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BACKGROUND: The impact of short-term exposure to fine particulate matter with a diameter <2.5um (PM, ;) due to wildland fire
smoke on the risk of cardiovascular disease (CVD) remains unclear. We investigated the association between short-term expo-
sure to wildfire smoke PM,, ; and emergency department visits for acute CVD in the western United States from 2007 to 2018.

METHODS: We analyzed 49759958 emergency department visits for primary or secondary diagnoses of atrial fibrillation (AF),
acute myocardial infarction, heart failure, stroke, and total CVD across 5 states. Daily smoke, nonsmoke, and total PM, ¢
were estimated using a 1-km resolution satellite-driven multistage model and were aggregated to the zip code level. A case-
crossover study design was used, adjusting for temperature, relative humidity, and day of the year.

RESULTS: The mean smoke PM, , was 1.27 (interquartile range, 0-1.29)ug/m?. A 10-ug/m? increase in smoke PM, , was as-
sociated with a minuscule decreased risk for AF (odds ratio, 0.994 [95% ClI, 0.991-0.997]), heart failure (odds ratio, 0.995
[95% CI, 0.992-0.998]), and CVD (odds ratio, 0.997 [95% CI, 0.996-0.998]) but not for acute myocardial infarction and
stroke. Adjusting for nonsmoke PM, . did not alter these associations. A 10-ug/m? increase in total PM, . was linked to a small
increased risk for all outcomes except stroke (odds ratio for CVD, 1.006 [95% ClI, 1.006—1.007]). Associations were similar
across sex and age groups.

CONCLUSIONS: Short-term wildfire smoke PM,, ; exposure was unexpectedly associated with a slightly lower risk of CVD emer-
gency department visits. Whether these findings are due to methodological issues, behavioral changes, or other factors
requires further investigation.
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cent decades has raised alarms about the role
of climate change.! The repercussions of climate
change include exacerbating fire frequency and en-
dangering human livelihoods, ecosystems, and public
health." Coupled with warming and drought climatic
conditions, severe fire events can catalyze vegetation

The surge in wildfire occurrences globally in re-

changes, implicating rapid ecosystem shifts and re-
ductions in valued resources."*® In the United States,
the wildfire-burned area has increased =4-fold over the
past 4 decades, and the trend is expected to continue
as a result of climate warming, earlier spring, and other
factors.® The western United States, an area prone to
wildfire disasters, often faces consecutive years marked
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RESEARCH PERSPECTIVE

What Is New?

e Qur study found a small decrease in cardiovas-
cular disease emergency department visit risk
associated with short-term exposure to wildfire
smoke fine particulate matter with a diameter
<2.5um (PM, ), using >49 million cardiovascu-
lar disease emergency department visit records
and high-resolution satellite-based PM,  data.

e A consistent risk increase was observed with
total PM, 5 exposure, suggesting that smoke-
related PM,, may have different temporal
dynamics.

What Question Should Be Addressed

Next?

e Future research focusing on short-term wild-
fire smoke PM,; exposure on cardiovascular
disease emergency department visit should
consider behavioral factors and copollutant in-
fluences and adopt prospective study designs.

