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Rationale: Data regarding the influence of ambient air pollution on
infant bronchiolitis are few.
Objectives:Weevaluatedthe impactof severalairpollutantsandtheir
sources on infant bronchiolitis.
Methods: Infants in the Georgia Air Basin of British Columbia with
an inpatient or outpatient clinical encounter for bronchiolitis (n 5

11,675) were matched on day of birth to as many as 10 control
subjects. Exposure to particulate matter with a diameter of 2.5 mm or
less (PM2.5), PM10, NO2/NO, SO2, CO, and O3 were assessed on the
basis of a regional monitoring network. Traffic exposure was
assessed using regionally developed land use regression (LUR)
models of NO2, NO, PM2.5, and black carbon as well as proximity to
highways.Exposure towoodsmokeand industrialemissionswasalso
evaluated. Risk estimates were derived using conditional logistic
regression and adjusted for infant sex and First Nations (Canadian
government term for recognized aboriginal groups) status and for
maternal education, age, income-level, parity, smoking during
pregnancy, and initiation of breastfeeding.
Measurements and Main Results: An interquartile increase in lifetime
exposure to NO2, NO, SO2, CO, wood-smoke exposure days, and
point source emissions score was associated with increased risk of
bronchiolitis (e.g., adjusted odds ratio [ORadj] NO2, 95% confidence
interval [CI], 1.12, 1.09–1.16; ORadj wood smoke, 95% CI, 1.08, 1.04–
1.11). Infants who lived within 50 meters of a major highway had
a 6% higher risk (1.06, 0.97–1.17). No adverse effect of increased
exposure to PM10, PM2.5, or black carbon, was observed. Ozone
exposure was negatively correlated with the other pollutants and
negatively associated with the risk of bronchiolitis.
Conclusions: Air pollutants from several sources may increase infant
bronchiolitis requiring clinical care. Traffic, local point source emis-
sions, and wood smoke may contribute to this disease.
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Increasingly, epidemiological investigations of air pollution ex-
posure and adverse respiratory health conditions are addressing
effects in very young children. Air pollution exposure has been
linked to infant mortality, increased reporting of respiratory
symptoms, and increased overall respiratory infections (1–3).
The overall evidence base is dominated by evaluation of acute
exposure effects (days before health outcome) in relation to

administrative records regarding hospitalization or emergency
department visits for broad outcome definitions (e.g., all respi-
ratory conditions) or longer-term exposure effects on parental
report of health symptoms and outcomes. Except for infant
mortality investigations, few data on the particular vulnerability
of the infant period (first year of life) are available and very few
studies provide focused investigation on the most important
respiratory disease in this period, infant bronchiolitis.

Karr and colleagues evaluated ambient air pollution effects
on hospitalization for bronchiolitis in the Los Angeles area of
California, where ambient air pollution exposures are among
the highest in the United States (4). Effects of longer-term ex-
posure windows were greater than short-term exposure window
effects. Among the pollutants investigated (particulate matter
with a diameter of 2.5 mm or less [PM2.5], NO2, CO, and O3),
only subchronic (month before) and chronic (lifetime average)
PM2.5 effects were statistically significant in adjusted models.
The theoretical framework for the subchronic/chronic model
posits a mechanism whereby ambient air pollution impacts the
disease process before viral infection occurs. For example, air
pollution may induce proinflammatory mediators and altered
immune function that, in turn, induces host susceptibility to
virally induced bronchiolitis (5, 6). This model encompasses
changes in lung susceptibility that could arise from relatively
recent exposure to high pollution in the previous month
(subchronic) or from long-term, even lifetime effects (chronic)
of living in a more highly polluted environment.

We sought to investigate the influence of ambient air poll-
ution on infant bronchiolitis in the Georgia Air Basin of British
Columbia (western coastal region including Vancouver and
Victoria). In this study, we provide novel data on the association
between ambient air pollution and infant bronchiolitis using
a population-based dataset linking ambient air-pollution expo-
sure to all clinical encounters (outpatient and inpatient hospi-
talization) in a region of relatively modest community-level
exposures. In addition to using the community based–air poll-

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Ambient air pollution has been associated with several
adverse respiratory health outcomes in children and adults.
Bronchiolitis is the leading cause of hospitalization in the
first year of life in North America, yet data regarding the
role of ambient air pollution are few.

What This Study Adds to the Field

This study provides evidence that traffic-derived, industrial-
point source, and wood smoke–related exposures may in-
crease the burden bronchiolitis in infants.
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ution monitoring network to assign exposure to subjects, we
applied locally derived temporal–spatial surfaces of traffic,
wood smoke, and point source exposure to assess the impacts
of several important contributors to air pollution in this region.
Some of the results of these studies have been previously
reported in the form of an abstract (7).

