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Abstract: To assess whether exposure to increased levels of outdoor air pollution is associated
with psychological depression, six annual iterations of the Canadian Community Health Survey
(n ≈ 127,050) were used to estimate the prevalence of a major depressive episode (2011–2014) or
severity of depressive symptoms (2015–2016). Survey data were linked with outdoor air pollution
data obtained from the Canadian Urban Environmental Health Research Consortium, with outdoor
air pollution represented by fine particulate matter ≤2.5 micrometers (µm) in diameter (PM2.5),
ozone (O3), sulfur dioxide (SO2), and nitrogen dioxide (NO2). Log-binomial models were used to
estimate the association between outdoor air pollution and depression, and included adjustment
for age, sex, marital status, income, education, employment status, urban versus rural households,
cigarette smoking, and chronic illness. No evidence of associations for either depression outcomes
were found. Given the generally low levels of outdoor air pollution in Canada, these findings should
be generalized with caution. It is possible that a meaningful association with major depression may
be observed in regions of the world where the levels of outdoor air pollution are greater, or during
high pollution events over brief time intervals. Future research is needed to replicate these findings
and to further investigate these associations in other regions and populations.

Keywords: outdoor air pollution; major depressive episode; depressive symptoms; mental health;
environmental health

1. Introduction

Outdoor air quality is a leading environmental determinant of the global burden of
disease [1,2]. It has been established that outdoor air pollution is associated with respira-
tory conditions (e.g., asthma [3], and chronic obstructive pulmonary disease (COPD) [4]),
cardiovascular disease [5], lung cancer [6], and may increase susceptibility to lower res-
piratory infections [7]. Some emerging research suggests that outdoor air pollution may
adversely impact mental health, particularly depression [8–10].

Outdoor air pollution is mainly a mixture of particulate matter (e.g., fine particulate
matter ≤2.5 micrometers (µm) in diameter, PM2.5), and gaseous molecules (e.g., ozone,
O3, sulfur dioxide, SO2, and nitrogen dioxide, NO2) [11]. Prior evidence indicates that air
pollution acts as an environmental source of oxidative stress resulting in inflammation
involving the central nervous system (CNS) [12,13]. These studies observed that exposure
to increased levels of outdoor air pollution was associated with increased production of
pro-inflammatory cytokines [14], neuroinflammation (e.g., glial cell activation [15]), and
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reduced dopamine production [16], both in humans and in animal models [17,18]. In
particular, depression has increasingly been recognized as being influenced by inflamma-
tion, with functional imaging showing glial cell activation during depression [19–22]. The
inhalation of increased levels of air pollution may lead to a reduction in the production of
dopamine [15], a possible neuropathological mechanism linking outdoor air pollution to
clinically relevant depression [23,24].

However, a complete understanding of the pathophysiology of major depression is
still yet to be fully elucidated. More than 300 million people worldwide are affected by
depression [25], and approximately 1 in 5 individuals will experience a major depressive
episode (MDE) at some point during their life [26]. Considering depression is multiply
determined, identification of all potential determinants is important for treatment and pre-
vention [27–29]. Therefore, with the existence of plausible biological mechanisms, outdoor
air pollution may be a modifiable environmental determinant of major depression [30,31].
Although interest regarding this association has been increasing, epidemiological evidence
on the major depression-outdoor air pollution association is limited and inconsistent.

Some studies have previously reported a positive association between exposure to in-
creased levels of PM2.5, O3, SO2, and NO2 with various indicators of depression [8,9,32–34],
and depressive symptoms [30,31,35,36]. Other research has reported no evidence of
an association [37–39]. A majority of the studies in the peer-reviewed literature have
relied on indirect measures of major depressive disorder (i.e., emergency department
visits [9,10,32–34,40], and self-reported clinician diagnosis of major depression [8,36,37]),
and the symptoms of depression (i.e., self-reported depressive symptoms [8], and self-
reported use of antidepressants [37]). Fewer studies have included measures of both major
depression and depressive symptoms [8,36]. Despite the different range of outdoor air
pollution levels in these studies, there remains no known threshold level of effect of air
pollution on mental health. Consequently, there remains uncertainty about whether poor
outdoor air quality is associated with depression.

To address these gaps in knowledge, the objective of this study was to assess whether
exposure to increased levels of PM2.5, O3, SO2, and NO2 were associated with a greater
prevalence of MDE or elevated severity of depressive symptoms.

2. Materials and Methods
2.1. Canadian Community Health Survey (Study Population)

This study used data from the annual Canadian Community Health Survey (CCHS)
conducted between 2011 to 2016 [41]. The CCHS is a cross-sectional survey that collects in-
formation on overall health and its determinants from the Canadian household population
aged 12 years old and older. It includes both core content and content that can be chosen
by provinces. The target population consisted of household residents, which excluded
full time members of the Canadian Armed Forces, individuals living on reserves or other
aboriginal settlements, children living in foster care, the institutionalized, and individuals
living in certain remote regions of Quebec. Collectively, the exclusions represent less than
3% of the Canadian household population each year [41].

A stratified multi-stage sampling procedure was used to select respondents to par-
ticipate in each survey year of the CCHS. Households were selected from health regions,
and then individuals were randomly selected based on the number of eligible respondents
living in the residence when sampling occurred. Total response rates (product of household
and respondent rates) ranged from 69.8% in 2011 to 61.3% in 2016. Statistics Canada
provided sampling weights and bootstrap replicate weights to account for the unequal
selection probabilities and to adjust for non-response [41]. Respondents were eligible for
inclusion in the current analysis if they had completed the depression module (n ≈ 127,050).
Since not all provinces and territories opted to retain the depression module in each year
of the CCHS, the sample size of this module varied by survey year.
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2.2. Measures of Major Depression

Major depression was assessed by the annual CCHS in two ways. First, the past
12-month prevalence of MDE from 2011 to 2014 was measured using the Short Form
Composite International Diagnostic Interview (CIDI-SF) for major depression. This is a
fully structured diagnostic interview that produces a predictive probability of MDE. A 90%
or greater predicted probability was considered indicative of past-year MDE. Interpreted
in this way, the CIDI-SF has 89.6% sensitivity, and 93.9% specificity compared to the
Composite International Diagnostic Interview [42].

Second, the past 2-week prevalence of elevated depressive symptoms (2015–2016) was
measured using the 9-item Patient Health Questionnaire (PHQ-9). This 9-item scale is a
screening tool that assesses the severity of the symptoms of major depression, aligning with
the syndromic definition of MDE in the DSM-5 (88% sensitivity, and 88% specificity) [43].
Responses include “not at all”, “several days”, “more than half the days”, and “nearly every
day”. When used in screening depressive symptoms, scores of 10+ (moderate/severe) out
of 27 indicate a need for further assessment [43].

2.3. Measures of Outdoor Air Pollution (Exposures)

Outdoor air pollution data were obtained from the Canadian Urban Environmental
Health Research Consortium (CANUE), a research group providing a data platform for
environmental exposures measured at the postal code-level in Canada (for information on
CANUE outdoor air pollutant data see website (accessed 1 March 2021): https://www.
canuedata.ca/metadata.php). All outdoor air pollution estimates were linked to 6-digit
residential postal-codes using DMTI Spatial Inc. [44]. In Canada, one side of a city block or
large apartment building represented a given postal code.

