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Short-term risk of hospitalization for asthma or bronchiolitis in
children living near an aluminum smelter
Antoine Lewin1, Stéphane Buteau2, Allan Brand2,3, Tom Kosatsky4 and Audrey Smargiassi1,2,3

Few studies have measured the effect of short-term exposure to industrial emissions on the respiratory health of children. Here we
estimate the risk of hospitalization for asthma and bronchiolitis in young children associated with their recent exposure to
emissions from an aluminum smelter. We used a case–crossover design to assess the risk of hospitalization, February 1999–
December 2008, in relation to short-term variation in levels of exposure among children 0–4 years old living less than 7.5 km from
the smelter. The percentage of hours per day that the residence of a hospitalized child was in the shadow of winds crossing the
smelter was used to estimate the effect of wind-borne emissions on case and crossover days. Community-wide pollutant exposure
was estimated through daily mean and daily maximum SO2 and PM2.5 concentrations measured at a fixed monitoring site near the
smelter. Odds ratios (OR) were estimated using conditional logistic regressions. The risk of same-day hospitalization for asthma or
bronchiolitis increased with the percentage of hours in a day that a child’s residence was downwind of the smelter. For children
aged 2–4 years, the OR was 1.27 (95% CI¼ 1.03–1.56; n¼ 103 hospitalizations), for an interquartile range (IQR) of 21% of hours
being downwind. In this age group, the OR with PM2.5 daily mean levels was slightly smaller than with the hours downwind
(OR: 1.22 for an IQR of 15.7 mg/m3, 95% CI¼ 1.03–1.44; n¼ 94 hospitalizations). Trends were observed between hospitalizations
and levels of SO2 for children 2–4 years old. Increasing short-term exposure to emissions from a Quebec aluminum smelter was
associated with an increased risk of hospitalization for asthma and bronchiolitis in young children who live nearby. Estimating
exposure through records of wind direction allows for the integration of exposure to all pollutants carried from the smelter stack.
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INTRODUCTION
Epidemiological studies suggest that short-term exposure to
ambient air pollution is related to adverse consequences on
children’s respiratory health.1 Acute as well as chronic respiratory
effects have been noted for exposure to sulfur dioxide (SO2) and
fine particles (PM2.5).

Most epidemiological studies that assess the respiratory effects
of industrial emissions in children use a cross-sectional design.
These studies typically report lower lung functions or a higher
prevalence of asthma or respiratory symptoms in children living
in proximity to important air pollutant emitters such as cement
smelters, steel mills, foundries and refineries.2–13 Increased
bronchial hyper-responsiveness has also been reported.14–16

Cross-sectional designs do however, make it difficult to separate
the effects of one or many high-level past exposures from
ongoing lower-level exposure; further, in cross-sectional studies,
out-migration of affected individuals reduces estimates of the
effect of exposure.

The acute respiratory effects of children’s exposure to ambient
SO2 or PM2.5 have been studied in panel studies and in
population-based time series analyses. These studies have been
performed primarily in urban areas, with the aim of assessing

population responses to ambient air pollutants, rather than to
emissions from specific industries. Typically, they report associa-
tions between daily variations in urban ambient SO2 and PM2.5

levels and a variety of acute respiratory effects including
airway hyper-responsiveness, respiratory symptoms, emergency
department visits and hospital admissions for respiratory causes,
in particular, asthma.17,18

To date, few studies have assessed the acute respiratory effects
in children of exposure to industrial SO2 and PM2.5 air emissions. In
a recent study, Smargiassi et al.19 used a case–crossover design to
assess the acute respiratory effects on young children, of SO2

emitted from nearby petroleum refineries. An increased risk of
emergency room visits and hospitalizations for asthma, as a
function of daily variation in SO2 levels, was found for children
2–4 years of age.

The aim of the present study was to compare estimates of the
risk of hospitalization for asthma and bronchiolitis in children
under 5 years of age in relation to their recent exposure to
emissions from an aluminum smelter in Shawinigan, Quebec
(Canada) as a function of SO2 and PM2.5 measured at a single fixed
monitoring station versus exposure to winds blowing over the
smelter and toward their homes.
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METHODS
Study Area, Period and Population
According to the Environment Canada’s National Pollutant Release
Inventory (NPRI), in 2008 the Shawinigan aluminum smelter was
the second-most important industrial emitter of PM2.5 in the
Province of Quebec, with 1034 tons emitted and ranked 20th
for discharges of SO2 (2192 tons). The smelter was also the
most important industrial benzo(a)pyrene (BaP) emitter in Quebec,
with 65% of Quebec’s (7705 kg in 2008) emissions overall.20

Surrounded by residential neighborhoods, in 2002, the
aluminum smelter became the sole heavy industrial emitter in
Shawinigan (Figure 1). A silicon carbide production plant located
in the study area was also an important PM2.5 emitter before it
closed in 2001.

