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Abstract

Background: Air pollution-induced changes in cardiac electrophysiological properties could be a pathway linking
air pollution and cardiovascular events. The evidence of air pollution effects on the cardiac conduction system is
incomplete yet. We investigated short-term effects of particulate matter < 2.5 um in aerodynamic diameter (PM,s)
and ozone (O3) on cardiac electrical impulse propagation and repolarization as recorded in surface
electrocardiograms (ECG).

Methods: We analyzed repeated 12-lead ECG measurements performed on 5,332 patients between 2001 and 2012.
The participants came from the Duke CATHGEN Study who underwent cardiac catheterization and resided in North
Carolina, United States (NC, U.S)). Daily concentrations of PM,s and Os at each participant’s home address were
predicted with a hybrid air quality exposure model. We used generalized additive mixed models to investigate the
associations of PM, s and Os with the PR interval, QRS interval, heart rate-corrected QT interval (QTc), and heart rate
(HR). The temporal lag structures of the associations were examined using distributed-lag models.

Results: Elevated PM, s and O were associated with four-day lagged lengthening of the PR and QRS intervals, and
with one-day lagged increases in HR. We observed immediate effects on the lengthening of the QTc interval for
both PM, 5 and O3, as well as delayed effects for PM, 5 (lagged by 3 - 4 days). The associations of PM, 5 and O3
with the PR interval and the association of O3 with the QRS interval persisted until up to seven days after exposure.

Conclusions: In patients undergoing cardiac catheterization, short-term exposure to air pollution was associated
with increased HR and delays in atrioventricular conduction, ventricular depolarization and repolarization.
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Background

The associations between ambient air pollution and
cardiovascular morbidity and mortality are well estab-
lished [1-3]. One potential pathway of the linkage might
be through the air pollution-induced changes in cardiac
electrophysiological properties. The cardiac conduction
system initiates and conducts electrical impulses as
recorded in the electrocardiogram (ECG). Cardiac
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conduction abnormalities, such as first-degree atrioven-
tricular  block (first-degree AVB) or prolonged
ventricular repolarization, are associated with increased
incidence and prevalence of atrial fibrillation (AF), total
mortality, and sudden cardiac death [4, 5].

The acute effects of air pollution on the cardiac
conduction system could be mediated by physiological
mechanisms including autonomic imbalance and
systemic inflammation, which trigger both immediate
and delayed responses over a period ranging from hours
to days [6, 7]. Epidemiological studies have reported
associations of a lengthening of the heart rate-corrected
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QT interval (QTc), a measure of ventricular repolariza-
tion, with particulate matter in the elderly and patients
having diabetes or preexisting ischemic heart disease [6,
8—11]. However, such associations were not observed in
a panel study of cardiac rehabilitation patients [7]. In
addition to the inconsistent results of particulate matter,
evidence of ambient ozone (Oj) effects on the QTc
interval is still limited [12, 13], and the impacts of air
pollution on atrioventricular conduction and ventricular
depolarization have not been fully investigated [9, 14].

Hypothesizing that air pollution exposure would be
associated with cardiac conduction delay, we performed
this study to investigate the short-term effects of PM, 5
and O3 on the electrocardiographic intervals reflecting
impulse propagation and repolarization in high-risk
patients from a cardiovascular cohort.

Methods

Study population

The data used in this study were obtained from the
Catheterization Genetics (CATHGEN) Study, a cohort
of 9,334 patients who underwent cardiac catheterization
at Duke University Medical Center from 2001 through
2010. More details of the CATHGEN Study can be
found elsewhere [15].

Our analyses were restricted to 6,209 individuals who
had ECG measurements and resided in North Carolina,
United States (NC, U.S.) at catheterization. From the
CATHGEN database, we collected information on par-
ticipant demographic characteristics (age, sex, and race),
body mass index (BMI), smoking status, and the history
of myocardial infarction (MI). The Coronary Artery Dis-
ease Prognostic index (CAD index) was assessed during
the catheterization procedure. The CAD index is an in-
dicator of the severity of coronary artery disease (CAD)
based upon cardiovascular outcomes. A CAD index > 23
represents at least one = 75% occlusion in one major
epicardial coronary artery [16]. Data on area-level educa-
tional attainment and urban/rural status were obtained
from the 2000 U.S. Census based on each patient’s home
address at catheterization. Area-level educational attain-
ment refers to the percentage of adults (= 25 years old)
in the block group with less than a high school educa-
tion; it was categorized into low (= 25%) and high (<
25%) levels.

ECG measurement

During the study period (2001-2012), 71,194 12-lead
ECGs were performed at the time of catheterization and
in follow-up examinations, and analyzed automatically
using the Philips TraceMaster ECG system (Andover,
MA). ECG parameters of interest were the PR interval
(ms), QRS interval (ms), QT interval (ms), and heart rate
(HR, beats/min). The PR interval is measured from the
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beginning of the P wave to the beginning of the QRS
complex, reflecting the electrical impulse conduction
from the sinus node through the atrioventricular node
and His-Purkinje system. The QRS interval is the time
from the onset of the Q wave to the end of the S wave,
which represents ventricular depolarization. The QT
interval is defined as the duration from the beginning of
the Q wave to the end of the T wave. The QT interval is
dependent on HR; after HR-correction, the QTc interval
is a measure of ventricular repolarization. The QT cor-
rection for HR was performed using the Bazett formula
in our main analyses [17].