METHODS

This nested case control study used a dataset developed from
a population-based cohort of all singleton children born between
1999 and 2002 in the geographic area defined as the Georgia Air Basin
of British Columbia (BC) and is described in a previous publication
(8). The study protocol was approved by the Behavioral Research
Ethics Board of the University of British Columbia. Data from the BC
Linked Health Database was used with the permission of the BC
Ministry of Health and personal identifiers were replaced by a non-
identifying ID (9).

Cases were defined as infants born at a gestational age greater than
24 weeks and who had a clinical encounter in either the inpatient or
outpatient setting for bronchiolitis in the second to twelfth month of
life based on ICD-9 diagnoses. Only the first encounter for each infant
was included. Outpatient records coded as 466 (acute bronchitis and

bronchiolitis) and hospital records coded as principal diagnosis 466.1
(acute bronchiolitis) were used to identify cases. The broader definition
in outpatient records was necessitated because these records allow only
the first three digits and a single diagnosis code. Up to ten controls born
on the same date were incidence-density matched to each case. This
served to remove confounding on the basis of age and calendar
time—both strong determinants of bronchiolitis.

Residential histories for cases and controls were compiled from
contacts with the health care system including in-patient hospital
discharges, out-patient physician billing records, and medical plan
registration. A cleanup of the data removed invalid or nonresidential
postal codes (z10%). The start of the first identified postal code was
backdated to the start of gestation. For changes in postal codes, the
transition date was set at the midpoint (or at the first date of
a subsequent postal code where dates overlapped).

Subject exposure to community-wide ambient air pollutants, traffic-
related air pollution, point source emissions, and wood smoke were
estimated using multiple approaches that linked data on these sources
to the subject’s history of residential postal codes.

Exposures to NO, NO2, CO, SO2, PM10, PM2.5, and O3 were
estimated using daily measurement data from the most proximal
community monitor within 10 kilometers of the subject’s residential
6-digit postal code during the first year of life. The regulatory monitoring
network was operated by the British Columbia Ministry of Environment

TABLE 1. CHARACTERISTICS OF CASE AND CONTROL SUBJECTS

Out Patient Visit or Hospitalized Bronchiolitis

Case Definition Hospitalized Bronchiolitis Case Definition

Variable Cases, N (%) Controls,* N (%) Cases, N (%) Controls, N (%)

Sex

Female 4,801 (41.1) 28,366 (49.7) 569 (38.8) 6,461 (48.8)

Male 6,874 (58.9) 28,761 (50.3) 896 (61.2) 6,775 (51.2)

Maternal age, years

,20 346 (3.0) 1,308 (2.3) 64 (4.4) 307 (2.3)

20–29 5,064 (43.4) 22,773 (39.9) 632 (43.1) 5,312 (40.1)

30–34 3,998 (34.2) 20,193 (35.3) 480 (32.8) 4,659 (35.2)

35–39 1,893 (16.2) 10,796 (18.9) 238 (16.2) 2,461 (18.6)

>40 374 (3.2) 2,057 (3.6) 51 (3.5) 497 (3.8)

Maternal education†

High 2,269 (19.4) 14,531 (25.5) 266 (18.2) 3,299 (24.9)

Med-high 2,845 (24.4) 14,635 (25.6) 339 (23.1) 3,327 (25.1)

Med-low 3,112 (26.7) 14,405 (25.2) 391 (26.7) 3,332 (25.2)

Low 3,449 (29.5) 13,556 (23.7) 469 (32.0) 3,278 (24.8)

Maternal smoking during pregnancy

No 10,540 (90.3) 52,269 (91.5) 1,252 (85.5) 12,142 (91.7)

Yes 1,135 (9.7) 4,858 (8.5) 213 (14.5) 1,094 (8.3)

Breastfeeding initiation at hospital

No 1,152 (9.9) 4,140 (7.2) 194 (13.2) 1,045 (7.9)

Yes 10,523 (90.1) 52,987 (92.8) 1,271 (86.8) 12,191 (92.1)

First Nations status

No 11,457 (98.1) 56,537 (99.0) 1,401 (95.6) 13,088 (98.9)

Yes 218 (1.9) 590 (1.0) 64 (4.4) 148 (1.1)

Multiparous

No 4,326 (37.0) 27,208 (47.6) 440 (30.0) 6,178 (46.7)

Yes 7,349 (63.0) 29,919 (52.4) 1,025 (70,0) 7,058 (53.3)

Household income‡

High 1,429 (12.2) 8,847 (15.5) 181 (12.4) 1,923 (14.5)

Medium-high 2,015 (17.3) 10,594 (18.5) 260 (17.7) 2,509 (19.0)