Four outdoor air pollutants (PM2.5, O3, SO2, and NO2) were available from CANUE
and represented outdoor air pollution in this study. We first used annual average con-
centrations of PM2.5 in micrograms per cubic meter (µg/m3) based on tri-annual running
averages (current year plus previous 2 years) [45]. These estimates were derived from
combining ground-based monitoring estimates (obtained from the National Air Pollu-
tion Surveillance program) with satellite-derived PM2.5 (retrieved from NASA remote
sensing satellites: MODIS, MISR, and SeaWIFS), and simulated near-surface estimates of
PM2.5 (generated from the GEOS-Chem chemical transport model) [44–47]. Geographically
weighted regression was used to predict the bias between the satellite-derived and sim-
ulated estimates of PM2.5 utilizing a 1 km spatial resolution grid pattern and validated
using 10-fold validation without replacement [48]. Despite the limited number of ground-
based monitoring stations, this multifaceted approach is believed to accurately provide a
continuous geospatial distribution of PM2.5 [47].

Second, to assess exposure to O3, we used annual average concentrations of near-
surface O3 in parts per billion (ppb) estimated by Environment and Climate Change
Canada (ECCC) [44,49]. Hourly ground-based measurements were used in the Global
Environmental Multi-scale Modelling Air Quality and Chemistry (GEM-MACH) model
with a spatial resolution of 10 km to produce a continuous geospatial distribution of
O3 [50,51].

Third, CANUE reports annual average concentrations of SO2 in ppb based on tri-
annual running averages (current year and previous 2 years) estimated by ECCC from
satellite remote sensing data retrieved from the Ozone Monitoring Instrument, located
on NASA’s AURA satellite [52,53]. The satellite-derived estimates were used in the GEM-
MACH model with a 20 km spatial resolution grid pattern to produce continuous geospatial
distribution of SO2 [44,52].

Fourth, annual average concentrations of NO2 in ppb were estimated by CANUE
using land use regression (LUR) models from 2006 National Air Pollution Surveillance
monitoring data [54–56]. The LUR models included satellite-derived estimates of the
regional and background components of NO2 levels in Canada and deterministic gradi-
ents modeled local variation. The final LUR model included: road length within 10 km,

https://www.canuedata.ca/metadata.php
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2005–2011 satellite-derived estimates of NO2, area of industrial land use within 2 km, and
summer rainfall.

2.4. Neighborhood-Level Socioeconomic Status

Environmental measures of neighborhood-level deprivation were expected to demon-
strate a spatial pattern and were, therefore, included to provide context to the main
analysis. We used both of the social deprivation (SD) and material deprivation (MD)
sections of the 2016 Material and Social Deprivation Index (MSDI) data, also obtained
from CANUE [44,57]. The MSDI data were taken from the Pampalon Index that uses
6 indicators of neighborhood-level socioeconomic status from the 2016 Canadian Census
on the (1) proportion of divorced, widowed, or single adults; (2) proportion of single-parent
families; (3) proportion of individuals living alone; (4) average income; (5) proportion of
adults without a high school diploma or equivalent; and (6) the ratio of employment to
population, age, and sex standardized to represent the Canadian population aged 15 years
old and older [58]. Marital status, and the indicators of family structure defined SD, and
income, education, and employment status indicators defined MD. The social and material
deprivation scores were also indexed to 6-digit postal codes via DMTI Spatial Inc. and
deprivation estimates were divided into quintiles from least deprived (quintile 1) to most
deprived (quintile 5).

2.5. Measures of Covariates

Age, sex, marital status, total household income, education, employment status, urban
versus rural households, cigarette smoking, and chronic illness were assessed with standard
Statistics Canada field-tested interview questions. Age of respondent was further classified
into youth (12–24 years old) and adults (25+ years old), and then age as a continuous vari-
able centered at 15 years old was used in the adjusted models (minimum age of respondents
in adjusted models). Total household income was classified into four quartiles (quartile
1 as lowest). Chronic illness was a composite variable identifying respondents reporting
a diagnosis by a health professional of at least 1 of 10 possible chronic illnesses (arthritis,
asthma, back problems, cardiovascular disease, chronic bronchitis, COPD, diabetes, high
blood pressure, migraine, and stroke). The nine potential covariates were selected as they
are all considered individual-level determinants of major depression [26,59].

2.6. Statistical Analyses

Figure A1 in Appendix A is a flow chart describing the method used to generate
the annual study samples. Continuous outdoor air pollution levels were classified into
quartiles, similarly to the definition reported in Shin et al. 2018 [8]. In the absence of an
empirical cut-point, the upper concentration quartile of each outdoor air pollutant defined
exposure to increased levels of outdoor air pollution in Canada each year. Annual sample
years were population weighted and representative of the Canadian household population.
Respondents were excluded from this study if they had incomplete responses on the
depression module, were proxy interviews (no attempt was made to assess depression
by proxy), or they were missing CANUE data. Most of the missing CCHS data from
non-response was due to proxy interviews, with <1% of respondents having 1 or more
missing answers to the depression questions from the CIDI-SF (2011–2014), or the PHQ-9
(2015–2016) questionnaires. Respondents excluded for missing outdoor air pollution data
was primarily in the SO2 analysis (where CANUE did not have estimates for 7–16% of
postal codes), with the rest of the missing outdoor air pollution data representing <1% of
the annual sample populations.

Statistical significance was determined at α = 0.05 for all analyses. We used log-
binomial regression models using the prevalence ratio (PR) as the measure of association
between exposure to increased levels of outdoor air pollution and depression [60]. Potential
modification (by examination of interaction terms), and then potential confounding were
considered through forward selection. In the absence of modification, potential confound-
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ing was concluded to be present based on a judgement of meaningful change, guided by
the convention of using a 10% change in the estimates of the crude PR and the PR with
adjustment (aPR). In the absence of observed modification or confounding, variables were
retained in the model to allow reporting of the adjusted estimates. Stata version 16.0 [61]
was used to carry out all data analyses.

3. Results

A description of the study samples and estimates of the annual average concentrations
of PM2.5, O3, SO2, and NO2 from 2011 to 2016 are presented in Supplementary Table S1,
and Figure S1, respectively. Estimates of the demographic characteristics in 2016 are
reported as percentages with corresponding 95% confidence intervals (95% CIs) in Table 1
(2011–2015 data were not shown as they were similar). As expected, a greater proportion
of respondents with elevated severity of depressive symptoms in 2016 were younger
(12–24 years old), female, and within the lowest total household income quartile (Table 1).
This pattern was also observed for both depression measures and in all sample years. The
other demographic characteristics, such as mean age, sex, marital status, education, and
employment status remained consistent between exposure groups for all four outdoor air
pollutants across their respective sample years (2016 PM2.5 data shown in Table 1).

Table 1. 2016 descriptive characteristics.

