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BACKGROUND: Fine particulate (fine particles with aerodynamic diameters <2.5um [PM, 4]) exposure has been associated with
a risk of cardiac arrhythmias in adults. However, the association between PM, ; exposure and cardiac arrhythmias in adoles-
cents remains unclear.

METHODS AND RESULTS: To investigate the association and time course between PM, . exposure with cardiac arrhythmias in
adolescents, we analyzed the data collected from 322 adolescents who participated in the PSCC (Penn State Child Cohort)
follow-up examination. We obtained individual-level 24-hour PM, ; concentrations with a nephelometer. Concurrent with the
PM, 5 measure, we obtained 24-hour ECG data using a Holter monitor, from which cardiac arrhythmias, including premature
atrial contractions and premature ventricular contractions (PVCs), were identified. PM, 5 concentration and numbers of pre-
mature atrial contractions/PVCs were summarized into 30-minute-based segments. Polynomial distributed lag models within
a framework of a negative binomial model were used to assess the effect of PM, 5 concentration on numbers of premature
atrial contractions and PVCs. PM, ; exposure was associated with an acute increase in number of PVCs. Specifically, a 10 ug/
m? increase in PM, 5 concentration was associated with a 2% (95% Cl, 0.4%-3.3%) increase in PVC counts 0.5 to 1.0, 1.0 to
1.5, and 1.5 to 2.0hours after the exposure. Cumulatively, a 10 ug/m? increment in PM, . was associated with a 5% (95% Cl,
1%-10%) increase in PVC counts within 2hours after exposure. PM, 5 concentration was not associated with premature atrial
contraction.

CONCLUSIONS: PM, 5 exposure was associated with an acute increased number of ventricular arrhythmias in a population-
based sample of adolescents. The time course of the effect of PM, 5 on ventricular arrhythmia is within 2 hours after exposure.
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the public health burden related to SCD in youth is not
trivial. As a result, causes for SCD among children and
youth have been studied extensively.*-® Unlike older

health threat. It is estimated that SCD accounts

SUdden cardiac death (SCD) is a major public
for =50% of cardiovascular-related deaths and

15% to 20% of all-cause mortality in Western coun-
tries.”-3 Although relatively rare, SCD among otherwise
healthy children and youths, including world-class ath-
letes, has a devastating impact on their families. In ad-
dition, considering the large number of life-years lost,

adults, among whom atherosclerotic coronary artery
disease is the predominant cause of SCD, cardiac
arrhythmia is one of the most prominent risk factors
for SCD in youths.* For example, unexplained SCD
(ie, SCD without apparent cause after comprehensive
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CLINICAL PERSPECTIVE

What Is New?

e The current study is the first of its kind to
show an acute association between air pollu-
tion of fine particles with aerodynamic diam-
eters <2.5um and ventricular arrhythmia in a
population-based sample of adolescents.

e The time course of the impact of air pollution on
ventricular arrhythmia was within =2 hours after
exposure.

What Are the Clinical Implications?

e Because of the ubiquitous and involuntary na-
ture of air pollution, air pollution control meas-
ures may be taken to reduce the risk of cardiac
arrhythmia in adolescents.

e Reducing cardiac arrhythmia risk during ado-
lescence may further reduce cardiovascular
disease burden in adults because of the impor-
tance of early prevention of cardiovascular dis-
ease in early life stages.

Nonstandard Abbreviations and Acronyms

PM,; fine particles with aerodynamic
diameters <2.5um

PSCC Penn State Child Cohort

SCD sudden cardiac death

autopsy), which can be mostly attributed to cardiac ar-
rhythmias, accounts for one-third of SCD among chil-
dren and young adults.® Therefore, it is of great public
health importance to identify modifiable risk factors for
cardiac arrhythmias among children and adolescents.

The occurrence of cardiac arrhythmias may be at-
tributed to impaired cardiac autonomic balance,”® sys-
temic inflammation,®'® and oxidative stress."" Because
ambient air pollution from fine particles with an aerody-
namic diameter <2.5um (PM, ;) has been associated
with these biological processes,” it is plausible that
PM, 5 exposure may also relate to an increased risk of
cardiac arrhythmias. In fact, the association between
PM, s and cardiac arrhythmias has been observed
in adult epidemiological studies based on mortality
data,'®'* arrhythmia episodes captured by implantable
cardioverter defibrillator,'?° and ECG monitoring.?'-2%
For example, long-term PM, s exposure has been as-
sociated with increased mortality from arrhythmias, es-
pecially among smokers.'®> Moreover, acute exposure
to PM, ; has been associated with increased odds of
atrial fibrillation recorded by implantable cardioverter
defibrillator within hours of exposure.'® In both the
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general adult population®>2326 and patients with car-
diovascular disease,?"?® exposure to ambient particles
has also been associated with ventricular arrhythmias
from ECG monitoring. Although these studies have
provided convincing evidence to support that PM, .
exposure is a risk factor for cardiac arrhythmias, nearly
all of them were conducted in adults, including patients
with preexisting cardiovascular diseases. Therefore,
the findings cannot be generalized to low-risk popu-
lations, such as adolescents who are free of under-
lying cardiovascular conditions. Given the paramount
importance of arrhythmias in the cause of SCD among
youths, there is an urgent need to understand whether
PM, . exposure triggers cardiac arrhythmias in youth.

Therefore, we conducted this study to evaluate the
association between ambient PM, ; concentration and
cardiac arrhythmias in a population-based sample of
adolescents. We hypothesize that elevated PM, ; is as-
sociated with an acute increased number of cardiac
arrhythmias within hours of exposure.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Study Population

In this study, we analyzed data collected from a
population-based sample of adolescents who com-
pleted the follow-up examination of the PSCC (Penn
State Child Cohort) study. Detailed descriptions of
the PSCC baseline and follow-up examinations have
been published elsewhere.?’=30 Briefly, 700 children
aged 6 to 12years who were in 3 school districts in
the Harrisburg metropolitan area were recruited for
the baseline examination from 2002 to 2006. After an
average of 7.4 years, 421 of them returned and com-
pleted the follow-up examination from 2010 to 2013.
No major differences in the demographic charac-
teristics were observed between these participants
and the 279 who did not return for the follow-up
examination.?®:30

During the follow-up examination, the participants
were given a personal PM, ; monitor and connected
with a Holter ECG to proceed with their daily routines.
The PM, ; monitor and holter ECG were collected from
the participants after 24 hours of recording. All partici-
pants started the recording period at 8:00 am on day 1
and ended at 8:00 am on day 2.

