
Journal of Exposure Science & Environmental Epidemiology
https://doi.org/10.1038/s41370-020-0210-x

ARTICLE

The association between wildfire smoke exposure and asthma-
specific medical care utilization in Oregon during the 2013
wildfire season

Ryan W. Gan1
● Jingyang Liu1

● Bonne Ford2
● Katelyn O’Dell2 ● Ambarish Vaidyanathan3

● Ander Wilson4
●

John Volckens1,5 ● Gabriele Pfister6 ● Emily V. Fischer2 ● Jeffrey R. Pierce2 ● Sheryl Magzamen1

Received: 20 May 2019 / Revised: 2 October 2019 / Accepted: 15 October 2019
© The Author(s), under exclusive licence to Springer Nature America, Inc. 2020

Abstract
Wildfire smoke (WFS) increases the risk of respiratory hospitalizations. We evaluated the association between WFS and
asthma healthcare utilization (AHCU) during the 2013 wildfire season in Oregon. WFS particulate matter ≤ 2.5 μm in
diameter (PM2.5) was estimated using a blended model of in situ monitoring, chemical transport models, and satellite-based
data. Asthma claims and place of service were identified from Oregon All Payer All Claims data from 1 May 2013 to 30
September 2013. The association with WFS PM2.5 was evaluated using time-stratified case-crossover designs. The maximum
WFS PM2.5 concentration during the study period was 172 µg/m3. A 10 µg/m3 increase in WFS increased risk in asthma
diagnosis at emergency departments (odds ratio [OR]: 1.089, 95% confidence interval [CI]: 1.043–1.136), office visit (OR:
1.050, 95% CI: 1.038–1.063), and outpatient visits (OR: 1.065, 95% CI: 1.029–1.103); an association was observed with
asthma rescue inhaler medication fills (OR: 1.077, 95% CI: 1.065–1.088). WFS increased the risk for asthma morbidity
during the 2013 wildfire season in Oregon. Communities impacted by WFS could see increases in AHCU for tertiary,
secondary, and primary care.
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Introduction

Wildfires deteriorate air quality in the Western United States
(U.S.) and can impact air quality over large regions [1–3].
In the Western U.S., wildfire smoke (WFS) is a significant
contributor to particulate matter (PM) with aerodynamic
diameters less than or equal to 2.5 μm (PM2.5), contributing
to ~12% of the total daily PM2.5 [4]. On days where PM2.5

concentrations exceed the daily National Ambient Air
Quality Standard of 35 µg/m3, WFS contributes >70% of
PM2.5 in the Western U.S. [4]. Currently, wildfires result in
observable increases in PM2.5 in the Pacific northwest [5].
As wildfire frequency is expected to increase due to climate
change [6–9], WFS is expected to be the primary source of
PM in the Western U.S. by 2020 [10].

To date, population-based WFS epidemiologic studies
primarily use readily-available medical claims records [11].
These studies have shown that exposure to WFS increases
the risk for respiratory morbidity both in the U.S. and
internationally [11–14]. Exposure to WFS has been asso-
ciated with an increase in the risk of asthma emergency
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department (ED) visits [15, 16] and asthma hospitalizations
[17, 18]. WFS has been associated with increasing
respiratory rescue medication fills following wildfires in
Canada [19] and Australia [20]. These findings suggest that
WFS increases the risk for asthma morbidity sufficiently to
warrant public health interventions.

There are a limited number of population-based epide-
miologic studies that have evaluated the impact of WFS
exposure on a broad range of respiratory endpoints. In a
population of school-age children, the prevalence of self-
reported symptoms (e.g., wheezing, sore throat, itchy/
watery eyes, dry cough at night) were higher among parti-
cipants living in communities that reported smelling smoke
than among participants living in communities that reported
not smelling smoke following wildfires in Southern Cali-
fornia in 2003 [21, 22]. In two studies of school-age chil-
dren living in the Brazilian Amazon, WFS was associated
with decrease in lung function [23, 24]. In a population of
children and adults with asthma living in Australia, WFS
was associated with increases in asthma symptoms, oral
steroid medication use, and the use of inhaler rescue med-
ication [20]. These findings suggest that WFS is a burden on
asthma morbidity and has a much broader impact on asthma
beyond acute medical care.

While the effects of air pollutants like PM on hospitali-
zations and ED visits are costly, other markers of respira-
tory and asthma-related morbidity impact thousands of
more people [25]. Few studies to date have quantified WFS
on a broader range of asthma health endpoints, including
office visits, urgent care visits, and medication prescription
fills. These health dispositions may be less severe but more
prevalent in areas vulnerable to WFS. However, health data
to study the relationship between WFS and these disposi-
tions are not always available at the state or national level.
For this analysis, we selected Oregon, a state in the Western
U.S. that has been affected by numerous large fires and for
which we had access to relevant health data.

