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Epidemiologic studies report associations between particulate air pollution and cardiovascular
morbidity and mortality, but the underlying pathophysiologic mechanisms are still unclear. We
tested the hypothesis that patients with preexisting coronary heart disease experience changes in
the repolarization parameters in association with rising concentrations of air pollution. A prospec-
tive panel study was conducted in Erfurt, East Germany, with 12 repeated electrocardiogram
(ECG) recordings in 56 males with ischemic heart disease. Hourly particulate and gaseous air pol-
lution and meteorologic data were acquired. The following ECG parameters reflecting myocardial
substrate and vulnerability were measured: QT duration, T-wave amplitude, T-wave complexity,
and variability of T-wave complexity. Fixed effect regression analysis was used adjusting for sub-
ject, trend, weekday, and meteorology. The analysis showed a significant increase in QT duration
in response to exposure to organic carbon; a significant decrease in T-wave amplitude with expo-
sure to ultrafine, accumulation mode, and PM, 5 particles (particles < 2.5 pm in aerodynamic
diameter); and a corresponding significant increase of T-wave complexity in association with
PM, 5 particles for the 24 hr before ECG recordings. Variability of T-wave complexity showed a
significant increase with organic and elemental carbon in the same time interval. This study pro-
vides evidence suggesting an immediate effect of air pollution on repolarization duration, mor-
phology, and variability representing myocardial substrate and vulnerability, key factors in the
mechanisms of cardiac death. Key words: air pollution, coronary disease, electrocardiography, epi-
demiology, repolarization. Environ Health Perspect 113:440—-446 (2005). doi:10.1289/ehp.7579

available via hztp://dx.doi.org/ [Online 14 January 2005]

Evidence from epidemiologic studies indicates
that ambient particulate air pollution and air
pollution episodes lead to increased cardio-
vascular hospital admissions and mortality
(Pope 2000; Schwartz 1994). Although the
relative effects of particulate air pollution are
greater for respiratory than for cardiovascular
mortality, the absolute number of deaths
attributable to particulate air pollution is much
higher for cardiovascular than for respiratory
deaths (Dockery 2001; Frampton 2001).

Cardiac thythm disorders are the leading
cause of hospital admissions for cardio-
vascular diseases in the United States. More
than half of the deaths due to ischemia,
myocardial infarction, and cardiomyopathies
are directly related to cardiac arrhythmias,
and these deaths are usually sudden (Spooner
et al. 2001; Zipes and Wellens 1998).
Myocardial substrate (myocardial damage
due to coronary disease, infarction, or cardio-
myopathy), the autonomic nervous system
(sympathetic activation or/and para-
sympathetic withdrawal), and myocardial
vulnerability (ventricular arrhythmias, repo-
larization dynamics) are believed to be key
factors that contribute to the mechanism of
arrhythmogenic conditions and arrhythmic
death (Zareba et al. 2001) and represent the
so-called “cardiac death triangle.”
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Repolarization abnormalities play a
critical role in arrhythmogenesis, and electro-
cardiogram (ECG) measures of repolariza-
tion morphology and dynamics can identify
patients at risk for cardiac death and sudden
death (Atiga et al. 1998; Berger et al. 1997;
Chevalier et al. 2003; Okin et al. 2000;
Zabel et al. 1998). Previous studies on the
daily variation of particulate air pollution
and heart rate variability in elderly subjects
showed an increase in heart rate (Liao et al.
2004; Peters et al. 1999; Pope et al. 1999)
and a decrease in heart rate variability
(Creason et al. 2001; Gold et al. 2000; Liao
et al. 1999, 2004; Pope et al. 1999, 2004)
associated with particulate air pollution.
However, there are no clinical data regarding
the influence of air pollution on repolariza-
tion parameters.

The purpose of this study was to assess
associations between daily variations in par-
ticulate air pollution and repolarization ECG
parameters representing abnormalities in the
myocardial substrate and increased vulnera-
bility of myocardium to arrhythmias. Novel
measures of repolarization (e.g., T-wave
complexity) were used to investigate the
underlying pathophysiologic mechanisms
leading to adverse reactions of the heart in
response to air pollution.

