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Abstract

Rationale: Outdoor fine particulate air pollution

(particulate matter with an aerodynamic diameter

<2.5 um; PM, 5) contributes to millions of deaths around

the world each year, but much less is known about the
long-term health impacts of other particulate air pollutants,
including ultrafine particles (a.k.a. nanoparticles), which are in
the nanometer-size range (<100 nm), widespread in urban
environments, and not currently regulated.

Objectives: We sought to estimate the associations
between long-term exposure to outdoor ultrafine particles
and mortality.

Methods: Outdoor air pollution levels were linked to the
residential addresses of a large, population-based cohort
from 2001 to 2016. Associations between long-term exposure
to outdoor ultrafine particles and nonaccidental and cause-
specific mortality were estimated using Cox proportional
hazards models.

Outdoor fine particulate air pollution
(particulate matter with an aerodynamic
diameter <2.5 um; PM, 5) contributes to
millions of deaths around the world each
year (1, 2), but much less is known about the
long-term health impacts of other particulate

air pollutants, including ultrafine particles
(UFPs; a.k.a. nanoparticles). UFPs are in the
nanometer-size range (<100 nm). Outdoor
UEFPs contribute little to particle mass
concentrations but are produced in large
number concentrations (i.e., number of

Measurements and Main Results: An increase in long-term
exposure to outdoor ultrafine particles was associated with an
increased risk of nonaccidental mortality (hazard ratio =1.073;
95% confidence interval = 1.061-1.085) and cause-specific
mortality, the strongest of which was respiratory mortality
(hazard ratio = 1.174; 95% confidence interval = 1.130-1.220). We
estimated the mortality burden for outdoor ultrafine particles in
Montreal and Toronto, Canada, to be approximately 1,100
additional nonaccidental deaths every year. Furthermore, we
observed possible confounding by particle size, which suggests
that previous studies may have underestimated or missed
important health risks associated with ultrafine particles.

Conclusions: As outdoor ultrafine particles are not currently
regulated, there is great potential for future regulatory
interventions to improve population health by targeting these
common outdoor air pollutants.

Keywords: ambient air pollution; particle number concentrations;
particulate matter; respiratory mortality; ultrafine particles

particles per cubic centimeter; pt/cm) in
urban areas by various combustion (e.g.,
vehicle traffic) and noncombustion (e.g.,
brake and tire wear) processes (3-5). For
example, in North American cities, outdoor
UFPs often range from a few thousand to
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At a Glance Commentary

Scientific Knowledge on the
Subject: Outdoor fine particulate
air pollution (particulate matter with
an aerodynamic diameter <2.5 um)
contributes to millions of deaths
around the world each year, but much
less is known about the long-term
health impacts of other particulate air
pollutants, including ultrafine particles
(UFPs; aka. nanoparticles). UFPs
deposit efficiently in the human lung,
where they can translocate to the
systemic circulation and deposit into
various organs, leading to oxidative
stress and inflammation.

What This Study Adds to the
Field: We conducted a cohort study
of long-term exposures to outdoor
UFP number concentrations and
observed consistent associations with
nonaccidental and cause-specific
mortality in Canada’s two largest
cities. Our analysis suggests that UFP
size must be considered to obtain
unbiased estimates of UFP number
concentrations, and excluding
information on UFP size can result in
an underestimation of health risks
related to UFP exposure.

hundreds of thousands of particles per cubic
centimeter, with the highest concentrations
typically observed near major roadways (4, 6).
More important, UFPs deposit efficiently in
the human lung and can translocate to the
systemic circulation and deposit into
various organs (5, 7-11). Once deposited,
UFPs contribute to oxidative stress and
trigger inflammation, leading to possible

tissue damage, DNA modification, and
disruption of cell growth (5, 7, 9, 10, 12-15).
Although regulatory actions have
dramatically reduced outdoor PM, s mass
concentrations in North America (16),
outdoor UFPs are not currently regulated,
and UFP concentrations are not necessarily
reduced by existing regulations for PM, 5
(4, 6,17-19). For example, in New York
State, UFP concentrations recently rose over
several years of PM, 5 decline (18), and
during 20 years of continuous monitoring in
Boston, UFP reductions were smaller than
expected with respect to PM, 5 reductions
(19). The World Health Organization has
proposed classifying UFP particle number
concentrations above 10,000 pt/cm3 as
“high” (20); thus, large populations remain
highly exposed to these pollutants both in
North America and around the world
(4,21-29).