Medium 2,498 (21.4) 12,198 (21.3) 300 (20.5) 2,799 (21.2)

Medium-low 2,810 (24.1) 12,783 (22.4) 357 (24.4) 2,977 (22.5)

Low 2,923 (25.0) 12,705 (22.3) 367 (25.0) 3,028 (22.9)

Gestational age, weeks

.37 10,089 (86.4) 51,086 (89.4) 1,140 (77.8) 11,774 (89.0)

35–37 1,269 (10.9) 5,067 (8.9) 227 (15.5) 1,234 (9.3)

30–34 249 (2.1) 821 (1.4) 71 (4.9) 192 (1.4)

25–29 68 (0.6) 153 (0.3) 27 (1.8) 36 (0.3)

* Controls were selected by incidence density sampling. As such, some controls were also used as cases but were excluded from the summary in the Controls column.

Many controls were used more than once in the case-control groups.
† High is defined as greater than 44% of neighborhood residents with postsecondary education, Medium–High 5 36–44%, Medium–Low 5 28–36%, and Low 5 less

than 28%, assigned to infant on the basis of mother’s postal code of residence.
‡ Distribution of median household incomes within a neighborhood by quintile and assigned to infant based on mother’s postal code of residence.
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and Metro Vancouver and includes 24 monitors for O3, 22 for NO/NO2,
14 for SO2, 19 for CO, 19 for PM10, and 7 for PM2.5.

Traffic-based land-use regression models of NO, NO2, and black
carbon (particle absorbance) were used to estimate the subject’s
exposure to these pollutants as described in Brauer (10) and in more
detail elsewhere (11, 12). These were derived from locally targeted
intensive sampling campaigns along with geographic information
system (GIS) data on road density, population density, elevation, and
type of land use. The land use regression (LUR) models provided
smooth spatial surfaces of predicted (annual average) concentrations
for the entire study area at a resolution of 10 meters. The surfaces were
then smoothed (Focal Statistics, ArcGIS Spatial Analyst; ESRI Corp.,
Redlands, CA) to remove abrupt changes and edge effects so as to
more accurately reflect the measured affect of proximity to roadways
that effectively reduced the resolution to approximately 30 meters.

Exposure windows representing lifetime daily and short-term (1 mo
before daily average) relative to the case diagnosis date were estimated
for these exposures, which were based on the residential history of
postal codes for each subject. Subjects with data on exposure during at
least 80% of the exposure window were included. For the more
urbanized subregions of the Georgia Air Basin, additional exposure
surfaces were developed, specifically proximity to roadways, proximity
to point sources, and exposure to wood smoke.

The postal codes for each subject were defined as being within
a 50-meter or 150-meter buffer from each of the following road types:
expressway, a primary highway, a secondary highway, or major arterial
road (DMTI ArcView street file dataset for BC, Canmap Streetfiles,
v2006.3; DMTI Spatial, Inc., Markham, ON, Canada). Number of days
in postal codes that were within these boundaries were calculated.
Expressways and primary highways were categorized as major high-
ways and secondary highways and major arterial roads as major
roadways for the analysis. To evaluate the influence of point source
emissions, we developed a proximity-weighted sum of total regulated air
pollutant emissions from each point source and described in detail
elsewhere (13). Briefly, each point source was assigned an index value
based on its total emissions relative to other point sources in the region.
Exposure for each postal code was then determined by a proximity-
weighted summation of emissions from point sources within a 10-
kilometer circular buffer (10).

A wood smoke–land use regression model based on a targeted
sampling campaign in the subregion allowed assignment of these
subjects’ exposure to wood smoke (14). The wood-smoke model
comprised more than 12,000 individual mobile measurements. These
were smoothed at a spatial resolution of 100 meters and modeled at the
resolution of hydrological catchment areas.

Briefly, postal codes in the top tertile of exposure to wood smoke
(based on mobile monitoring of particulate matter and fixed site
measurements of levoglucosan, a wood-burning marker) were classified
as being in a wood-burning area. Because wood smoke is emitted
seasonally, days were classified as wood-burning days based on a re-
lationship between temperature (heating degree days) and measured

concentrations of levoglucosan. Wood-smoke exposure was then
estimated as the total number of burning days spent in a wood-burning
area.

Analysis

To assess the relationship of air-pollution exposures on infant bron-
chiolitis, conditional logistic regression analyses were performed using
SAS version 9.1 with strata comprising matched case-control groups
(SAS Institute, Cary, NC). Models were adjusted for known risk factors
of bronchiolitis and potential confounders (described in detail in
reference [8]). Specifically, the final models included adjustment for
infant sex, gestational age, First Nation status, parity, maternal age,
maternal smoking during pregnancy, maternal initiation of breastfeed-
ing at birth, income (quintile-census), and maternal education (quar-
tile-census). Cases and controls were matched on date of birth.

