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Abstract
Background—Ambient particulate matter (PM) derived from coal-fired power plants may have
important cardiovascular effects, but existing toxicological studies are inadequate for
understanding these effects. The Toxicological Evaluation of Realistic Emissions of Source
Aerosols (TERESA) study aims to evaluate the toxicity of primary and secondary PM derived
from coal-fired power plants. As part of this effort, we evaluated in susceptible animals the effect
of stack emissions on cardiac electrophysiology and respiratory function under exposure
conditions intended to simulate an aged plume with unneutralized acidity and secondary organic
aerosols (POS exposure scenario).

Methods—Rats with acute myocardial infarction were exposed to either stack emissions (n=15)
or filtered air (n=14) for 5 hours at a single power plant. Respiration and electrocardiograms were
continuously monitored via telemetry and heart rate, heart rate variability (HRV), premature
ventricular beat (PVB) frequency, electrocardiographic intervals, and respiratory intervals and
volumes were evaluated. Similar experiments at another power plant were attempted but were
unsuccessful.

Results—POS exposure (fine particle mass = 219.1 μg/m3; total sulfate = 172.5 μg/m3; acidic
sulfate = 132.5 μg/m3; organic carbon = 50.9 μg/m3) was associated with increased PVB
frequency and decreased respiratory expiratory time and end-inspiratory pause, but not with
changes in heart rate, HRV, or electrocardiographic intervals. Results from a second power plant
were uninterpretable.

Conclusions—Short-term exposure to primary and unneutralized secondary particulate matter
formed from aged emissions from a coal-fired power plant, as simulated by the POS scenario, may
be associated with increased risk of ventricular arrhythmias in susceptible animals.
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Introduction
Ambient air pollution is a recognized risk factor for cardiovascular morbidity and mortality
(Brook et al., 2004). Short-term elevations in ambient particulate matter (PM) have been
specifically implicated in the triggering of acute cardiovascular events including myocardial
infarction (MI) (Peters et al., 2001; Zanobetti and Schwartz, 2005), ventricular arrhythmias
(Peters et al., 2000; Rich et al., 2005), heart failure exacerbations (Schwartz and Morris,
1995; Dominici et al., 2006; Wellenius et al., 2006), and ischemic stroke (Tsai et al., 2003;
Wellenius et al., 2005).

Because the toxicity of PM likely varies by source, quantifying the effects of PM from
sources such as biomass burning, power plants, and gasoline and diesel emissions is of
substantial public health interest. In the US, coal-fired power plants are used to generate the
majority of electricity consumed (US Energy Information Administration, 2009). Ambient
PM consist of primary particles emitted directly from sources and secondary particles
formed by chemical reaction of particles and gases in the atmosphere. Source apportionment
studies in a number of US cities have found that coal-fired power plants contribute
significantly to ambient PM levels, primarily in the form of secondary sulfates formed from
oxidation of SO2 and nitrogen oxides (NOx) from stack emissions (Laden et al., 2000;
Maykut et al., 2003; Brown et al., 2007; Duvall et al., 2008; Sarnat et al., 2008). For
example, Duvall et al. (2008) estimated that secondary sulfate from coal combustion
contributed 24-48% of fine PM mass at 6 sites across the US.

There are limited published results from animal experiments examining the cardiovascular
effects of primary particles emitted from coal-fired power plants. Studies using inhaled or
instilled coal fly ash in laboratory animals suggest that this material can elicit a pulmonary
and systemic inflammatory response (Gilmour et al., 2004; Smith et al., 2006; Finnerty et
al., 2007). However, the current relevance of these studies to human health is unclear since
emissions of primary particles from coal-fired power plants are regulated and ambient
concentrations of these primary particles are quite low.