Nonstandard Abbreviations and Acronyms

PM particulate matter
PM,; fine particulate matter with a diameter
<2.5um

by both drought and heightened fire weather.” Since
1986, the frequency of large wildfires in the western
United States has increased 4-fold, and the total area
burned has expanded to 6.5 times the average levels
recorded between 1970 and 1986.8 Smoke from wild-
fires significantly contributes to fine particulate matter
in the atmosphere, a form of air pollution consisting
of particles with a diameter of <2.5 um (PM, 5).%'° The
contribution of wildfire smoke to PM, 5 concentrations
across the United States has increased since the mid-
2000s, now representing up to half of the total PM, 5 in
western regions, a stark increase from <20% around
2015.5" Additionally, smoke influences the trends in
extreme PM, ¢ days in western and midwestern states.
Evidence shows that since 2012, the rise in the num-
ber of days above 35 ug/m? of PM, ¢ would have been
lower without wildfire smoke, and the days surpass-
ing 35ug/m® of PM, . would not have exceeded the
threshold absent wildfire smoke on that day.”
Long-term exposure to ambient PM, ; is linked with
several adverse cardiometabolic health outcomes
and cardiopulmonary disease, including increased
blood glucose, endothelial dysfunction, incident
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cardiovascular disease (CVD) events, chronic obstruc-
tive pulmonary disease, pneumonia, and all-cause
death.’>'® Recognized as a substantial contributor to
ambient PM, . levels, wildfire smoke has been identified
as a potential environmental risk factor for CVD, which
includes a range of heart and blood vessel disorders
and stroke.'®'®-19 Between 2017 and 2020, nearly 10%
of US adults, totaling 28.6 million individuals, experi-
enced some form of CVD, including coronary artery
disease, heart failure (HF), and stroke.?® Moreover,
CVD complications significantly compound the bur-
den for both individuals and the health care system
worldwide. CVD can exacerbate or increase the risk
of other chronic conditions, such as diabetes, kidney
disease, and functional decline, further impairing the
quality of life and potentially leading to early death.?°
Globally, CVD is the primary cause of death, responsi-
ble for 19.9 million (95% uncertainty interval, 18.4-21.2)
deaths in 2021 with 13.3% of these cardiovascular
deaths attributable to ambient PM, . exposure.?%2! In
the United States, among the Medicare enrollees, a
10ug/m? increase in exposure to a 12-month moving
average PM, ; was associated with 1.56-fold (95% ClI,
1.565-1.57) increase in cardiovascular death.™
Previous literature has documented the potential
pathophysiologic mechanisms through which wildfire
smoke can contribute to CVD. Inhaled particulate mat-
ter (PM) that accumulates in the alveoli may be a trigger
of a series of adverse reactions that lead to CVDs, in-
cluding inflammation, oxidative stress, thrombosis and
coagulation, and vascular dysfunction.??=?* Individual
susceptibility conditions and concomitant existing
air copollutants, such as preexisting coronary artery
disease and ozone, could worsen these effects.?>2
Numerous epidemiological studies have investigated
the cardiovascular effects of wildfire smoke. However,
the transient nature of wildfire events introduces chal-
lenges in defining the exposure time window and en-
suring consistency in the measurement of PM during
wildfire events. There are discrepancies in whether
the acute PM exposure should be based on 3-day
averages or 1-hour daily peak averages, and whether
chronic PM exposure should be quantified using an-
nual averages or extreme daily wildfire PM. Although
certain past studies have indicated that wildfire smoke
PM, ¢ increased CVD morbidity and death, these asso-
ciations have not been consistent across regions, pop-
ulations, and periods, partially due to different wildfire
smoke PM, . concentration measures.?®?” Measuring
smoke PM, ; have challenges, including limited spa-
tial monitoring coverage, aerosol optical depth data
availability, model performance in extreme concentra-
tions, temporal and spatial variability, and so on. In a
global time series study in 749 locations, short-term
wildfire smoke PM, ¢ did not have a substantial impact
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on cardiovascular death in the United States (relative
risk, 1.014 [95% ClI, 0.998-1.031]), while wildfire-related
PM, . was associated with a higher risk of cardiovas-
cular death in the pooled result of all the areas.?®

Therefore, we aim to add to the evidence by ex-
ploring the association between exposure to short-
term wildfire smoke PM, ; exposure and emergency
department (ED) visits for CVD in the western United
States from 2007 to 2018, using satellite-driven expo-
sure measures.

METHODS

In accordance with the agreement with each state,
the ED visit data are prohibited from sharing to pro-
tect health information. The Daymet daily 1-km mete-
orological data are available in the Oak Ridge National
Laboratory data archive (https:/doi.org/10.3334/
ORNLDAAC/2129). The zip code-level wildfire smoke
PM, 5 data are available on Figshare (https:/doi.org/10.
6084/m9.figshare.25016510).

