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Abstract Alaskan wildfires have major ecological, social, and economic consequences, but associated
health impacts remain unexplored. We estimated cardiorespiratory morbidity associated with wildfire
smoke (WFS) fine particulate matter with a diameter less than 2.5 um (PM,5) in three major population
centers (Anchorage, Fairbanks, and the Matanuska-Susitna Valley) during the 2015-2019 wildfire seasons.
To estimate WFS PM, s, we utilized data from ground-based monitors and satellite-based smoke plume
estimates. We implemented time-stratified case-crossover analyses with single and distributed lag models
to estimate the effect of WFS PM, s on cardiorespiratory emergency department (ED) visits. On the day of
exposure to WFS PM, 5, there was an increased odds of asthma-related ED visits among 15-65 year olds
(OR =1.12,95% CI = 1.08, 1.16), people >65 years (OR = 1.15, 95% CI = 1.01, 1.31), among Alaska Native
people (OR = 1.16, 95% CI = 1.09, 1.23), and in Anchorage (OR = 1.10, 95% CI = 1.05, 1.15) and Fairbanks
(OR =1.12,95% CI = 1.07, 1.17). There was an increased risk of heart failure related ED visits for Alaska
Native people (Lag Day 5 OR = 1.13, 95% CI = 1.02, 1.25). We found evidence that rural populations

may delay seeking care. As the frequency and magnitude of Alaskan wildfires continue to increase due

to climate change, understanding the health impacts will be imperative. A nuanced understanding of

the effects of WFS on specific demographic and geographic groups facilitates data-driven public health
interventions and fire management protocols that address these adverse health effects.

Plain Language Summary The Alaskan wildfire season is getting longer, and large

fires are becoming more common. We do not know how the smoke from these fires is affecting the
health of Alaskans. In this study, we evaluated the associations between wildfire smoke exposure

and cardiorespiratory visits to the ED in three major population centers where the majority of the
Alaskan population lives: Anchorage, Fairbanks, and Matanuska-Susitna Valley. We found that as

the concentration of wildfire smoke increases, there are more likely to be visits to the ED for asthma,
particularly among people older than 15 years of age, women, Alaska Native people, and people living
in Anchorage and Fairbanks. Similarly, we found that Alaska Native people were more likely to visit
the ED for cardiovascular issues than non-Alaska Native people. Among people living in rural areas
in the Matanuska-Susitna Valley, we observed an initial decrease in cardiovascular ED visits on the
day of exposure to wildfire smoke, but then these visits increased 2-3 days later. Understanding how
wildfire smoke impacts specific demographic and geographic groups facilitates data-driven public health
interventions and fire management protocols that address these adverse health effects.

1. Introduction

Wildfires in Alaska have local, regional, and global implications for ecosystems and societies. Alaskan wild-
fires cause major landscape disturbances, which include degradation of permafrost and associated changes
in vegetation cover, altered soil composition, and changes to water chemistry (Brown et al., 2016; Foster
et al., 2019; Larouche et al., 2015; Mann et al., 2012; Sanford et al., 2015). The boreal-, black spruce-domi-
nated forests covering much of the state are an important global carbon sink, but recent studies have shown
that wildfires on these landscapes can be a significant source of carbon emissions, particularly as the aver-
age area burned each year grows (Turetsky et al., 2011; Veraverbeke et al., 2015; Walker et al., 2018). Wild-
fire suppression and management in Alaska are costly (Melvin et al., 2017), and the limited road network,
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vast forests, and dispersed rural populations add unique logistical challenges to fire management (Todd &
Jewkes, 2006).

Recent assessments of trends in historical and future wildfire regimes in the western U.S. have not included
Alaska (Brey et al., 2020; Dennison et al., 2014; Littell et al., 2018; Westerling, 2016), but almost one-third
of megafires (>100,000 acres) between 1997 and 2020 have occurred in the state (National Interagency Fire
Center, 2020). The Alaskan wildfire season is getting longer; fires are starting earlier, and late season fires
are becoming more common (Sanford et al., 2015). The frequency and extent of large fire years (in terms of
acres burned) has increased over the past several decades (Kasischke et al., 2010; Markon et al., 2018; Pas-
tick et al., 2017; Sanford et al., 2015; Thoman & Walsh, 2019). In parallel, the growing Alaskan population
has coincided with increased fire occurrence at the wildland urban interface, frequently as a result of hu-
man-caused ignitions (Calef et al., 2008, 2017). Additionally, wildland fires in remote areas outside human
settlements are also becoming more extensive (Calef et al., 2008) and may represent a substantial source of
smoke due to minimal suppression efforts (Melvin et al., 2017).

There have been a number of studies of health effects associated with wildfire smoke exposure in the west-
ern U.S. (Alman et al., 2016; Gan et al., 2017; Lassman et al., 2017; Phuleria et al., 2005; Reid, Brauer
et al., 2016; Reid, Jerrett et al., 2016; Stowell et al., 2019; Wettstein et al., 2018), yet no epidemiological
studies have been conducted in Alaska. Although the socio-cultural context of perceptions of and adapta-
tions to Alaskan wildfires have been broadly explored (Chapin et al., 2008; Huntington et al., 2006; Trainor
et al., 2009), there have been no assessments of the direct impact of exposure to wildfire smoke (WFS) on
human health. The intensifying wildfire regime, high frequency of megafires in the region, and the pop-
ulation distribution and demographics of Alaska provide a novel context for an epidemiologic assessment
of WFS. Because the majority of the Alaskan population is concentrated in and around two urban areas
(Anchorage and Fairbanks), the emergency department (ED) visits from these communities likely capture
a significant portion of the acute cases of cardiorespiratory illness due to WFS in the state.

