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BACKGROUND: We examined the association between acute cardiovascular disease (CVD) events and wildfire air pollution in
California in 2018.

METHODS: The study included adult (=18 years) members of Kaiser Permanente Northern California, an integrated health care
system. Outcomes included CVD events (hospitalizations for acute myocardial infarction, heart failure, or stroke, and CVD
death) and death from any cause. Fine particulate air pollution (particulate matter <2.5 microns in diameter; PM, ;) exposure
was assessed in categories (Good <12 ug/m?3, Moderate 12-34 ug/m?3, High >35 ug/m?) and continuously. Poisson time series
regression was used to model daily event rates during July 1 to December 31, 2018, using a spline to adjust for long-term time
trends. We calculated rate ratios (RR) to estimate the association between wildfire air pollution and daily rate of CVD events
and deaths.

RESULTS: Our study included 3.2million adults with a total follow-up of 587.9million person-days. High PM, . concentrations
during the Mendocino Complex wildfire in July to August was associated with an increased rate of CVD events (RR, 1.231
[95% Cl, 1.039-1.458]) and death (RR, 1.358 [95% ClI, 1.128-1.635]) compared with Good PM, 5 concentrations. In contrast,
there was no evidence of increased risk during the Camp wildfire in November (RR for CVD events, 0.966 [95% ClI, 0.894—
1.044]; RR for all-cause mortality, 0.985 [95% CI, 0.904-1.074] High versus Good PM, 5 concentrations).

CONCLUSIONS: There was some evidence of increased rates of CVD events and death during wildfires, but results were in-
consistent. With ongoing climate change, large wildfires are a pressing public health concern and future work is needed to
understand differences in health outcomes by wildfire.
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ildfires are increasingly frequent, with climate
Wohange contributing to worsening duration and

intensity of wildfires.! Smoke from large wildfires
can spread hundreds of miles, affecting air quality for
millions of people.? Wildfire smoke increases air pollu-
tion, often resulting in concentrations of fine particulate
matter <2.5microns in diameter (PM, ), that exceed
the Environmental Protection Agency’s (EPA’s) 24-hour
National Ambient Air Quality Standard of 35 ug/m?3.84

Therefore, understanding the effects of wildfire-related
air pollution is a pressing public health concern.

PM, 5 air pollution exposure has been strongly as-
sociated with cardiovascular health outcomes,>® and
both the American Heart Association and the EPA have
concluded that the scientific evidence is consistent
with a causal relationship.” However, the association
of wildfire-related PM, ; with cardiovascular health out-
comes has been inconsistent.®® Review papers found
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CLINICAL PERSPECTIVE
What Is New?

We found increased rates of cardiovascular
events and death associated with high air pollu-
tion during the 2018 Mendocino Complex wild-
fire but not during the Camp wildfire.

e At typical exposure levels, higher air pollution
was associated with increased rates of cardio-
vascular events and death.

What Are the Clinical Implications?

e Particulate air pollution, which comes from wild-
fires and routine emissions, is a risk factor for
cardiovascular events and death.

e Policy measures and individual protective actions
may be needed to reduce patients’ exposure to air
pollution and prevent cardiovascular events.

Nonstandard Abbreviations and Acronyms

EPA Environmental Protection Agency

PM particulate matter

PM, . particulate matter <2.5microns in
diameter

mixed results across prior studies and concluded that
the strength of evidence for wildfire PM was “inconclu-
sive” for cardiovascular outcomes.9 One knowledge
gap identified was whether increasing public aware-
ness may change behavior, which could reduce levels
of exposure and mitigate adverse health impacts.®

The 2018 wildfire season in California was the worst
on record at the time. The Mendocino Complex and
other fires (July—August) and the Camp fire (November)
each burned more than 100000 acres and spread
smoke plumes across Northern California.'® We exam-
ined the associations of wildfire air pollution with acute
cardiovascular disease events and deaths during
2018 in California. Our study examined associations
of wildfire air pollution with acute cardiovascular dis-
ease (CVD) events and deaths during 2018, focusing
on these 2 major wildfires. In post hoc analyses, we
analyzed Google search trends for terms related to air
quality and personal protections to understand public
awareness during these major wildfires.

