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Within-city spatial variations in long-term
average outdoor oxidant gas concentrations and
cardiovascular mortality

Effect modification by oxidative potential in the Canadian Census Health and
Environment Cohort
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Background: Health effects of oxidant gases may be enhanced by components of particulate air pollution that contribute to \
oxidative stress. Our aim was to examine if within-city spatial variations in the oxidative potential of outdoor fine particulate air pollu-
tion (PM, .) modify relationships between oxidant gases and cardiovascular mortality.

Methods: \We conducted a retrospective cohort study of participants in the Canadian Census Health and Environment Cohort who
lived in Toronto or Montreal, Canada, from 2002 to 2015. Cox proportional hazards models were used to estimate associations
between outdoor concentrations of oxidant gases (O,, a redox-weighted average of nitrogen dioxide and ozone) and cardiovascular
deaths. Analyses were performed across strata of two measures of PM, . oxidative potential and reactive oxygen species concen-
trations (ROS) adjusting for relevant confounding factors.

Results: PM, . mass concentration showed little within-city variability, but PM,  oxidative potential and ROS were more variable.
Spatial variations in outdoor O, were associated with an increased risk of cardiovascular mortality [HR per 5 ppb = 1.028, 95%
confidence interval (Cl): 1.001, 1.055]. The effect of O, on cardiovascular mortality was stronger above the median of each measure
of PM, . oxidative potential and ROS (e.g., above the median of glutathione-based oxidative potential: HR = 1.045, 95% Cl: 1.009,
1.081; below median: HR = 1.000, 95% ClI: 0.960, 1.043).

Conclusion: Within-city spatial variations in PM, . oxidative potential may modify long-term cardiovascular health impacts of O..
Regions with elevated O, and PM,  oxidative potential may be priority areas for interventions to decrease the population health

impacts of outdoor air pollution.
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Introduction

Exposure to fine particulate air pollution (PM, ,) is a known risk
factor for cardiovascular morbidity and rnortetfity.l’2 An import-
ant mechanism by which PM, | induces cardiovascular dysfunc-
tion is oxidative stress, which occurs when levels of reactive
oxygen species (ROS) exceed normal levels and overcome the
body’s antioxidant defenses.! PM, . is only one component in
the complex mixture of chemicals that comprise air pollution.
Oxidant gases (expressed as O, which represents a weighted
average of the gases nitrogen dioxide, NO,, and ozone, O,) also
contribute to outdoor air pollution. These gases can induce oxi-
dative stress and are associated with cardiovascular mortality.>*

PM, . concentrations depend on regional background levels
(i.e., particles transported from distant sources) as well as local
sources (e.g., local vehicular traffic or industrial activity)’ but

What this study adds

The effects of gaseous air pollutants may be stronger in areas
where particulate matter has greater toxicity, for example, as
measured by particle oxidative potential or concentrations of
ROS generated in the epithelial lining fluid (ROS). This effect
has not been assessed at small spatial scales. We used a popu-
lation-based cohort in Montreal and Toronto, Canada to assess
the association of long-term exposure to oxidant gases with
cardiovascular mortality, and whether that relationship varied
by particle oxidative potential and ROS. We observed stronger
effects of oxidant gas exposures in areas above the median of
oxidative potential and ROS.
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show relatively little spatial variability within cities.*” However,
O, concentrations vary considerably within cities (this is driven
primarily by local production of NO,)."*!" As well, small-scale
spatial variations in PM, ; components are much greater than
variations in total PM, mass concentrations owing to greater dif-
ferences in composition from local sources.®” Moreover, PM com-
ponents are not equally toxic, and many PM, ; components (e.g.,
transition metals) are assoc1ated with increased production of free
radicals.'? Particle oxidative potential (OP) presents an integrated
approach to estimating the ability of particles to induce oxidative
stress, and existing evidence suggests that OP is highly variable
within cities.*'> OP can be determined by a number of different
acellular assays,' frequently by measuring depletion of antioxi-
dants [most commonly ascorbate (AA) and glutathione (GSH)]
using a cell-free assay based on a synthetic respiratory tract lining
fluid exposed to PM, ; sample extracts.'* Alternatively, the concen-
tration of ROS resultlng from the ability of particles to generate
ROS and the destruction of ROS by antioxidants can be estimated
using a mathematical model based on the content of redox-active
components including transition metals in particles.'®

