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Abstract

Background: Several studies have evaluated the association between forest fire smoke and acute exacerbations of
respiratory diseases, but few have examined effects on pharmaceutical dispensations. We examine the associations
between daily fine particulate matter (PM, ) and pharmaceutical dispensations for salbutamol in forest fire-affected

events.

and non-fire-affected populations in British Columbia (BC), Canada.

Methods: We estimated PM, 5 exposure for populations in administrative health areas using measurements from
central monitors. Remote sensing data on fires were used to classify the populations as fire-affected or non-fire-
affected, and to identify extreme fire days. Daily counts of salbutamol dispensations between 2003 and 2010 were
extracted from the BC PharmaNet database. We estimated rate ratios (RR) and 95% confidence intervals (Cls) for
each population during all fire seasons and on extreme fire days, adjusted for temperature, humidity, and temporal
trends. Overall effects for fire-affected and non-fire-affected populations were estimated via meta-regression.

Results: Fire season PM, s was positively associated with salbutamol dispensations in all fire-affected populations,
with a meta-regression RR (95% Cl) of 1.06 (1.04-1.07) for a 10 ug/m3 increase. Fire season PM, 5 was not
significantly associated with salbutamol dispensations in non-fire-affected populations, with a meta-regression RR of
1.00 (0.98-1.01). On extreme fire days PM, s was positively associated with salbutamol dispensations in both
population types, with a global meta-regression RR of 1.07 (1.04 - 1.09).

Conclusions: Salbutamol dispensations were clearly associated with fire-related PM,s. Significant associations were
observed in smaller populations (range: 8,000 to 170,000 persons, median: 26,000) than those reported previously,
suggesting that salbutamol dispensations may be a valuable outcome for public health surveillance during fire
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Background

The public health effects of acute environmental expo-
sures are often described as a pyramid, with the rarest
outcomes at the peak and the more common outcomes
at the base. The rarest outcomes are most severe, while
the most common outcomes are the mildest. Many
population-based studies focus on the upper part of the
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pyramid because severe outcomes are typically recorded
in administrative databases. However, their rarity makes
it challenging to evaluate short-lived exposures with ad-
equate statistical power, even in large populations. In the
case of forest fire smoke, only two [1,2] of five [3-5]
studies have reported significant associations between
smoke-related particulate matter (PM) and all-cause
mortality, and effects specific to respiratory mortality
were not clear. Similarly, time-series studies have reported
significant associations between smoke-related PM and re-
spiratory hospital admissions in multiple settings [6-10],
but most have been conducted in large towns or cities,
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and not in the remote and rural areas most affected
by fire smoke.

The effects of forest fire smoke on milder health out-
comes have generally been examined in smaller panel
studies [11-14] due to the absence of population-based
information. However, administrative databases that cap-
ture common health outcomes could serve to advance
forest fire smoke epidemiology by allowing us to study
smaller populations and to detect smaller effect esti-
mates with the increased statistical power. Electronic
registries of pharmaceutical dispensations provide such
data, and have previously been used to evaluate the pub-
lic health impacts of other short-lived events, such as
human [15] and natural [16] disasters. Short-acting beta-
agonist (SABA) dispensations are specifically associated
with acute exacerbations of obstructive lung diseases
(such as asthma and chronic obstructive pulmonary dis-
ease), and they outnumber severe outcomes [17]. As
such, SABA dispensations may be a more sensitive indi-
cator of obstructive lung disease exacerbations within the
population [18].

The Canadian province of British Columbia (BC) is
regularly impacted by forest fires. It has both a compre-
hensive pharmaceutical database and a long-standing air
quality monitoring network that covers many smaller
communities. This setting provides a valuable opportun-
ity to study the public health effects of forest fire smoke
in smaller populations using a mild health outcome.
Here we examine the associations between daily PM, 5
(PM less than 2.5 microns in diameter) and dispensa-
tions of medications used to relieve exacerbations of
chronic respiratory diseases in fire-affected versus non-
fire-affected populations between 2003 and 2010.

