 6.74 (4.97) 9.47 (5.97)
PM,s 2 (475-1152m)  7.49 (2.90) 2 (686-2109 m) 7.18 (2.59)
O3 39.97 (7.24) 38.10 (6.83)
NO, 10.98 (6.56) 10.80 (5.97)
PM,s 3 7.92 (2.76) 3(2109-6678m) 7.55 (2.81)
O3 (1152-1583 m) 39.85 (7.03) 40.16 (7.29)
NO, 12.38 (6.19) 11.03 (5.83)
PM,s 4 (>1583m) 8.10 (2.62) 4 (> 6678 m) 8.34 (3.26)
O3 39.07 (6.36) 42.31 (7.27)
NO, 13.05 (6.18) 12.10 (7.77)

respiratory-cause mortality also increased with the length of local
roads, before and after adjustment for PM, s, with small attenuation
after adjustment.

19

mortality, restricting the analysis to urban core residential postal codes
only (Table 5). In the urban areas only, the highest HR was reported for
lung cancer mortality risk, HR 1.54 (95% CI 1.36, 1.75), but attenuated
after adjustment for PM, 5 to HR 1.07 (95% CI 1.05, 1.10). The HR
values in the urban core were overall greater for cardiovascular, is-
chemic heart, lung cancer, and diabetes than when estimating for all
residential types, with lung cancer showing the greatest increase in risk
for urban core residents compared to the total, with HR 1.27 (95% CI:
1.18, 1.37) versus 1.54 (95% CI: 1.36, 1.75), respectively, for non-ad-
justed values in the fourth quartile.

In examining the effect of distance to primary highways, the overall
mortality risk for an IQR change (5991 m) in distance (Table 6) was
highest for diabetes, HR 1.08 (95% CI: 1.05, 1.10). After adjustment for
PM, s, HRs were slightly reduced with little additional change from
indirect adjustment for smoking and BMI.

Finally, HRs for an IQR change in distance to primary highways
were estimated for each quartile, relative to the fourth quartile re-
presenting the greatest distance (> 6678 m), which was set to 1
(Table 7). All causes of death showed an increase in HR relative to the
fourth quartile of distance to primary highway, with the greatest risk in
the first quartile, < 686 m away. Diabetes mortality risk did not
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Mortality counts (‘events’) by cause and by traffic variable quartile as a percentage of total population. Percentages are calculated as the number of cause-specific
deaths recorded in the population in 2011 divided by total population in 2011 for each traffic variable quartile and then multiplied by 100. Percentages calculated

before counts were rounded to the nearest 5.

Local roads length

Distance to primary highway

Mortality cause Traffic quartile Events Total Percent Traffic quartile Events Total Percent
Cerebrovascular 1 (< 475m) 5930 652,365 0.91 1 (< 686m) 7390 732,210 1.01
Cardiovascular 28,820 652,365 4.42 35,315 732,210 4.82
Ischemic heart 17,755 652,365 2.72 21,275 732,210 2.91
Non-accidental 87,090 652,365 13.30 105,910 732,210 14.50
COPD 4160 652,365 0.64 5100 732,210 0.70
Respiratory 8180 636,800 1.28 10,450 723,745 1.44
Lung cancer 8080 652,365 1.24 9845 732,210 1.34
Diabetes 2740 652,365 0.42 3130 732,210 0.43
Cerebrovascular 2 (475-1152m) 6015 675,005 0.89 2 (686-2109 m) 5685 649,635 0.88
Cardiovascular 28,590 675,005 4.24 27,570 649,635 4.24
Ischemic heart 17,300 675,005 2.56 16,840 649,635 2.59
Non-accidental 87,800 675,005 13.00 84,540 649,635 13.00
COPD 4025 675,005 0.60 4015 649,635 0.62
Respiratory 8460 661,185 1.28 8260 641,035 1.28
Lung cancer 7695 675,005 1.14 7695 649,635 1.18
Diabetes 2550 675,005 0.38 2380 649,635 0.37
Cerebrovascular 3 (1152-1583 m) 6125 671,180 0.91 3 (2109-6678 m) 5405 635,745 0.85
Cardiovascular 28,580 671,180 4.26 26,480 635,745 4.17
Ischemic heart 17,370 671,180 2.59 16,350 635,745 2.57
Non-accidental 87,150 671,180 13.00 81,175 635,745 12.8
COPD 3820 671,180 0.57 3620 635,745 0.57
Respiratory 8375 665,100 1.26 7700 625,855 1.23
Lung cancer 7815 671,180 1.16 7385 635,745 1.16
Diabetes 2445 671,180 0.36 2400 635,745 0.38
Cerebrovascular 4 (> 1583 m) 5780 645,820 0.89 4 (> 6678 m) 5380 626,775 0.86
Cardiovascular 29,000 645,820 4.49 25,625 626,775 4.09
Ischemic heart 17,945 645,820 2.78 15,900 626,775 2.54
Non-accidental 89,475 645,820 13.9 79,890 626,775 12.70
COPD 4065 645,820 0.63 3330 626,775 0.53
Respiratory 8615 647,665 1.33 7215 620,110 1.16
Lung cancer 8385 645,820 1.30 7050 626,775 1.12
Diabetes 2725 645,820 0.42 2550 626,775 0.41

