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Abstract

Background: Ambient ultrafine particles (UFPs, <0.1 um) can reach the human brain but to our
knowledge epidemiologic studies have yet to evaluate the relationship between UFPs and
incident brain tumors.

Methods: We conducted a cohort study of within-city spatial variations in ambient UFPs across
Montreal and Toronto, Canada among 1.9 million adults included in multiple cycles of the
Canadian Census Health and Environment Cohorts (1991, 1996, 2001, and 2006). UFP
exposures (3-year moving averages) were assigned to residential locations using land use
regression models with exposures updated to account for residential mobility within and between
cities. We followed cohort members for malignant brain tumors (ICD-10 codes C71.0-C71.9)
between 2001 and 2016; Cox proportional hazards models (stratified by age, sex, immigration
status, and census cycle) were used to estimate hazard ratios (HRs) adjusting for fine particle
mass concentrations (PMas), nitrogen dioxide (NO), and various sociodemographic factors.
Results: In total, we identified 1400 incident brain tumors during the follow-up period. Each
10,000/cm? increase in UFPs was positively associated with brain tumor incidence (HR=1.112,
95% CI: 1.042,1.188) after adjusting for PM2s, NO2, and sociodemographic factors. Applying
an indirect adjustment for cigarette smoking and body mass index strengthened this relationship
(HR=1.133, 95% Cl: 1.032, 1.245). PM2sand NO2 were not associated with an increased
incidence of brain tumors.

Conclusions: Ambient UFPs may represent a previously unrecognized risk factor for incident
brain tumors in adults. Future studies should aim to replicate these results given the high
prevalence of UFP exposures in urban areas.
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Introduction

Outdoor air pollution and diesel exhaust are each classified as known human carcinogens
based primarily on evidence related to lung cancer.l? In urban areas, diesel exhaust and other
combustion processes are important sources of ambient ultrafine particles (<0.1 pm, UFPs)** but
little is known about the long-term health effects of these pollutants. To date, only a small
number of studies, to our knowledge, have examined the relationship between UFPs and cancer
including studies of lung®, prostate®, and postmenopausal breast cancer.” In géeneral, evidence
from these studies is inconclusive and our knowledge remains limited with respect to the impact
of ambient UFP exposures on cancer incidence in exposed populations.

Over the past several years, numerous studies have documented the ability of small
inhaled particles to reach the brain.® In particular, animal evidence suggests that a fraction of
inhaled nanoparticles translocate to the brain when deposited in either the nasal epithelium (via
the olfactory nerve) or the alveolar epithelium by entering into the systemic circulation and
eventually crossing the blood brain barrier.%'? The rate of particle translocation generally
depends on particle size and surface properties (e.g. charge, protein/lipid coatings) with smaller
size favoring more rapid translocation.®! Moreover, the detrimental impacts of particle
translocation may occur through particle retention at the target site (i.e. through the generation of
reactive oxygen species in the brain'?) or indirectly through inflammatory mediators produced in
response to the particles.® In general, while the rate of translocation of particles to the brain is
slow, elimination rates are also low and thus particles may accumulate over time with long-term

exposures.®



Importantly, the translocation of airborne particles to the brain is also supported by
human evidence as Maher et al.™® recently reported the presence of combustion-related
nanoparticles in the brains of subjects who lived in Mexico and the United Kingdom. In general,
however, epidemiologic evidence related to outdoor air pollution and brain tumors is limited and
somewhat inconsistent with four studies reporting positive associations**1” andtwo others
reporting no relationship.®1° In the most recent study of European cohorts,'’ PMa s absorbance (a
marker for traffic-related air pollution) was most strongly associated with malignant brain tumors
suggesting that traffic pollution may be an important source of exposure for these types of
cancer. However, there have been no studies to date examining the relationship between brain
tumors and ambient UFPs and these pollutants are of particular interest as they are known to
reach the human brain. Here we address this important knowledge gap in a study of ambient
UFPs and brain tumor incidence across Canada’s two largest cities.