Materials and Methods
Study population. A prospective panel study

was conducted in patients with coronary
artery disease who participated in 12 sub-
sequent clinical exams between 16 October
2000 and 27 April 2001 in Erfurt, a city of
200,000 inhabitants in East Germany.
Subjects were required to be male, at least
50 years of age, and have doctor-diagnosed
coronary artery disease confirmed by a typi-
cal history of angina pectoris or by prior
myocardial infarction. Exclusion criteria were
as follows: current smokers; patients with
pacemakers; patients with recent (< 3 months)
myocardial infarction, recent bypass surgery or
coronary angioplasty, bundle-branch blocks,
or type 1 diabetes; and patients on anticoagu-
lation therapy (warfarin derivatives). Sixty-
one coronary artery disease patients were
recruited from a large clinical practice of a
local cardiologist to participate in the study,
and 56 patients remained for the analyses.
Three patients with intermittent bundle-
branch blocks and one patient with sinus
arrhythmia were excluded, and one patient
did not participate.

Data on health status, pulmonary and
cardiac symptoms, medication, and smoking
history were obtained at baseline and during
follow-up visits. All subjects signed a written
consent, and the study protocol was approved
by the German ethics commission, Bayerische
Landesaerztekammer.

Address correspondence to A. Henneberger, GSF-
National Research Center for Environment and
Health, Institute of Epidemiology, Ingolstaedter
Landstrasse 1, 85764 Neuherberg, Germany.
Telephone: 011-49-89-3187-3512. Fax: 011-49-89-
3187-3380. E-mail: henneberger@gsf.de

We thank P. Severski and M. Andrews for their
assistance with ECG data management and analysis.

This study was funded through the U.S.
Environmental Protection Agency STAR center
grant R-827354 and the Focus-Network of Aerosols
and Health, GSF. The Focus-Network of Aerosols
and Health coordinates and focuses all GSF research
on health effects and the characterization of aerosols;
it consists of research projects of the GSF Institutes
of Ecological Chemistry, Epidemiology, Inhalation
Biology, Radiation Protection, and Toxicology.

The authors declare they have no competing
financial interests.

Received 14 September 2004; accepted 13 January
2005.

voLUME 113 | Numger 4 | April 2005 < Environmental Health Perspectives



Article | Repolarization and air pollution

ECG recordings and analysis. The ECG
was recorded with a 12-lead Mortara H12 dig-
ital Holter recorder (Mortara Instrument,
Milwaukee, W1, USA) using a digital sampling
rate of 180 samples/sec per channel and
included a 6-min period of rest in supine posi-
tion with spontaneous breathing. The clinical
visits were scheduled on the same weekday
(Monday-Friday) and time (0800-1700 hr)
for each patient once every 2 weeks to mini-
mize the influence of circadian variation of the
parameters studied. All methods used in the
study were conducted according to standard
operating procedures (SOP; available from the
authors upon request).

The ECG recordings were analyzed manu-
ally by one observer for the QT interval and
automatically for T-wave complexity and
amplitude using the research version of the
H-Scribe 12-Lead Digital Holter System
(Mortara Instrument) at the University of
Rochester Medical Center. The QT interval
duration corrected for heart rate (QTc) was
measured manually in lead II and adjusted for
heart rate with Bazett’s formula (Bednar et al.
2001). We chose lead II for QT measurements
because in clinical conditions this lead is con-
sidered representative for the overall electrical
forces of the heart. For T-wave amplitude, we
used original ECG leads I, II, and V1-V6, and
the median value from those eight original
leads was taken for each cardiac cycle and
averaged over a 5-min period. T-wave com-
plexity was measured in each beat by principal
component analysis based on all 12 leads and
averaged over a 5-min period. T-wave com-
plexity describes the global shape of the T-
wave with the advantage of not having the
need for T-wave end determination. The first
component (eigenvector) accounts for most of
the energy in repolarization in a normal T-
wave, whereas the second indicates a relevant
contribution to the inhomogeneous repolariza-
tion. The average ratio between the second and
the first component expressed as percentages
represents a measure of complexity and hetero-
geneity of repolarization and provides an esti-
mate of the fatness of the T-wave loop relative
to its amplitude (Okin et al. 2002).

Variability of T-wave complexity was mea-
sured using an SD of this parameter over the
5-min period (similar to SD of normal-to-nor-
mal intervals for heart rate variability) and was
not corrected for heart rate. However we also
performed the analysis of the variability of
T-wave complexity adjusted for heart rate vari-
ability (including the SD of normal-to-normal
intervals as a linear term in the confounder
model) similar to the approach for T-wave
lability by Berger et al. (1997) and the work of
Haigney et al. (2004) to test if the effect esti-
mates of the variability of T-wave complexity
were dominated or induced by the response of
heart rate variability to air pollution.