Effect estimates for first bronchiolitis clinical encounter (outpatient
or hospitalization) as well as the hospitalization only subgroup were
calculated. For the specific pollutants (NO, NO2, CO SO2, O3, PM2.5,
PM10, black carbon) the effect estimates for bronchiolitis risk were
calculated for an interquartile-unit increase in exposure entered as
a continuous variable in the models. Quartile-based categorical expo-
sure estimates were also estimated to explore potential threshold
effects. Separate analyses based on the season of diagnosis were also
explored.

Wood-smoke exposure risk was estimated based on an interquartile
increase in the number of wood-smoke exposure days. Proximity to
roadways was assigned as number of days within the defined proximity
buffer areas and proximity to point source emissions was estimated as
a continuous index value. These two were also analyzed as the risk
associated per interquartile increase.

RESULTS

Among the total cohort of 86,337 children available for analysis,
11,675 met the case definition of an outpatient or hospitalization
for bronchiolitis from the age of 2 to 12 months. Of these, 10,485
(95%) resided in the subregion where additional exposure
assessment could be assigned. Of the total cases, 1,465 were
hospitalized. A total of 57,127 controls matched on date of birth
were identified (because controls were selected using incident
density sampling, some controls were also used as cases at time
of diagnosis).

Case infants were more likely to be male, to be born
prematurely, to live in census areas with lower-reported income,
and to have First Nations status (Table 1). Mothers of cases
were, on average, of higher parity, younger age, and lived in
areas with lower education levels compared with mothers of
controls. These are all consistently reported risk factors for

TABLE 2. DISTRIBUTION OF SUBJECT’S LIFETIME AIR POLLUTION EXPOSURE BASED ON DIFFERENT
ASSESSMENT APPROACHES

Pollutant Assessment Approach Mean Maximum Minimum SD IQR

Ozone Proximal monitor* 26.0 68.1 4.2 8.6 11.4

PM10 Proximal monitor 13.0 23.4 5.4 1.8 2.3

PM2.5 Proximal monitor 5.8 12.0 1.5 1.2 1.5

LUR 4.7 13.2 0.0 2.6 2.9

Black carbon LUR 1.3 4.9 0.0 0.7 0.7

Nitrogen oxide Proximal monitor 27.3 110.1 0.3 16.1 19.6

LUR 33.3 210.5 4.8 16.6 16.4

Nitrogen dioxide Proximal monitor 33.8 63.1 12.3 9.2 11.8

LUR 29.5 64.3 12.8 5.8 7.2

Sulfur dioxide Proximal monitor 5.6 25.4 0.1 3.8 3.2

Carbon monoxide Proximal monitor 640.7 1,359.3 52.5 173.5 236.4

Definition of abbreviations: IQR 5 interquartile range; LUR 5 land use regression; PM10 5 particulate matter with a diameter of

10 mm or less; PM2.5 5 particulate matter with a diameter of 2.5 mm or less; SD 5 standard deviation.

* Proximal monitor is the concentration from nearest monitor within 10 kilometers of residential postal code.

All concentrations are computed for lifetime. All concentrations are in units of mg/m3 except for black carbon, which is in units

of 1025 m21 (absorbance).
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infant bronchiolitis. Also, as expected, case mothers were more
likely to report smoking during pregnancy and less likely to
report initiation of breastfeeding in the hospital after the
infant’s birth.

The distribution of calculated lifetime estimates of exposures
to the ambient air pollutants (Table 2) indicates that this is an
area of relatively low to moderate concentrations of pollutants
and none of the daily average pollutant concentrations in this
area exceed threshold standards or guidelines. Table 3 shows
the distribution of the number of days resident in close
proximity to major highways and roadways, the number of days
exposed to wood smoke, and the index score for point source
emissions.

Table 4 shows the relationship of an interquartile increase in
individual pollutants based on the monitor based exposure
estimate and LUR methods with risk of a clinical encounter
(hospitalization or outpatient visit) for bronchiolitis. Using
monitor-based exposure assessment estimates, increases in both
lifetime average daily exposure and exposure in the month prior
were associated with statistically significant yet modest increase
in risk of bronchiolitis for exposure to NO2 (lifetime exposure
ORadj, 1.12; 95% CI, 1.09–1.16), NO (lifetime exposure ORadj,
1.08; 95% CI, 1.04–1.12), SO2 (lifetime exposure ORadj, 1.04;
95% CI, 1.01–1.06), and CO (lifetime exposure ORadj, 1.13;
95% CI, 1.09–1.18). No significant increased risk of bronchiolitis
with increased exposure to PM10, PM2.5, or black carbon was
observed although the point estimate for PM10 was elevated
(1.03; 0.98–1.08). Ozone exposure was associated with a statisti-
cally significant reduced risk of bronchiolitis. The magnitude of
risk estimates for the longer-term exposure (lifetime) window

were comparable to estimates derived for the shorter-term
exposure window (month prior) for the same pollutant. The
overall effect estimates were higher for NO2 and NO exposures
based on monitor-based assessment metrics compared with
LUR assessment of these pollutants.