METHODS

Study Population

Our study included adult (age>18) members of Kaiser
Permanente Northern California (KPNC), an integrated
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health care system, who lived in a 35-county region.
The KPNC integrated health care system includes a
nonprofit health insurance plan and a system of non-
profit hospitals and outpatient clinics. KPNC insures
approximately one third of the population in the region,
and the members are generally very representative of
the underlying population.” Patient address data, in-
cluding geocoded address locations, were extracted
from electronic health record databases. All adults who
were KPNC members at the study start on July 1, 2018
and had a geocoded patient address in the 35-county
region were included. Of the 3331 731 adults who were
KPNC members on July 1, 2018, only 1.26% were
excluded from the study (20733 [0.62%] had an ad-
dress outside of the 35-county study region and 21 159
[0.64%)] had an address that could not be geocoded).

The study was approved by the Kaiser Foundation
Research Institute’s Institutional Review Board and in-
formed consent was waived because the study uses ret-
rospective data only with no participant contact. These
data contain protected health information and are avail-
able to researchers only through approval by the Kaiser
Foundation Research Institute’s Institutional Review
Board. Requests to access the data set from qualified
researchers trained in human subject confidentiality pro-
tocols may be sent to the corresponding author.

Outcomes

Using electronic health records, we derived data on 2
outcomes: any CVD event and death from any cause.
Any CVD event was defined as a combined end point
including hospitalizations for acute myocardial infarc-
tion, heart failure, or stroke as well as CVD death using
the International Classification of Diseases, Tenth
Revision, Clinical Modification (ICD-10-CM) codes.
Acute myocardial infarction was defined as an inpatient
principal discharge diagnosis of ICD-10-CM codes
121.x and 122.x."” Stroke was defined as an inpatient
principal discharge diagnosis or emergency depart-
ment principal discharge diagnosis of ICD-10-CM
codes 160.9, 161.x-163.x."” Heart failure was defined
as an inpatient principal discharge diagnosis of /CD-
10-CM codes 150.x, 111.0, 13.0, 13.2, 197.13, 197.130,
197131, and 109.81.”> The date of hospitalization was
based on the date of admission.

Air Pollution and Smoke Plumes

Daily 24-hour mean PM, 5 concentrations were ob-
tained from EPA Air Quality System monitors, with 90
PM, . monitors in operation in the study region dur-
ing 2018.'® Daily PM, . concentrations at patient ad-
dresses were generated using thin plate splines for
spatial data.' The thin plate spline model had excellent
performance, with R?=0.80 in leave-one-out-cross-
validation of monitors. Daily smoke plume data were
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obtained from the National Oceanic and Atmospheric
Administration Hazard Mapping System fire and
smoke database to determine areas affected by wild-
fire smoke.'® Wildfire PM, . was PM, . with the pres-
ence of a smoke plume and nonwildfire PM, , was
PM, . without the presence of a smoke plume.

Statistical Analysis

Poisson time series regression was used to model daily
event rates from July 1 to December 31, 2018. Following
established methods for air pollution time series, models
included adjustment for weekday effects and a spline to
adjust for long-term time trends. Models accounted for
overdispersion by using the quasi-Poisson distribution
(details in Data S1).'8" Associations between air pollu-
tion and CVD outcomes were estimated as rate ratios
(RR) and 95% Cls. PM, s concentrations were catego-
rized as Good (<12 ug/m?3), Moderate (12-34 ug/m?®), and
High (>35ug/mq) based on EPA air quality index catego-
ries in effect during the time of the study in 2018, with
concentrations in the High category exceeding the EPA
regulation limit set to protect public health.'® In sensitivity
analyses, we used the EPA's recently updated cutpoints
for Good (<9ug/m?3 and Moderate (9—34 ug/mq), noting
that the EPA kept the same cutpoint for High (=35ug/
mq).'® Another sensitivity analysis restricted the Good
and Moderate PM,  categories to exclude days during
major wildfires when there were High PM, , concentra-
tions in other locations within the study area. Additional
sensitivity analyses examined wildfire smoke within
PM, . categories below the EPA limit and also examined
lagged associations for lags of 1 to 6days. In secondary
analyses, we estimated the RR for the linear association
of continuous PM, 5 and assessed whether the slope
of the association changed during each wildfire using
segmented regression. We assessed nonlinearity of as-
sociations using splines.

Post Hoc Analyses

In post hoc analyses, we explored public awareness by
examining Google Trends search scores for terms “wild-
fire smoke,” “air quality,” and “N95 mask.” Google Trends
search scores were obtained from Google Trends.®
Google Trends search scores are standardized to arange
of 0 to 100 and reflect relative search interest over time.?
We examined weekly Google Trends search scores for
each search term within California and within metropoli-
tan areas in our study region during 2018.