Air pollution monitoring. The concentra-
tions of ambient air pollutants were measured
at a fixed monitoring site representing urban
background levels according to the SOP devel-
oped within the framework of previous studies
(Wichmann et al. 2000). Continuous ultrafine
particle (UFP; 0.01-0.1 pm) counts, accumu-
lation mode particle (ACP; 0.1-1.0 pm)
counts, and PM; 5 (mass of particles < 2.5 pm
in aerodynamic diameter) were measured with
a mobile aerosol spectrometer consisting of the
differential mobility analyzer combined with a
condensation particle counter for particles with
an aerodynamic diameter between 0.01 pm
and 0.5 pm and an optical laser aerosol spec-
trometer for particles with a size range of
0.1-2.5 pm. Elemental carbon (EC) and
organic carbon (OC) were determined hourly
from an ambient carbon monitor (ACM 5400,
Rupprecht & Patashnick, Co., Inc., Albany,
NY, USA) after 17 December 2000.

Continuous data on meteorologic vari-
ables of temperature, barometric pressure, and
relative humidity as well as sulfur dioxide,
nitrogen dioxide, nitrogen monoxide, and
carbon monoxide were collected from existing
networks. Missing values in the ambient par-
ticle pollutants UFPs and PM; 5 between
20 January and 13 February 2001 and one
missing day (31 March 2001) in the meteoro-
logic variables of temperature and relative
humidity were either imputed by a linear

regression model (UFPs) or replaced based
on corrected parallel measurements with
other devices (PM; 5, temperature, relative
humidity). The squared multiple correlation
for the UFP regression models was 0.96.

Statistical analyses. The study was con-
ducted as a panel study with repeated
measurements, a longitudinal study in which
the cohort was followed for a certain time,
and the same persons were measured repeat-
edly (12 times). Thus, every person acts as his
own control, which automatically provides an
adjustment for intraindividual variability.
Panel studies are most effective for studying
short-term health effects of air pollution, par-
ticularly in susceptible subpopulations.

Data were analyzed using SAS statistical
package (version 8.2; SAS Institute Inc.,
Cary, NC, USA) and S-Plus (version 6.0;
MathSoft Inc., Cambridge, MA, USA). We
used generalized additive models (GAMs),
including pollutant and confounder variables,
for fixed effects regression with individual
intercepts for each patient. GAM was used to
adjust for confounders with nonparametric
smooth functions based on locally weighted
least squares. Model building was done for
each ECG variable separately. Model fit was
based on the Akaike Information Criterion
(AIC). The best nonparametric model was
compared with parametric modeling (linear,
polynomials of second or third order) for each

Table 1. Description of the study population (56 male subjects with a history of coronary artery disease).

Clinical and ECG characteristics

Mean + SD or total (%)

Clinical characteristics
Age (years)
BMI (kg/m?)
Past myocardial infarction
Type 2 diabetes mellitus
Revascularization (CABG/PTCA)
COPD
Hypertension
NYHA > I
Occupational status
Work part time or full time
Retired
Unable to work or unemployed
Exposed to toxic gases, dust, or fumes during work
Smoking
Never smoker
Ex-smoker
Medication use
{3-Blockers
ACE inhibitors
Calcium blockers
Nitrate
Statins and fibrates
ECG parameters
Heart rate (beats/min)
QTc interval® (msec)
T-wave complexity (%)
Variability of T-wave complexity (%)
T-wave amplitude? (pV)

66 +6
28+4
43(77)
12(21)
48 (86)
5(9)
39(70)
17 (30)

4(7)
49(88)
3(5)
112)

15(27)
41(73)

43(77)
30(54)
17 (30)
24 (43)
29(52)

64.7+99
428.3+35.6
216+128
25+18
256.0+126.9

Abbreviations: CABG/PTCA, coronary artery bypass graft surgery/percutaneous transluminal coronary angioplasty (both
procedures had to be performed more than 3 months before enrollment); COPD, chronic obstructive pulmonary disease;

NYHA, New York Heart Association classification.

aManually measured from lead |1, Bazett corrected. “Median value from leads I, II, and V1-V6.
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confounder variable. We considered the fol-
lowing confounder variables: an indicator
variable for each subject, long-term time
trend, temperature, relative humidity, baro-
metric pressure, and weekday of the visit.
Sensitivity analyses performed were either by
changing the confounder model or by exclud-
ing specific patients.