Recent evidence suggests that regional variation (i.e., between
cities) in PM,, OP can modlfy the acute and chronic health
effects of O 728 Specifically, in a time-stratified case-crossover
study across 34 Canadian cities, associations between short-
term O_ exposures and respiratory hospitalizations in children
were stronger when monthly average GSH-based OP (OP%H)
was higher.'® Similarly, long-term effects were assessed in a
cohort study of Canadian adults living within 10 km of one
of the 40 monitoring sites across the country, and associations
between O_ and mortality (nonaccidental, cardiovascular, and
respiratory mortality) were consistently stronger in regions with
elevated PM,  transition metal/sulfur content and oxidative
potential (OPAA OPSH and OP estimated from a dithiothreit-
ol-based assay).!” However, neither of these previous studies
examined how PM, . OP and ROS concentrations may modify
the health impacts ot O_ within cities.

In this study, we examined how within-city spatial variations in
PM, ; OP and ROS concentrations influenced associations between
long-term exposures to O_and cardiovascular mortality in Toronto
and Montreal, Canada. Our primary focus was on the combined
oxidant capacity of oxidant gases O, and NO, because these spe-
cies react together in the atmosphere and are correlated in space
(generally inversely). Using the integrated O_ measure allowed us to
examine the simultaneous effects of both oxidant gases. However,
for the purposes of completeness, we examined the effects of O,
and NO, separately in addition to the combined O_ measure,
Our cohort analysis included more than 1 million members of the
Canadian Census Health and Environment Cohort (CanCHEC)
and our estimates of PM, . OP and ROS were based on dense spa-
tial monitoring campaigns conducted across each city.

Methods

Cohort description and mortality outcomes

The Canadian Census Health and Environment Cohort
(CanCHEC) has been described previously.!”* Briefly, this is a
population-based cohort established in 2008, when the 1991
Canadian Census was linked to 10 years of death records,
and includes non-institutionalized Canadians (aged 25 and
older) who were among the approximately 20% of households
selected for enumeration by the long-form Census questionnaire.
The cohort now includes multiple cycles of follow-up.?! These
datasets were linked to postal code histories for annual place
of residence using Historical Tax Summary Files. CanCHEC
includes information from Census questionnaires on socio-
economic indicators, ethnicity, and place of residence, as well
as neighborhood-level characteristics including environmental
conditions.!” Cause-specific mortality data were linked from the
Canadian Vital Statistics Death Database using deterministic
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and probabilistic methods. The CanCHEC dataset was created
under the authority of the Statistics Act and approved by the
Executive Management Board at Statistics Canada (reference:
045-2015). This is equivalent to standard research ethics board
approval. Informed consent was waived because the database
used in this study contains only deidentified individual records.

The present study population was limited to individuals in
the 1991, 1996, 2001, or 2006 CanCHEC cycles who were
between the ages of 25 and 90 years and who lived in Toronto
or Montreal for at least 2 years during follow-up. Individuals
who were enumerated in more than one long-form census cycle
were assigned to the earliest cohort in which they appeared. All
participants were followed for cardiovascular mortality (ICD-
10 codes 110-169) from the date they entered the study area
(on or after census day in 2001 for the 1991, 1996, and 2001
cohorts, or on or after census day in 2006 for the 2006 cohort)
to 31 December 2015, which was the end of data availability for
O, concentrations. This restricted follow-up period was imple-
mented to reduce potential error caused by extrapolation of OP
and ROS exposures far into the past (i.e., for the 1991 cohort).

Exposure assignment

Outdoor concentrations of O_, PM, ; mass concentrations, and
PM, ; OP and ROS were a351gned to the residential postal codes
across each city (6-digit postal codes, about the size of one city
block face). Residential postal code hlstorles from annual income
tax filings were used to estimate time-varying exposures for O_
(and PM, ) over the duration of the follow-up period to account
for residential mobility within and between cities (i.e., between
Montreal and Toronto). Specifically, exposures were assigned as
3-year moving averages with a 1-year lag (e.g., an individual’s
exposure for 2008 was equal to the mean of their exposures
for 2005, 2006, and 2007), as in Pinault et al.?? This exposure
assignment procedure ensured that the exposure always pre-
ceded the event. Although PM, ; OP and ROS exposures were
measured or estimated based on 2018 data, they were updated
annually to account for residential mobility. Person-time was
considered at risk of exposure effects if the individual resided
in the study area during at least two of the preceding 3 years.