Methods

Study area

The study was conducted in the province of British
Columbia (BC), on the west coast of Canada. Forest fires
burn an average of 980 km? per year in BC [19], and
widespread infestation by the mountain pine beetle
has left forests more susceptible to extreme events in
recent years [20]. The province is geographically divided
into 89 local health areas (LHAs), ranging in size from
40 — 130,000 km? (Figure 1), and in 2006 population
from 542 — 352,783 people [21]. Geographically smaller
LHAs typically have larger populations living in urban
and suburban areas, while larger LHAs have smaller
populations living in rural and remote communities.

Exposure assessment

The air quality monitoring network in BC is maintained
by the BC Ministry of Environment. Ambient concentra-
tions of particulate matter (PM) are continuously mea-
sured at several stations by PM, 5 and/or PM;, (PM less
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than 10 microns in diameter) tapered element oscillating
microbalances [22]. These instruments are heated to 30
or 40°C depending on their locations, and loss of volatile
materials is expected to be less during the fires season
than during the winter months [23]. We started by iden-
tifying all stations that had PM, 5 and/or PM;, measure-
ments for every fire season (April 1 through September
30) in the study period. Any LHA with one or more of
these stations was included in the study (Figure 1). For
LHAs with multiple stations, the one closest to the LHA
population center was used. As such, the daily PM ex-
posure of the population within each study LHA was
estimated using data from a single monitoring station
within that LHA.

All PM data were converted to PM, 5 concentrations.
For LHAs where PM, 5 measurements were available for
the whole period, those data were used. For LHAs with
some PM, 5 and some PM;, measurements, we adjusted
PM; to PM, 5 using the regression coefficients from lin-
ear models applied to all fire seasons when both instru-
ments were running simultaneously. For LHAs with
PM;o measurements only, or with insufficient overlap
between instruments, we used the time-weighted average
of linear regression coefficients from the other stations
with simultaneous PM, s and PM;, measurements.

Fire-affected LHAs and extreme fire days

The air quality monitoring network measures PM con-
tributions from all sources, including smoke from forest
fires. We focused on the effects of fire smoke by using
data from the Moderate Resolution Imaging Spectroradi-
ometers (MODIS) to classify LHAs as fire-affected and
non-fire-affected, and to identify extreme fire days,.
These remote sensing instruments overpass most areas
of the Earth four times daily, detecting fires at a resolution
of 1 km? at nadir [24]. The information recorded for each
detected fire includes its central latitude and longitude,
and a measure of its intensity, known as the fire radiative
power (FRP, in MW). The FRP is proportional to aerosol
emissions, and serves as a good indicator of the smoke
generated by the detected fire [25-27]. We downloaded
these data for BC and its surrounding areas from the Fire
Information Resource Management System (FIRMS) [28],
and used a geographic information system (GIS) to map
all of the fires detected during the study period.

To assess the impact of fire on each LHA we used the
GIS to draw a 100 km radius circle around its PM moni-
toring station, and then calculated the daily sum of FRP
from all fires detected within that circle. Next, we aggre-
gated daily FRP sums for all LHAs to examine the per-
centiles of the overall distribution. Finally, an LHA was
defined as fire-affected if the plotted time-series of daily
FRP values showed that the overall 95th percentile was
exceeded in three or more of the nine fire seasons
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Figure 1 Map of the study region showing the local health areas (LHAs) included in the study, and the locations of the PM air quality
monitoring stations. Study LHAs are numbered in order of increasing population, as in Table 1.

(Figure 2). To identify extreme fire days we summed all
FRP values detected within and around BC for each day
of the study period, and used the 80th, 90th, and 95th
percentiles of the distribution to limit analyses to peri-
ods most likely affected by heavy smoke.

Pharmaceutical dispensations

Daily counts of pharmaceutical dispensations were received
for each LHA from the BC PharmaNet database. Law
requires that every prescription dispensed in the province
be recorded in PharmaNet, regardless of the recipient or
the payer [29]. We decided a priori to examine rela-
tionships between PM, 5 and counts for inhaled salbu-
tamol sulfate, a selective beta-2-adrenoreceptor agonist
that is commonly and specifically used to rapidly relieve
exacerbations of asthma, COPD, and other obstructive
lung diseases. Dispensations included all inhaled prepara-
tions of salbutamol available in BC (i.e. aerosol inhalers,
powder inhalers and nebulizer solutions). Salbutamol

preparations for ingestion were excluded. Other selective
beta-2-adrenergic inhalants were also excluded, because
preliminary analyses showed that they were rarely pre-
scribed in BC (less than 5% of dispensations).