Demographic Characteristics
Overall CCHS

(n ≈ 55,650)
Increased PM2.5

(n ≈ 8600)
Low PM2.5
(n ≈ 47,050)

Depression
(n ≈ 1950)

No Depression
(n ≈ 25,100)

% (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI)

Mean Age a

45.4 (45.4, 45.5) 45.1 (45.0, 45.8) 45.4 (45.3, 45.5) 39.9 (38.5, 41.3) 45.0 (44.8, 45.2)
Age Group

12–24 17.2 (16.8, 17.5) 16.7 (15.6, 17.8) 17.3 (16.8, 17.7) 27.0 (23.3, 30.7) 17.4 (16.7, 18.0)
25+ 82.8 (82.5, 83.2) 83.3 (82.2, 84.4) 82.7 (82.3, 83.2) 73.0 (69.3, 76.7) 82.6 (82.0, 83.3)

Sex
Females 50.7 (50.7, 50.7) 50.4 (49.4, 51.4) 50.8 (50.4, 51.1) 68.0 (64.4, 71.6) 50.0 (49.6, 50.5)
Males 49.3 (49.3, 49.3) 49.6 (48.6, 50.6) 49.2 (48.9, 49.6) 32.0 (28.4, 35.6) 50.0 (49.5, 50.4)

Marital Status
Married/ Common Law 57.9 (57.3, 58.5) 53.9 (52.3, 55.5) 59.2 (58.5, 59.8) 42.2 (38.2, 46.1) 59.4 (58.5, 60.4)

Widowed/ Separated/Divorced 12.1 (11.7, 12.5) 13.4 (12.4, 14.4) 11.7 (11.3, 12.1) 13.5 (11.3, 15.7) 10.9 (10.3, 11.5)
Single 30.0 (29.5, 30.5) 32.7 (31.3, 34.1) 29.2 (28.6, 29.7) 44.3 (40.2, 48.5) 29.6 (28.8, 30.5)

Total Household Income (All Sources)
Quartile 1 (Lowest) 28.7 (28.0, 29.3) 33.9 (32.2, 35.5) 27.0 (26.4, 27.7) 42.1 (38.1, 46.0) 26.0 (25.0, 26.9)

Quartile 2 26.2 (25.6, 26.8) 25.3 (23.8, 26.8) 26.4 (25.8, 27.1) 25.3 (21.9, 28.8) 26.3 (25.4, 27.3)
Quartile 3 25.0 (24.5, 25.6) 22.8 (21.4, 24.2) 25.7 (25.1, 26.4) 23.0 (19.5, 26.4) 25.9 (25.0, 26.8)

Quartile 4 (Highest) 20.1 (19.6, 20.7) 18.0 (16.6, 19.4) 20.8 (20.1, 21.4) 9.63 (7.25, 12.0) 21.8 (20.9, 22.7)
Education b

Less than High School 18.5 (18.0, 18.9) 16.9 (15.9, 18.0) 18.9 (18.4, 19.4) 24.3 (42.0, 50.2) 16.1 (15.5, 16.7)
High School 23.3 (22.7, 23.9) 21.8 (20.4, 23.2) 23.8 (23.1, 24.4) 29.6 (26.2, 33.0) 23.9 (23.0, 24.8)

Post-Secondary 58.3 (57.6, 58.9) 61.3 (59.6, 63.0) 57.3 (56.6, 58.0) 46.1 (42.0, 50.2) 59.9 (59.0, 60.9)
Employment Status (Past Week) c

Worked 61.8 (61.1, 62.5) 61.8 (60.0, 63.5) 61.8 (61.1, 62.5) 49.9 (45.7, 54.1) 64.4 (63.3, 65.4)
Absent from job 5.00 (4.70, 5.30) 4.38 (3.60, 5.16) 5.19 (4.86, 5.52) 6.02 (3.93, 8.11) 4.58 (4.12, 5.04)

No job 33.2 (32.6, 33.8) 33.8 (32.2, 35.5) 33.0 (32.3, 33.7) 44.1 (39.9, 48.2) 31.1 (30.1, 32.0)
Geographic Region

Urban household 82.7 (82.1, 83.3) 97.3 (96.7, 97.9) 78.2 (77.4, 79.0) 85.1 (82.8, 87.3) 81.3 (80.4, 82.2)
Rural 17.3 (16.7, 17.9) 2.73 (2.13, 3.32) 21.8 (21.0, 22.6) 14.9 (12.7, 82.2) 18.7 (17.8, 19.6)

Season of Interview d

Summer (June–August) 21.0 (20.5, 21.5) 21.1 (19.4, 22.8) 21.0 (20.4, 21.6) 17.0 (14.4, 19.6) 22.5 (21.7, 23.2)
Fall (September–November) 26.7 (26.1, 27.2) 26.6 (24.8, 28.5) 26.7 (26.0, 27.4) 29.7 (25.9, 33.6) 26.9 (26.1, 27.8)
Winter (December–February) 23.9 (23.4, 24.4) 25.1 (23.3, 26.9) 23.6 (22.9, 24.2) 28.0 (24.0, 31.9) 25.0 (24.2, 25.7)

Spring (March–May) 28.4 (28.0, 28.8) 27.1 (25.3, 29.0) 28.8 (28.1, 29.5) 25.3 (21.9, 28.7) 25.6 (25.0, 26.3)
Cigarette Smoking

Daily/ Occasional 16.8 (16.3, 17.4) 17.1 (15.8, 18.4) 16.8 (16.2, 17.3) 33.7 (29.9, 37.5) 15.6 (14.8, 16.4)
Not at all 83.2 (82.6, 83.7) 82.9 (81.6, 84.2) 83.2 (82.7, 83.8) 66.3 (62.5, 70.1) 84.4 (83.6, 85.2)

Chronic Illness
At Least One of Ten e 51.4 (50.8, 52.1) 50.5 (48.9, 52.1) 51.7 (51.0, 52.4) 67.1 (63.0, 71.1) 50.0 (49.0, 51.0)

None 48.6 (47.9, 49.2) 49.5 (47.9, 51.1) 48.3 (47.6, 49.0) 32.9 (28.9, 37.0) 50.0 (49.0, 51.0)
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Table 1. Cont.

Demographic Characteristics
Overall CCHS

(n ≈ 55,650)
Increased PM2.5

(n ≈ 8600)
Low PM2.5
(n ≈ 47,050)

Depression
(n ≈ 1950)

No Depression
(n ≈ 25,100)

% (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI)

Social Deprivation
Quintile 1 (Least) 26.2 (25.2, 27.2) 20.3 (18.1, 22.5) 28.0 (26.8, 29.1) 22.4 (18.8, 26.0) 31.3 (30.0, 32.7)

Quintile 2 19.4 (18.4, 20.4) 14.1 (12.2, 16.0) 21.1 (20.0, 22.2) 16.2 (12.8, 19.5) 19.4 (18.0, 20.8)
Quintile 3 17.1 (16.1, 18.1) 15.2 (12.9, 17.6) 17.7 (16.6, 18.7) 14.4 (11.9, 17.0) 15.5 (15.2, 17.8)
Quintile 4 21.6 (20.5, 22.6) 26.4 (23.7, 29.1) 20.1 (19.0, 21.2) 22.7 (19.2, 26.2) 19.4 (18.0, 20.8)

Quintile 5 (Most) 15.8 (14.9, 16.6) 23.9 (21.6, 26.2) 13.2 (12.4, 14.0) 24.3 (20.2, 28.3) 13.4 (12.3, 14.4)
Material Deprivation