RESULTS

Table 1 shows the study sample characteristics of
the 3289839 adults in the study. The study sample
was 52% female, 48% male, with mean age 47 years
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Table 1. Characteristics of Study Sample of Kaiser
Permanente Members in Northern and Central California in
2018

Characteristic No. %
Sex
Female 1709750 51.97
Male 1579879 48.02
Missing 210 0.01
Age,y
Age, mean+SD 47.28 17.86
Race or ethnicity
White, non-Hispanic 1476274 44.87
Hispanic White 606916 18.45
Black 219344 6.67
American Indian/Alaska Native 15812 0.48
Asian/Pacific Islander 666053 20.25
Multiple races 132890 4.04
Missing 172550 5.24
Neighborhood education®
<5% (high SES) 828528 27.92
5% to <10% 918569 2518
10% to <20% 918160 2791
20% or more (low SES) 624576 18.99
Missing 6 <0.01
Smoking
Never 1981419 60.23
Former 705265 21.44
Current 381916 11.61
Missing 221 239 6.72

SES indicates socioeconomic status.
*Census tract level percent of adults with less than a high school education.

(SD 18years). The sample was very diverse: 20%
Asian, 7% Black, 18% Hispanic White, 45% White,
<1% American Indian/Alaska Native, 4% multiple
races, and 6% missing. The study included a total of
587.9 million person-days during July 1, 2018 through
December 31, 2018.

The Mendocino Complex and other fires (July—
August) and the Camp fire (November) each burned
more than 100000 acres and spread smoke plumes
across Northern California. These smoke plumes
stretched hundreds of miles across the study region
(Figure 1). The Mendocino Complex and other fires
were actively burning for almost 2 months, with smoke
in the air for 26 to 51 days depending on the county
(Table S1). The Camp fire was contained more quickly,
with smoke in the air for 11 to 15days depending on
the county (Table S1). During both fires, PM, ; con-
centrations exceeded the EPA daily limit of 35ug/m?,
whereas PM, 5 exposure was typically below the limit
on days unaffected by these large wildfires (Figure 2).
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Figure 1.
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PM, ; indicates particulate matter <2.5microns in diameter.

In our study of 3.2million adults, the Mendocino
Complex and other fires resulted in High PM, 5 (above
the EPA daily limit of 35ug/m®) for 4.7 million person-
days (1%). The Camp fire resulted in High PM, ¢ for
35.9million person-days (6%), with PM, s concen-
trations reaching the highest concentrations in the
world on some days.?? In contrast, PM, , concentra-
tions rarely reached the High category on other days
in the study period (<1000 person-days, <0.1%). PM, 5
concentrations were in the EPA's Good category on
most days (390.7 million person-days, 66%) and in the
Moderate category on many other days (156.5 million
person-days, 27%). With thousands of other wildfires

PM, ; air pollution concentrations and smoke plumes during 2018 wildfires: Mendocino Complex and

in California 2018, smaller smoke plumes were pres-
ent on many other days.”® Of the 156.5million person-
days of exposure in the Moderate category, smoke
was present for 73.0 million person-days (47%). Of the
390.7 million person-days of exposure in the Good
catgegory, smoke was present for 78.5million person-
days (20%)).

High PM, 5 during the summer Mendocino Complex
and other fires was associated with a 23.1% increased
rate of CVD events (RR, 1.231 [95% ClI, 1.039-1.458])
and a 35.8% increased rate of all-cause mortality (RR,
1.358 [95% ClI, 1.128-1.635]) compared with Good
PM, 5 concentrations (Table 2). In contrast, there was

400
|
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|

Mendocino Complex Fire

Daily PM, 5 concentration

Daily PM, 5 Concentration in Northern California in 2018 for all monitors

Camp Fire

__ Air Quality Level

High (35 or higher)
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Figure 2. Daily concentrations of PM, ; at air pollution monitors in Northern and Central California

during July-December 2018.

EPA indicates Environmental Protection Agency; and PM, ;, particulate matter <2.5microns in diameter.
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Table 2. Associations of PM, ; With CVD Events and
All-Cause Mortality During 2018 in Northern and Central
California for Moderate PM, ; and High PM, ; During 2
Major Wildfires

CVD events All-cause mortality

PM, ; exposure RR (95% Cl) RR (95% Cl)
PM, 5 categories

Good 1.000 | (ref) 1.000 | (ref)

Moderate 1.022 | (0.982-1.063) | 1.043 | (0.998-1.090)

High—Mendocino 1.231 | (1.089-1.458) | 1.358 | (1.128-1.635)

Complex fire

High—Camp fire 0.966 | (0.894-1.044) | 0.985 | (0.904-1.074)

CVD indicates cardiovascular disease;
<2.5microns in diameter; and RR, rate ratio.