Although the composition of WFS depends on the fuel type, burn conditions, and atmospheric processing,
current estimates suggest that 25% of primary fine particulate matter with a diameter less than 2.5 um
(PM, ;) in the U.S. are attributable to wildfires (US EPA, 2020). PM, 5 is a pollutant of primary public health
concern given that these particles penetrate deeply into the lungs and interfere with gas exchange (US
EPA, 2019). A significant challenge in epidemiologic studies of WFS is developing an accurate exposure
assessment method that distinguishes WFS fine particulate matter from other sources of PM,s. Previous
studies have estimated WFS exposure from ground-based measurements with geostatistical interpolation
(Voraet al., 2011; Yao et al., 2016), satellite observations (Rappold et al., 2011; Wettstein et al., 2018), chemi-
cal transport model simulations (Alman et al., 2016; Haikerwal et al., 2015; Liu, Wilson, Mickley, Dominici,
et al., 2017), or some combination of sources (Gan et al., 2017). Due to the clustering of a major portion of
the Alaskan population, our study region does not necessitate extensive modeling approaches that are re-
quired to estimate WFS exposure in larger geographic domains. Empirical data from ground-based monitors
provides the most objective and reproducible exposure estimates of intraurban PM, s and have been widely
implemented in small geographic areas (e.g., city and county) (Bell et al., 2004). However, distinguishing
background PM, s from WFS requires additional data and methods to identify excess PM, s due to WFS.

In this study, we examined the effects of PM, s from recent wildfires on respiratory and cardiovascular ED
visits in three major population centers in Alaska. The clustered populations allowed us to implement a
novel exposure assessment approach for which a combination of measurements from in situ monitors and
satellite observations were used to identify excess PM, 5 originating from WFS (O'Dell et al., 2019). Addi-
tionally, the large Alaska Native population provides an opportunity to explore potential differential effects
of WFS exposure on this sub-population.

2. Materials and Methods
2.1. Study Area

The study areas for this project were Anchorage, Fairbanks, and communities in the Matanuska-Susit-
na Valley (Figure 1). The populations of these three boroughs (county equivalents) are ~288, 97, and 108
thousand respectively, and Matanuska-Susitna Valley is the fastest growing area of the state (U.S. Census
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Figure 1. Map of Alaska, highlighting the major population centers in this study: Anchorage, Fairbanks, and communities in the Matanuska-Susitna borough.

Bureau, 2019). Together, these communities are home to over 65% of Alaskan residents. The three popu-
lation centers included in our study are geographically and climatologically distinct. While the Matanus-
ka-Susitna valley is located only 35 miles north of Anchorage, the terrain opens up considerably into a series
of river valleys. Fairbanks is located in the interior region of Alaska, over 350 miles north of Anchorage
and the Matanuska-Susitna Valley. Anchorage is characterized by a mild coastal climate with short, cool
summers with average daytime temperatures ranging from ~12.8°C to 25.6°C and average daytime winter
temperatures between —15.0°C and —1.1°C (Koppen classification Dfc). The climate in Matanuska-Susitna
Valley is similar, with slightly more diurnal temperature variation because it is inland. Fairbanks has long
cold winters and short warm summers with average monthly temperatures ranging between —22.2°C in
January and 16.9°C in July (Koppen Dfc close to Dwc).

2.2. Exposure Characterization

PM, 5 data were obtained from ground-monitoring sensors maintained by the Alaska Department of Envi-
ronmental Conservation (DEC) for Environmental Protection Agency (EPA) regulatory monitoring. These
data are a measure of PM, 5 from all sources, including mobile sources, woodstoves, and industry. The data
provided by DEC included daily average data (based on hourly samples) and data from continuous 24-h
monitors at four sites located in Anchorage, Fairbanks, and the Matanuska-Susitna Valley. At each location,
there were one, two, or three monitors that were DEC-designated as primary, secondary, or tertiary. Hourly
aggregate data obtained from primary monitors were selected preferentially. Daily data were excluded if
fewer than 75% of hourly measurements were taken or if the recorded PM, s concentration was implausi-
ble (e.g., <0 ug/m>). During the study period, there were two active DEC monitoring sites in Anchorage.
If both sites had eligible data available, the two daily concentrations, which were highly concordant, were
averaged. When daily PM, s data were missing from a study site for two or fewer days, the missing data were
imputed by taking the average of the leading and lagging days around the missing period.

To identify the excess PM, s originating from WFS, we combined satellite information with data from the
ground-level monitors. For a day within the data set to be considered a wildfire day (WFD), two criteria
needed to be met, which were determined using both PM, s data and satellite information on smoke plume
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locations (Brey et al., 2018). First, the daily PM, s concentration needed to exceed one standard deviation
above the long-term monthly mean for daily PM, s, as determined using 2008-2019 DEC monitoring data
for Anchorage and Matanuska-Susitna Valley and 2009-2019 data for Fairbanks. Second, the DEC mon-
itor site had to be located within 50 km of a smoke plume on that day. This criterion was assessed using
shapefiles of daily smoke plume locations that were obtained from the NOAA Hazard Mapping System. If
a smoke plume was identified within 50 km of a monitor site on the same day that it had been flagged as
having a daily PM, s that exceeded one standard deviation above the long-term monthly mean, then that day
was identified as a WFD for that study area. WFS PM; 5 (i.e., PM; s attributed to wildland fires, as opposed
to anthropogenic sources), was estimated by subtracting the long-term monthly mean PM, 5 from the daily
PM, s measured on WFDs. Using this method, non-WFDs were assigned a WFS PM, s concentration of zero.

