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There is no doubt that the dramatic air pollution events of 50 years ago, like the London
Fog of December 1952, had a magjor impact upon health. The enforcement of laws and
regulations in Europe and the United States has resulted in the reduction of major air pollution
levels and there have been no major episodes since the 1970s. Nevertheless, a recent series of
epidemiologic reports have shown associations between particulate matter (PM) levels and
increased cardiovascular morbidity and mortality (Pope, 2000). Recently, elevated PM levels
have been linked with serious cardiac arrhythmias (Peters et a., 2000). These findings have
already spearheaded the decision of the U.S. EPA to recommend a new 24-hour and annual
PM, 5 standard while retaining the existing PM1o standard.

In 1999, diseases of the heart accounted for over 700,000 deaths in the United States or
30% of al deaths. Most of the deaths were precipitated by myocardial ischemia, infarction or
the sudden onset of a serious arrhythmia. The factors triggering these events are of great interest
and of public health importance as epidemiol ogic evidence now implicates ambient PM as a
cardiovascular risk factor. For example, acute epidemiologic studies suggest that for each
5 pg/nt increase in PMa.s, there isa 1.3% increase in cardiovascular mortality (Pope, 2000).
Moreover, the epidemiologic findings linking ambient particles with cardiovascular events have
provided a framework around which to build novel hypotheses to examine the biological
mechanisms. Potential mechanisms include autonomic dysfunction, systemic and local
inflammatory events, endothelial injury and alterations in the coagulation cascade. Air pollution
investigators have recognized the unique opportunity to bring the technologies of non-invasive
cardiology to the study of PM-induced cardiovascular events. In addition, the five EPA PM



Centers identified the need for a workshop to explore methodologic issues in cardiovascular
research protocols.

WORKSHOP GOALS AND STRUCTURE

The American Petroleum Institute (API) and the U.S. Environmental Protection Agency
together with the University of Rochester EPA Particle Center sponsored a workshop on March
7-8, 2001 in Rochester, New Y ork to discuss the potential mechanisms and methods of testing
that should be considered in developing a coherent approach to the investigation of
cardiovascular effects associated with air pollution. The workshop brought together
epidemiologists, cardiologists and toxicologists from academia, government and industry, al of
whom share an interest in understanding the relationship between particulate matter and
cardiovascular health (Appendix 1). The workshop first reviewed the evidence from
epidemiologic, animal and clinical studies linking PM with cardiovascular effects as well as the
armamentarium of non-invasive tests available to examine these relationships. It then went on to
examine the plausible mechanisms that could be responsible for such effects including neural
mechanisms, plaque formation, and the role of cytokines and inflammation. In keeping with the
objectives, the workshop participants were charged with reviewing the current protocols and
methods used for detecting cardiovascular responses in epidemiologic and clinical studies,
considering their robustness, and exploring new methodol ogies.

The structure of the workshop included three scientific sessions, each with three to five
plenary speakers. At the end of each plenary session, multidisciplinary panels presented
prepared comments focusing on mechanisms of response and potential testing methodol ogies.

SESSION |: Cardiovascular Effects Associated With Air Pollution

This session set the stage for the workshop, providing participants with an overview of
the epidemiologic and clinical studies linking PM with adverse cardiac effects. A number of
epidemiology studies have reported associations between PM and increased cardiovascular
mortality and hospital admissions for cardiovascular diseases. These findings have stimulated
further research using panel studies of elderly humans and controlled exposure of humans or
animalsto various kinds of PM.

In recent studies, tests of cardiac function (e.g. heart rate, heart rate variability) were done
repeatedly for panels of elderly people over a period of severa weeks, and these changes
associated with exposure of the people to ambient PM. In general these studies report
associations between PM levels and decreased heart rate variability, especially in the high
frequency domain (Liao et al, 1999; Gold et al., 2000; Pope et al., 1999b). In one of these
studies, conducted in Baltimore, the effects were observed only in elderly people with pre-
existing cardiovascular disease (Liao et ., 1999). Associations have aso been reported
between exposure to PM and increased heart rate, although these data are not as consistent as the
changes in heart rate variability. A significant increase in heart rate with PM was reported by
Pope et a. (1999a) and in the Baltimore panel study; however, decreased heart rate was reported
in the Boston panel study (Gold et al., 2000).



