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Abstract: The Air Health Trend Indicator is designed to estimate the public health risk related to
short-term exposure to air pollution and to detect trends in the annual health risks. Daily ozone,
circulatory hospitalizations and weather data for 24 cities (about 54% of Canadians) for 17 years
(1996–2012) were used. This study examined three circulatory causes: ischemic heart disease (IHD,
40% of cases), other heart disease (OHD, 31%) and cerebrovascular disease (CEV, 14%). A Bayesian
hierarchical model using a 7-year estimator was employed to find trends in the annual national
associations by season, lag of effect, sex and age group (≤65 vs. >65). Warm season 1-day lagged
ozone returned higher national risk per 10 ppb: 0.4% (95% credible interval, −0.3–1.1%) for IHD, 0.4%
(−0.2–1.0%) for OHD, and 0.2% (−0.8–1.2%) for CEV. Overall mixed trends in annual associations
were observed for IHD and CEV, but a decreasing trend for OHD. While little age effect was identified,
some sex-specific difference was detected, with males seemingly more vulnerable to ozone for CEV,
although this finding needs further investigation. The study findings could reduce a knowledge gap
by identifying trends in risk over time as well as sub-populations susceptible to ozone by age and sex.

Keywords: Bayesian hierarchical model; cerebrovascular disease; hospitalizations; ground-ozone;
ischemic heart disease; other heart disease; public health risk; trend

1. Introduction

Considerable research over the last 20 years has established a clear and significant link between
ground-level ozone (ozone hereafter) concentrations and adverse health effects, including asthma [1],
heart attacks and strokes [2,3], and the most severe outcome, death [4]. Early research, largely
consisting of cohort studies linked these health effects to long-term ambient ozone exposure [5–7].
Continued efforts led to evidence of links between short-term exposure to ozone and several
health markers [8], including myocardial infarction and ischemic stroke [2,9–11], cardiovascular
and respiratory diseases [12,13], and mortality [4,14,15].

Until the year 2000, studies linking ozone to human health dealt primarily with long-term
exposures [16]. This was mainly due to two reasons: lack of suitable data in hourly or daily
measurement, and lack of suitable analytical frameworks. It was not until the invention of Generalized
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Additive Models (GAMs) in 1986 [17], and their subsequent popularization in 1990 [18] (along with
the development of suitable software tools for estimating such models) that sufficient structure was in
place to allow for the estimation of the risk due to acute exposure. The first substantive work in this
vein that truly leveraged the power of GAMs was that of Dominici et al. [19].

Since 2000, there has been a tremendous amount of work published on the relationship
between acute exposure to air pollution (AP) and a variety of health outcomes. These outcomes
include mortality [20,21], ischemic stroke [2,22,23], cardiac hospitalizations [24,25] and general
hospitalizations [26,27]. Many of these studies use time-series regression models, typically computed
in the framework of GAMs or Generalized Linear Models (GLMs). A risk assessment of Health
Canada [28] concluded that there was a suggestion of a causal relationship with cardiovascular-related
health outcomes. A more recent assessment by the US Environmental Protection Agency (EPA) [29]
reported cardiovascular health outcomes as likely to be causally related to exposure to ozone in
addition to respiratory health outcomes.

Additionally, most of such studies use one contiguous time block for analysis (the static approach),
such blocks including 1987−2000 (the NMMAPS database, [18]) or 2000−2005 (the French heat wave of
2003, [30]). An exception to this rule (the dynamic approach) has been attempted by Shin et al. [31,32]
in the course of developing the Air Health Indicator (AHI), which seeks to model time trends [21,33]
in annual health risks rather than overall risk from all years available combined.

Daily hospitalization varies dynamically over space and time in response to changes in daily air
quality and other factors. Hundreds of time series studies worldwide on the association between both
daily mortality and hospitalizations (or morbidity), and daily air pollution concentrations have been
published from the two perspectives of static and dynamic approaches. The static approach assumes
the association is constant over time [14,30]. In other words, the current impact of air pollution on
hospitalization would be the same as 10 or 20 years ago. By contrast, the dynamic approach considers
the association as influenced by environmental, social, or medical changes over time. As discussed in
Shin et al. [21,33], there are several potential reasons for temporal changes in the impact of air pollution
on public health:

• The population most at risk for hospitalization related to air pollution may change over time.
• The effect modifiers such as heart or lung related health care including medical treatments and

medicines may change over time.
• The association between exposure and hospitalization may be non-linear.

It is thus expected that the dynamic approach will allow us to test the assumption of the static
approach and add more information, as compared to the static approach where all the assumptions
remain the same. In addition, the dynamic approach is able to show temporal trends over time
such as a linearly increasing, decreasing or nonlinear trend. The trend can be used in AP-related
regulations assessment or inform accountability studies seeking to evaluate the effectiveness of
regulatory measures in influencing specific health endpoints.

Model-dependency of risk estimates has been a critical issue in risk estimation, since different
models may return non-negligible differences in risk estimates. The degree of model-dependency,
however, could be of less concern for time trend estimation as long as the same models are applied to
each time window within the study period. As long as a reasonable model has been selected after an
extensive sensitivity analysis, it can be considered a measure for the association between ozone and
particular health outcome relevant to public health each year, providing internally consistent trends in
the annual seasonal associations.
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The Air Health Trend Indicator (AHTI), formerly known as AHI, is part of the Canadian
Environmental Sustainability Indicators program. It is designed to estimate public health risk
related to short-term exposure to air pollution and to detect trends in the annual national health
risks. The objectives of this study are threefold. Firstly, we apply a multi-year estimator [31,32] and
a newly proposed time smoother (SLP [34]) for annual associations between ground-level ozone
and three specific types of circulatory hospital admissions. Secondly, we estimate the short-term
associations by various factors: season, lag of ozone, age and sex. Finally, we examine temporal
changes in those annual risks at the national level to provide the AHTI for circulatory hospitalizations
over 17 years from 1996 to 2012.

2. Materials and Methods

2.1. Circulatory Hospitalizations

Circulatory hospitalizations account for approximately 16% of all non-accidental hospitalizations
in Canada. This study examined three specific types of circulatory causes, covering 85% of all
circulatory hospitalizations, classified by the International Classification of Diseases (ICD) 10 version:
ischaemic heart disease (IHD, I20–I25, 40% of circulatory hospitalizations), other heart disease (OHD
e.g., pericarditis, endocarditis, myocarditis, cardiomyopathy, valve disease, conduction disturbances,
arrhythmias, heart failure, I30–I52, 31%) and cerebrovascular disease (CEV, I60–I69, 14%). The other
circulatory causes did not have enough daily hospitalization admissions and thus were excluded from
the study. The three specific types of hospitalizations can reasonably have associations estimated for
exposure to ozone for urban Canadian communities at the census division (CD) level for 17 years from
1996 to 2012, based on the communities each having a reasonably complete time series of adequate
data (i.e., population of the CD is not too small) for daily hospitalization counts of the three specific
types of circulatory causes and also air pollution measurements for the time span of interest.

Association between daily variations in ozone and those in the three specific types of
hospitalizations, respectively, was estimated by 5 groups based on age and sex, and denoted in their
recorded (database) naming scheme: (1) fm1+ (called “base group” of both sexes aged ≥ 1 year);
(2) fm50+ (“over50 group” of both sexes aged > 50 years); (3) fm65+ (“seniors” of both sexes
aged > 65 years); (4) f1+ (“females” aged ≥ 1 year); and (5) m1+ (“males” aged > 1 year). Since
about 90% of the circulatory related hospitalizations over the study time period was aged 50 and over,
the over50 group was defined to exclude younger patients. Due to the small difference (<10%) in
patients between the base group and over50 group, two groups are expected to show little differences
in associations.

2.2. Spatial Coverage

Twenty-four urban CDs were the selected geographic locations displayed in Figure 1. Each
community’s geographic boundaries were defined by the CD associated with the communities,
determined by Statistics Canada. Next to provinces and territories, CDs are the most stable
administrative geographic areas, and are therefore used for this study. Taken together, the 24 urban
CDs cover 52−54% of the Canadian population over the study time period. For each community, there
were three classes of data used: daily ozone concentrations, daily counts of circulatory hospitalizations,
and daily potential confounders for the ozone-hospitalization associations.
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2.3. Data Sources

2.3.1. Ozone Concentrations

The daily ozone concentration data were obtained from the National Air Pollution Surveillance
(NAPS) system (Environment Canada, 2013). Established in 1969, the NAPS network provides accurate
and long-term air quality data of a uniform standard across Canada, intended to monitor the quality of
ambient (outdoor) air in populated regions, using specific procedures for the selection and positioning
of monitoring stations.