We first excluded 13,632 ECGs with the diagnosis of
atrial fibrillation, atrial flutter, multifocal atrial tachycar-
dia, or paced rhythms. For participants with multiple
ECGs on the same day or ECGs on consecutive days, we
only included the first of the day and the first on con-
secutive days to reduce the potential impact of interven-
ing medical treatment. To reduce bias caused by
artifacts, we excluded ECGs with non-physiological
parameter values in the following ranges: (1) PR interval
< 100 ms or > 400 ms, (2) QRS interval < 50 ms or >
170 ms, (3) QTc < 350 ms or > 600 ms, (4) HR < 20
beats per minute (bpm) or > 180 bpm. We further ex-
cluded participants with bundle branch block (BBB, QRS
interval > 120 ms), leaving 28,741 eligible ECGs on
5,376 participants.

Exposure assessment

Daily concentrations of PM, 5 (daily average in pg/mg)
and O; (daily 8-h maximum in ppb) for NC were pre-
dicted at a 1 km x 1 km spatial grid resolution from
2000 to 2012. Predictions were made using a neural
network-based hybrid model, incorporating input vari-
ables such as chemical transport model outputs,
satellite-based aerosol optical depth data, absorbing
aerosol index, land-use terms, and meteorological vari-
ables. The ten-fold cross-validation indicated good
model performances with coefficients of determination
of 0.86 and 0.68 for PM, 5 and Os, respectively. Detailed
descriptions and predictive performance of the model
were reported elsewhere [18, 19].

Daily air temperature in NC was also predicted at a 1
km x 1 km grid resolution for the study period. The
modeling process involved satellite-derived daily surface
temperature, daily air temperature from NC weather sta-
tions, normalized difference vegetation index, and pre-
dictors of air temperature (percent of urban areas,
elevation, and distance to water body). A three-stage
modeling approach was used, allowing the prediction in
grid cells without weather monitors or grid cells/days
without data on satellite surface temperature [20].

The latitude and longitude of each participant’s resi-
dential address were geocoded by the Children’s
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Environmental Health Initiative in the Duke Nicholas
School of the Environment (https://cehi.rice.edu/). For
individuals who moved during the study period, we used
the address most closely linked with the date on which
the ECG was performed. The geocoded addresses were
matched with air pollution and temperature data based
on the spatial location and date. Daily air pollutant con-
centrations and air temperature on the same day and 1-
14 days prior to the ECG measurement were assigned to
each ECG.

Statistical analysis

Short-term effects of PM, 5 and O3 on ECG parame-
ters were investigated using generalized additive
mixed models with random intercepts for patients.
The ECG parameters were log-transformed in our
regression models to increase the conformity to a
normal distribution of residuals. To control for sys-
tematic variation over time, we included a penalized
spline for long-term time trend with four degrees of
freedom per year, and two categorical variables for
season (spring: March—May; summer: June—August;
autumn: September—November; winter: December—
February) and day of the week. Air temperature was
adjusted for by modeling low and high temperatures
separately [21]. For days with average temperature on
the previous four days (lagl-4) lower than the
median annual temperature, we introduced a natural
spline with two degrees of freedom for lagl-4
temperature. Similarly, for days with average
temperature on the current and previous day (lag0-1)
higher than the median annual temperature, we intro-
duced a natural spline for lag0-1 temperature with
three degrees of freedom. Besides, we controlled for
individual characteristics at each measurement time
point, including age (continuous), sex (male or fe-
male), race (European-Americans, African-Americans,
or others), area-level educational attainment (low or
high), BMI (continuous), smoking status (never
smoker, or current/former smoker), and living area
(rural or urban). The adjusted confounders were iden-
tical across models for the various air pollutants and
ECG parameters. We investigated the effects of air
pollution on the concurrent day (lag0), for single-day
lags from one to four days (lag0-lag4), and for a
multi-day lag of five days (lag04).

For pollutant-outcome pairs showing significant
delayed associations four days after exposure, we
examined lagged effects up to 14 days using
distributed-lag models [22]. We therefore built a
cross-basis matrix with a third degree polynomial func-
tion of lags, which was then incorporated into the gener-
alized additive mixed model adjusted for the same
confounders as in the main model.
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To explore effect modification and identify the sub-
groups that might be more susceptible to the effects of
PM,5s and Oj, we incorporated interaction terms
between air pollution and individual characteristics in
the model. The examined potential modifiers included
sex, age (< 60 years vs. > 60 years), area-level educational
attainment, obesity (BMI < 30 kg/m? vs. > 30 kg/m?),
smoking status, urban/rural status, CAD index (CAD
index < 23 vs. > 23), and history of ML

In sensitivity analyses, we excluded ECGs with
single-day (lag0—lag4) exposure levels of PM, 5 above 35
ug/m> or O above 70 ppb to examine the effects of air
pollution below the current U.S. National Ambient Air
Quality Standards (NAAQS) [23]. As the electrophysio-
logical parameters are potentially dependent on the HR,
we further adjusted for the HR in models for the PR
interval, QRS interval, and the raw QT interval without
HR-correction. In addition, we used Fridericia formula
in QT correction [24], and investigated air pollution
effects on corrected JT interval (JTc), which was defined
by subtracting the QRS from QTc. The JTc interval is
also an indicator to measure the duration of ventricular
repolarization and is reported to reduce the impact of
wide QRS complex on the QTc interval [25]. To exam-
ine the influence of BBB on associations between air
pollution and ECG parameters, we performed analyses
using 33,117 eligible ECG measurements on 5,819 par-
ticipants regardless of the presence of BBB. We tested
the robustness of the results by building two-pollutant
models with PM, 5 and O3 of the same lag, restricting
the analyses to participants with two or more ECG mea-
surements, changing the degree of freedom for the trend
spline, excluding season as a categorical variable, and
applying generalized additive mixed models with linear
spatial correlation structure given that the dependency
between repeated ECG measurements might decrease
with increasing time interval. Furthermore, we added
long-term air pollution exposure (365-day moving aver-
age of air pollution of 0-364 days prior to each ECG
measurement) to our models and replaced the daily
mean concentration with the deviation between daily
mean and long-term average. In this way, we sought to
investigate the acute effect of temporal variation of
pollutants with the control for spatial variation. The
linearity of the exposure-response relationships was ex-
amined by including a spline for air pollution variables
in models.