To date, relatively few epidemiological
studies have examined the long-term health
impacts of outdoor UFPs, and existing
evidence supports possible associations with
incident myocardial infarction, heart failure,
hypertension, stroke, and brain tumors, with
less consistent evidence observed for
respiratory outcomes (6, 30-35). Studies of
outdoor UFPs and nonaccidental or cause-
specific mortality are particularly scarce, with
one North American study reporting a
positive association between UFPs and
ischemic heart disease mortality (34) and one
study in the Netherlands reporting positive
associations between UFPs and
nonaccidental mortality, respiratory
mortality, and lung cancer mortality (36). A
second study in the United States reported
positive associations between long-term UFP
exposures and mortality, but these estimates
were sensitive to the inclusion of PM, s in the
models (37). Overall, epidemiological
evidence regarding the potential relationship
between outdoor UFPs and mortality is
urgently needed, as mortality data play a

critical role in driving cost-benefit
calculations used in developing new
regulatory interventions.

In this study, we examined the
relationship between long-term exposures
to outdoor UFPs and nonaccidental and
cause-specific mortality in a population-
representative cohort of approximately
1.5 million adults residing in Canada’s two
largest cities, Toronto and Montreal. Our
high-resolution UFP exposure estimates
were based on new, state-of-the-art models
(22) that combine information from
traditional geographic information systems
as well as information captured in aerial
images through machine-learning methods.
Overall, our findings indicate that outdoor
UFPs are associated with increased risks of
both nonaccidental and cause-specific
mortality independent of traditional outdoor
air pollutants, including PM, s and oxidant
gases (i.e., NO,, and O3). Moreover, we
estimate that outdoor UFPs contribute to
approximately 1,100 nonaccidental deaths
annually in Montreal and Toronto,
suggesting that air quality regulations for
outdoor UFPs could have important public
health benefits.

Some of the results of this study have
been previously reported in the form of an
abstract (38).

Methods

Study Population and

Mortality Outcomes

The Canadian Census Health and
Environment Cohorts (CanCHECsS) are a
collection of probabilistically linked population-
based datasets that merge data from
respondents of the Canadian long-form census
with administrative health data (i.e., mortality
records) and annual residential postal code
histories through the Statistics Canada
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Social Linkage Data Environment (39).

In this study, multiple CanCHEC datasets
(Census Years 1991, 1996, 2001, and 2006)
were used to create a study population that
included noninstitutionalized 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. To
estimate time-varying exposures to outdoor
air pollutants, we used residential postal
code histories from mailing addresses
reported on annual income tax filings to
account for residential mobility both within
and between the cities of Toronto and
Montreal. Mortality outcomes included:
nonaccidental (International Classification
of Diseases, 10th revision [ICD-10]: A-R),
cardiovascular (ICD-10: 110-169),
cardiometabolic (ICD-10: 110-169 plus
E10-E14), ischemic heart disease (ICD-10:
120-125), cerebrovascular (ICD-10:
160-169), nonmalignant respiratory (ICD-
10: J00-J99), and lung cancer (ICD-10:
C33-C34). The creation of the CanCHEC
dataset was authorized by Statistics Canada
senior management (reference number:
019-2019), as per the Directive on
Microdata Linkage and this study was
approved the McGill University
Institutional Review Board, study number
A12-M61-19A(19-12-04).