Methods
Study Population

Our study population was based on four cycles (1991, 1996, 2001, and 2006) of the
Canadian Census Health and Environment Cohort (CanCHEC). These datasets were formed by
linking Census long-form guestionnaires (which collect data on approximately 20% of Canadian
households every 5 years) to postal code histories and mortality and cancer incidence records
through the Statistics Canada Social Linkage Data Environment.?%-?2 The in-scope study
population included non-institutionalized respondents under the age of 90 who lived in Toronto
or Montreal for at least 1 year between 1998 and the end of follow-up in 2016. We used
residential postal code histories (from annual income tax filings) to estimate time-varying UFP

exposures to account for residential mobility both within and between cities. The CanCHEC



dataset was created under the authority of the Statistics Act and approved by the Executive
Management Board (reference number: 045-2015) at Statistics Canada. This approval is
equivalent to that of standard research ethics boards.
Brain Tumor Case Identification

We identified incident brain tumor cases (Malignant Neoplasms of the Brain: ICD-10
codes C71.0-C71.9) between 2001 and 2016 using the Canadian Cancer Registry. The follow-up
period (i.e. the at-risk period) was restricted to years between 2001.and 2016 to avoid
extrapolating UFP exposures many years in the past (i.e. for cohort members enralled in 1991
and 1996). As a sensitivity analysis, outcome definition-.was limited to ICD-10 code C71.9
(malignant neoplasms of the brain, unspecified site) which captures gliomas (the most common
type of malignant brain tumors in adults) and other brain tumor types with site unspecified
within the brain. Other outcomes (including other types of cancer) were not examined.
Air Pollution Exposure Assessment

UFP exposures were assigned to residential locations (i.e. six digit postal codes, about the
size of city block face or large apartment complex) using land use regression models for
Montreal (2011<2012)* and Toronto (2010-2011).% These models were developed using mobile
monitoring data collected during the summer and winter months and explained the majority of
spatial variations in ambient UFPs across each city (Montreal: Rcv?=0.60; Toronto: Rcv?=0.50).
All'UEP exposures were assigned as 3-year moving averages with a 1-year lag in order to
account for residential mobility within or between cities. At the start of follow-up, each
participant was assigned an exposure based on their residential location (from the land-use
regression models) for the years 1998, 1999, and 2000. Each year, we updated this exposure to

account for residential mobility. For example, exposure estimates for 2005 were based on the



average value for residential locations in 2002, 2003, and 2004. We did not project spatial
variations in outdoor UFP concentrations back in time owing to the absence of long-term
monitoring data for UFPs and a low correlation with other monitored pollutants.

We assigned long-term estimates (i.e. 3-year moving averages with
1-year lag) of ambient fine particulate air pollution (PM2s) and nitrogen dioxide (NO-)
concentrations to cohort members as previously described.?*?® Annual average concentrations
were available for PM2.s exposures assigned during follow-up and long-term-estimates of spatial
variations in NO2 concentrations reflected the year 2006. Briefly, the PM2.s exposure model was
based on a combination of aerosol optical depth, chemical transport model, and land use
information and estimated concentrations at a 1-km? spatial resolution.?* Ambient NO;
concentrations were estimated using a national land use regression model including parameters
such as satellite-derived NO> and distances to major roads and highways. The primary purpose
of including long-term estimates of ambient PM2.s and NO2 concentrations was to evaluate the
sensitivity of UFP/brain tumor associations to spatial variations in other ambient air pollutants.
Statistical Analysis

Cox proportional hazard models®® were used to estimate the association between ambient
UFP concentrations and brain tumor incidence in Montreal and Toronto. A directed acyclic
graph (DAG) outlining the conceptual relationship between UFPs and brain tumors (and
potential confounding factors) is provided in eFigure 1; http://links.lww.com/EDE/B613. We
examined several models to explore this relationship. First, we developed a base model including
UFP concentrations and strata for age (5-year groups), sex, immigration status, and census year
(i.e. 1991, 1996, 2001, and 2006). We used strata variables to allow for different baseline hazard

functions across age, sex, immigrant status, and census year. Next, we examined the impact of



adding covariates for SES variables (described in Table 1) (visible minority status, occupational
level, educational attainment, marital status, and income quintile), PM2.s, and NO2 both
individually and combined. In constructing the visible minority variable, we grouped white and
aboriginal cohort members together as aboriginal people made up a small portion of overall
participants (11,300 of 1.9 million, or 0.6%) and person—years (116,100 of 25,707,900 person—
years, or 0.45%). All UFP hazard ratios are scaled per 10,000 particles/cm?®, All descriptive
statistics were rounded to the nearest hundred for confidentiality (as required by Statistics
Canada).
Indirect Adjustment for Smoking and Body Mass Index