The toxicological effects of secondary PM, in addition to residual primary PM, have not
been examined in detail. Epidemiologic studies provide some evidence that emissions from
coal-fired power plants may have important cardiovascular health effects. First, some (Ito et
al., 2006; Mar et al., 2006), but not all (Sarnat et al., 2008), source apportionment studies
have found an association between ambient PM from coal-fired power plants and
cardiovascular morbidity and mortality. Second, short-term changes in ambient levels of
sulfates have been associated with cardiovascular hospitalizations (Burnett et al., 1995),
adverse changes in predictors of cardiovascular events including markers of inflammation,
coagulation, autonomic function, and vascular reactivity (O'Neill et al., 2005; Luttmann-
Gibson et al., 2006; Chuang et al., 2007), and increased rate of supraventricular cardiac
arrhythmias (Sarnat et al., 2006). Additionally, a source apportionment study in animals
exposed to concentrated ambient air particles (CAPs) identified associations between
secondary sulfates and changes in heart rate and heart rate variability (Lippmann et al.,
2005). On the other hand, a number of time-series and source apportionment studies have
not detected statistically significant relationships between health endpoints and sulfate or
other markers of coal combustion (Reviewed by: Reiss et al., 2007).

Laboratory-generated sulfates on their own do not appear to have significant health effects
in normal humans (Schlesinger and Cassee, 2003). This finding suggests that the potential
health effects of secondary sulfate created by the conversion of SO2 and NOx from stack
emissions in the presence of residual primary particles and biogenic organic material
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warrants further investigation. The Toxicological Evaluation of Realistic Emissions of
Source Aerosols (TERESA) study is a comprehensive effort to evaluate the toxicity of both
primary and secondary PM derived from coal-fired power plants. Importantly, this study
attempted to simulate the complex atmospheric chemical reactions that stack emissions
undergo during transport from the source to distant sites. As part of this effort, we evaluated
the effect of stack emissions from coal-fired power plants on electrocardiographic changes
in a rat model of acute myocardial infarction.

Methods
Overview

In the TERESA study, emissions were drawn from the stack at three separate power plants
into a mobile laboratory where oxidants were added to oxidize SO2 to sulfate. Other
atmospheric constituents (e.g., NH3, secondary organic aerosol) were added in pre-specified
combinations in order to study the effects of different atmospheric conditions. Laboratory
rats were then exposed to the resulting atmospheric mixtures, with PM present at
environmentally relevant concentrations and hematologic, respiratory, and cardiovascular
effects were evaluated. This report focuses on the cardiovascular effects of primary particles
emitted directly from coal-fired power plants in conjunction with unneutralized secondary
particles formed from emitted SO2 (POS scenario), as assessed by measuring changes in
electrocardiographic parameters in a rat model of acute MI. The overall TERESA study
design is described in detail elsewhere (Godleski et al., 2010b; Kang et al., 2010). Results
for other biologic outcomes are published separately (Diaz et al., 2010; Godleski et al.,
2010a; Lemos et al., 2010).

In the TERESA study, most biologic outcomes were assessed under a variety of
experimental scenarios and at 3 different power plants (Power Plants 1, 2, and 3).
Specifically, in order to simulate atmospheric transformations that coal power plant
emissions undergo in a plume the following scenarios were chosen: (1) primary emissions
only (“P”); (2) the oxidation of SO2 to form H2SO4 aerosol, along with primary particles
(“PO”); (3) the oxidation of SO2 plus the reaction of α-pinene with ozone to form secondary
organic aerosols, along with primary particles (“POS”); and (4) the neutralization of H2SO4
aerosol by NH3, along with primary particles and secondary organic aerosols (“PONS”).

Due to the complexity of the acute MI animal model, we chose a priori to conduct these
experiments only under the exposure scenario producing the greatest effects in normal rats.
Logistical considerations necessitated that the decision of which exposure to use be made
shortly after the findings of the initial exposures of normal animals to each scenario were
completed. Preliminary analyses of heart chemiluminescence data from Power Plant 1
suggested no health effects under any scenario, so experiments using the acute MI animal
model were not carried out at Power Plant 1. Preliminary analyses of data from Power Plant
2 suggested similar increases in heart chemiluminescence with the POS and PONS exposure
scenarios, and we chose to use the POS exposure scenario for experiments using the acute
MI animal model. The same scenario was chosen for experiments at Power Plant 3 to be
consistent. Thus, results from the POS scenario at Power Plants 2 and 3 are reported here.

Animals
Adult, male Sprague-Dawley rats weighing ~250g (Charles River Laboratories, Inc.,
Wilmington, MA) were maintained and studied in accordance with the National Institutes of
Health guidelines for the care and use of animals in research. Animals were housed (12-h
light/dark cycle) in plastic cages with pine chip bedding (Northeastern Products Corp.,
Warrensburg, NY) and received food (LabDiet, PMI Nutrition International, Inc.,
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Brentwood, MO) and water ad libitum. All protocols were approved by the Harvard Medical
Area Standing Committee on Animals.