Outdoor oxidant gas and PM, ; concentrations

Outdoor O_ concentrations were calculated as a redox-weighted
average of ozone (O,) and nitrogen dioxide (NO,) based on the
following equation: O ((1 07 xNO,) + (2.075 x 0,))/3.14.33
O, data were estimated using chemical transport models of sur-
face observations incorporating ground monitor data.*** O,
concentrations reflected the daily maximum of 8-hour average
concentrations?® and were assigned as annual averages to postal
codes. The O, models had a spatial resolution of 21 km? before
2009 and 10 km? from 2009 to 2015. Annual average outdoor
NO, concentrations were estimated from a land-use regres-
sion model*” developed from 2006 data, combining NO, esti-
mates derived from remote sensing and National Air Pollution
Surveillance monitoring data. The NO, model had a spatial res-
olution of 100 m?. NO, and O, data indexed to DMTI Spatial
Inc. postal codes were provided by CANUE (Canadian Urban
Environmental Health Research Consortium). The resulting
calculated O_ exposures combined NO, exposures estimated
at a 100 m? spatial scale with lower-resolution O, exposures
estimated at a larger spatial scale of 10 km? (21 km?). Finally,
annual average outdoor PM, ; mass concentrations were esti-
mated using previously developed models.”® Briefly, PM,
centrations were estimated at a resolution of 1x1 km usmg
a combination of aerosol optical depth, a chemical transport
model, and land-use data.?®?*° Spatial and temporal resolutions
of air pollutant concentrations are summarized in Table S1;
http:/links.lww.com/EE/A225.
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Spatial monitoring studies and laboratory analyses for
PM, . oxidative potential and modeling reactive oxygen
species concentrations

Outdoor PM, ; monitoring campaigns were conducted in 2018
in Toronto and Montreal, Canada. Monitoring sites were identi-
fied to capture the variability of ambient PM, ., in each city with
maximal spatial coverage.?? In total, 110 sites were monitored
in Toronto (a geographic area of 630.2 km2) and 124 sites in
Montreal (472.6 km2) in the summer season; daily mean tem-
peratures ranged from 14.4 °C to 23.7 °C in Montreal and 19.8
°C to 26.6 °C in Toronto. Winter season sampling was planned
but could not be carried out in both cities due to technical issues.
A smaller subset of sites was monitored in Montreal during the
winter season, and spatial patterns of OP were similar between
summer and winter.®

Integrated 2-week PM, ; samples were collected at each site
using Teflon filters with a mix of Ultrasonic Personal Air Sample
monitors (Access Sensor Technologies, Fort Collins, CO) at a
flow rate of 1L/min and cascade impactors at a flow rate of
5 L/min. Samples were collected simultaneously within each city
using preset timers to eliminate the need for temporal adjust-
ment of estimates; however, the Toronto monitoring period
was approximately one month after the Montreal monitoring
period, due to the practical limitations of simultaneous monitor-
ing at a large number of sites. As our focus was on within-city
exposure effects, we did not perform temporal adjustment of the
OP measurements between the two cities. The oxidative poten-
tial of PM, , samples was analyzed using two acellular in vitro
assays, namely the ascorbate (AA) assay and the GSH assay,
according to procedures described previously.!*° Briefly, PM,
samples were extracted, re-suspended and then incubated with
a synthetic human respiratory tract lining fluid for 4 hours at
37 °C. This fluid was a composite solution of physiologically
relevant antioxidants including equimolar concentrations (200
uM) of ascorbate (AA), GSH, and urate. PM, . oxidative poten-
tial was measured by depletlon of AA (% change in absorbance
at 260nm wavelength) and GSH (% change in absorbance at
405 nm wavelength). Measures of AA-related and GSH-related
PM, . oxidative potential were expressed per unit mass (%
depletlon/pg)

In addition to the OP assays, the concentration of ROS in the
epithelial lining fluid due to generation from redox reactions
of transition metals and destruction by reactions with antiox-
idants was estimated using the KM-SUB-ELF model described
by Lakey et al.'® This mathematical model simulates chemical
reactions that occur in the respiratory tract’s epithelial lining
fluid following inhalation of particles as determined by the
particles’ Fe and Cu content. Concentrations of Cu and Fe in
PM, ; samples were determined by x-ray fluorescence accord-
ing to EPA Method 10-3.3 in Compendium of Methods for the
Determination of Metals in Ambient Particulate Matter (EPA
625/R-96/010a).