For the metric of air pollution (ozone), the daily maximum 8-hour average concentration was
selected as it has been used for the Canadian Ambient Air Quality Standards (CAAQS) and US National
Ambient Air Quality Standards (NAAQS). For each NAPS monitoring station, the daily maximum
8-hour average concentration for a certain day was considered available only if at least 75% of the
8-hour average and/or hourly concentrations for that day were available; otherwise, the concentration
was recorded as missing. For each census division, the daily maximum 8-hour average concentration
was averaged over monitoring stations if there were 2 or more stations located in that census division.
The annual Canadian national-level ozone concentrations were obtained as population-based weighted
averages (O3.w) for all communities included in the analysis as follows:

O3.w =
24

∑
i=1

wi ×O3i

where wi =
(pop. o f community i)

(total pop.) and O3i is ozone concentration of community i. The annual national
weighted averages of ozone concentration by this method reflect the average aggregate (total)
population exposure.

2.3.2. Daily Counts of Cause-Specific Hospitalization

The daily counts of cause-specific non-accidental hospitalizations were obtained from the national
morbidity database managed by the Canadian Institute for Health Information (CIHI). Based on the
International Classification of Diseases (ICD) the hospitalization data included only hospitalizations
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from internal causes excluding external causes such as accidents or injuries. During the study time
period, the ICD codes have changed from the 9th to the 10th version. To be consistent, we used a
conversion table from ICD-9 to ICD-10, which was provided by CIHI, and applied to the data for years
prior to the formal health system transition. This process is critical to the AHTI, as it focuses temporal
trends in adverse health effects of ozone on population.

Regarding cause-specific hospitalizations in particular, our primary interest was in heart or blood
flow interruption related disease hospitalization. For this specification, our hospitalization data were
categorized by the heart disease group (ICD-10 code between I00–I99, [35]). The three circulatory
hospitalizations chosen (above) were extracted by the ICD-10 codes: IHD by I20–I25, OHD by I30–I52,
and CEV by I60–I69.

The circulatory hospitalization data were extracted for a specified CD only when the CD of
residence of the patient was the same as that of the location of hospitalization occurrence, for all years
from 1996 through 2012, i.e., those patients who lived in a different CD from their hospitalization
CD were excluded. This process is also necessary to reduce misclassification in ozone concentration
assignment, as this study is based on the ecological design, where the same concentrations were
assigned for all residents within a CD.

2.3.3. Potential Confounders to the Hospitalization-Air Pollution Association

For potential confounding variables in the ozone-hospitalization association, three factors were
considered: calendar time, temperature, and indicators for days of the week. Calendar time is included
to control both long-term and seasonal variations, and to account for unmeasured slowly varying
confounders such as demographic shift. Daily temperature is included to control for the short-term
effect of weather on daily hospitalization, and the day of the week accounts for hospitalization that
varies by day of the week (DOW). Daily mean temperature in Celsius was obtained from the National
Climate Data and Information Archive [36]. As lifestyle factors such as smoking or cholesterol do
not vary meaningfully from day to day, they are not included as confounders beyond the use of the
smooth function of calendar time which should account for their slow demographic changes.

2.4. Annual Hierarchical Model

One of the main purposes of this study is to identify trends in the association between ozone
exposure and circulatory hospitalization at national levels based on city-specific annual hospitalization
risks. The annual national risks of circulatory hospitalization were obtained using a Bayesian
hierarchical model.

First, city-specific risks were modeled using an over-dispersed Poisson GAM (Equation (1)).
The annual city-specific risks were estimated by applying a rolling multi-year estimator using the
current year and the 6 most recent previous years. Seven years were used as in the simulation study
conducted by Shin et al. [31]. As an example, the national risk for the year 2009 was obtained using
a total of seven years from 2009–2003 with initial unequal weights generated by the tricube weight
function K(u), i.e., 0.220, 0.218, 0.205, 0.172, 0.118, 0.056, and 0.011 applied in decreasing temporal

order. Formally, K(u) = α

(
1−

(
u−1

7

)3
)3

, u ∈ {1, 2, . . . , 7}, with α chosen to cause the sum of the

weights to add to 1. The contribution of these seven years was thus weighted such that there was a
greater contribution from years closer to the current year. The multi-year estimator was employed to
emphasize the direction of a trend in the annual national hospitalization risk estimates by smoothing
out noisy fluctuations. For ozone, this approach provides annual risk estimates beginning in 2002, as
the first year is 1996.

Second, the annual national circulatory hospitalization risks were estimated by pooling the
city-specific risk estimates (Equation (2)). The mathematical model descriptions are as follows: For city
i and year j, the true city-specific risks βij were assumed to fluctuate randomly around their respective
national risks µj with variance ω2

j , which models the heterogeneity among the cities (between-city
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spatial variation) for a given year j. While the city-specific risks βij were modeled as normally
distributed with mean µj and variance ω2

j , the city-specific estimates β̂ij were modeled as normally

distributed with mean βij and sample variance v2
j .

log
(
E
[
Yij(t)

])
= βij(t)× xij(t) + f j(t) + gj(temp(t)) + DOWj(t) (1)

βij
∣∣ µj, ω2

j ∼ N
(

µj, ω2
j

)
, (2)

where, on day t, Y(t) is the daily count of hospitalizations (response), x(t) the ambient air pollutant
(predictor of interest), f(t) the smooth function of time (for days t = 1, 2, 3, . . . , T), g(temp(t)) a smooth
function of temperature, and DOW(t) a factor variable representing the day of week.

We implemented a Gibbs sampler (through WinBUGs), which is a Markov Chain Monte Carlo
(MCMC) method for obtaining large numbers of random samples from the posterior distributions of the
national risks, because direct sampling is practically impossible. A full description of this hierarchical
model protocol has been previously provided in more detail in [33]. The statistical computing language
and environment R 3.4.1 [37] was used for all computations.

2.5. Sensitivity Analysis

Consensus on a good national-level model for ozone-hospitalization association can be difficult
to achieve due to considerable sensitivity of risk estimates to both the model and the priors used in
the hierarchical aggregation. Among the confounders discussed above, ambient temperature has a
potentially significant effect on the impact of ozone on circulatory hospitalization since temperature
and ozone are correlated and share short-term patterns quite strongly. The smallest time unit in this
study is one day. Combining all 17 available years from 1996 to 2012, we thus considered the impacts
of temperature at lags 0, 1 and 2 and ozone at lags 0, 1 and 2. To illustrate the effects of temperature,
we also considered another model without the temperature term. As a result, we investigated a total
of 12 models representing the combinations from 4 different temperature options and 3 different
ozone options.

In addition, seasonal differences in ozone’s impact on circulatory hospitalizations were also
examined by three time-windows: a warm season between April and September, a cold season
between October and March, and year-round for the period January to December.

As for the prior for the variance w2
j , i.e., the between-city spatial variation in Equation (2),

we considered a uniform distribution (denoted by U(0, α]) as a non-informative prior after exploring
a number of alternatives. To examine the influence by α, we explored national risk estimates with
α = 0.1, 1, 100.

3. Results

During the study time period we found higher associations for warm season between 1-day
lagged ozone and the three specific types of circulatory causes, respectively, which were not sensitive
to the prior uniform distribution, comparing to negligible associations from other season (cold season
and year-round) and other lag of ozone (no lag and 2-day lag). We thus report findings for warm
season 1-day lagged ozone. We first examined trends in annual population, circulatory hospitalization,
IHD, OHD, CEV, and population weighted ozone concentration. The associations between ozone
and the three specific types of circulatory hospitalizations, respectively, were estimated for all years
combined (static analysis) to give a base group overall association, and by the 7-year rolling estimator
(dynamic analysis) to find any existing trends.
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3.1. Trends in Annual Data

3.1.1. Population and Hospitalization

During the study time period for 17 years between 1996 and 2012, total aggregate non-accidental
hospitalization counts decreased by 7% from 3.1 to 2.9 in millions, while Canada’s population increased
by 17% from 30 to 35 in millions, with a 5% increase in the subpopulation of seniors (aged 65 and over).
Despite the increased numbers of seniors, the hospitalization rate (by total population) decreased by
2% from 10% to 8%. This implies that the Canadian population was aging, but simultaneously was
becoming healthier, at least in terms of hospitalizations. For example, we have observed about 25% and
20% decline in the total aggregate IHD and CEV hospitalizations, respectively, over the study period.
While the population displayed a gradually and monotonically increasing trend, hospitalizations
demonstrated a mixed trend with a steady decrease until 2002, roughly flat until 2010, and then slight
increases for recent years (Figure 2).
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Figure 2. Trends in total population and non-accidental hospitalization counts (in persons) between
1996 and 2012, Canada: solid line for population using left y-axis; dashed line for hospitalizations using
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For the 24 urban CDs in Figure 1, Table 1 summarizes overall changes in demographic distribution
and Table 2 the same for circulatory hospitalizations (IHD, OHD, and CEV). Out of 24 CDs, 21 CDs
(88%) show decreased circulatory hospital admissions in general. More specifically, declines were
observed in 22 CDs (92%) for IHD, 7 CDs (29%) for OHD, and 19 CDs (79%) for CEV. Therefore, the
decline in circulatory hospitalization was led by IHD and CEV, but not OHD.