Outdoor Air Pollution

Exposure Assessment

Estimates of annual average outdoor UFP
number concentrations (pt/cm3 ) and mean
UFP size (in nanometers) were obtained
from recently developed exposure models for
Montreal and Toronto (black carbon data
were also obtained through these models)
(22). Briefly, these models were based on
large-scale mobile monitoring campaigns
conducted across each city over a 1-year
period between 2020 and 2021, and final
models explained the majority of spatial
variations in these pollutants across each
city (22). Historical values for traffic
emissions (nitrogen oxides; NO,) were used
to project estimated UFP and black carbon
concentrations into the past (1998-2016; i.e.,
back-cast) for use in epidemiological
analyses. These model estimates were linked
to cohort members using six-digit postal
codes (about the size of a city block face). All
exposures were assigned using a 3-year
moving average with a 1-year lag to ensure
that estimates of long-term exposures
preceded the outcome, as postal codes in the
CanCHEC:s are updated at the end of the
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year. For example, UFP exposures in 2001
were the average of the pollutant estimates in
1998, 1999, and 2000. The same approach
was used to link estimates of outdoor PM, 5
mass concentrations and oxidant gases (Oy; a
combination of NO, and Os) to cohort
members (40-42). Previous research suggests
that combining NO, and O; into a single
measure of exposure to Oy on the basis of
their redox potentials (43) is more relevant to
mortality than treating them as separate
exposures (44-46).

(For additional details on air pollution
exposure assessment, including the machine-
learning model and the process of back-
casting, see the online supplement.)

Statistical Analysis

Cox proportional hazards models were used
to estimate hazard ratios (HRs) for mortality
outcomes per 10,000 pt/cm3 increase in
annual average outdoor UFP number
concentration. The assumed relationship
between our main exposure of interest (i.e.,
outdoor UFP number concentrations) and
mortality along with covariates identified and
included as potential confounding variables
is presented in an acyclical graph (see Figure
E1 in the online supplement). Specifically, all
models were stratified by age (5-year groups),
immigrant status, sex, and census cycle and
were additionally adjusted for education,
occupational level, income, marital status,
and visible minority status. To account for
long-term exposure to other air pollutants
that have been associated with mortality, the
models also adjusted for residential outdoor
mass concentrations of black carbon and
PM, 5, and for O, (a combined metric of
NO, and O3) (47). In addition, models were
adjusted for mean UFP size. This was done
to adjust for possible confounding bias that
could occur if UFP size is independently
associated with mortality and UFP number
concentrations (outdoor UFPs tend to be
smaller at higher number concentrations,

so this relationship is typically inverse).
Penalized spline terms were used for UFP
size to capture potential nonlinear
associations between UFP size and mortality.
This increased the degree of adjustment for
confounding by mean UEFP size (as opposed
to adjusting using a linear term), but as a
result, no HRs were estimated for mean UFP
size in the main analysis. As sensitivity
analyses, our main models for outdoor UFPs
and black carbon (with and without back-
casting) were also examined with an
additional adjustment for neighborhood-

level socioeconomic status (SES) using the
Material Deprivation metric (five levels) (48),
developed by Statistics Canada at the
dissemination-area level (which include
400-700 people), which captures multiple
aspects of neighborhood-level SES including
the proportion of the population ages

=20 years without a high school diploma,
the proportion of families who are lone-
parent families, the proportion of the
population that receives government transfer
payments, the proportion of the population
ages =15 years who are unemployed, the
proportion of the population that is
considered low income, and the proportion
of households living in dwellings that are in
need of major repair. The time scale used
was time on study, and follow-up time
started on January 1, 2001 for the 1991 and
1996 cohorts and census day for the 2001
and 2006 CanCHECs. Subjects were
censored if they moved out of the study area,
were lost to follow-up, reached the end of
follow-up at the end of 2016, or if they died
from a cause other than the outcome of
interest.