Daily temperature and daily relative humidity were included in the analyses as time-varying confounders.
Meteorological data were compiled from the NOAA Automated Surface Observing System (ASOS) monitor-
ing network. For each study area, temperature and relative humidity data were accessed from the nearest
ASOS monitor to the DEC monitor from which daily PM, 5 data were obtained. For days during which a
temperature or relative humidity measurement was not available from the nearest ASOS monitor, data from
the second or third closest monitor were used. Like the daily PM, s data obtained from DEC monitors, these
data were excluded if fewer than 75% of hourly measurements were collected. Daily temperature and rela-
tive humidity values were imputed if two or fewer consecutive days had missing data.

2.3. Health Outcomes

Hospitalization records were requested from the Alaska Health Facilities Data Reporting Program (HFDR)
for years during which hospital reporting to the HFDR was mandatory (2015-2019) and for Quarters 2 and
3, when wildfires are most likely to occur (April-September). The HFDR Program collects data from pri-
vate, municipal, state, and federal hospitals, hospitals operated by Alaska Native organizations, psychiatric
hospitals, residential psychiatric treatment centers, intermediate care facilities, and ambulatory surgical
facilities. Records were requested based on International Classification of Diseases, 9th and 10th Revision,
Clinical Modification codes (ICD-9-CM and ICD-10-CM) indicative of cardiorespiratory health outcomes.
HFDR data were filtered to only include ED encounters for which the primary diagnosis was cardiorespira-
tory-related. Other visits were excluded from the data set to eliminate planned medical care encounters and
to isolate acute episodes that could have been precipitated by transient WFS exposures.

Separate analyses were conducted for each of the following health concerns indicated by the primary diag-
nosis ICD-9-CM or ICD-10-CM code: Asthma, chronic obstructive pulmonary disease (COPD), pneumonia,
acute bronchitis, arrhythmia, cerebrovascular disease, heart failure, ischemic heart disease, and myocardial
infarction. Diagnosis codes were also grouped to conduct analyses on all respiratory and all cardiovascular
encounters. Age, sex, and race were also included for patient encounters in the HFDR data set.

2.4. Statistical Analyses

The associations between WFS PM, 5 exposure and cardiorespiratory ED visits in the study areas were eval-
uated using a time-stratified case crossover study design (Janes et al., 2005a, 2005b). Each cardiorespiratory
ED encounter that was recorded by a hospital located within one of the study areas and that occurred
during the wildfire season in 2015-2019 was considered a case. All cases were assigned an exposure equal
to the 24-h WFS PM, 5 concentration that was derived from measurements taken by the DEC monitor (or
monitors) located in the same study area. For each case, referent days were selected as the same day of the
week for the duration of the wildfire season of the same year. Exposures were assigned to referent days
using the same method as case days. Conditional logistic regression was used to estimate the associations
between cardiorespiratory ED visits and a 10 ug/m3 increase in 24-h WFS PM, 5.

Single-day conditional logistic regression models were used to determine the effect of WFS PM, 5 on cardi-
orespiratory ED visits using same-day exposures as well as lags of up to 5 days (six single-day models: Lagged
days 0-5). Distributed lag models (DLMs) were used to assess the effect of each lagged WFS PM, 5 day while
accounting for WFS PM, s concentrations on the other five lagged days. These models were constrained
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using a natural spline with three degrees of freedom (Gasparrini et al., 2017). Time-varying confounders
(daily relative humidity and temperature) were lagged in the same way as daily WFS PM, s concentrations.

To understand how the associations between WFS PM, 5 and cardiorespiratory ED visits varied among the
geographically and climatologically unique regions in our study, we conducted stratified analyses by bor-
ough. Stratified analyses were also conducted by age, race, and sex. Age was categorized into three groups:
<15,15-65, and >65 years of age. Race was stratified into two groups: Alaska Native and non-Alaska Native.

2.5. Sensitivity Analyses

We conducted two sensitivity analyses. First, because we don't have a direct measure of WFS PM, 5, we test-
ed two thresholds for defining a WFD. In addition to the definition presented above where a WFD occurred
when the average daily PM, 5 concentration was at least one standard deviation above the long-term month-
ly mean, we also tested a less sensitive (i.e., more strict) threshold of two standard deviations. All single day
lag models were conducted using both thresholds, and a change in the effect estimate of more than 10% was
considered evidence of a significant effect.

The second sensitivity analysis explored the potential time-varying confounding from daily ozone concen-
trations. Ozone was considered a priori to be a potential time-varying confounder; however, ozone data
were only available from the Fairbanks monitor and therefore could not be included in all models. We
performed a sub-analysis using only Fairbanks data that included daily ozone concentration in the models.
A difference in the effect estimate of at least 10% was considered to be indicative of confounding by ozone.

All analyses were conducted using R (version 3.6.1). The “tidyverse” package was primarily used for clean-
ing; “ggplot2” was used to create figures; “sf” supported spatial analyses; conditional logistic regression
analyses were conducted with the “survival” package; and “riem” was used to obtain NOAA ASOS mon-
itoring data. Human subjects approval was provided by the University of Alaska-Anchorage Institutional
Review Board (Protocol #1596177).

3. Results
3.1. Wildfire Smoke PM, ; Concentrations

Between 2008 and 2019, average daily PM, s concentrations in Anchorage, Fairbanks, and Matanuska-Susi-
tna Valley tended to be higher in the winter months compared to rest of the year (Table 1). During this
baseline period, these communities experienced 63, 44, and 47 WFDs, respectively, where the local PM, s
concentrations were greater than one standard deviation above the long-term mean and this could likely
be attributed to WFS. The majority of the WFDs occurred between 2015-2019 (43 WFDs in Anchorage, 26
WEFDs in Fairbanks, and 35 WFDs in Matanuska-Susitna) (Figure 2). In Anchorage and Matanuska-Susitna,
WFDs occurred between June and August, while in Fairbanks, these days were distributed between May
and September. The average daily PM, s concentrations on WFDs were 3 to 17 times higher than the concen-
trations on non-WFDs across the study regions (Table 1).