ED Visit Data

ED visits for CVDs in 5 western US states were ob-
tained from hospital associations or state health de-
partments. The states and corresponding data ranges
are California (2007-2018), Arizona (2010-2018),
Nevada (2009-2016), Oregon (2014-2018), and Utah
(2007-2016). An ED visit was classified as either outpa-
tient or inpatient care directly from the ED. The ED visit
record contains service date, age in years, sex, race,
zip code, and International Classification of Diseases
(ICD) diagnosis codes. Visits before October 1, 2015,
used ICD, Ninth Revision (ICD-9) and visits afterward
used ICD, Tenth Revision (ICD-10). The CVDs of inter-
est in this study were acute myocardial infarction (AMI);
stroke; HF; atrial fibrillation (AF); and total CVD, which
was defined as total circulatory disease. We included
both the primary and secondary diagnoses of CVDs.
The ICD codes used for identification were AMI (/CD-
9: 410; ICD-10: 121, 122), stroke (ICD-9: 430, 431, 434,
436; ICD-10: 160, 161, 162), HF (ICD-9: 428; ICD-10:
150), AF (ICD-9: 427.3x; ICD-10: 148), and total circula-
tory diseases (ICD-9: 390-459; ICD-10: 100-199). This
study received approval from the Institutional Review
Board at Emory University (STUDY00004823), which
also granted an exemption from informed consent
requirements due to the impracticability of obtaining
consent from each individual patient and the minimal
risk associated with the study.

Exposure Measures
Daily wildfire smoke PM, ; was estimated using a multi-
stage, chemical transport modeling-based framework
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at a high spatial resolution of 1km. This model incor-
porates advanced air quality PM, ; simulations, vari-
ous satellite remote sensing products, meteorological
analyses, land use information, and comprehensive
ground-level observations. The total PM, ; model was
developed using data from areas impacted by wildfire
smoke, while the background PM, ; model was based
on data from areas without wildfire smoke. Both mod-
els were applied to predict PM, ; concentrations in var-
ious scenarios. The difference between total PM, . and
background PM, . was calculated to isolate the PM, .
contribution from wildfire smoke. Detailed modeling
system information has been published elsewhere.?®
The wildfire smoke, total, and nonsmoke PM, ; data
were further aggregated to the patients’ zip code level
of each day. For all ED records in Nevada, the aggre-
gation was performed by matching the first 4 digits of
the zip codes due to the unavailability of the full zip
codes in this state. Additionally, the contribution of
smoke PM, . to total PM, ; were modeled in sensitivity
analysis.

Covariates

In this study, relative humidity, average temperature,
and day of year were accounted for as confounding
variables. Daily average temperature was calculated
by averaging the minimum and maximum tempera-
tures, and daily relative humidity was estimated using
the Magnus formula.?® Daymet data on daily minimum
and maximum temperatures in degrees Celsius and
vapor pressure in pascals, with a resolution of 1km
from 2007 to 2018, were sourced from the Oak Ridge
National Laboratory Distributed Active Archive Center
for Biogeochemical Dynamics.®' The Daymet mete-
orological data were also aggregated to each patient’s
zip code level each day.

Statistical Analysis

We used a case-crossover study design to investigate
the associations between short-term smoke PM, 5 ex-
posure and ED visits for CVD in the western United
States.® The time-stratified approach was used in the
control selection: Each ED visit (case) was matched
with up to 4 nonevent days based on the day of the
week in the same calendar month.®33* Because the
selection of possible control dates that form a stratum
do not depend on the event date, the time-stratified
approach is not subject to bias resulting from the time
trend.®* Additionally, stable characteristics at the indi-
vidual level (eg, sex, age, socioeconomic status) are
automatically controlled for in the control selection
phase. We then performed conditional logistic regres-
sion to estimate the associations between smoke
PM, 5 and total PM, ¢ with CVD ED visits. We adjusted
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for nonsmoke PM, . in the model examining the effect
of smoke PM, . because wildfire smoke PM, . can in-
teract with ambient air pollutants. The model specifica-
tions are shown below:

logit(Pep) = By + B1Smoke PM, 5 +ns(RH)+ns(temp)
+ns(doy)

logit(Pep) = Bo + B125moke PMy 5 + B1,non_smoke PMs 5
+ns(RH)+ns(temp) +ns(doy)

logit(Pep) = B + B total PMy 5 +ns(RH) +ns(temp)
+ns(doy)

Pep represents the probability of occurrence of the ED
visits for CVD events. For the primary analyses, the
outcomes were any primary and secondary diagno-
sis of the ED visits for CVD events. Relative humidity
(RH), average temperature (temp), and day of the year
(doy) were modeled using natural splines (ns). The de-
grees of freedom for the ns function were 3. For wildfire
smoke, nonsmoke, and total PM, ; concentrations and
covariates, we used 1-, 2-, and 3-day averages leading
up to and including the day of the ED visit. For sensitiv-
ity analysis, we conducted the following: (1) stratified
the study population by sex (male and female) and age
(<65years and >6B5years); (2) examined the effect of
the ratio of Ta#r= and tested an interaction between
the ratio and total PM, - as following:

smoke PM, g

logit(Pep) = Bo+ B1a +ns(RH)+ns(temp)

total PM g
smoke PM g

TSN+ Bio =P, -

* total IDM2'5;