We evaluated health effects for the 2013 Douglas
Complex and Big Windy Complex fires that occurred in
Southwestern Oregon, which produced a large quantity of
WFS that impacted the Medford Metropolitan Statistical
Area (MSA). The Douglas Complex fire and Big Windy
Complex fire started due to lightning strikes from a thun-
derstorm that passed through the area on 26 July 2013 and
burned >48,000 acres and >19,000 acres, respectively,
before both fires were contained by 21 August 2013 [26].
The primary aim of this study was to evaluate the asso-
ciations between WFS and a broader spectrum of asthma
healthcare utilization (AHCU) during the 2013 wildfire
season across all of Oregon. A secondary aim focused on
evaluating the impact of smoke from the two fires in the
southwest region of the state on the metropolitan area of
Medford.

Methods

Estimation of WFS PM2.5 and temperature

We estimated gridded daily PM2.5 in μg/m3 from 1 May
2013 to 30 September 2013 for Oregon using the blended
method (also referred to as data fusion) detailed in Lassman
et al. [27]. Briefly, this method uses geographically
weighted ridge regression (GWR) to estimate the expected
daily PM2.5 for a given grid cell based on the following
predictor variables: PM2.5 estimates from kriged surface site
monitors, satellite-based aerosol optical depth (AOD), and
modeled PM2.5 from the Weather Research and Forecasting
with Chemistry (WRF-Chem) chemical transport model.
For kriged PM2.5 estimates, we use EPA air quality system
PM2.5 measurements from sites in Oregon and surrounding
states. We use measurements from a combination of federal
reference method and federal equivalent method instru-
ments in order to provide the best spatial coverage. We do
not account for method or instrument bias or error explicitly
in our model. This is a potential limitation and could lead to
errors in our model estimates. Satellite (AOD) is from the
moderate resolution imaging spectroradiometer instrument
onboard the Terra and Aqua satellites; in particular, we are
using the level 2 AOD dark-target collection 6 retrieval
product at 10 km spatial resolution [28]. Our modeled
simulations of WRF-Chem PM2.5 [29] were focused on the
Douglas Complex Fire and used similar model configura-
tions as in Lassman et al. [27]. This blended method
has been shown to be more accurate at predicting surface
site concentrations across a spatial area compared with any
one estimation method alone (Supplementary Figs. S1 and
S2) [27].

To estimate the concentration of daily PM2.5 that may be
attributed to WFS, we first estimated background PM2.5

concentrations during the wildfire season (i.e., baseline
concentrations in absence of wildfires) by identifying the
days when concentrated WFS in the atmospheric column
was unlikely. We determined this by verifying smoke
plumes from the National Environmental Satellite, Data,
and Information Service Hazard Mapping System did not
overlap a location [30, 31]. We found the median value
from the GWR-estimated PM2.5 on days with no WFS
overhead for each grid cell and then subtracted the median
PM2.5 when no WFS was present from the blended GWR
daily estimates of PM2.5 to estimate WFS PM2.5. We then
population-weighted the daily gridded estimates of WFS
PM2.5 to the county level and ZIP code level using 2010
gridded population density estimates from the Socio-
economic Data and Applications Center [32]. We also
estimated average daily temperature using WRF-Chem and
then population-weighted to the ZIP code level. Our esti-
mates of ZIP code-level population-weighted WFS PM2.5
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and temperature were linked to the AHCU data by patient
repored ZIP code of residence.

Health outcomes records

We used the Oregon All Payer All Claims database (APAC)
from 2013 for our health outcome records. The APAC
contains billing data on International Classification of Dis-
eases, 9th Revision, Clinical Modification (ICD-9-CM)
medical diagnosis codes and National Drug Codes (NDC)
pharmacy fills for persons insured in the state of Oregon.
Additional patient-level data included place of service code,
date of admission, admission type, age, sex, reported ZIP
code of residence, and a unique de-identified patient iden-
tifier. We restricted our health outcomes to records of
asthma admissions or short-acting beta-2-agonists (SABA)
pharmacy fills, which are broadly used to treat symptoms of
inflammatory lung conditions and the preferred class of
reliever medication prescribed to almost all persons with
asthma for on demand use [33]. We further restricted the
time period to record occurring between 1 May 2013 and 30
September 2013, which spanned 2 months before and
2 months after the Douglas Complex and Big Windy fires
that took place in late July through August.

We assessed the primary diagnosis ICD-9-CM codes of
493 as a proxy measure for an asthma event; ICD-9-CM of
493 can only be assigned to confirmed cases of asthma for
inpatient and ED places of service. For asthma inhaler
rescue medication, we referenced the Healthcare Effec-
tiveness Data and Information Set Asthma Controller, and
Reliever Medications table AMR-A for 2014 to identify
NDC codes classified as SABA with inhalation as the route
of exposure (201 NDC codes met this definition) [34].