The effect estimates are reported as percent changes
of the geometric mean (GM) of outcomes and 95%
confidence intervals (95% CI) corresponding to an inter-
quartile range (IQR) increase in PM, 5 and O3z. We per-
formed the analyses with the software R (version 3.5.1),
using the ‘gamm4;, ‘mgcv;, and ‘dlnm’ packages. The
significance level was set at 0.05.
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Results

Participant characteristics and exposure concentrations
After further exclusion of 44 patients without complete
data on ECG parameters of interest, air pollution
concentrations, or main covariates, we analyzed a final
sample of 28,578 ECGs on 5,332 participants (See
Additional file 1: Figure S1). Among them, 4,009 partici-
pants had two or more eligible ECG recordings during
the study period. The mean age and BMI at enrollment
were 59.8 years and 30.1 kg/m? respectively (Table 1).
60.7% of the participants were male, over half were never
smokers, and the majority were European-American
(72.3%). More individuals lived in rural areas and areas
with a high level of educational attainment. Compared to
excluded individuals, the participants included in our
main analyses tended to be younger and more likely to live
in urban areas, have a higher proportion of
African-Americans and a higher level of educational
attainment (See Additional file 1: Table S1).

Table 2 shows the descriptive statistics of ECG
parameters in all ECG recordings. The correlations
between ECG parameters were weak or negligible.
During the study period, the average concentrations
of PM,5 and O3 in geocoded areas with participants
were 11.2 pg/m>® and 40.5 ppb, respectively (Table 3).
Most daily PM, 5 and O3 levels (99.9% for PM, 5 and
98.7% for O3) were below the current NAAQS (daily
average concentration of 35 pg/m® for PM,s and
daily maximum 8-hour concentration of 70 ppb for
03). PM, 5 and O3 were moderately correlated with a
Spearman correlation coefficient of 0.49.

Table 1 Descriptive statistics of the study population at
baseline (n=5332)

Mean + SD / N (%)

Age (years) 508 +11.7
BMI (kg/m?) 301 +72
Sex (male) 3237 (60.7)
Race

European-Americans 3854 (72.3)

African-Americans 1188 (22.3)

Others 290 (5.4)
Smoking (never smoker) 2753 (51.6)
Education (high) 3231 (60.6)
Area (rural) 2953 (55.4)
CAD-index > 23 (yes)® 2418 (504
History of MI (yes) 1449 (27.2)

SD standard deviation, BMI body mass index, CAD coronary artery disease, M/
myocardial infarction
“Data on CAD-index were available for 4801 participants
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Air pollution and ECG parameters

Increments in PM, 5 and O3 were significantly associated
with the lengthening of the PR interval lagged three or
four days, and with the concurrent as well as lagged
lengthening of the QTc interval (Table 4). Positive
associations with the QRS interval were significant for
O3 at lagd and marginally significant for PM, 5 at lagl
and lag4. We also observed significant increases in the
HR associated with elevated PM,s and a marginally
significant increase for Os, with the strongest single-day
effects at lagl.

We used polynomial distributed-lag models for PR,
QRS, and QTc intervals as they showed delayed
responses to air pollution. Estimates of the
distributed-lag models indicated that the effects of PM, 5
and O3 on the PR interval and the effect of Oz on the
QRS interval persisted until seven days after exposure.
For the QTc interval, we did not find lagged effects of
PM, 5 beyond four days (Fig. 1).

Effect modification

We observed stronger effects of O3 on the QRS and QTc
intervals in patients living in rural areas, and stronger air
pollution effects on the QTc interval in patients with low
educational attainment or obesity. We did not find signifi-
cant or consistent effect modification by other examined
potential modifiers (See Additional file 1: Figure S2).

Sensitivity analyses

Analyses of exposure below the NAAQS showed slightly
attenuated associations between air pollution and ECG
parameters; the effects of air pollution on the PR
interval, QTc interval, and HR remained significant (See
Additional file 1: Table S2). Associations of air pollution
with the PR, QRS, and QT intervals were not sensitive
to the adjustment for HR (See Additional file 1: Figure
S3). We observed reduced effects of air pollution on the
QTc interval calculated using the Fridericia formula
compared to using the Bazett formula at lag0-lag2 (See
Additional file 1: Figure S4). However, the associations
between air pollution and ventricular repolarization were
generally consistent across different indicators. Including
participants with BBB reduced the air pollution effects
on the QRS and QTc intervals and did not significantly
affect the effects on the PR interval and HR (See
Additional file 1: Figure S5).