(3) estimated the associations between smoke PM, 4
and total PM, ; with primary CVD ED visits; (4) examined
the impact of 7-day average wildfire smoke, nonsmoke,
and total PM, 5 concentrations leading up to and includ-
ing the day of the ED visit. The ratio 22225 sgrves as
an indicator of the relative contribution of wildfire smoke
PM, ; to overall PM, ; on a given day. By examining the
relationship between the ratio of smoke PM, 5 to total
PM, . and CVD ED visits, we aimed to assess whether
the relative dominance of smoke PM, 5, as opposed to
background PM, ., has a differential impact on health
outcomes given the same level of total PM, 5 exposure.
Odds ratios (ORs) and their corresponding 95% Cls were
reported. All the analyses were conducted in R 4.2.2
(2022-10-31; available at: https://cran.r-project.org/bin/
windows/base/old/4.2.2/).
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RESULTS

In total, 49759958 ED visits with a primary or sec-
ondary CVD diagnosis were available. Among those,
6808839 (14%) were visits for AFs, 1222053 (2%)
were visits for AMIs, 7 194 474 (14%) were visits for HFs,
and 808396 (2%) were visits for strokes. The average
age at the time of the visit was 64+17.4years, and 61%
of the patients were women. Table 1 shows the char-
acteristics of those who were included in this study
with ED visits for primary or secondary diagnoses of
CVD. Over the study period from January 1, 2007, to
December 31, 2018, the average wildfire smoke, non-
smoke, and total PM, ; were 1.11 (interquartile range,
1.29) ug/m8, 7.64 (interquartile range, 5.15) ug/m?3, and
8.77 (interquartile range, 5.77) ug/m?3, respectively. The
distributions of smoke PM, 5, total PM, 5, nonsmoke
PM, ., and the ratio of smoke PM, 5 and total PM, .
over the study period are shown in the Figure.

Wildfire Smoke PM, ; and CVD ED Visits
in the Western US

During the study period, 10ug/m® higher smoke
PM, . on the day of the ED visit was associated with
a small decrease in the risk of ED visits for AF (OR,
0.994 [95% ClI, 0.991-0.997]), HF (OR, 0.995 [95% ClI,
0.992-0.998]), and CVD (OR, 0.997 [95% ClI, 0.996—
0.998]). However, there was no association observed
with AMI and stroke. The same results were found be-
tween 2-day and 3-day moving average smoke PM, ¢

Table 1. Characteristics of Subjects With Primary or
Secondary Diagnosis of Total CVD (N=49759958)

Statistics
Age, y 64+17.4
Female sex 30095611 (60.5)
Race
White 39128609 (78.6)
Black 6685553 (13.4)
American Indian 467695 (0.9)
or Alaska Native
Asian/Pacific 3964921 (8.0)
Islander
Other race 800727 (1.6)
Cardiovascular Primary or secondary Primary diagnosis
outcomes diagnosis
AF 6808839 (13.7) 867623 (9.6)
AMI 12220583 (2.5) 786445 (8.7)
HF 7194474 (14.5) 1172596 (13.0)
Stroke 808396 (1.6) 635225 (7.0)
Total CVD 49759958 (100) 9022749 (100)

Data are shown as mean+SD or n (%). Percentages of race do not add up
to 100% due to missing data and overlapping categories. AF indicates atrial
fibrillation; AMI, acute myocardial infarction; CVD, cardiovascular disease;
and HF, heart failure.
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Figure. Histograms of smoke PM, ; within 15ug/m® and the frequency within 150000 (A), total PM, ; (B), nonsmoke PM, ; (C),

log (smoke PM, ;+1) (D), and the ratio of smoke PM, ;/total PM, . (E).
Period: January 1, 2007, to December 31, 2018. PM, ; indicates fine particulate matter with a diameter <2.5um.

and each outcome (Table 2). Further adjusting for non-
smoke PM, s in the model did not change the asso-
ciations substantively for all cardiovascular outcomes.
Total PM, s was associated with an increased risk of
ED visits for CVDs. A 10pug/m?® higher total PM, 5 on
the day was associated with a slightly increased risk
of ED visits for AF (OR, 1.005 [95% CI, 1.004-1.007]),
AMI (OR, 1.010 [95% ClI, 1.006-1.015]), HF (OR, 1.008
[95% CI, 1.006-1.010]), and CVD (OR, 1.006 [95% Cl,
1.006-1.007]), but not for stroke (OR, 1.001 [95% ClI,

0.994-1.007]). Similar associations were observed with
the 2-day and 3-day moving average total PM, ; across
all cardiovascular outcomes (Table 2).