Quintile 1 (Least) 26.3 (25.3, 27.3) 27.1 (24.5, 29.8) 26.0 (24.9, 27.1) 22.2 (17.9, 26.6) 24.3 (22.9, 25.7)
Quintile 2 21.2 (20.1, 22.2) 18.5 (16.0, 21.0) 22.0 (20.8, 23.2) 16.8 (13.7, 20.0) 21.9 (20.4, 23.4)
Quintile 3 21.4 (20.3, 22.5) 16.9 (14.5, 19.2) 22.8 (21.6, 24.1) 22.1 (18.4, 25.7) 21.2 (19.7, 22.7)
Quintile 4 14.0 (13.1, 15.0) 15.5 (13.1, 17.9) 13.6 (12.6, 14.6) 15.4 (12.6, 18.1) 14.1 (12.8, 15.4)

Quintile 5 (Most) 17.1 (16.2, 18.0) 22.0 (19.6, 24.3) 15.6 (14.6, 16.6) 23.5 (19.8, 27.2) 18.5 (17.1, 19.9)

Sample sizes rounded to base 50 as per Statistics Canada guidelines and may not add up; a In accordance with Statistics Canada guidelines,
and the 95% CI corresponding to the weighted estimate for mean age is reported instead of the standard deviation; b Only asked to
respondents 15 years old and older; c Only asked to respondents aged 15–75; d Season of interview was not included in the subsequent
models due to nearly identical frequencies in exposure groups for all four outdoor air pollutants; e Includes: arthritis, asthma, back
problems, chronic bronchitis, COPD, diabetes, cardiovascular disease, high blood pressure, migraine, and stroke.

Estimates of the PR (95% CI) and aPR (95% CI) are depicted in Figure 1. Exposure to
the upper concentration quartile levels of the four outdoor air pollutants was not shown
to be associated with a greater prevalence of MDE or elevated severity of depressive
symptoms (Figure 1). No evidence of modification or confounding were found (Data not
shown). All final models included adjustment for continuous age (centered at 15 years),
sex, marital status, total household income, education, employment status, urban versus
rural households, cigarette smoking, and chronic illness (Supplementary Tables S2–S5).
Although not all the covariates were included for adjustment each year, due to data
availability, a decision made a priori was that a reduction in the precision of the models
determined variable exclusion. In instances where the main association between the
outdoor air pollutants and depression were shown to be statistically significant (e.g.,
2014 O3 and SO2), these were not interpreted as a meaningful association if they did not
occur in more than one year and were considered a Type I error (Supplementary Tables
S2–S5). Despite the overall lack of statistical significance, the final adjusted models showed
expected associations between the individual-level determinants of depression.

In the models adjusting for neighborhood-level deprivation, social deprivation quin-
tiles 4 and quintile 5 (most deprived), compared to quintile 1 (least deprived), had a
statistically significant greater frequency of elevated severity of depressive symptoms
(Supplementary Table S6). These results also demonstrate no association between material
deprivation quintiles 2, 3, 4, and 5 (most deprived), compared to the least deprived quintile,
and depression, as expected.
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Figure 1. Crude and adjusted estimates of the prevalence ratio between increased outdoor air pollution and depression, 
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4. Discussion

To our knowledge, this is the first population-based descriptive study using direct
measures of depression in nationally representative samples to examine whether living in
areas of poor outdoor air quality is associated with major depression. Overall, this study
did not find evidence that exposure to increased levels (upper concentration quartile) of
PM2.5, O3, SO2, and NO2 were associated with a greater prevalence of MDE or elevated
depressive symptoms (Figure 1). No evidence of modification or confounding was found
among the nine potential explanatory variables. However, the expected associations be-
tween the known individual-level determinants, and neighborhood-level social deprivation
were observed.

The environmental data provided from CANUE were derived using data synthesis
methods and are subject to measurement error. Estimates of the annual average concen-
trations of outdoor air pollution may have diluted a possible association with depression
during short-term events of increased levels of outdoor air pollution (e.g., forest fires). This
may be of greater clinical relevance to certain subsets of the population who may have
a higher vulnerability to the negative health effects during times of higher outdoor air
pollution levels from factors influencing inflammation. Despite the use of two measures
of depression, these measures are used in national surveys and are brief compared to the
detailed diagnostic interviews typically used to diagnose major depressive disorder in
clinical settings [42]. Non-differential misclassification of depression may have biased these
estimates towards the null, obscuring associations. It is possible that exposure to increased
levels of outdoor air pollution may impact mental well-being and contribute to fatigue,
without influencing other symptoms of major depression [62].

A limitation of this study was the range of outdoor air pollution exposure as most of
the respondents were not exposed to elevated levels of outdoor air pollution that exceeded
concentration levels that are considered safe according to the World Health Organization
air quality guidelines (Supplementary Figure S1). This study did not measure indoor air
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quality, a potential determinant of depression. Despite a lack of evidence of an association
at these levels of outdoor air pollution observed in Canada, additional research is still
needed, particularly in the absence of a known threshold of outdoor air pollution below
which there is no negative impact on health [2]. Additionally, certain characteristics of the
built environment may influence exposure to outdoor air pollution. Individuals utilizing
active transportation methods such as walking or cycling to school or work, compared to
those who commute to work with motorized transportation, may experience higher levels
and a longer duration of outdoor air pollution exposure. Beyond a certain threshold, it
may be hypothesized that there may be an association with major depression.

The large sample sizes and multiple survey years of the CCHS increased the precision
of the PR estimates, and the Statistics Canada population weights enabled inferences of
the Canadian household population, highlighting the important strengths of this study.
However, these population weights prevented the use of multilevel modeling that would
have been able to simultaneously account for both individual-level and neighborhood
level determinants. Future research should utilize longitudinal data and multilevel models
to examine possible synergistic effects between outdoor air pollution with other built
environmental characteristics (e.g., noise pollution, perceptions of neighborhood safety).

5. Conclusions

This study did not find evidence that exposure to increased levels of outdoor air
pollution is associated with a greater prevalence of MDE or elevated severity of depressive
symptoms. Considering the range of outdoor air pollution levels in Canada were below
what would typically be classified as unsafe, future research is necessary to monitor these
trends overtime and to replicate these findings in other regions where the levels of outdoor
air pollution are higher.

Supplementary Materials: The following are available online at https://www.mdpi.com/1660-4
601/18/5/2450/s1, Table S1: Annual sample characteristics from 2011 to 2016; Figure S1: Annual
average concentration of PM2.5, O3, SO2, and NO2; Table S2: Adjusted models of increased PM2.5 and
depression; Table S3: Adjusted models of increased O3 and depression; Table S4: Adjusted models of
increased SO2 and depression; Table S5: Adjusted models of increased NO2 and depression; Table S6:
Adjusted models of social, and material deprivation and depression in 2016.

Author Contributions: Conceptualization, A.K.D., G.H.F., F.P.M., J.V.A.W., A.G.M.B., and S.B.P.;
methodology, A.K.D., G.H.F., F.P.M., A.G.M.B., and S.B.P.; formal analysis, A.K.D., G.H.F., F.P.M.,
and S.B.P.; investigation, A.K.D., and S.B.P.; data curation, A.K.D., and S.B.P.; writing—original draft
preparation, A.K.D.; writing—review and editing, A.K.D., G.H.F., F.P.M., J.V.A.W., A.G.M.B., and
S.B.P.; visualization, A.K.D.; supervision, S.B.P.; funding acquisition, S.B.P. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was funded by the Cuthbertson & Fischer Chair in Pediatric Mental Health,
part of the Alberta Children’s Hospital Research Institute affiliated with the University of Calgary.