Spatial variations in outdoor PM,. OP and ROS were
assigned based on the measurements collected across each city
(i.e., the closest monitoring site to a given residential postal code
centroid). We used measured values rather than modeled esti-
mates since the measured sites were densely concentrated across
the study areas. We were not able to extrapolate OP and ROS
estimates into the past due to the absence of historical data.
However, we assume relative stability of the spatial distribu-
tions of OP and ROS over time since these measures are driven
largely by vehicular traffic and the locations of major roadways/
highways have not changed significantly over the time period of
follow-up.

Statistical analyses

We used stratified Cox proportional hazards models to esti-
mate hazard ratios describing relationships between within-city
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spatial variations in O_ concentrations and cardiovascular mor-
tality, overall and within strata of OP/ROS of PM, .. Models
were stratified by age (10-year age groups), sex (male/female),
Census cohort year (1991, 1996, 2001, and 2006), city of res-
idence (Toronto/Montreal), and immigrant status (Canadian-
born/immigrant). Covariates were chosen with the aid of a
Directed Acyclic Graph (see Figure S1; http:/links.Iww.com/EE/
A225). Additionally, models were adjusted for several indicators
of socioeconomic status including visible minority status, occu-
pational level, educational attainment, labor force status, mari-
tal status, and income quintile, as well as an additional variable
indicating relative age within the 10-year age group (to address
possible residual confounding by age), and PM, ; mass concen-
tration. In addition, we included nelghborhood level variables
for four dimensions of the Canadian Marginalization Index
(CAN-Marg) which describes inequalities in terms of mate-
rial deprivation, residential instability, dependency, and ethnic
concentration.’!

Follow-up time started with census day 2001 for the 1991,
1996 and 2001 cohorts, and census day 2006 for the 2006
cohort. Subjects were censored if they moved outside the cities
of Montreal or Toronto, if they were lost to follow up, at the
end of the study period, or at time of death from a non-cardio-
vascular cause. Data were accessed and analyzed in the secure
facilities of the McGill-Concordia Research Data Centre located
at McGill University. Statistical analyses were performed using
SAS 9.4 (SAS Institute, Cary, NC). Hazard ratios were expressed
per 5 ppb increase in O .

The CanCHEC datasets lack information on potential
individual-level confounders such as smoking and body
mass index (BMI). Although these are not likely to be
strong confounders of the relationship between outdoor
concentrations of O_ and cardiovascular mortality (i.e.,
because individual-level smoking is not a cause of long-
term average outdoor O_ concentrations), we evaluated
correlations between O_ and smoking and BMI in order to
assess the potential for confounding by chance correlations
with O_. To do this, we used the Canadian Community
Health Survey (CCHS) cohort population (multiple cycles:
2001-2008), an ancillary population-based cohort which
has individual-level data on these lifestyle variables. From
the CCHS cohort, we selected people who lived in Toronto
or Montreal; and who were aged between 25 and 89 years
at baseline. We assigned pollutant exposure values to these
people in CCHS based on postal code and year of survey
and calculated correlations between O_ and smoking and
BMI.

Finally, we assessed the relationship between co-exposure to
both high (i.e., above the median) levels of OP**, OPSH| and
ROS and high (above the median) O_ and each dimension of
the Canadian Marginalization Index. For each measure of OP/
ROS, we created a three-level categorical variable representing
high, low, or mixed exposure to both pollutants (i.e., exposure
to below-median values of O_and below-median values of op;
exposure to above-median values of O_ and above-median val-
ues of OP; and exposure to above- median OP but below-median
O_, or vice versa). Finally, we calculated correlations between
co-exposure to each of the 3-level OP/O_ variables and each of
the S-level quintiles of the four CanMARG dimensions using
Spearman’s rank order correlation.®

Results

Cohort characteristics

In total, approximately 36,800 deaths from cardiovascular
causes were included in the analyses, occurring over 10,987,500
person-years (rounded to the nearest 100 to comply with
Statistics Canada confidentiality requirements) in approxi-
mately 1.1 million individuals (Table 1).
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Descriptive statistics at baseline for the study cohort of people
living in Toronto or Montreal (1991, 1996, 2001, and 2006 CanCHEC
cohorts).