Surgical Protocol
Rats were implanted with a radio telemetry transmitter (DSI PhysioTel® Transmitter ETA-
F20, Data Sciences International, Inc., Saint Paul, MN) for measurement of the ECG.
Electrodes were implanted subcutaneously in a Lead II configuration, as previously
described (Wellenius et al., 2004). At least 2 weeks post-implantation, left-ventricular
myocardial infarction was induced by thermocoagulation as previously described (Wellenius
et al., 2002). Briefly, under inhalation anesthesia, a left thoracotomy was performed via the
third or fourth intercostal space to gain access to the left ventricular wall of the heart.
Myocardial infarction was induced by briefly and repeatedly applying the tip (0.5″ fine
electrode) of a portable thermocautery unit (2200°C, Aaron Medical Industries, Inc., St.
Petersburg, FL) to one or more visible branches of the left coronary artery. Visible
discoloration of the affected region indicated that blood flow had been successfully
interrupted. Each animal was allowed to recover for at least 12h, and then exposure was
carried out so that evaluation on cardiac changes would be within the 24 hour post-MI
window of greatest vulnerability.

Exposure Technology and Characterization
Details of the exposure set up and exposure assessment are provided elsewhere (Ruiz et al.,
2007a; Ruiz et al., 2007b; Godleski et al., 2010b; Kang et al., 2010). Briefly, stack emissions
composed primarily of SO2, NO and primary PM were diluted by addition of filtered (dry)
air as needed and delivered to photochemical chambers. In a first chamber, OH radicals
were generated by the photolysis of ozone, and SO2 was oxidized to form sulfuric acid.
Subsequently, in a second chamber, the oxidized plume was mixed with secondary organic
aerosols by addition of α-pinene and ozone (POS scenario). The mixture was then passed
through a counter-current parallel plate membrane denuder (Ruiz et al., 2006) to remove
gaseous pollutants and the resulting aerosols were delivered to the animal exposure
chambers. Control animals with acute MI were exposed to room air filtered through a HEPA
filter (using Millipore Opticap filters at a flow of 1.5 liters per min) and are designated as
Sham animals in this paper.

Electrocardiographic (ECG) Data Acquisition and Analysis
Real-time ECG waveforms were continuously displayed and recorded using a PC-based
system (Dataquest ART, Data Sciences International, Inc.). Offline, ECG signals were
reviewed and analyzed using customized software scripts in Matlab (Mathworks, Inc.,
Natick, MA). Premature ventricular beats (PVBs) were identified and annotated by an
investigator blinded to the exposure status of each animal and the number of PVBs for each
exposure hour recorded. If there were >50 PVBs in a given hour, the total number for that
hour was estimated based on review of 3 1-min windows positioned 5, 30, and 55-min into
that hour.

To assess heart rate and heart rate variability, normal sinus beats were automatically labeled
and subsequently verified by an investigator. We calculated heart rate as the reciprocal of
the 3-min mean normal beat-to-beat interval, SDNN, a measure of total heart rate variability,
as the standard deviation of all normal beat-to-beat intervals within a 3-min interval, and
RMSSD, a measure of heart rate variability that reflects parasympathetic nervous system
activity, as the root-mean-square of successive differences among all normal beat-to-beat
intervals within a 3-min interval. Heart rate and heart rate variability were assessed at 0, 60,
120, 180, and 240 min after the start of the exposure. If the ECG within 10 min of each time
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point could not be automatically labeled by the software or was otherwise of insufficient
quality, no value was reported for that time point for that rat.

ECG intervals were estimated every 10 sec using Ponemah Physiology Platform version 4.8
(DSI Ponemah, Valley View, OH) Because T-wave morphology was distorted by the acute
myocardial infarct in these animals, we restricted analysis of ECG intervals to the PR
interval (defined as the time in ms from the beginning of the P wave to the start of the Q
wave) and P-wave duration (defined as the time in ms from the beginning to the end of the P
wave). Statistical analyses were based on the mean PR interval and P wave duration for each
rat for each hour.