Institutional Review Board Statement: Ethics review and approval for utilizing secondary data was
not required for this study.

Informed Consent Statement: Participation in the annual Canadian Community Health Survey is
voluntary. Statistics Canada is prohibited from releasing data that may identify any person, business,
or organization, unless consent was provided prior by the respondent or in accordance with the
Statistics Act.

Data Availability Statement: The use of the annual Canadian Community Health Survey microdata
files required all data analyses for this study to be conducted in the Prairie Regional Research Data
Centre (PRRDC) located in the Taylor Family Digital Library at the University of Calgary. Access,
sharing, and use of CANUE metadata files follows the agreement of intended use.

https://www.mdpi.com/1660-4601/18/5/2450/s1
https://www.mdpi.com/1660-4601/18/5/2450/s1


Int. J. Environ. Res. Public Health 2021, 18, 2450 9 of 12

Acknowledgments: The PRRDC is part of the Canadian Research Data Centre Network (CRDCN).
The services and activities provided by the CRDCN are made possible by the financial or in-kind
support of the SSHRC, the CIHR, the CFI, Statistics Canada, and participating universities whose
support is gratefully acknowledged. The views expressed in this paper do not necessarily represent
the CRDCN’s or that of its partners. DMTI Spatial Inc. provided the Canadian postal code data
used by CANUE under the current SMART Agreement in place with Canadian Universities. Data on
the estimates of outdoor air pollution in Canada (fine particulate matter ≤2.5 micrometers (µm) in
diameter, ozone, sulfur dioxide, and nitrogen dioxide) were provided by CANUE and indexed to
6-digit postal codes using DMTI Spatial Inc. The 2016 indices for Material and Social Deprivation
Index (MSDI) were indexed to 6-digit postal codes using DMTI Spatial Inc. postal codes. The postal
codes used by CANUE were provided by the Institut National de Santé Publique du Québec (INSPQ).
The Bureau d’information et d’études en santé des populations (BIESP) collected the 1991, 1996, 2001,
and 2011 Census data. [accessed online (1 March 2021): https://www.inspq.qc.ca/en/information-
management-and-analysis/deprivation-index].

Conflicts of Interest: The authors declare no conflict of interest. The funders were not part of the
study design, data collection, analysis, and interpretations, writing of the manuscript, or the decision
to publish the results.

Appendix A

Int. J. Environ. Res. Public Health 2021, 18, x  9 of 12 
 

 

by CANUE under the current SMART Agreement in place with Canadian Universities. Data on the 
estimates of outdoor air pollution in Canada (fine particulate matter ≤2.5 micrometers (μm) in di-
ameter, ozone, sulfur dioxide, and nitrogen dioxide) were provided by CANUE and indexed to 6-
digit postal codes using DMTI Spatial Inc. The 2016 indices for Material and Social Deprivation 
Index (MSDI) were indexed to 6-digit postal codes using DMTI Spatial Inc. postal codes. The postal 
codes used by CANUE were provided by the Institut National de Santé Publique du Québec (IN-
SPQ). The Bureau d’information et d’études en santé des populations (BIESP) collected the 1991, 
1996, 2001, and 2011 Census data. [accessed online (3 March 2021): https://www.inspq.qc.ca/en/in-
formation-management-and-analysis/deprivation-index]. 

Conflicts of Interest: The authors declare no conflicts of interest. The funders were not part of the 
study design, data collection, analysis, and interpretations, writing of the manuscript, or the deci-
sion to publish the results. 

Appendix A 

 
Figure A1. Flow chart of the annual sample sizes. Sample sizes are rounded to base 50 as per Statistics Canada guidelines 
and may not add up. 

Figure A1. Flow chart of the annual sample sizes. Sample sizes are rounded to base 50 as per Statistics Canada guidelines
and may not add up.

https://www.inspq.qc.ca/en/information-management-and-analysis/deprivation-index
https://www.inspq.qc.ca/en/information-management-and-analysis/deprivation-index


Int. J. Environ. Res. Public Health 2021, 18, 2450 10 of 12

References
1. Cohen, A.J.; Brauer, M.; Burnett, R.; Anderson, H.R.; Frostad, J.; Estep, K.; Balakrishnan, K.; Brunekreef, B.; Dandona, L.;

Dandona, R.; et al. Estimates and 25-year trends of the global burden of disease attributable to ambient air pollution: An analysis
of data from the Global Burden of Diseases Study 2015. Lancet 2017, 389, 1907–1918. [CrossRef]

2. World Health Organization. Ambient Air Pollution: A Global Assessment of Exposure and Burden of Disease. 2016, 1–121.
Available online: https://www.who.int/airpollution/ambient/en/#:~{}:text=Ambient%20air%20pollution%20accounts%20
for,quality%20levels%20exceed%20WHO%20limits (accessed on 1 March 2021).

3. Brauer, M.; Reynolds, C.; Hystad, P. Traffic-related air pollution and health in Canada. CMAJ 2013, 185, 1557–1558. [CrossRef]
[PubMed]

4. Gan, W.Q.; FitzGerald, J.M.; Carlsten, C.; Sadatsafavi, M.; Brauer, M. Associations of ambient air pollution with chronic obstructive
pulmonary disease hospitalization and mortality. Am. J. Respir Crit. Care Med. 2013, 187, 721–727. [CrossRef] [PubMed]

5. Franklin, B.A.; Brook, R.; Pope, C.A., III. Air pollution and cardiovascular disease. Curr. Probl. Cardiol. 2015, 40, 207–238.
[CrossRef]

6. Yang, W.-S.; Zhao, H.; Wang, X.; Deng, Q.; Fan, W.-Y.; Wang, L. An evidence-based assessment for the association between
long-term exposure to outdoor air pollution and the risk of lung cancer. Eur. J. Cancer Prev. 2016, 25, 163–172. [CrossRef]
[PubMed]

7. Gakidou, E.; Afshin, A.; Abajobir, A.A.; Abate, K.H.; Abbafati, C.; Abbas, K.M.; Abd-Allah, F.; Abdulle, A.M.; Abera, S.F.;
Aboyans, V.; et al. Global, regional, and national comparative risk assessment of 84 behavioural, environmental and occupational,
and metabolic risks or clusters of risks for 195 countries and territories, 1990–2017: A systematic analysis for the Global Burden of
Disease Study 2017. Lancet 2018, 392, 1923. [CrossRef]

8. Shin, J.; Park, J.Y.; Choi, J. Long-term exposure to ambient air pollutants and mental health status: A nationwide population-based
cross-sectional study. PLoS ONE 2018, 13, e0195607. [CrossRef] [PubMed]

9. Kim, K.N.; Lim, Y.H.; Bae, H.J.; Kim, M.; Jung, K.; Hong, Y.C. Long-Term Fine Particulate Matter Exposure and Major Depressive
Disorder in a Community-Based Urban Cohort. Environ. Health Perspect. 2016, 124, 1547–1553. [CrossRef] [PubMed]