The study area was defined by a 7.5-km buffer around the
aluminum smelter. This captured almost the entire population of
Shawinigan; in 2006, there were 910 children aged between 0 and
4 years living in the study area.21

Hospitalizations were identified through the calendar period 1
February 1999 to 31 December 2008. These occurred in children
aged 0 and 4 years who lived in the study area and who were
hospitalized for asthma or bronchiolitis (as primary cause). The
latter was retained, as the diagnosis of asthma among children
younger than 2 years old is problematic and often confused with
bronchiolitis.22 The study was restricted to children under 5 years
old, as they are likely more susceptible to air pollution-related
health effects than older children.23 Case–crossover analyses have
also shown a greater excess of asthma hospitalizations associated
with petroleum refinery emissions for children of 2–4 years of age
than for other age groups.19

Health Data
Hospitalization data were extracted from the MED–ECHO database
of the Quebec Ministry of Health and Social Services. MED–ECHO
captures virtually all hospitalizations in Quebec residents.24 Data
extracted included the following individual-level information: time

Figure 1. Residential study area within the 7.5-km buffer around the aluminum smelter and subpopulation located within the 2.5-km buffer
around the industry. The wind rose for the hourly wind data for the study period (1999–2008) is also presented. The cross represents the
meteorological station, the square is the smelter and the diamond represents the pollutant-monitoring station.
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and date of the hospitalization, the primary cause of hospitalization,
and patient characteristics such as age, sex, and the six-character
postal code of the hospitalized child’s place of residence.
Hospitalizations for asthma were identified in MED-ECHO by the
ICD-9 and ICD-10 codes 493 and J45-J46 and hospitalizations
for bronchiolitis, by the ICD-9 and ICD-10 codes 466 and J21
(International Classification of Diseases, 9th and 10th Revisions, ICD-9
and ICD-10).

Exposure to Industrial Emissions
Exposure to smelter emissions was estimated by 1) the percentage
of hours per day that the hospitalized child’s residence was
downwind of the smelter; 2) SO2 and PM2.5 concentrations
measured at a single fixed-site monitoring station.

The percentage of hours per day that the hospitalized child’s
residence was downwind of the smelter was determined using the
geographic centroid of the full six-character postal code at their
residence and hourly wind directions and speed recorded at a
meteorological station located at 1.6 km North-East of the smelter.
We acquired meteorological data from Environment Canada:25

using 36 wind directions, all postal codes located within an
opening angle of 451, that is, within 22.51 of either side of the
wind vector originating at the smelter stack, were considered
exposed to the smelter’s emissions. When there was no wind
(1.4% of the time), all residences located within 2.5 km of the
smelter were considered exposed. The percentage of downwind
hours per day was estimated using the number of hours that the
residence was downwind divided by the number of recorded
wind hours available. Days with less than 18 h of wind direction
records were considered as missing. Wind directions for the study
period overall are presented in the wind rose in Figure 1.

Ambient concentrations of SO2 and PM2.5 were measured by
Environment Canada26 at their National Air Pollution Surveillance
Program (NAPS) monitor located 600 m south of the aluminum
smelter (Figure 1). Both daily mean and daily hourly maximum
were considered.

Statistical Analyses
Associations between exposure variables and hospitalizations
were studied using a case–crossover design. Control days were
selected using a time-stratified approach,27 in which we divided
the study period into monthly strata and selected control days
for each case as the same days of the week during the month.
Thus, if a hospitalization occurred on Tuesday, 24 May 2005
(corresponding to the hazard period, lag 0), the selected control
periods were on Tuesdays of the same month (3, 12, 17, and 31
May 2005). By doing so, we removed biases from unwanted
secular trends in the hospitalization time series.28,29

Associations between hospitalizations and the exposure vari-
ables (i.e., percentage of downwind hours per day; daily means
and hourly peaks of SO2 and PM2.5) were assessed by conditional
logistic regression analyses using the R statistical software
(http://www.R-project.org). The linearity of the relations between
hospitalizations and the exposure variables was verified visually.