3.2. Cardiorespiratory Emergency Department Visits

Over 26,600 cardiorespiratory ED visits occurred during the study period, almost 80% of which were due
to respiratory outcomes (n = 21,263) (Table 2). The majority of cardiovascular ED visits were male patients
(58.0%), and slightly over half of the patients with respiratory concerns were female (54.2%). Almost half
of the cardiovascular visits can be attributed to those older than 65 years old (44.4%). Very few patients less
than 15 years old experienced ED visits for cardiovascular concerns (<1% of all cardiovascular ED visits);
however, 16.1% of the respiratory visits were made by this age group, primarily for asthma and bronchitis.
Almost one-fifth of respiratory ED visits were made by people older than 65 years old, primarily for COPD
and pneumonia. Of all ED visits due to respiratory outcomes, 29.2% were made by Alaska Native people; for
cardiovascular outcomes, only 18.2% of patients were Alaska Native.

HAHN ET AL.

50f 15



. Yeldd
ra\* 1 V)
ADVANCING EARTH
AND SPACE SCIENCE

GeoHealth 10.1029/2020GH000349

Table 1

Monthly Mean (SD) of PM2.5 During the 2008-2019 Wildfire Seasons as Measured by Epa Regulatory Monitors Maintained by the Alaska Department of

Environmental Conservation

Anchorage Fairbanks north star Matanuska-susitna
Non-WFD Non-WFD Non-WFD WFD
during study WFD during during study ~ WFD during during study during

Month Long-term period study period  Long-term period study period  Long-term period study period
January 8.48 (5.54) = = 23.21 (13.11) = = 13.44 (12.31) - -
February  6.68 (4.07) = = 19.74 (11.57) = = 10.10 (8.70) = =
March 5.17 (2.38) = = 10.90 (6.22) = = 6.54 (6.04) = =
April 4.69 (2.17) 4.17 (1.86) = 5.18 (2.49) 4.65 (2.51) = 3.70 (2.94) 3.04 (2.73) =
May 4.26 (3.69) 3.24 (1.45) = 4.22 (2.95) 3.50 (1.83) 10.99 (4.45)  3.99 (4.15) 2.88 (1.97) =
June 4.74 (3.99) 3.73(2.55) 17.00 (8.07)  8.36 (19.40) 4.93 (6.52) 84.13 (45.15)  3.40(3.54) 2.74 (2.12) 13.91 (5.05)
July 5.39 (4.93) 4.26 (2.08) 18.74 (9.09) 9.50 (24.17) 8.73(17.64) 98.33(61.97) 3.88(4.36) 3.04 (2.14) 13.04 (4.22)
August 4.89 (7.51) 4.24(2.40) 40.85(21.21)  4.28 (6.14) 3.01 (2.03) 17.80(8.71)  3.46 (4.61) 2.32(1.97) 19.75 (7.43)
September  3.48 (1.83) 3.83(2.06) = 4.33 (2.26) 3.73 (1.75) 13.37(1.95)  2.87(3.07) 2.56 (3.61) =
October  5.01(2.79) = = 9.55 (8.01) = = 6.37 (5.36) = =
November 7.90 (4.84) = = 17.19 (12.86) = = 13.11 (10.10) = =
December  8.64 (5.66) = = 20.04 (12.59) = = 13.18 (10.97) = =

3.3. Single Lag Models

In the single lag models, the strongest association between WFS PM, s and ED visits for cardiorespiratory
outcomes was observed for asthma. The largest association was at Lag 0 (OR = 1.13, 95% CI = 1.10, 1.16)
with elevated odds ratios for Lags 1-4 associated with a 10 pig/m’ increase in WES PM, 5 (Lag 1 OR = 1.07,
95% CI = 1.04, 1.10; Lag 2 OR = 1.06, 95% CI = 1.03, 1.10; Lag 3 OR = 1.08, 95% CI = 1.05, 1.11; Lag 4
OR = 1.05, 95% CI = 1.02, 1.08) (Figure 3). We also found an increased odds of ED visits due to ischemic
heart disease (Lag Day 2 OR =1.18, 95% CI = 1.04, 1.33). When ED visits were grouped into “all respiratory”
visits, we observed an association with same-day WFS PM, s (OR = 1.04, 95% CI = 1.02, 1.06).

Inverse effects for ED visits for two respiratory outcomes were also observed. There was a decreased odds of
pneumonia ED visits associated with WFS PM, 5 at Lag 0 (OR = 0.94, 95% CI = 0.89, 0.996). Bronchitis ED
visits were also observed to have an inverse association with WFS PM, s (Lag 2 OR = 0.94, 95% CI = 0.89,
0.997; Lag 5 OR = 0.94, 95% CI = 0.88, 0.996).

3.4. Distributed Lag Models

Similar to the single lag models, the distributed lag models suggest that the strongest relationship between
WEFS PM, s and cardiorespiratory outcomes exists for ED visits for asthma (Figure 4 and supporting infor-
mation). There were significantly increased odds of asthma ED visits associated with a 10 ug/m® increase
in WFS PM, s when controlling for the WFS PM, 5 during the 5 days preceding a patient encounter (Lag 0
OR =1.11,95% CI = 1.07, 1.14; Lag 1 OR = 1.04, 95% CI = 1.03, 1.05). We also observed an increased odds of
ED visits for “all respiratory” causes on the day of exposure to WFS PM, ;s (OR = 1.04, 95% CI = 1.02, 1.07).