increase with greater proximity to primary highways in these models.
In models restricted to urban core postal codes, after adjustment for
PM, s, the HRs often became much higher: in the first quartile, 7.79
(95% CI: 4.80, 12.65) for cerebrovascular disease; 3.24 (95% CI 2.12,
4.96) for lung cancer, and 1.20 (95% CI: 1.05, 1.36) for all non-acci-
dental mortality.

To explore spatial variability within the cohort, we estimated cause-
specific mortality risk in each of the seven climate zones, relative to
zone 3, the most populated area (Supplementary material, Table S3).
Risks were greatest in zone 1, the northern part of Canada, for all
mortality causes except COPD and respiratory disease, but otherwise
HRs in other climate zones were similar to zone 3. It should be noted
that the north of Canada is in general far less populated and less urban
than other areas, and a postal code is likely to encompass a much
greater area, with potential for misclassification. Differences by climate

Table 4

zone in HRs for an IQR change in distance to a primary highway
(Supplementary material, Table S4) were not as great as for increases in
local road length. The largest difference was between zone 3 and zone 4
for non-accidental mortality, but the confidence limits cross 1.0 after
adjustment for PM, s.

4. Discussion

In this Canadian population-based cohort, residing near greater
road density and near primary highways was associated with increased
mortality risk from cardiovascular- and respiratory- disease-related
causes, with mixed results for mortality due to diabetes. The risk ap-
peared to be greater for subjects living in urban core areas, and asso-
ciations became stronger with increasing traffic density or proximity to
primary highways. Hazard ratios were attenuated by adjustment for

Hazard ratios (and 95% confidence intervals) for mortality with an IQR change (1108.6 m) in local roads length, adjusted for PM, s, and indirectly adjusted for
obesity and smoking status. Models stratified by sex and age (5-year increments), and adjusted for personal® and contextual” covariates.

Mortality cause

Main model

Adjusted for PM, s

Adjusted for PM, s; Indirectly adjusted for obesity and smoking

Cerebrovascular
Cardiovascular
Ischemic heart
Non-accidental
COPD
Respiratory
Lung cancer
Diabetes

1.01 (0.99, 1.02)
1.04 (1.03, 1.04)
1.05 (1.04, 1.06)
1.05 (1.04, 1.05)
1.02 (1.00, 1.04)
1.03 (1.01, 1.04)
1.10 (1.08, 1.11)
1.04 (1.02, 1.06)

1.00 (0.98, 1.02)
1.03 (1.02, 1.04)
1.04 (1.03, 1.05)
1.02 (1.02, 1.03)
1.02 (0.99, 1.04)
1.02 (1.00, 1.04)
1.07 (1.06, 1.09)
0.98 (0.96, 1.01)

1.00 (0.97, 1.02)
1.02 (1.01, 1.04)
1.04 (1.03, 1.05)
1.02 (1.01, 1.03)
1.01 (0.98, 1.04)
1.01 (0.99, 1.04)
1.06 (1.05, 1.09)
0.97 (0.95, 1.02)

@ Aboriginal ancestry, visible minority status, highest level of education, employment status, occupational class, immigrant status, marital status, income quintile.
> Census division % of immigrants, % of adults without high school diploma, % of subjects in lowest income quintile.
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Table 5

Hazard ratios for an IQR change (1108 m) in local roads length, adjusted for PM, s, by traffic variable quartile; for all subjects; and for subjects resident in urban core
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areas only. Models stratified by sex and age (5-year increments), and adjusted for personal® and contextual” covariates.