10. Szyszkowicz, M.; Rowe, B.H.; Colman, I. Air pollution and daily emergency department visits for depression. Int. J. Occup. Med.
Environ. Health 2009, 22, 355–362. [CrossRef] [PubMed]

11. Block, M.L.; Elder, A.; Auten, R.L.; Bilbo, S.D.; Chen, H.; Chen, J.-C.; Cory-Slechta, D.A.; Costa, D.; Diaz-Sanchez, D.;
Dorman, D.C.; et al. The outdoor air pollution and brain health workshop. Neurotoxicology. 2012, 33, 972–984. [CrossRef]
[PubMed]

12. Hurley, L.L.; Tizabi, Y. Neuroinflammation, neurodegeneration, and depression. Neurotox. Res. 2013, 23, 131–144. [CrossRef]
13. Becker, S.; Soukup, J.; Gallagher, J. Differential particulate air pollution induced oxidant stress in human granulocytes, monocytes

and alveolar macrophages. Toxicol. Vitr. 2002, 16, 209–218. [CrossRef]
14. Kampa, M.; Castanas, E. Human health effects of air pollution. Environ. Pollut. 2008, 151, 362–367. [CrossRef] [PubMed]
15. Block, M.L.; Calderon-Garciduenas, L. Air pollution: Mechanisms of neuroinflammation and CNS disease. Trends Neurosci. 2009,

32, 506–516. [CrossRef] [PubMed]
16. Ng, F.; Berk, M.; Dean, O.; Bush, A.I. Oxidative stress in psychiatric disorders: Evidence base and therapeutic implications. Int. J.

Neuropsychopharmacol. 2008, 11, 851–876. [CrossRef] [PubMed]
17. Levesque, S.; Surace, M.J.; McDonald, J.; Block, M.L. Air pollution & the brain: Subchronic diesel exhaust exposure causes

neuroinflammation and elevates early markers of neurodegenerative disease. J. Neuroinflammation 2011, 8, 105.
18. Fonken, L.K.; Xu, X.; Weil, Z.M.; Chen, G.; Sun, Q.; Rajagopalan, S.; Nelson, R.J. Air pollution impairs cognition, provokes

depressive-like behaviors and alters hippocampal cytokine expression and morphology. Mol. Psychiatry 2011, 16, 987–995.
[CrossRef] [PubMed]

19. Felger, J.C.; Lotrich, F.E. Inflammatory cytokines in depression: Neurobiological mechanisms and therapeutic implications.
Neuroscience 2013, 246, 199–229. [CrossRef]

20. Dierker, L.C.; Avenevoli, S.; Stolar, M.; Merikangas, K. Smoking and depression: An examination of mechanisms of comorbidity.
Am. J. Psychiatry 2002, 159, 947–953. [CrossRef] [PubMed]

21. Dantzer, R.; Walker, A.K. Is there a role for glutamate-mediated excitotoxicity in inflammation-induced depression? J. Neural
Transm. 2014, 121, 925–932. [CrossRef] [PubMed]

22. Harry, G.J.; Kraft, A.D. Microglia in the developing brain: A potential target with lifetime effects. Neurotoxicology 2012, 33, 191–206.
[CrossRef] [PubMed]

23. Campbell, A.; Oldham, M.; Becaria, A.; Bondy, S.; Meacher, D.; Sioutas, C.; Misra, C.; Mendez, L.B.; Kleinman, M. Particulate
matter in polluted air may increase biomarkers of inflammation in mouse brain. Neurotoxicology 2005, 26, 133–140. [CrossRef]

24. Veronesi, B.; Makwana, O.; Pooler, M.; Chen, L.C. Effects of subchronic exposures to concentrated ambient particles: VII.
Degeneration of dopaminergic neurons in Apo E−/− mice. Inhal. Toxicol. 2005, 17, 235–241. [CrossRef] [PubMed]

25. Liu, Q.; He, H.; Yang, J.; Feng, X.; Zhao, F.; Lyu, J. Changes in the global burden of depression from 1990 to 2017: Findings from
the Global Burden of Disease study. J. Psychiatr. Res. 2020, 126, 134–140. [CrossRef]

26. Malhi, G.S.; Mann, J.J. Depression. Lancet 2018, 392, 2299–2312. [CrossRef]

http://doi.org/10.1016/S0140-6736(17)30505-6
https://www.who.int/airpollution/ambient/en/#:~{}:text=Ambient%20air%20pollution%20accounts%20for,quality%20levels%20exceed%20WHO%20limits
https://www.who.int/airpollution/ambient/en/#:~{}:text=Ambient%20air%20pollution%20accounts%20for,quality%20levels%20exceed%20WHO%20limits
http://doi.org/10.1503/cmaj.121568
http://www.ncbi.nlm.nih.gov/pubmed/24144607
http://doi.org/10.1164/rccm.201211-2004OC
http://www.ncbi.nlm.nih.gov/pubmed/23392442
http://doi.org/10.1016/j.cpcardiol.2015.01.003
http://doi.org/10.1097/CEJ.0000000000000158
http://www.ncbi.nlm.nih.gov/pubmed/25757194
http://doi.org/10.1016/S0140-6736(17)32366-8
http://doi.org/10.1371/journal.pone.0195607
http://www.ncbi.nlm.nih.gov/pubmed/29630645
http://doi.org/10.1289/EHP192
http://www.ncbi.nlm.nih.gov/pubmed/27129131
http://doi.org/10.2478/v10001-009-0031-6
http://www.ncbi.nlm.nih.gov/pubmed/20197262
http://doi.org/10.1016/j.neuro.2012.08.014
http://www.ncbi.nlm.nih.gov/pubmed/22981845
http://doi.org/10.1007/s12640-012-9348-1
http://doi.org/10.1016/S0887-2333(02)00015-2
http://doi.org/10.1016/j.envpol.2007.06.012
http://www.ncbi.nlm.nih.gov/pubmed/17646040
http://doi.org/10.1016/j.tins.2009.05.009
http://www.ncbi.nlm.nih.gov/pubmed/19716187
http://doi.org/10.1017/S1461145707008401
http://www.ncbi.nlm.nih.gov/pubmed/18205981
http://doi.org/10.1038/mp.2011.76
http://www.ncbi.nlm.nih.gov/pubmed/21727897
http://doi.org/10.1016/j.neuroscience.2013.04.060
http://doi.org/10.1176/appi.ajp.159.6.947
http://www.ncbi.nlm.nih.gov/pubmed/12042182
http://doi.org/10.1007/s00702-014-1187-1
http://www.ncbi.nlm.nih.gov/pubmed/24633997
http://doi.org/10.1016/j.neuro.2012.01.012
http://www.ncbi.nlm.nih.gov/pubmed/22322212
http://doi.org/10.1016/j.neuro.2004.08.003
http://doi.org/10.1080/08958370590912888
http://www.ncbi.nlm.nih.gov/pubmed/15804941
http://doi.org/10.1016/j.jpsychires.2019.08.002
http://doi.org/10.1016/S0140-6736(18)31948-2