Respiratory Function
During exposures, continuous respiratory data were collected using a whole body
plethysmography system (Buxco Electronics Inc., Wilmington, NC), as described in detail
elsewhere (Diaz et al., 2010). Briefly, flow through each chamber was maintained at
1.5LPM and Buxco air flow transducers (TRD5700) were connected to the chambers and to
a reference chamber to compensate for changes in pressure in the system. Each chamber was
calibrated to its respective transducer using a 1.5 LPM flow at the beginning of each
scenario (week), a daily check of the accuracy of these calibrations were performed before
each exposure. A sampling protocol was designed to collect continuous data and 10 minute
averages of the following parameters: frequency, tidal volume, inspiratory time, expiratory
time, enhanced pause (Penh), minute volume, peak inspiratory flow, peak expiratory flow,
end inspiratory pause, end expiratory pause, expiratory flow at 50%, and pause. A rejection
algorithm was automatically included in the breath by breath analysis.

Histopathology
Histopathologic confirmation of the MI was carried out in all animals within 1 week after
infarction. Animals were euthanized using an overdose of sodium pentobarbital. The heart
was removed and placed in 10% buffered formalin (Fisher Scientific, Pittsburgh, PA). After
at least several days of fixation, the heart was dissected into serial 2–3 mm cross sections
from the apex to base. These cross sections of the ventricles were processed routinely for
paraffin histology, sectioned at 4 mm thickness, stained with hematoxylin and eosin, and
examined by light microscopy to assess the presence and extent of infarction. This
histopathological assessment was done by an investigator blinded with regard to exposure
group and outcomes.

Statistical analysis
The statistical analysis of arrhythmia count data can be methodologically challenging when
there are more subjects with no arrhythmias than would be expected under a Poisson model
(Lambert, 1992). First, we tested the hypothesis that exposure to POS increases PVB
frequency as compared to control animals exposed to filtered air. We used repeated-
measures Poisson regression (Diggle et al., 2002) fit using generalized estimating equations
(GEE) to model PVB frequency during each exposure hour. This model included indicator
variables for time (5 indicator variables) and group (exposed versus filtered air). As in
previous analyses (Wellenius et al., 2004) we initially excluded animals with >50 PVBs in a
single hour. We allowed for Poisson overdispersion in the data, assumed a first-order
autoregressive covariance structure, and based inferences on empirical (robust) standard
errors. As a sensitivity analysis we also considered a more flexible model with group-by-
time interactions. Second, we tested the related hypothesis that exposure to POS increases
the risk of observing one or more PVB as compared to control animals exposed to filtered
air using repeated-measures logistic regression. As above, this model was fit using GEE and
included indicator variables for time (5 indicator variables) and exposure group. An
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exchangeable covariance structure was assumed and inferences were based on empirical
(robust) standard errors.

We modeled ECG intervals, heart rate and heart rate variability parameters using linear
mixed models with indicator variables for time (5 indicator variables) and exposure group as
fixed effects and random subject-specific intercepts. As a sensitivity analysis we also
considered a more flexible model with group-by-time interactions.

To evaluate the effects of exposure on respiratory outcomes, we applied the ANOVA
analysis described in detail elsewhere (Coull et al., 2010; Diaz et al., 2010). Briefly, for 10-
minute averaged BUXCO data, additive mixed models were applied to estimate the effects
of exposure while accounting for the correlation among repeated measurements taken on the
same animal during the exposure period. This approach is analogous to that used in the
analysis of electrocardiographic endpoints described above, but allows for more flexible
control of the time trends in the outcomes.

Because animals were exposed in groups on a small number of days, there was insufficient
variability in mass concentration or the concentration of specific constituents to explore
dose-response relationships with any of the outcomes. All statistical analyses were
performed in SAS version 9.1 (SAS Institute, Cary, NC). Statistical significance for all
models was based on a two-sided α = 0.05.

Results
At each of Power Plants 2 and 3 we attempted to expose over 4 experimental days a total of
32 rats with acute myocardial infarction to either stack emissions under the POS scenario or
filtered air. At Power Plant 2, 30 rats survived the MI surgery and were randomized to either
filtered air or exposure under the POS scenario (Table 1). High quality ECG data were
available from 29 (97%) of animals. As expected based on our past experience with this
animal model, most rats at Power Plant 2 had transmural left ventricular myocardial infarcts
as assessed by histopathology (Fig. 1).