Time-series models

For every LHA included in the study we estimated the ef-
fect of daily PM, 5 concentrations on the rate of pharma-
ceutical dispensations for respiratory reliever medications,
during all fire seasons and on extreme fire days. We used
generalized linear models with natural cubic splines,
adjusted for temperature, relative humidity, and temporal
trends as shown in Equation 1.

O~ Poisson (//lt, 02)

g(u,) = PMiggo1 + ns(Ty, df = 3) + ns(RHy, df = 3)
+ YMDOW;
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Figure 2 Examples of the time series of summed fire radiative power (FRP, in gigawatts) values for a fire-affected LHA (above, Central
Okanagan) and a non-fire-affected LHA (below, Kitimat).
.

J

Where: O; = observed dispensation count in the LHA
on day & PM,g;=PM,5 concentration in the LHA
averaged over days ¢ and ¢-1.; T, = mean temperature in
the region of the LHA on day ¢, fitted as a natural cubic
spline with three degrees of freedom; RH; = mean rela-
tive humidity in the region of the LHA on day ¢, fitted
as a natural cubic spline with three degrees of freedom;
YMDOW, = year, month, and day of week (statutory
holidays treated as Sundays) on day ¢, fitted as a factor
variable with 378 levels (9 years * 6 months * 7 days).
The resulting estimate of effect was the rate ratio (RR)
associated with a 10 ug/m® increase in PM,g A lag
of 0-1 days was chosen for principal analyses based on
model fit statistics from preliminary analyses, but lags of 0
through 7 days were tested. All analyses were completed
in the R statistical computing environment [30]. After fit-
ting individual models for each LHA, we conducted a ran-
dom effects meta-regression using the inverse variance
method [31] to estimate an overall effect for the fire-
affected LHAs and the non-fire-affected LHAs during the
fire season and on extreme fire days.

Results

Included LHAs

A total of 29 (out of 89) LHAs were included in the
study (Table 1 and Figure 1). Their land areas ranged
from 48 to 76,215 km? and their 2006 populations ran-
ged from 7,024 to 352,783 people. The average daily sal-
butamol dispensations ranged from 4.3 to 103.4 (Table 1).
Most of the LHAs had PM, 5 measurements covering the
majority of the study period, and PM;, concentrations

were converted to PM,s with coefficients ranging from
0.27 to 0.69, with an average of 0.49. Mean fire season
PM,5 concentrations ranged from 2.8 to 11.8 ug/m3
across all stations. Maximum concentrations ranged from
33.4 to 248.1 ug/m® for the 12 LHAs classified as fire-
affected, and from 15.2 to 49.3 ug/m® for the 17 LHAs
that were not-fire-affected (Table 1). The mean PM, 5 con-
centrations on fire days in the 80th, 90th, and 95th per-
centiles of provincial FRP were 8.2, 9.6, and 11.2 ug/m’,
respectively. In the 95th percentile there were 28 extreme
fire days in 2003, 22 in 2009, 21 in 2010, 18 in 2004, 7 in
2006, 2 in 2007, and none in 2005 or 2008.

Associations between PM, s and salbutamol dispensations
Fire season PM, 5 was positively associated with salbuta-
mol dispensations in all fire-affected LHAs, with sta-
tistically significant results in 8 of 12 cases (Figure 3).
The meta-regression RR (95% confidence interval) for
a 10 ug/m3 increase in PM, 5 was 1.06 (1.04 — 1.07). The
effect was evident at lags up to four days, decreasing to
null by the fifth day. Fire season PM,5 was not signifi-
cantly associated with salbutamol dispensations in 15
of 17 non-fire-affected LHAs (Figure 4), with a meta-
regression RR (95%CI) of 1.00 (0.98 — 1.01). The two
exceptions were a protective effect observed in Greater
Victoria, and a positive association of 1.23 (1.00 — 1.49) in
Kitimat, where an aluminum smelter is an important
source of PM and other air emissions. When analyses
were restricted to fire days in the 80th, 90th, and 95th per-
centile of the provincial sum of FRP, the meta-regression
RRs remained stable for the fire-affected LHAs (Figure 3),
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Table 1 Summary information for local health areas (LHAs) included in the analyses, listed in order of 2006 population