PM, 5, particulate matter

no evidence of increased risk from High PM, ; during
the later Camp fire (RR for CVD events, 0.966 [95% Cl,
0.894-1.044]; RR for all-cause mortality, 0.985 [95%
Cl, 0.904-1.074]) compared with Good PM, 5 concen-
trations. Moderate PM,, 5 concentrations had no asso-
ciation with CVD events (1.022 [95% Cl, 0.982-1.063))
and a suggestive association with all-cause mortality
(1.043 [95% CI, 0.998-1.090]) compared with Good
PM, s concentrations (Table 2). Associations were

Wildfire Air Pollution and Cardiovascular Events

similar in sensitivity analyses changing the Good and
Moderate categories (Tables S2 and S3). The associ-
ation of Moderate versus Good PM, ; concentrations
was similar for wildfire PM, , and nonwildfire PM, . in
categorical analyses (Table S4). The sensitivity analysis
of different lags found the strongest associations for
the same day of exposure and also showed strong as-
sociations 4 days after exposure (Table S5).

Results for continuous analyses of PM, ; below the
EPA daily limit are shown in Figure 3 and Table S6. We
found a 4.1% increased rate of all-cause mortality (RR,
1.041 [95% Cl, 1.004-1.080]) per 10 ug/m? increase in
overall daily PM, .. Associations with all-cause mortal-
ity were extremely similar for wildfire PM, . (RR, 1.042
[95% Cl, 1.001-1.084]) and nonwildfire PM, - (RR, 1.040
[95% CI, 0.996-1.086]; P-value for interaction 0.9473).
We found a 4.8% increased rate of CVD events (RR,
1.048 [95% Cl, 1.015-1.082]) per 10 ug/m? increase in
overall daily PM, .. The association with CVD events
was slightly larger for nonwildfire PM, ¢ (RR, 1.074 [95%
Cl, 1.035-1.114]) than for wildfire PM, ¢ (RR, 1.032 [95%
Cl, 0.996-1.068)), and there was a statistically signifi-
cant difference between the associations (P value for
interaction 0.0241). Linear associations did not differ
when PM, . was high (above the EPA limit of 35ug/m?®)