At Power Plant 3 we experienced a number of unexpected complications. First, due to an
unplanned power plant shutdown on 2 of the 4 experimental days, we were only able to
expose a total of 15 animals over 2 days. Second, contrary to our past experience with this
animal model, many rats used at this power plant had transmural right ventricular
myocardial infarcts which could not be explained by apparent differences in surgical
technique, surgeon, animal size, or other controllable factors. Third, due to poor signal
quality from the telemetry system, high quality ECG data were available from only 8 of the
15 (53%) experimental animals. This high rate of technical complications could also not be
explained by identifiable differences in equipment, surgical technique, implantation surgeon,
animal size, or other controllable factors. These complications resulted in a small, highly
unbalanced dataset obtained from an animal model that differed materially from the
intended model and from the animal model used at Power Plant 2. For this reason, we only
report the results from Power Plant 2.

Power Plant 2
The POS scenario is intended to simulate an aged plume with unneutralized acidity and
secondary organic aerosol derived from biogenic emissions. Exposure data for the
experiments at Power Plant 2 are summarized in Table 2. Exposure characteristics were
comparable to those observed for other POS scenario studies at the same plant (Kang et al.,
2010), with one notable exception. On 3 of the 4 experimental days levels of iron, chromium
and nickel were unexpectedly high.
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PVB frequency was greater among POS-exposed animals versus filtered air controls (Fig.
2). We used repeated-measures Poisson regression to model the number of PVBs observed
in each hour. When averaged across the entire exposure period PVB frequency was 68.9%
(p=0.11) higher in POS-exposed animals versus filtered air controls. At each time point,
POS exposure was associated with increased PVB frequency, but this difference was
statistically significant only during the 4th exposure hour where PVB frequency was 3.9
times greater among POS-exposed animals versus filtered air controls (p=0.045). During the
3rd exposure hour, PVB frequency was 2.6 times greater among the POS-exposed animals,
but this difference did not reach statistical significance (p=0.067).

As a sensitivity analysis we excluded from analysis rats exposed on either of the 2 days with
the highest levels of chromium, iron, and nickel (2nd and 3rd days of exposure) and found
that the effect estimates were of similar magnitude to those in the main analysis, but the
standard errors were larger. As an additional sensitivity analysis, we used repeated-measures
logistic regression to model the odds of observing ≥1 PVB in each hour. During the fourth
and fifth exposure hours, POS-exposed animals were significantly more likely to have ≥1
PVB versus animals exposed to filtered air (p=0.031 and 0.029 for the fourth and fifth hours,
respectively).

We assessed heart rate and time-domain measures of heart rate variability at 0, 60, 120, 180,
240, and 300 min after the start of each exposure (Fig. 3). Heart rate, SDNN, and RMSSD at
the start of exposure were similar in the two exposure groups. POS exposure was not
associated with statistically significant changes in heart rate, SDNN or RMSSD, either
overall (Table 2) or at any given hour (Fig. 3). Similarly, PR interval and P-wave duration
did not differ significantly between the two exposure groups.

We assessed respiratory outcomes in each rat throughout the exposure. POS exposure was
associated with a statistically significant decrease in expiratory time and end-inspiratory
pause (Table 3).

Discussion
The TERESA project represents a novel approach for investigating the toxicity of PM
derived from coal combustion. Past toxicological studies of coal combustion emissions have
evaluated the health effects of primary emissions such as coal fly ash. Given that coal-fired
power plants in the US have adopted controls to reduce the emission of primary particles,
the relevance of toxicological studies using primary emission PM is unclear. However, even
with such controls, stack emissions of SO2 and NOx still contribute substantially to ambient
PM in the form of secondary particles. The health effects of these secondary particles, in
combination with any residual primary PM, are largely unknown. The goal of the current
study was to evaluate the effects of aged stack emissions from coal-fired power plants on
electrocardiographic changes in a rat model of acute myocardial infarction.

We carried out these experiments at two power plants (Power Plants 2 and 3). At Power
Plant 2, we found that exposure to a scenario reflecting an aged plume with unneutralized
acidity and secondary organic aerosol was associated with increased frequency of
ventricular arrhythmias, decreased respiratory expiratory time and decreased end-inspiratory
pause. We did not observe statistically significant changes in heart rate, heart rate
variability, or ECG intervals. As discussed below, the experiments from Power Plant 3 were
uninterpretable.