Time-stratified case-crossover: association between
WFS PM2.5 and AHCU

Our first series of analyses evaluated the association
between WFS PM2.5 and AHCU by evaluating records for a
primary diagnosis of asthma for any person billed with a
primary residence in Oregon at the following service places:
ambulance, ED, office (defined as ambulatory care provided
by a medical professional not in a hospital), inpatient hos-
pital, outpatient hospital, SABA pharmacy fills, and urgent
care facilities. We used a time-stratified case-crossover
study design; this is a case-only study design that controls
for within-subject variability and controls for some time-
varying factors such as day of the week [35, 36]. Asthma
events are defined as a single asthma-related visit to a place
of service or a SABA fill. We further restricted these records
to the first observation of a unique patient to reduce the
potential bias of counting the same person multiple times.
For each specific asthma event, we selected referent

observations on the same day of the week from 1 May 2013
to 30 September 2013. We then linked population-weighted
PM2.5 and mean daily temperature values by patient-
reported ZIP code and date. The associations for each
place of service asthma event and WFS PM2.5 were ana-
lyzed using separate conditional logistic regressions,
adjusting for temperature. Subsequent strata-specific ana-
lyses of AHCU by sex, and age categories of <15, 15–65,
and >65 years were performed. Age categories were deci-
ded based on our previous work evaluating hospital
admissions and WFS in Washington in 2012 [17]. We
considered an association to be statistically significant if the
95% confidence interval (95% CI) did not contain an odds
ratio (OR) of one.

Description of time series of WFS PM2.5 and AHCU
by MSA

Daily counts of AHCU for all Oregon MSAs of Bend,
Corvallis, Eugene, Medford, Portland, Salem combined,
and only the Medford MSA were calculated by summing
AHCU events for all Oregon MSAs and for Medford; this
count of AHCU events included multiple events for the
same patient during the study period. The AHCU event
count was then divided by 2013 U.S. Census estimates of
summed Oregon MSA populations and Medford-specific
populations [37] and multiplied by 100,000 to estimate the
daily count per 100,000 persons from 1 May 2013 to 30
September 2013. We plotted the time series of WFS PM2.5

by MSA and the observed daily counts of AHCU for all
Oregon MSAs overlayed and Medford to compare the WFS
PM2.5 time series, Oregon AHCU time series, and Medford
time series. Expected AHCU counts were estimated from
the observed counts using natural splines with three degrees
of freedom; expected SABA fills and office visits also
accounted for weekday/weekend differences using an
interaction term based on observed differences in weekend/
weekday trends.

Time series: association between WFS exposure and
ACHU in Medford

The descriptive plots of the asthma office visit and SABA
fill counts in Medford showed a noticeable increase and
deviation from the expected counts of these two markers of
ACHU during the same time period when there was a
dramatic increase in WFS PM2.5 in Medford. We investi-
gated if AHCU time series were associated with the time
series of WFS using a time series analysis of daily asthma
care counts and a binary classifier of smoke of >15 μg/m3

WFS PM2.5 in the Medford MSA. A binary classifier with a
strict cutoff was used to increase the specificity of capturing
a day that was impacted by WFS. Separate quasi-Poisson
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models were fit for each service place and SABA fills,
where counts were regressed on the binary classifier of
smoke, average daily temperature, a natural spline with
three degrees of freedom to account for seasonal trends,
indicator for weekend, and a log population offset. For each
outcome, we calculated relative risk ratio (RR) and 95% CI,
percent of risk attributable to smoke exposure: (RR− 1)/
RR × 100.

Software

We used R software for all data processing, statistical
analyses, and visualization [38]. The “tidyverse” package
was used for data processing, “ggplot2” package for map-
ping and plotting [39] and the “survival” package for con-
ditional logistic regression [40].

Institutional review board

This study used secondary claims data and did not require
participant consent. Study design, data security, and privacy
using secondary claims data were reviewed and approved
by the Research Integrity and Compliance Review Office at
Colorado State University and the Oregon Health Authority.

Results

Description of WFS

Shown in Fig. 1 are fire locations and the number of smoke-
impacted days where daily WFS PM2.5 > 15 µg/m3 in Ore-
gon counties from 1 May 2013 to 30 September 2013.
Oregon had several fires during the 2013 wildfire season,
with the largest being the Douglas Complex and Big Windy
Complex fires that took place in the southwest corner of
Oregon (Fig. 1). The southwest region of Oregon had the
highest number of smoke-impacted days during the study
period, particularly Josephine and Jackson counties, which
includes Medford (Fig. 1).

Descriptions of AHCU

The APAC dataset represents all insured persons who
receive medical care or fill a drug prescription in Oregon.
There were 54,177 asthma medical claims (ambulance n=
31, ED n= 1913; inpatient hospital n= 1209; office n=
33,346; outpatient hospital n= 3762; urgent care 620) and
76,025 SABA fill records for 59,175 unique persons
billed for a medical expense or pharmacy fill in the state of
Oregon from 1 May 2013 to 1 September 2013.
The number of the first-observation-per-patient AHCU
events are presented in Table 1. Office visits and SABA fills

made up the majority of AHCU during the study period
(Table 1).