To gain some understanding of the
possible scale of mortality that might
plausibly be attributable to long-term
exposure to outdoor UFPs in in Montreal
and Toronto, we used the estimated HR for
nonaccidental mortality to estimate the
possible mortality burden attributable to
outdoor UFPs in the Montreal and Toronto
populations. This approach assumed a causal
relationship between exposure and mortality,
a linear association between exposure and
the logarithm of the mortality HR, constant
confounding of the relationship across
all levels of exposure, and that other
mortality risks remained unchanged under
hypothetical intervention scenarios. In this
approach, we set the minimum exposure
level to the first percentile of exposure in
the cohort. Population attributable
fractions (PAFs) were calculated for each
dissemination area (small, relatively stable
geographical units with an average
population of 400-700 people) using the
following formula from Ferguson (2020) (49):

P(Y=1| UFPy;,,C)

PAF=1- .
P(Y=1| UFP;,C)

With our assumptions, this simplified to
the following equation:

PAF = 172(7BUFP*(UFP?7UFPmmA)),

where Bp is the coefficient for UFP
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number concentration from the Cox model
(scaled to 1pt/ cm?®), UFP; is the median UFP
number concentration within a given
dissemination area, and UFP,,;, is the
minimum UFP number concentration
(5,755 pt/ cm?) exposure. The number of
annual nonaccidental deaths attributable to
outdoor UFP number concentrations was
calculated by multiplying a dissemination
area’s PAF by the estimated total number of
deaths within said dissemination area.

The number of deaths were estimated

using age- and sex-specific populations in
Montreal and Toronto from the 2016
Census and Canadian age- and sex-specific
nonaccidental mortality rates from 2016.
We examined changes in the nonaccidental
mortality burden under hypothetical
scenarios of reduced population exposure to
outdoor UFPs. These scenarios included

1) reduction of all outdoor UFP number
concentrations by 25%, 2) limiting
outdoor concentrations to a maximum of
15,000 pt/cm®, and 3) limiting outdoor
concentrations to a maximum of

10,000 pt/cm®.

Nonlinear concentration-response
relationships for outdoor UFP number
concentrations and UFP size were examined
using penalized splines with generalized
cross-validation used to select the optimal
smoothness parameters (50-52). To explore
the impact of back-casting UFP and black
carbon exposures, we repeated the main
epidemiological analysis without back-
casting (BC) estimated exposures. As an
additional sensitivity analysis, we examined
two additional approaches to modeling UFP
exposures and conducted epidemiological
analyses separately using the land use
regression model and the machine-learning
model that were combined to make our main
exposure model (22). The purpose of this
analysis was to examine potential differences
in the magnitudes of associations detected
for each modeling approach. To explore
magnitude and direction of confounding bias
cause by UFP size, we examined models
without adjusting for mean UFP size and
with linear terms instead of spline terms.
Finally, to investigate the impact of adjusting
for PM, s, we repeated the main analysis
without adjusting for PM, 5.

Results

In total, our study population included over
1,544,000 adults who were followed for a

Lloyd, Olaniyan, Ganiji, et al.. Airborne Nanoparticle Concentrations and Mortality Risk

total of 22,848,100 person-years, with
174,240 nonaccidental, 46,270
cardiovascular, 51,790 cardiometabolic,
26,570 ischemic heart disease, 9,310
cerebrovascular, 17,830 respiratory, and
16,970 lung cancer deaths occurring during
the follow-up period. (For descriptive
statistics for cohort members, see Table E1).
Annual average residential outdoor UFP
number concentrations ranged from 3,242 to
162,932 pt/cm3 (SD =6,299), and mean UFP
size ranged from 17.8 to 49.4 nm (SD = 3.43)
across Montreal and Toronto. Outdoor
PM, 5 mass concentrations ranged from 1.4
to 18.4 ug/m’, but variation in PM, 5
exposure within the cohort was relatively low
(SD = 1.56). UFP number concentrations
were inversely correlated with mean UFP
size (Pearson r = —0.54), moderately
correlated with black carbon (Pearson
r=0.38), and weakly correlated with PM, 5
(Pearson r=0.10) and Oy (Pearson r=0.17).
(For additional descriptive statistics,
including correlations between all pollutants,
see Table E2).

