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Abstract

The mechanisms underlying the association between air pollution and cardiovascular morbidity and
mortality are unknown. This study aimed to determine whether controlled exposure to elemental
carbon ultrafine particles (UFP) affects electrocardiogram (ECG) parameters describing heart rate
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variability; repolarization duration, morphology, and variability; and changes in the ST segment.
Two separate controlled studies (12 subjects each) were performed using a crossover design, in which
each subject was exposed to filtered air and carbon UFP for 2 hours. The first protocol involved 2
exposures to air and 10 pg/m3 (~ 2 x 10 particles/cm?3, count median diameter ~25 nm, geometric
standard deviation ~1.6), at rest. The second protocol included 3 exposures to air, 10, and 25 pg/
m?3 UFP (~ 7 x 106 particles/cm3), with repeated exercise. Each subject underwent a continuous
digital 12-lead ECG Holter recording to analyze the above ECG parameters. Repeated measures
analysis of variance (ANOVA) was used to compare tested parameters between exposures. The
observed responses to UFP exposure were small and generally not significant, although there were
trends indicating an increase in parasympathetic tone, which is most likely also responsible for trends
toward ST elevation, blunted QTc shortening, and increased variability of T-wave complexity after
exposure to UFP. Recovery from exercise showed a blunted response of the parasympathetic system
after exposure to UFP in comparison to air exposure. In conclusion, transient exposure to 10-25 pg/
m? ultrafine carbon particles does not cause marked changes in ECG-derived parameters in young
healthy subjects. However, trends are observed indicating that some subjects might be susceptible
to air pollution, with a response involving autonomic modulation of the heart and repolarization of
the ventricular myocardium.

INTRODUCTION

Air pollution is associated with increased morbidity and mortality, with an estimated 500,000
deaths each year related to air pollution worldwide (Committee on Research Priorities for
Airborne Particulate Matter, 2004; Rom & Samet, 2006; US Environmental Protection Agency,
2005). Increased levels of air pollution are associated with death not only from lung cancer but
also from cardiopulmonary disease (Brook, 2007; Pope Il et al., 2004). Daily variations of
PMjg (particles measuring 10 um or less) and carbon monoxide were linked to daily hospital
admissions for cardiovascular disease in the elderly (Schwartz, 1999). Increases in levels of
airborne particulate matter (Peters et al., 2001), and exposure to traffic (Peters et al., 2004),
are both associated with hospitalization for myocardial infarction. Air pollution is also
associated with increased risk for cardiac arrhythmias. In patients with implanted cardiac
defibrillators, device interrogation revealed relationships between ventricular arrhythmias and
various indices of air pollution (Dockery et al., 2005; Peters et al., 2000).

Despite these epidemiological observations, the mechanisms underlying the association
between increased air pollution and increased risk of cardiovascular morbidity and mortality
have not been fully defined, and further research is required (Committee on Research Priorities
for Airborne Particulate Matter, 2004; Utell et al., 2002). Many studies reported to date have
shown associations between air pollution levels and changes in heart rate variability, propensity
to ischemia, and arrhythmias in elderly subjects or in patients with apparent cardiovascular
disease (reviewed in Bhatnagar, 2004; Brook, 2007; Godleski, 2006; Maitre et al., 2006). They
indicate that electrical activity of the heart or its regulation could be affected by air pollution.
There are limited data regarding the influence of air pollution on ECG parameters in young
healthy subjects, and findings from clinical exposure studies have not shown consistent effects
on ECG parameters (Devlin et al., 2003; Gong Jr. et al., 2008; Samet et al., 2007). The aim of
this study was to determine the effects of controlled exposure to laboratory-generated ultrafine
elemental carbon particles, as surrogates of ambient air ultrafine particles, on a series of
prespecified ECG parameters describing heart rate variability; repolarization duration,
morphology, and variability; and changes in the ST segment (Zareba et al., 2001). Other
findings from these exposure studies have been reported elsewhere, including ultrafine particle
deposition (Daigle et al., 2003) and effects on pulmonary function, blood parameters, and
vascular function (Frampton et al., 2006; Pietropaoli et al., 2004a; Pietropaoli et al., 2004b).
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METHODS

Study Population

Written informed consent was obtained from all subjects, and the studies were approved by
the University of Rochester Research Subjects Review Board. Twenty-four healthy
nonsmoking subjects aged 18—40 years (equal numbers by gender) participated, and were paid
astipend. Subjects were not studied within 6 weeks of a respiratory infection, and were required
to have normal spirometry and a normal 12-lead electrocardiogram.