Cardiovas-
Characteristic Person-years Participants cular deaths
Total 10,987,500 1,121,000 36,800
Sex
Male 4,994,700 520,400 19,400
Female 5,992,800 600,700 17,400
Immigrant status
Nonimmigrant 5,811,100 606,400 20,500
Immigrant 5,176,400 514,600 16,300
City of residence
Toronto 6,012,200 616,400 19,500
Montreal 4,975,300 504,600 17,400
Age group
25-34 917,100 108,300 NA
35-44 2,662,100 259,800 700
45-54 2,855,300 271,800 2,000
55-64 2,050,600 197,400 4,100
65-74 1,495,400 151,100 9,600
75-84 781,800 99,500 13,800
85-89 225,300 33,200 6,500
Occupational class
Management 927,100 92,400 1,200
Professional 1,748,300 169,800 1,500
Skilled, technical, and supervisory 2,035,100 202,300 2,700
Semiskilled 2,441,900 242,900 3,300
Unskilled 800,800 79,200 1,500
No occupation 3,034,500 334,300 26,700
Labor force status
Employed 7,078,100 697,500 8,100
Unemployed 618,500 62,700 1,000
Not in labor force 3,290,900 360,800 27,700
Income quintile
Lowest 2,194,000 224,500 6,100
Second lowest 2,193,700 236,200 13,900
Middle 2,202,800 226,400 7,400
Second highest 2,195,700 220,700 5,000
Highest 2,201,300 213,200 4,400
Educational attainment
Less than high school graduation 2,936,300 305,000 8,900
High school graduation with/without 3,242,700 330,300 10,300
trades certificate
Some postsecondary or college 1,986,800 206,100 3,800
diploma
University degree 2,821,700 279,600 3,900
Marital status
Divorced/separated/widowed 1,561,200 173,500 10,700
Married (including common law) 7,265,400 720,900 21,100
Single 2,160,810 226,600 5,000
Visible minority status
Not defined as visible minority 8,672,300 881,100 33,100
Visible minority 2,315,100 239,900 3,800
Marginalization index
Can-Marg: residential instability
Lowest 2,212,300 206,700 5,700
Second lowest 2,185,600 214,300 6,700
Middle 2,189,000 226,100 6,900
Second highest 2,202,300 234,600 7,600
Highest 2,198,400 239,500 10,000
Can-Marg: material deprivation
Lowest 2,214,100 214,000 7,400
Second lowest 2,178,200 213,200 7,100
Middle 2,192,600 223,800 7,200
Second highest 2,207,700 231,700 7,300
Highest 2,194,700 238,200 7,800
Can-Marg: dependency
Lowest 2,186,700 241,200 5,400
Second lowest 2,233,900 232,900 6,000
Middle 2,171,600 219,100 6,300
Second highest 2,204,100 218,100 7,500
Highest 2,191,200 209,800 11,800
Can-Marg: ethnic concentration
Lowest 2,181,000 209,200 8,000
Second lowest 2,214,700 220,500 7,900
Middle 2,202,700 221,100 7,100
Second highest 2,185,400 224,700 7,300
Highest 2,203,700 245,500 6,600

All numbers are rounded to the nearest 100 for confidentiality and may not add up to the total; NA
denotes counts below 100 and are suppressed for confidentiality.
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Characteristics of pollutant exposures

O_and PM, , exposures across all person-years, as well as PM,
OP and ROS are summarized in Table 2. O_and PM, , distric
butions were similar within strata of PM, OP and ROS (see
Tables S2 and S3; http://links.lww. com/EE/A225 ). In Montreal,
the median distance from postal code centroids to the nearest
monitored site was 916.5 m, with a maximum of 5,550.2 m.
In Toronto, the median distance was 1,338.3 m and maximum
4,863.1 m. O_ exposures were weakly/moderately correlated
w1th measures of PM, | oxidative potential (Pearson correlation
coefficients as follows: OPAA 0.33; OPSH: 0.51; ROS, 0.29). The
three OP and ROS measures were posmvely correlated with the
highest correlation observed between OP** and OPGsH (Pearson
correlation = 0.54), and weaker correlations between ROS and
OP%H (Pearson correlation = 0.49) and ROS and OP** (Pearson
correlation = 0.17) (for a full table of correlations between pol-
lutants and OP measures, see Table S4; http://links.lww.com/EE/
A225).