The study protocol was approved by the
Pennsylvania State University College of Medicine
Institutional Review Board. Written informed consents
were obtained from the participants and their parents/
legal guardians if participants were aged <18years.
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Personal PM, ; Exposure

In the PSCC follow-up examination, we fitted a personal
PM, 5 DataRam (pDR, model 1200; Thermo Scientific,
Boston, MA) in combination with a PM, ¢ size-selection
cyclone (KTL SCC1.062; BGlI, Inc., Winchester, NH), an
air pump (BGlI Inc.), and a battery pack in a backpack.
A similar device has been used in our previous study
to measure individual-level acute exposure to PM, .22
The entire PM, ; monitoring system was cleaned and
calibrated before it was dispatched to each participant.
The participants were instructed to bring the monitor
with them when performing outdoor activities and kept
the monitor in the same room when they were indoors
for 24 hours.

The real-time PM, 5 concentration was originally re-
corded continuously at 1-minute intervals by the pDR.
In the statistical analysis phase, the recording was av-
eraged for 30-minute segments at the top and bottom
of the whole hours (eg, 8:01-8:30 and 8:31-9:00 Awm).
The segment-specific PM,; concentrations were
treated as repeated time-varying measurements in the
analysis, such that each participant contributed up to
48 data points during the 24-hour period.

ECG and Cardiac Arrhythmias

Concurrent with the 24-hour PM, . monitoring, a high-
fidelity (1000Hz sampling rate) 12-lead Holter (Mortara
H12+ Mortara Instrument, Inc., Milwaukee, WI) was
used to record the ECG data. The ECG record-
ings were subjected to automatic analyses by using
the HScribe System software (version 4.21; Mortara
Instrument, Inc.), which identifies various forms of car-
diac arrhythmias. After which an experienced techni-
cian visually inspected the entire recording to remove
recording artifacts, verified software-identified arrhyth-
mic heartbeats, and identified additional arrhythmias
in the ECG data. Because our study population is a
population-based sample of adolescents, none of
them presented with malignant cardiac arrhythmias
(eg, atrial fibrillation or ventricular tachycardia) or re-
ported having structural heart diseases. Therefore, we
chose to focus on the most prevalent forms of arrhyth-
mias in the general population, including premature
atrial contractions®! (PACs) and premature ventricular
contractions® (PVCs). Specifically, a PAC is defined
as a premature heartbeat with >25% reduction in the
R-R interval compared with the immediate prior R-R
interval; a PVC is a heartbeat characterized by an ab-
sence of P wave and a premature QRS complex with
an abnormally large width and amplitude on ECG. The
ECG characteristics of normal heartbeat, PAC, and
PVC are presented in Figure S1. After labeling all ar-
rhythmic heartbeats in the ECG recording, we calcu-
lated the numbers of PACs and PVCs every 30 minutes
based on the top and bottom of the whole hour (eg,

J Am Heart Assoc. 2022;11:€026370. DOI: 10.1161/JAHA.122.026370

PM, 5 and Cardiac Arrhythmia in Adolescents

8:01-8:30 and 8:31-9:00 am). As a result, each partici-
pant also contributed up to 48 repeated time-varying
PAC/PVC count data points.

Meteorological Covariates

In addition to the PM,; and ECG measurements,
we obtained 24-hour, real-time, individual-level tem-
perature and relative humidity with a HOBO H8 log-
ger (Onset Computer Corp., Bourne, MA) fixed to
the backpack housing the PM, 5 monitoring system.
Similar to the PM, ; data, the logger recorded real-time
temperature and relative humidity on a 1-minute basis
and averaged into 30-minute-based segments cor-
responding to the time segments used in PM, 5 and
arrhythmia data. Hence, these meteorological covari-
ates were treated as repeated time-varying measure-
ments, such that each participant contributed up to 48
segments.

Other Covariates

In the PSCC follow-up examination, a self-administered
demographic questionnaire was used to obtain par-
ticipant age, race and ethnicity, and sex. As our study
population consisted of 79.3% non-Hispanic White
participants,® race and ethnicity were treated as bi-
nary covariates (ie, non-Hispanic White populations
versus racial and ethnic minorities) in the analyses. In
addition, each participant underwent a detailed physi-
cal examination, from which their body mass index
was calculated as weight/height? (kg/m?). Based on
the body mass index, the age- and sex-adjusted body
mass index percentiles were calculated based on the
algorithm provided in the 2000 US Centers for Disease
Control and Prevention growth charts.33

Statistical Analysis

Because of the limited availability of the PM, ; monitor-
ing system, PM, ¢ data were available from 322 (76.5%)
of the 421 adolescents. As aresult, the effective sample
size for the current report is 322. As shown in Table $1,
there were no significant differences in demographic
characteristics or arrhythmia measures between those
with and without PM, ; data.

As the independent variable, PM, ; concentrations
were continuously measured for 24 hours and par-
titioned into repeated time-varying measurements.
Therefore, a high-level collinearity is expected between
PM, 5 segments (ie, lag terms), especially when they are
temporally close. Therefore, we chose polynomial dis-
tributed lag models®4-%¢ to reduce the potential collin-
earity of PM, 5 exposure metrics across the 30-minute
segments. We decided, a priori, to include second-
degree polynomials in all of our models. To compare
the performance of models with different polynomial
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terms, we conducted sensitivity analyses by using
distributed lag models that include first-degree terms
(ie, only include zero- and first-degree terms) or third-
degree terms (ie, include zero-, first-, second-, and
third-degree terms). Because the dependent variables
(ie, PAC/PVC counts) were repeated count measure-
ments, we nested the distributed lag model within the
framework of a negative binomial model®” with gen-
eralized estimating equation.®® Because the outcome
measurements were equally spaced (ie, 30minutes
apart), autoregressive order 1 was used to account for
the potential autocorrelation in the arrhythmia counts.
Taken together, we performed repeated-
measurement analyses using distributed lag models
under a negative binomial model framework?? to as-
sess the acute association between PM, . exposure
and arrhythmia counts. In these models, 1 lag period
indicates a 30-minute separation between the expo-
sure and outcome. In other words, a lag-0 effect in-
dicates the instantaneous impact of PM, ; on cardiac
arrhythmias, and a lag-1 effect indicates the impact of
PM, . on the arrhythmia counts measured 30 minutes
later, and so on. The cumulative effects of multiple lags
of PM, , concentrations on arrhythmia counts may be
considered as the sum of multiple individual-lag ef-
fects. To determine the number of lag terms included
in our final model, we decided, a priori, to start from the
model with the smallest number of lags (ie, lag O only)
and incrementally increase the number of lags included
(ie, lag 0; lag O, 1; lag O, 1, 2; etc), until the largest cu-
mulative effect was obtained, conditional on the sig-
nificance of individual lag terms not changing (ie, such
that including additional lag terms did not attenuate to
null terms of the earlier lags). Moreover, because the
ECG and air pollution data were obtained concurrently,
arrhythmia data obtained during the first 6 hours of the
recording period (ie, segments 0-12) would not have
a corresponding PM, . concentration measured at
6.5hours before them (ie, lag-13 PM, ;). Consequently,
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the first 6hours of data would be excluded from analy-
sis in the model of lags 0 to 13. To preserve the validity
of the statistical analyses, it is commonly accepted that
>75% of the nominally available data (ie, 18hours of
the 24-hour recording) need to be nonmissing in re-
gression models. Therefore, the largest number of lag
terms included in our model was 13 (ie, lags 0-12).