Quartile-based assessment of lifetime exposure (categorical
variable) based on estimates from monitor data is portrayed in
Figure 1 and suggests an adverse dose–response relationship for
increasing exposure to NO (Ptrend 5 0.01) and CO (Ptrend 5

0.03). For O3, PM10, and PM2.5 increasing quartiles were
associated with sequentially lower-risk estimates. For NO2

and SO2, the highest quartile showed the highest risk compared
with lower quartiles, but the trend was not significant.

Analyses restricted to the impact of these air pollutants on
hospitalization for bronchiolitis demonstrated generally re-
duced associations that were no longer statistically significant
(reduced sample size) with the exception of a higher magnitude
risk estimate for SO2 and a slightly increased estimate for black
carbon exposure (see Table E1 in the online supplement).
Interestingly, in these restricted analyses, ozone was shown to
be positively associated with the risk of bronchiolitis hospital-
ization but the CI included 1.00. Sensitivity analysis to evaluate
effect modification by season did not reveal strong differential
effects (see Table E2 in the online supplement).

Exposure to an interquartile increase in proximity weight
point source emissions was associated with a 10% increased risk
of bronchiolitis (ORadj 1.10; 95% CI, 1.06–1.13) and infants who
lived within 50 meters of a major highway had a 6% increased
risk per interquartile increase in exposure (1.06; 0.97–1.17)
(Table 5). There was also an increased risk for encounter for

TABLE 3. DISTRIBUTION OF SUBJECT’S EXPOSURE TO ROADWAYS, WOOD SMOKE, AND
POINT SOURCE EMISSIONS

Pollutant Mean Maximum Minimum SD IQR

Point source score within 10 km 27.57 264.31 0 18.46 27.78

Wood-smoke days 54.1 102 1 28.4 45.0

,50 Meters of major highway* 188.6 366 32 89.4 144.0

50–150 Meters of major highway 189.9 366 32 91.2 149.0

,50 Meters of major roadway† 190.3 366 32 91.8 148.0

50–150 Meters of major roadway 191.2 366 31 91.9 150.0

Within 150 meters of major highway or 50 meters of major roadway 190.2 366 32 91.5 148.0

Definition of abbreviations: IQR 5 interquartile range; SD 5 standard deviation.

* DMTI Type 1 and 2 road (expressway 5114,000 vehicles/day; principal highway 5 21,000 vehicles/day).
† DMTI Type 3 and 4 road (secondary highway 518,000 vehicles/day; major road 515,000 vehicles/day).

TABLE 4. CRUDE AND ADJUSTED ODDS RATIO (95% CONFIDENCE INTERVAL) FOR RISK OF CLINICAL BRONCHIOLITIS
ENCOUNTERS (OUTPATIENT VISIT OR HOSPITALIZATION) AND AIR POLLUTANT EXPOSURES

Pollutant

(unit increase 5 IQR) Exposure Metric

Crude Lifetime

Exposure OR

(95% CI)

Adjusted* Lifetime

Exposure OR

(95% CI)

Crude Exposure

1 Mo Before OR

(95% CI)

Adjusted* Exposure

1 Mo Before OR

(95% CI)

Ozone Proximal monitor† 0.98 (0.94–1.02) 0.89 (0.85–0.93) 0.97 (0.94–1.01) 0.90 (0.87–0.94)

PM10 Proximal monitor 0.99 (0.94–1.04) 1.03 (0.98–1.08) 0.97 (0.94–10.01) 1.00 (0.96–1.03)

PM2.5 Proximal monitor 0.90 (0.84–0.97) 0.97 (0.90–1.04) 0.93 (0.89–0.97) 0.96 (0.92–1.01)

LUR 0.99 (0.97–1.01) 1.00 (0.98–1.03) 0.99 (0.97–1.01) 1.00 (0.98–1.03)

Black carbon LUR 0.96 (0.94–0.98) 0.99 (0.96–1.01) 0.96 (0.94–0.98) 0.99 (0.97–1.01)

Nitrogen oxide Proximal monitor 1.00 (0.96–1.03) 1.08 (1.04–1.12) 1.01 (0.99–1.04) 1.07 (1.04–1.10)