HRs that describe observed associations
between outdoor UFP number concentrations
and mortality are shown in Figure 1. Outdoor
UFPs were positively associated with all
mortality outcomes, with the strongest
association observed for respiratory mortality
(HR=1.174;95% CI =1.130-1.220) and
ischemic heart disease mortality (HR = 1.094;
95% CI = 1.062-1.126). Long-term exposure
to O was also positively associated with all
mortality outcomes except lung cancer, and
outdoor black carbon concentrations were
weakly associated with nonaccidental,
cardiovascular, and cardiometabolic mortality
(see Table E3). Figure 2 shows the HRs for
outdoor UFP number concentrations with
and without adjusting for mean UFP size
using a linear term or spline term (for
numeric values, see Table E4). For all
mortality outcomes except lung cancer, HRs
were considerably lower when UFP size was
not included in the model. This was
particularly true for cerebrovascular mortality,
where confounding by UFP size (i.e., not
adjusting for UFP size) resulted in a null
association with outdoor UFP number
concentrations. Omitting mean UFP size from
the models had very little impact on the black
carbon and Oy, associations with mortality (see
Tables E5 and E6).

We estimate that 5.3% (95%
CI=4.5-6.1) and 4.8% (95% CI=4.0-5.6) of
nonaccidental mortality was attributable to
outdoor UFPs in Montreal and Toronto,

respectively. For 2016, this represented an
annual mortality burden of 501 (95%
CI=421-580) and 668 (95% CI = 562-773)
nonaccidental deaths in Montreal and
Toronto, respectively. Of the three scenarios
of reduced outdoor UFPs examined, limiting
number concentrations to 10,000 pt/ cm?®
resulted in the greatest change in
nonaccidental deaths, with an estimated 246
(95% CI =204-285) and 328 (95%

CI =276-379) fewer deaths in Montreal and
Toronto, respectively (results for all three
scenarios are presented in Table 1).

Concentration-response relationships
between outdoor UFP number concentrations,
UEFP size, and nonaccidental, cardiovascular,
respiratory, and lung cancer mortality are
shown in Figure 3, along with the joint
distribution of UFP size and UFP number
concentrations (for other outcomes, see
Figure E2). For nonaccidental mortality, the
concentration-response curve for UFP
number concentrations (Figure 3A)
flattens at elevated UFP levels (above
approximately 22,500 pt/cm?), whereas the
concentration-response curve for UFP size
increases continuously as UFP size increases
(Figure 3B). Figure 3B shows that the
distribution of UFP size is heterogeneous
across the range of UFP number
concentrations, with a lower proportion of
the most harmful particle sizes (i.e., those in
the larger size range of UFPs based on
Figure 3B) present at higher UFP number
concentrations, thus explaining the observed
decrease in the concentration response curve
observed at higher concentrations in Figure
3A. A similar pattern was observed for other
mortality outcomes, with the possible
exception of lung cancer whereby the
curve for UFP size flattens around
approximately 31 nm and stays flat instead of
peaking at the largest particle sizes. The
concentration-response curve for UFP
number concentration and lung cancer also
decreases more dramatically at elevated UFP
number concentrations.