In the regression models, we adjusted for major
meteorological and demographic covariates. The me-
teorological covariates, including temperature and rel-
ative humidity, were treated as time-varying covariates,
whereas demographics, including age, race, sex, and
body mass index percentile, were treated as time-
invariant covariates. To ensure the results were not
impacted by segments with an excessive number of
arrhythmias, we conducted further sensitivity analyses
by excluding segments with >60 (or >30) of PACs and
PVCs or truncating extremely high levels of environ-
mental exposure (eg, >95th percentile of PM, . con-
centration). All results were expressed as the rate ratios
(RRs) in cardiac arrhythmia counts for a 10 ug/m? in-
crease in PM, .. SAS 9.4 (SAS Institute, Inc., Cary, NC)
was used to perform all analysis. A P<0.05 was used
to determine statistical significance.

RESULTS

Participant Characteristics

The demographic characteristics, arrhythmia counts,
and environmental exposures with related variables
in the study sample are summarized in Table 1. The
study sample had a mean age of 16.95+2.25years and
consisted of 79.19% non-Hispanic White participants,
and 55.90% were boys. The average 30-minute-based
PM, . concentration was 17.13+38.55ug/m?. Overall,
the mean+SD 30-minute-based PAC and PVC counts
were 0.47+3.00 and 0.36+3.09, respectively. Among
the 322 participants, 254 (78.88%) had at least 1

Table 1. Demographic Characteristics of the Study Sample

Overall, N=322 Arrhythmia=yes, n=254 Arrhythmia=no, n=68 P value*
Age, y 16.95+2.25 16.83+2.27 1711£2.22 0.27
Male sex, n (%) 180 (55.90) 144 (56.69) 38 (52.94) 0.90
Non-Hispanic White participants, n (%) 255 (79.19) 201 (79.13) 54 (79.41) 0.96
BMI percentile 65.35+29.09 64.14+30.44 66.89+27.31 0.40
PAC, counts 0.47+3.00 0.55+3.26 0.00+0.00 N/A
PVC, counts 0.34+3.09 0.40+3.35 0.00+0.00 N/A
PM, 5, pg/m? 17.13+38.55 21.54+49.10 16.34+36.17 <0.01
Temperature, °C 22.24+3.56 22.34+3.57 21.72+3.53 <0.01
Relative humidity, % 43.71£11.75 43.96+11.57 42.29+12.05 <0.01

Data are presented as mean+SD for continuous variables and number (percentage) for binary variables. BMI indicates body mass index; N/A, not applicable;

PAC, premature atrial contraction; PM, 5, fine particles with aerodynamic diameters <2.5um; and PVC, premature ventricular contraction.

*The t tests and % tests were used to obtain P values for continuous and categorical variables, respectively.
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arrhythmic beat during the 24-hour study period. Of
these 254 adolescents, 102 (40.2%) had only PAC,
30 (11.8%) had only PVC, and 122 (48.0%) had both
PAC and PVC. Although not significantly different in
any of the demographic characteristics, the univariable
analyses showed that adolescents who had arrhyth-
mias, compared with those who were free of cardiac
arrhythmias, were exposed to significantly higher lev-
els of PM, ; concentration, temperature, and relative
humidity.

Distributions of PM,, . and Cardiac
Arrhythmias

Detailed distribution of PM, , concentrations, related
environmental variables, and cardiac arrhythmia
counts are presented in Table 2. As shown in the table,
there was a substantial amount of variation in the envi-
ronmental exposure during the study period. Although
the average PM, , concentration was relatively low, the
concentration was extremely high in some of the seg-
ments. Specifically, 5% of the segments had a concen-
tration >62.83ug/m?, and ~1% of them were >250ug/
m3. The time-specific distribution of PM, . is shown in
Figure 1, which depicts that PM, , concentrations in-
creased in the morning (ie, at 6:30 av) and started to
decrease late at night (ie, at 11:00 pv) into the early
morning. Such a pattern is consistent with ordinary
human time-activity patterns. The figure further illus-
trates that the PM, ; concentrations in each time seg-
ment were highly variable.

As expected in otherwise healthy adolescents, the
numbers of PACs and PVCs in 30-minute-based seg-
ments were small. Of the segments, >50% had <2
PACs and <1 PVC, respectively. We further illustrate
the time-specific distributions of PAC and PVC counts
in Figure 2, which indicate a large amount of varia-
tion in the arrhythmia counts in each of the segment.
Overall, the arrhythmia counts were relatively high in
the early morning (ie, at 4:00-4:30 av) and around
noon (ie, 11:00-11:30 awm), but low in the afternoon (ie,
4:30-5:00 Pwm).

PM, 5 and Cardiac Arrhythmia in Adolescents

Associations Between PM, . and Cardiac
Arrhythmias

Individual lag effects and cumulative effects in the as-
sociation between PM, ; and arrhythmias from all mod-
els are summarized in Table S2. The cumulative effect
of PM, s on PVC was significant in all models except
the lag-O model. Also, the cumulative effects gradu-
ally increased as the number of lag terms increases.
However, we observed a pattern that the significance
of the closer lag terms changed when the further lag
terms were included in the model. For example, lags
1, 2, and 3 were significant in the model of lags O to 3,
whereas they were no longer significant in the model
of lags O to 12. This phenomenon may be attributed
to the following 2 potential reasons: (1) the large num-
ber of lag terms were competing for the limited amount
of variance in the PVC count that may be explained
by PM, ¢ air pollution, and (2) the PVC count was, in-
deed, impacted by the PM, 5 exposure that occurred
3 to 6hours (ie, lags 6-12) before the ECG measure
instead of within 2hours (ie, lags 0-3). Because there
is little prior knowledge of the actual time course of this
association, we followed the aformentioned model se-
lection strategy, that is, adding additional lag term (eg,
lag 5) into the model should not attenute the assoca-
tion between eariler terms (eg, lags 0-4) and cardiac
arrhythmia to null. Therefore, the model of lags O to 3
was selected as our final model.