Time-stratified case-crossover: association between
WFS PM2.5 and AHCU

The same-day association between WFS PM2.5 and AHCU
by strata from the time-stratified case-crossover design are
presented in Fig. 2. For all strata combined, we observed
significant associations between a 10 μg/m3 increase in
WFS PM2.5 and asthma-related medical visits/admissions
for the following places of service: ED admissions (OR:
1.089, 95% CI: 1.043–1.136), SABA pharmacy fills (OR:
1.077, 95% CI: 1.065–1.088), office visits (OR: 1.050, 95%
CI: 1.038–1.063), and outpatient hospital admissions (OR:
1.065, 95% CI: 1.029–1.103); inpatient hospitalizations
(OR: 1.072, 95% CI: 0.995–1.154). No association was
observed for urgent care visits or ambulance use. ORs and
95% CIs for “all strata” presented in Supplementary
Table S1.

Sex-specific associations between a 10 μg/m3 increase in
WFS PM2.5 and AHCU are presented in Fig. 2. For males,
increases in WFS were associated with outpatient hospital
(OR: 1.079, 95% CI: 1.022–1.140), office visits (OR: 1.031,
95% CI: 1.010–1.052), and SABA pharmacy fills (OR:
1.059, 95% CI: 1.039–1.079). Elevated, but not statistically
significant associations were observed for ED admission
(OR: 1.078, 95% CI: 0.995–1.168) and inpatient hospital
admissions (OR: 1.113, 95% CI: 0.955–1.297) (Fig. 2). No
association was observed for urgent care visits (OR: 0.716,
95% CI: 0.345–1.487) (Fig. 2). Ambulance use was not
analyzed due to small sample size. For females, associations
were similar for ED admissions, outpatient, and inpatient
hospital admissions in females (Fig. 2). Notable differences
in sex-specific associations were observed for office visits,
where females had stronger associations (OR: 1.061, 95%
CI: 1.046–1.077) compared with males (OR: 1.031, 95%
CI: 1.010–1.052), and for SABA fills, where females had
stronger associations (OR: 1.087, 95% CI: 1.073–1.101)
compared with males (OR: 1.059, 95% CI: 1.039–1.079)
for SABA fills (Fig. 2). Sex specific strata ORs are pre-
sented in Supplementary Table S2.

The association between WFS and age categories are
presented in Fig. 2. A 10 μg/m3 increase in WFS PM2.5 was
associated with ED admissions in age 15–65 years (OR:
1.098, 95% CI: 1.043–1.156), and suggestive of an asso-
ciation in the age <15 years group (OR: 1.050, 95% CI:
0.946–1.166) and >65 years age group (OR: 1.096, 95% CI:
0.977–1.229). WFS was associated with outpatient hospital
admission in the age 15–65 years strata (OR: 1.076, 95%
CI: 1.030–1.123), and trended in the same direction for age
<15 years (OR: 1.045, 95% CI: 0.959–1.139) and age >65
years (OR: 1.049, 95% CI: 0.969–1.140). We observed no
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association between inpatient hospital admissions and WFS
when stratified by age (Fig. 2). We observed associations
between WFS and office visits across all age strata: age < 15
years (OR: 1.032, 95% CI: 1.006–1.058), age 15–65 years
(OR: 1.062, 95% CI: 1.046–1.078), and >65 years (OR:
1.036, 95% CI: 1.005–1.068). In addition, we observed
associations between WFS and SABA pharmacy fills for
all age strata: age < 15 years (OR: 1.056, 95%
CI: 1.031–1.081), age 15–65 years (OR: 1.088, 95% CI:
1.074–1.103), and age > 65 years (OR: 1.056, 95% CI:
1.024–1.090). No statistically significant association was

observed with urgent care. ORs and 95% CIs for age
category-specific strata are presented in Supplementary
Table S3.

Our decision to evaluate the first AHCU event in the
time-stratified case-crossover design was made to avoid
the scenario where a second event falls on a referent day of
the first event and to ensure independence of events within
each subject. However, this decision could have introduced
bias, as it does not account for factors that could influence
multiple events over the study period. We performed sen-
sitivity analyses to assess this bias using all events for

Table 1 Number of AHCU
events by place of service from 1
May 2013 to 30 August 2013 in
the state of Oregon.

Outcome Cases (n) Age category Sex

<15 (%) 15–65 (%) >65 (%) Female (%) Male (%)

Ambulance 31 – – – – –

Emergency department 1904 34.1 57.3 8.6 58.1 41.9

Inpatient hospital 586 29.2 45.7 25.0 62.4 37.6

Outpatient hospital 3762 31.6 54.2 14.2 58.5 41.5

Office 28616 29.3 58.1 12.6 56.9 43.1

SABA fill 24217 29.5 58.1 12.4 58.5 41.5

Urgent care facility 590 18.1 76.4 5.5 56.6 43.4

Age category and sex category are also included. Percentage for strata-specific ambulance place of service
not presented due to small numbers in strata categories (–).