The exposure, in this case ambient particu-
late and gaseous air pollution, was measured in
different time intervals before the ECG mea-
surements because current knowledge on the
underlying biologic mechanisms supports an
immediate as well as a cumulative response
over 5 days. For every patient, we analyzed the
individual 0-5, 6-11, 12-17, 18-23, and
0-23 hr and 2-5 days of air pollution exposure
before the ECG recording to look for immedi-
ate and delayed responses of the patients. No
adjustment was made for autocorrelation in the
patients’ data or in the pollution data because
the repeated measurements took place 2 weeks
apart. The model with the lowest AIC was
selected for each outcome variable. Effect esti-
mates are presented together with 95% confi-
dence intervals (Cls) based on an increase in air
pollution concentration from the first to the
third quartile [interquartile range (IQR)].

Results

Patient characteristics and repolarization
parameters. The study group consisted of
56 male patients with a mean (+ SD) age of
66 + 6 years (range, 52-76 years) and a mean
(+ SD) body mass index (BMI) of 28 + 4 kg/m?
(range, 22-38 kg/m?). Most patients had prior
myocardial infarction, and all patients had
stable coronary artery disease. The patients
were current nonsmokers, but almost three-
fourth were ex-smokers. They were treated
mainly with B-blockers or angiotensin-
converting enzyme (ACE) inhibitors (Table 1).
Medication was maintained without changes
during the study except for 10 patients (18%)
who had an update in medication (either
removed or added prescription).

Subjects had clinical exams every 2 weeks
for 6 months, and 662 (99%) of the targeted
672 clinical exams were conducted; 625 (93%)
ECG recordings were available for analysis.
Table 1 shows the average values of the stud-
ied ECG parameters. QTc was not signifi-
cantly correlated (Spearman correlation
coefficient 7) with the other three ECG para-
meters. The highest correlation could be seen
between the T-wave complexity and its vari-
ability (= 0.58). T-wave amplitude showed a
negative correlation with T-wave complexity
and with the variability of T-wave complexity
(r=-0.42 and r=—0.49, respectively).

Air pollutants. A description of particulate
and gaseous air pollutants, as well as meteoro-
logic variables, is shown in Table 2. Figure 1
shows UFP and PM, 5 concentrations and air

442

temperature during the study period. Although
not strongly correlated, UFPs were more corre-
lated (Spearman correlation coefficient 7) with
ACPs (r = 0.64) than with PM, 5 (= 0.41).
ACPs and PM, 5 were highly correlated (r =
0.91). EC and OC were both highly correlated
with ACPs and PM, 5 (7 > 0.76). The correla-
tion between gaseous and particulate air pollu-
tants was highest for UFPs with NO (7= 0.83)
and NO, (r = 0.76); for ACPs with NO
(r=0.68), NO, (r= 0.69), and CO (r= 0.82);
for PM, 5 with CO (r= 0.72); and for OC and
EC with NO, NO,, and CO (> 0.68).

Analysis of the association between air
pollution and repolarization parameters.
Table 3 shows the estimated effects for
particulate air pollution concentrations (UEPs,
ACPs, PM, 5) in different time windows on
the repolarization parameters together with
the 95% ClIs. In order to base values on com-
parable increments of exposure for the study
period, the effect estimates were multiplied by
the IQR of the pollutants (Table 2).

For all analyzed particulate concentrations
measured during the 24 hr before the ECG
recording, there was an increase of QTe¢,

which was significant only for ACP concentra-
tions during the 6-11 hr before the recordings
and for OC for all the 6-hr time windows
within the first 18 hr before the recording and
for the complete 0-23 hr period.

T-wave amplitude showed a significant
decrease in association with UFP, ACP, and
PM,; 5 concentrations during the 0-5 hr
before the ECG, and UFPs as well as ACPs
also showed significant effects for concentra-
tions during the 0-23 hr before the recording,
For PM, s, this 24-hr average effect size was
comparable but not significant. With EC
concentrations an immediate (lag of 0-5 hr)
borderline decrease of T-wave amplitude
could be seen.

Correspondingly T-wave complexity
showed a significant increase in association
with PM, 5 concentrations during the 0-5 hr
and with UFPs during the 18-23 hr before
the recording.

The variability of T-wave complexity
showed a borderline increase with PM, 5 con-
centrations during the 0—5-hr and the 0-23-hr
periods before ECG measurement and a signif-
icant increase for OC and EC concentrations

Table 2. Daily concentration of air pollutants and meteorologic variables between 12 October 2000 and