Stratified Analysis

The analysis stratified by age (<65 and >65years) pro-
vided similar results to the main analysis. In both age
groups, an increased 1-, 2-, and 3-day smoke resulted
in a slight decrease in the risk or no risk change of

Table 2. Effect of 1-, 2-, and 3-Day Smoke PM, ; and Total PM, ; on CVD ED Visits

AF AMI HF Stroke CVvD
Smoke PM, ¢
Not adjusting for nonsmoke
1-d 0.994 (0.991-0.997) 0.999 (0.992-1.006) 0.995 (0.992-0.998) 0.996 (0.985-1.008) 0.997 (0.996-0.998)
2-d | 0.992 (0.989-0.995) 0.997 (0.990-1.005) 0.994 (0.991-0.997) 0.996 (0.984-1.008) 0.996 (0.993-0.999)
3-d | 0.992 (0.989-0.995) 0.998 (0.990-1.006) 0.994 (0.991-0.997) 0.993 (0.980-1.006) 0.996 (0.995-0.997)
Adjusting for nonsmoke PM, g
1-d 0.991 (0.988-0.994) 0.997 (0.989-1.004) 0.992 (0.989-0.995) 0.996 (0.985-1.007) 0.995 (0.994-0.996)
2-d | 0.989(0.986-0.992) 0.994 (0.987-1.002) 0.990 (0.987-0.998) 0.996 (0.984-1.008) 0.994 (0.993-0.995)
3-d | 0.989(0.986-0.992) 0.994 (0.986-1.002) 0.990 (0.987-0.993) 0.993 (0.980-1.006) 0.998 (0.992-0.995)
Total PM, 5
1-d 1.005 (1.004-1.007) 1.010 (1.006-1.015) 1.008 (1.006-1.010) 1.001 (0.994-1.007) 1.006 (1.006-1.007)
2-d 1.005 (1.003-1.007) 1.010 (1.005-1.010) 1.008 (1.006-1.010) 0.999 (0.991-1.006) 1.006 (1.005-1.007)
3-d 1.005 (1.003-1.007) 1.010 (1.005-1.016) 1.008 (1.006-1.010) 0.995 (0.988-1.003) 1.006 (1.005-1.007)

Odds ratios and 95% Cls are presented. AF indicates atrial fibrillation; AMI, acute myocardial infarction; CVD, cardiovascular disease; ED, emergency
department; HF, heart failure; OR, odds ratio; and PM, ¢, fine particulate matter with a diameter <2.5um. ORs correspond to every 10ug/m? increase in PM,, ;.
All the models were adjusted for daily relative humidity, average temperature, and day of the year. Exposure and covariates were modeled as the value on the
day of ED visit, and 2- and 3-d moving averages leading up to and including the day of the ED visit.
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all cardiovascular outcomes. Adjusting for nonsmoke
PM, . in addition did not change the results signifi-
cantly. Higher 1-, 2-, and 3-day total PM,  were associ-
ated with higher risks of ED visits for all cardiovascular
outcomes (Table S1). Sex minimally modified the as-
sociation between smoke PM, , and HF, but not for
AF, AMI, stroke, and CVD. Similar to the results in the
total population, higher total PM, 5 was associated with
a marginally elevated risk of ED visits for all cardiovas-
cular outcomes except stroke among both men and
women (Table S2).

Ratio of Smoke PM, . and Total PM, . With
CVD ED Visits

In the model where the ratio of smoke PM, ; to total
PM, s was modeled as a continuous variable, a 10%
increase in the ratio was related to a slightly lower risk
of ED visits for AF (1-day OR, 0.998 [95% CI, 0.997-
0.997]), HF (1-day OR, 0.997 [95% ClI, 0.996-0.998)),
and CVD (1-day OR, 0.999 [95% CI, 0.998-0.999]). No
significant association was found between the ratio
and the risk of ED visits for AMI and stroke. The quar-
tiles of the ratio were not consistently associated with
any of the outcomes across models using different
days of exposure (Table S3).