Relationship between O, and cardiovascular mortality
within strata of particle OP/ROS

Figure 1 shows the hazard ratios for associations between O_
and cardiovascular mortality. Overall, each 5 ppb increase in
Ox (IQR = 5.01) was associated with an increased risk of car-
diovascular mortality (HR: 1.028, 95% CI: 1.001, 1.055). The
relationship was stronger above the median of OP**, OP%H and
ROS concentrations (for numeric values see Table S5; http://
links.lww.com/EE/A225). The overall effect of O_ was stronger
in women than in men (HR for women: 1.039, 95% CI: 1.000,
1.080; HR for men: 1.019, 95% CI: 0.983, 1.055), but differ-
ences in HRs for O_ across strata of OP were larger in men (see
Table S6; http: /Ninks.lww.com/EE/A225). Little variation in out-
door PM, ; mass concentration exposures was observed across
the study area (IQR = 1.60 pg/m?) and was not associated with
the risk of cardiovascular mortality (HR per 1 pg/m?: 0.988,
95% CI: 0.960, 1.017). Although our primary focus was on
the combined welghted redox capacity of NO, and O, we also
observed higher effects above the median of OP"A OP<SH and
ROS for NO, (see Table S7; http:/links.lww. com/EE/A225) and
above the median of OPA and OPESH for O, (see Table S8; http:/
links.Iww.com/EE/A225). For example, overall O, exposures
were associated with an increased risk of cardiovascular mor-
tality [HR per IQR (6.73 ppb): 1.035, 95% CI: 1.010, 1.062],
and a higher risk above the median OP®* (HR: 1.021, 95% CI:
1.008, 1.079) than below the median OPSH (HR: 1.014, 95%
CI: 0.973, 1.022). However, opposite to the general trend, the
effects of O, were higher below the median of ROS relative to
above the median (see Table S8; http:/links.lww.com/EE/A225).
In analyses stratified above/below the median, estimates under
the median of OPA* were significantly below the null for O
(Table S6; http://links.lww.com/EE/A225). Similarly, estimates

Descriptive statistics for ambient pollutant concentrations
across all person-years.

Pollutant Mean (SD) Median 10R Percentile
1st 99th
PM, . (ug/m?) 5(1.3) 9.5 16 7.0 13.0
OP* (% depletion/pg) 0. 092 (0.036) 0.085 0.034 0016 1.036
OP®H (% depletion/ug)  0.337 (0.070) 0.332 0.068 0.182  1.442
ROS (nmol/L) 71.474(10.807) 73399 14311 44525 95.110
NO, (ppb) 20.027 (5.475)  19.80 7.60 8.64  35.00
0, (ppb) 38.697 (5.081)  37.75 6.73 2941 5188
0, (ppb) 32.345(3.804)  31.88 5.01 2556  42.66

IOR indicates interquartile range; SD, standard deviation.
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Figure 1. Hazard ratios (95% ClI) of O, exposures (per 5 ppb) on cardiovascular mortality overall and across strata (low = below median, high = above median)

of PM, ; oxidative potential (AA, GSH) and ROS concentrations.

below the median of OPA4 or ROS were significantly below the
null for NO, (Table S7; http://links.lww.com/EE/A225).

Sensitivity analysis for unmeasured confounding by
smoking and body mass index

We used 24,200 individuals at baseline in the CCHS cohorts
to check correlations between O_ exposures and unmeasured
lifestyle confounders (smoking and BMI) (see Tables S9 and
S$10; http://links.lww.com/EE/A225, for characteristics of this
population). Within each city, we observed weak and generally
inverse correlations between outdoor O concentrations and
smoking [r = =0.032 (Toronto); r = -0.056 (Montreal)] and BMI
[r = -0.013 (Toronto); r = -0.0055 (Montreal)] (for all correla-
tions, see Table S11; http:/links.lww.com/EE/A225).

Spatial distributions of co-occurring high levels of O, and
PM, OP

In Montreal, areas with co-occurring high levels of O_and OP
and ROS (i.e., above the median) tended to be near major high-
ways, in the downtown core, and in the east end of the city
where industrial activity is prevalent (Figure 2). Similarly, in
Toronto, these areas occurred in the north-west quadrant of the
city where two major highways intersect near an international
airport, as well as in the eastern area of the city where there is a
major north-south highway (Figure 3).