~ A B
— Overall PMy 5 — Overall PMy5
~~~~~~ EPA limit < EPA limit :

1= //

©
© :
z ° ;
8~ C D i
g <7 :

——  Wildfire PM, 5 ——  Wildfire PMj 5 ;

—— Nonwildfire PM; 5 —— Nonwildfire PM, 5

.| = i | EPA limit :

(o2}

0 5 10 15 20 25 30 350 5 10 15 20 25 30 35
PM, 5 concentration

Figure 3. Associations of PM, ; with CVD events and all-cause mortality during 2018 in
Northern and Central California, for PM, ; concentrations below the EPA limit of 35.9/m?,

overall and by wildfire and nonwildfire PM, ;.

A, overall PM,; and CVD events, (B) overall PM,, and all-cause mortality, (C) wildfire PM,,
nonwildfire PM, ; and CVD events, (D) wildfire PM, ;, nonwildfire PM, ; and all-cause mortality. CVD
indicates cardiovascular disease; EPA, Environmental Protection Agency; and PM, 5, particulate

matter <2.5microns in diameter.
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Figure 4. Google Trends scores for wildfire related search terms in California during July to

December 2018.

during the Mendocino Complex and other fires (P val-
ues for interaction 0.675-0.222). The linear associ-
ations differed during the Camp fire when PM, ; was
high, with no evidence of an increased rate for CVD
events (RR, 0.985 [95% ClI, 0.970-1.002], P value for
interaction 0.001) or all-cause mortality (RR, 0.986
[95% CI, 0.968-1.004]; P value for interaction 0.012)
per 10ug/m? increase in daily PM, ..

Analyses of potential nonlinearity were consistent
with the main analyses. We found increasing trends in
PM, 5 associations within the typical exposure range
<85ug/m® with decreases to a null association at
higher exposures (Figure S1). When splines were refit
excluding the Camp fire days by using a separate term
for those exposures, the overall PM, 5 showed an in-
creasing trend, including in the high exposure range
(Figure S2). Thus, high PM, , exposures during the
Camp fire days appear to have null associations, simi-
lar to our main analyses.

During the Camp fire on Thursday, November 16,
2018, Google reported that searches for smoke masks
were at the highest level in Google’s history.?? Post hoc
analyses of Google Trends search scores are shown in
Figure 4. We found that search terms reached maximum
interest during the Camp fire (scores of 100), whereas
search interest was much lower during the Mendocino
Complex and other fires (scores 1-24), and very low in
days unaffected by these wildfires (scores 0-3). The
only exception was in Chico-Redding, which had high
scores for searching “air quality” during both fires. We
emphasize these were exploratory post hoc analyses.

DISCUSSION

Our results showed evidence of increased risk of cardi-
ovascular events and death associated with high PM, ¢
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during the Mendocino Complex and other fires but not
during the Camp fire. In continuous analyses of PM, .
below the EPA daily limit, PM, ; was associated with
increased rates of cardiovascular events and death.
Wildfire-PM, s and nonwildfire PM, 5 had very similar
associations with all-cause mortality, and the associa-
tion with CVD events was slightly larger for nonwildfire
PM, 5 than for wildfire PM, 5. Our findings are generally
consistent with prior studies, which have found mixed
results for the association between wildfire air pollution
and cardiovascular mortality.

Recent review papers evaluating prior studies of
wildfire PM and cardiovascular outcomes found that
results have been inconsistent across studies and con-
cluded that the strength of evidence was inconclusive
for cardiovascular outcomes.2® A study of the 2008
Northern California wildfires found no evidence of an
increased rate of cardiovascular hospital admissions
(RR, 0.995 [95% Cl, 0.988-1.002] per 5ug/m?® change
in PM, 5 during wildfires) but did find a small increased
rate of respiratory hospital admissions (RR, 1.015 [95%
Cl, 1.009-1.020]) per 5ug/m? change in PM, 5 during
wildfires.?® Similarly, a study of Colorado wildfires also
found no evidence of an increased rate of cardiovascu-
lar hospital admissions but did find an increased rate of
respiratory hospital admissions.?*

Our findings for the continuous analyses of overall
PM, 5 are consistent with previous multicity studies and
meta-analyses, which have found relative increases of
1.007 (95% ClI, 1.006-1.008), 1.011 (95% ClI, 1.010-
1.012), and 1.010 (95% ClI, 1.005-1.016) for daily mor-
tality per 10 ug/m?® increase in short-term exposures to
PM, ., with steeper slopes at lower concentrations.?>=?"
A recent study of wildfire-related PM,, exposure
found similar RR: 1.019 (95% CI, 1.016-1.022) for all-
cause mortality and 1.017 (95% ClI, 1.012-1.021) for
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cardiovascular mortality associated with each 10ug/
m? increase in short-term wildfire-related PM, .8 Most