The multivariable-adjusted RRs and the corre-
sponding 95% Cls from the final model are presented in
Table 3. As shown in the table, every 10 ug/m? increase
in PM, ; concentration was associated with a 5% in-
crease in PVC count within 2 hours after exposure.
Given that the mean PVC count was 0.36, the effect
size was approximately equivalent to an additional 0.02
PVCs every 30minutes. In contrast, increased PM, .
was not significantly associated with PAC counts.

The individual lag effects further showed that a
10ug/m?increase in PM, . in lags 1, 2, and 3 were each
significantly associated with an =2% increase in PVC
counts, but lag O was not significantly related to PVC

Table 2. Distribution of the 30-Minute-Based Environmental Factors and Cardiac Arrhythmias

Fifth 95th
Mean SD Median IQR Minimum Maximum percentile percentile

Environmental factors

PM, s, pg/m?® 1713 38.55 5.90 12.90 0.00 3849.03 1.92 62.83

Temperature, °C 22.24 3.56 22.09 4.05 2.52 49.92 17.25 27.72

Relative humidity, % 43.71 1.75 43.63 15.58 15.58 100.00 24.57 62.43
Cardiac arrhythmias

PAC, counts 0.47 3.00 2.00 1.00 0.00 127.00 0.00 7.00

PVC, counts 0.36 3.09 1.00 1.00 0.00 123.00 0.00 4.00

IQR indicates interquartile range; PAC, premature atrial contraction; PM, 4, fine particles with aerodynamic diameters <2.5um; and PVC, premature ventricular

contraction.
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Time-specific Distribution of PM, 5 concentration
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Figure 1. Time-specific distributions of PM, ; concentrations during the study period.

PM, ; indicates fine particles with aerodynamic diameters <2.5um.

count. This suggests that the most significant impact
of PM, ; on PVC occurred between 0.5 and 2.0hours
after exposure. Because the second-degree polyno-
mial term was statistically significant (P<0.01), the in-
dividual lag effects exhibited nonlinearity and followed
a quadratic form. That is, the effect sizes gradually in-
creased from lag O to lag 2 and slightly decreased in
lag 3. Similar to the cumulative effects, PM, ; was not
associated with PAC counts in any of the lags.

Sensitivity Analyses

To compare the results from distributed lag models
with different polynomial terms, we replicated the anal-
yses by using first-degree polynomial and third-degree
polynomial models. As summarized in Table 4, the RRs
for lags 0 to 3 cumulative effects from both models
were 1.05, which is identical to the second-degree pol-
ynomial model. However, the lag-1 PM,, ; concentration
was no longer significantly related to PVC counts in
the first-degree model. On the other hand, the third-
degree polynomial term was not significant (P=0.17) in

the third-degree polynomial model, although including
it did not substantially change the estimates. Taken to-
gether, the second-degree polynomial model was the
best-fitted model for our data. Nevertheless, all mod-
els showed a consistent positive association between
PM, 5 and PVC counts.

To eliminate the potential impact of segments with
extremely high PVC counts, we further performed the
regression analysis by excluding the 30-minute-based
segments with >60 (ie, 2PVC/min) or >30 (ie, 1PVC/
min) PVCs. As suggested in Table 5, the results did
not change from our estimates obtained from the pri-
mary analysis as presented in Table 3. Therefore, the
significant association between PM, ; exposure and
PVC cannot be attributed to the few segments with
extremely high arrhythmia counts.

Given the extremely high maximum PM, ; concen-
tration (ie, 3849.0 ug/m?3) and temperature (49.9 °C) in
our data, we conducted further sensitivity analyses by
truncating these 2 variables to their respective 95th
percentiles (62.8ug/m® and 27.7 °C). As summarized

J Am Heart Assoc. 2022;11:€026370. DOI: 10.1161/JAHA.122.026370 6
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Figure 2. Time-specific distributions of PAC and PVC counts during the study period.
A, Time-specific distributions of PAC counts. B, Time-specific distributions of PVC counts. PAC indicates premature atrial contraction;

and PVC, premature ventricular contraction.

in Table S3, every 10pug/m? increase in PM, . was as-
sociated with a 6.2% (95% Cl, 0.1%-14.6%) increase
in the PVC count in the model of lags O to 3. The as-
sociation remained with the further adjustment of key
lifestyle factors, including physical activity and self-
reported cigarette smoking or exposure to second-
hand smoking.

DISCUSSION

The present study found that higher ambient PM,
concentration is associated with an acute increase in
ventricular arrhythmias in a population-based sam-
ple of adolescents. Specifically, our results revealed
that elevated PM, s concentration triggers the onset
of PVCs within 2hours after exposure. Such a signifi-
cant effect was supported by multiple sensitivity analy-
ses. In addition, the most significant impact of PM, g

on ventricular arrhythmias occurred between 0.5 and
2.0hours after exposure, and the strongest effect oc-
curred at 1.0hour after exposure. To the best of our
knowledge, this is the first study that reports the as-
sociation between PM, ; air pollution and cardiac ar-
rhythmias among otherwise healthy adolescents.
PM, 5 air pollution has been established as a risk
factor for cardiovascular morbidity and mortality.”?
Although the association between air pollution, espe-
cially gaseous pollutants, and cardiac arrhythmias is
not conclusive,® it is generally accepted that cardiac
arrhythmias induced by PM, ; is 1 of the major patho-
genesis pathways linking air pollution and cardiovas-
cular diseases. For example, it has been shown that
short-term PM, ¢ from traffic is associated with hos-
pital admissions for arrhythmia in elderly individuals.*°
In a study conducted in 176 patients with implantable
cardioverter defibrillators, Link et al'® also found that
2-hour average PM, 5 concentration was significantly

Table 3. RRs (95% CI) and P Values in Associations Between 10..g/m? Increments of PM, ; Concentrations and Cardiac

Arrhythmia Counts*

PAC PVC

RR (95% ClI) P value RR (95% ClI) P value
Lag 0, instantaneous 0.995 (0.989, 1.002) 017 0.998 (0.988, 1.013) 0.76
Lag 1, 0.5-1.0h prior 0.998 (0.990, 1.003) 0.25 1.015 (1.004, 1.027) <0.01
Lag 2, 1.0-1.5h prior 1.000 (0.995, 1.006) 0.88 1.022 (1.011, 1.033) <0.01
Lag 3, 1.5-2.0h prior 1.008 (0.998, 1.009) 0.24 1.016 (1.002, 1.029) 0.02
Cumulative, within 2.0h 0.989 (0.970, 1.009) 0.27 1.051 (1.002, 1.102) 0.04

All models were adjusted for age, race, sex, body mass index percentile, temperature, and relative humidity. P values for zero-, first-, and second-degree
polynomial terms were 0.76, <0.01, and <0.01, respectively. PAC indicates premature atrial contraction; PM, ,, fine particles with aerodynamic diameters

<2.5um; PVC, premature ventricular contraction; and RR, rate ratio.