LUR 0.98 (0.96–1.00) 1.01 (0.98–1.03) 0.99 (0.97–1.01) 1.01 (0.99–1.03)

Nitrogen dioxide Proximal monitor 1.06 (1.02–1.09) 1.12 (1.09–1.16) 1.06 (1.03–1.09) 1.11 (1.08–1.14)

LUR 1.00 (0.98–1.03) 1.04 (1.02–1.07) 1.00 (0.98–1.03) 1.04 (1.02–1.07)

Sulfur dioxide Proximal monitor 1.00 (0.98–1.02) 1.04 (1.01–1.06) 1.00 (0.98–1.02) 1.03 (1.01–1.05)

Carbon monoxide Proximal monitor 1.03 (0.99–1.07) 1.13 (1.09–1.18) 1.03 (1.00–1.06) 1.11 (1.08–1.15)

Definition of abbreviations: CI 5 confidence interval; IQR 5 interquartile range; LUR 5 land use regression; OR 5 odds ratio.

* Adjusted for infant sex, gestational age, First Nation status, parity, maternal age, maternal smoking during pregnancy, maternal initiation of breastfeeding at birth,

income (quintile census), maternal education (quartile census). Cases and controls are matched on date of birth.
† Proximal monitor 5 concentration from nearest monitor within 10 kilometers of residential postal code.
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bronchiolitis with wood-smoke exposure (ORadj per interquar-
tile increase in wood smoke exposure days 1.08; 1.04–1.11).

DISCUSSION

This study provides novel data on air pollution and the leading
cause of morbidity in infants, bronchiolitis. Specifically, we
address the association between infant exposure to differing
sources of ambient air pollution and clinical encounters encom-
passing both the inpatient and outpatient setting. These data
suggest that infants who experience increases in air pollutants
primarily associated with traffic (CO, NO2, and NO) were more
likely to have a clinical encounter for bronchiolitis. These
pollutant-based estimates are supported by the use of the crude
measure of road proximity: a higher risk was also observed in
association with very close residential proximity to major high-
ways (within 50 m). Increased exposure to SO2 was also associ-
ated with a very modest increase in risk. Primary sources of SO2 in
this region include point source industrial emissions and marine
vessels. Similarly, a higher ranking of a subject’s proximity to

point source emissions overall was associated with increased risk
of bronchiolitis. Wood burning is an important source of air
pollution in this region and we observed an increased risk
associated with increasing days of wood-smoke exposure.

Exposure to particulate matter (black carbon, PM10, and
PM2.5) were not found to be associated with all types of
bronchiolitis clinical encounters in this study. In the only other
similarly focused studies of bronchiolitis and chronic air pollu-
tion in infancy, Karr identified increased risk with lifetime
average PM2.5 but not with NO2, NO, or CO based on a hos-
pitalization analysis conducted in the Los Angeles, California
region (15). A hospitalization-only analysis in the Puget Sound
region of Washington State, where ambient air-pollution levels
are modest and comparable to the study region of British
Columbia, did not find a significant effect of the pollutants
investigated (PM2.5, NO2) (16). A longitudinal cohort study of
infants evaluated from the age of 4 months to 1 year in Santiago,
Chile found positive associations for increased episodes of
‘‘wheezy bronchitis’’ with increased short-term exposures
to PM2.5 but not consistently for other pollutants investigated

TABLE 5. RISK OF OUTPATIENT VISIT OR HOSPITALIZATION FOR BRONCHIOLITIS (ORADJ 95% CI) WITH INTERQUARTILE (IQR)
INCREASE IN EXPOSURE TO HIGHWAYS AND MAJOR ROADWAYS* PROXIMITY, POINT SOURCES OR WOOD SMOKE

Pollutant Point Source Roadway Proximity (Days of Exposure)* Wood Smoke

Exposure

Metric

Score Within

10 km Buffer

,50 m Major

Highway†

50–150 m

Major Highway

,50 m Major

Roadway*

50–150 m

Major Roadway

,150 m Major

Highway or 50 m of

Major Roadway Days Exposed

ORADJ
‡ (95% CI) 1.10 (1.06–1.13) 1.06 (0.97–1.17) 1.00 (0.94–1.05) 1.01 (0.96–1.05) 0.99 (0.96–1.02) 1.00 (0.97–1.04) 1.08 (1.04–1.11)

Definition of abbreviations: CI 5 confidence interval; ORADJ 5 adjusted odds ratio;

* DMTI Type 3 and 4 road (secondary highway 5 18,000 vehicles/day; major road 5 15,000 vehicles/day).
† DMTI Type 1 and 2 road (expressway 5 114,000 vehicles/day; principal highway 5 21,000 vehicles/day).
‡ Adjusted for infant sex, First Nations status, parity, maternal age, maternal smoking during pregnancy, maternal initiation of breastfeeding at birth, income

(quintile-census), maternal education (quartile-census). Cases and controls are matched on date of birth.