(–) Data were suppressed due to small numbers. (Suppression criteria n < 10.)

Fig. 1 Number of smoke-
impacted days where WFS
PM2.5 > 15 µg/m3 in Oregon
State counties from 1 May
2013 to 30 September 2013.
Fire locations are represented by
triangles and are proportional to
acres burned by the fire.
Metropolitan areas are
represented by circles.
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AHCU observed during the study period. The sensitivity
results are presented in Supplementary Fig. S3 and mostly
led to similar conclusions. For rare outcomes such as ED or
urgent care admissions where a subject is unlikely to use a
service frequently during the 5-month window, the results
were similar when we used all events and just the first event
(Fig. S3). For more frequent outcomes such as a SABA fill
or office visit, limiting to the first event could have resulted
in an overestimation of the association (Fig. S3). The big-
gest difference observed was with inpatient events, where
there was a marginally significant association when limited
to the first event, but no association when considering all
events (Fig. S3).

Description of time series of WFS PM2.5 and AHCU
by MSA

The Douglas Complex and Big Windy Complex fires in
Southern Oregon produced a large quantity of WFS that
impacted the Medford MSA. Figure 3a shows the average
of daily ZIP code population-weighted WFS PM2.5 con-
centrations in µg/m3 in each Oregon MSA from 1 May 2013
to 30 September 2013. Figure 3a shows that the Medford
MSA had elevated concentrations of WFS PM2.5 in late July
2013 through August 2013, with concentrations exceeding
50 µg/m3 for multiple days. The Bend MSA may have
experienced some elevated concentrations of WFS PM2.5

during late July 2013 through early August 2013 (Fig. 3a).
Daily counts of AHCU per 100,000 persons by place of

service and SABA fill in all Oregon MSAs over the 2013

wildfire season are shown in Fig. 3b. The last week of July
and first 2 weeks of August had the highest counts of SABA
fills overall, and an elevated count of office visits relative to
the earlier part of July for Medford (Fig. 3c), which corre-
spond to elevations in WFS PM2.5 (Fig. 3a). Trends in the
daily counts for the other places of service in Medford were
not as clear due to fewer events (Fig. 3c). We did not plot
the counts of ambulance use during the wildfire season due
to small number of events (Table 1).

Time series: association between WFS exposure and
ACHU in Medford

WFS PM2.5 > 15 µg/m3 was associated with an increase in
the daily counts of SABA fills (RR: 1.425, 95% CI:
1.203–1.687) and asthma-related office visits (RR: 1.366,
95% CI: 1.107–1.687) in the Medford MSA during the
period of 1 May 2013 to 30 September 2013 (Fig. 4). We
estimated that 29.8% (95% CI: 16.9–40.7%) of SABA fills
and 26.8% (95% CI: 9.7–40.7%) of asthma-related office
visits could be attributed to WFS exposure on a given day in
the Medford MSA during the study period. A marginally
significant association was observed for urgent care
admissions (RR: 1.602, 95% CI: 0.996–2.576). We estimate
that 37.6% (95% CI: −0.4 to 61.2%) of asthma-related
urgent care admissions could be attributed to WFS exposure
on a given day in the Medford MSA during the study
period. No significant associations were observed between
WFS PM2.5 > 15 µg/m3 and daily counts of ED admissions,
inpatient hospital admissions, and outpatient hospital

Fig. 2 Same-day association
between a 10 μg/m3 increase in
WFS PM2.5 and risk for
AHCU event by strata,
adjusting for temperature.
Stratum-specific estimates for
ambulance use not presented due
to small numbers; age > 65 years
stratum-specific estimate for
urgent care admission not
presented due to an
unstable model.
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Fig. 4 Same-day association
between WFS PM2.5 > 15 μg/m3

and risk ratio for asthma care
utilization for Medford MSA,
adjusting for temperature,
seasonality, and weekend.

Fig. 3 Time series of averaged daily wildfire smoke PM2.5 by MSA,
weekday and weekend observed and expected with 95% CI daily
AHCU counts per 100,000 persons for all Oregon MSAs, and week-
day and weekend observed and expected with 95% CI daily AHCU
counts per 100,000 persons for Medford MSA from 1 May 2013 to 30
September 2013. Points represent observed daily AHCU counts and

lines and ribbons represent expected count per 100,000 persons and
95% CI. Weekend expected counts only estimated for outpatient
hospital, SABA fill, and office visits; weekday expected counts for
ED, inpatient hospital, and urgent care includes weekend. Dashed
vertical lines represent period of interest when wildfire smoke
impacted the Medford MSA.
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admissions. Sensitivity analyses for alternative binary
cutoffs of WFS PM2.5 > 10 µg/m3 and >5 µg/m3 are pre-
sented in Supplementary Table S4. Results for WFS PM2.5

> 10 µg/m3 and >15 µg/m3 were similar. However, the
effects were not as strong across all outcomes for WFS
PM2.5 > 5 µg/m3 when compared with the higher cutoff
values (Supplementary Table S4).