As sensitivity analyses, we applied a methad of indirect adjustment for smoking and body
mass index as these unmeasured parameters have been-associated with brain tumors in previous
studies.?’"8 As indicated in the DAG presented in eFigure 1; http:/links.lww.com/EDE/B613,
smoking and body mass index are not causes of long-term outdoor UFP concentrations (i.e.
intervening on individual-level smoking or BMI is not expected to change long-term outdoor
UFP concentrations) and thus are not'represented in the DAG as confounders in the typical
sense. Nevertheless, chance associations could confound the relationship between outdoor UFP
concentrations and brain tumor incidence, and the indirect adjustment method was applied to
address this possibility. Likewise, SES variables (i.e. income, education) could be related to
smoking/BMI and.this relationship could in turn bias the observed relationship between outdoor
UFP concentrations and brain tumors. Applying the indirect adjustment method for smoking and

BMI also addresses this possibility.



A detailed description of the indirect adjustment method is available elsewhere.?® Briefly, this
method requires information on the correlation between observed and missing risk factors from
an ancillary data source (e.g. national health surveys) as well as estimates of the relationship
between the missing risk factors and brain tumor incidence. For our analyses, information related
to the correlation between observed and missing risk factors was obtained from multiple cycles
of Canadian Community Health Survey (CCHS) (2001, 2003, 2005, 2007, 2009, 2011, 2013);
the CCHS is a bi-annual national health survey that collects information on the health status and
behaviours (i.e. smoking and BMI) of non-institutionalized Canadians aged 12 years and older.
Risk estimates for the relationship between brain tumors and smoking and body mass index were
obtained from the published literature.?”-?® The CCHS and CanCHEC databases were compared
with respect to UFP concentrations across age, sex, and SES variables; median differences were
small in magnitude (typically less than-1000/cm?) supporting the use of the CCHS database in
estimating correlations between observed and missing risk factors (eTable 1;
http://links.lww.com/EDE/B613).
Concentration Response Relationship

The shape of the concentration—response relationship between outdoor UFP
concentrations and brain tumor incidence was examined using the Shape Constrained Health
Impact Function (SCHIF) method developed by Nasari et al.2® Specifically, this method utilizes
flexible concentration transformations (i.e. linear, sub-linear, supra-linear, and sigmodal) within
a Cox model and produces biologically plausible concentration—response relationships that
increase monotonically with concentration. The final concentration-response curve was based on

weights from the three best fitting models identified by the SCHIF method.



Results

Cohort characteristics are presented in Table 1. In total, we followed 1,938,100 adults
(25,707,900 person—years) in Montreal and Toronto between 2001 and 2016 and 1400 incident
cases of brain tumors were included in the analyses. We excluded approximately 10 million
person—years based on our inclusion criteria (i.e. less than 90 years of age at start of follow-up
and resided in Toronto or Montreal for at least 1 year between 1996 and 2016). Incident brain
tumors were more common among women (n=800) than men (n=600) and were primarily

diagnosed between age 40-69 years (eTable 2; http://links.lww.com/EDE/B613).

Mean UFP values assigned to all in-scope person-years (i.e. 3-year moving averages with
a 1-year lag) were 26,697/cm?® (SD= 8030/cm?) and ranged from 6697/cm? to 97,158/cm?3. Spatial
variations in ambient UFPs were weakly correlated with PM2 5 (r= 0.14) and NO: (r= 0.20)
whereas PM2s and NO. were more strongly correlated (r=0.66). The low correlation between
UFPs and other air pollutants is commonly obsérved in Canada;®! this relates in part to the fact
that the prevalence of diesel vehicles (a major source of UFPs) is low and thus it is possible to
have areas with elevated NOz coneentrations (from gasoline vehicles) without major elevations
in UFPs. Moreover, PM2 5 tends to be a regional pollutant without major spatial variations
within-cities. The mean PM5 concentration in this study was 8.68 ng/m® (SD=2.42 pug/m?®) and
the mean NOz concentrations was 20.2 ppb (SD= 8.43 ppb).