LHA name 2006 ° Daily average Area Fire season Fire season PM,s/PM;o Fire season Fire season Fire-

population  salbutamol (km?)  PM,s
dispensations
(fire season)

PM;o coefficient Mean PM,s Max PM, s affected?
(ug/m?) (ug/m?)

Golden 7,024 45 13350 2003-2010
Revelstoke 7,897 43 9,307 2007-2010
Hope 8,062 49 5,280 2004-2010
Kitimat 10,443 5.1 19639  2003-2010
Creston 11,917 6.8 3,789 2010
Smithers 16,073 7.1 9,827 2005-2010
Quesnel 22,930 1.7 23,732 2003-2010
Cariboo-Chilcotin 26,150 129 44695  2003-2010
Alberni 31,077 14.0 6,809 -

Peace River North 32,642 144 68,765 -

Howe Sound 32,327 126 9,236 -
Campbell River 40,173 18.0 13,624  2006-2010
Cowichan 54,855 229 735 2010
Vernon 62,227 299 5,555 2003-2010
Chilliwack 79,302 36.2 1314 2003-2010
Maple Ridge 88,020 323 1,450 2003-2010
Prince George 94,852 443 76,215 2003-2010
Nanaimo 98,561 46.5 1,289 2003-2010
Kamloops 105,491 44.8 16319  2003-2010
Langley 122,219 46.7 323 2003-2010
Vancouver Westside 129,011 246 48 2004-2010
Abbotsford 130,008 511 413 2010
North Vancouver 134,453 333 398 -

Central Okanagan 167,323 59.1 2,942 2003-2010
Richmond 182,652 375 124 2003-2010
Coquitlam 205,495 526 733 2004-2010
Burnaby 210,507 564 90 2003-2010
Greater Victoria 217,374 654 113 2003-2010
Surrey 352,783 1034 333 -

2003-2010 051 57 740
2003-2007  049° 7.1 817 Y
2003-2010 048 50 334 Y
20032010 044 28 248

20032009 049 ° 73 489 Y
2003-2010 027 42 668 Y
20032010 0.69 74 1394 Y
20032010 059 6.1 2481 Y
2003-2010 049 ° 48 152

2003-2010 049 ° 18 493

2003-2010 049 ° 83 337

2003-2009 050 39 417

2003-2009 049 ° 48 379

2003-2008 038 54 1308
2003-2010 040 53 357

2003-2010 045 55 365

2003-2010 053 74 1764 Y
- - 37 487

2003-2008 049 55 140.1 Y
20032010 051 55 340

2003-2008 052 55 32,1

2003-2010 049 ° 69 239

2003-2010 049 ° 64 272

2003-2008 056 55 1856 Y
2003-2010 051 50 403

20032008 050 62 420

2003-2010 045 52 427

- - 50 173

2003-2010 049 ° 7.1 191

The forest fire season is defined as April 1 — September 30 each year.
#2006 was a national census year, and was also the midpoint of the study period.
b Average from all other stations used.

but increased with each restriction for the non-fire-
affected LHAs (Figure 4). The point estimate was the
same for both population types at the 95th percentile, with
wider confidence intervals for the non-fire-affected group.
The province-wide meta-regression estimate was 1.07
(1.04 — 1.09) for the most extreme fire days.