Discussion

Results from the time-stratified case-crossover design
showed WFS increases risk for AHCU, a proxy for asthma-
related morbidity. The effect of WFS on asthma morbidity
extends beyond more severe health endpoints like admis-
sion to an ED, to include office visits and refills of inhaler
rescue medication. In our statewide evaluation, our analysis
demonstrates that the risk for asthma ED admissions, office
visits, outpatient admissions, and SABA fills are sig-
nificantly associated with increases in WFS PM2.5 in Ore-
gon during the study period. Effect estimates for inpatient
and ambulance use were in agreement with WFS PM2.5

increasing risk for AHCU even though the 95% CIs for
these estimates overlapped one for the time-stratified case-
crossover design (Fig. 2).

No significant association was observed between WFS
and ambulance use due to the small number of events, but
the effect estimate was of similar magnitude and direction to
other places of service. Null associations were observed
with urgent care visits in the time-stratified case-crossover
design, which could be due to the availability of urgent care
places of service in a given area or preference to access ED
facilities over urgent care. The effect of WFS on SABA fills
and asthma office visits may have been stronger in females
compared with males, and in the age 15–65 age group
compared with <15 and >65. It is possible that there might
be some difference in the way these groups access care,
however the CIs overlap for the effect estimates making it
difficult to draw any definitive conclusions regarding effect
modification.

In our evaluation of Medford MSA, office visits and
SABA fills made up the largest proportion of AHCU in this
MSA. Furthermore, WFS from the Douglas and Big Windy
fires increased the daily counts for both asthma-related
office visits and SABA fills, where up to 26% of office
visits and 29% of SABA fills on a given smoky day may be
attributed to WFS during this time period. WFS also led to
marginally significant increases in the urgent care admission
counts. However, we did not observe significant associa-
tions with counts of ED or outpatient admissions in our
evaluation of Medford, but did observe significant asso-
ciations with these two outcomes in our statewide evalua-
tion using the time-stratified case-crossover design.

Differences that could explain results discrepancies could
be fewer events and therefore higher variance around point
estimates in Medford and differences in transforming our
continuous measure of WFS to a binary cutoff, or residual
confounding in either the time series or time-stratified case-
crossover design.

Although we observed some differences in our results
between the statewide time-stratified case-crossover design
and our Medford time series design, our use of the time
series design allowed us to calculate the percent of events
attributed to WFS from the Douglas Complex and Big
Windy Complex fires for the community of Medford. This
would not have been a feasible metric to calculate using a
time-stratified case-crossover design as it is a case-only
design.

Our sensitivity analyses of the first AHCU event com-
pared with using all events suggested WFS increased the
risk of AHCU, regardless of approach. One notable
exception was with inpatient admissions, where the asso-
ciation trended toward significance when using single
events (Fig. 1) and no association when using all events
(Fig. S3). We believe this is likely due to duplicate counting
as we were unable to determine if a person had a single
event and had to stay for a multiple day or had multiple
events over a couple days, and that analysis limited to the
first event is likely to be less biased than the all events
analysis.

In our estimation of WFS, we repeated the methods
outlined in Lassman et al. [27]. As in Lassman et al. [27],
we found that using GWR with satellite AOD, surface
monitor data, and model output outperformed any single
data source. However, our estimates were not as robust as
for the Washington fires of 2012 (for example, R2= 0.60
compared with 0.66 and a slope of 0.58 compared with 0.78
using leave-one-out cross validation; results shown in
Supplementary Figs. S1 and S2). This is likely due to: (1)
fewer surface air quality sites in Oregon compared with
Washington, (2) more localized smoke in Oregon, and (3)
shorter time period of elevated PM2.5 in Oregon 2013
compared with Washington 2012. All of these factors likely
resulted in more measurement error bias in this study
compared with our previous study.

Measurement error in our exposure estimates could also
explain our differences in results statewide vs. Medford.
Our estimates of WFS are likely more accurate in Medford
compared with areas in Oregon due to more surface sites
located in Medford. Surface PM2.5 sites are the best pre-
dictor in our model (Figs. S1 and S2), and Lassman et al.
[27] demonstrated that the GWR model generally performs
better in regions with more surface sites compared with
regions where the GWR model relies more on the WRF-
Chem estimates and satellite AOD. Furthermore, our sub-
traction of seasonal background PM2.5 from GWR PM2.5
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does not entirely separate out PM2.5 from WFS vs.
anthropogenic sources, and it is possible that some of our
associations between WFS PM2.5 and AHCU could be
driven by effects of anthropogenic air pollution. This
imperfect identification of anthropogenic influence on our
WFS PM2.5 estimate influenced our decision to use a binary
classifier of WFS in our Medford analyses, where our cutoff
of WFS PM2.5 > 15 μg/m3 increased the specificity of cap-
turing an area impacted by WFS on a given day. Improving
the accuracy of estimating WFS PM2.5 and source appor-
tionment of PM2.5 from WFS remains a challenge and
presents opportunities for research in future studies.