Mortality cause

Traffic quartile

All

Urban core

Main model HR

HR adjusted PM, 5

Main model HR

HR adjusted PM, 5

Cerebrovascular

Cardiovascular

Ischemic heart

Non-accidental

COPD

Respiratory

Lung cancer

Diabetes

1 (< 475m)

2 (475-1152m)
3(1152-1583 m)
4 (> 1583 m)
1(<475m)

2 (475-1152m)
3 (1152-1583m)
4 (> 1583 m)

1 (< 475m)

2 (475-1152m)
3 (1152-1583m)
4 (> 1583 m)
1(<475m)

2 (475-1152m)
3 (1152-1583 m)
4 (> 1583 m)
1(<475m)

2 (475-1152m)
3 (1152-1583 m)
4 (> 1583 m)

1 (< 475m)

2 (475-1152m)
3(1152-1583 m)
4 (> 1583 m)

1 (< 475m)

2 (475-1152m)
3 (1152-1583m)
4 (> 1583 m)
1(<475m)

2 (475-1152m)
3 (1152-1583 m)
4 (> 1583 m)

1
1.00 (0.93, 1.06)
1.09 (1.01, 1.17)
1.07 (0.97, 1.17)
1

1.14 (1.11, 1.18)
1.24 (1.2, 1.28)
1.25 (1.19, 1.3)
1

1.14 (1.1, 1.19)
1.23 (1.18, 1.29)
1.23 (1.17, 1.3)
1

1.12 (1.1, 1.14)
1.19 (1.17, 1.21)
1.20 (1.18, 1.23)
1

1.17 (1.09, 1.25)
1.24 (1.14, 1.34)
1.25 (1.13, 1.39)
1

1.12 (1.06, 1.18)
1.20 (1.12, 1.27)
1.19 (1.10, 1.29)
1

1.20 (1.15, 1.27)
1.26 (1.2, 1.34)
1.27 (1.18, 1.37)
1

0.88 (0.81, 0.96)
0.92 (0.83, 1.01)
0.96 (0.85, 1.09)

1

0.95 (0.89, 1.02)
1.01 (0.93, 1.1)
1.00 (0.9, 1.11)
1

1.04 (1.01, 1.08)
1.11 (1.06, 1.15)
1.1 (1.05, 1.16)
1

1.02 (0.98, 1.06)
1.08 (1.03, 1.13)
1.07 (1.01, 1.14)
1

1.04 (1.02, 1.06)
1.09 (1.07, 1.11)
1.09 (1.06, 1.12)
1

1.1 0(1.02, 1.19)
1.16 (1.06, 1.27)
1.14 (1.01, 1.28)
1

1.07 (1.00, 1.13)
1.13 (1.05, 1.21)
1.12 (1.02, 1.22)
1

1.14 (1.08, 1.21)
1.18 (1.11, 1.26)
1.18 (1.08, 1.27)
1

0.88 (0.81, 0.97)
0.88 (0.79, 0.98)
0.92 (0.8, 1.05)

1

0.81 (0.74, 0.89)
0.88 (0.79, 0.97)
0.82 (0.72, 0.93)
1

1.23 (1.17, 1.29)
1.25 (1.18, 1.32)
1.25(1.17, 1.33)
1

1.21 (1.13, 1.29)
1.25 (1.16, 1.34)
1.26 (1.16, 1.37)
1

1.11 (1.08, 1.14)
1.18 (1.14, 1.21)
1.18 (1.14, 1.22)
1

1.00 (0.88, 1.13)
1.09 (0.95, 1.24)
1.11 (0.95, 1.3)
1

0.90 (0.82, 0.97)
0.99 (0.9, 1.08)
1.00 (0.90, 1.12)
1

1.38 (1.25, 1.52)
1.50 (1.34, 1.67)
1.54 (1.36, 1.75)
1

1.12 (0.96, 1.3)
1.12 (0.95, 1.33)
1.18 (0.97, 1.43)

1

1.03 (1.09, 0.98)
1.09 (1.06, 1.13)
1.02 (1, 1.05)