Figure 1. Quartiles of
lifetime average air-

pollutant exposure and

risk of bronchiolitis hos-

pitalization or outpatient
clinic visit (odds ratio,

95% confidence interval

[CI]).
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(nitrogen dioxide, sulfur dioxide) (17). The diagnosis of ‘‘wheezy
bronchitis’’ was based on a constellation of symptoms and clinical
signs and would include both bronchiolitis and asthma. The
average air-pollution levels in this Santiago-based study were
several-fold higher than observed in our British Columbia (17).

The interquartile range of PM2.5 lifetime average concentra-
tions for the Los Angeles based study was over 8-fold higher than
this British Columbia–based study. However, even in quartile-
based assessment, we did not observe a higher-risk estimate for
the highest quartile of PM10, PM2.5 or black carbon. It is also
noteworthy that in the region of this study, the density of the
monitoring network for PM2.5 was the most limited among poll-
utants assessed. Only 7 monitors provided the data for PM2.5

assessment, whereas there were 24 monitors for O3, 22 for NO/
NO2, 14 for SO2, 19 for CO, and 19 for PM10. The LUR for PM2.5

was also based on more limited monitoring data compared with
the NO2 and NO and black carbon LURs (25 locations for PM2.5

vs. 116 for NO/NO2 and 40 for black carbon).
We evaluated whether the ‘‘protective’’ effect of fine parti-

cles reflected a negative correlation with nitrogen oxides (NOx).
We did not observe this. Rather, Pearson correlation coeffi-
cients for lifetime exposure to NO2 show a significant positive
correlation with PM2.5 lifetime exposure (0.33; P , 0.0001). NO
shows stronger positive associations with PM2.5 (0.63; P ,

0.0001). In addition, multipollutant analysis showed no change
in the PM2.5 effect with addition of NO or NO2 (data not
shown).

Notably, this study is based on a comparison of primarily
spatial contrasts in exposure (cases and controls matched for
month and year of birth), and we did not observe strong
evidence of effect modification by season in stratified analyses
(see Table E2). In general, the spatial contrast we observed in
particulate matter is very low, whereas that of NO/NO2 is lower
but not that much lower than that observed for other urban
settings. Most NO/NO2 in this region is derived from vehicular
emissions. Particulate matter sources include traffic-related and
industrial combustion processes as well as noncombustion pro-
cesses. This suggests that the traffic impact in the region of study
is not all that different than in other urban areas, although the
background/regional pollution is lower.

Overall, the lack of a particulate matter effect in this study
may be due to study limitations to capture adequate variability
and adequate intensity of exposure or lack of toxicity of the
particulate matter composition in this region or some mixture of
both.

No published studies were found that reported bronchiolitis
and ambient wood-smoke exposure, although the association of
infant and child acute respiratory illness and biomass burning
for cooking and heating in developing countries is well recog-
nized (18). Our finding of increased risk of bronchiolitis
associated with wood-smoke exposure is novel and deserves
confirmation in other studies and settings.

We observed a reduced risk of bronchiolitis outpatient and
hospital visits associated with higher exposure to ozone but
a nonsignificant increase associated with hospitalized cases only.
A similar ‘‘protective effect’’ for lifetime average ozone expo-
sure and hospitalization was observed in the Los Angeles–based
study described above. In that study, the inverse relationship
between ozone concentrations and fine particulate matter was
considered a likely explanation for this finding and, in those
studies, the ozone effect did not persist in two pollutant models
that included both ozone and PM2.5. A similar argument can be
made in the region of this study where ozone is negatively
correlated with the other pollutants investigated. The Pearson
correlation coefficients of ozone and the other pollutants range
from 20.24 (for PM10) to 20.86 (for NO). The correlation for

ozone and CO, the latter being the pollutant most strongly
associated with an adverse effect on bronchiolitis in our study,
was 20.82. Nonetheless, it remains unclear why the relationship
of ozone in our data was positive (increased risk but notsigni-
ficant) for hospitalization but negative (decreased risk) for the
combined outcome measure that included outpatient encoun-
ters. None of the other pollutants showed this pattern, and this
may be due to chance alone. An alternative explanation would
be if the specificity of the true associated health outcome is
maximized in the summer high ozone months due to a specifi-
cally summertime viral etiology (or other summer-specific
factors). Also, our study was based on spatial variability in
infant exposures, and much of the variability in our population’s
exposure to ozone is temporal. In addition, the greatest spatial
contrasts in ozone in our region occur in areas of moderate
population density, so a small proportion of our population
experiences the highest exposures. Both of these features
limited our ability to detect an effect of ozone.