Weak associations were found for COPD visits that had not been observed in the single lag models. There
was a decrease in ED visits for COPD at Lag 2 (OR = 0.96, 95% CI = 0.93, 0.998 and Lag 3 (OR = 0.97, 95%
CI = 0.93, 1.00), although the 95% confidence interval for the estimate for Lag 3 contained the null. We
also found an increased odds of visits for COPD 5 days after a WFD (OR = 1.04, 95% CI = 1.00, 1.09) when
controlling for WFS PM, s during the 5 days preceding a patient encounter, but the 95% confidence interval
for this estimate contained the null.

The inverse associations between WFS PM, s and bronchitis and pneumonia ED visits were consistent in the
adjusted results. Significant inverse associations were observed for pneumonia ED visits (Lag 0 OR = 0.93,
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Anchorage, Fairbanks, and Matanuska-Susitna regions between 2015 and 2019. Lines mark the long-term (2008-2019)
monthly average in each community and dots mark wildfire smoke days, as defined for this study.

95% CI =0.87,0.99; Lag 1 OR = 0.97,95% CI = 0.94, 0.99) and for bronchitis ED visits (Lag 4 OR = 0.98,95%
CI =0.95, 1.00), although the 95% confidence interval around the bronchitis risk estimate included the null.

Unlike the single day lag models, there were no significant associations between WFS PM, s and any of the
cardiovascular outcomes in the distributed lag models.

3.5. Stratified Analyses

Stratified analyses revealed significant differences in the association between WFS PM, s and a number of
cardiorespiratory outcomes by age, sex, race, and geographic location (supporting Tables).

3.5.1. Respiratory Outcomes

The strongest effects for asthma were observed on a WFD or the following day across all strata (Table S1).
Particularly on the day of exposure to WFS PM, s, there was an increased odds of asthma ED visits among
the 15-65 year old age group (OR = 1.12, 95% CI = 1.08, 1.16) and among people older than 65 years of
age (OR = 1.15,95% CI = 1.01, 1.31). Asthma-related ED visits were also more likely among Alaska Native
people (OR = 1.15,95% CI = 1.09, 1.23) compared to non-Alaska Native people (OR = 1.09, 95% CI = 1.05,
1.13), although the risk of ED admission for asthma was elevated in both groups. Asthma ED visits were
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’;‘er:zl:zzw of Cardiorespiratory Emergency Department (ED) Visits to Anchorage, Fairbanks, and Matanuska-Susitna Valley Area Hospitals Between 2015-2019
Sex Age Race®
Female Male <15years 15-65years >65 years Alaskan  Non-Alaskan
Diagnosis ICD-9-CM; ICD-10-CM codes All (n) (%) (%) (%) (%) (%) Native (%) Native (%)
Respiratory
Asthma 493; J45 6422 55.8 44.2 20.5 73.5 6 31.8 65.1
COPD 490-492, 494, 496; J40-J44, J47 4868 53.9 46.1 0.8 62.2 36.9 22.7 74.7
Pneumonia 480-486; J12-J18 4889 50.1 49.9 19 59.2 21.8 31.8 64.7
Bronchitis 466; J20-J22 5084 56.4 43.6 22.4 65.4 12.1 29.8 66.7
All respiratory 21263 54.2 45.8 16.1 65.7 18.2 29.2 67.6
Cardiovascular
Arrhythmia 427, 146-149 3256 42.3 57.7 1.4 57 41.6 15.2 80.4
Cerebrovascular 430-438; 160-163, 165-169, G45, 123 868 47.7 52.3 0 48.3 51.7 15.9 78.8
Ischemic 410-414; 120-122, 124-125 361 32.1 67.9 0.3 51.8 47.9 W7 77.3
Myocardial® 410; 121-122 141 31.2 68.8 0 61 39 22 68.8
Heart failure 428; 150 871 39.5 60.5 0.1 53.6 46.3 31.9 65
All cardiovascular 5356 42 58 0.9 54.7 44.4 18.2 77.4
Total 26619 51.7 48.3 13.1 63.5 23.5 27 69.6
Anchorage Fairbanks North Star Matanuska-Susitna
18279 4793 3547

“Percentages may add to less than 100%; hospitalizations with “unknown” race was excluded. "Myocardial diagnoses are a subset of ischemic diagnoses; hence,
myocardial primary diagnoses are not included in the total cardiovascular category.

also more likely in Anchorage (OR = 1.10, 95% CI = 1.05, 1.15) and Fairbanks (OR = 1.12, 95% CI = 1.07,
1.17) compared to the Matanuska-Susitna Valley where there was no association between WFS PM, 5 and
asthma ED visits on the day of exposure (OR = 1.00, 95% CI = 0.72, 1.37). There was also an elevated risk
of asthma ED visits among females (OR = 1.13, 95% CI = 1.08, 1.18) compared to males (OR = 1.08, 95%
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Figure 3. Unconstrained daily lag effects of a 10 ug/m? increase in wildfire smoke PM, 5 on likelihood of respiratory and cardiovascular hospitalizations.
Models adjusted for lagged temperature and relative humidity on the same day of lagged wildfire smoke exposure.
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Figure 4. Constrained distributed lag effects of a 10 ug/m” increase in wildfire smoke PM, 5 on likelihood of respiratory and cardiovascular hospitalizations.
Models adjusted for daily temperature and relative humidity lagged on the same day as wildfire smoke exposure.

CI = 1.03, 1.14) on the day of exposure to elevated PM, s from WFS. Two to four days after a WFD, the odds
of asthma ED visits decreased across most strata (Table S1). Results were similar when ED visits were
grouped into “all respiratory” visits (Table S5).