Table 1. Demographic statistics for 24 Census Divisions.

City Name
(East to West)

Pop. in 1000
1996–2012

(Trend %) 1

Pop. 50 ≤ Age < 65
in 1000 1996–2012

(Trend %) 1

Pop. Aged > 65
in 1000 1996–2012

(Trend %) 1

Female Aged > 65
in 1000 1996–2012

(Trend %) 1

Males Aged > 65
in 1000 1996–2012

(Trend %) 1

Halifax 351–407 (16) 47–85 (81) 36–54 (51) 14–24 (64) 21–30 (43)
Saint John 74–70 (−4) 10–15 (47) 11–12 (4) 4–5 (12) 7–7 (−1)

Quebec 513–567 (11) 83–103 (52) 65–103 (59) 24–42 (78) 40–60 (48)
Montreal 1798–1941 (8) 278–359 (29) 266–299 (12) 101–123 (21) 164–176 (7)
Ottawa 741–924 (25) 102–184 (80) 81–123 (52) 33–54 (64) 49–69 (43)
Durham 472–636 (35) 59–130 (120) 42–79 (87) 18–35 (94) 24–44 (81)

York 611–1086 (78) 85–219 (159) 50–131 (164) 22–60 (176) 28–71 (154)
Toronto 2456–2741 (12) 350–512 (46) 324–390 (20) 135–166 (23) 189–224 (18)
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Table 1. Cont.

City Name
(East to West)

Pop. in 1000
1996–2012

(Trend %) 1

Pop. 50 ≤ Age < 65
in 1000 1996–2012

(Trend %) 1

Pop. Aged > 65
in 1000 1996–2012

(Trend %) 1

Female Aged > 65
in 1000 1996–2012

(Trend %) 1

Males Aged > 65
in 1000 1996–2012

(Trend %) 1

Peel 879–1365 (55) 116–255 (120) 63–146 (134) 27–67 (148) 36–80 (123)
Halton 350–528 (51) 54–99 (85) 38–71 (85) 17–31 (87) 22–40 (84)

Hamilton 481–541 (12) 69–111 (61) 67–85 (26) 28–37 (31) 39–48 (23)
Niagara 415–444 (7) 64–97 (52) 65–85 (29) 28–37 (35) 38–47 (26)
Waterloo 417–530 (27) 54–100 (86) 45–67 (49) 18–29 (62) 27–37 (41)
Windsor 204–218 (7) 28–43 (51) 29–35 (18) 12–15 (28) 18–20 (12)

Sarnia 75–74 (−1) 11–17 (51) 11–14 (29) 5–6 (33) 7–8 (26)
London 335–382 (14) 44–76 (73) 41–56 (37) 17–24 (44) 25–32 (32)
Sudbury 170–165 (−3) 25–36 (44) 20–27 (35) 9–12 (36) 11–15 (35)

Sault Ste. Marie 82–76 (−7) 13–18 (37) 11–15 (33) 5–7 (37) 6–9 (30)
Winnipeg 629–690 (10) 83–135 (62) 85–98 (15) 34–41 (23) 52–57 (9)

Regina 186–206 (11) 23–39 (62) 22–27 (22) 9–11 (27) 13–16 (18)
Saskatoon 199–239 (20) 23–43 (86) 23–29 (29) 9–12 (33) 14–17 (27)
Calgary 789–1179 (50) 95–217 (129) 69–116 (67) 29–51 (75) 40–65 (62)

Edmonton 632–869 (38) 80–159 (98) 69–99 (44) 29–43 (49) 40–56 (41)
Vancouver 1905–2408 (26) 263–483 (84) 221–327 (48) 93–149 (60) 128–178 (40)

1 Trend: (pop in 2012 − pop in 1996)/(pop in 1996) × 100.

Table 2. Statistics on circulatory hospitalization for 24 Census Divisions.

City Name
Number in 1000s
of Circ 1996–2012

(trend, %) 1

Number in 1000s
of IHD 1996–2012

(trend, %) 1

Number in 1000s
of OHD 1996–2012

(trend, %) 1

Number in 1000s
of CEV 1996–2012

(trend, %) 1

Halifax 4.1–2.9 (−28) 1.8–1.1 (−39) 1.05–1.02 (−3) 0.5–0.4 (−24)
Saint John 1.2–0.9 (−25) 0.4–0.3 (−36) 0.3–0.4 (23) 0.2–0.1 (−50)

Quebec 8.3–6.8 (−18) 3.2–2.2 (−31) 1.9–2.5 (34) 1.3–0.7 (−48)
Montreal 29.2–20.5 (−30) 10.0–6.0 (−40) 7.2–7.4 (2) 5.1–3.2 (−38)
Ottawa 7.8–6.0 (−23) 3.4–2.1 (−39) 1.8–2.3 (27) 1.3–0.9 (−30)
Durham 3.8–2.9 (−22) 1.5–0.9 (−38) 1.13–1.15 (2) 0.53–0.52 (−0.2)

York 3.0–4.5 (51) 1.1–1.7 (57) 0.9–1.7 (87) 0.6–0.7 (17)
Toronto 32.0–22.3 (−30) 12.7 –7.8 (−38) 8.9–8.4 (−5) 5.0–3.2 (−36)

Peel 5.0–8.0 (61) 1.8–3.3 (78) 1.3–2.6 (94) 0.8–1.1 (34)
Halton 3.5–2.9 (−17) 1.3–0.9 (−35) 1.1–1.3 (16) 0.5–0.4 (−20)

Hamilton 7.1–5.5 (−22) 3.1–1.7 (−47) 1.9–2.3 (25) 1.0–0.8 (−22)
Niagara 6.7–4.1 (−39) 2.6–1.4 (−46) 2.1–1.6 (−22) 1.0–0.6 (−38)
Waterloo 4.2–2.9 (−31) 1.4–1.1 (−25) 1.3–1.0 (−18) 0.7–0.5 (−30)
Windsor 3.3–2.0 (−40) 1.0–0.7( −31) 1.1–0.7 (−30) 0. 7–0.3 (−54)

Sarnia 1.4–0.9 (−38) 0.6–0.3 (−51) 0.42–0.36 (−13) 0.2–0.1 (−47)
London 3.6–2.9 (−20) 1.4–0.8 (−41) 0.9–1.1 (24) 0. 6–0.5 (−16)
Sudbury 2.8–2.0 (−29) 1.2–0.8 (−30) 0.67–0.68 (2) 0.3–0.2 (−32)

Sault Ste. Marie 1.2–1.1 (−9) 0.5–0.4 (−20) 0.4–0.5 (17) 0.2–0.1 (−17)
Winnipeg 7.8–5.7 (−26) 2.7–2.0 (−25) 2.2–2.0(−8) 1.5–0.9 (−35)

Regina 1.8–2.1 (17) 0.6–0.5 (−16) 0.7–1.0 (44) 0.2–0.3 (21)
Saskatoon 2.6–2.2 (−16) 0.9–0.6 (−27) 0.8–0.9 (11) 0.4–0. 3 (−31)
Calgary 7.4–7.2 (−2) 2.9–2.3 (−21) 2.1–2.8 (32) 0.99–1.03 (4)

Edmonton 5.4–5.3 (−1) 2.1–1.6 (−20) 1.3–1.9 (55) 0.8–0.9 (13)
Vancouver 21.5–18.0 (−16) 7.7–5.6 (−28) 6.71–6.75 (1) 3.4–3.0 (−11)

1 Trend: (counts in 2012 − counts in 1996)/(counts in 1996) × 100.

3.1.2. Trend in Ozone Concentrations

A total of 114 NAPS stations were used in this study. Table 3 summarizes basic statistics on NAPS
stations, ozone data availability, range of ozone, and range of temperature for the 24 urban CDs. Ozone
data availability is excellent mostly higher than 95% over the study time span. The reason for low
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availability for Halifax is that there were no ozone measurements for two years, 1997 and 1999, due to
monitoring station malfunctions.