Wildfire Smoke PM, ; and Primary CVD
ED Visits

A 10-pg/m?® higher smoke PM, . in the model of 1-,
2-, and 3-day averages was associated with slightly
lower risks of HF and total CVD but not with the risks
of AF, AMI, and stroke consistently. Further adjusting
for nonsmoke did not modify the results. Increases
in total PM, ¢ were associated with higher odds of all
the primary cardiovascular end points, although sta-
tistical significance was observed only for total CVD
(Table S4).

Seven-Day Wildfire Smoke PM, ;. and CVD
ED Visits

Consistent results were observed between 7-day
moving average smoke PM, ; and cardiovascular out-
comes, aligning with the findings from the 1-, 2-, and
3-day windows. Further adjusting for nonsmoke PM, g
did not change the association. Increased total PM, g
was associated with higher odds of all the outcomes
except for stroke, for which slightly decreased odds
were observed (OR, 0.987 [95% CI, 0.978-0.997];
Table S5).

DISCUSSION

This study explored the association between short-
term PM, . from wildland fires and ED visits for CVDs
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in 5 states in the western United States from 2007 to
2018. With a large sample size of >49 million, we were
able to detect very small effect sizes. Consistent with
prior research, total PM, ; was associated with an in-
creased risk of ED visits for CVD.'*3% Unexpectedly,
though, we found small but statistically significant re-
ductions in risk of ED visits for CVD associated with
higher exposure to smoke PM, .. The results were not
substantially different across different sex and age
(<65 and >65years) groups.

Current evidence from epidemiological or environ-
mental exposure studies regarding the links between
short-term smoke PM, . and CVDs is inconsistent but
in general does not support increased risk of CVD
with greater short-term exposure to smoke PM, .. A
recent review of the impact of wildfires on cardiovas-
cular health highlighted that the existing evidence link-
ing CVD with PM, . and other air pollutants is mixed.*®
In a US study from 2008 to 2010, increases in PM, .
in days with wildfire smoke exposure (smoke days)
were similarly associated with all-cause cardiovascu-
lar hospitalizations as similar increases in non-wildfire
smoke days.®” A similar study in Colorado reported
null results regarding the link between smoke PM, .
and any CVD (OR, 0.998 [95% CI, 0.984-1.011]) or
specific types of CVD including AMI, HF, dysrhythmia,
ischemic heart disease, and peripheral or cerebrovas-
cular disease, with small effect sizes.?” In a study in-
vestigating source-apportioned PM, . and ED visits for
CVD in Atlanta, Georgia, biomass burning PM, . with
lag O did not present a significant effect on the risk
of CVD ED visits; total ambient PM, ¢ with lag O was
not associated with most cardiovascular outcomes
except for ischemic stroke.®® During the wildfire pe-
riod in Canada, no increased risk of physician visits
for CVD was observed related to an elevated 2-day
PM, ., but in the post-wildfire period, an increased
risk of physician visits for HF (11% [95% Cl, 3%—-21%)])
and ischemic heart disease (19% [95% Cl, 7%—-33%])
among seniors was found.'” It has been reported that
the wildfire-related PM, . in California from 2015 to
2017 was unfavorably associated with a higher risk
of out-of-hospital cardiac arrest across multiple lag
days (2-day OR, 1.7 [95% ClI, 1.18-2.13]).%° A study in
204 US counties found short-term exposure to ambi-
ent PM, ; to be associated with an increased risk of
CVD hospital admission rates without statistical signif-
icance.“® However, the measurements of PM, . were in
3 density categories, which reduced statistical power
and precision. It is important to note that the cardio-
vascular associations with PM, o vary depending on
the duration of exposure (short term versus long term),
the source of PM, 5, and the air pollution regulations
in the area where PM, . levels are high. Furthermore,
different study designs, air quality measurements and
monitoring, lack of long-term follow-up, and neglect
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of gaseous species and other hazardous pollutants
also contribute to the controversial findings between
smoke PM, . and CVD ED visits.