Stratified results for COPD show a weak inverse association between WFS PM, s and ED visits among 15-
65 year olds (OR = 0.95, 95% CI = 0.91, 1.00) and people living in Anchorage (OR = 0.95, 95% CI = 0.90,
0.998 2 days after exposure (Table S3), although the 95% confidence interval for the age strata included the
null. However, we found an increased odds of COPD ED visits 5 days after a WFD among 15-65 year olds
(OR = 1.06, 95% CI = 1.00, 1.12), people living in Anchorage (OR = 1.09, 95% CI = 1.02, 1.16), and Alaska
Natives people (OR = 1.09, 95% CI = 1.00, 1.17), although the 95% confidence interval for the age and race
strata included the null.

The strongest effect for bronchitis in the stratified analyses was an inverse association between WFS PM, s
and ED visits among residents of Matanuska-Susitna Valley 4 days after a WFD (OR = 0.65, 95% CI = 0.46,
0.92) (Table S2). Other inverse associations were observed among people less than 15 years of age (Lag 1
OR =0.93, 95% CI = 0.86, 0.999), 15-65 year olds (Lag 4 OR = 0.96, 95% CI = 0.93, 0.99; Lag 5 OR = 0.92,
95% CI = 0.84, 1.00), and females (Lag 4 OR = 0.96, 95% CI = 0.93, 0.999), but the 95% confidence interval
around the estimate for Lag 5 among 15-65 year olds included the null. Similarly, we found only weak
inverse associations between WFS PM, s and ED visits for pneumonia (Table S4). These associations were
most apparent among non-Alaska Native people and people living in Fairbanks within a day of exposure
to WES.

3.5.2. Cardiovascular Outcomes

Relative to the respiratory outcomes described above, the associations between WFS PM, s and ED visits
for individual cardiovascular outcomes were less apparent in the stratified analyses. There were no signifi-
cant associations for cerebrovascular (Table S7), ischemia (Table S9), or myocardial infarction-related (Ta-
ble S10) ED visits in the stratified analyses. There were increased odds of arrhythmia-related ED visits asso-
ciated with a 10 ug/m? increase in WFS PM, s among Alaska Native people (Lag 3 OR = 1.08, 95% CI = 1.00,
1.16; Lag 4 OR = 1.06, 95% CI = 1.02, 1.10), although the 95% confidence interval on Lag 3 included the
null (Table S6). There was a stronger association for Alaska Native people (Lag 5 OR = 1.13, 95% CI = 1.02,
1.25) and males (Lag 0 OR = 1.12, 95% CI = 1.01, 1.24) for heart failure-related ED visits (Table S8). When
all cardiovascular ED visits were grouped, we again observed increased risk among Alaska Native people
(Lag 4 OR: 1.04, 95% CI = 1.01, 1.07) (Table S11). Additionally, we found very strong associations among
residents living in the Matanuska-Susitna Valley that were not apparent in the unstratified models. On the
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day of exposure, there was a strong inverse association between WFS PM, s and ED visits for all cardiovas-
cular causes (OR = 0.70, 95% CI = 0.50, 0.98). However, 2-3 days later, we observed an increase in the risk
of cardiovascular ED visits within this population (Lag 2 OR = 1.29, 95% CI = 1.04, 1.60; Lag 3 OR = 1.29,
95% CI = 1.05, 1.60).

3.6. Sensitivity Analyses

When comparing the effect estimates from the single-day lag models using the one and two standard devi-
ation thresholds for defining WFDs, only one relationship (the association between WFS PM, 5 and myo-
cardial infarction ED visits on Lag 1) was found to be significantly different by at least 10%. Using the two
standard deviation cutoff, the association between WFS PM, s and myocardial infarction-related ED visits
was OR = 0.80 (95% CI = 0.46, 1.37). Using the one standard deviation cutoff, the OR = 0.94 (95% CI = 0.64,
1.38).

In our second sensitivity analysis to assess potential confounding by ozone, effect estimates and surround-
ing confidence intervals for daily ozone concentrations were extremely unstable. For this reason, we were
not able to determine if daily ozone concentrations are an important confounder of the relationship be-
tween WFS PM, s and cardiorespiratory ED visits, and this limitation is discussed below.

4. Discussion

Over half of the Alaskan population was exposed to 26-43 days of poor air quality due to WFS between 2015
and 2019. These elevated levels of WFS PM, s were positively associated with ED visits for a number of car-
diorespiratory health outcomes. In particular, a 10 ;.Lg/m3 increase in WFS PM, s was associated with up to
a 13% increase in the odds of an asthma-associated ED visit on the day of smoke exposure. This association
was still apparent after adjusting for exposure to WFS PM, 5 on the 5 days preceding a patient encounter. The
relationships between WFS PM, ;s and asthma varied by age, race, sex, and geography. Alaska Native people,
people over 15 years of age, females, and people living in Anchorage and Fairbanks were more likely to seek
emergency care for asthma during wildfire events. These ED visits were more likely to occur on the same
day as the exposure to elevated WFS PM, 5 concentrations; the odds of asthma-related ED visits decreased
2-3 days later across most of these population groups.

There were weaker and mixed associations between WFS PM, s and ED visits for other respiratory outcomes
such as COPD, bronchitis, and pneumonia. The strongest effect among these was for bronchitis, where we
observed a 35% decrease in the odds of ED visits in Matanuska-Susitna Valley 4 days after exposure to ele-
vated levels of WFS PM, s.