of the wildfire-related PM, . exposure in that study was
in the more typical exposure range <60 ug/m?, which
is more similar to the Mendocino complex fire in our
study and lower than the extreme concentrations
during the Camp fire. Our findings are also consistent
with a recent study of wildfire smoke and all-cause ED
visits, which found increased rates of ED visits associ-
ated with low or moderate intensity wildfire smoke but
decreased rates associated with heavy smoke.?®

One knowledge gap identified in prior reviews was
whether increasing awareness may limit exposure and
mitigate adverse health impacts.2 During the Camp fire,
many schools were closed, outdoor events were can-
celed, and health officials urged residents to stay indoors
or wear N95 masks when they could not avoid leaving
their homes.??3 The analysis of Google Trends search
scores was conducted post hoc as a way of exploring
our unexpected study findings for the 2 major wildfires in
2018. These descriptive findings should be considered
exploratory and hypothesis generating. Our findings are
consistent with a recent study that found that increased
wildfire smoke was associated with several behavioral
changes including an increase in popularity for air-quality-
related search terms and an increase in the proportion of
people who stayed fully at home (based on cell phone
data).3" Future work is needed to rigorously quantify the
degree of public health interventions (canceling events,
messaging to stay indoors) and personal interventions
(wearing an N95 mask, closing windows, using an in-
home air purifier) during wildfires.

An alternative explanation for the differences in re-
sults for the Mendocino Complex fire and the Camp fire
relates to the timing of the 2 fires. There is a phenom-
enon in the air pollution literature referred as “harvest-
ing,” “displacement,” or “depletion of the susceptibles,”
which is when the people who are most at risk of the
outcome experience the outcome in response to the
first high exposure and are subsequently either ineligi-
ble or less likely to have the outcome in response to the
next high exposure.® This displacement may occur
on the scale of months or days. Depletion of the sus-
ceptibles can bias later estimates toward the null.3:34
Because the Mendocino complex fire occurred a few
months before the Camp fire, it is possible that expo-
sure to high PM, ¢ during the Mendocino fire triggered
cardiovascular events and death in individuals who
were on the verge of having an event and could have
caused a temporary deficit in the population of people
who were at risk of acute cardiovascular events during
the Camp fire.

Our study has several strengths and limitations. Our
population of Kaiser members is large, diverse, and
representative of the Northern California region. Our
approach for modeling daily PM, . concentrations had
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excellent performance, with R?>=0.80. Recent studies
using machine learning approaches to model PM, .
have reported R? of 0.66 to 0.78 in validation and have
found underprediction of high values of PM, . during
wildfires.3®%6 A limitation of this study is that we do
not have data on individuals’ activity patterns or time
spent outdoors during the fires. We also do not have
data on the percentage of residents who traveled to
other parts of the state during the Camp fire or the
Mendocino Complex wildfire; some people may have
traveled to higher exposure areas for work or other
obligations, while others may have traveled to lower
exposure areas. In addition, despite the large sample
size, our study did not have enough power to enable
subgroup comparisons because the total person-time
exposure for High PM, . during these major wildfires
was a relatively small proportion of the total person-
time exposures.

Conclusions

Overall, we found some evidence of increased risk of
cardiovascular events and death associated with wild-
fire air pollution. Our mixed results for the 2 major 2018
wildfires are similar to prior literature showing inconsist-
ent associations across studies. Future work is needed
to formally examine how public health and individual
protective actions may affect individuals’” exposures and
outcomes during wildfires. With ongoing climate change,
large wildfires are a pressing public health concern and
determining the underlying drivers of these mixed results
remains an important research need.

ARTICLE INFORMATION
Received April 29, 2024; accepted January 2, 2025.

Affiliations

Division of Research, Kaiser Permanente Northern California, Pleasanton, CA
(S.E.A,, S.KV.D, KD, S.S., N.S.L,, J.S.R.); and Department of Cardiology,
Kaiser Permanente Oakland Medical Center, Oakland, CA (J.S.R.).

Sources of Funding

This study was supported by Kaiser Permanente Northern California