27 April 2001.

Variable No. Mean+SD Minimum ~ 25% Median ~ 75% Maximum QR
UFP (n/cm3)2 196 12,602+6,455 2,542 7326 11,444 17,332 34,294 10,005
ACP (n/cm3) 167 1,593+ 1,034 328 821 1,238 2,120 4,908 1,299
PMy 5 (ug/md)? 197 20.0+15.0 26 9.7 14.9 26.1 83.7 16.4
0C (ug/md) 126 15+0.6 0.3 1.1 14 18 34 0.7
EC (pg/m) 126 26+24 0.2 1.0 1.8 32 12.4 2.3
S0, (ug/m3) 198 41+18 3.0 3.0 34 46 1.7 15
NO, (ug/m?3) 198 343+11.4 8.0 253 34.0 425 68.4 17.2
CO (mg/md) 198 0.52+0.29 0 0.33 0.44 0.60 1.93 0.27
NO (pg/md) 196 243+278 40 6.8 12.3 303 1376 235
Temperature (°C)? 198 41+438 -10.4 05 4.4 79 13.2 74
Barometric pressure (hPa) 198  973.4+97 9495 966.3 9729 980.0 995.7 13.6
Relative humidity (%) 198 835+88 55.8 78.9 84.3 88.8 100.0 10.0

621 (13%) of the hourly measurements were imputed. £715 (15%) of the hourly measurements were imputed.
cMeasurements started 18 December 2000. %24 (0.5%) of the hourly measurements were imputed.
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Figure 1. Time series of UFP and PM, 5 concentrations together with air temperature.
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during 0-5 (only borderline for OC), 12-17,
and 0-23 hr before the ECG recording,

Generally, effects of gaseous pollutants were
weaker. For QT¢, an association with NO,
(effect estimate, 4.47; 95% CI, 1.02—7.93) and
CO (3.86; 95% CI, 0.92—6.81) concentrations
during 6-11 hr before the recording and with
SO, (3.75; 95% CI, 1.21-6.28) during the
whole 0-23 hr before ECG were observed. NO,
a gaseous marker for freshly emitted UFPs from
diesel vehicles, showed an association between
concentrations during 0-23 hr before the ECG
and the variability of T-wave complexity (effect
estimate, 0.14; 95% CI, 0.02-0.26) and
between concentrations during 0-5 hr before
the recording and the T-wave amplitude (~1.97;
95% CI, -3.91 to —0.03). No further significant
associations between T-wave parameters and
gaseous pollutants were found (Figure 2).

When comparing the influence of PM, 5
concentrations during the first 6 hr before the
recording on T-wave parameters (scaled to
the percent change of average repolarization
parameter), T-wave complexity showed larger
effects than did T-wave amplitude (Figure 3).
Besides some isolated effects possibly due to
multiple testing, no significant delayed effects
could be seen for any ECG parameters for
time intervals previous to the 24-hr lag.

A sensitivity analysis for the variability of
T-wave complexity by including an additional
adjustment for heart rate variability in the
confounder model showed identical effect esti-
mates. Even stronger effects in the same direc-
tion were observed when excluding from our
analysis two patients taking antiarrthythmic
medication that may affect repolarization. In a
further sensitivity analysis, all results were con-
sistent when leaving out either the trend or the
meteorology in the confounder model. A sen-
sitivity analysis with parametric smoothing
functions (natural splines) instead of nonpara-
metric smoothing functions (loess) for the
confounder model did not show any changes
in the effect estimates.

Discussion

This longitudinal study showed that increased
levels of particulate air pollution are associ-
ated with significant changes in ECG repolar-
ization parameters reflecting myocardial
substrate and vulnerability. The analyzed
repolarization parameters showed different
pollutant-specific responses, although some of
the measured particulate pollutants were
highly correlated. In association with ACP,
PM,; 5, and OC concentrations for the whole
0-23-hr period before the recording, an

increase in QTc could be seen, which was sig-
nificant especially for OC. T-wave amplitude
showed a significant decrease with UFP, ACP,
PM,; 5, and EC concentrations measured dur-
ing 0-5 hr (only borderline for EC) and dur-
ing 0-23 hr before the recording (significant
only for UFPs and ACPs). Consistently with
this finding, T-wave complexity, a computer-
ized measure of repolarization morphology,
increased significantly in association with
PM, 5 concentrations in the same time inter-
val. The variability of T-wave complexity also
showed an immediate borderline increase with
PM, 5 concentrations measured during the 0-5
and the 0-23-hr time interval before the ECG
and a significant increase in association with
OC and EC concentrations during the whole
24 hr before recording the ECG. The observed
inhomogeneous reaction to the air pollution
mix for the analyzed repolarization parameters
might point toward different actions of air pol-
lution components on the complex repolariza-
tion process (Brook et al. 2004).