Int. J. Environ. Res. Public Health 2021, 18, 2450 11 of 12

27. Kessler, R.C.; Berglund, P.; Demler, O.; Jin, R.; Koretz, D.; Merikangas, K.R.; Rush, A.J.; Walters, E.E.; Wang, P.S. The epidemiology
of major depressive disorder: Results from the National Comorbidity Survey Replication (NCS-R). JAMA 2003, 289, 3095–3105.
[CrossRef] [PubMed]

28. Lam, R.W.; McIntosh, D.; Wang, J.; Enns, M.W.; Kolivakis, T.; Michalak, E.E.; Sareen, J.; Song, W.-Y.; Kennedy, S.H.;
MacQueen, G.M.; et al. Canadian Network for Mood and Anxiety Treatments (CANMAT) 2016 Clinical Guidelines for the
Management of Adults with Major Depressive Disorder: Section 1. Disease Burden and Principles of Care. Can. J. Psychiatry 2016,
61, 510–523. [CrossRef] [PubMed]

29. Thapar, A.; Collishaw, S.; Pine, D.S.; Thapar, A.K. Depression in adolescence. Lancet 2012, 379, 1056–1067. [CrossRef]
30. Lim, Y.-H.; Kim, H.; Kim, J.H.; Bae, S.; Park, H.Y.; Hong, Y.-C. Air pollution and symptoms of depression in elderly adults.

Environ. Heal. Perspect. 2012, 120, 1023–1028. [CrossRef]
31. Pun, V.C.; Manjourides, J.; Suh, H. Association of Ambient Air Pollution with Depressive and Anxiety Symptoms in Older Adults:

Results from the NSHAP Study. Environ. Heal. Perspect. 2017, 125, 342–348. [CrossRef]
32. Wang, F.; Liu, H.; Li, H.; Liu, J.; Guo, X.; Yuan, J.; Hu, Y.; Wang, J.; Lu, L. Ambient concentrations of particulate matter and

hospitalization for depression in 26 Chinese cities: A case-crossover study. Environ. Int. 2018, 114, 115–122. [CrossRef]
33. Szyszkowicz, M.; Kousha, T.; Kingsbury, M.; Colman, I. Air Pollution and Emergency Department Visits for Depression: A

Multicity Case-Crossover Study. Environ. Heal. Insights 2016, 10, 155–161. [CrossRef]
34. Cho, J.; Choi, Y.J.; Suh, M.; Sohn, J.; Kim, H.; Cho, S.K.; Ha, K.H.; Kim, C.; Shin, D.C. Air pollution as a risk factor for depressive

episode in patients with cardiovascular disease, diabetes mellitus, or asthma. J. Affect. Disord. 2014, 157, 45–51. [CrossRef]
[PubMed]

35. Lin, H.; Guo, Y.; Kowal, P.; Airhihenbuwa, C.O.; Di, Q.; Zheng, Y.; Zhao, X.; Vaughn, M.G.; Howard, S.; Schootman, M.; et al.
Exposure to air pollution and tobacco smoking and their combined effects on depression in six low- and middle-income countries.
Br. J. Psychiatry 2017, 211, 157–162. [CrossRef] [PubMed]

36. Vert, C.; Sánchez-Benavides, G.; Martínez, D.; Gotsens, X.; Gramunt, N.; Cirach, M.; Molinuevo, J.L.; Sunyer, J.;
Nieuwenhuijsen, M.J.; Crous-Bou, M.; et al. Effect of long-term exposure to air pollution on anxiety and depression in
adults: A cross-sectional study. Int. J. Hyg. Environ. Health 2017, 220, 1074–1080. [CrossRef] [PubMed]

37. Kioumourtzoglou, M.A.; Power, M.C.; Hart, J.E.; Okereke, O.I.; Coull, B.A.; Laden, F.; Weisskopf, M.G. The Association Between
Air Pollution and Onset of Depression Among Middle-Aged and Older Women. Am. J. Epidemiol. 2017, 185, 801–809. [CrossRef]

38. Zijlema, W.L.; Triguero-Mas, M.; Smith, G.; Cirach, M.; Martinez, D.; Dadvand, P.; Gascon, M.; Jones, M.; Gidlow, C.;
Hurst, G.; et al. The relationship between natural outdoor environments and cognitive functioning and its mediators. En-
viron. Res. 2017, 155, 268–275. [CrossRef]

39. Wang, Y.; Eliot, M.N.; Koutrakis, P.; Gryparis, A.; Schwartz, J.D.; Coull, B.A.; Mittleman, M.A.; Milberg, W.P.; Lipsitz, L.A.;
Wellenius, G.A. Ambient air pollution and depressive symptoms in older adults: Results from the MOBILIZE Boston study.
Environ. Health Perspect. 2014, 122, 553–558. [CrossRef]

40. Szyszkowicz, M. Air pollution and emergency department visits for depression in Edmonton, Canada. Int. J. Occup. Med. Environ.
Health 2007, 20, 241–245. [CrossRef]

41. Statistics Canada. Canadian Community Health Survey (CCHS) Annual Component. Available online: https://www.statcan.gc.
ca/eng/survey/household/3226 (accessed on 1 March 2021).

42. Kessler, R.C.; Andrews, G.; Mroczek, D.; Ustun, B.; Wittchen, H.U. The World Health Organization composite international
diagnostic interview short-form (CIDI-SF). Int. J. Methods Psychiatr. Res. 1998, 7, 171–185. [CrossRef]

43. Kroenke, K.; Spitzer, R.L. The PHQ-9: A new depression diagnostic and severity measure. Psychiatr. Ann. 2002, 32, 509–515.
[CrossRef]

44. DMTI Spatial Inc Canadian Urban Environmental Health Research Consortium CanMap Postal Code Suite. v2016.3 ed. Available
online: https://www.canuedata.ca/metadata.php (accessed on 1 March 2021).

45. Canadian Urban Environmental Health Research Consortium CANUE Metadata Annual PM2.5. Available online: https:
//www.canuedata.ca/tmp/CANUE_METADATA_PM25DALB_A_YY.pdf (accessed on 1 March 2021).

46. Boys, B.L.; Martin, R.V.; van Donkelaar, A.; MacDonell, R.J.; Hsu, N.C.; Cooper, M.J.; Yantosca, R.M.; Lu, Z.; Streets, D.G.;
Zhange, Q.; et al. Fifteen-year global time series of satellite-derived fine particulate matter. Environ. Sci. Technol. 2014, 48,
11109–11118. [CrossRef] [PubMed]

47. Van Donkelaar, A.; Martin, R.V.; Li, C.; Burnett, R.T. Regional Estimates of Chemical Composition of Fine Particulate Matter
Using a Combined Geoscience-Statistical Method with Information from Satellites, Models, and Monitors. Environ. Sci. Technol.
2019, 53, 2595–2611. [CrossRef] [PubMed]

48. Van Donkelaar, A.; Martin, R.V.; Spurr, R.J.; Burnett, R.T. High-resolution satellite-derived PM2. 5 from optimal estimation and
geographically weighted regression over North America. Environ. Sci. Technol. 2015, 49, 10482–10491. [CrossRef] [PubMed]

49. Canadian Urban Environmental Health Research Consortium CANUE Metadata Annual Ozone. Available online: https:
//www.canuedata.ca/tmp/CANUE_METADATA_O3CHG_A_YY.pdf (accessed on 1 March 2021).