We had chosen a priori to carry out these experiments using the exposure scenario that
demonstrated the most substantial change in cardiac in vivo chemiluminescence in normal
animals. This decision was based on studies showing important changes in this measure
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following exposure to concentrated ambient particles (Gurgueira et al., 2002) that may be
abrogated with the anti-oxidant N-acetyl cysteine (Rhoden et al., 2004). Preliminary
analyses of data from Power Plant 2 suggested similar increases in cardiac
chemiluminescence in normal animals exposed under the POS and PONS scenarios and we
chose to use the POS scenario for the MI experiments. In the final analysis, the change in
heart chemiluminescence at Power Plant 2 was more pronounced for the PONS scenario
than for the POS scenario. On the other hand, across all 3 power plants, exposure to the POS
scenario increased heart chemiluminescence more than did exposure to the PONS scenario.
Therefore, in retrospect, either the POS or PONS exposure scenarios would have been an
acceptable choice for the MI studies.

Our choice to use a complex exposure scenario rather than a scenario involving only
primary particles was based on the fact that emissions from coal-fired power plants interact
with natural and anthropogenic organics in the atmosphere. Although the final products in
the atmosphere are not strictly from the power plant, it can be argued that if power plant
emissions were not present in that form, different reactions might take place in the
environment. Because the reactions that we studied do in fact take place, we believe their
use in a study of health effects is a strength of this project.

The experiment with MI animals at Power Plant 3 failed due to unplanned power plant
shutdowns, unexpected variations in infarct location in our animal model, and technical
difficulties obtaining ECG signals of sufficient quality. Plant shutdowns were uncommon in
this series, and usually had minor impacts in experiments. The shutdowns at Power Plant 3
had greater impact because they occurred after the surgical preparation of the MI animals
but prior to their exposure. Because exposure needed to occur within 24 hrs of the surgery,
the period of greatest myocardial ectopic vulnerability (Wellenius et al., 2002; Wellenius et
al., 2004), delaying exposures was not feasible. Unfortunately, extending our planned stay at
Power Plant 3 or returning to the power plant at a later date to carry out additional
experiments was not possible.

The predominant site of myocardial infarction (left ventricle at Power Plant 2, right ventricle
in Power Plant 3) is important in this animal model, as evidenced by the much higher rate of
ventricular ectopy among the sham-exposed animals at Power Plant 2 versus Power Plant 3.
The difference in infarct distribution is not explained by the technical factors mentioned
above. One possible explanation is that Sprague-Dawley is an outbred strain of rats, and
variations in coronary artery distribution can occur. That it occurred in a series of animals all
received at the same time may suggest that this variation could well have been a feature of
this cohort of animals, many of which could have been siblings. Coupled with an
unexpectedly high rate of technical failure in ECG recording equipment, these problems
resulted in the data set from Power Plant 3 being small and highly unbalanced. This not only
limited the analyses that we could perform on these data, but also casts serious doubts on the
assumptions underlying the statistical models applied. Specifically, it is unlikely that data
were missing at random or that the two exposure groups were successfully randomized. For
these reasons, we do not believe that valid conclusions can be drawn from the data from
Power Plant 3..

Of note, this rat model of acute vulnerability to arrhythmia after MI requires survival
thoracic surgery on an animal that has developed a large, transmural myocardial infarction
during the surgery. Infarcts of the size typically observed in this model are associated with a
high peri-operative mortality rate. The challenges of successfully producing and using this
model in a mobile laboratory in a field setting are substantial. Given these challenges, it is
disappointing, but not entirely unexpected, that we would experience more complications at
some sites than others.

Wellenius et al. Page 8

Inhal Toxicol. Author manuscript; available in PMC 2013 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The results from Power Plant 2 may suggest that in this susceptible animal model, emissions
from coal-fired power plants that are photochemically aged in the presence of pinene, a
naturally occurring pollutant, can increase ventricular ectopy. If causal, this effect may be
mediated by changes in autonomic function, as suggested by a number of toxicologic and
epidemiologic studies of ambient particles (Godleski et al., 2000; Gold et al., 2000; Devlin
et al., 2003). However, in this study we did not observe any substantial or statistically
significant changes in heart rate or heart rate variability. This could be either because the
POS scenario had no effect on autonomic nervous system function or because such changes
were difficult to observe in this animal model which already has reduced heart rate
variability. Alternatively, the increased arrhythmia frequency could reflect increased
oxidative stress. In normal animals, the POS exposure at Power Plant 2 led to increased
cardiac oxidative stress as measured by in vivo cardiac chemiluminescence, although this
difference did not reach statistical significance (Lemos et al., 2010).