Two separate randomized, double-blinded, controlled studies were performed using a
crossover design, in which each subject was exposed to filtered air and elemental carbon
ultrafine particles (UFP) for 2 hours. Exposures were separated by at least 2 weeks, orders of
exposure were randomized, and the randomization was blocked by order of presentation and
gender. The first study involved 12 subjects (mean age 30 + 9 years, six females) exposed at
rest to 10 pg/m3 (~2 x 106 particles/cm3) UFP and filtered air; the second study involved 12
subjects (mean age 27 * 6 years, six females) with three exposures for each subject, 10 g/
m?3 UFP, 25 ug/m3 (~7 x 10° particles/cm3) UFP, and filtered air. In the second study, for
safety reasons, the order of exposure was randomized in a restricted fashion, so that each subject
received the 10-ug/m3 exposure before the 25-pg/m3. To simulate outdoor activities, subjects
exercised on a bicycle ergometer for 15 minutes of each half hour of a 2-hour exposure at an
intensity adjusted to increase the minute ventilation to approximately 20 L/min/m? body
surface area. All exposures took place in the morning hours to minimize the effect of circadian
variation of the studied parameters.

Exposure to Ultrafine Carbon Particles

The details of the exposure system have been described elsewhere (Daigle et al., 2003). Briefly,
elemental carbon ultrafine particles (count median diameter ~25 nm, geometric standard
deviation (GSD) ~1.6) were generated in an argon atmosphere using an electric spark discharge
between two graphite electrodes, and then deionized and diluted with filtered air to the desired
concentration. Particle number, mass, and size distribution were monitored on both the
inspiratory and expiratory sides of the subject. Electronic integration of a pneumotachograph
signal provided tidal volume, respiratory frequency, and minute ventilation measurements. Air
for the control exposures, and for dilution of the particles, was passed through charcoal and
high efficiency particle filters, and was essentially free of contaminating gases and particles
(0-10 particles/cm?).

ECG Monitoring

Each subject underwent a continuous digital 12-lead ECG Holter recording (Mortara
Instruments, Milwaukee, MN), which was started in the morning prior to exposure and ended
the following morning. During this continuous ECG recording, 5-minute supine resting ECG
recording sessions were performed prior to exposure, immediately after exposure, and 3.5
hours and 21 hours after exposure to evaluate ECG parameters in controlled conditions
unaffected by physical activity or body position. Each 5-minute segment was preceded by a
3-5-minute resting period. In addition, 5-minute ECG segments were identified for detailed
analysis during the final 15 minutes of exposure, and during the night (2 a.m.). In the protocol
involving exercise, the 5-minute monitoring segment of ECG data was accrued during the last
exercise session. The 5-minute analysis segments preceded other subject procedures at each
time point, in order to avoid effects of those procedures on the ECG recording.
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ECG Analyses

Analysis of the 24-hour Holter ECG recordings was performed using the H-Scribe Mortara
System (Mortara Instruments, Milwaukee, MN). After automatic beat annotation, verified by
a technician, the ECG analysis was performed using a research version of Mortara’s program
called MISHA, yielding quantitative measures of several ECG parameters, including beat-to-
beat RR intervals, lead-specific and beat-to-beat ST segment levels, T-wave amplitude, and T-
wave complexity. The QT interval was measured as the longest interval for each beat among
all leads. Next, an 8-beat-segment average was computed for the QT interval, adjusted for heart
rate with Bazett’s formula (Bazett, 1920). Subsequently, means of 8-beat averages from the 5-
minute analysis segments were obtained. The measurements of QTc interval duration were
also performed manually in lead Il. For T-wave amplitude, the original ECG leads I, Il, and
V1-V6 were used, and the median value from these eight original ECG leads was taken for
each beat and averaged over 5 minutes. T- wave complexity, describing morphology of the T-
wave, was measured in each beat by principal component analysis (PCA) based on the above
eight original leads, and averaged over the 5-minute period (Priori et al., 1997). Variability of
T-wave complexity was measured as a standard deviation over the 5-minute period. ST segment
analysis was focused on leads I1, V2, and V5, and the median ST segment level over the 5-
minute period was used.