1

1.1 (1.07, 1.12)
1.06 (1.04, 1.07)
1.05 (1.04, 1.06)
1

1.04 (1.01, 1.08)
1.06 (1.04, 1.08)
1.05 (1.04, 1.07)
1

1.02 (1.00, 1.03)
1.04 (1.04, 1.05)
1.04 (1.03, 1.04)
1

0.94 (0.88, 1.00)
1.02 (0.98, 1.06)
1.00 (0.97, 1.03)
1

0.96 (0.92, 1.00)
1.04 (1.01, 1.07)
1.06 (1.04, 1.08)
1

1.05 (1.01, 1.10)
1.07 (1.04, 1.10)
1.07 (1.05, 1.10)
1

1.07 (0.99, 1.16)
0.99 (0.94, 1.04)
1.04 (1.00, 1.08)

@ Aboriginal ancestry, visible minority status, highest level of education, employment status, occupational class, immigrant status, marital status, income quintile.
Y Census division % of immigrants, % of adults without high school diploma, % of subjects in lowest income quintile.

PM, s, NO,, and Os, with a high degree of collinearity between the
three pollutant exposures, yet the associations remained positive. The
slight differences in risk observed by climate zone suggest limited
spatial variation in the association between traffic density and health
across Canada's climate zones.

Living near dense traffic increases exposure to traffic related air
pollution (Agudelo-Castaneda et al., 2016, 2017), which includes black
carbon, combustion products, nitrogen oxides, ultrafine particulate
matter, as well as traffic noise. Associations between these components
of the air pollution mixture with specific health outcomes have been
widely investigated (McGregor, 1999; Pinault et al., 2016; Vanos et al.,
2013, 2014). The biological mechanisms by which various pollutants
affect health may include systemic inflammation, oxidative stress and
immune responses, and development of cancers (Cohen et al., 2017;

Table 6

Hamra et al., 2015), and stress resulting from traffic noise (Study et al.,
2013). Human health outcomes to traffic-related air pollution and noise
are consequently broad, and include cardiovascular diseases, stroke,
heart attack, cognitive impairment, dementia and Parkinson's disease
(Korek et al., 2015; Sorensen et al., 2013; Tzivian et al., 2016). In the
current study, lung cancer mortality was frequently significantly asso-
ciated with greater roadway density and closer proximity to major
highways.

Our results are similar to Chen et al. (2013), who found positive
associations between living close to major roads and cardiovascular
mortality in a three-city cohort of 205,440 adults in Ontario, Canada, a
result they find to also be consistent with LUR model estimates of NO,
exposures that incorporate roadway data. Also using LUR to predict
NO, exposures in Toronto, Jerrett et al. (2009) found that a 4 ppb

Hazard ratios for an IQR change (5991 m) in distance to primary highway, adjusted for PM, s, and indirectly adjusted for obesity and smoking status. Models

stratified by sex and age (5-year increments), and adjusted for personal® and contextual” covariates.

Mortality cause

Main model

Adjusted for PM, s

Adjusted for PM, s; Indirectly adjusted for obesity and smoking

Cerebrovascular
Cardiovascular
Ischemic heart
Non-accidental
COPD
Respiratory
Lung cancer
Diabetes

0.99 (0.96, 1.03)
1.01 (0.99, 1.02)
1.01 (1.00, 1.03)
1.03 (1.02, 1.04)
1.02 (0.98, 1.06)
1.04 (1.02, 1.06)
0.99 (0.96, 1.02)
1.08 (1.05, 1.10)

0.97 (0.93, 1.01)
0.98 (0.96, 1.00)
0.98 (0.96, 1.00)
1.01 (1.00, 1.02)
1.00 (0.96, 1.04)
1.03 (1.00, 1.05)
0.98 (0.95, 1.01)
1.05 (1.02, 1.08)

0.96 (0.92, 1.01)
0.98 (0.96, 1.00)
0.97 (0.95, 1.00)
1.01 (1.00, 1.02)
1.00 (0.96, 1.04)
1.02 (0.99, 1.05)
0.96 (0.93, 1.00)
1.04 (1.01, 1.08)

@ Aboriginal ancestry, visible minority status, highest level of education, employment status, occupational class, immigrant status, marital status, income quintile.
> Census division % of immigrants, % of adults without high school diploma, % of subjects in lowest income quintile.
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Table 7
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Hazard ratios for an IQR change (5991 m) in distance to primary highway, adjusted for PM, s, by traffic variable quartile, for (a) all subjects, and (b) for subjects with
residence in urban core areas only. Models stratified by sex and age (5-year increments) and adjusted for personal® and contextual” covariates.