Table 3. Statistics for ozone and temperature.

City Name Number of
NAPS 1

Data
Availability (%) 2

Ozone Range (ppb) Temperature Range (◦C)

Mean 3 Range 4 Mean 5 Range 6

Halifax 5 87.4 30.2 23.4–35.8 13.4 12.5–14.9
Saint John 4 100 33.0 29.2–37.4 12.5 11.5–13.5

Quebec 6 100 33.9 29.8–38.8 14.4 12.8–15.7
Montreal 14 100 35.0 29.8–39.4 16.4 15.0–17.4
Ottawa 3 99.4 36.2 27.2–41.2 16.1 14.9–17.3
Durham 2 96.8 41.4 36.7–47.6 15.6 14.3–16.9

York 2 93.2 47.4 42.5–53.3 15.9 14.4–17.0
Toronto 11 99.9 41.6 35.3–46.2 16.9 15.1–18.2

Peel 4 98.0 44.1 40.7–47.8 16.5 14.3–18.0
Halton 3 99.8 45.1 40.6–51.1 16.6 15.2–17.8

Hamilton 4 98.6 43.6 37.5–50.5 16.2 14.9–17.3
Niagara 2 95.7 45.2 38.5–51.7 16.9 15.4–18.0
Waterloo 2 97.3 46.1 41.4–53.2 15.6 14.1–16.8
Windsor 3 98.6 47.9 40.3–54.2 17.9 16.4–19.2

Sarnia 2 97.6 47.0 40.1–53.1 16.6 15.2–17.9
London 3 98.0 46.7 40.9–53.5 16.4 14.6–17.5
Sudbury 2 98.0 41.3 36.6–46.4 14.0 12.8–15.3

Sault Ste. Marie 3 99.6 40.8 37.1–43.7 12.8 11.1–14.0
Winnipeg 2 99.9 33.4 28.1–40.1 15.4 13.3–17.0

Regina 2 97.7 34.9 25.4–40.4 13.1 11.5–14.4
Saskatoon 1 92.8 31.5 20.7–39.5 13.2 11.8–14.6
Calgary 4 100 36.1 32.3–40.3 11.0 9.8–12.3

Edmonton 9 100 38.8 33.6–43.0 12.1 11.1–14.1
Vancouver 21 100 28.9 26.5–31.0 14.5 13.4–15.9
1 Number of NAPS monitoring stations included over 1996–2012. 2 Rate of non-imputed ozone availability: (number
of daily ozone)/(total number of days). 3 Averaged daily 8-hour maximum ozone concentrations for warm months
over 1996–2012. 4 Minimum and maximum of daily 8-hour maximum ozone concentrations for warm months over
1996–2012. 5 Averaged daily mean temperature for warm months over 1996–2012. 6 Minimum and maximum of
daily mean temperature for warm months over 1996–2012.

Despite ozone’s good data availability, there were still missing daily data. Considering ozone’s
diurnal, weekly, monthly and seasonal variations, we imputed those missing data [38], denoted by
kO3 for imputed ozone against nO3 for original unimputed ozone. The imputation method was to
implement the gap-filling through spectral estimation and filtering. Combining population-based
weights and imputations, we could compare four metrics of ozone concentrations in parts per billion
(ppb) as shown in Figure 3. While negligible differences were observed between kO3 and nO3,
differences of 1 or 2 ppb due to population weights were clearly noticed. This implies that among the
24 urban cities more populated cities had lower ozone concentrations than less populated cities, which
could be related to greater traffic volume and accompanying O3 scavenging accounting for lower O3
concentrations in more populated cities. It was also noticed that ozone concentrations increased by
4–5 ppb overall, indicating 13% increase for unweighted ozone and 18% increase for weighted ozone
showing a faster change. In this study the weighted ozone concentration is not used in the analysis;
it is used only to examine the trend in exposure nationally, and the imputed ozone (kO3) was used.
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Figure 3. Trends in ozone concentrations in ppb: (a) solid lines for non-imputed ozone (nO3),
non-weighted (red) versus weighted (purple); (b) dashed lines for imputed ozone (kO3), non-weighted
(green) versus weighted (blue).

3.2. Trends in Relative Risk of Circulatory Hospitalizations by Age and Sex

3.2.1. Trend in Ozone-IHD Associations

For the warm season from April to September, the association between ozone and IHD
hospitalization was compared by 5 different groups based on age and sex as described in Section 2.
Figure 4 shows the medians of annual posterior distributions for each group, indicating that the
probability of the association equal to or larger than the median is 0.5 for each year. Higher positive
median value means higher risk of IHD hospitalization in relation with exposure to ozone. For any
group tracking those medians provide a tool for trend detection and group comparison.Int. J. Environ. Res. Public Health 2018, 15, x  11 of 19 
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Figure 4. Annual associations between warm season 1-day lagged ozone and IHD hospitalizations for
5 groups: base group (fm1+) in solid blue; over50 group, (fm50+) in solid red; seniors (fm65+) in solid
green; females aged ≥1 (f1+) in dashed purple; and males aged ≥1 (m1+) in dashed blue.
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Overall there was little difference by age among the 3 groups of all ages (≥1), over50 and seniors
but some difference by sex was observed (Figure 4). While the senior subpopulation (fm65+) did
not show higher associations than the base group (fm1+), males (m1+) or females (f1+), they showed
higher associations for different time periods (Figure 4). For all 5 groups a visible decline in association
started from 2009, which appeared to be a turning point in trends over the study time period. It should
be noted that males, compared to females, changed from lower to higher association in 2009 onwards
as displayed in Figure 4, which show smoothed trends.

Figure 5 shows the median (middle point) and quantile interval at 2.5% and 97.5% (i.e., 95%
posterior interval) of the posterior distribution: all years combined for each group (first 5 intervals) and
annual for the base group only (11 intervals on right). While the first 5 posterior intervals show overall
ozone-IHD associations as graphical summaries, the annual posterior intervals provide between-city
heterogeneity as well as trend. Since national estimates were based on pooling over the 24 urban CDs,
the posterior intervals would become relatively wider when their between-city heterogeneity was
relatively larger. Increased heterogeneity was observed as the median values became larger.
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Figure 5. 95% posterior intervals for the associations per 10 ppb of 1-day lagged ozone with IHD
hospitalizations for warm season: (a) 17 years combined risks for 5 groups (squares); (b) 11 annual
risks of base group (circles in red).

For the warm season the all-year combined static national risk of the IHD per 10 ppb of 1-day
lagged ozone was 0.4% with 95% posterior interval (−0.3–1.1%) for all 17 years combined. Compared
with this base group as a reference, only females were at higher risk, with an estimated level of 0.8%
with 95% posterior interval (−0.1–1.6%) as shown in Figure 5. The annual 95% posterior intervals of the
base group risk of the IHD show a mixed trend of a gradually increasing and then a linearly decreasing
change. (The annual 95% posterior intervals of the other 4 groups can be found in Supplementary
Figures S1–S4.)

3.2.2. Trend in Ozone-OHD Associations

For the warm season from April to September, the association between ozone and OHD
hospitalization was compared by 5 different groups based on age and sex, as described in Section 2.
Overall, some differences by age and sex were observed. While two groups, over50 (fm50+) and males
(m1+), did not show higher associations than the base group, the other two groups, seniors (fm65+)
and females (fm1+), showed higher associations for different time periods (Figure 6). For all 5 groups
a visible decline in association was observed. It should be noted that the females changed from higher
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to lower association in 2009 onwards, whereas the seniors changed from lower to higher association,
which was not observed for the IHD hospitalization.Int. J. Environ. Res. Public Health 2018, 15, x  12 of 19 
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Figure 6. Annual associations between warm season 1-day lagged ozone and OHD hospitalizations for
5 groups: base group (fm1+) in solid blue; over50 group, (fm50+) in solid red; seniors (fm65+) in solid
green; females aged ≥1 (f1+) in dashed purple; and males aged ≥1 (m1+) in dashed blue.