Hazard ratios describing the relationship between ambient UFPs and incident brain
tumors are listed in Table 2. UFPs were consistently associated with increased brain tumor
incidence in all models examined and the hazard ratio remained elevated after adjustment for

socio-demographic factors as well as PMzs and NO2 (HR=1.112, 95% CI: 1.042, 1.188). A
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slightly stronger association was observed in the fully adjusted model (i.e. all SES variables,
PM_ 5, and NO2) when the outcome was limited to ICD-10 code C71.9 (HR=1.170, 95% CI:
1.000, 1.372); however, this estimate was less precise owing to a smaller number of cases
(n=200 for ICD-10 code C71.9).

Applying the indirect adjustment for cigarette smoking and body mass index (with
adjustment for all SES variables, PM. s, and NO>) slightly increased the strength of the observed
association between UFPs and brain tumors (HR=1.133, 95%CI: 1.032, 1.245). This association
was stronger in Toronto (HR=1.171, 95% CI: 1.021, 1.343) than Montreal (HR=1.022, 95%CI:
0.814, 1.283) but city-specific risk estimates were less precise and more than half (n=850) of the
cases were from Toronto. The concentration—response curve for ambient UFP concentrations and
incident brain tumors is shown in Figure 1. This relationship was s-shaped with a smaller slope
at lower concentrations.

Spatial variations in PM.s and NOs were not-positively associated with brain tumor
incidence (eTables 3-4; http://links.lww.com/EDE/B613). Specifically, hazard ratios for
interquartile changes in PMz s (per 3 p1g/m®) and NO2 (per 10 ppb) in fully adjusted models
including all SES variables and UEPs were 0.907 (95% CI: 0.762, 1.079) and 0.950 (95% CI:
0.851, 1.061), respectively.

Diseussion

We conducted a population-based study of within-city spatial variations in ambient UFP
concentrations and incident brain tumors in Canada’s two largest cities. In general, our findings
suggest that ambient UFPs are positively associated with brain tumor incidence and these
pollutants may represent a previously unrecognized risk factor for brain tumors. Moreover, the

relationship between UFPs and brain tumors was not explained by other air pollutants such as
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PM2.s mass concentrations or NO2 which are more frequently monitored in urban environments.
On an absolute scale, the magnitude of the observed association suggests that each 10,000/cm?®
increase in 3-year average ambient UFP concentration contributes to approximately 1 new case
per 100,000 population (assuming a baseline age-standardized incidence rate of 8 per 100,000).%2
Existing evidence related to outdoor air pollution and brain tumors is inconsistent. For
example, McKean-Cowdin et al.8 examined the relationship between PMzs.and NO» and brain
tumor mortality in the Cancer Prevention Study-11 cohort (1982-2000) and reported small inverse
associations similar in magnitude to those observed in the present study. Raaschou-Nielsen®
reported a positive association between NOx (a marker for traffic pollution) and incident brain
tumors in the Danish Diet, Cancer, and Health cohort in 2011 but a weaker association was
observed in a follow-up case—control study including amuch larger number of cases.'® Similarly,
weak positive associations were observed between brain tumors and PM2s, NO2, and NOx in the
Danish Nurse Cohort with stronger associations observed among obese subjects and those with
lower levels of physical activity.*® Finally, the‘most recent study of air pollution and brain
tumors reported weak positive associations between PM2sand NO> and brain tumors across
multiple European cohorts with the Strongest association observed for PM2 s absorbance (a
marker of traffic pollution).*” Collectively, existing evidence suggests that traffic-related air
pollution may be associated with a small increased risk of brain tumor incidence/mortality but
few studies have examined this relationship to date. Moving forward, particular attention should
be paid to UFPs as they are known to reach the brain®*® and our findings suggest a positive
association with brain tumors independent of PM2.s or NO2 (which were not positively associated

with brain tumor incidence). Moreover, most brain tumors are rapidly fatal and few known risk
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factors have been identified for these types of cancer; therefore, it is important to identify
potential environmental causes of brain tumors to inform future policy interventions.