We have previously used this animal model to evaluate the effects of concentrated ambient
particles (CAPs) and found that CAPs exposure was associated with a non-significant
64.2%, (95% CI: –17.7, 227.6%; p = 0.16) increase in arrhythmia frequency during a 1 hr
exposure (Wellenius et al., 2004). We have also shown that a 1 hr inhalation exposure to
residual oil fly ash significantly increased arrhythmia frequency among animals with
preexisting arrhythmias (Wellenius et al., 2002). In the current study, at Power Plant 2 the
frequency of ventricular premature beats peaked during the 4th exposure hour where it was
almost three fold higher among animals exposed to POS scenario as compared to filtered air
controls. Because of differences in the duration of exposure and experimental design, direct
comparison of these results to those of previous studies is not possible.

At Power Plant 2, the respiratory effects of POS exposure were quite different in normal
animals as compared to animals with MI. Specifically, in normal animals POS exposure led
to statistically significant decreases in tidal volume, pause, and Penh (Diaz et al., 2010). In
contrast, in the current study in animals with MI, POS exposure was associated with
decreased expiratory time and end-inspiratory pause. Whether these divergent results are
due to differences in the animal models or observed differences in the POS exposure
atmosphere is not estimable from the existing data. Alternatively, given the small magnitude
of the effects and the large number of respiratory outcomes examined, the changes observed
in respiratory parameters in the MI animals may reflect chance findings.

This study has several potential limitations that warrant discussion. First, for unknown
reasons we observed unexpectedly high levels of iron, chromium, and nickel at Power Plant
2 on three of the four exposure days. The source of these trace elements is unclear, but
assessment of these particles by single particle analyses using scanning electron microscopy
and energy dispersive X-ray analyses suggested they were derived from the emissions of the
plant rather than contamination by corrosion of the sampling line from stack (Kang et al.,
2010). How (or if) the elevated concentrations may have affected the measured outcomes is
unknown, although there is recent evidence to suggest that some of these elements may play
a role in cardiovascular effects (Chen and Lippmann, 2009). However, the results were not
materially different when we excluded from analyses the 2 days with the highest levels of
these metals. A second limitation is that the duration of exposure was limited to 5 h. Thus, it
is not known whether a longer exposure would produce similar results. Third, to reduce
biologic variability, only mature, male, Sprague-Dawley rats were studied. Thus, it is
unknown how the effect of exposure to a POS scenario might vary by gender or age. Fourth,
even at Power Plant 2 there were some differences in infarct size and location across the
exposure groups. It is unclear how these differences might have affected the results. Fifth,
there are important differences between the rat and human heart, including differences in the
degree of collateral blood flow, ventricular mass, and electrical properties (Janse et al.,
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1998) which make extrapolation of these findings to human populations difficult.. Finally,
our conclusions are based on results from 4 exposure days at a single power plant. Thus, we
were unable to evaluate how variations in power plant and coal characteristics may affect
these results.

The overall goal of the TERESA project is to investigate the adverse health effects of
specific emission sources and components by examining the relative toxicity of coal
combustion and mobile sources (gasoline and/or diesel engine) emissions and their oxidative
products. The first phase of the project was to evaluate the health effects of emissions from
coal combustion. The second phase of the project evaluating the health effects of emissions
from mobile sources is currently in progress. It will be important to compare the relative
toxicity of these two important sources of ambient fine PM.

Conclusions
The goal of the this study was to evaluate the effects of aged stack emissions from coal-fired
power plants on electrocardiographic changes in a rat model of acute myocardial infarction.
Results from a single power plant suggest that exposure to an aged plume with unneutralized
acidity and secondary organic aerosols was associated with increased frequency of
ventricular arrhythmias and decreased respiratory expiratory time and end-inspiratory pause,
but not with changes in heart rate, heart rate variability, or electrocardiographic intervals.