Community Health.

Disclosures
None.

Supplemental Material
Data S1

Tables S1-S6

Figures S1-S2

REFERENCES

1. Shukla PR, Skea J, Calvo Buendia E, Masson-Delmotte V, Portner HO,
Roberts D, Zhai P, Slade R, Connors S, Van Diemen R. IPCC, 2019:
climate change and land: an IPCC special report on climate change,
desertification, land degradation, sustainable land management, food
security, and greenhouse gas fluxes in terrestrial ecosystems. 2019.



Alexeeff et al

13.
14.

J Am Heart Assoc. 2025;14:e036264. DOI: 10.1161/JAHA.124.036264

National Academies of Sciences E, Medicine. Implications of the
California Wildfires for Health, Communities, and Preparedness:
Proceedings of a Workshop. National Academies Press; 2020.

Navarro KM, Gisneros R, O’'Neill SM, Schweizer D, Larkin NK, Balmes JR. Air-
quality impacts and intake fraction of PM(2.5) during the 2013 Rim Megafire.
Environ Sci Technol. 2016;50:11965-11973. doi: 10.1021/acs.est.6b02252
Rappold AG, Reyes J, Pouliot G, Cascio WE, Diaz-Sanchez D. Community
vulnerability to health impacts of wildland fire smoke exposure. Environ Sci
Technol. 2017;51:6674-6682. doi: 10.1021/acs.est.6b06200

Rajagopalan S, Landrigan PJ. Pollution and the heart. N Engl J Med.
2021;385:1881-1892. doi: 10.1056/NEJMra2030281

Alexeeff SE, Deosaransingh K, Van Den Eeden S, Schwartz J, Liao
NS, Sidney S. Association of long-term exposure to particulate air
pollution with cardiovascular events in California. JAMA Netw Open.
2023;6:€230561. doi: 10.1001/jamanetworkopen.2023.0561

Kaufman JD, Elkind MSV, Bhatnagar A, Koehler K, Balmes JR, Sidney
S, Burroughs Pena MS, Dockery DW, Hou L, Brook RD, et al. Guidance
to reduce the cardiovascular burden of ambient air pollutants: a pol-
icy statement from the American Heart Association. Circulation.
2020;142:e432-e447. doi: 10.1161/CIR.0000000000000930

Cascio WE. Wildland fire smoke and human health. Sci Total Environ.
2018;624:586-595. doi: 10.1016/j.scitotenv.2017.12.086

Chen H, Samet JM, Bromberg PA, Tong H. Cardiovascular health im-
pacts of wildfire smoke exposure. Part Fibre Toxicol. 2021;18:2. doi:
10.1186/512989-020-00394-8

CAL FIRE. Incident Archive. 2018 Accessed August 14, 2024. https:/
www.fire.ca.gov/incidents/2018.

Gordon N. Similarity of the Adult Kaiser Permanente Membership in
Northern California to the Insured and General Population in Northern
California: Statistics From the 2011-2012 California Health Interview
Survey. Kaiser Permanente Division of Research; 2015. Accessed June
12, 2019. https://divisionofresearch.kaiserpermanente.org/projects/
memberhealthsurvey/SiteCollectionDocuments/chis_non_kp_2011.pdf
Mefford MT, Rana JS, Reynolds K, Ranasinghe O, Mittleman MA, Liu
JY, Qian L, Zhou H, Harrison TN, Geller AC, et al. Association of the
2020 US presidential election with hospitalizations for acute cardio-
vascular conditions. JAMA Netw Open. 2022;5:¢228031. doi: 10.1001/
jamanetworkopen.2022.8031

Environmental Protection Agency [database online]. 2022.

Nychka D, Furrer R, Paige J, Sain S. Fields: Tools for Spatial Data.
University Corporation for Atmospheric Research; 2021.

National Oceanic and Atmospheric Administration. Hazard Mapping
System Fire and Smoke Product. National Oceanic and Atmospheric
Administration; 2022.

Dominici F, Peng RD, Bell ML, Pham L, McDermott A, Zeger SL, Samet
JM. Fine particulate air pollution and hospital admission for cardio-
vascular and respiratory diseases. JAMA. 2006;295:1127-1134. doi:
10.1001/jama.295.10.1127

Bhaskaran K, Gasparrini A, Hajat S, Smeeth L, Armstrong B. Time se-
ries regression studies in environmental epidemiology. Int J Epidemiol.
2013;42:1187-1195. doi: 10.1093/ije/dyt092

Environmental Protection Agency. The National Ambient Air Quality
Standards for Particulate Matter, Final Rule, Federal Register. Vol. 78,
No. 10. 2013.

Environmental Protection Agency. Reconsideration of the National
Ambient Air Quality Standards for Particulate Matter. Federal Register,
Vol. 89, No. 45. 2024.

20.
21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Wildfire Air Pollution and Cardiovascular Events

Google Trends. Google. 2023. https://trends.google.com/trends/
Google Trends: understanding the data. 2023. https:/newsinitiative.
withgoogle.com/resources/trainings/fundamentals/google-trends-under
standing-the-data/

Rice D. Wildfire Smoke Brings World’s Worst Air Quality to Northern
California. USA Today; 2018.

Reid CE, Jerrett M, Tager IB, Petersen ML, Mann JK, Balmes JR.
Differential respiratory health effects from the 2008 northern California
wildfires: a spatiotemporal approach. Environ Res. 2016;150:227-235.
doi: 10.1016/j.envres.2016.06.012

Alman BL, Pfister G, Hao H, Stowell J, Hu X, Liu Y, Strickland MJ. The
association of wildfire smoke with respiratory and cardiovascular emer-