Results of sensitivity analyses examining
land use regression and machine-learning
exposure models separately are presented
(see Tables E7 and E8). These results were
consistent with the main analyses, and in
general, HRs estimated using UFP exposures
based on machine-learning models and aerial
images resulted in associations that were
stronger than those based on traditional land
use regression models. Results from
repeating the main epidemiological analysis
without back-casting exposures are also
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1.051

Hazard Ratio per 10,000 pt/cm?®

Nonaccidental Cardiovascular Cardiometabolic IHD
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Cerebrovascular Respiratory

Lung Cancer

Figure 1. Hazard ratios (95% confidence interval) for an increase of 10,000 particles per cubic centimeter (pt/cm?) in long-term average
outdoor ultrafine particle number concentration and mortality. All models are adjusted for sociodemographic variables, mass concentrations of
particulate matter with an aerodynamic diameter <2.5 um, and black carbon, oxidant gases, and mean ultrafine particle size.

presented (see Tables E9 and E10) and are
similar to the results from the main analysis.
PM, 5 exposure was not associated with
mortality, and the UFP and BC HRs
remained virtually unchanged, regardless of
PM, 5 adjustment (see Tables E11, E12, and
E13). Finally, repeating our main analyses for
outdoor UFPs and black carbon with
additional adjustment for neighborhood-
level SES had little impact on observed
associations or our overall conclusions (see
Table E14). Specifically, the magnitude of
association between outdoor UFPs and

cerebrovascular mortality decreased slightly,
but all other associations did not
meaningfully change.

Discussion

In this population-based cohort study, we
followed a large population of adults in
Canada’s two largest cities and found
consistent positive associations between
long-term exposure to outdoor UFP number
concentrations and both nonaccidental and

cause-specific mortality. These associations
were independent of other outdoor air
pollutants, including PM, 5 and Oy (i.e., O3
and NO,). The associations that we observed
persisted when different exposure models
were used. It is important to note that our
analysis considered possible confounding by
UFP size, which has not been done in
previous studies and could result in an
underestimation of health risks when
excluded from the analyses. This was an
observational study, but if the associations
we observed between long-term UFP

124 Model adjustment for
o mean UFP size
E - Eone
= Inear
CQ; - Non-Linear
o
Q.
o
~ 1.1
.
(]
5 I
i)
=
<
= i
J
N
o 10f-----------------
T

Nonacéidental Cardiox;ascular Cardionl1etabolic II—iD

Mortality Outcome
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Figure 2. Hazard ratios (95% confidence interval) for an increase of 10,000 particles per cubic centimeter (pt/cm®) in long-term average
outdoor ultrafine particle number concentration and mortality with and without adjustment for mean ultrafine particle size. All models are
adjusted for sociodemographic variables, mass concentrations of particulate matter with an aerodynamic diameter <2.5 pwm, and black carbon,
and oxidant gases. IHD =ischemic heart disease.
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Table 1. Potential Changes in Annual Nonaccidental Mortality Burden in Scenarios of Reduced Outdoor UFP Number

Concentrations in 2016

Median Dissemination Area PAF

Estimated Reduction in Number of Annual

95% CI N idental Death
Scenario of Reduced Outdoor SoelC) onaccicenta’ Leaths

UFP Number Concentrations Montreal* Toronto’ Montreal* Toronto'
25% Reduction 2.3 (2.0-2.7) 2.2 (1.8-2.5) 223 (187-259) 298 (249-346)
Limit of 15,000 pt/cm® 0.6 (0.5-0.7) 0.7 (0.6-0.8) 54 (46—63) 107 (90-123)
Limit of 10,000 pt/cm3 2.7 (2.2-3.1) 2.2 (1.9-2.6) 246 (207-285) 328 (276-379)

Definition of abbreviations: Cl = confidence interval; PAF = population attributable fraction; pt/cm?® = particles per cubic centimeter; UFP = ultrafine

particle.

Results presented are based on assumptions including that the relationship between long-term UFP exposure and mortality observed in this
study is causal and that other mortality risks would remain unchanged in the hypothetical scenarios.

*Total Montreal 2016 population of 1,378,650 adults (ages 25-90yr).
TTotal Toronto 2016 population of 1,967,820 adults (ages 25-90yr).

exposure and mortality were assumed to be
causal, we estimated that approximately
1,100 nonaccidental deaths each year are
attributable to outdoor UFPs in Canada’s
two largest cities.