Stack emissions from coal-fired power plants contribute substantially to ambient PM
through the formation of secondary particles. However, direct evaluation of the health
effects of secondary particles from coal-fired power plants has not been previously possible.
The TERESA project represents a novel approach for investigating the health effects of
primary and secondary particles derived from coal combustion. The results of this study
provide important insights into the cardiovascular and respiratory toxicity of these emissions
in normal and susceptible animals. More broadly, applying the approach illustrated here to
the study of the health effects of primary and secondary particles from a number of other
potentially important sources has the potential to advance our understanding of the health
effects of ambient particulate matter and inform future policy decisions.
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Figure 1.
H&E-stained heart sections established the presence of MI. These show the infarctions to be
in the distribution of the anterior descending coronary, and all have histological
characteristics indicating ages of at least 3 days old, but less than one week. (A) Low
magnification (20x) picture of a large transmural infarction with extensive cardiac myocyte
necrosis surrounded by an influx of inflammatory cells. (B) Same infarction shown at higher
magnification (100x). A large area of necrotic myocytes with hemorrhage into the necrotic
area and inflammation extending from the epicardium to the subendocardial myocardium is
shown. (C) Low magnification (20x) picture of another transmural infarction. The area of
this infarction is slightly smaller than that illustrated in A, but has a more dense
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inflammatory infiltrate surrounding the area of infarction. (D) Same infarction shown at
higher magnification (200x). Necrotic myocytes without nuclei and the inflammatory
infiltrate of macrophages and neutrophils surrounding the necrotic cells can be seen. Normal
myocytes with typical cardiac myocyte nuclei are on the right side of the inflammatory cells.
(E) Low magnification (20x) picture of an infarct that is not transmural. This infarction has
the similar histological characteristics as the others illustrated except that it extends from the
epicardium to the mid point of the myocardium. The distribution of these subepicardial
infactions are the same as those reported previously in the form of two week old infarctions
(Wellenius et al 2002). (F) Same infarction at higher magnification (100x) showing the
necrosis and inflammatory infiltrate in this non-transmural infaction
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Figure 2.
Box plots summarizing the number of premature ventricular beats per hour (PVB/h)
observed in animals exposed to filtered air (white boxes) or stack emissions under the POS
scenario (gray boxes) at Power Plant 2. Each box has lines at the lower quartile, median, and
upper quartile values. The whiskers are lines extending from each end of the box to show the
extent of the rest of the data (up to 1.5 times the interquartile range). *: p<0.05 comparing
the response under the POS scenario versus filtered air controls at the same time point.
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Figure 3.
Effect of POS exposure on heart rate and measures of heart rate variability at Power Plant 2.
The mean heart rate (top panels), SDNN (middle panels), and RMSSD (bottom panels) at
different time points after the start of exposure is shown for animals exposed to either
filtered air (solid lines) or stack emissions under the POS scenario (dashed lines). Error bars
indicate standard errors. *: p<0.05 comparing the response under the POS scenario versus
filtered air controls at the same time point.
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Table 1

Summary of animal characteristics and sample size.

Power Plant 2 Power Plant 3

Filtered Air POS Filtered Air POS

Randomized 15 15 7 8

Died during exposure 0 0 0
2
†

Histopathology

    Transmural left ventricular infarct 9 13 1 1

    Transmural right ventricular infarct 2 1 3 5

    Subepicardial left ventricular infarct 4 1 3 0

Electrocardiographic outcomes
14

‡ 15
2
‡ 6

Respiratory outcomes 15 15 5 6

†
1 animal died for technical problems unrelated to the exposure.

‡
1 animal from Power Plant 2 and 5 animals from Power Plant 3 were excluded from analysis due to poor signal quality.
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Table 3

Estimated average effect of exposure to POS scenario on electrocardiographic outcomes in rats with acute
myocardial infarction.

Power Plant 2 (N=29)

Outcome Units Estimate SE P-Value
†

Heart Rate Variability

    Heart Rate bpm -10.92 12.27 0.38

    SDNN msec 0.09 0.46 0.85

    RMSSD msec 0.17 0.24 0.47

ECG Intervals

    PR Interval msec -1.26 1.52 0.41

    P-Wave Duration msec 0.33 0.78 0.67

†
Values in bold are statistically significant at the a=0.05 level. bpm: beats per minute.
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