For the warm season the all-year combined static national risk of the OHD per 10 ppb of 1-day
lagged ozone was 0.4% with 95% posterior interval (−0.2–1.0%) for all 17 years combined. Compared
with this base group, only females were at slightly higher risk of 0.7% with 95% posterior interval
(−0.3–1.6%) as shown in Figure 7. The annual 95% posterior intervals of the base group risk of the
OHD shows a mixed trend of a flat and then decreasing pattern. (The annual 95% posterior intervals
of the other 4 groups can be found in Supplementary Figures S5–S8.)
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Figure 7. A total of 95% posterior intervals for the associations per 10 ppb 1-day lagged ozone with
OHD hospitalizations for warm season: (a) 17 years combined risks for 5 groups (squares); (b) 11 annual
risks of base group (circles in red).
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3.2.3. Trend in Ozone-CEV Associations

For the warm season from April to September, the association between ozone and CEV
hospitalization was compared by 5 different groups based on age and sex as described in Section 2.
Overall little difference by age but some visible differences by sex were observed. While the senior
subpopulation (fm65+) did not show higher associations than the base group (fm1+), males (m1+) and
females (f1+) showed higher and lower associations, respectively, consistently over the study time
period (Figure 8). For all groups except for males not much annual variations appeared. It should be
noted that males, compared to females, were always at higher CEV hospitalization risk with a sudden
decline for 2009.
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green; females aged ≥1 (f1+) in dashed purple; and males aged ≥1 (m1+) in dashed blue.

For the warm season the all-year combined static national risk of the CEV per 10 ppb of 1-day
lagged ozone was 0.2% with 95% posterior interval (−0.8–1.2%) for all 17 years combined. Compared
with the base group, males were at higher risk of 1.1% with 95% posterior interval (−0.8–2.9%), which
is much wider than that for IHD and OHD, as shown in Figure 9. The annual 95% posterior intervals of
the base group risk of the IHD shows a mixed trend of a gradually increasing and linearly decreasing
changes. (The annual 95% posterior intervals of the other 4 groups can be found in Supplementary
Figures S9–S12).
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CEV hospitalizations for warm season: (a) 17 years combined risks for 5 groups (squares); (b) 11 annual
risks of males (circles in red).

4. Discussion

In this section we will discuss trends in the air health indicator, differences reported in the
ozone-hospitalization associations by age and sex, and limitations of the study.

4.1. Air Health Indicator with Trend

A substantial body of research has established that the health risk associated with common air
pollutants rises and falls with levels of pollution within a time frame of one to several days. This
has been demonstrated for several health markers, particularly heart- and lung-related mortality and
hospitalization. For this reason, the Air Health Trend Indicator (AHTI) has been developed as tool to
track the impacts of short-term exposure to outdoor air pollution on public health over time.

The proposed model, a dynamic multi-year estimator [31–33] (here 7 years), is capable of not only
tracking the changes in risk associated with varying pollutant concentrations, but also identifying
specific pivoting years for those changes. The changes in risk may result from changes in demographic
distribution, population susceptibility (due to better health protection), exposure (due to changes in
the built environment), unidentified co-pollutants that fall out of synchronization with the measured
pollutant, or any number of additional factors.

Risks were determined for each calendar year and are based on information over the warm
season from April to September when Canadians spend more time outdoors (as compared to the
cold season, when low temperatures discourage this) and are thus more exposed to ozone from
outdoor sources [21,39–41]. Based on this tracking tool, we examined the trend in national-level annual
circulatory hospitalizations (in particular, IHD, OHD and CEV) known to be associated with short-term
exposure to ozone [2,3,9,25,42]. For the warm season over the study time period of 1996–2012 there
were overall gradual declines for OHD, and mixed trends of incline and decline for IHD and CEV in
the annual risks for the base group of all ages, both sexes (fm1+). However, the observed trends are
not fully explained by external factors such as demographic changes and thus further investigations
are needed.
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This finding supports the dynamic approach over the static approach, as the year by year changes
in the national risks seem unlikely to be completely random fluctuations. This is evidence of potentially
large differences in the ozone-linked circulatory hospitalization risk estimates if different study periods
are considered. Despite gradually increasing ozone concentrations, the ozone-linked circulatory
hospitalization risk estimates displayed a decline for recent years. This leads naturally to interesting
questions:

• Is the observed decline true, and not model-related?
• Why do the concentrations and adverse effects of ozone for recent years show opposite

time trends?
• Are there some other confounders that led to declines for recent years?
• Further investigations are necessary to be able to answer these questions.

4.2. Little Difference by Age

The Canadian population is growing and aging but non-accidental hospitalization rates for the
population have decreased from 10% to 8% between 1996 and 2012. The senior subpopulation (ages
over 65) comprises 15% of the population but 39% of hospitalizations nationally in 2012: clearly
seniors are hospitalized more often than the younger population. This study analyzed the 24 urban
cities in Figure 1, which have about 54% of the Canadian population, comprising 12% seniors and
5% non-accidental hospitalization rate (all ages). Therefore, this study is based on a younger (12%
vs. 15% seniors) and healthier (5% vs. 8% hospitalization rate) subpopulation, which may lead to
unmeasurable bias [43] in estimates for the association between ozone and the three specific types
of hospitalizations.

Given the fact that seniors are hospitalized more often than younger generations, we may expect
an increased number of hospitalizations as the Canadian population is clearly aging. However, we have
observed about 25% and 20% decline in the total aggregate IHD and CEV hospitalizations, respectively,
in this study. This may indicate strong effect modifiers such as decreased smoking rates, leading to the
significant decline in the IHD and CEV hospitalizations. A few studies have reported inconsistent age
difference in the associations between ozone and cardiovascular-related hospitalizations [44,45]. When
comparing age groups, while there is evidence of increased associations between ozone and mortality
for the senior population compared to the young population, there is still lack of consistent associations
between ozone and hospitalizations [46]. The study finding of slight differences by age (below versus
above 65 years) suggests that the adverse health effect of ozone on circulatory hospitalization is less
likely to depend on age than what has been expected [2,47].

4.3. Noticeable Sex-Specific Differences

The data used in this study has information on biological attributes only and thus our analyses
analyzed sex, not gender. Females are about 51% of the Canadian population and 57% of the
hospitalizations, which indicates females were admitted to hospitals slightly more often than males.
This does not necessarily imply that females are more susceptible to ozone. This study found interesting
but inconsistent trends regarding sex difference, including an indication that females may be at lower
risk for IHD but higher risk for OHD for recent years (since 2008). By contrast, females were always at
lower risk for CEV.

Some studies reported no sex-specific differences for ischemic stroke by case-crossover
analysis [42], for cardiovascular disease by time series analysis [48], and for stroke in emergency
department visits [49]. However, there is no clear evidence of sex-specific difference in
ozone-hospitalization associations due to inconsistent reports. We agree with the view of the U.S.
EPA in 2013: the lack of evidence for effect measure modification by sex may be indicative of the
lack of association with cardiovascular morbidity, not the lack of an effect by sex [38]. Even if the
sex-specific differences are statistically insignificant (within 0.2%), the study findings suggest further
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sex-specific studies are necessary to better understand the sex difference in reaction to ozone regarding
circulatory hospitalizations.

4.4. Limitations of the Study

A limitation of this study is that individual level data are missing, as this was an ecologic study.
For example, the same exposure to ozone was assumed for all residents within given CDs, and thus
misclassification of ozone exposure is inevitable [50–52]. There also exist non-negligible discrepancies
between ambient and personal ozone concentrations. For the warm season, personal-level ozone
exposure would be modified by air conditioner usages [53,54], which were not controlled in the model.

5. Conclusions

In relation to ground-level ozone, this study examined hospital admissions with three specific
types of circulatory causes—ischemic heart disease, other heart disease and cerebrovascular
disease—which taken together comprise 85% of circulatory hospitalizations. While an overall
decreasing trend was apparent for OHD, a mixed trend of incline (until the year 2008) and then
decline for recent years appeared for IHD and CEV. This study reports not only a well-established
finding that warm season 1-day lagged ozone is more highly associated with the three examined
circulatory hospitalizations than cold season ozone, but also inconsistent sex specific differences in the
association. In particular, this study found males to be at higher risks for IHD and females at higher
risk for OHD; these findings have not been studied rigorously yet. The study findings could reduce
the knowledge gap by identifying sub-populations susceptible to ozone by season, age, sex and trend
in relation to circulatory hospitalizations. Further research on other causes such as respiratory related
hospital admissions is warranted to fully understand the trends in ozone’s adverse health effects.