Analyses were conducted for the entire study population
(children 0–4 years old living within 7.5 km from the smelter)
and for a sub-group whose residences were within 2.5 km from
the smelter (Figure 1). All exposure variables were assessed
separately. Strata with fewer than 3 control days were excluded.

Odd ratios (ORs) and their 95% confidence intervals (95% CIs)
were expressed over an interquartile range (IQR) defined as the
difference between the first (Q1) and the third (Q3) quartile of
the exposure variable. Analyses are presented for the age group
0–4 years. Sub-analyses for the 0–1 and the 2–4 age groups
were also performed.

Sensitivity analyses were performed for hospitalizations that
occurred after the closure of the silicon carbide production plant

in 2001. Sensitivity analyses were also performed excluding repeat
hospitalizations within a window of 30 days to reduce overlap in
time of exposures/hospitalization. Secondary analyses were also
performed, controlling for average daily wind speed. Furthermore,
analyses were performed using exposure on days before the case
or the control dates (lag1, average of lag0 and lag1 and average of
lag0 to lag2), in addition to the concurrent exposure day (lag0).
Finally, analyses with air pollutants were performed with a 2.5-km
buffer around the air pollution monitoring station in addition to
the 2.5-km buffer around the smelter.

RESULTS
Table 1 shows the percentage of daily hours that the study
population was downwind of the aluminum smelter, as well as
PM2.5 and SO2 concentrations measured at the monitoring station.
Maximum daily PM2.5 and SO2 concentrations reached high levels
(967 mg/m3 and 434 p.p.b., respectively). Based on wind data, we
estimated that the study population was, on an average located
downwind of the smelter 14.6%±4.9% of hours per day.

A total of 429 hospitalizations of children aged from 0 to 4 years
for asthma or bronchiolitis occurred in the study area: of these,
321 were of children aged 0–1 years (99 for asthma) and 108 (101
for asthma) were of children 2–4 years of age. Of the 429
hospitalizations, 47 were excluded from analyses of the associa-
tion between respiratory hospitalizations and wind exposure due
to missing wind data (case or control dates) in case–crossover
strata. Of the 396 hospitalizations remaining, 109 were included in
the sub-group living within 2.5 km of the smelter. Table 2 presents
associations between hospitalizations for asthma or bronchiolitis
and the percentage of hours that the children’s residences were
downwind of the smelter stack. Similar results were found
comparing the entire study population and the sub-group living
within 2.5 km of the smelter. ORs obtained for both sub-age
groups were greater or equal to 1, with greater associations found
for the 2- to 4-year group. Statistical significance was only reached
for the latter (OR: 1.27 with an IQR of 21% of hours being
downwind; 95% CI: 1.03–1.56).

Table 3 shows associations between hospitalizations for asthma
or bronchiolitis and ambient levels of SO2 and PM2.5 (daily mean
and hourly maximum). Among hospitalizations of children living
within 7.5 km of the smelter, 400 and 365 were matched to SO2

Table 1. SO2 and PM2.5 concentrations measured at the monitoring
station and percentage of hours per day that residences within 7.5 km
of the aluminum smelter were situated downwind, 1999–2008.

Exposure variable n Mean±SD Min–max

Exposure to the
wind from the
smelter (% of hours
per day)

10,277,720a 14.6%±4.9% b 0%–100%

PM2.5 (mg/m3)
Daily mean 3391c 13.5±16.0 0.08–335.0
Hourly max 50.0±73.9 2.0–967.0

SO2 (p.p.b.)
Daily mean 3580d 6.3±10.1 0–168.0
Hourly max 24.5±41.4 0–434.0

aNumber of receptor points (2887 six-character residential postal codes in
the study area) � 3560 days of wind data. 62 days were missing wind data.
bPopulation-weighted daily mean exposure of all postal codes located in
the study area.
c231 days were missing PM2.5 data.
d42 days were missing SO2 data.
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and PM2.5 data respectively, whereas for the subpopulation living
within 2.5 km of the smelter, 112 hospitalizations were matched to
SO2 data and 101 to PM2.5. ORs found for the 7.5-km buffer around
the aluminum smelter were similar to those obtained for the
2.5-km buffer; ORs calculated using the daily mean were greater
than those calculated with the daily maximum. While ORs were
close or less than 1 for the 0- to 1-year group, ORs for the 2- to
4-year group was greater than 1 but did not reach statistical
significance except for PM2.5. Associations with PM2.5 levels were
slightly smaller than those observed estimating exposure as the
percentage of hours downwind.