Previous studies on the daily variation of
particulate air pollution and heart rate vari-
ability in elderly subjects showed an increase
in heart rate (Liao et al. 2004; Peters et al.
1999; Pope et al. 1999) and a decrease in
heart rate variability (Creason et al. 2001;

Table 3. Effect estimates of particulate air pollution on repolarization parameters reflecting myocardial substrate and vulnerability per 1QR (95% CI).

Hours before recording QTc interval (msec)

T-wave amplitude (pV)

T-wave complexity (%)

Variability of
T-wave complexity (%)

UFP
0-5hr 0.16 (72.67-2.98)
6-11hr 3.59 (-0.69-7.87)
1217 hr 1.98(1.71-5.68)
18-23 hr 3.07 (70.77-6.91)
0-23 hr 3.77(0.97-852)
ACP
0-5hr 1.87 (71.13-4.87)
6-11hr 5.15(0.95-9.36)"
12-17 hr 3.36(0.32-7.03)°
18-23 hr 2.12("1.41-5.67)
0-23 hr 3.70(70.35-7.75)"
PMys
0-5hr 3.06 (70.23-6.35)"
6-11hr 2.83(70.80-6.45)
1217 hr 1.68(1.22-4.59)
18-23 hr 1.11(1.95-4.16)
0-23 hr 2.77 (70.90-6.44)
oc
0-5hr 4.15(0.22-8.09)"
6-11hr 4.72(0.20-9.24)
12-17 hr 4.15(0.08-8.21)"
18-23 hr 3.35(70.26-6.95)"
0-23 hr 5.79(1.38-10.19)
EC
0-5hr 1.97(11.79-5.73)
6-11hr 2.52(72.15-7.19)
1217 hr 1.94(71.58-5.46)
18-23 hr 1.88(71.54-5.30)
0-23 hr 3.07 (11.21-7.34)

~5.91(79.80—2.01
~5.90(12.01-0.21)"
~1.91(77.17-3.35)
~2.53(77.85-2.78)
~7.30(713.97-70.63)"

~5.54 (1951157
5.34(710.93-0.26)"
~3.64(78.52-1.23)
~3.95(78.67-0.76)
6.31(711.66-0.95)"

6.46 (~10.88—2.04)
~2.00 ("6.95-2.96)
~0.72 (*4.77-3.33)
~3.99(8.22-0.24)"
~4.11(79.13-0.90)

~4.31(710.07-1.44)
0.50 (76.30-7.30)
~1.13(77.29-5.03)
~2.37(76.93-2.18)
~2.72(79.27-3.83)

~4.67 (-10.00-0.67)"
-0.81(7.92-6.31)
~1.15 (76.56-4.25)
=2.92 (77.31-1.47)
~3.38(79.81-3.05)

0.46 (70.09-1.01)" 0.06 (70.07-0.20)
0.41 (-0.44-1.26) 0.04 (-0.17-0.25)
0.01(70.71-0.73) 0.04 (0.14-0.22)
0.76 (0.03-1.49)" 0.09 (-0.09-0.27)
0.74 (10.19-1.66) 0.10(70.13-0.34)
0.34(70.30-0.97) 0.12 (0.04-0.27)
-0.01(0.89-0.86) 0.14 (-0.07-0.36)
0.17 (70.58-0.92) 0.17 (70.02-0.35)"
0.38(70.35-1.11) 0.12 (-0.05-0.30)
0.38(70.49-1.25) 0.17 (70.04-0.38)
0.84(0.17-1.51)" 0.15(70.02-0.31)"
-0.04(-0.77-0.98) 0.05(0.13-0.23)
-0.07 (10.62-0.48) 0.07 (70.05-0.18)
0.25(70.32-0.83) 0.08 (-0.04-0.20)
0.35(70.37-1.07) 0.14(70.01-0.28)"
0.31(70.39-1.01) 0.12(70.01-0.26)"
-0.54 (-1.34-0.26) 0.1 (-0.04-0.26)
0.26 (70.47-0.99) 0.19(0.05-0.32)"
0.11(70.52-0.73) 0.09 (-0.03-0.22)
0.20 (70.59-1.00) 0.16(0.02-0.31)"
0.52 (10.16-1.21) 0.13(0.00-0.26)""
-0.23(1.10-0.64) 0.10(-0.06-0.26)
0.33(70.32-0.98) 0.16(0.04-0.29)"
0.21(70.41-0.83) 0.10(70.01-0.22)"
0.42 (70.40-1.23) 0.18(0.03-0.32)"

All models included the categorical variables patient number and weekday, and in addition, the following variables: for QTc interval—trend loess (df = 6.0), temperature lag 3 loess (df =
6.2), relative humidity lag 1 polynomial (second order), and barometric pressure lag 1 linear; for T-wave complexity—trend loess (df = 2.3), temperature lag 3 polynomial (second order),
relative humidity lag 3 loess (df = 6.7), and barometric pressure lag 0 polynomial (third order); for T-wave amplitude—trend polynomial (third order), temperature lag 2 linear, relative
humidity lag 3 polynomial (third order), and barometric pressure lag 3 linear; for variability of T-wave complexity—trend loess (df = 3.4), temperature lag 3 loess (df = 4.6), relative humidity
lag 2 polynomial (second order), and barometric pressure lag 0 loess (df = 4.1).