As noted earlier, few cohort studies have
examined the relationship between long-
term exposure to outdoor UFP number
concentrations and mortality. A study in
California reported a positive association
between outdoor UFPs and ischemic heart
disease mortality, and no association with
respiratory mortality (20), but exposures
were estimated at a spatial resolution of
approximately 4 km, which is too coarse to
capture fine-scale spatial variations that may
impact health. Similarly, Pond and colleagues
(42) reported positive associations between
UFPs and nonaccidental and cause-specific
mortality, but the associations disappeared
with the inclusion of PM, 5 in models.
However, that study aggregated UFPs
exposures to the census tract level, which
likely contributed substantially to exposure
measurement error for UFPs (more so than
for PM, 5), thus making it difficult to directly
compare the results to those from studies
using high-resolution exposure information.
More recently, a cohort study in the
Netherlands reported positive associations
between outdoor UFP number
concentrations and mortality using high-
resolution estimates of spatial variations in
long-term average outdoor UFP
concentrations (22). The study did not adjust
for UFP size, but the observed associations
with nonaccidental, cardiovascular, and
respiratory mortality were very similar in
magnitude to those observed in the present
study (when expressed on the same scale)
when we excluded UFP size from our
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models. This consistency between recent
studies may be, in part, due to the application
of exposure models with high spatial
resolution (e.g., 100 m X 100 m), whereas the
aforementioned studies that observed no
associations with mortality applied exposure
models with much lower spatial resolution
(e.g., 4km X 4km) and were likely subject to
greater magnitudes of exposure measurement
error. Other studies of long-term exposures to
UFPs and mortality were not identified, but
studies in Denmark have applied UFP
exposure models with high spatial resolution
to compare the health risks of total outdoor
UFP number concentrations as well as traffic-
related UFP number concentrations (23, 25).
Specifically, in these studies, traffic-related
UFPs were more strongly associated with
Type 2 diabetes incidence (53), with weaker
associations observed for incident myocardial
infarctions (35). More generally, these
observations and our results for UFP size
highlight the importance of using UFP
exposure models with high spatial resolution
and the fact that we should not treat all UFP
(i.e., nanoparticle) number concentrations as
though they reflect a single type of exposure.
To our knowledge, this is the first study
to address possible confounding by UFP size
in studies of the long-term exposure to UFP
number concentrations. Indeed, our results
suggest that UFP size is independently
associated with mortality and varies across
the range of outdoor UFP number
concentrations present in typical urban
environments. As such, UFP size needs to be
considered in epidemiological analyses to
obtain an unbiased estimate of the health
risks of UFP number concentrations. This is
consistent with a recent review by Kittelson
and colleagues (2022) that recommended

using UFP number, mass, and surface area
(i.e., size) to properly characterize UFP
exposure (54). In our analyses, HRs were
approximately four times smaller for
cardiovascular mortality and disappeared
altogether for cerebrovascular mortality
when UFP size was excluded from the
models. This suggests that previous

studies that only examine UFP number
concentrations may have underestimated (or
entirely missed) important health risks of
long-term exposures to UFPs and could also
explain some of the heterogeneity in the
current epidemiological literature for UFPs
(i.e., magnitude of estimated associations
varying across studies) (6, 55, 56).