50. Robichaud, A.; Menard, R.; Zaitseva, Y.; Anselmo, D. Multi-pollutant surface objective analyses and mapping of air quality health
index over North America. Air Qual. Atmosphere Health 2016, 9, 743–759. [CrossRef]

51. Robichaud, A.; Ménard, R. Multi-year objective analyses of warm season ground-level ozone and PM2. 5 over North America
using real-time observations and Canadian operational air quality models. Atmos. Chem. Phys. 2014, 14, 1769–1800. [CrossRef]

http://doi.org/10.1001/jama.289.23.3095
http://www.ncbi.nlm.nih.gov/pubmed/12813115
http://doi.org/10.1177/0706743716659416
http://www.ncbi.nlm.nih.gov/pubmed/27486151
http://doi.org/10.1016/S0140-6736(11)60871-4
http://doi.org/10.1289/ehp.1104100
http://doi.org/10.1289/EHP494
http://doi.org/10.1016/j.envint.2018.02.012
http://doi.org/10.4137/EHI.S40493
http://doi.org/10.1016/j.jad.2014.01.002
http://www.ncbi.nlm.nih.gov/pubmed/24581827
http://doi.org/10.1192/bjp.bp.117.202325
http://www.ncbi.nlm.nih.gov/pubmed/28798061
http://doi.org/10.1016/j.ijheh.2017.06.009
http://www.ncbi.nlm.nih.gov/pubmed/28705430
http://doi.org/10.1093/aje/kww163
http://doi.org/10.1016/j.envres.2017.02.017
http://doi.org/10.1289/ehp.1205909
http://doi.org/10.2478/v10001-007-0024-2
https://www.statcan.gc.ca/eng/survey/household/3226
https://www.statcan.gc.ca/eng/survey/household/3226
http://doi.org/10.1002/mpr.47
http://doi.org/10.3928/0048-5713-20020901-06
https://www.canuedata.ca/metadata.php
https://www.canuedata.ca/tmp/CANUE_METADATA_PM25DALB_A_YY.pdf
https://www.canuedata.ca/tmp/CANUE_METADATA_PM25DALB_A_YY.pdf
http://doi.org/10.1021/es502113p
http://www.ncbi.nlm.nih.gov/pubmed/25184953
http://doi.org/10.1021/acs.est.8b06392
http://www.ncbi.nlm.nih.gov/pubmed/30698001
http://doi.org/10.1021/acs.est.5b02076
http://www.ncbi.nlm.nih.gov/pubmed/26261937
https://www.canuedata.ca/tmp/CANUE_METADATA_O3CHG_A_YY.pdf
https://www.canuedata.ca/tmp/CANUE_METADATA_O3CHG_A_YY.pdf
http://doi.org/10.1007/s11869-015-0385-9
http://doi.org/10.5194/acp-14-1769-2014


Int. J. Environ. Res. Public Health 2021, 18, 2450 12 of 12

52. McLinden, C.A.; Fioletov, V.; Boersma, K.F.; Kharol, S.K.; Krotkov, N.; Lamsal, L.; Makar, P.A.; Martin, R.V.; Veefkind, J.P.; Yang, K.
Improved satellite retrievals of NO2 and SO2 over the Canadian oil sands and comparisons with surface measurements. Atmos.
Chem. Phys. 2014, 14, 3637–3656. [CrossRef]

53. Canadian Urban Environmental Health Research Consortium CANUE Metadata SO2 OMI. Available online: https://www.
canuedata.ca/tmp/CANUE_METADATA_SO2OMI_A_YY.pdf (accessed on 1 March 2021).

54. Hystad, P.; Setton, E.; Cervantes, A.; Poplawski, K.; Deschenes, S.; Brauer, M.; van Donkelaar, A.; Lamsal, L.; Martin, R.;
Jerrett, M.; et al. Creating national air pollution models for population exposure assessment in Canada. Environ. Health Perspect.
2011, 119, 1123–1129. [CrossRef] [PubMed]

55. Canadian Urban Environmental Health Research Consortium CANUE Metadata NO2 LUR. Available online: https://www.
canuedata.ca/tmp/CANUE_METADATA_NO2LUR_A_YY.pdf (accessed on 1 March 2021).

56. Weichenthal, S.; Pinault, L.L.; Burnett, R.T. Impact of Oxidant Gases on the Relationship between Outdoor Fine Particulate Air
Pollution and Nonaccidental, Cardiovascular, and Respiratory Mortality. Sci. Rep. 2017, 7, 16401. [CrossRef] [PubMed]

57. Canadian Urban Environmental Health Research Consortium CANUE Material and Social Deprivation Index (MSDI). Available
online: https://www.canuedata.ca/tmp/CANUE_METADATA_INDMSD_A_YY.pdf (accessed on 1 March 2021).

58. Pampalon, R.; Hamel, D.; Gamache, P.; Philibert, M.D.; Raymond, G.; Simpson, A. An area-based material and social deprivation
index for public health in Québec and Canada. Can. J. Public Health/Rev. Can. Sante’e Publique 2012, 103, S17–S22.

59. Allen, J.; Balfour, R.; Bell, R.; Marmot, M. Social determinants of mental health. Int. Rev. Psychiatry 2014, 26, 392–407. [CrossRef]
[PubMed]

60. Williamson, T.; Eliasziw, M.; Fick, G.H. Log-binomial models: Exploring failed convergence. Emerg. Themes Epidemiol. 2013, 10, 14.
[CrossRef] [PubMed]

61. StataCorp LLC. Stata Statistical Software; Release 16; StataCorp LLC: College Station, TX, USA, 2019.
62. Lee, C.-H.; Giuliani, F. The role of inflammation in depression and fatigue. Front. Immunol. 2019, 10, 1696. [CrossRef] [PubMed]

http://doi.org/10.5194/acp-14-3637-2014
https://www.canuedata.ca/tmp/CANUE_METADATA_SO2OMI_A_YY.pdf
https://www.canuedata.ca/tmp/CANUE_METADATA_SO2OMI_A_YY.pdf
http://doi.org/10.1289/ehp.1002976
http://www.ncbi.nlm.nih.gov/pubmed/21454147
https://www.canuedata.ca/tmp/CANUE_METADATA_NO2LUR_A_YY.pdf
https://www.canuedata.ca/tmp/CANUE_METADATA_NO2LUR_A_YY.pdf
http://doi.org/10.1038/s41598-017-16770-y
http://www.ncbi.nlm.nih.gov/pubmed/29180643
https://www.canuedata.ca/tmp/CANUE_METADATA_INDMSD_A_YY.pdf
http://doi.org/10.3109/09540261.2014.928270
http://www.ncbi.nlm.nih.gov/pubmed/25137105
http://doi.org/10.1186/1742-7622-10-14
http://www.ncbi.nlm.nih.gov/pubmed/24330636
http://doi.org/10.3389/fimmu.2019.01696
http://www.ncbi.nlm.nih.gov/pubmed/31379879

	Introduction 
	Materials and Methods 
	Canadian Community Health Survey (Study Population) 
	Measures of Major Depression 
	Measures of Outdoor Air Pollution (Exposures) 
	Neighborhood-Level Socioeconomic Status 
	Measures of Covariates 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	
	References