This study had a number of important advantages including high-resolution estimates of
within-city spatial variations in ambient UFP concentrations, updated exposure information (i.e.
UFPs, NO», and PM2s) for subjects moving both within or between-cities, a large study
population, incident cases, and detailed individual-level information on asnumber of important
socio-economic factors. However, it is also important to note several limitations. First, the
exposure models used to estimate spatial variations in outdoor UFP concentrations in Montreal
(2011-2012) and Toronto (2010-2011) were based on data collected toward the end of the
follow-up period (2001-2016) and exposure measurement error almost certainly impacted our
results. This error likely has a temporal component (impacted by changes in emissions over time)
and a spatial component (impacted by local changes in infrastructure that could influence the
movement of traffic sources through space). While this error likely contributed to imprecision in
our results, a systematic difference in the magnitude of exposure error by case status seems
unlikely and the overall impact of exposure measurement error was likely a bias toward the null.
Another possible concern is that trends in brain cancer incidence may influence our results (for
example, if incidence was higher/lower closer to the time of land-use regression model
development this could contribute to differential exposure measurement error); however, data
compiled by the Canadian Cancer Society indicate that age-standardized incidence rates for
brain/CNS tumors were been stable between 2001-2010.% Nevertheless, since outdoor UFP
concentrations have likely decreased over time (owing to improved vehicle efficiency), our data
may not be appropriate in identifying absolute threshold concentrations for UFP impacts on brain

tumors if overall exposure levels were elevated toward the beginning of the follow-up period
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(data are not currently available to verify or refute this hypothesis). Furthermore, as for UFPs,
exposure measurement error likely also impacted our estimates of PM2.s and NO- and this may
have resulted in residual confounding by these factors. However, including PM2s and/or NO: in
the models tended to increase hazard ratios for UFPs and brain tumors and thus more precise
estimates would be expected to further strengthen this relationship. As in all studies, we also
cannot rule out residual confounding of the UFP—brain tumor relationship by some unmeasured
factors; however, it is unclear what these factors may be as there are few known risk factors for
brain tumors and to explain our results these factors would also have to be related to spatial
variations in outdoor UFPs.

A second limitation was the absence of individual level smoking and body mass index
data for CanCHEC cohort members. As outlined in the'DAG presented in the eFigure 1;
http://links.lww.com/EDE/B613, individual-level smoking and BMI are not likely causes of
long-term exposures to outdoor UFPSs (i.e.changing.individual-level smoking status or BMI is
not expected to change long-term outdoor UEP levels) and thus these parameters are not
identified in the DAG as confounders in the typical sense. However, chance associations
between smoking or BMI and UFPs could still confound the analysis; thus, we conducted an
indirect adjustment for these unmeasured risk factors to evaluate the sensitivity of our findings to
this potential source of bias. The results of the indirect adjustment for smoking and BMI
suggested a stronger association between UFPs and brain tumors, thus suggesting that
confounding by smoking or BMI is not a likely explanation for the observed relationship
between UFPs and brain tumors. Similarly, we did not have individual-level information on
other potential risk factors for brain tumors including family history or life-time exposure to

ionization radiation. It was not possible to indirectly adjust for these factors and we cannot rule
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out potential confounding (away from or toward the null) by these variables if by chance they
were systematically related to outdoor UFP concentrations across Montreal and Toronto.

Finally, given the rarity of brain tumors, our analyses focussed primarily on total malignant brain
tumors (ICD-10 codes C71.0-C71.9: Malignant Neoplasms of the Brain) to maximize precision
and does not provide an in-depth examination of specific tumor sub-types. As a result, if UFPs
are only associated with specific types of brain tumors, the hazard ratios presented above may
underestimate the true impact of UFPs on these specific tumor sub-types.