Sensitivity analyses showed that results were essentially the
same when only hospitalizations, which occurred after the closure
of the second factory in 2001 were considered. Results were also
virtually the same when restricting analyses with air pollutants to
children living within 2.5 km of the monitoring station instead of
within 2.5 km of the smelter. Furthermore, wind speed did not
influence the associations with the exposure variables (data not
shown). As for associations using exposure on lag 1 and the
average of exposure on lag 0 and lag 1, stronger odds ratios were
also observed for hours downwind than for pollutants (Appendix
Tables A1 and A2). Finally, analyses performed excluding repeat
hospitalizations within 30 days (B5% of hospitalizations) provided
similar results (Appendix Tables A1 and A2).

DISCUSSION
This study showed associations between hospitalizations for
asthma or bronchiolitis in young children (0–4 years) and recent
residential exposure to the emissions of a nearby aluminum
smelter. Unlike most epidemiological studies that have investi-
gated the acute effects of exposure to daily ambient regional air
pollutant concentrations, our study was not performed in an
urban area but in a small industrial town. The contribution of other
sources of air pollutants was negligible: the only other large
emitter of PM2.5 in the area closed in 2001, during the first third of
the study period. Sensitivity analyses showed similar effects
including, and excluding hospitalizations that occurred when the
second regional emitter was in operation.

Overall, ORs obtained for the population living in a buffer
of 7.5 km around the aluminum smelter were quite similar to
those obtained for the population living within 2.5 km of the
smelter. We found a modest association between hospitali-
zations for asthma or bronchiolitis in children 0–4 years old

Table 2. Hospitalizations for asthma or bronchiolitis in children aged
0–4 years versus percentage of hours per day that their residence was
downwind of the aluminum smelter.

Age group
(years)

N Total
(n hospitalisations)

IQR (h/day) OR (95% CI)

7.5 km buffer around the aluminum smelter
0–4a 1740 (396) 25% (6) 1.08 (0.95–1.23)
0–1 1290 (293) 29% (7) 1.00 (0.84–1.20)
2–4 450 (103) 21% (5) 1.27 (1.03–1.56)

2.5 km buffer around the aluminum smelter
0–4b 478 (109) 25% (6) 1.22 (0.93–1.61)
0–1 354 (81) 27% (6.5) 1.08 (0.76–1.53)
2–4 124 (28) 17% (4) 1.45 (1.00–2.12)

a33 cases (i.e., 33 case daysþ 126 control days) were excluded due to
missing meteorological data in case–crossover strata.
b10 cases (i.e., 10 case daysþ 40 controls days) were excluded due to
missing meteorological data in case–crossover strata.

Table 3. Hospitalizations for asthma or bronchiolitis in children 0–4 years versus monitored SO2 and PM2.5 concentrations.

Age group (years) n Total (n hospitalizations) Daily mean Hourly max

IQR OR (95% CI) IQR OR (95% CI)

7.5 km buffer around the aluminum smelter
SO2 (p.p.b.)
0–4a 1762 (400) 9.35 1.02 (0.95–1.10) 48.00 1.03 (0.93–1.16)
0–1 1300 (295) 9.70 0.98 (0.89–1.08) 48.00 1.02 (0.90–1.15)
2–4 462 (105) 8.44 1.11 (0.97–1.25) 45.75 1.11 (0.89–1.38)

PM2.5 (mg/m3)
0–4 b 1604 (365) 15.04 1.03 (0.94–1.12) 57.00 1.01 (0.94–1.10)
0–1 1191 (271) 14.26 0.96 (0.86–1.07) 57.00 0.97 (0.89–1.07)
2–4 413 (94) 15.70 1.22 (1.03–1.44) 57.50 1.16 (0.99–1.36)

2.5 km buffer around the aluminum smelter
SO2 (p.p.b.)
0–4c 490 (112) 10.37 1.02 (0.89–1.18) 48.00 0.98 (0.80–1.20)
0–1 366 (84) 10.35 0.93 (0.76–1.15) 47.00 0.95 (0.75–1.19)
2–4 124 (28) 9.34 1.14 (0.95–1.37) 51.25 1.10 (0.72–1.71)