Discussion

We found consistent associations between fire-related
PM, 5 and salbutamol dispensations. During the fire sea-
son a 10 ug/m3 increase in PM, s was associated with a
6% increase in salbutamol dispensations (RR =1.06,

95% CI 1.04-1.07) in fire-affected populations, but no ef-
fect was observed in non-fire-affected populations. On ex-
treme fire days the same PM, 5 increase was associated
with a 7% increase in salbutamol dispensations in both
types of populations (global RR = 1.07, 95% CI 1.04-1.09).
To the best of our knowledge there is only one other study
of pharmaceutical dispensations and forest fires, which
evaluated the aftermath of an extreme fire season in
Galacia, Spain. Caamano-Isorna et al. [16] reported that
male and female pensioners (age not specified) increased
consumption of medications to relieve obstructive lung
disease by 10.3% and 12.1%, respectively, in the months
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Figure 3 Regression results for the association between a 10 ug/m? increase in PM, 5 (day-of and day-before average, lag,;) and
dispensation counts for the respiratory relief medication salbutamol sulfate in fire-affected local health areas (LHAs). Results for
individual LHAs are ordered by the rate ratio (RR) point estimates for all fire seasons, followed by the meta-regression estimates for all fire
seasons, and extreme fire days in the 80th, 90th, and 95th percentiles.
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Figure 4 Regression results for the association between a 10 ug/m? increase in PM, 5 (day-of and day-before average, lagy;) and
dispensation counts for the respiratory relief medication salbutamol sulfate in non-fire-affected local health areas (LHAs). Results for
individual LHAs are ordered by the rate ratio (RR) point estimates for all fire seasons, followed by the meta-regression estimates for all fire
seasons, and extreme fire days in the 80th, 90th, and 95th percentiles.
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following the severe fires, when compared with the previ-
ous months. No change was reported for non-pensioners.
Our results are consistent with other time-series stud-
ies on moderate to severe respiratory outcomes asso-
ciated with exposure to forest fire smoke. Henderson
et al. [9] reported that a 10 ug/m3 increase in PM;, was
associated with a 6% increase in the odds of an asthma-
specific physician visit (OR=1.06, 95% CI 1.03-1.08)
during the 2003 fire season in BC. In the state of
Victoria, Australia, Tham et al. (2009) [32] reported that
al0 ug/m3 increase in PM;, was associated with a 2% in-
crease in the relative rate (RR) of all respiratory ED visits
(RR =1.02, 95% CI 1.00-1.03). In Los Angeles, California,
Delfino et al. [7] reported that a 10 ug/m3 increase in
PM, 5 was associated with a 3% increase in the rate of all
respiratory hospital admissions (RR=1.03, 95% CI 1.01-
1.04), a 5% increase in asthma admissions (RR = 1.05, 95%
CI 1.02-1.08), and a 4% increase in chronic obstructive
pulmonary disease admissions (RR =1.04, 95% CI 1.00-
1.08). Similarly, the Henderson et al. [9] study in BC also
reported a 5% increase in the odds of all respiratory hos-
pital admissions (OR =1.05, 95% CI 1.00-1.10). Finally, in
Sydney, Australia, Johnston et al. [33] reported that ex-
treme smoke events were associated with a 9% increase in
the odds of respiratory mortality, though the estimate was
not statistically significant (OR = 1.09, 95% CI 0.88-1.36).
Because ambient PM,s monitors cannot differentiate
between PM sources, we used empirical remote sensing
data to objectively classify populations as fire-affected or
non-fire-affected, and to identify extreme fire days. While
several other studies have used satellite-based methods to
identify smoke-affected periods and areas [1,7,9,34], our
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work is the first to leverage the fire radiative power mea-
surements (proportional to smoke emissions) to classify
populations and periods in this way. One might expect
PM, 5 to have a clearer effect on salbutamol dispensations
in LHAs where the smoke-related PM was extremely high,
but this relationship was evident even in fire-affected
LHAs with PM distributions that overlapped those of the
non-fire-affected LHAs (Table 1). For example, the
fire-affected LHA of Hope (population = 8,000; peak
PM, s = 33.4 ug/m® mean PM,s=5.0 ug/m®) had a
significant association (RR=1.12, 95% CI 1.02-1.22),
whereas the non-fire-affected LHA of Howe Sound
(population = 32,000; peak PM,s=33.7 ug/m3, mean
PM,5=8.2) did not (RR=0.97, 95% CI 0.92-1.02).
One outlier among the non-fire-affected LHAs was
Kitimat (RR = 1.23, 95% CI 1.00-1.50), which is the site of
an aluminum smelter.* The population may therefore be
exposed to PM, 5 that has a different toxicological profile
than that in the other LHAs.