We did not observe substantial changes in effect esti-
mates in two-pollutant models, except for the attenuated
effect of PM, 5 on the PR interval at lagd when adjusted
for O3 and vice versa (See Additional file 1: Figure S6).
The associations of PM, 5 and O3 with ECG parameters
were robust to excluding participants with only one
ECG measurements, changing the degree of freedom of
trend spline, excluding season, controlling for long-term
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Table 2 Descriptive statistics and Spearman correlation coefficients of ECG parameters (n=28578)

Mean + SD Min 25% Median 75% Max Correlation coefficients
Geometric Arithmetic PR QRS QTc
PR (ms) 170 +£1 173 + 31 100° 152 168 188 400° -
QRS (ms) 91 +1 91 +12 53 83 90 99 120° 0.18 -
QTc (ms) 434 +1 435 + 33 350° 412 433 456 587 -0.02 0.24 -
HR (bpm) 73£1 74 £17 31 62 72 85 160 -0.28 -0.09 0.32

SD standard deviation, Min minimum, 25% the 25th percentile, 75% the 75th percentile, Max maximum, QTc heart rate-corrected QT interval, HR heart rate, bpm

beats per minute
“The minimum and maximum values were set by the exclusion criteria

exposure to air pollution, or applying spatial correlation
structure in  mixed-effects models. The linear
exposure-response relationships between air pollution
and ECG parameters held true when air pollution vari-
ables were included in models as splines (results not
shown).

Discussion

In high-risk patients undergoing cardiac catheterization,
we observed associations of increments in PM, s and Os
with the lengthening of the PR, QRS, and QTc intervals
and increased HR. The effects of PM, s and O3 on the
PR interval and the effect of O3 on the QRS interval per-
sisted until up to one week in distributed lag models.
These findings supported our hypothesis that short-term
exposure to air pollution was associated with atrioven-
tricular and intraventricular conduction delay.

An increased PR interval could relate to parasympa-
thetic activation, sympathetic withdrawal, or the block of
inward calcium current through membrane channels. A
lengthening of the PR interval, even below the diagnostic
threshold for first-degree AVB (PR interval > 200 ms), is
associated with increased incidence of AF, pacemaker
implantation, and all-cause mortality [5]. Few prior stud-
ies investigated the effect of air pollution on the PR
interval. The Air Pollution and Cardiac Risk and its
Time Course (APACR) Study found a 0.09% increase in
the PR interval for each 10 ug/m3 increment in PM, 5
[14]. Since individuals with cardiovascular disease are
potentially more sensitive to air pollution effects, the
smaller effect estimate compared to our study (0.25%)
could be due to the healthier participants in the APACR
Study. The distinct lag times of associations (1.5-2

Table 3 Descriptive statistics of air pollution and temperature in
geocoded areas with participants during the study period

Mean £ SD Min 25% Median 75% Max IQR

PM, 5 (ug/m°) 112+55 09 73 101 142 545 70
O3 (ppb) 405+ 128 86 304 395 498 976 194
Air temperature (°C) 168 +81 -47 102 178 240 310 138

SD standard deviation, Min minimum, 25% the 25th percentile, 75% the 75th
percentile, Max maximum, IQR interquartile range, PM, s particulate matter <
2.5 pm in aerodynamic diameter, O3 ozone, ppb parts per billion

hours in the APACR Study and 3—4 days in our study)
might also partly explain the difference. In addition to
PM, 5, our study provided evidence for an association
between O3 and the PR interval, which to our knowledge
has not been reported previously.

The associations between air pollution and the QRS
interval in our study indicated the effects of air pollution

Table 4 Percent change (95% Cl) of the geometric mean of
ECG parameters per interquartile range increase in pollutants

ECG Lag PM, 5 O3

parameter  (day) o hange (5% Cl) % Change (95% C)

PR 0 -0.07 (-0.23, 0.08) 001 (-0.24, 0.23)
1 -0.07 (-0.23, 0.09) 003 (-021,0.27)
2 -0.07 (-0.23, 0.09) -0.12 (-0.36, 0.12)
3 0.17 (0.01,033)" 0.02 (-0.22, 0.26)
4 0.18 (0.03, 0.34)" 0.29 (0.05, 0.53)°
04 0.07 (-0.18, 0.32) 0.09 (-0.26, 043)

QRS 0 11 (000, 0.22) -0.04 (-0.21,0.12)
1 0.03 (-0.08, 0.14) 0.00 (-0.17, 0.16)
2 001 (-0 12) -0.05 (-0.22,0.11)
3 0.04 (-0.07, 0.15) 004 (-0.13,0.21)
4 11 (0.00,0.21) 021 (0.04,0.37)°
04 15 (0,03, 0.32) 0.06 (-0.18, 0.30)

QTc 0 11(0.02,0.19) 0.17 (0.04,030)"
1 0.05 (-0.04, 0.14) 0.18 (0.04,031)"
2 0.05 (-0.04, 0.14) 0.07 (-0.06, 0.21)
3 11 (0.03,020) 002 (-0.11,0.15)
4 0.13 (0.05,022)" 0.04 (-0.09, 0.17)
04 0.23 (0,09, 0.36)" 0.20 (0,01, 0.39)°

HR 0 0.22 (-0.05, 0.49) 0.23 (-0.17, 0.63)
1 047 (0.20,075)" 040 (0.00, 0.81)
2 0.28 (0.01, 0.56)° 0.28 (-0.13, 0.69)
3 -0.11 (-0.38, 0.16) -0.21 (0,62, 0.20)
4 0.04 (-0.23, 0.30) -0.12 (-0.53, 0.29)
04 044 (0.01,0.86) 0.24 (034, 0.83)