*RRs were calculated by exponentiating the regression coefficients from distributed lag-negative binomial models. An RR of 1.05 indicates a 5% increase in
arrhythmia counts/30 min in association with a 10ug/m?® increase in PM,  concentration.
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Table 4. RRs (95% Cl) and P Values in Associations Between 10.g/m? Increments of PM,, ; Concentrations and PVC Counts
in First-Degree and Third-Degree Polynomial Distributed Lag Models

First-degree model* Third-degree modelt

RR (95% ClI) P value RR (95% CI) P value
Lag 0, instantaneous 1,008 (0.997, 1.016) 0.68 0.994 (0.981, 1.008) 0.42
Lag 1, 0.5-1.0h prior 1.009 (0.997, 1.022) 0.13 1.025 (1.008, 1.042) <0.01
Lag 2, 1.0-1.5h prior 1.016 (1.004, 1.028) <0.01 1.013 (1.003, 1.023) 0.01
Lag 3, 1.5-2.0h prior 1.023 (1.004, 1.035) 0.02 1.018 (1.001, 1.035) 0.04
Cumulative, within 2.0h 1.052 (1.003, 1.103) 0.04 1.050 (1.002, 1.101) 0.04

All models were adjusted for age, race, sex, body mass index percentile, temperature, and relative humidity. PM, 5 indicates fine particles with aerodynamic

diameters <2.5um; PVC, premature ventricular contraction; and RR, rate ratio.

*In the first-degree model, P values for zero- and first-degree polynomials were 0.68 and <0.01, respectively.
fIn the third-degree model, P values for zero-, first-, second-, and third-degree polynomials were 0.42, <0.01, 0.04, and 0.17, respectively.

associated with an increased odds of atrial fibrillation.
In addition to acute exposure, short-term?® and long-
term?8 PM, . exposure have also been associated with
higher odds of having arrhythmias in population-based
adults. The consistent association between air pollu-
tion and arrhythmias from these observational studies
have been further replicated in experimental studies in
both human*'4? and animal models.*34* Our current
study results are consistent with these previous find-
ings that PM, . is related to an increased risk of car-
diac arrhythmias. However, as cardiac arrhythmias are
less prevalent in adolescents, it is expected that the
strength of their association with air pollution would
be weaker than that in adults. Indeed, we found a 5%
increase in PVC counts within 2 hours in adolescents
and a 10% increase in PVC counts within 1hour in
adults.?? However, it should be noted that the num-
ber of arrhythmic events that occur in the early morn-
ing (eg, 4:00-6:00 awm) are relatively high, whereas the
PM, ; concentration is low in the early morning. Such a
misalignment may attenuate the association between
PM, . and cardiac arrhythmias toward null. Therefore,
our estimation with regard to the strength of the asso-
ciation was conservative.

Our study is unique in its study population and
should not be considered as a simple replication of pre-
vious studies. As summarized previously, prior reports,

including our own, were based on data collected from
adults, including patients with preexisting cardiovas-
cular diseases and those with implanted pacemakers.
There is clear evidence that adults, especially elderly
individuals with underlying cardiopulmonary diseases,
are particularly vulnerable to the adverse effects of air
pollution.”” Hence, it is not surprising that particulate
air pollution may associated with an increased risk of
cardiac arrhythmia in adults who have high cardiomet-
abolic burdens. On the contrary, our current study was
performed in a sample of population-based adoles-
cents who were, on average, aged 17 years and free of
any major cardiovascular conditions. With a relatively
mature circulatory system and low cardiometabolic
burden, our sample of adolescents may be considered
as a low-risk group with respect to their vulnerability
to the adverse impact of air pollution. In addition, the
arrhythmic burden in our study population was low (ie,
<1 PVC/h). Therefore, it is extremely alarming that such
a significant adverse impact of air pollution on PVC
was observed in these otherwise healthy adolescents.
This is the first time that the arrhythmogenesis effect
of PM, ¢ has been reported in such a low-risk popu-
lation. When considering the level of PM, . exposure
in our study, our findings are even more concerning
as the increased risk of PVC was observed at a PM, ¢
concentration (ie, 17 ug/m?3) well under the primary (ie,

Table 5. RRs (95% Cl) and P Values in Associations Between 10.g/m? Increments of PM, ; Concentrations and PVC Counts

After Excluding Segments With Large Numbers of PVCs

Excluding segments with >60 PVCs Excluding segments with >30 PVCs

RR (95% ClI) P value RR (95% ClI) P value
Lag 0, instantaneous 0.992 (0.997, 1.007) 0.30 0.991 (0.972, 1.011) 0.38
Lag 1, 0.5-1.0h prior 1.016 (1.006, 1.027) 0.13 1.016 (1.005, 1.027) <0.01
Lag 2, 1.0-1.5h prior 1.024 (1.014, 1.034) <0.01 1.025 (1.015, 1.035) <0.01
Lag 3, 1.5-2.0h prior 1.013 (1.002, 1.025) 0.03 1.017 (1.005, 1.030) <0.01
Cumulative, within 2.0h 1.046 (1.002, 1.009) 0.04 1.050 (1.000, 1.103) 0.05

All models were adjusted for age, race, sex, body mass index percentile, temperature, and relative humidity. PM, 5 indicates fine particles with aerodynamic

diameters <2.5um; PVC, premature ventricular contraction; and RR, rate ratio.
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health-based) standard of 35 ug/m?® established by the
US Environmental Protection Agency.*® These novel
findings suggests that the adverse impact of air pol-
lution on cardiac arrhythmias may be even larger in
regions with high levels of PM, . (eg, highly populated
inner cities).