Fire smoke often affects small populations because for-
est fires most commonly burn in rural and remote areas;
extreme events that affect large cities are relatively rare.
However, it has been challenging to find associations be-
tween more severe respiratory outcomes and smoke ex-
posure in smaller populations. During the 2003 fire
season in BC, Moore et al. [35] detected an increase in
weekly respiratory physician visits in one larger commu-
nity (approximate population 185,000) with heavy smoke,
but not in a smaller nearby community (approximate
population 110,000) with more moderate smoke. In
Darwin, Australia (approximate population 110,000)
Johnston et al. [10,33] conducted two studies of respiratory
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Figure 5 Daily time-series of salbutamol dispensations compared with PM, 5 concentrations in the Cariboo-Chilcotin LHA during the
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outcomes associated with ambient PM;, during the forest
fire season. The first was an ecological study that detected
significant increases in daily asthma ED visits only when
concentrations were over 40 ug/m3 [33]. The second was
a case-crossover study on three years of hospital admis-
sions [10]. Although the maximum daily concentration
was 70 ug/m?, the positive associations were not statisti-
cally significant. In contrast, we have found strong and
significant effects of PM, 5 on salbutamol dispensations in
fire-affected populations ranging in size from 8,000 to
170,000 persons. Given that dispensations occur more fre-
quently than severe outcomes, we suggest that they are
more useful for studying the health effects of forest fire
smoke in small populations. Furthermore, we observed that
salbutamol dispensations rose rapidly in response to heavy
smoke and fell rapidly as the smoke cleared (Figure 5), sug-
gesting that dispensations may also be a responsive out-
come for public health surveillance during smoke events.

There are important limitations to our analyses. First,
this was an ecological study design, so we were unable
to explore effect modification by individual factors. Sec-
ond, a pharmaceutical dispensation does not necessarily
reflect a disease exacerbation. Individuals with chronic
lung disease may have sufficient reliever medication on
hand, and not require a new dispensation for each ex-
acerbation. Those who fill a prescription may do so for
reasons related to the fire smoke (e.g., anticipated smoke
effects), or for reasons that are completely unrelated
(e.g., routine prescription renewal). Finally, we used data
from single air quality monitoring stations to represent the
exposure of populations within entire LHAs, some of which
cover large geographic areas. Although most people in each
LHA live in the monitored community, this homogenous
approach to exposure assessment cannot account for the
spatial variability inherent to fire smoke exposure.

Effective public health response to forest fire smoke
events requires an understanding of its short-term health
effects in order to identify who is most at risk, and to im-
plement strategies to protect them. During milder events,
the public health response may be limited to public educa-
tion, but it should be rapidly escalated to provision of air
shelters and/or evacuation as health risks increase. We
have shown that pharmaceutical dispensations can be
used to assess the population health effects in small com-
munities. Given that these data are available in near-real-
time, routine surveillance of pharmaceutical dispensations
could play an important role in public health situational
awareness and response. Further analyses are required to
characterize short-term trends, and to create the indica-
tors necessary to support fire smoke response guidelines.

Conclusions
We report a clear association between fire-related PM, 5
and salbutamol dispensations in BC. The changes in
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salbutamol dispensations were observed in smaller
populations than previously reported for any respiratory
outcome (range: 8,000 to 170,000 persons, median: 26,000).
This suggests that pharmaceutical dispensations can be
leveraged in further research on acute respiratory events
among small populations. Furthermore, this outcome was
responsive to smoke-related PM, 5 concentrations, and may
therefore be particularly useful for public health surveil-
lance during forest fire smoke events.

Endnotes

? Note that the FRP time-series for Kitimat is the bot-
tom panel of Figure 2, clearly showing little fire activity
in the area.

Abbreviations
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in diameter; RR: Rate ratio; Cl: Confidence intervals; SABA: Short acting beta
agonist; ED: Emergency department; BC: British Columbia; km?: Square
kilometers; LHAs: Local health authority; FPR: Fire radiative power;
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