We discerned higher-risk estimates when assessing impact on
clinical encounters (hospitalization or outpatient) for infant
bronchiolitis compared with risk associated with hospitalization
only with the exception of black carbon. A lack of association
with PM2.5 and NO2 was observed in the hospitalization-only
analysis described above for the nearby and similar Puget
Sound region (16). This observation may reflect an increased
importance of air pollution as a risk factor for less-severe cases,
whereas, for hospitalized cases, other key risk factors over-
shadow the modest air-pollution impact. Alternatively, because
by necessity the identification of outpatient clinical encounters
was based on less-specific ICD9 coding, the effect observed
could be attributed to an air-pollution effect on other less-
specific respiratory outcomes that were not specifically bron-
chiolitis but coded as 466 (acute bronchitis and bronchiolitis)
such as other early childhood lower respiratory tract diagnoses
with similar clinical presentations including asthma and bacte-
rial bronchitis. We have previously evaluated use of these
nonspecifically coded outpatient clinical encounters in infancy
and found support of their use as a proxy for identifying acute
bronchiolitis. For example, these encounters mirror the season-
ality and age distribution associated with acute bronchiolitis in
the first year of life (8). In addition, although this lack of
diagnostic specificity is a limitation in assessing the relationship
between air pollution and bronchiolitis in these data per se, they
are still meaningful. This is because the observed risks with the
less-specific ICD9 466 reflect a health care utilization–public
health burden related to ambient air pollution.

In this analysis, as well as in a related study of these air
pollutants on birth outcomes, we observed risk estimates based
on the monitor-based estimates of exposure that were higher
than those based on the LUR-based exposure of the same
pollutant (13). For this and the related birth outcomes study, the
exposure estimates from LUR and the monitoring network data
for the same pollutant were only moderately correlated (r 5

0.5–0.6). We discuss this in the birth outcomes paper and
propose that the metrics capture different aspects of spatiotem-
poral variability in exposure as well as potential levels of
measurement error (13).

Overall, monitor-based estimates appear to be more specific
temporally, whereas LUR estimates are more specific at the
local scale (13, 19). Such discrepancies have been reported in
other regions. Gauderman and colleagues observed indepen-
dent effects from both regional and local traffic-related air
pollution in an analysis of air pollution and childhood lung
function (20).

Additional limitations of this study include other sources of
potential exposure measurement error. Exposures assessed,
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using monitor-based data, serve as proxies for personal expo-
sure, a common approach in air-pollution epidemiology. The
adequacy of ambient monitors to represent personal exposure
occurring indoors and outdoors varies by pollutant, housing
factors that influence infiltration, personal-time activity at home
versus other settings, and geographical and climatic relationship
of the community monitor to the residence. These factors could
not be addressed in the study design.

However, we have observed in a separate study in this region
that pregnant women spend increasingly more time at home as
their pregnancies progress toward birth, and it may be argued
that, similarly, infants spend more time at home closer to the
birth period (infant year) (21). Overall, sources of measurement
error as described above would be expected to be nondiffer-
ential and serve to bias our findings toward the null.

The strength of this study is the large sample size, the
opportunity to evaluate multiple sources of air-pollution expo-
sure and to address the impact on bronchiolitis in the outpatient
setting. The findings echo an emerging evidence base of the
adverse impact of traffic exposure on perinatal and infant
health. In addition, these data raise concern about the potential
contribution of local point source emissions and wood smoke in
addition to traffic-derived pollution. Although the toxicity of
the fine-particulate fraction of motor vehicle exhaust is often
felt to be an important component in air-pollution epidemiol-
ogy, this was not clearly evident in this region, although
admittedly, characterization of fine PM in this study was the
most limited among pollutants investigated for reasons de-
scribed above. Clearly, better toxicological characterization of
the components of traffic exposure are needed, and further
investigation of the role of exposure to industrial emissions and
wood smoke are needed.

Increasingly, evidence of ambient air pollution effects on
children, even at levels once considered ‘‘safe,’’ is accumulating.
This study provides further evidence that children, specifically
very young children in their first months of life, may suffer
respiratory health compromise even at levels of ambient air
pollution that fall within regulatory limits. Although the magni-
tude of the risk in this and other studies of air pollution on child
health are modest, the magnitude of the population at risk and
public health impact of the disease is not modest. The association
with proximity to roadways and relative point source emissions is
particularly noteworthy. Although they are relatively simple
measures, they can be easily used in studies in other settings
where monitoring network data is inadequate for characterizing
population exposure and can have a relatively straightforward
policy significance.
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