PM2.5 (mg/m3)
0–4 d 440 (101) 17.37 1.04 (0.86–1.26) 60.50 1.01 (0.87–1.17)
0–1 329 (76) 16.25 0.93 (0.73–1.19) 62.00 0.98 (0.82–1.18)
2–4 111 (25) 18.08 1.21 (0.91–1.61) 56.75 1.07 (0.85–1.34)

a29 cases (i.e., 29 case days þ 106 controls days) were excluded due to missing meteorological data in case–crossover strata.
b64 cases (i.e., 64 case days þ 276 controls days) were excluded due to missing meteorological data in case–crossover strata.
c10 cases (i.e., 10 case days þ 41 control days) were excluded from analysis due to missing SO2 data in strata
d22 cases (i.e., 23 case days þ 95 control days) were excluded from analysis due to missing PM2.5 data in strata.
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and the percentage of hours per day that their residences
were subject to winds blowing over the smelter as well as with
PM2.5 levels. We observed greater ORs for the 2- to 4-year age
group than for the 0- to 1-year- and 0- to 4-year-olds. This may be
in part due to less imprecision in the diagnosis of wheezy
respiratory disease for children aged 2–4 years than for younger
children.

Smaller associations were found between hospitalization and
SO2 and PM2.5 concentrations than with wind data. That
residential downwind estimates allow all emitted air pollutants
to be considered together might explain the more pronounced
association observed for wind data as compared with pollutant
concentrations. Perhaps more relevant is that industrial air-quality
monitors are placed to capture pollutants arising from major
emitters, and are not necessarily situated to best assess
population exposure. In any case, monitored pollutant concentra-
tions will have little short-term relevance for populations living
with the smelter between them and the monitor.

On a population level, the association found between hours
downwind and hospitalizations in young children translates into
modest impacts on overall health. Indeed, based on the
association obtained between hospitalizations and wind data
(OR¼ 1.27 per an IQR of 21% of the time downwind; 95%
CI¼ 1.03–1.56), the number of cases observed during the study
period and the hours overall that children’s residences would have
been downwind of the smelter, we estimate an attributable
number (AN) of hospitalizations for asthma or bronchiolitis in 2- to
4-year-old children due to exposure to smelter emissions of B2
per year (AN¼ 1.8; 95% CI¼ 0.3–3.0). Nonetheless, many more
children living in proximity to the smelter may experience
symptoms not leading to hospitalization.

Our results are difficult to compare with previous findings, as
time spent downwind has not commonly been used to represent
exposure to industrial emissions for the assessment of acute
respiratory effects. Wind data have however been used by others
to assess risks associated with exposure to industrial emissions.
White et al.,30 in a cross-sectional study, developed an individual
meteorological exposure indicator, based on a velocity-weighted
average of wind exposure, and using residential distance of each
child from a refinery, with 16 compass wind direction segments.
They found a positive association between their indicator and the
prevalence of respiratory symptoms in children aged 11–14 years
old (e.g., OR for recent waking with wheezing: 1.33, 95% CI:
1.06–1.66 per IQR).

Few studies have assessed the risk of childhood asthma
episodes associated with SO2 and PM2.5 from a point source.
Our results for SO2 can be compared with Smargiassi et al.,19 who
also used a case–crossover design to assess the risk of asthmatic
episode in children exposed to SO2 stack emissions from a refinery
point source. Smargiassi et al.19 reported an OR of 1.14 (95% CI:
1.02–1.29) for hospitalizations in children 2–4 years of age for an
IQR of 6.3 p.p.b. in daily mean SO2 concentrations. This is
concordant with our findings for 2- to 4-year-olds (living at
o7.5 km from the smelter) of an OR of 1.11 for an IQR of
8.44 p.p.b. in daily mean SO2. However, Smargiassi et al.19

observed a more pronounced risk of hospitalizations for asthma
for peaks of SO2 than for daily means, which was not the case in
the current study.19

As with many epidemiological studies that investigate the
adverse health effects of ambient air pollutants, a limitation is the
estimation of individual exposure, in our case using children’s
residential location as a surrogate. Even if children are more likely
to stay in their neighborhood than adults, they may not be at
home all day. In addition, ambient concentrations might over-
estimate children’s exposure, as they spend more time indoors,
where pollutant concentrations are known to be lower than
outdoors.31 Nonetheless, the percentage of hours spent
downwind appears to be a relevant and simple exposure metric

to estimate acute community health risks associated with
industrial emissions. It can allow for the assessment of exposure
to mixtures of pollutants from a single emitter, as mixtures may
have additive, synergistic or antagonistic effects. It is compatible
with a case–crossover design allowing for smaller sample sizes.