In conclusion, we conducted to our knowledge the first cohort study of outdoor UFP
concentrations and incident brain tumors and noted a consistent positive association. This
relationship was robust to adjustment for various sociodemographic factors as well as indirect
adjustment for smoking and body mass index. Future studies should aim to replicate our findings
as UFPs are known to reach the human brain and exposure prevalence is high in urban areas

around the world.
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FIGURES

Figure 1. Concentration—response relationship between ambient UFP concentrations and brain
tumour incidence in Montreal and Toronto, Canada (2001-2016). The model is stratified by 5-
year age groups, sex, census cycle (1991, 1996, 2001, 2006), and immigrant status and adjusted
for visible minority status, occupational level, education, marital status, and income

quintile. Dashed red lines indicated the 95% confidence interval. Hazard ratios (the solid black
line) for the concentration—response curve are calculated in reference to the 1% percentile of UFP

concentrations in the cohort (15,767/cm?®) up to the 99™ percentile (56,767/cm?).
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TABLES

Table 1. Descriptive statistics for CanCHEC cohort members (1991, 1996, 2001, 2006)

Covariates Person—years®  UFP (counts/cm®)
Mean SD
All 25,707,900 26,697 8030
Sex
Male 13,818,800 26,722 8015
Female 11,889,100 26,668 8048
Age at enrollment (years)
25t0 29 2,543,400 26,639 7958
30to 39 6,284,700 26,607 8010
40 to 49 6,255,100 26,532 7958
50 to 59 4,662,400 26,606 8003
60 to 69 3,432,800 26,971 8150
70to 79 2,022,100 27,182 8227
80 to 89 507,800 27,207 8025
Visible Minority Status
White or Aboriginal® 19,065,900 26,483 7819
Visible minority 6,642,000 27,313 8577
Immigrant status
Non-immigrant 13,697,700 25,923 7466
immigrant 12,010,200 27,580 8544

Marital status
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Single 5,137,100 26,372 7621

Common-law 2,090,800 25,307 6708
Married 14,641,400 26,989 8318
Separated 750,100 27,190 8404
Divorced 1,722,700 26,376 7729
Widowed 1,366,000 27,056 8116

Educational attainment

Not completed high school 6,532,100 27,150 8195
High school with/without trades certificate 7,759,100 26,818 8298
Post-secondary non-university 4,652,500 26,615 8134
University degree 6,764,400 26,177 7433

Occupational level

Management 2,180,300 26,346 7744
Professional 4,100,900 25,962 7293
Skilled, technical & supervisory 4,719,000 26,650 8089
Semi-skilled 5,560,300 26,994 8407
Unskilled 1,806,800 27,236 8382
Not applicable 7,340,700 26,885 8056

Income adequacy quintile

1st quintile - lowest 5,588,900 26,913 8039
2nd quintile 5,290,900 27,009 8237
3rd quintile 5,009,000 26,812 8229
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4th quintile 4,730,200 26,638 8128

5th quintile - highest 5,089,000 26,078 7458

aNumbers were rounded to the nearest 100 for confidentiality; ® White and aboriginal cohort
members were grouped together as aboriginal people made up a small portion of overall

participants (11,300 of 1.9 million, or 0.6%) and person—years (116,100 of 25,707,900 person—

years, or 0.45%).
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Table 2. Hazard ratios (95% confidence intervals) for UFP concentrations (per 10,000/cm?) and

incident brain tumours (n=1400) in Montreal and Toronto, Canada (2001-2016)

Model HR (95% CI)

Base Model? 1.099 (1.033, 1.169)
Base Model + SESP Variables (Individually)
+ Visible Minority Status 1.095 (1.029, 1.166)
+ Occupational Level 1.100 (1.034, 1.706)
+ Education  1.101 (1.035, 1.171)
+ Marital Status  1.097 (1.031, 1.167)
+ Income Quintile. 1.099 (1.034, 1.170)
Base Model + Co-Pollutants (Individually)
+NO, 1.114 (1.045, 1.187)
+PMys 1.108 (1.039, 1.180)
Fully Adjusted Multi-Pollutant Models
All SES 1.094 (1.028, 1.164)
All SES + NO; 1.104 (1.035, 1.177)
All SES + PM2s 1.104 (1.036, 1.177)
All SES + PM2s+ NO, 1.112 (1.042, 1.188)

All SES + PMzs+ NO> + Indirect Adjustment for Smoking and BMI  1.133 (1.032, 1.245)

aBase model is stratified by 5-year age groups, sex, census cycle (1991, 1996, 2001, 2006), and
immigrant status. bSES, socio-economic status variables (visible minority status,
occupational level, education, marital status, and income quintile). BMI indicates body mass

index.
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