This study was supported through ‘Canadian Environmental Sustainability Indicators’ funding
from Environment and Climate Change Canada (project 859104) and ‘Clean Air Regulatory Agenda’
funding from Health Canada (project 810523).

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/15/8/1566/
s1, Figure S1: Over50 group. 95% posterior intervals for the associations per 10 ppb 1-day lagged ozone with IHD
hospitalizations for warm season: (a) 17 years combined risks (square in orange); (b) 11 annual risks (circles in
red), Figure S2: Senior group. 95% posterior intervals for the associations per 10 ppb 1-day lagged ozone with
IHD hospitalizations for warm season: (a) 17 years combined risks (square in orange); (b) 11 annual risks (circles
in red), Figure S3: Female group. 95% posterior intervals for the associations per 10 ppb 1-day lagged ozone with
IHD hospitalizations for warm season: (a) 17 years combined risks (square in orange); (b) 11 annual risks (circles
in red), Figure S4: Male group. 95% posterior intervals for the associations per 10 ppb 1-day lagged ozone with
IHD hospitalizations for warm season: (a) 17 years combined risks (square in orange); (b) 11 annual risks (circles
in red), Figure S5: Over50 group. 95% posterior intervals for the associations per 10 ppb 1-day lagged ozone with
OHD hospitalizations for warm season: (a) 17 years combined risks (square in orange); (b) 11 annual risks (circles
in red), Figure S6: Senior group. 95% posterior intervals for the associations per 10 ppb 1-day lagged ozone with
OHD hospitalizations for warm season: (a) 17 years combined risks (square in orange); (b) 11 annual risks (circles
in red), Figure S7: Female group. 95% posterior intervals for the associations per 10 ppb 1-day lagged ozone with
OHD hospitalizations for warm season: (a) 17 years combined risks (square in orange); (b) 11 annual risks (circles
in red), Figure S8: Male group. 95% posterior intervals for the associations per 10 ppb 1-day lagged ozone with
OHD hospitalizations for warm season: (a) 17 years combined risks (square in orange); (b) 11 annual risks (circles
in red), Figure S9: Base group. 95% posterior intervals for the associations per 10 ppb 1-day lagged ozone with
CEV hospitalizations for warm season: (a) 17 years combined risks (square in orange); (b) 11 annual risks (circles
in red), Figure S10: Over50 group. 95% posterior intervals for the associations per 10 ppb 1-day lagged ozone with
CEV hospitalizations for warm season: (a) 17 years combined risks (square in orange); (b) 11 annual risks (circles
in red), Figure S11: Senior group. 95% posterior intervals for the associations per 10 ppb 1-day lagged ozone with
CEV hospitalizations for warm season: (a) 17 years combined risks (square in orange); (b) 11 annual risks (circles
in red), Figure S12: Female group. 95% posterior intervals for the associations per 10 ppb 1-day lagged ozone with
CEV hospitalizations for warm season: (a) 17 years combined risks (square in orange); (b) 11 annual risks (circles
in red).

Author Contributions: H.H.S., D.S. and W.S.B. conceived and designed the experiments; L.H., H.K.
performed the experiments; H.H.S. and W.S.B. analyzed the data; W.S.B., B.J. and M.S.-D. contributed
reagents/materials/analysis tools; H.H.S., D.S. and W.S.B. wrote the paper.

http://www.mdpi.com/1660-4601/15/8/1566/s1
http://www.mdpi.com/1660-4601/15/8/1566/s1


Int. J. Environ. Res. Public Health 2018, 15, 1566 17 of 19

Funding: This research was funded by ‘Canadian Environmental Sustainability Indicators’ of Environment and
Climate Change Canada (859104) and the ‘Clean Air Regulatory Agenda’ of Health Canada (810523).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. McDonnell, W.F.; Abbey, D.E.; Nishino, N.; Lebowitz, M.D. Long-term ambient ozone concentration and the
incidence of asthma in nonsmoking adults: The AHSMOG Study. Environ. Res. 1999, 80, 110–121. [CrossRef]
[PubMed]

2. Henrotin, J.-B.; Besancenot, J.-P.; Bejot, Y.; Giroud, M. Short-term effects of ozone air pollution on ischaemic
stroke occurrence: A case-crossover analysis from a 10-year population-based study in Dijon, France.
Occup. Environ. Med. 2007, 64, 439–445. [CrossRef] [PubMed]

3. Hong, Y.C.; Lee, J.T.; Kim, H.; Kwon, H.J. Air pollution: A new risk factor in ischemic stroke mortality. Stroke
2002, 33, 2165–2169. [CrossRef] [PubMed]

4. Bell, M.L.; Dominici, F.; Samet, J.M. A Meta-Analysis of Time-Series Studies of Ozone and Mortality with
Comparison to the National Morbidity, Mortality, and Air Pollution Study. Epidemiology 2005, 16, 436–445.
[CrossRef] [PubMed]

5. Pope, C.A.; Burnett, R.T.; Thurston, G.D.; Thun, M.J.; Calle, E.E.; Krewski, D.; Godleski, J.J. Cardiovascular
mortality and long-term exposure to particulate air pollution: Epidemiological evidence of general
pathophysiological pathways of disease. Circulation 2004, 109, 71–77. [CrossRef] [PubMed]

6. McConnell, R.; Berhane, K.; Gilliland, F.; London, S.J.; Islam, T.; Gauderman, W.J.; Avol, E.; Margolis, H.G.;
Peters, J.M. Asthma in exercising children exposed to ozone: A cohort study. Lancet 2002, 359, 386–391.
[CrossRef]

7. Sunyer, J.; Basagana, X.; Belmonte, J.; Anto, J.M. Effect of nitrogen dioxide and ozone on the risk of dying in
patients with severe asthma. Thorax 2002, 57, 687–693. [CrossRef] [PubMed]

8. Bell, M.L.; McDermott, A.; Zeger, S.L.; Samet, J.M.; Dominici, F. Ozone and short-term mortality in 95 US
urban communities, 1987–2000. JAMA 2004, 292, 2372–2378. [CrossRef] [PubMed]

9. Guo, P.; Wang, Y.; Feng, W.; Wu, J.; Fu, C.; Deng, H.; Huang, J.; Wang, L.; Zheng, M.; Liu, H. Ambient Air
Pollution and Risk for Ischemic Stroke: A Short-Term Exposure Assessment in South China. Int. J. Environ.
Res. Public Health 2017, 14, 1091. [CrossRef] [PubMed]

10. Ruidavets, J.B.; Cournot, M.; Cassadou, S.; Giroux, M.; Meybeck, M.; Ferrières, J. Ozone air pollution is
associated with acute myocardial infarction. Circulation 2005, 111, 563–569. [CrossRef] [PubMed]

11. Peters, A.; Dockery, D.W.; Muller, J.E.; Mittleman, M.A. Increased particulate air pollution and the triggering
of myocardial infarction. Circulation 2001, 103, 2810–2815. [CrossRef] [PubMed]

12. Ren, C.; Williams, G.M.; Morawska, L.; Mengersen, K.; Tong, S. Ozone modifies associations between
temperature and cardiovascular mortality: Analysis of the NMMAPS data. Occup. Environ. Med. 2008, 65,
255–260. [CrossRef] [PubMed]

13. Williams, R.; Brook, R.; Bard, R.; Conner, T.; Shin, H.; Burnett, R. Impact of personal and ambient-level
exposures to nitrogen dioxide and particulate matter on cardiovascular function. Int. J. Environ. Health Res.
2012, 22, 71–91. [CrossRef] [PubMed]

14. Bell, M.L.; Peng, R.D.; Dominici, F. The exposure–response curve for ozone and risk of mortality and the
adequacy of current ozone regulations. Environ. Health Perspect. 2006, 114, 532–536. [CrossRef] [PubMed]

15. Stieb, D.M.; Judek, S.; Burnett, R.T. Meta-analysis of time-series studies of air pollution and mortality: Effects
of gases and particles and the influence of cause of death, age, and season. J. Air Waste Manag. Assoc. 2002,
52, 470–484. [CrossRef] [PubMed]

16. Prueitt, R.L.; Lynch, H.N.; Zu, K.; Sax, S.N.; Venditti, F.J.; Goodman, J.E. Weight-of-evidence evaluation
of long-term ozone exposure and cardiovascular effects. Crit. Rev. Toxicol. 2014, 44, 791–822. [CrossRef]
[PubMed]