Although there were fewer associations between WFS PM, 5 and cardiovascular outcomes, there were no-
table disparities in risk for Alaska Native people. There were increased odds of ED visits for arrhythmia,
heart failure, and “all cardiovascular” causes among this population during wildfire events. There was also a
unique pattern in ED visits for cardiovascular causes in the Matanuska-Susitna Valley. While cardiovascular
ED visits among this population initially decreased on days with elevated WFS PM, 5, we observed a 30%
increase in the odds of cardiovascular ED visits 2-3 days later.

Our results are consistent with a growing literature on the respiratory health impacts of exposure to WFS,
which demonstrates associations with exacerbations of asthma and acute all-cause respiratory morbidity
(Cascio, 2018; Kondo et al., 2019; Liu et al., 2015; Reid, Brauer, et al., 2016; Reid & Maestas, 2019). Similarly,
the weak associations with respiratory tract infections are not unexpected based on similar studies in other
regions. Previous studies of WFS exposure and respiratory infections have sometimes grouped bronchi-
tis and pneumonia, while more recent studies have assessed these health outcomes independently (Reid
& Maestas, 2019). Many of the combined analyses found positive associations between WFS exposures
and respiratory infections (Delfino et al., 2009; Morgan et al., 2010; Rappold et al., 2011). However, only
a handful of recent studies assessing pneumonia independently found significant associations with WFS
(Hutchinson et al., 2018), and in one case, this finding was not consistent across exposure methods (Gan
et al., 2017). Few studies have found significant associations between WFS and bronchitis (Reid et al., 2019),
although Hutchinson et al. (2018) found an association for ED and outpatient visits but not for hospitali-
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zations. Similarly, there is not a consensus in the literature on the associations between WFS exposure and
COPD, nor is there a consistent pattern even among studies using similar exposure assessment methodolo-
gies and data sources for health endpoints (Reid & Maestas, 2019).

There is mixed evidence on the relationship between WFS exposure and cardiovascular morbidity (Casc-
io, 2018; Reid, Brauer, et al., 2016). Although some of this discrepancy may be due to the variety of exposure
assessment methods and sources of health data, these inconsistencies are apparent even among studies
that utilized emergency department visits to measure cardiovascular outcomes. In a comparison of coun-
ties exposed to a spike in PM, 5 from a peat bog wildfire to nearby counties that were unexposed, Rappold
et al. (2011) found an increased risk for heart failure, but not for myocardial infarction or cardiac dysrhyth-
mias. In a case-crossover study of daily smoke exposures in Sydney, Australia over more than a decade,
Johnston et al. (2014) found significant associations between a smoke day and emergency department visits
for ischemic heart disease among people >65 years of age and for cardiac failure among 15-64 year olds on
specific lag days, but no associations for cerebrovascular outcomes or grouped cardiovascular events. They
also found an inverse association with arrhythmias but concluded that this was likely a spurious result.
Haikerwal et al. (2015) focused on cardiovascular outcomes after a two-month period of intense wildfires in
Victoria, Australia. They found an increased risk of ED visits for ischemic heart disease, but no association
for acute myocardial infarction or angina.

Only a small number of studies have explored how these cardiorespiratory health impacts change across de-
mographic groups, and of those that have, results are inconsistent (Alman et al., 2016; Hanigan et al., 2008;
Liu, Wilson, Mickley, Ebisu et al., 2017; Reid, Jerrett, et al., 2016; Wettstein et al., 2018). While some found
the strongest associations between smoke and cardiovascular or respiratory outcomes among those 65 years
and older (Alman et al., 2016; Wettstein et al., 2018), others have found that individuals aged 20-64 had a
higher risk of COPD-related morbidity, and still others found that youth were at highest risk of respiratory
and other chest symptoms compared to other age groups (Tinling et al., 2016). Gan et al. (2017) found that
the effect of age (and sex) depended on the WFS exposure estimation method. In comparisons of sex, some
found stronger associations for asthma and hypertension (Reid, Jerrett, et al., 2016), respiratory illness (Liu,
Wilson, Mickley, Ebisu et al., 2017), or pneumonia, acute bronchitis, and upper respiratory infections (Rap-
pold et al., 2011) among women, while others found either no association (Tinling et al., 2016; Wettstein
et al., 2018) or elevated risk of COPD-related morbidity (Rappold et al., 2011) and reduced lung capacity
(Kim et al., 2017) among men. The few studies that have assessed the impact of socioeconomic status or
income on cardiorespiratory health outcomes during wildfires have found marginal to no effect (Liu, Wil-
son, Mickley, Ebisu et al., 2017; Rappold et al., 2012; Reid, Jerrett, et al., 2016). Race has not been rigor-
ously examined in this context. There is some evidence of increased risk of hospitalization for respiratory
illness associated with WFS among African-Americans in the western U.S. (Liu, Wilson, Mickley, Ebisu
et al., 2017), and among Indigenous people in Australia (Hanigan et al., 2008). A recent modeling study
found that because of their geographic distribution in areas of high WFS concentration in Interior Alaska,
African-Americans and Alaskan Athabascans may be more likely to be exposed (Woo et al., 2020).

This is the first study to show an increased risk of adverse health outcomes associated with WFS among
Alaska Native people. In particular, the associations with arrhythmia, heart failure, and “all cardiovascu-
lar” causes are likely due to underlying disparities in heart disease in this population. The heart disease
mortality rate among Alaska Native people is 1.6 times the rate of the general Alaskan population (Alas-
ka Native = 218.6/100,000; All Alaskans = 133.4/100,000) and 1.3 times the rate of the U.S. population
(165/100,000) (AK BRFSS, 2017). The increased risk of asthma ED visits among Alaska Native people found
in this study may be due to a similar disparity in underlying asthma prevalence (AK BRFSS, 2018). It may
also be related to increased personal exposure due to differences in the amount of time spent outside or use
of home modifications to prevent exposure to WFS indoors.