Cl confidence interval, ECG electrocardiogram, PM, s particulate matter < 2.5
um in aerodynamic diameter, O; ozone; QTc heart rate-corrected QT interval,

HR heart rate

“p-Value <0.05; “p-Value <0.01
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on ventricular depolarization among individuals without
bundle branch block. An increase in the QRS interval is
an independent predictor of cardiovascular mortality
[26]. Yet, the evidence of air pollution effects on the
QRS interval is still limited. Consistent with our results,
a higher prevalence of prolonged QRS interval was
associated with long-term residential PM, 5 exposure in
the U.S. Multi-Ethnic Study of Atherosclerosis (MESA)
Cohort. Besides, in a controlled exposure study among
individuals with metabolic syndrome, the GSTM1 null
participants showed an increased QRS interval after
acute exposure to concentrated ambient ultrafine parti-
cles [27]. However, the QRS interval was not associated
with PM, 5 in the APACR Study [9], and an immediate
decrease of 5.8% (95%CI: -10.5, -1.0) in the QRS interval
after exposure to Oz was observed in a crossover study
among healthy volunteers [13]. The mechanism by
which air pollution might lead to a change in QRS
complex remains unclear and needs to be clarified by
further epidemiological and experimental studies. Some
theoretical explanations could be the impact of air
pollution on the inward sodium current and the extra-
cellular resistance.

Our findings of both concurrent and delayed effects of
air pollution on the lengthening of the QTc interval are
supported by previous studies [6, 8, 13]. The potential
pathway of the immediate associations could be the
direct impact of air pollution on the autonomic nervous
system, and the delayed effects are possibly mediated by
air pollution-induced inflammatory responses [6].

Ambient air pollutants trigger reactive oxygen species
production, which in turn induces pulmonary and
systemic inflammation. The concentrations of circulating
inflammatory biomarkers, such as C-reactive protein
(CRP), interleukin 6, and fibrinogen, are increased after
acute air pollution exposure [6, 28]. Further, inflamma-
tion is a modulator of cardiomyocyte ion currents in the
cardiac conduction system, through a pathway involving
cytokine- and sympathetic-induced modulation [29]. Ele-
vated levels of circulating inflammatory biomarkers
have been proven to be associated with QTc
prolongation [30-32].

The QTc interval calculated using the Bazett formula
has been reported to be inferior to using the Fridericia
formula in the prediction of mortality [33]. In our study,
the associations between air pollution and the QTc inter-
val calculated using the Fridericia formula were generally
comparable to using the Bazett formula. Similar results
were also found in the APACR Study [9]. In addition,
since the QT interval encompasses the duration of ven-
tricular depolarization as reflected by the QRS interval,
the air pollution-induced lengthening of the QTc inter-
val could be partly attributable to the effects on the QRS
interval. When subtracting the QRS from the QTc, we
still observed significant associations between air pollu-
tion and the JTc interval. The robust results provided
strong evidence for the air pollution effects on ventricu-
lar repolarization.

The 1-2 days lagged associations between air pollution
and HR suggested the effects of air pollution on the
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autonomic nervous system [8, 34-36]. These associa-
tions could be potentially affected by the use of medica-
tion. For example, stronger effects of air pollution on
HR and heart rate variability are observed among indi-
viduals not taking beta-blockers or calcium-channel
blockers [8, 34]. On the other hand, taking medication
indicates the presence of underlying clinical conditions,
which might increase individual’s susceptibility to air
pollution.  Therefore, = other  studies  reported
non-significant effect modification by medication or
even stronger effects in  individuals taking
angiotensin-converting-enzyme inhibitor (ACE inhibitor)
[37, 38]. The interaction between medication usage and
clinical conditions potentially limits the interpretabil-
ity of the non-significant effect modification by CAD
in our study.

Although the effects of air pollution on the cardiac
conduction system were relatively small in this study, it
is still of public health significance because of its impli-
cations for the entire population. Using the World
Health Organization air quality guideline for 24-hour
mean of PM, s (25 pg/mB) as reference [39], exposure to
the maximum PM,; in this study (54.5 pg/m®) would
account for an increase of 2.4 ms in the QTc interval in
exposed individuals. Moreover, cardiac conduction is af-
fected by many other factors. For instance, preexisting
medical conditions (left ventricular hypertrophy, ische-
mia, etc.) and certain medications can prolong cardiac
repolarization [40]. Among patients with these condi-
tions, further exposure to air pollution may add to the
effects of other factors, and drive the QT interval across
a critical threshold.

Strengths and limitations

A major strength of this study is the large sample size of
the study population and the vast number of ECG re-
cordings for analyses, which to the best of our know-
ledge is the largest cohort for analyzing air pollution
effects on ECG parameters. The repeated measures
study design provided substantial statistical power and
enabled control for unmeasured individual-level con-
founders. Besides, we investigated the associations of
PM,5 and Oj; with ECG parameters that have rarely
been examined previously, such as the PR and QRS
intervals.

One limitation of the study is the heterogeneity of
time intervals caused by unscheduled follow-up visits. In
the analyses, we applied mixed-effects models, which
can reduce the impact of the unbalanced data structure.
Second, we used daily residential exposure assessment
instead of personal exposure. This may have resulted in
non-differential exposure misclassification and bias the
results towards the null [41]. Third, due to the unavail-
ability of data, we were not able to control for
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medication intake, and the smoking status was roughly
divided into current/former smoker or never smoker,
which may have led to inaccuracy in assessing effect
modification by pre-existing morbidities and residual
confounding. Finally, our study was performed in
high-risk patients receiving cardiac catheterization; thus,
the results may not be generalizable to the general popu-
lation. However, it enabled us to assess the association
in a population subgroup at greater risk of cardiovascu-
lar events and potentially more susceptible to the
adverse effects of air pollution.