The time-domain heart rate variability (HRV) parameters: SDNN (standard deviation of
normal-to-normal sinus beat intervals) and rMSSD (root mean square of successive differences
in NN intervals) were calculated for each 5-minute segment of interest, and for a 16-hour period
starting 3.5 hours after exposure. The following frequency-domain HRV parameters were
computed for each 5-minute segment using a fast Fourier technique: high frequency power
(HF: 0.15-0.40 Hz), low frequency power (LF: 0.04-0.15 Hz), both expressed in normalized
units, and the LF/HF ratio (Malik & Camm, 1995).

Arrhythmias were quantified first automatically, using the standard Mortara H-Scribe scanning
system. Subsequently, annotation of the beats was performed by a trained technician under the
direction of a cardiologist. The number of supraventricular and ventricular arrhythmias was
based on the annotated ECG recordings.

Statistical Analysis

The first protocol utilized a standard, two-period crossover design in which each subject
received both 10 pg/m3 UFP and air. The second protocol utilized a three-period crossover
design in which each subject received both low (10 pg/m3) and high (25 pg/m3) concentrations
of particles, and air. There were then three possible exposure sequences, depending on where
in the sequence the air exposure was placed. In both protocols, equal numbers of subjects were
randomly assigned to each sequence, and the randomization was balanced by gender. The
wash-out period of at least 2 weeks between exposures was felt to be of sufficient duration to
prevent any carry-over effects from one exposure to the next.

For the ECG parameters, differences were calculated by subtracting the pre-exposure values
from those at each subsequent time point. These differences were then compared between the
air and UFP exposures. As suggested by Jones and Kenward (2003), the primary analysis was
based on “mixed models,” with adjustment for baseline measurements. The ANOVA included
tests for an effect of time as well as interactions with other effects in the model. Order of
presentation was a between-subjects factor, while exposure, period, and time were within-
subject factors. The analysis included tests for period and carry-over effects, although the latter
were expected to be non-existent (Jones & Kenward, 2003). Model checking included an
examination of residuals as a check on the required assumptions of normally distributed errors
with constant variance. If these assumptions were not satisfied, data transformations were
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considered. Paired t-tests were also performed comparing UFP vs. filtered air exposure for
each time point. A level of 5% was required for statistical significance. Because multiple
comparisons were involved and many endpoints were related, the congruence and plausibility
of the results were considered in interpreting significance, and marginally statistically
significant differences that were isolated, implausible, or inconsistent with other findings were
not considered significant. Data are shown as means + SE, unless otherwise indicated.

Exposure to 10 pg/m3 UFP at Rest

As shown in Tables 1 and 2, few significant changes in ECG parameters were observed with
exposures to 10 pg/m3 UFP at rest. In particular, there were no significant changes in heart
rate or heart rate variability parameters analyzed in the frequency domain. SDNN and rMSSD
were somewhat more increased during, immediately after, and 3 hours after UFP compared
with air exposure (Figure 1); the differences were significant only for rMSSD (p = 0.032).

Repolarization duration, measured by the QTc corrected using Bazett’s formula, showed less
shortening during and immediately after exposure with UFP than with pure air, again with no
significant differences in response (Table 2). No changes were found in T-wave amplitude or
T-wave complexity. However, the variability of repolarization, measured by beat-to-beat
variability of T-wave complexity, showed some trends toward increased values during and
after exposure with UFP when compared to values recorded during pure air exposure (Figure
2A). The ST segment, measured in lead V5, also showed a slight elevation after UFP but not
air exposure (Figure 2B). The difference was not statistically significant, and was not observed
inlead Il or V2.