*p <0.10 (borderline significant). **p < 0.05 (significant). #p < 0.01 (highly significant).
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Gold et al. 20005 Liao et al. 1999, 2004; Pope
et al. 1999, 2004) associated with particulate
air pollution. Animal data support the concept
that the autonomic nervous system may be a
target for the adverse effects of air pollution.
Rats exposed to fuel oil fly ash, a known con-
tributor to PM, 5, developed an inflammation
in the lung and also showed signs of inflam-
matory response in the heart (Killingsworth
et al. 1997). Instillation of residual oil fly ash
caused cardiac arrhythmias in rats with preex-
isting pulmonary inflammation (Watkinson
et al. 1998). T-wave alternans, a marker of
myocardial vulnerability and electrical instabil-
ity, increases in dogs with inhalation of resid-
ual oil fly ash (Godleski et al. 2000). Exposure
to concentrated air particles induced an
increase of the high- and low-frequency
domains of the heart rate variability in healthy
dogs (Godleski et al. 2000). All of these find-
ings suggest that inhaled particles may affect
the balance between the sympathetic and para-
sympathetic control of the heart, and promote

«| (Al
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Change of average QTc duration
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a stress response that potentially leads to
arrhythmias.

This study demonstrates that air pollution
also affects the other two components of the
“cardiac death triangle,” the myocardial sub-
strate and myocardial vulnerability, assessed by
repolarization parameters. Abnormalities in
repolarization morphology, described by the
fairly novel measurement of T-wave complex-
ity and T-wave amplitude, reflect the status of
the myocardial substrate and were previously
found to be associated with an increased risk
of cardiac events in a cohort of healthy sub-
jects (Kors et al. 1998; Okin et al. 2002) and
in postinfarction patients (Zabel et al. 1998,
2000) in studies unrelated to the field of air
pollution. Our findings indicate that abnor-
malities in repolarization duration and mor-
phology occur in response to an increased level
of air pollution reflecting its short-term influ-
ence on the myocardium. Such changes might
predispose to arrhythmic events. The risk of
an arrhythmic event is further enhanced by
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Figure 2. Effect estimates with 95% Cls of particulate and gaseous air pollution during the 6 hr and 24 hr
before the recording of (A) QTc interval, (B) T-wave amplitude, and (C) T-wave complexity.
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the observed increased vulnerability of the
myocardium (measured by the variability of
T-wave complexity). Further evidence for this
interpretation was collected by a study in
patients with implanted cardioverter defibrilla-
tors, where increases in levels of ambient parti-
cles have been associated with increases in
arrhythmia frequency (Peters et al. 2000).
Also, Riediker et al. (2004) found a strong
increase of ventricular and supraventricular
ectopic beats with higher PM; 5 in-vehicle
measurements in young, healthy, nonsmoking
male highway patrol troopers.

In the study presented here, most of the
changes in repolarization due to elevated air
pollution (UFPs, ACPs, PM, 5, OC, EC)
started immediately. A decrease in heart rate
variability with an increase in PM; 5 was ana-
lyzed in Pope et al. (1999) for the same day
and the previous day. Gold et al. (2000) also
showed immediate effects for PM, 5 concen-
trations during 0-3 hr before the testing,
which is consistent with our findings 0-5 hr
before the recording. Peters et al. (2000)
found an association between cardiac arrhyth-
mia and a 2-day lag for PM, 5, CO, and
NO,. Pekkanen et al. (2002) showed an asso-
ciation between ACPs and ST-segment
depression in the ECG on the 2-day lag.
These findings lead to the hypothesis that the
immediate effects in T-wave morphology and
heart rate variability might lead 2 days later to
a manifestation expressing in ST-segment
depression or cardiac arrhythmia.