Conclusions

In summary, short-term exposure to PM,s and O3 was
associated with lengthening of the PR, QRS, and QTc in-
tervals, and increasd heart rate in patients with cardio-
vascular disease. These findings provide evidence for the
acute effects of air pollution on atrioventricular conduc-
tion and ventricular deporlarization and repolarization,
which could potentially mediate the associations of
air pollution with cardiac arrhythmias and cardiovas-
cular mortality.

Additional file

Additional file 1: Table S1. Comparison of individual characteristics
between participants included and excludes in main analyses. Table S2.
Percent change (95% Cl) of the geometric mean of ECG parameters per
interquartile range increase in PM, s and O3 below the NAAQS. Figure
S1. Flow chart of the exclusion procedure. Figure S2. Effect modification
(percent change with 95% Cl) by participant characteristics on the
associations of air pollution with ECG parameters. Figure S3. Percent
change (95% Cl) of the geometric mean of the PR, QRS, and raw QT
intervals per interquartile range increase in PM,s and Os in models with
adjustment for HR. Figure S4. Comparison of the air pollution effects
(percent change with 95% Cl) on different ventricular repolarization
indicators. Figure S5. Percent change (95% Cl) of the geometric mean of
ECG parameters per interquartile range increase in PM, s and O3 among
participants with QRS < 120 ms and participants with QRS in the full
range (50 ms < QRS < 170 ms). Figure S6. Percent change (95% Cl) of
the geometric mean of ECG parameters per interquartile range increase
in PM,s and O3 in sensitivity analyses. (DOC 884 kb)

Abbreviations

AF: Atrial fibrillation; AVB: Atrioventricular block; BBB: Bundle branch block;
BMI: Body mass index; BPM: Beats per minute; CAD: Coronary artery disease;
Cl: Confidence interval; CRP: C-reactive protein; ECG: Electrocardiogram;
GM: Geometric mean; HR: Heart rate; IQR: Interquartile range; MI: Myocardial
infarction; NAAQS: National Ambient Air Quality Standards; Os: Ozone;
PM,s: Particulate matter < 2.5 um in aerodynamic diameter; QTc: Heart
rate-corrected QT interval; SD: Standard deviation

Funding

This work was partially supported by Health Effects Institute 4946-RFPA10-3/
14-7 to WEK (PI) with subagreement 3838618 to Helmholtz Zentrum
Munchen, AS (subrecepient PI), and a scholarship under the State Scholarship
Fund by the China Scholarship Council (File No. 201606010330).

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.


https://doi.org/10.1186/s12989-018-0275-z

Zhang et al. Particle and Fibre Toxicology (2018) 15:38

Disclaimer

The research described in this article has been reviewed by the EPA and
approved for publication. The contents of this article do not necessarily
reflect the views of the Health Effects Institute (HEI), or its sponsors, nor do
they necessarily reflect the view and policies of the EPA or motor vehicle
and engine manufacturers. Further, the records included in the CATHGEN
database reflect data that were compiled by medical staff at a private
hospital facility. The EPA does not warrant or assume any legal liability or
responsibility for the accuracy, completeness, or condition of any
information, data, or process disclosed through these records.

Authors’ contributions

SZ performed the statistical analyses and drafted the manuscript. AS, SB, AP,
WC were substantially involved in the design of the study and interpretation
of the data, and revised the manuscript critically. RD, LN, DDS, WK, and EH
were involved in the acquisition of the CATHGEN data and reviewed the
manuscript critically. JS was involved in the acquisition of the air pollution
and temperature data and reviewed the manuscript critically. All authors
read and approved the final manuscript.

Ethics approval and consent to participate
The CATHGEN Study was approved by the Duke University Institutional
Review Board; all participants signed informed consent prior to enrollment.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Institute of Epidemiology, Helmholtz Zentrum Muinchen, Ingolstadter
Landstr. 1, P.O. Box 11 29, D-85764 Neuherberg, Germany. “National Health
and Environmental Effects Research Laboratory, US Environmental Protection
Agency, Research Triangle Park, Durham, NC, USA. *Duke Molecular
Physiology Institute, School of Medicine, Duke University, Durham, NC, USA.
“Department of Environmental Health, Harvard TH. Chan School of Public
Health, Boston, MA, USA.

Received: 17 May 2018 Accepted: 28 September 2018
Published online: 11 October 2018

References

1. Pope CA, Burnett RT, Thurston GD, Thun MJ, Calle EE, Krewski D, Godleski JJ.
Cardiovascular mortality and long-term exposure to particulate air pollution.
Circulation. 2004;109(1):71-7.

2. Ruckerl R, Schneider A, Breitner S, Cyrys J, Peters A. Health effects of
particulate air pollution: a review of epidemiological evidence. Inhal Toxicol.
2011;23(10):555-92.

3. Brook RD, Rajagopalan S, Pope CA 3rd, Brook JR, Bhatnagar A, Diez-Roux AV,

Holguin F, Hong Y, Luepker RV, Mittleman MA, et al. Particulate matter air
pollution and cardiovascular disease: An update to the scientific statement
from the American Heart Association. Circulation. 2010;121(21):2331-78.