gency department visits in Colorado in 2012: a case crossover study.
Environ Health. 2016;15:64. doi: 10.1186/s12940-016-0146-8

Di Q, Dai L, Wang Y, Zanobetti A, Choirat C, Schwartz JD, Dominici F.
Association of short-term exposure to air pollution with mortality in older
adults. JAMA. 2017;318:2446-2456. doi: 10.1001/jama.2017.17923
Atkinson RW, Kang S, Anderson HR, Mils IC, Walton HA.
Epidemiological time series studies of PM2.5 and daily mortality and
hospital admissions: a systematic review and meta-analysis. Thorax.
2014;69:660-665. doi: 10.1136/thoraxjnl-2013-204492

Liu C, Chen R, Sera F, Vicedo-Cabrera AM, Guo Y, Tong S, Coelho M,
Saldiva PHN, Lavigne E, Matus P, et al. Ambient particulate air pollution
and daily mortality in 652 cities. N Engl J Med. 2019;381:705-715. doi:
10.1056/NEJMoal1817364

Chen G, Guo Y, Yue X, Tong S, Gasparrini A, Bell ML, Armstrong B,
Schwartz J, Jaakkola JJK, Zanobetti A, et al. Mortality risk attribut-
able to wildfire-related PM(2.5) pollution: a global time series study in
749 locations. Lancet Planet Health. 2021;5:e579-e587. doi: 10.1016/
S$52542-5196(21)00200-X

Heft-Neal S, Gould CF, Childs ML, Kiang MV, Nadeau KC, Duggan M,
Bendavid E, Burke M. Emergency department visits respond nonlinearly
to wildfire smoke. Proc Nat/ Acad Sci USA. 2023;120:e2302409120. doi:
10.1073/pnas.2302409120

Romero D. California schools close as smoke from camp fire fills the
skies. NBC News2018.

Burke M, Heft-Neal S, Li J, Driscoll A, Baylis P, Stigler M, Weill JA,
Burney JA, Wen J, Childs ML, et al. Exposures and behavioural re-
sponses to wildfire smoke. Nat Hum Behav. 2022;6:1351-1361. doi:
10.1038/541562-022-01396-6

Schwartz J. Harvesting and long term exposure effects in the relation
between air pollution and mortality. Am J Epidemiol. 2000;151:440—
448. doi: 10.1093/oxfordjournals.aje.a010228

Renoux C, Dell’Aniello S, Brenner B, Suissa S. Bias from depletion
of susceptibles: the example of hormone replacement therapy and
the risk of venous thromboembolism. Pharmacoepidemiol Drug Saf.
2017;26:554-560. doi: 10.1002/pds.4197

Stovitz SD, Banack HR, Kaufman JS. ‘Depletion of the susceptibles’
taught through a story, a table and basic arithmetic. BMJ Evid Based
Med. 2018;23:199. doi: 10.1136/bmjebm-2018-110972

Aguilera R, Luo N, Basu R, Wu J, Clemesha R, Gershunov A,
Benmarhnia T. A novel ensemble-based statistical approach to esti-
mate daily wildfire-specific PM(2.5) in California (2006-2020). Environ
Int. 2023;171:107719. doi: 10.1016/j.envint.2022.107719

Reid CE, Considine EM, Maestas MM, Li G. Daily PM(2.5) concentration
estimates by county, ZIP code, and census tract in 11 western states
2008-2018. Sci Data. 2021;8:112. doi: 10.1038/s41597-021-00891-1


https://doi.org//10.1021/acs.est.6b02252
https://doi.org//10.1021/acs.est.6b06200
https://doi.org//10.1056/NEJMra2030281
https://doi.org//10.1001/jamanetworkopen.2023.0561
https://doi.org//10.1161/CIR.0000000000000930
https://doi.org//10.1016/j.scitotenv.2017.12.086
https://doi.org//10.1186/s12989-020-00394-8
https://www.fire.ca.gov/incidents/2018
https://www.fire.ca.gov/incidents/2018
https://divisionofresearch.kaiserpermanente.org/projects/memberhealthsurvey/SiteCollectionDocuments/chis_non_kp_2011.pdf
https://divisionofresearch.kaiserpermanente.org/projects/memberhealthsurvey/SiteCollectionDocuments/chis_non_kp_2011.pdf
https://doi.org//10.1001/jamanetworkopen.2022.8031
https://doi.org//10.1001/jamanetworkopen.2022.8031
https://doi.org//10.1001/jama.295.10.1127
https://doi.org//10.1093/ije/dyt092
https://trends.google.com/trends/
https://newsinitiative.withgoogle.com/resources/trainings/fundamentals/google-trends-understanding-the-data/
https://newsinitiative.withgoogle.com/resources/trainings/fundamentals/google-trends-understanding-the-data/
https://newsinitiative.withgoogle.com/resources/trainings/fundamentals/google-trends-understanding-the-data/
https://doi.org//10.1016/j.envres.2016.06.012
https://doi.org//10.1186/s12940-016-0146-8
https://doi.org//10.1001/jama.2017.17923
https://doi.org//10.1136/thoraxjnl-2013-204492
https://doi.org//10.1056/NEJMoa1817364
https://doi.org//10.1016/S2542-5196(21)00200-X
https://doi.org//10.1016/S2542-5196(21)00200-X
https://doi.org//10.1073/pnas.2302409120
https://doi.org//10.1038/s41562-022-01396-6
https://doi.org//10.1093/oxfordjournals.aje.a010228
https://doi.org//10.1002/pds.4197
https://doi.org//10.1136/bmjebm-2018-110972
https://doi.org//10.1016/j.envint.2022.107719
https://doi.org//10.1038/s41597-021-00891-1

	Wildfire Air Pollution and Rates of Cardiovascular Events and Mortality in Northern California in 2018
	METHODS
	Study Population
	Outcomes
	Air Pollution and Smoke Plumes
	Statistical Analysis
	Post Hoc Analyses

	RESULTS
	DISCUSSION
	Conclusions

	Sources of Funding
	Disclosures
	References