17. Hastie, T.; Tibshirani, R. Generalized Additive Models. Stat. Sci. 1986, 1, 297–318. [CrossRef]
18. Hastie, T.J.; Tibshirani, R.J. Generalized Additive Models, 1st ed.; Chapman & Hall: New York, NY, USA, 1990,

ISBN 0-412-34390-8.

http://dx.doi.org/10.1006/enrs.1998.3894
http://www.ncbi.nlm.nih.gov/pubmed/10092402
http://dx.doi.org/10.1136/oem.2006.029306
http://www.ncbi.nlm.nih.gov/pubmed/17409181
http://dx.doi.org/10.1161/01.STR.0000026865.52610.5B
http://www.ncbi.nlm.nih.gov/pubmed/12215581
http://dx.doi.org/10.1097/01.ede.0000165817.40152.85
http://www.ncbi.nlm.nih.gov/pubmed/15951661
http://dx.doi.org/10.1161/01.CIR.0000108927.80044.7F
http://www.ncbi.nlm.nih.gov/pubmed/14676145
http://dx.doi.org/10.1016/S0140-6736(02)07597-9
http://dx.doi.org/10.1136/thorax.57.8.687
http://www.ncbi.nlm.nih.gov/pubmed/12149528
http://dx.doi.org/10.1001/jama.292.19.2372
http://www.ncbi.nlm.nih.gov/pubmed/15547165
http://dx.doi.org/10.3390/ijerph14091091
http://www.ncbi.nlm.nih.gov/pubmed/28930181
http://dx.doi.org/10.1161/01.CIR.0000154546.32135.6E
http://www.ncbi.nlm.nih.gov/pubmed/15699276
http://dx.doi.org/10.1161/01.CIR.103.23.2810
http://www.ncbi.nlm.nih.gov/pubmed/11401937
http://dx.doi.org/10.1136/oem.2007.033878
http://www.ncbi.nlm.nih.gov/pubmed/17890300
http://dx.doi.org/10.1080/09603123.2011.588437
http://www.ncbi.nlm.nih.gov/pubmed/21711166
http://dx.doi.org/10.1289/ehp.8816
http://www.ncbi.nlm.nih.gov/pubmed/16581541
http://dx.doi.org/10.1080/10473289.2002.10470794
http://www.ncbi.nlm.nih.gov/pubmed/12002192
http://dx.doi.org/10.3109/10408444.2014.937855
http://www.ncbi.nlm.nih.gov/pubmed/25257962
http://dx.doi.org/10.1214/ss/1177013604


Int. J. Environ. Res. Public Health 2018, 15, 1566 18 of 19

19. Dominici, F.; Samet, J.M.; Zeger, S.L. Combining evidence on air pollution and daily mortality from the
20 largest US cities: A hierarchical modelling strategy. J. R. Stat. Soc. Ser. A Stat. Soc. 2000, 163, 263–302.
[CrossRef]

20. Chen, K.; Zhou, L.; Chen, X.; Bi, J.; Kinney, P.L. Acute effect of ozone exposure on daily mortality in seven
cities of Jiagsu Province, China: No clear evidence for threshold. Environ. Res. 2017, 155, 235–241. [CrossRef]
[PubMed]

21. Shin, H.H.; Burnett, R.; Stieb, D.; Takahara, G.; Brion, O.; Smith-Doiron, M.; Jessiman, B. E-034: Temporal
trend in cardio-pulmonary mortality risks associated with ozone of warm season in Canada. Epidemiology
2012, 23. [CrossRef]

22. Shah, A.S.; Lee, K.K.; McAllister, D.A.; Hunter, A.; Nair, H.; Whiteley, W.; Langrish, J.P.; Newby, D.E.;
Mills, N.L. Short term exposure to air pollution and stroke: Systematic review and meta-analysis. BMJ 2015,
350, h1295. [CrossRef] [PubMed]

23. Montresor-López, J.A.; Yanosky, J.D.; Mittleman, M.A.; Sapkota, A.; He, X.; Hibbert, J.D.; Wirth, M.D.;
Puett, R.C. Short-term exposure to ambient ozone and stroke hospital admission: A case-crossover analysis.
J. Expos. Sci. Environ. Epidemiol. 2016, 26, 162. [CrossRef] [PubMed]

24. Auriba, R. Short-Term Exposure to Ozone in Relation to Mortality and Out-of-Hospital Cardiac Arrest:
Exploring Sensitive Subgroups by Previous Hospitalization. Ph.D. Thesis, Karolinska Institutet, Solna,
Sweden, 2018.

25. Liu, H.; Tian, Y.; Song, J.; Cao, Y.; Xiang, X.; Huang, C.; Li, M.; Hu, Y. Effect of ambient air pollution on
hospitalization for heart failure in 26 of China’s largest cities. Am. J. Cardiol. 2018, 121, 628–633. [CrossRef]
[PubMed]

26. Carugno, M.; Consonni, D.; Randi, G.; Catelan, D.; Grisotto, L.; Bertazzi, P.A.; Biggeri, A.; Baccini, M.
Air pollution exposure, cause-specific deaths and hospitalizations in a highly polluted Italian region.
Environ. Res. 2016, 147, 415–424. [CrossRef] [PubMed]

27. 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]

28. Health Canada. Canadian Smog Science Assessment Volume 2: Health Effects. 2013. Available online:
http://publications.gc.ca/collections/collection_2014/sc-hc/En88-5-2-2013-eng.pdf (accessed on 22 April
2018).

29. US Environmental Protection Agency. Health Risk and Exposure Assessment for Ozone Final Report
2014. Available online: https://www3.epa.gov/ttn/naaqs/standards/ozone/data/20140829healthrea.pdf
(accessed on 22 April 2018).

30. Filleul, L.; Cassadou, S.; Médina, S.; Fabres, P.; Lefranc, A.; Eilstein, D.; Le Tertre, A.; Pascal, L.; Chardon, B.;
Blanchard, M.; et al. The relation between temperature, ozone, and mortality in nine French cities during the
heat wave of 2003. EHP 2006, 114, 1344–1347. [CrossRef] [PubMed]

31. Shin, H.H.; Stieb, D.M.; Jessiman, B.; Goldberg, M.S.; Brion, O.; Brook, J.; Ramsay, T.; Burnett, R.T. A Temporal,
Multi-City Model to Estimate the Effects of Short-Term Exposure to Ambient Air Pollution on Health. EHP
2008, 116, 1147–1153. [CrossRef] [PubMed]

32. Shin, H.H.; Burnett, R.T.; Stieb, D.M.; Jessiman, B. Measuring public health accountability of air quality
management. Air Qual. Atmos. Health 2009, 2, 11–20. [CrossRef]

33. Shin, H.H.; Stieb, D.; Burnett, R.; Takahara, G.; Jessiman, B. Tracking national and regional spatial-temporal
mortality risk associated with NO2 concentrations in Canada: A Bayesian hierarchical two-level model.
Risk Anal. 2012, 32, 513–530. [CrossRef] [PubMed]

34. Burr, W.S.; Takahara, G.; Shin, H.H. Bias correction in estimation of public health risk attributable to
short-term air pollution exposure. Environmetrics 2015, 26, 298–311. [CrossRef]

35. World Health Organization. ICD-10 Classifications of Mental and Behavioural Disorder: Clinical Descriptions and
Diagnostic Guidelines; World Health Organization: Geneva, Switzerland, 1992.

36. Environment Canada. National Climate Data and Information Archive Historical Data. Available online:
http://climate.weather.gc.ca/historical_data/search_historic_data_e.html (accessed on 24 April 2018).