4. Straus SM, Kors JA, De Bruin ML, van der Hooft CS, Hofman A, Heeringa J,
Deckers JW, Kingma JH, Sturkenboom MG, Stricker BH et al: Prolonged QTc
interval and risk of sudden cardiac death in a population of older adults. J
Am Coll Cardiol 2006, 47(2):362-367.

5. Cheng S, Keyes MJ, Larson MG, McCabe EL, Newton-Cheh C, Levy D,
Benjamin EJ, Vasan RS, Wang TJ. Long-term outcomes in individuals with
prolonged PR interval or first-degree atrioventricular block. Jama. 2009;
301(24):2571-7.

6.  Schneider A, Neas LM, Graff DW, Herbst MC, Cascio WE, Schmitt MT, Buse
JB, Peters A, Devlin RB. Association of cardiac and vascular changes
with ambient PM 2.5 in diabetic individuals. Part Fibre Toxicol. 2010;
7(1):14.

7. Rich DQ, Zareba W, Beckett W, Hopke PK, Oakes D, Frampton MW,
Bisognano J, Chalupa D, Bausch J, O'Shea K; et al. Are ambient ultrafine,

20.

21.

22.

23.

24.

25.

26.

27.

Page 8 of 9

accumulation mode, and fine particles associated with adverse cardiac
responses in patients undergoing cardiac rehabilitation? Environ Health
Perspect. 2012;120(8):1162-9.

Hampel R, Schneider A, Bruske |, Zareba W, Cyrys J, Ruckerl R, Breitner S,
Korb H, Sunyer J, Wichmann HE, et al. Altered cardiac repolarization in
association with air pollution and air temperature among myocardial
infarction survivors. Environ Health Perspect. 2010;118(12):1755-61.

Liao D, Shaffer ML, Rodriguez-Colon S, He F, Li X, Wolbrette DL, Yanosky J,
Cascio WE. Acute adverse effects of fine particulate air pollution on
ventricular repolarization. Environ Health Perspect. 2010;118(7):1010-5.

Baja ES, Schwartz JD, Wellenius GA, Coull BA, Zanobetti A, Vokonas PS, Suh
HH. Traffic-related air pollution and QT interval: modification by diabetes,
obesity, and oxidative stress gene polymorphisms in the normative aging
study. Environ Health Perspect. 2010;118(6):840-6.

Henneberger A, Zareba W, Ibald-Mulli A, Ruickerl R, Cyrys J, Couderc J-P,
Mykins B, Woelke G, Wichmann HE, Peters A. Repolarization Changes
Induced by Air Pollution in Ischemic Heart Disease Patients. Environ Health
Perspect. 2005;113(4):440-6.

Hampel R, Breitner S, Zareba W, Kraus U, Pitz M, Geruschkat U, Belcredi P,
Peters A, Schneider A, Cooperative Health Research in the Region of
Augsburg Study G. Immediate ozone effects on heart rate and
repolarisation parameters in potentially susceptible individuals. Occup
Environ Med. 2012,69(6):428-36.

Devlin RB, Duncan KE, Jardim M, Schmitt MT, Rappold AG, Diaz-Sanchez D.
Controlled exposure of healthy young volunteers to ozone causes
cardiovascular effects. Circulation. 2012;126(1):104-11.

Liao D, Shaffer ML, He F, Rodriguez-Colon S, Wu R, Whitsel EA, Bixler EO,
Cascio WE. Fine particulate air pollution is associated with higher
vulnerability to atrial fibrillation—the APACR study. J Toxicol Environ Health
A. 2011;74(11):693-705.

Kraus WE, Granger CB, Sketch MH Jr, Donahue MP, Ginsburg GS, Hauser ER,
Haynes C, Newby LK, Hurdle M, Dowdy ZE, et al. A Guide for a
Cardiovascular Genomics Biorepository: the CATHGEN Experience. J
Cardiovasc Trans| Res. 2015;8(8):449-57.

Bart BA, Shaw LK, McCants CB, Fortin DF, Lee KL, Califf RM, O'Connor CM.
Clinical Determinants of Mortality in Patients With Angiographically
Diagnosed Ischemic or Nonischemic Cardiomyopathy. J Am Coll Cardiol.
1997,30(4):1002-8.

Bazett HC. An analysis of the time relations of electrocardiograms. Heart.
1920;7:353-70.

Di Q, Kloog |, Koutrakis P, Lyapustin A, Wang Y, Schwartz J. Assessing PM2.5
Exposures with High Spatiotemporal Resolution across the Continental
United States. Environ Sci Technol. 2016;50(9):4712-21.

Di Q, Rowland S, Koutrakis P, Schwartz J. A hybrid model for spatially and
temporally resolved ozone exposures in the continental United States. J Air
Waste Manag Assoc. 2017,67(1):39-52.

Shi L, Liu P, Kloog |, Lee M, Kosheleva A, Schwartz J. Estimating daily air
temperature across the Southeastern United States using high-resolution
satellite data: A statistical modeling study. Environ Res. 2016;146:51-8.
Stafoggia M, Samoli E, Alessandrini E, Cadum E, Ostro B, Berti G, Faustini A,
Jacquemin B, Linares C, Pascal M, et al. Short-term associations between
fine and coarse particulate matter and hospitalizations in Southern Europe:
results from the MED-PARTICLES project. Environ Health Perspect. 2013;
121(9):1026-33.