Mortality cause

Traffic quartile

(a) All

Main model

Adjusted PM; 5

(b) Urban core

Main model

Adjusted PM, 5

Cerebrovascular

Cardiovascular

Ischemic heart

Non-accidental

COPD

Respiratory

Lung cancer

Diabetes

1 (< 686m)

2 (686-2109 m)
3 (2109-6678 m)
4 (> 6678 m)

1 (< 686 m)

2 (686-2109 m)
3 (2109-6678 m)
4 (> 6678 m)

1 (< 686 m)

2 (686-2109 m)
3 (2109-6678 m)
4 (> 6678 m)

1 (< 686m)

2 (686-2109 m)
3 (2109-6678 m)
4 (> 6678 m)

1 (< 686m)

2 (686-2109 m)
3 (2109-6678 m)
4 (> 6678 m)

1 (< 686 m)

2 (686-2109 m)
3 (2109-6678 m)
4 (> 6678 m)

1 (< 686 m)

2 (686-2109 m)
3 (2109-6678 m)
4 (> 6678 m)

1 (< 686m)

2 (686-2109 m)
3 (2109-6678 m)

2.94 (2.05, 4.23)
1.27 (1.14, 1.41)
1.10 (1.06, 1.14)
1

1.70 (1.44, 2.01)
1.18 (1.12, 1.24)
1.07 (1.05, 1.09)
1

1.08 (0.87, 1.34)
1.10 (1.04, 1.17)
1.05 (1.03, 1.07)
1

1.57 (1.44, 1.72)
1.1 (1.07, 1.13)
1.04 (1.03, 1.05)
1

1.99 (1.32, 2.99)
1.15 (1.02, 1.30)
1.06 (1.02, 1.11)
1

1.03 (0.76, 1.40)
1.07 (0.98, 1.16)
1.06 (1.03, 1.09)
1

2.30 (1.74, 3.03)
1.11 (1.03, 1.21)
1.02 (0.99, 1.05)
1

1.10 (0.67, 1.79)
0.77 (0.66, 0.88)
0.98 (0.94, 1.03)

4 (> 6678 m) 1

1.84 (1.20, 2.82)
1.28 (1.14, 1.45)
1.11 (1.07, 1.16)
1

1.34 (1.11, 1.63)
1.13 (1.07, 1.19)
1.06 (1.04, 1.08)
1

1.06 (0.83, 1.37)
1.1 (1.03, 1.18)
1.05 (1.03, 1.08)
1

1.25(1.12, 1.39)
1.07 (1.04, 1.10)
1.04 (1.03, 1.05)
1

2.27 (1.41, 3.65)
1.20 (1.05, 1.38)
1.06 (1.01, 1.11)
1

1.26 (0.88, 1.8)
1.13 (1.02, 1.25)
1.08 (1.05, 1.12)
1

1.82(1.31, 2.53)
1.07 (0.97, 1.17)
1.01 (0.98, 1.04)
1

0.64 (0.35, 1.16)
0.76 (0.64, 0.90)
1 (0.95, 1.06)

5.88 (4.08, 8.49)
1.38 (1.25, 1.54)
1.19 (1.15, 1.24)
1

1.34 (1.13, 1.61)
1 (0.96, 1.06)
1.08 (1.06, 1.1)
1

1.15 (0.91, 1.46)
1.19 (1.12, 1.27)
1.12 (1.09, 1.14)
1

1.86 (1.68, 2.05)
1.1 (1.07, 1.13)
1.07 (1.06, 1.08)
1

1.68 (1.06, 2.66)
1.29 (1.13, 1.47)
1.08 (1.03, 1.14)
1

0.56 (0.41, 0.78)
0.99 (0.90, 1.08)
1.03 (1.00, 1.06)
1

5.27 (3.75, 7.4)
1.50 (1.36, 1.65)
1.11 (1.07, 1.15)
1

1.80 (1.03, 3.15)
0.83 (0.71, 0.97)
1.07 (1.01, 1.13)