CONCLUSION
The current study is the first to assess the acute risk of
hospitalization for asthma and bronchiolitis in young children
exposed to emissions from an aluminum smelter. Our results
suggest that increasing daily exposure to emissions from an
aluminum smelter, as reflected by hours resident down-
wind, is associated with an increased risk of hospitalization in
young children who live nearby. Estimating exposure based on
wind direction allows all pollutants carried from the smelter stack
to be captured and overcomes the limitations of monitoring stations,
which are often too few, or not optimally situated, to assess acute
risks associated with exposure to point source emitters.
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APPENDIX

Table A1. Associations between hospitalizations for asthma or
bronchiolitis in children aged 0–4 years versus percentage of hours per
day that their residence was found downwind from the aluminum
smelter (A) lagged for lag 1 day; (B) for the average of lags 0 and
1 day; (C) excluding repeat hospitalizations of kids that occurred within
30 days.

Age group (years) N Total (n
hospitalizations)

IQR (h/j) OR (95% CI)

(A)
7.5 km buffer around the aluminum smelter

0–4a 1727 (393) 28% (6.7) 1.08 (0.94–1.26)
0–o2 1285 (292) 28% (6.8) 1.02 (0.86–1.22)
2–4 442 (101) 25% (6.0) 1.25 (0.98–1.61)

2.5 km buffer around the aluminum smelter
0–4b 531 (121) 21% (5.0) 1.05 (0.82–1.35)
0–o2 381 (87) 17% (4.0) 0.99 (0.79–1.25)
2–4 150 (34) 21% (5.0) 1.27 (0.76–2.1)

(B)
7.5 km buffer around the aluminum smelter

0–4a 1754 (399) 23% (5.5) 1.11 (0.96–1.29)
0–o2 1299 (295) 25% (6.0) 1.01 (0.84–1.23)
2–4 455 (104) 22% (5.2) 1.40 (1.08–1.82)

2.5 km buffer around the aluminum smelter
0–4b 531 (121) 17% (4.0) 1.15 (0.91–1.45)
0–o2 381 (87) 19% (4.5) 1.04 (0.76–1.42)
2–4 150 (34) 19% (4.5) 1.57 (0.96–2.57)

(C)
7.5 km buffer around the aluminum smelter

0–4a 1631 (372) 25% (6.0) 1.09 (0.95–1.24)
0–o2 1200 (273) 29% (7.0) 0.99 (0.82–1.20)
2–4 431 (99) 21% (5.0) 1.29 (1.05–1.59)

a36 cases (i.e., 36 case days þ 153 control days) were excluded due to
missing meteorological data in case–crossover strata. b9 cases (i.e., 9 case
days þ 36 controls days) were excluded due to missing meteorological
data in case–crossover strata.

Table A2. Associations between hospitalizations for asthma or
bronchiolitis in children 0–4 years of age living nearby the aluminum
smelter and daily ambient air pollutant levels: (A) at lag 1 day; (B) mean
of lags 0 and 1 day; (C) excluding repeat hospitalizations of kids that
occurred within 30 days.

Pollutant
age group
(years)

N total (n
hospitalizations)

Daily mean Hourly max

IQR OR (95% CI) IQR OR (95% CI)

(A)
7.5 km buffer around the aluminum smelter

SO2 (p.p.b.)
0–4a 1769 (402) 9.83 1.04 (0.96–1.13) 49.00 1.02 (0.91–1.14)
0–o2 1311 (298) 10.04 1.04 (0.94–1.14) 50.00 0.98 (0.86–1.13)
2–4 458 (104) 8.33 1.05 (0.92–1.19) 47.75 1.11 (0.91–1.35)

PM2.5 (mg/m3)
0–4b 1598 (364) 14.96 1.06 (0.99–1.14) 61.00 1.04 (0.97–1.12)
0–o2 1180 (269) 14.60 1.07 (0.99–1.16) 60.25 1.06 (0.97–1.15)
2–4 418 (95) 15.42 1.03 (0.89–1.20) 60.00 1.01 (0.89–1.15)
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2.5 km buffer around the aluminum smelter
SO2 (p.p.b.)