PACs and PVCs are the most common forms of
cardiac arrhythmias. Although highly prevalent and
generally considered benign,®' large numbers of PACs
are responsible for the initiation of atrial fibrillation and
increased risks of stroke, pacemaker implantation,
and mortality.*6=4¢ Similarly, although isolated PVC is
common and usually not harmful,3? excessive amounts
and severe forms of PVCs (eg, ventricular tachycardia)
are independent risk factors for major cardiovascular
events, including acute myocardial infarction, stroke,
and SCD.%0-%2 Because cardiac arrhythmias, espe-
cially ventricular tachycardia, is a predominate cause
of SCD in otherwise healthy adolescents and young
adults,* our finding that PM, . is related to ventricu-
lar arrhythmias suggests that PM,, may contribute
to the risk of SCD among youth. It should be noted
that increased PM, . was not related to PACs, which
is consistent with previous studies conducted in other
general population samples.??2326 Only Riediker et al*
found that PM, ; exposure was associated with an in-
creased number of both ventricular and supraventric-
ular arrhythmias in a study conducted in young male
highway patrol troopers. Highway patrol troopers are
usually exposed to high levels of particulate matter air
pollution from traffic for an extended period of time.
Therefore, their study results may not reflect the asso-
ciation between air pollution and cardiac arrhythmias
in a typical youth population.

Multiple causal mechanisms for the association be-
tween PM, , and cardiac arrhythmias have been pro-
posed.®®% As summarized in these 2 comprehensive
reviews, particulate matter-induced systematic inflam-
mation responses, oxidative stress, autonomic imbal-
ance, direct effects of particulate matter in circulation,
and particulate matter-promoted cardiac structural
remodeling may be responsible for the proarrhythmic
effects of PM, ..

The present study has some noteworthy strengths.
First, we collected individual-level PM, ; data with a
portable nephelometer for 24hours. The personal
monitor enabled us to adequately measure the air
quality from the microenvironment around the partic-
ipants, whereas geostatistical-based estimations gen-
erated based on regional-level data may not be able to
capture the variations in PM, ; concentrations in small
geographical areas. Second, we divided the entire
24-hour recordings into 30-minute-based segments
and treated them as time-varying repeated measure-
ments. This approach substantially increased our

J Am Heart Assoc. 2022;11:€026370. DOI: 10.1161/JAHA.122.026370
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statistical power. Because air pollution usually explains
a small proportion of the variance in ECG outcomes,
especially among healthy populations, the repeated-
measurement data structures played a critical role in
allowing us to detect the small yet significant effect
of PM, , on PVC. Third, we nested a polynomial dis-
tributed lag model within a framework of a negative
binomial model to assess the association between
PM, . concentrations and arrhythmia counts. With
this model, the autocorrelation in both independent
and dependent variables are accounted for simulta-
neously and consequently minimized the biases in the
regression estimates. We further conducted sensitivity
analyses by including different polynomial terms and
excluding segments with high PVC counts. The con-
sistent results from different models suggests that the
observed association was highly robust.

Some of the limitations of the present study should
not be ignored. First, because of the limited availability
of PM, , monitors, we were not able to obtain air quality
data from 23.5% of the PSCC. However, there was no
significant difference between adolescents with and
without PM, . data. Second, although the participants
were instructed to bring the air pollution monitor with
them when performing outdoor activities, it is possible
that some of them kept the monitor indoors. Third, the
PACs were identified solely based on the ratio of 2 con-
secutive R-R intervals. In the meantime, we largely re-
lied on the ECG processing software to identify PVCs.
However, the software limited our ability to further
stratify the PVC according to its origin or specify the
prematurity of PVCs. Therefore, there is a chance for
misclassification. However, this misclassification bias
is systematic because only 1 research technician was
involved in the ECG processing. Fourth, our model se-
lection approach is data driven. As discussed briefly
previously, the cumulative effects of PM,, on PVCs
were statistically significant in all of our models except
the lag-0 model. Because there was little prior knowl-
edge regarding the time course of the impact of PM, »
on cardiac arrhythmias, we decided, a priori, to select
our final model based on the strengths of the cumu-
lative effect and the significance of the individual lag
terms. As a result, we chose the model of lags 0 to 3 as
our final model, which suggested an acute impact of
PM, . on arrhythmias within 2hours after exposure. In
fact, such an acute effect is supported by some of the
previous studies. Lastly, other variables, in particular
cigarette smoking, may be an important confounding
factor. However, the vast majority of our study partic-
ipants were younger than the legal smoking age, and
their self-reported smoking histories are likely to be un-
derestimated. Nonetheless, the acute impact of PM, »
on PVC remained significant after adjusting for self-
reported exposure to cigarette smoking.
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CONCLUSIONS

In summary, our study results suggest that PM, ; air
pollution is associated with an acute increase in the
numbers of ventricular arrhythmias among otherwise
healthy adolescents. Importantly, such an adverse
health effect of PM, 5 on cardiac arrhythmia was ob-
served in this low-risk population in an environment with
PM, 5 concentrations well below the US Environmental
Protection Agency—-mandated, health-based air quality
standards. In addition, we identified that the time course
of the effect of PM, 5 on arrhythmia was =2 hours, with
the most significant impacts occurring between 0.5
and 2.0hours. Although pending confirmation, such an
acute impact of particulate air pollution on ventricular
arrhythmias during adolescence may increase the risk
of SCD during early adulthood.
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SUPPLEMENTAL MATERIAL



Table S1. Comparison of participant characteristics between adolescents with and without
PM: s data.

With PM2.5 Without PM2.5 .

(N=322) (N=99) P value
Age (years) 16.95+2.25 17.88+2.24 0.77
Male (n, %) 180, 55.90% 47, 47.47% 0.14
Non-Hispanic white (n, %) 255, 79.19% 74, 74.75% 0.35
BMI percentile 65.35%+29.09 65.35+26.12 0.99
PAC (count) 0.47+3.00 0.44+1.70 0.65
PVC (count) 0.36+3.09 0.34+2.27 0.87

Data are presented as mean+SD for continuous variables and n, percentage for binary variables.

“: T-test and chi-square tests were used to obtain p values.