In Montreal, areas with higher marginalization appeared to
have a more harmful mixture of pollutants in terms of com-
bined levels of O_and OP/ROS (Figure 3). Specifically, co-ex-
posure to both O_ above the median and OP above the median

Oy and oP™ Oy and OP®*"

Oy and ROS

A

OP and Oy
Both below median
¢ Mixed

¢ Both above median

Satellite Roads and Rail

Deprivation

1 (Least Deprived)

2
. 3
. 4

* 5 (Most Deprived)

Figure 2. Spatial distributions of co-occurring oxidative potential measures and O, concentrations at postal codes in comparison to land-use patterns, traffic

infrastructure and quintiles of socioeconomic deprivation in Montreal, Canada.
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Figure 3. Spatial distributions of co-occurring oxidative potential measures and O, concentrations at postal codes in comparison to land-use patterns, traffic

infrastructure and quintiles of socioeconomic deprivation in Toronto, Canada.

(for all three OP measures) was weakly to moderately cor-
related with material deprivation (a measure of access to and
attainment of basic material needs, which includes factors
such as percent unemployment and percent without a high
school degree) in Montreal (Spearman’s rank correlations of
0.377-0.421) (see Table S12; http:/links.lww.com/EE/A225).
Similarly, the CanMARG dimension of residential instability
(which includes indicators that measure types and density of
residential accommodations as well as family structure char-
acteristics) was correlated with co-exposure to both O_above
the median and OP above the median (Spearman’s rank cor-
relations of 0.233-0.436) in Montreal (see Table S11; http://
links.Iww.com/EE/A225). However, the CanMARG dimensions
of ethnic concentration and dependency were not consistently
correlated with combined OP/O_ exposures. Significant correla-
tions between marginalization variables and combined OP/O_
were not observed in Toronto.

Discussion

In this study we investigated how within-city spatial variations
in outdoor PM, ; OP and ROS concentrations may modify asso-
ciations between long-term exposure to O_ and cardiovascular
mortality. Estimates of spatial variations in OP/ROS were based
on monitoring campaigns of 110 sites in Toronto and 124 sites
in Montreal to estimate the intraurban spatial variability of OP/
ROS exposures.

Our results suggest that exposures to O_ are associated with
higher risks of cardiovascular mortality in areas where the
ability of PM, ; to induce oxidative stress is elevated. Recent
work has demonstrated effect modification of the effects of O_
by OP at the regional scale. For example, between cities, asso-
ciations between O_ and mortality (nonaccidental, cardiovas-
cular, and respiratory mortality) were consistently stronger in
regions where PM, . oxidative potential was higher.!” Similarly,
another study found that the association of O_ with respiratory
hospitalizations in children was higher when monthly average
GSH-based OP (OPSH) was higher.!® However, each of these
studies was conducted across a wide spatial area using a sin-
gle site monitor or a small number of monitors in each city/
region, so complex small-scale spatial variations in OP were not

captured. Our study is the first to present evidence that PM, |
OP can influence the effect of O_ within cities.

Although the number of studies showing the influence of
OP on O_ exposures is small, a substantial body of evidence
demonstrates that OP modifies the effect of PM, ; mass con-
centration exposures on health outcomes. For example, in a
cohort study in Ontario, OP%H-related oxidative burden (i.e.,
PM, ; mass weighted by OP%*) was more strongly associated
with elevated risks of mortality than PM, , mass concentration
alone, but this was not observed for OP**-related oxidative bur-
den.? Further, in a case-crossover study conducted in 16 studies
across Ontario, the strongest associations between PM, ; and
emergency room visits for myocardial infarction occurred in
areas where both O_and OP“*" were high.** Given that both Ox
and PM, ; mass concentration exposures induce oxidative stress,
which is thought to be an important mechanism contributing
to the observed adverse health effects, it is plausible that areas
where PM, | exposures have a greater ability to induce oxida-
tive stress will see greater health effects from both PM, . mass
concentrations and O_. In our study, spatial variations in PM,
exposures were minimal at the within-city scale and were not
associated with an increased risk of cardiovascular mortality;
however, since O_ varies substantially within cities, it was pos-
sible to identify an effect of spatial variations in O_ exposures
on cardiovascular mortality and to examine how OP enhances
that effect.