Gasparrini A. Distributed lag linear and non-linear models in R: the package
dinm. J Stat Softw. 2011,43(8):1.

National Ambient Air Quality Standards. https://www.epa.gov/criteria-air-
pollutants/naags-table. Accessed 15 Apr 2018.

Fridericia L. The duration of systole in an electrocardiogram in normal
humans and in patients with heart disease. Ann Noninvasive Electrocardiol.
2003;8(4):343-51.

Crow RS, Hannan PJ, Folsom AR. Prognostic significance of corrected QT
and corrected JT interval for incident coronary heart disease in a general
population sample stratified by presence or absence of wide QRS complex:
the ARIC Study with 13 years of follow-up. Circulation. 2003;108(16):1985-9.
Desai AD, Yaw TS, Yamazaki T, Kaykha A, Chun S, Froelicher VF. Prognostic
Significance of Quantitative QRS Duration. Am J Med. 2006;119(7):600-6.
Devlin RB, Smith CB, Schmitt MT, Rappold AG, Hinderliter A, Graff D,
Carraway MS. Controlled exposure of humans with metabolic syndrome to
concentrated ultrafine ambient particulate matter causes cardiovascular
effects. Toxicol Sci. 2014;140(1):61-72.


https://www.epa.gov/criteria-air-pollutants/naaqs-table
https://www.epa.gov/criteria-air-pollutants/naaqs-table

Zhang et al. Particle and Fibre Toxicology (2018) 15:38

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Rickerl R, Greven S, Ljungman P, Aalto P, Antoniades C, Bellander T,
Berglind N, Chrysohoou C, Forastiere F, Jacquemin B, et al. Air pollution and
inflammation (interleukin-6, C-reactive protein, fibrinogen) in myocardial
infarction survivors. Environ Health Perspect. 2007;115(7):1072-80.

Lazzerini PE, Capecchi PL, Laghi-Pasini F. Long QT Syndrome: An Emerging
Role for Inflammation and Immunity. Front Cardiovasc Med. 2015;2:26.
Chang KT, Shu HS, Chu CY, Lee WH, Hsu PC, Su HM, Lin TH, Voon WC, Lai
WT, Sheu SH. Association between C-reactive protein, corrected QT interval
and presence of QT prolongation in hypertensive patients. Kaohsiung J Med
Sci. 2014;30(6):310-5.

Kim E, Joo S, Kim J, Ahn J, Kim J, Kimm K, Shin C. Association between C-
reactive protein and QTc interval in middle-aged men and women. Eur J
Epidemiol. 2006;21(9):653-9.

Yue W, Schneider A, Riickerl R, Koenig W, Marder V, Wang S, Wichmann H-E,
Peters A, Zareba W. Relationship between electrocardiographic and
biochemical variables in coronary artery disease. Int J Cardiol. 2007;
119(2):185-91.

Vandenberk B, Vandael E, Robyns T, Vandenberghe J, Garweg C, Foulon V,
Ector J, Willems R. Which QT correction formulae to use for QT monitoring?
J Am Heart Assoc. 2016;5(6):2003264.

Park SK, O'Neill MS, Vokonas PS, Sparrow D, Schwartz J. Effects of Air
Pollution on Heart Rate Variability: The VA Normative Aging Study. Environ
Health Perspect. 2004;113(3):304-9.

Schneider A, Hampel R, Ibald-Mulli A, Zareba W, Schmidt G, Schneider R,
Ruckerl R, Couderc JP, Mykins B, Oberdérster G. Changes in deceleration
capacity of heart rate and heart rate variability induced by ambient air
pollution in individuals with coronary artery disease. Part Fibre Toxicol.
2010;7(1):29.

Zanobetti A, Gold DR, Stone PH, Suh HH, Schwartz J, Coull BA, Speizer FE.
Reduction in heart rate variability with traffic and air pollution in patients
with coronary artery disease. Environ Health Perspect. 2010;118(3):324.

Park SK, Auchincloss AH, O'Neill MS, Prineas R, Correa JC, Keeler J, Barr RG,
Kaufman JD, Diez Roux AV. Particulate air pollution, metabolic syndrome,
and heart rate variability: the multi-ethnic study of atherosclerosis (MESA).
Environ Health Perspect. 2010;118(10):1406-11.

Bartell SM, Longhurst J, Tjoa T, Sioutas C, Delfino RJ. Particulate air pollution,
ambulatory heart rate variability, and cardiac arrhythmia in retirement
community residents with coronary artery disease. Environ Health Perspect.
2013;121(10):1135-41.

World Health Organization. WHO Air quality guidelines for particulate
matter, ozone, nitrogen dioxide and sulfur dioxide-Global update 2005-
Summary of risk assessment, 2006. Geneva: WHO; 2006.

Al-Khatib SM, LaPointe NMA, Kramer JM, Califf RM. What clinicians should
know about the QT interval. Jama. 2003;289(16):2120-7.

Sarnat JA, Brown KW, Schwartz J, Coull BA, Koutrakis P. Ambient gas
concentrations and personal particulate matter exposures: implications for
studying the health effects of particles. Epidemiology. 2005;16(3):385-95.

Page 9 of 9

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study population
	ECG measurement
	Exposure assessment
	Statistical analysis

	Results
	Participant characteristics and exposure concentrations
	Air pollution and ECG parameters
	Effect modification
	Sensitivity analyses

	Discussion
	Strengths and limitations

	Conclusions
	Additional file
	Abbreviations
	Funding
	Availability of data and materials
	Disclaimer
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