37. R Development Core Team. R: A Language and Environment for Statistical Computing; R Foundation for
Statistical Computing: Vienna, Austria, 2018, ISBN 3-900051-07-0.

http://dx.doi.org/10.1111/1467-985X.00170
http://dx.doi.org/10.1016/j.envres.2017.02.009
http://www.ncbi.nlm.nih.gov/pubmed/28231551
http://dx.doi.org/10.1097/01.ede.0000416633.53767.50
http://dx.doi.org/10.1136/bmj.h1295
http://www.ncbi.nlm.nih.gov/pubmed/25810496
http://dx.doi.org/10.1038/jes.2015.48
http://www.ncbi.nlm.nih.gov/pubmed/26329139
http://dx.doi.org/10.1016/j.amjcard.2017.11.039
http://www.ncbi.nlm.nih.gov/pubmed/29304993
http://dx.doi.org/10.1016/j.envres.2016.03.003
http://www.ncbi.nlm.nih.gov/pubmed/26969808
http://dx.doi.org/10.1164/rccm.201211-2004OC
http://www.ncbi.nlm.nih.gov/pubmed/23392442
http://publications.gc.ca/collections/collection_2014/sc-hc/En88-5-2-2013-eng.pdf
https://www3.epa.gov/ttn/naaqs/standards/ozone/data/20140829healthrea.pdf
http://dx.doi.org/10.1289/ehp.8328
http://www.ncbi.nlm.nih.gov/pubmed/16966086
http://dx.doi.org/10.1289/ehp.11194
http://www.ncbi.nlm.nih.gov/pubmed/18795155
http://dx.doi.org/10.1007/s11869-009-0029-z
http://dx.doi.org/10.1111/j.1539-6924.2011.01684.x
http://www.ncbi.nlm.nih.gov/pubmed/21980998
http://dx.doi.org/10.1002/env.2337
http://climate.weather.gc.ca/historical_data/search_historic_data_e.html


Int. J. Environ. Res. Public Health 2018, 15, 1566 19 of 19

38. Burr, W.S. Air Pollution and Health: Time Series Tools and Analysis. Ph.D. Thesis, Queen’s University,
Kingston, ON, Canada, 2012.

39. Matz, C.J.; Stieb, D.M.; Davis, K.; Egyed, M.; Rose, A.; Chou, B.; Brion, O. Effects of age, season, gender and
urban-rural status on time-activity: Canadian Human Activity Pattern Survey 2 (CHAPS 2). Int. J. Environ.
Res. Public Health 2014, 11, 2108–2124. [CrossRef] [PubMed]

40. U.S. Environmental Protection Agency. Air Quality Criteria for Ozone and Related Photochemical Oxidants.
Final Report; 2006. Available online: http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=149923
(accessed on 22 April 2018).

41. Sawyer, K.; Brown, J.; Hazucha, M.; Bennett, W.D. The effect of exercise on nasal uptake of ozone in healthy
human adults. J. Appl. Physiol. 2007, 102, 1380–1386. [CrossRef] [PubMed]

42. Fuller, C.H.; Feeser, K.R.; Sarnat, J.A.; O’Neill, M.S. Air pollution, cardiovascular endpoints and susceptibility
by stress and material resources: A systematic review of the evidence. Environ. Health 2017, 16, 58. [CrossRef]
[PubMed]

43. Alexeeff, S.E.; Litonjua, A.A.; Wright, R.O.; Baccarelli, A.; Suh, H.; Sparrow, D.; Vokonas, P.S.; Schwartz, J.
Ozone exposure, antioxidant genes, and lung function in an elderly cohort: VA normative aging study.
Occup. Environ. Med. 2008, 65, 736–742. [CrossRef] [PubMed]

44. Buadong, D.; Jinsart, W.; Funatagawa, I.; Karita, K.; Yano, E. Association between PM10 and O3 levels and
hospital visits for cardiovascular diseases in Bangkok, Thailand. J. Epidemiol. 2009, 19, 182–188. [CrossRef]
[PubMed]

45. Halonen, J.I.; Lanki, T.; Tiittanen, P.; Niemi, J.V.; Loh, M.; Pekkanen, J. Ozone and cause-specific
cardiorespiratory morbidity and mortality. J. Epidemiol. Community Health 2009, 64, 814–820. [CrossRef]
[PubMed]

46. Medina-Ramón, M.; Schwartz, J. Who is more vulnerable to die from ozone air pollution? Epidemiology 2008,
19, 672–679. [CrossRef] [PubMed]

47. Zanobetti, A.; Schwartz, J. Is there adaptation in the ozone mortality relationship: A multi-city case-crossover
analysis. Environ. Health 2008, 7, 22. [CrossRef] [PubMed]

48. Middleton, N.; Yiallouros, P.; Kleanthous, S.; Kolokotroni, O.; Schwartz, J.; Dockery, D.W.; Demokritou, P.;
Koutrakis, P. A 10-year time-series analysis of respiratory and cardiovascular morbidity in Nicosia, Cyprus:
The effect of short-term changes in air pollution and dust storms. Environ. Health 2008, 7, 39. [CrossRef]
[PubMed]

49. Villeneuve, P.J.; Chen, L.; Stieb, D.; Rowe, B.H. Associations between outdoor air pollution and emergency
department visits for stroke in Edmonton, Canada. Eur. J. Epidemiol. 2006, 21, 689–700. [CrossRef] [PubMed]

50. Brown, K.; Sarnat, J.; Suh, H.; Coull, B.; Koutrakis, P. Factors influencing relationships between personal
and ambient concentrations of gaseous and particulate pollutants. Sci. Total Environ. 2009, 407, 3754–3765.
[CrossRef] [PubMed]

51. Klepeis, N.E. An Introduction to the Indirect Exposure Assessment Approach: Modeling Human Exposure
Using Microenvironmental Measurements and the Recent National Human Activity Pattern Survey.
Environ. Health Perspect. 1999, 107, 365–374. [CrossRef] [PubMed]

52. Zeger, S.L.; Thomas, D.; Dominici, F.; Samet, J.M.; Schwartz, J.; Dockery, D.; Cohen, A. Exposure measurement
error in time-series studies of air pollution: Concepts and consequences. Environ. Health Perspect. 2000, 108,
419–426. [CrossRef] [PubMed]

53. Bell, M.L.; Dominici, F. Effect modification by community characteristics on the short-term effects of ozone
exposure and mortality in 98 US communities. Am. J. Epidemiol. 2008, 167, 986–997. [CrossRef] [PubMed]

54. Medina-Ramon, M.; Zanobetti, A.; Schwartz, J. The effect of ozone and PM10 on hospital admissions for
pneumonia and chronic obstructive pulmonary disease: A national multicity study. Am. J. Epidemiol. 2006,
163, 579–588. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/ijerph110202108
http://www.ncbi.nlm.nih.gov/pubmed/24557523
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=149923
http://dx.doi.org/10.1152/japplphysiol.00269.2006
http://www.ncbi.nlm.nih.gov/pubmed/17082377
http://dx.doi.org/10.1186/s12940-017-0270-0
http://www.ncbi.nlm.nih.gov/pubmed/28615066
http://dx.doi.org/10.1136/oem.2007.035253
http://www.ncbi.nlm.nih.gov/pubmed/18524839
http://dx.doi.org/10.2188/jea.JE20080047
http://www.ncbi.nlm.nih.gov/pubmed/19525614
http://dx.doi.org/10.1136/jech.2009.087106
http://www.ncbi.nlm.nih.gov/pubmed/19854743
http://dx.doi.org/10.1097/EDE.0b013e3181773476
http://www.ncbi.nlm.nih.gov/pubmed/18480732
http://dx.doi.org/10.1186/1476-069X-7-22
http://www.ncbi.nlm.nih.gov/pubmed/18513427
http://dx.doi.org/10.1186/1476-069X-7-39
http://www.ncbi.nlm.nih.gov/pubmed/18647382
http://dx.doi.org/10.1007/s10654-006-9050-9
http://www.ncbi.nlm.nih.gov/pubmed/17048082
http://dx.doi.org/10.1016/j.scitotenv.2009.02.016
http://www.ncbi.nlm.nih.gov/pubmed/19285709
http://dx.doi.org/10.2307/3434429
http://www.ncbi.nlm.nih.gov/pubmed/10350522
http://dx.doi.org/10.1289/ehp.00108419
http://www.ncbi.nlm.nih.gov/pubmed/10811568
http://dx.doi.org/10.1093/aje/kwm396
http://www.ncbi.nlm.nih.gov/pubmed/18303005
http://dx.doi.org/10.1093/aje/kwj078
http://www.ncbi.nlm.nih.gov/pubmed/16443803
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Circulatory Hospitalizations 
	Spatial Coverage 
	Data Sources 
	Ozone Concentrations 
	Daily Counts of Cause-Specific Hospitalization 
	Potential Confounders to the Hospitalization-Air Pollution Association 

	Annual Hierarchical Model 
	Sensitivity Analysis 

	Results 
	Trends in Annual Data 
	Population and Hospitalization 
	Trend in Ozone Concentrations 

	Trends in Relative Risk of Circulatory Hospitalizations by Age and Sex 
	Trend in Ozone-IHD Associations 
	Trend in Ozone-OHD Associations 
	Trend in Ozone-CEV Associations 


	Discussion 
	Air Health Indicator with Trend 
	Little Difference by Age 
	Noticeable Sex-Specific Differences 
	Limitations of the Study 

	Conclusions 
	References