One intriguing finding from our
analysis is that larger particles in the UFP size
range were more strongly associated with
mortality than smaller particles. Mean UFP
size ranged from approximately 18 to 50 nm
in our study, and the probability of lung
deposition is similar across this range
(57, 58). Freshly emitted UFPs can rapidly
grow in size as gaseous vapors condense
into liquids and as particles aggregate
together (i.e., nucleation and accumulation
modes) (4, 5, 7), which is consistent with
the inverse correlation that we observed
between cohort exposure to UFP number
concentration and particle size (i.e., very
elevated UFP number concentrations tend
to consist of smaller particles). As particles
in UFP emissions aggregate into larger
particles over time, they also interact with
the outdoor environment, and this
atmospheric aging can enhance the toxicity
of the particles (59). Although we cannot
conclusively state the reason for the observed
concentration-response curve for UFP size
in this study, the pattern may be explained by
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differences in particle composition across
the UFP size distribution or the propensity
for particles of various sizes to reach the
systemic circulation once deposited in the
lung (5, 10). It may also help explain why
the concentration-response curves for
UFP number concentrations flattened and
dipped at very elevated concentrations (i.e.,
elevated concentrations were typically fresh
emissions of smaller particles that may be
less harmful than the relatively larger
particles of aged UFP emissions). Future
studies should continue to explore the
independent health effects of UFP size as
well as composition to further elucidate this
relationship.

Although this study had several notable
strengths, including a large population-based
cohort, adjustment for mean UFP size, and
high-resolution exposure models that are
based extensive year-long monitoring
campaigns, it is important to note several
limitations. First, the cohort also lacked
individual-level data for mortality risk factors
such as smoking or body mass index.
However, such factors are unlikely to
confound the relationship between outdoor
UFP concentration and mortality, because
they do not affect annual average outdoor
pollution levels (see DAG in Figure E1). This
is consistent with the fact that other studies
of ambient air pollution have found that
adjusting for such risk factors did not impact
risk estimates (33, 36, 44, 60). In addition, the
exposure models used in this study were
developed using on-road measurements, and

the absolute values of our estimated
exposures may be more elevated than true
long-term exposures.

Finally, as in all epidemiological studies,
our study was impacted by exposure
measurement error. In particular, one aspect
of this error was likely attributable to the fact
that the exposure models applied in the cohort
analyses were based on data collected during
2020-2021 (with back-casting to 2001),
whereas cohort follow-up occurred from 2001
to 2016. However, it is important to note that
the aims of the exposure models applied in
this study were to capture spatial contrasts in
outdoor UFP and BC concentrations within
cities. If spatial contrasts in outdoor pollutant
concentrations are conserved over time (i.e.,
high-exposure areas tend to stay high, and
low-exposure areas tend to stay low), then
estimating past spatial contrasts with a current
exposure model should not be a major
concern. Indeed, this is likely the case for
outdoor UFPs and black carbon, because
major sources of these pollutants such as
highways, airports, and rail do not move
around within cities over the time period of
interest. This assumption is supported by the
fact that similar spatial patterns in outdoor
UFP number concentrations were previously
observed in both cities in models that were
developed using data collected between 2010
and 2012 (61, 62). Although outdoor UFP
concentrations observed in these past studies
were higher than current concentrations,
owing to systematic differences in study
design (i.e., past exposure models focused only

on rush hour periods on weekdays), similar
spatial contrasts were apparent (higher levels
on highways, near airports, etc.), thus
supporting our assumption that major sources
were stable over time. Therefore, although
exposure measurement error likely reduced
the precision of HRs estimated in our studyj, it
is not a likely explanation for the observed
associations between outdoor UFPs and
mortality, given that major sources of UFPs do
not move around within cities over the time
period of interest, and existing data suggest
that spatial patterns in outdoor UFP
concentrations have been conserved over time.
In conclusion, we conducted a cohort
study of long-term exposures to outdoor
UFP number concentrations and observed
consistent associations with nonaccidental
and cause-specific mortality in Canada’s two
largest cities. Our analysis suggests that UFP
size must be considered to obtain unbiased
estimates of UFP number concentrations and
that excluding information on UFP size can
result in an underestimation of health risks
related to UFP exposure. Most important, our
results suggest that outdoor UFPs have an
important impact on population health that is
independent of other outdoor air pollutants.
As outdoor UFPs are not currently regulated,
there is great potential for future regulatory
interventions to improve population health
by targeting these common outdoor air
pollutants.

Author disclosures are available with the
text of this article at www.atsjournals.org.
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