7.79 (4.80, 12.65)
1.59 (1.39, 1.83)
1.27 (1.21, 1.33)
1

0.52 (0.41, 0.65)
0.77 (0.73, 0.82)
1.01 (0.99, 1.04)
1

0.72 (0.53, 0.98)
1.02 (0.94, 1.11)
1.07 (1.03, 1.10)
1

1.20 (1.05, 1.36)
0.94 (0.91, 0.98)
1.04 (1.02, 1.05)
1

1.71 (0.95, 3.09)
1.35 (1.14, 1.59)
1.08 (1.02, 1.15)
1

0.62 (0.40, 0.94)
0.99 (0.88, 1.12)
1.05 (1.01, 1.09)
1

3.24 (2.12, 4.96)
1.12 (1.00, 1.27)
1.02 (0.98, 1.07)
1

1.26 (0.59, 2.69)
0.88 (0.71, 1.09)
1.11 (1.04, 1.2)

1 1 1

@ Aboriginal ancestry, visible minority status, highest level of education, employment status, occupational class, immigrant status, marital status, income quintile.
Y Census division % of immigrants, % of adults without high school diploma, % of subjects in lowest income quintile.

increase in NO, resulted in a 40% increase in circulatory mortality in
susceptible individuals that had attended a respiratory clinic.

We found mixed results for an association between diabetes-related
mortality and road length as a proxy for traffic density. Previous studies
have identified links between road traffic noise, stress, and sleep dis-
turbances, as well as higher type-2 diabetes risk (Sorensen et al., 2013).
Others have found associations between NO, exposures and diabetes
mellitus diagnosis (Brook et al., 2008), and an increase in mortality
from diabetes due to traffic density (Raaschou-Nielsen et al., 2013). In
our models, the positive association observed with increasing traffic
density was not present, and adjustment for air pollution exposure re-
duced risk estimates to below 1. In single- and multi-pollutant models
for mortality risk in the 1991 CanCHEC, Crouse et al. (2015) found
similarly low estimates (e.g. HR 1.039, 95% CI: 0.999, 1.080, for
models adjusted for NO5).

In sensitivity analyses, restricting to urban core areas increased
many of the risk estimates, but the health association was generally not
sensitive to geographic location, suggesting that spatial variability was
captured more effectively using quartiles of traffic density.

4.1. Strengths and limitations

The large size of this study and the inclusion of subjects from across
Canada is a key strength. The information available allowed us to adjust
for both individual and neighborhood-level mortality risk factors, and
to assign exposures by 6-digit postal code for each year of follow-up.
This method captured subjects that could otherwise be lost to follow-up
due to movement over the duration of the cohort. As people spend time
away from their place of residence, however, it is not possible to fully
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capture subject's exposures to pollution and traffic on a daily or long-
term basis. Traffic variables were assigned by postal code, but as a rural
postal code could encompass a much larger area than an urban postal
code, there may have been misclassification related to measurements of
local road lengths and distance to major highways. Additionally, ex-
posure to traffic may be more important for a subject that has com-
muted in from a suburban, low traffic area, to an urban, dense, high
traffic area; relatedly, it is likely that variations in exposures due to
traffic are likely to be greater in urban rather than rural areas, so a
misclassification due to the larger rural postal code areas is less im-
pactful. The use of a geocoding technique to assign a centroid to a
postal code for each subject would also add spatial variability to the
dataset (Khan et al., 2018), but this is likely to be minimized in urban
compared to rural areas.

Methods are limited by the resolution and coverage of air pollutant
monitoring, as well as difficulties in assigning exposures to individuals
as they move from residential to working spaces; it is difficult to ade-
quately capture patterns of personal exposure in a long term study
based on exposure estimates using residence.

This study was also limited in that we did not have access to in-
dividual risk factors that affect disease cause mortality, such as smoking
and BMI. The use of an indirect adjustment technique for these risk
factors had very little effect on hazard ratios, consistent with previous
work with the CanCHEC cohort (Crouse et al., 2015).

Future studies with Canadian national cohorts should consider ad-
ditional stressors related to traffic density including noise, as it is in-
creasingly linked to health outcomes including hypertension, myo-
cardial infarction, and stroke (Gori et al., 2014), as well as diabetes
(Sorensen et al., 2013). The potential for effect modification by
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socioeconomic background should also be explored where data permits.
5. Conclusion

In this long-term population-based cohort study, increased exposure
to local roads and proximity to major highways was associated with
increased mortality risk from cardiovascular and respiratory disease
causes, even after adjustment for air pollution concentrations. Given
the high proportion of the Canadian population that lives in urban
areas, living near dense traffic presents a long-term population health
burden. Such information is vital for urban planning and decision
making, and may also help site new air pollution sensors within urban
areas to more accurately monitor ground-level exposures by time of day
and year, as related to traffic density and negative health outcomes.
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