Table S2. Rate Ratio (95% C) in association between 10ug/m? increase in PM2s

concentration and number of cardiac arrhythmias from models with different numbers of

lag terms.
PAC PVC
Rate Ratio (95% CI) p Rate Ratio (95% CI) p
Lag O model
Lag O 0.982 (0.951, 1.036) 0.39 1.010 (0.992, 1.029) 0.28
Lag 0-1 model
Lag O 0.992 (0.983, 1.001) 0.25 0.998 (0.983, 1.012) 0.77
Lag 1 0.996 (0.987, 1.006) 0.41 1.036 (1.020, 1.053) <0.01
Cumulative 0.988 (0.971, 1.009) 0.23 1.034 (1.005, 1.064) 0.02
Lag 0-2 model
Lag O 0.994 (0.987, 1.002) 0.12 0.996 (0.980, 1.012) 0.61
Lag 1 0.997 (0.990, 1.004) 0.43 1.030 (1.017, 1.044) <0.01
Lag 2 1.001 (0.993, 1.009) 0.91 1.017 (1.004, 1.030) 0.01
Cumulative 0.988 (0.970, 1.007) 0.22 1.043 (1.006, 1.083) 0.02
Lag 0-3 model
Lag O 0.995 (0.989, 1.002) 0.17 0.998 (0.983, 1.013) 0.76
Lag 1 0.998 (0.990, 1.003) 0.25 1.015 (1.004, 1.027) <0.01
Lag 2 1.000 (0.995, 1.006) 0.88 1.022 (1.011, 1.033) <0.01
Lag 3 1.003 (0.998, 1.009) 0.25 1.016 (1.002, 1.029) 0.02
Cumulative 0.989 (0.970, 1.009) 0.27 1.051 (1.002, 1.102) 0.04
Lag 0-4 model
Lag O 0.992 (0.983, 1.001) 0.09 0.999 (0.985, 1.012) 0.85
Lag 1 0.996 (0.990, 1.002) 0.23 1.006 (0.995, 1.012) 0.27
Lag 2 0.999 (0.995, 1.004) 0.71 1.013 (1.003, 1.023) 0.01
Lag 3 1.003 (0.998, 1.007) 0.28 1.019 (1.008, 1.029) <0.01
Lag 4 1.005 (0.999, 1.011) 0.10 1.024 (1.011, 1.137) <0.01
Cumulative 0.990 (0.969, 1.012) 0.37 1.061 (1.005, 1.121) 0.03
Lag 0-5 model
Lag O 0.996 (0.990, 1.002) 0.44 0.999 (0.987, 1.012) 0.91
Lag 1 0.997 (0.993, 1.002) 0.31 1.005 (0.995, 1.016) 0.30
Lag 2 0.999 (0.994, 1.002) 0.67 1.010 (1.001, 1.020) 0.03
Lag 3 1.000 (0.996, 1.003) 0.88 1.015 (1.005, 1.024) <0.01
Lag 4 1.004 (1.000, 1.009) 0.07 1.018 (1.007, 1.028) <0.01
Lag 5 1.009 (1.003, 1.016) <0.01 1.020 (1.007, 1.032) <0.01
Cumulative 0.992 (0.969, 1.016) 0.50 1.068 (1.004, 1.137) 0.04
Lag 0-6 model
Lag O 0.994 (0.990, 1.001) 0.09 1.003 (0.9901 1.015) 0.64
Lag 1 0.996 (0.993, 1.002) 0.20 0.998 (0.987, 1.009) 0.70
Lag 2 0.998 (0.995, 1.003) 0.18 0.998 (0.988, 1.008) 0.65
Lag 3 1.001 (0.998, 1.005) 0.53 1.002 (0.993, 1.012) 0.64
Lag 4 1.003 (0.999, 1.007) 0.10 1.012 (1.003, 1.020) <0.01
Lag 5 1.004 (1.000, 1.009) 0.04 1.026 (1.018, 1.034) <0.01



Lag 6 1.004 (0.999, 1.009) 0.08 1.046 (1.037, 1.054) <0.01
Cumulative 0.992 (0.967, 1.017) 0.53 1.086 (1.018, 1.159) 0.01
Lag 0-7 model
Lag O 0.993 (0.987, 1.001) 0.08 0.996 (0.984, 1.009) 0.54
Lag 1 0.997 (0.995, 1.001) 0.17 0.999 (0.989, 1.009) 0.84
Lag 2 0.999 (0.995, 1.002) 0.37 1.003 (0.994, 1.011) 0.59
Lag 3 1.002 (0.998, 1.006) 0.29 1.007 (0.998, 1.015) 0.11
Lag 4 1.004 (1.000, 1.008) 0.06 1.011 (1.004, 1.019) <0.01
Lag 5 1.004 (1.000, 1.008) 0.04 1.017 (1.009, 1.025) <0.01
Lag 6 1.003 (0.999, 1.007) 0.16 1.023 (1.015, 1.031) <0.01
Lag 7 1.000 (0.995, 1.005) 0.97 1.030 (1.020, 1.039) <0.01
Cumulative 0.992 (0.965, 1.019) 0.54 1.087 (1.013, 1.167) 0.02
Lag 0-8 model
Lag O 0.994 (0.989, 1.001) 0.10 0.995 (0.982, 1.007) 0.40
Lag 1 0.997 (0.991, 1.002) 0.21 0.999 (0.989, 1.009) 0.89
Lag 2 0.998 (0.995, 1.002) 0.29 1.004 (0.996, 1.012) 0.38
Lag 3 1.002 (0.998, 1.005) 0.31 1.008 (1.000, 1.015) 0.04
Lag 4 1.004 (1.000, 1.008) 0.05 1.011 (1.004, 1.018) <0.01
Lag 5 1.004 (1.001, 1.008) 0.02 1.014 (1.007, 1.021) <0.01
Lag 6 1.004 (1.000, 1.007) 0.06 1.017 (1.009, 1.025) <0.01
Lag 7 1.001 (0.998, 1.005) 0.53 1.019 (1.009, 1.029) <0.01
Lag 8 0.998 (0.993, 1.002) 0.27 1.021 (1.008, 1.033) <0.01
Cumulative 0.991 (0.963, 1.020) 0.53 1.090 (1.008, 1.179) 0.03
Lag 0-9 model
Lag O 0.988 (0.980, 1.001) 0.08 0.996 (0.984, 1.008) 0.48
Lag 1 0.996 (0.994, 1.002) 0.24 0.998 (0.988, 1.008) 0.75
Lag 2 0.998 (0.995, 1.001) 0.17 1.001 (0.993, 1.010) 0.79
Lag 3 1.001 (0.998, 1.004) 0.60 1.004 (0.997, 1.012) 0.29
Lag 4 1.003 (0.999, 1.007) 0.12 1.007 (1.000, 1.014) 0.04
Lag 5 1.004 (1.000, 1.008) 0.04 1.010 (1.004, 1.017) <0.01
Lag 6 1.004 (1.000, 1.007) 0.04 1.014 (1.007, 1.020) <0.01
Lag 7 1.003 (0.999, 1.006) 0.11 1.017 (1.010, 1.024) <0.01
Lag 8 1.000 (0.999, 1.006) 0.83 1.020 (1.013, 1.028) <0.01
Lag 9 0.999 (0.997, 1.002) 0.62 1.024 (1.015, 1.033) <0.01
Cumulative 0.991 (0.963, 1.020) 0.55 1.095 (1.011, 1.186) 0.03
Lag 0-10 model
Lag O 0.989 (0.985, 1.002) 0.09 0.995 (0.983, 1.007) 0.41
Lag 1 0.996 (0.991, 1.003) 0.30 0.999 (0.989, 1.009) 0.80
Lag 2 0.998 (0.995, 1.004) 0.18 1.002 (0.994, 1.010) 0.58
Lag 3 1.001 (0.997, 1.004) 0.73 1.005 (0.999, 1.012) 0.12
Lag 4 1.003 (0.999, 1.007) 0.19 1.008 (1.002, 1.014) <0.01
Lag 5 1.004 (0.999, 1.008) 0.07 1.011 (1.005, 1.016) <0.01
Lag 6 1.004 (1.000, 1.008) 0.04 1.012 (1.007, 1.018) <0.01
Lag 7 1.003 (0.999, 1.006) 0.06 1.014 (1.008, 1.020) <0.01
Lag 8 1.001 (0.999, 1.004) 0.25 1.016 (1.009, 1.022) <0.01
Lag 9 0.999 (0.996, 1.001) 0.36 1.016 (1.007, 1.025) <0.01