Several factors may explain the lack of increased
CVD risk associated with short-term exposure to
smoke PM, .. First, the impact of smoke PM, . within
a short window of exposure might be too subtle to
affect acute ED visits for CVD compared with ambient
PM, .. While fire smoke is becoming a major contrib-
utor of PM, ; pollution in the United States, the esti-
mated contribution was up to 25% of total PM, ¢ in the
contiguous United States,'? and the long-term effect
of wildfire smoke PM, . on CVD might be limited com-
pared with ambient PM, ..*' Smoke plumes are often
localized and episodic, causing significant variations
in PM, - levels in short durations, while nonsmoke
PM, . is more widespread and persistent. The sta-
ble temporal and spatial patterns of nonsmoke PM, .
might have led to a broader and consistent population
impact on CVD risk. In the case that the short-term
total PM, ; serves as a proxy for long-term exposure,
the observed impact of total PM, , may be attributed
to prolonged exposure. Moreover, the progression
of each type of CVD is complex and multifactorial.
The precipitating conditions involved in the hypothe-
sized mechanisms of CVD may require a long time
to develop, such as arterial occlusion and ischemic
necrosis for AMI and stroke,* left ventricular diastolic
or systolic dysfunction for HF,*3 and vulnerable atrial
structural and functional substrates for AF.4* The risk
of acute CVD attributable to several days of exposure
to wildfire smoke PM, . may be diminutive compared
with other well-established risk factors. Second, pub-
lic health advisories and regulations during wildfire
seasons and events and awareness of susceptibility
to air pollution may mitigate the adverse health effects
of smoke PM, -, as people might stay indoors or seek
shelter during wildfires, thereby reducing their true ex-
posure to high levels of smoke PM, .. Moreover, the
pattern of behavior change might be different among
younger and older adults.*® Additionally, it was possi-
ble that people reduced health care-seeking behav-
iors during wildfire episodes, but the impact of these
behavioral changes was not expected to be significant
and bias the results in this study. The presence of el-
evated smoke PM, , may not always correspond with
visible smoke that would trigger behavioral avoidance
in the general population. On most days during the
study period, smoke PM, 5 accounts for only <10%
of total PM, - (Figure [E]). The relatively small propor-
tion influences both the visibility of the smoke and
its overall contribution to total PM, ;-related CVD ED
visits risk. People are more likely to change their be-
haviors when the wildfire smoke is visible or olfactible
on any given day. Moreover, CVD ED visits generally
reflect more severe and acute cardiovascular events,
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while individuals are less likely to delay seeking care
even during disruptive conditions. Third, although
the case-crossover study design can naturally con-
trol for confounding by non-time-dependent factors,
time-varying factors and other behaviors subject to
change might still confound the associations. For ex-
ample, some people might stop engaging in outdoor
physical activities and stay indoors during the wildfire
episode. Changes in behavioral risk factors in days
with high smoke PM, ., could even explain the small
but significant reduction in CVD risk with higher short-
term smoke PM, . exposure. Fourth, the presence of
other air pollutants, such as CO, SO,, and O,, due to
wildfires may contribute to the risk of acute CVD, but
these were not fully accounted for in this study.

This study has several strengths. This study in-
cluded a large number of ED visits for cardiovascular
outcomes across 5 US states over 12years, enabling
us to detect the small effect of wildfire smoke PM, ..
Additionally, the exposure was measured using a high-
performance satellite-driven approach with high spa-
tial resolution, offering complete coverage and greater
accuracy than monitor-based data. However, several
limitations should be acknowledged. First, ED visit
data capture only acute CVD events. CVD events re-
quiring long-term medical attention were not included.
Second, the exposure and ED visit data were at the zip
code level. Misclassification of the patient’s true res-
idential zip code and mismeasurement of the smoke
PM, . exposure may lead to information bias. Third, as
mentioned above, residual time-dependent confound-
ing was possible due to the case-crossover study de-
sign and unmeasured air pollutants.

CONCLUSIONS

In conclusion, our study examined the relationship
between short-term wildfire PM, . exposure and ED
visits for CVD across 5 Western US states from 2007
to 2018. Although we found statistical significance
between smoke PM, . and total PM, , with ED visits
for some cardiovascular outcomes and total CVD,
the effect sizes were small and their public health and
clinical significance remains uncertain. Further studies
with more advanced study designs and more accurate
study measures are warranted to investigate the effect
of wildfire smoke PM, . on cardiovascular health.
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