Exposure to 10 and 25 pg/m?3 with Exercise

Very similar analyses were performed for the ECG recordings obtained during the second
protocol, involving randomized exposures to air and to UFP at 10 and 25 pg/m3. The results
are shown in Tables 3 and 4 for HRV parameters and repolarization parameters, respectively.

Exercise had a profound effect on all ECG parameters recorded during exposure with pure air
or UFP. Similar to the observations for the protocol with exposure at rest, SDNN (Figure 3A)
showed higher values with exposure to 10 pg/m3UFP than with exposure to air. Frequency-
domain HRV parameters showed a similar pattern. However, this effect was not observed with
exposure to UFP at 25 ug/m? (Figure 3A). When analyzing HRV parameters using normalized
units, we observed that the exercise-associated response of the parasympathetic system
(measured by normalized units of HF components) seen with air exposure was blunted 0 hours
after exposure to UFP (Figure 3B), although again the difference was not statistically
significant.

The analysis of QT interval duration and T-wave amplitude also showed a blunted response
after UFP exposure in comparison to pure air exposure. Figure 4 shows that QT and QTc were
shortened during exercise more substantially during UFP particle exposure than during pure
air exposure, and that the QT and QTc intervals remained shortened for several hours after
UFP exposure but not after pure air exposure (Figure 4). Simultaneously, T-wave amplitude
was also higher after exercise with UFP than after exercise with pure air (Figure 5). Exercise
during UFP exposure induced a somewhat more pronounced effect on ST segment level in lead
V5 (minimal ST depression) than during exposure to pure air.

The ANOVA suggested a few significant differences in response based on gender (see Tables
2 and 3). However, the examination of gender-specific results did not indicate an overall pattern
of increased susceptibility to ECG effects based on gender. For example, changes in HF and
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LF both showed significant gender interactions (Figure 6). However, there was no
concentration-related effect, and there was no significant gender interaction for changes in LF/
HF.

No UFP-induced cardiac arrhythmias were seen in any exposure protocol.

DISCUSSION

This is the first study of controlled human exposures to elemental carbon UFP, using a
comprehensive set of ECG parameters that describe autonomic regulation of the heart,
myocardial substrate, and vulnerability. ECG monitoring was chosen to elucidate cardiac
effects of UFP based on the concept that electrical signals of the heart might be affected by air
pollution through either indirect or direct mechanistic pathways (Utell et al., 2002; Zareba et
al., 2001). As expected, young healthy subjects did not show dramatic changes in the studied
ECG parameters, but some interesting trends were observed.

Exposure to 10 pg/m3 UFP at rest was associated with some, mostly non-significant, changes
in ECG parameters. These changes indicate an increase in parasympathetic tone, which is most
likely also responsible for the trend toward ST elevation and blunted QTc shortening. Increased
variability of T-wave complexity after exposure to UFP could also be attributed to an enhanced
parasympathetic response. The heavy breathing associated with exercise physiologically
increases parasympathetic modulation of the heart, and this response seems to be exaggerated
by UFP exposure.

Interestingly, similar findings have been reported in other clinical studies of relatively young,
healthy subjects. Gong Jr. et al. (2003) studied healthy subjects and subjects with mild asthma
exposed to concentrated ambient fine particles (at a concentration of 174 ug/m3). They
observed an air pollution-related increase in parasympathetic measures of autonomic
regulation of the heart. This group found similar effects following exposures of healthy and
asthmatic subjects to concentrated ambient ultrafine particles (Gong Jr. et al., 2008). Riediker
et al. (2004) studied highway patrol officers during work shifts, and found that exposure to
PM, 5 in their vehicles was associated with increased HRV parameters the next morning,
indicating increased vagal tone. In contrast, elderly subjects showed reduced HRV in response
to exposure to concentrated ambient fine particles (Devlin et al., 2003), indicating a loss of
vagal control.