Lag 10 0.998 (0.995, 1.002) 0.14 1.016 (1.005, 1.127) <0.01
Cumulative 0.991 (0.962, 1.020) 0.53 1.097 (1.008, 1.194) 0.03
Lag 0-11 model
Lag O 0.990 (0.987, 1.002) 0.11 0.998 (0.985, 1.010) 0.70
Lag 1 0.994 (0.991, 1.003) 0.24 0.999 (0.989, 1.009) 0.86
Lag 2 1.000 (0.997, 1.004) 0.16 1.001 (0.993, 1.009) 0.95
Lag 3 1.000 (0.997, 1.004) 0.86 1.003 (0.996, 1.009) 0.45
Lag 4 1.002 (0.999, 1.006) 0.24 1.005 (0.999, 1.010) 0.13
Lag 5 1.003 (0.999, 1.007) 0.08 1.007 (1.001, 1.012) 0.02
Lag 6 1.004 (1.000, 1.007) 0.04 1.009 (1.003, 1.014) <0.01
Lag 7 1.003 (1.000, 1.007) 0.04 1.011 (1.005, 1.016) <0.01
Lag 8 1.002 (0.999, 1.005) 0.12 1.013 (1.007, 1.019) <0.01
Lag 9 1.000 (0.998, 1.003) 0.85 1.016 (1.008, 1.023) <0.01
Lag 10 0.998 (0.995, 1.001) 0.11 1.018 (1.009, 1.027) <0.01
Lag 11 0.998 (0.994, 1.001) 0.29 1.021 (1.009, 1.032) <0.01
Cumulative 0.989 (0.959, 1.021) 0.50 1.102 (1.007, 1.021) 0.03
Lag 0-12 model
Lag O 0.991 (0.988, 1.002) 0.23 0.998 (0.986, 1.010) 0.73
Lag 1 0.995 (0.992, 1.006) 0.48 0.999 (0.989, 1.009) 0.84
Lag 2 0.998 (0.995, 1.001) 0.15 1.000 (0.992, 1.009) 0.96
Lag 3 1.000 (0.997, 1.003) 0.99 1.002 (0.994, 1.010) 0.67
Lag 4 1.002 (0.998, 1.010) 0.30 1.003 (0.997, 1.010) 0.35
Lag 5 1.003 (0.999, 1.011) 0.09 1.005 (0.999, 1.011) 0.12
Lag 6 1.003 (1.000, 1.012) 0.04 1.007 (1.001, 1.012) 0.02
Lag 7 1.003 (1.000, 1.014) 0.03 1.009 (1.003, 1.014) <0.01
Lag 8 1.003 (0.999, 1.016) 0.06 1.011 (1.005, 1.016) <0.01
Lag 9 1.001 (0.999, 1.019) 0.30 1.013 (1.007, 1.019) <0.01
Lag 10 0.999 (0.998, 1.022) 0.56 1.016 (1.009, 1.022) <0.01
Lag 11 1.003 (1.001, 1.005) 0.01 1.018 (1.010, 1.026) <0.01
Lag 12 0.997 (0.994, 1.001) 0.61 1.021 (1.011, 1.030) <0.01
Cumulative 0.989 (0.957, 1.021) 0.49 1.105 (1.006, 1.021) 0.04

All models controlled for age, race, sex, BMI percentile, temperature, and relative humidity.



Table S3. Rate ratios (95% CI) and p-value in association between 10 pg/m®increment of PM2 s concentration and PVC counts

after truncating PM2s and temperature.

Model 1* Model 2
RR (95% CI) p-value RR (95% CI) p-value
Lag-0 (instantaneous) 1.002 (0.979, 1.025) 0.89 0.967 (0.920, 1.018) 0.20
Lag-1 (0.5-1.0 hours prior) 1.018 (1.002, 1.036) 0.03 1.022 (1.005, 1.039) <0.01
Lag-2 (1.0-1.5 hours prior) 1.023 (1.006, 1.041) <0.01 1.037 (1.021, 1.055) <0.01
Lag-3 (1.5-2.0 hours prior) 1.017 (1.001, 1.040) 0.03 1.032 (1.014, 1.052) <0.01
Cumulative (within 2.0 hours) 1.062 (1.001, 1.146) 0.05 1.060 (1.005, 1.141) 0.04

“: Model 1 adjusted for age, race, sex, BMI percentile, temperature, and relative humidity.

- Model 2 adjusted for age, race, sex, BMI percentile, physical activity level, self-reported exposure to cigarette smoking,

temperature, relatively humidity.



Figure S1. Comparison of EKG characteristics of normal heartbeat, PAC, and PVC

Normal PAC PVC

EKG: Electrocardiogram

PAC: Premature atrial contractions. Defined as a premature heart beat with > 25% reduction in the R-R interval compare to the
immediate prior R-R interval.

PVC: Premature ventricular contraction. Characterized by an absence of P wave and a premature QRS complex with an abnormally
large width and amplitude on EKG.
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