Areas in Montreal and Toronto with high co-occurring levels
of O_and OP or ROS concentrations appeared to be spatially
distributed near sources of traffic emissions. This is consistent
with previous work that showed traffic-related variables to be
the strongest predictors of OPA*, OPSH) and ROS in this study
area.’ Transition metals including Cu and Fe are drivers of OP
derived from vehicular non-tailpipe emissions; however, OP also
responds to other, nonmetal components of PM, | (e.g., organic
compounds).'* Importantly, our findings suggest that neighbor-
hoods in Montreal with higher material deprivation and resi-
dential instability (i.e., lower socioeconomic status) may also
face a more dangerous mix of air pollution in terms of combined
exposure Ox and OP/ROS. We previously described a relation-
ship between material deprivation and measured OP which was
evident in Montreal but not Toronto®; given our present findings
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that combined OP/O_ exposures tend to be elevated in areas
of Montreal with greater deprivation, it is likely that more-de-
prived neighborhoods are exposed to a more toxic air pollution
mixture relative to less-deprived neighborhoods. Existing evi-
dence suggests that a disproportionate burden of traffic-related
air pollution falls upon marginalized populations in Canada’s
largest cities.!*-3% Moreover, recent evidence suggests that tar-
geted, location-specific reductions in emissions can efficiently
reduce national inequalities in PM, ; exposures®” and exposures
to metals in PM, ..** In the same manner, identifying areas in cit-
ies where both O_and PM, ; OP are elevated may be an efficient
approach to targeting local interventions aimed at reducing the
population health impacts of air pollution.

The study has several notable strengths including the avail-
ability of annual updated exposure information (for NO,, O,,
and PM, ), a large study population, and detailed individu-
al-level information on socioeconomic factors. Additionally, we
have exposure data from a dense network of monitors allowing
measurement of PM, | oxidative potential/ROS at a high spatial
resolution. Nonetheless, we acknowledge some limitations of
the study. First, we assume that the use of 2-week monitoring
periods represents a sufficient approximation to long-term aver-
age spatial variations in PM, ; OP. This assumption is supported
by previous studies that have suggested that the spatial pattern
of pollutant concentrations derived from short-term monitor-
ing campaigns remains relatively stable over time.*'*> Although
the OP measurements were collected after the end of follow-up,
spatial contrasts are assumed to be representative of earlier spa-
tial contrasts within each city during the follow-up period. Since
spatial contrasts were classified as above/below the median of
OP or ROS, this error would only change the observed results
if it resulted in a location moving across categories (i.e., above/
below the median). While we cannot rule out this possibility
entirely, the locations of major roadways/highways and indus-
trial areas have not changed over the duration of follow-up and
thus we do not expect considerable differences in the spatial
distribution of OP/ROS over the follow-up period.

The potential for residual confounding due to lack of individ-
ual-level data on potential confounders (such as smoking and
BMI) is an important limitation of studies using the CanCHEC
data. We used an ancillary dataset to examine correlations
between O_ concentrations and smoking and BMI and found
that O_ was generally negatively correlated with both smoking
and BMI, and thus residual confounding by these factors would
tend to lead to negative confounding* and an underestimate of
the magnitude of association between O_ exposures and cardio-
vascular mortality. Similar results were reported in a previous
study of regional-scale spatial variations in O_ by Olaniyan et
al.l”

Some air pollutant concentrations were estimated with greater
spatial precision than others. To some extent this reflects the
spatial scale of variation of different species (i.e., ozone tends to
vary regionally, whereas NO, concentrations decay quickly with
distance from source). However, the larger spatial resolutions
for older ozone exposures in particular are likely a source of
exposure measurement error, which would likely tend to bias
the observed results toward the null, as observed in a previous
study by Garriazzo et al: HRs for health outcomes were closer
to the null as exposure resolution increased.** Finally, there is
potential for exposure measurement error in the assignment of
OP values from sites directly to monitors, as some people live
closer to a monitor than others. However, in comparison to pre-
vious studies which assigned exposures to individuals residing
within a 10-km radius of a measured site,'” our median dis-
tance-to-monitor of approximately 1 km yields a more accurate
exposure assignment.

In conclusion, our findings suggest that within-city variations
in PM, , oxidative potential may modify associations between
long-term exposure to O_ on mortality from cardiovascular

www.environmentalepidemiology.com

diseases. Additional studies are needed to confirm these results
since these patterns may differ in other cities. Nonetheless, our
findings suggest that the effect modification previously observed
at a regional scale is relevant even at a much smaller spatial
scale. Moreover, our results suggest that areas with greater
material deprivation and residential instability in Montreal
are more likely to be exposed to both O_and OP above the
median, which is a potential environmental justice issue given
the increased risk of cardiovascular mortality in these areas.
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