For three of the health effects assessed here (asthma, bronchitis, and all cardiovascular outcomes), we found
either no association (asthma), a negative association (bronchitis), or evidence of a delayed association (all
cardiovascular outcomes) during wildfire events in the Matanuska-Susitna Valley. Of the three population
centers, the Matanuska-Susitna Valley is the most remote, and many people in this area live on rural proper-
ties off-the-grid, further from health care facilities. It is possible that residents in this rural region may avoid
or delay seeking healthcare during wildfires due to the relative hassle or choice to “wait it out.” In contrast,
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our results show that people living in the more urban centers of Anchorage and Fairbanks are more likely
to present at the ED with asthma exacerbations within 1-2 days of exposure to WFS PM, 5. Others have
noted disparities in travel time as an important indicator of healthcare access among rural populations in
the U.S. and Canada, particularly in the context of rapid care for acute cardiovascular morbidity (Pedigo &
Odoi, 2010; Scott et al., 1998).

This study has a number of limitations. Ozone data were only available for one of the population centers
in our study, and they were not sufficient to assess confounding. Although there is a large literature on the
adverse health effects of exposure to ambient ozone (Chen et al., 2007; Mirowsky et al., 2017; Thurston &
Ito, 2001), there are very few studies that have examined the health effects of ozone from wildfires (Azevedo
et al., 2011; Reid et al., 2019; Tham et al., 2009). Reid et al. (2019) modeled daily 24-h average exposures to
PM, s and 8-h maximum ozone concentrations during the 2008 Northern California wildfires and ran single
and multipollutant models for a number of respiratory health outcomes. They found that ozone was not sig-
nificantly associated with any respiratory hospitalizations but that asthma and “all respiratory” hospitaliza-
tions were associated with PM, s after adjusting for ozone. Although there is currently not clear evidence of
an association between exposure to wildfire-related ozone and adverse health effects, future studies should
continue to incorporate this pollutant to help build our understanding of its potential role in the observed
health effects during these events.

One of the primary challenges in WFS exposure assessments is distinguishing the PM,;s originating
from WFS from ambient PM, 5 originating from all other sources, including mobile sources, industry, or
wood-burning stoves (Kaulfus et al., 2017; O'Dell et al., 2019). Here we used data from ground-based mon-
itors, which likely provides the most realistic assessment of ground-level exposures to PM, 5. Our method-
ology for distinguishing WFS PM, s from ambient PM, s relied on a subjective threshold of PM, 5 concentra-
tions greater than one standard deviation above the long-term mean concentration. Although we tested an
additional threshold and found that the use of one threshold or the other did not substantially affect our
results, it is possible that we are misclassifying some of the exposure to PM, s originating from WFS when it
could be from other PM, 5 sources.

Although the adverse health impacts of chronic exposure to poor air quality are well-documented (Eftim
et al., 2008), little is known about the impact of seasonal exposures on increasing sensitivity to air pollution.
Recent work in Montana has shown that PM, 5 exposure during the wildfire season is associated with in-
creased influenza the following winter (Landguth et al., 2020). Fairbanks, Alaska has been designated as a
nonattainment area based on the 24-h PM, s National Ambient Air Quality Standard, in part due to a high
prevalence of wood-burning stoves and wintertime atmospheric inversions in the region (Ye & Wang, 2020).
Future work could assess the impact of wintertime exposures on sensitivity to WFS PM, 5 the following
summer.

This study focused on major population centers in Alaska where air quality data were available from
ground-based regulatory monitors. Future studies exploring the health impacts of WFS in rural Alaskan
communities could use modeled or satellite-based estimates of WFS exposure. Our results can be used to
target public health interventions to prevent WFS-related health issues. For example, public health efforts
could include: 1) testing the EPA SmokeSense phone application (Rappold et al., 2019) among people with
asthma in different age and cultural groups, 2) tracking the concentration of WFS PM, 5 in addition to total
PM,;, 3) strengthening public health recommendations about avoiding outdoor sports games or practice
when WFS PM, s concentration is elevated, and 4) disseminating information to health care providers about
discussing patient preparedness plans for dealing with WFS, particularly among patients with chronic car-
diorespiratory diseases. Additional qualitative studies that include participants across a broad age range,
cultural groups, underlying chronic medical conditions, and geographies can help elucidate care-seeking
behavior during wildfire events.

5. Conclusions

This is the first epidemiologic assessment of the association between WFS and cardiorespiratory health in
Alaska. We found significant effects for asthma, particularly among Alaska Native people, people >15 years
of age, females, and people living in Anchorage and Fairbanks on the day of exposure to elevated levels of
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WFES. There were weaker associations between WFS and COPD, bronchitis, and pneumonia. We observed
a higher risk of adverse cardiovascular outcomes among Alaska Native people, compared to non-Alaska
Native people. People living in a more rural region (Matanuska-Susitna Valley) had a lower odds of visiting
the ED for both respiratory and cardiovascular issues compared to those living in the more urban popula-
tion centers of Anchorage and Fairbanks. As the frequency and magnitude of wildfires continue to increase
in Alaska due to climate change, understanding the health impacts of these events will be imperative. Our
findings suggest that, even in relatively small communities compared to many western U.S. cities affected
by recurring wildfires, smoke from long-burning fires can cause substantial morbidity. This may have im-
plications for decisions around prescribed burns or minimized suppression efforts to reduce fuel loads. A
nuanced understanding of the effects of WFS exposure on specific demographic and geographic groups
facilitates data-driven public health interventions and fire management protocols that account for these
adverse health effects.
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