Particulate matter is a complex mixture
containing many different components includ-
ing metallic compounds such as iron, zinc,
copper, vanadium, and nickel, which are
potent inducers of physiologic effects in ani-
mals and humans (Campen et al. 2002;
Evangelou and Kalfakakou 1993). Direct
effects on the cardiovascular system, blood,
and lung receptors, as well as indirect effects
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per increase in IQR pollutant (%)
I

Change of average repolarization parameter

L
o

T-wave
amplitude
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T-wave
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Figure 3. Effect estimates with 95% Cls of PMy5
concentrations during the 6 hr before the recording
on T-wave parameters reflecting myocardial sub-
strate and vulnerability.
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mediated through pulmonary oxidative stress
and inflammatory responses, have been
observed. The direct effects may occur via
agents such as soluble constituents of PM, 5 or
possibly UFPs that cross the pulmonary epithe-
lium into the circulation. They might be an
explanation for the quick cardiovascular
responses within a few hours, as seen, for exam-
ple, for the repolarization and T-wave mor-
phometry changes in this study. Mechanisms
under discussion (Brook et al. 2004; Schulz
et al., in press) include a dysfunction of the
autonomic nervous system in response to direct
reflexes from receptors in the lung, a cardiac
malfunction due to ischemic responses in the
myocardium, and/or altered ion channel func-
tions in the myocardial cells. Complicating our
understanding even more is the fact that differ-
ent chemicals released from deposited particles
are able to induce different ion channel reac-
tions (Graff et al. 2004). The observed change
in QT interval and T-wave morphology might
be indicative of changes in ion channel func-
tions, but the understanding of the complex
biologic pathways is still very limited. In con-
trast, responses within several hours or days
after the inhalation of particles may possibly
occur via pulmonary oxidative stress and sys-
temic inflammation. These reactions are able to
trigger endothelial dysfunction and a pro-
coagulatory state with thrombus formation and
promotion of atherosclerotic lesions.

It is conceivable that the combined effect
of transient increases in blood coagulability
(Seaton et al. 1995), an acute-phase response
(Ernst and Resch 1993; Ridker et al. 2000), an
increase in blood viscosity (Peters et al. 1997),
and a change in myocardial substrate and vul-
nerability, as suggested in this study, could pre-
cipitate adverse cardiac events, especially in
susceptible individuals.

Strength and limitations. Our longitudi-
nal study with muldiple observations per sub-
ject has the advantage of an almost complete
follow-up in all 56 participants for 6 months,
with each subject being his own control. To
assure the quality of the ECGs, all nurses
were trained carefully and frequently checked
by the quality assurance officer in terms of
electrode placement as well as skin prepara-
tion. Because the ECG parameters differ from
person to person (age, sex, genetics, physiol-
ogy, pathophysiology, therapy), the con-
founder model included an indicator variable
for each subject and thus indirectly adjusted
for the interperson differences and medication
use of the participants. Ischemic heart disease
patients are of particular interest because their
cardiovascular disease might make them par-
ticularly sensitive to the effects of air pollution
episodes, and these patients are particularly
prone to die from cardiac and arrhythmic
death. The often high use of different medica-
tions in these patients is expected to bias the

estimates toward the null and thus only leads
to an underestimation of the effects. For sub-
group analyses of different medication
groups, the sample size and thus the statistical
power were unfortunately too small.

We chose to focus on T-wave complexity
and amplitude in addition to the QT¢ interval
to evaluate changes in repolarization morphol-
ogy and duration as more reliable descriptors
of repolarization changes than QT duration.
Accumulating evidence indicates that princi-
pal component analysis of the T-wave pro-
vides a better quantitative assessment of the
complexity of repolarization than other ECG
parameters and is becoming a useful tool in
noninvasive ECG diagnostics (Okin et al.
2002). The medical relevance of the observed
changes in the analyzed ECG parameters
might be small, but the results of this study
will nevertheless help to understand the differ-
ent pathways and mechanisms of the “cardiac
death triangle” that lead from ambient air pol-
lution to adverse cardiac events.

Misclassification of air pollution exposure
is another potential source of bias especially in
time-series studies (Zeger et al. 2000). Factors
such as wind direction, climatic conditions,
long-range transport, and distances from
sources affect personal exposure patterns to
pollutants from ambient sources. But any
exposure misclassification would be expected
to be nondifferential and thus to bias the esti-
mates toward the null.

Conclusion

Elevated particulate air pollution has a signifi-
cant immediate effect on QTc duration,
T-wave complexity, and T-wave amplitude.
There is a convincing body of evidence that
particulate air pollution is associated with an
increased risk of cardiovascular morbidity and
mortality, and this study provides evidence for a
deleterious effect of air pollution on myocardial
substrate and vulnerability, key factors in the
mechanisms of cardiac death.
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