In the second protocol, the impact of exercise was seen on most ECG variables. As with
exposures at rest, the parasympa-thetic measures of HRV increased during exposure at the
lower UFP level (10 pg/m3) but not the higher UFP level (25 pg/m?3). This finding may indicate
that low-level exposure to UFP triggers some increase in parasympathetic tone, while higher
concentrations might lead to a more balanced effect on both the sympathetic and
parasympathetic systems. Recovery from exercise showed a blunted response of the
parasympathetic system (measured by normalized units of HF components) after exposure to
UFP in comparison to air exposure. This diminished vagal response was not observed 3.5 hours
later.

Epidemiological and panel studies have shown effects of air pollution on HRV. Gold et al.
(2000) found a reduction in parasympathetic (vagal) tone in elderly subjects associated with
exposure to outdoor air particles. Adar et al. (2007) also found evidence for reduced
parasympathetic tone in elderly subjects associated with 24-hour exposures to PM s, black
carbon, and UFP (particle number). Pope 3rd et al. (1999) measured HRV parameters and
levels of PM1q and found that elevations of PM1q were associated with increased heart rate
and decreased HRV. Chuang et al. (2007) reported reduced HRV in association with ambient
sulfate and ozone levels in healthy subjects. Baccarelli et al. (2008) found that heart rate
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variability was reduced in association with exposures to PMs 5 in elderly men, with the effects
most pronounced in men with specific susceptibility genotypes and reduced dietary intake of
vitamins B6 and B12 and methio-nine. Exposure to coarse particles (PM1q_» 5) also appears
to affect HRV in elderly people (Lipsett et al., 2006). In contrast, exposure to diesel exhaust
containing 200 pg/m?3 of PM for 2 hours at rest did not induce significant changes in autonomic
control of the heart (Peretz et al., 2008).

Animal studies also indicate that concentrated ambient particles induce HRV changes in
autonomic regulation of the heart, including a decrease in parasympathetic modulation
(Wellenius et al., 2002). On the other hand, rats exposed to on-road aerosols showed increased
high-frequency power and decreased vago-sympathetic balance (Elder et al., 2007). Our
observations indicate that some effect of UFP on parameters of HRV, reflecting control of the
heart by the autonomic nervous system, is present in healthy subjects, although the exact
mechanism for these changes is not yet understood.

The repolarization changes in response to UFP exposure with exercise could have a complex
mechanism, which remains to be elucidated. Blunted response of vagal modulation on the sinus
node does not fully explain the observed blunted response of QTc duration after UFP exposure.
It is known that heart rate (sinus node function under the influence of the autonomic nervous
system) provides only a partial explanation for changes in QT duration (Merri et al., 1993).
Possibly, UFP have an additional effect on repolarization either through a direct effect of the
autonomic nervous system on ventricular myocardium (apart from that on the sinus node) or
by directly affecting ion channel function in ventricular myocardium through a yet unknown
mechanism (Utell et al., 2002).

The reduction in QT duration with concomitant increase in T- wave amplitude after UFP
exposure provides evidence that repolarization is affected by air pollution. These preliminary
findings require confirmation in further studies in groups likely to demonstrate more
pronounced effects (for example, elderly and coronary disease patients).

Lengthening of the QTc interval predisposes to an increased potential for arrhythmias.
However, shortening of repolarization is known to be caused by hypoxia and ischemia, and to
be arrhythmogenic (Safi et al., 2001). Calcium, potassium, and chloride channels may
contribute significantly to shortening of the action potential duration. For example, the action
potential shortening by chloride current activation may perpetuate re-entry by shortening the
refractory period. The other possible explanation for observed QT shortening may be the result
of cardiac myocyte functional responses to subtle changes in systemic vascular tone. These
changes, in turn, may be related to increased endothelin production and/or reduced NO release
by endothelium in response to particles. Alternatively, UFP may gain access to pulmonary
capillary blood, where they could be transported to the heart and cause direct effects on
membrane ion channel function.