The associations between WFS and asthma morbidity
observed in this study are supported by findings from our
previous work that evaluated cardiopulmonary hospitaliza-
tions following the 2012 Wenatchee-Complex fires that
took place in Central Washington [17], where we observed
an increased risk in asthma inpatient hospitalizations
admitted through ED and urgent care visits. Results for the
two states were comparable: in Washington, we observed a
7.6% increase in the risk of an asthma inpatient hospitali-
zation per 10 μg/m3 increase in WFS (OR: 1.076, 95% CI:
1.019–1.136) when using a nearly identical study design for
1456 asthma inpatient events [17]. In Oregon, we found a
7.2% increase per 10 μg/m3 increase in WFS (OR: 1.072,
95% CI: 0.995–1.154) on 586 asthma inpatient events.
Some differences that may explain the wider 95% CIs in
this study compared with our Washington study could be
attributed to the larger number of asthma inpatient events in
Washington, and that WFS from the Wenatchee-Complex
fire impacted a larger population [17]. Another explanation
that could explain the wider 95% CIs could be that we used
a less specific outcome definition of inpatient visit in this
study that did not contain the admitting source of ED or
urgent care.

Multiple large-scale claims-based WFS epidemiologic
studies have linked exposure to WFS and asthma, with a
focus ED admissions [15, 16] or inpatient hospital admis-
sions [17, 18] as separate outcomes. Our study provides
additional evidence that WFS increases the risk of AHCU,
including asthma rescue inhaler medication fills, which has
also been observed in a population in British Columbia,
Canada [19]. To our knowledge, this study is the first to
replicate these findings in a U.S. population and find an
association with asthma-related office and outpatient hos-
pital visits. We also show that the greatest burden of asthma
care could be in office visits and SABA fills following a
WFS event.

APAC data present an opportunity for environmental
epidemiology research, as these types of data can offer insight
on the broader utilization of medical care compared with just
inpatient or ED records alone. APAC data also allow linking
of multiple medical events on the same person over time,

which would allow for assembly of retrospective cohort stu-
dies and allow environmental epidemiologists to address
questions of repeat or prolonged exposure. However, use of
linked medical records presents challenges in defining the
cohort and population at risk, and handling right-censoring of
a subject (e.g., whether due to another medical event, mor-
tality, or loss to follow-up due to moving out of state).

Use of medical billing data and ICD-9-CM codes presents
its own challenges that could result in the misclassification
of proxy healthcare outcome, including translating paper
records to electronic records, facility quality control, coder
training and experience, unintentional coder errors, upcoding
(i.e., where procedures that can be billed at a higher rate are
used) [41]. Despite these challenges in using medical records
and APAC data, we believe that identifying novel methods,
best-practices, and workflows when using linked medical
records data in environmental epidemiology studies are
important areas of future research.

In this study, we show that WFS increased AHCU
throughout the state of Oregon. Furthermore, our analyses
focused on WFS from the Douglas Complex and Big
Windy fires that impacted Medford show that even in cities
or areas with smaller populations WFS exposure can have a
significant effect on care utilization. This study suggests
that WFS may have a broad effect on persons with asthma,
increasing the need for medical attention or inhaler rescue
medication and office visits. Our results suggest that WFS
has a larger burden on the healthcare system beyond the
tertiary and secondary care of inpatient hospitalizations and
ED admissions to include primary care office visits. Public
health practitioners, healthcare providers, and pharmacies
should be aware of the possible increase in care utilization
in persons with asthma and other sensitive groups that may
result from smoke following a wildfire.
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SUPPLEMENT

Figure S1: Performance metrics of kriging surface-monitor interpolation model, Weather

Research Forecasting with Chemistry (WRF-Chem) chemical transport model, MODerate

Resolution Imaging Spectroradiometer (MODIS) aerosol optical depth (AOD), and

geographically weighted ridge regression (GWR) estimated PM2.5 compared to PM2.5 observed

at surface sites. Estimates from kriging and GWR are evaluated by leave-one-out cross

validation as the surface monitors are used to obtain these estimates.
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Figure S2: Maps of model performance statistics over study period.
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Table S1: Same-day association between a 10 μg/m3 increase in WFS PM2.5 and risk for

asthma-related care utilization event for all events (All Strata), adjusting for temperature.

Outcome Strata Odds Ratio 95% CI

Ambulance All 1.259 0.752-2.107

Emergency Department All 1.089 1.043-1.136

Inpatient Hospital All 1.072 0.995 -1.154

Outpatient Hospital All 1.065 1.029-1.103

Office All 1.050 1.038-1.063

SABA Fill All 1.077 1.065-1.088

Urgent Care Facility All 0.809 0.552-1.187



4

Table S2: Same-day association between a 10 μg/m3 increase in WFS PM2.5 and risk for

asthma-related care utilization event by sex, adjusting for temperature.