0–4c 538 (123) 10.22 1.06 (0.92–1.21) 53.00 1.03 (0.84–1.26)
0–o2 388 (89) 10.58 1.05 (0.87–1.27) 53.25 1.01 (0.79–1.3)
2–4 150 (34) 8.55 1.05 (0.88–1.26) 51.75 1.07 (0.75–1.54)

PM2.5 (mg/m3)
0–4d 488 (112) 15.04 1.03 (0.91–1.17) 54.50 0.99 (0.88–1.11)
0–o2 351 (81) 14.87 1.02 (0.89–1.17) 56.00 0.98 (0.85–1.13)
2–4 137 (31) 15.25 1.06 (0.8–1.41) 48.00 1.00 (0.83–1.2)

(B)
7.5 km buffer around the aluminum smelter

SO2 (p.p.b.)
0–4e 1815 (413) 9.98 1.04 (0.95–1.15) 45.88 1.03 (0.91–1.18)
0–o2 1349 (307) 10.04 1.00 (0.89–1.13) 46.63 0.99 (0.85–1.16)
2–4 466 (106) 9.64 1.14 (0.96–1.35) 42.38 1.14 (0.91–1.42)

PM2.5 (mg/m3)
0–4f 1688 (380) 15.04 1.07 (0.98–1.18) 54.00 1.04 (0.96–1.14)
0–o2 1241 (283) 14.22 1.04 (0.94–1.15) 52.62 1.02 (0.92–1.12)
2–4 427 (97) 16.13 1.22 (0.99–1.52) 56.00 1.12 (0.95–1.32)

2.5 km buffer around the aluminum smelter
SO2 (p.p.b.)

0–4g 551 (126) 10.72 1.05 (0.88–1.25) 48.00 0.99 (0.78–1.25)
0–o2 401 (92) 10.95 0.95 (0.74–1.21) 48.00 0.93 (0.7–1.22)
2–4 150 (34) 9.51 1.19 (0.92–1.55) 49.25 1.16 (0.76–1.78)

PM2.5 (mg/m3)
0–4h 502 (115) 15.08 1.04 (0.88–1.22) 55.12 0.99 (0.86–1.14)
0–o2 365 (84) 14.85 0.98 (0.81–1.20) 54.00 0.96 (0.8–1.14)
2–4 137 (31) 15.69 1.22 (0.87–1.69) 57.00 1.05 (0.82–1.35)

(C)
7.5 km buffer around the aluminum smelter

SO2 (p.p.b.)
0–4a 1649 (375) 9.24 1.01 (0.93–1.09) 46.00 1.03 (0.92–1.14)
0–o2 1206 (274) 9.68 0.97 (0.88–1.07) 48.00 1.01 (0.89–1.15)
2–4 443 (101) 8.02 1.08 (0.96–1.23) 42.00 1.09 (0.89–1.35)

PM2.5 (mg/m3)
0–4 b 1531 (349) 15.04 1.01 (0.93–1.11) 57.00 1.02 (0.94–1.10)
0–o2 1137 (259) 14.28 0.94 (0.84–1.06) 56.75 0.97 (0.88–1.06)
2–4 394 (90) 15.75 1.23 (1.02–1.48) 57.00 1.20 (1.01–1.43)

a27 cases (i.e., 27 case daysþ 111 controls days) were excluded due to
missing meteorological data in case–crossover strata. b64 cases (i.e., 64
case daysþ 282 controls days) were excluded due to missing meteoro-
logical data in case–crossover strata. c7 cases (i.e., 7 case daysþ 29 control
days) were excluded from analysis due to missing SO2 data in strata
d18 cases (i.e., 18 case daysþ 79 control days) were excluded from analysis
due to missing PM2.5 data in strata. e16 cases (i.e., 16 case daysþ
65 controls days) were excluded due to missing meteorological data in
case–crossover strata. f49 cases (i.e., 49 case daysþ 212 controls days) were
excluded due to missing meteorological data in case–crossover strata.
g4 cases (i.e., 4 case daysþ 16 control days) were excluded from analysis
due to missing SO2 data in strata. h15 cases (i.e., 15 case daysþ 65 control
days) were excluded from analysis due to missing PM2.5 data in strata.
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