Slight ST segment changes in studied young subjects should not be considered as measures of
ischemic burden. Rather, the ST segment reflects the plateau phase of repolarization of the
myocardium, with several ion channels operating that might be vulnerable to air pollution.
Brugada syndrome is an example of an arrhythmogenic disorder manifested by ST segment
elevation caused by abnormal kinetics of ion channels involved in the repolarization process
(Antzelevitch, 2001).

Evidence for air pollution effects on cardiac repolarization comes from a panel study in Erfurt,
Germany (Henneberger et al., 2005). Fifty-six male patients with coronary artery disease
showed significant increases in QT duration in response to exposure to organic carbon;
significant decreases in T-wave amplitude with exposure to ultrafine, accumulation mode, and
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PMj, 5 particles; and a significant increase in T-wave complexity in association with PM, 5
particles for the 24 hours before the ECG recordings.

Limitations of the studies we report here include the use of laboratory-generated elemental
carbon UFP, which do not contain metal, organic compounds, and other chemical species
present in ambient UFP. Our findings could therefore underestimate the cardiovascular effects
of ambient ultrafine particles. A limited number of subjects were included in each tested
protocol (six males and six females in each). However, carefully designed protocols with
multiple randomized exposures to pure air and UFP at different concentrations, with
individuals serving as their own controls, are strengths of the studies. We used sophisticated
measures of electrical activity of the heart including novel digital Holter technology and novel
parameters quantifying T-wave morphology and repolarization variability, in addition to HRV
and ST segment Holter parameters. These sensitive parameters are increasingly used in studies
aiming to detect subtle changes in myocardial electrical activity. For the majority of the
analyses, we standardized recording conditions (5 minutes supine) to diminish the influence
of confounding factors (change in body position, activity, meals, stress) known to affect studied
ECG parameters. We also analyzed whole 24-hour recordings for HRV parameters, which
yielded results similar to those based on multiple 5-minute segments.

The mass concentrations of carbon UFP used in this study, 10 and 25 pg/m3, are representative
of ambient mass concentrations in US cities, are below the current US 24-hour National
Ambient Air Quality Standard for PM, 5 of 35 pg/m3, and are about 10-fold lower than mass
concentrations used in human clinical studies of concentrated fine particles. The particle
numbers are higher than those generally found in ambient air, although particle number
concentrations in traffic on major highways may reach or exceed these numbers. Thus, the
particle concentrations used in these studies are relevant to real-world UFP exposures.

In summary, transient exposure to ultrafine carbon particles in concentrations of 10-25 pg/
m?3 does not cause marked changes in ECG-derived parameters in young healthy subjects.
However, trends are observed indicating that some subjects might be susceptible to such
exposures, with responses involving autonomic modulation of the heart and repolarization of
the ventricular myocardium. It is highly likely that individuals with compromised health status
(or possibly genetic predisposition) might show significant changes in studied ECG
parameters, reflecting mechanistic pathways for the cardiovascular effects of air pollution. Our
findings in these studies of laboratory-generated ultrafine carbon particles, together with those
using concentrated ambient particle exposures (Devlin et al., 2003; Gong Jr. et al., 2003; Gong
Jr. et al., 2008), suggest that, in young healthy subjects, ambient levels of ultrafine and fine
particles do not have substantial effects on the electrical activity of the heart and its central
regulation.
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FIG. 1.
Heart rate variability, exposure to 10 pg/m? at rest, difference from baseline, means + SE: (A)
SDNN, (B) rMSSD.
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FIG. 2.
Cardiac repolarization, exposure to 10 pg/m? at rest, difference from baseline, means + SE:
(A) variability of T-wave complexity, (B) ST voltage lead V.
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Heart rate variability, exposures to 10 and 25 pg/m3 with exercise, difference from baseline,
means + SE: (A) SDNN, (B) HF.
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Cardiac QT (A) and QTc intervals (B), exposures to 10 and 25 pg/m3 with exercise, difference

from baseline, means * SE.
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FIG. 6.

Low frequency (LF, panels A, B) and high frequency (HF, panels C, D) heart rate variability
in females (A, C) and males (B, D) exposed to 10 and 25 pg/m? with exercise. Data are
differences from baseline, means + SE.
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