Outcome Strata Odds Ratio 95% CI

Ambulance Male -- --

Ambulance Female -- --

Emergency Department Male 1.078 0.995-1.168

Emergency Department Female 1.092 1.039-1.148

Inpatient Hospital Male 1.113 0.955-1.297

Inpatient Hospital Female 1.060 0.973-1.155

Outpatient Hospital Male 1.079 1.022-1.140

Outpatient Hospital Female 1.057 1.010-1.106

Office Male 1.031 1.010-1.052

Office Female 1.061 1.046-1.077

SABA Fill Male 1.059 1.039-1.079

SABA Fill Female 1.087 1.073-1.101

Urgent Care Facility Male 0.716 0.345-1.487

Urgent Care Facility Female 0.857 0.560-1.311
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Table S3: Same-day association between a 10 μg/m3 increase in WFS PM2.5 and risk for

asthma-related care utilization event by age category, adjusting for temperature.

Outcome Strata Odds Ratio 95% CI

Ambulance Age < 15 -- --

Ambulance Age 15-65 -- --

Ambulance Age > 65 -- --

Emergency Department Age < 15 1.050 0.946-1.166

Emergency Department Age 15-65 1.098 1.043-1.156

Emergency Department Age > 65 1.096 0.977-1.229

Inpatient Hospital Age < 15 1.073 0.891-1.292

Inpatient Hospital Age 15-65 1.059 0.942-1.191

Inpatient Hospital Age > 65 1.083 0.968-1.211

Outpatient Hospital Age < 15 1.045 0.959-1.139

Outpatient Hospital Age 15-65 1.076 1.030-1.123

Outpatient Hospital Age > 65 1.049 0.965-1.140

Office Age < 15 1.032 1.006-1.058

Office Age 15-65 1.062 1.046-1.078

Office Age > 65 1.036 1.005-1.068

SABA Fill Age < 15 1.056 1.031-1.081

SABA Fill Age 15-65 1.088 1.074-1.103

SABA Fill Age > 65 1.056 1.024-1.090

Urgent Care Facility Age < 15 1.064 0.578-1.958

Urgent Care Facility Age 15-65 0.690 0.410-1.162

Urgent Care Facility Age > 65 -- --
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Figure S2: Sensitivity analysis results comparing association between wildfire smoke (WFS)

PM2.5 and asthma health care utilization (AHCU) using all events observed per person and first

event observed per person (results in Figure 2) during the 2013-05-01 to 2013-09-30 wildfire

season.
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Table S4: Same-day association between binary WFS PM2.5 cutoff and relative risk ratio for

asthma-related care utilization event adjusting for temperature, seasonality, and weekend in

Medford Metropolitan Statistical Area.

Outcome WFS Cutoff
Rate
Ratio

Rate Ratio
95% CI

Percent
Attributed

Percent
Attributed

95% CI

Emergency
Department >5 µg/m3 0.986 0.617-1.577 -1.4 -62.1-36.6

Emergency
Department >10 µg/m3 0.916 0.572-1.468 -9.2 -74.8-31.9

Emergency
Department >15 µg/m3 1.103 0.679-1.792 9.3 -47.3-44.2

Inpatient Hospital >5 µg/m3 0.930 0.693-1.248 -7.5 -44.3-19.9

Inpatient Hospital >10 µg/m3 0.977 0.731- 1.361 -0.3 -36.8-26.5

Inpatient Hospital >15 µg/m3 1.063 0.766-1.475 5.9 -30.5-32.2

Outpatient Hospital >5 µg/m3 0.812 0.573-1.148 -23.2 -74.5-12.9

Outpatient Hospital >10 µg/m3 0.881 0.604-1.286 -13.5 -65.6-22.2

Outpatient Hospital >15 µg/m3 0.838 0.565-1.243 -19.3 -77.0-19.5

Office >5 µg/m3 1.062 0.873-1.292 5.8 -14.5-22.6

Office >10 µg/m3 1.318 1.060-1.639 24.1 5.7-39.0

Office >15 µg/m3 1.366 1.107-1.687 26.8 9.7-40.7

SABA Fill >5 µg/m3 1.157 0.983-1.363 13.6 -1.7-26.6

SABA Fill >10 µg/m3 1.311 1.097-1.566 23.7 8.8-36.1

SABA Fill >15 µg/m3 1.425 1.203-1.687 29.8 16.9-40.7

Urgent Care Facility >5 µg/m3 1.730 0.904-3.307 42.2 -10.6-69.8

Urgent Care Facility >10 µg/m3 1.730 0.904-3.307 42.2 -10.6-69.8

Urgent Care Facility >15 µg/m3 1.602 0.996-2.576 37.6 -0.4-61.2
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