A recent epidemiology study of patients with implanted cardiac defibrillators used data
on frequency of defibrillator discharges; these discharges occur when patients experience
significant cardiac arrhythmias. Associations were reported between PM and increased
defibrillator discharges (Peters et a., 2000). A second study examined several hundred patients
with myocardial infarction (MI) and reported that the risk for M1 onset increased in association
with PM levelsin the 2 hrs preceding the M1 (Peters et a., 2001).

PM exposure has been linked with arrhythmiain recent toxicological studies. Changesin
ECG patterns, including elevations of the ST segment, were reported in dogs exposed to
concentrated ambient air particles (CAPS) (Godleski et al., 2000). Similarly, altered ECG
patterns were observed in residual oil fly ash (ROFA) treated spontaneously hypertensive rats
(Kodavanti et al., 2001). Increased arrhythmia was seen in rats exposed to ROFA or ambient
PM, with rat models of cardiorespiratory disease having the most severe changes (Watkinson et
a., 1998). A controlled exposure study reported that exposure of healthy elderly, but not young
volunteers, resulted in decreased heart rate variability in both time and frequency domains
(Devlin et a., 2001). Preliminary analyses of healthy volunteers exposed to ultrafine carbon
particles revealed changes in the QT interval with Holter monitoring (Boscia et al., 2000;
Frampton, 2001)

A number of studies have aso reported PM-induced changes in blood components that
may affect the heart. A cohort study conducted during a period that included an episode of
unusualy high PM levels reported an association between PM and levels of C reactive protein,
an indicator of inflammation, tissue damage, and generally related to increased risk of coronary
events (Peters et al., 2001). A similar finding of increased C reactive protein was reported in a
pand study in the United Kingdom (Seaton et al., 1999). An earlier cohort study observed
associations between increased plasma viscosity, associated with increased risk of heart attacks
and levels of PM (Peters et a., 1997).

Y oung healthy volunteers exposed to CAPS have increased levels of blood fibrinogen, a
clotting factor which has been reported to be a risk factor for ischemic heart disease (Ghio et al.,
2000). Similarly a cohort study reported that people with high concentrations of blood
fibrinogen had a higher likelihood of devel oping adverse cardiovascular outcomes related to PM
(Prescott et a., 2000).

These reports of panel studies, controlled human exposure studies, and animal toxicology
studies, though small in number, are generally coherent with findings of associations between
PM and increased mortality or hospital admissions for cardiovascular diseases. Furthermore,
they add support for specific hypotheses regarding the possible mechanisms by which PM
exposure may be linked with adverse cardiac outcomes.

SESSION 2: Mechanisms of Cardiovascular Effects of Air Pollution

The epidemiologica evidence associating increased cardiovascular morbidity and
mortality with air pollution indicates several mechanisms by which air pollution may affect the



cardiovascular system. Possible mechanisms include (but are not exclusive to) neura
mechanisms related to the response of the autonomic nervous system through direct reflexes
from airways or through inflammatory response, chemical effects on ion channel function in
myocardial cells, ischemic responses in the myocardium, or inflammatory responses triggering
endothelial dysfunction, atherosclerosis, and thrombosis. The hypothetical pathways involved
are depicted in Figure 1, along with some of the potentially measurable mediators.

Determining the mechanisms for the cardiovascular effects of particle exposure requires
knowledge of the pathophysiology related to acute cardiac events, such as myocardial infarction,
acute coronary syndromes, atherosclerotic plaque formation and rupture, disturbances of cardiac
rhythm, and pathophysiology of the autonomic nervous system.

The earliest stages of atherosclerotic vascular disease are characterized by endothelial
dysfunction, in which arterioles paradoxically constrict or fail to dilate in response to a
physiologic stimulus such as exercise (Quyyumi, 1998). This has been attributed to a relative
deficiency in nitric oxide (NO)-mediated smooth muscle relaxation and vasodilation. There may
also be an excess of vasoconstrictive factors, such as endothelins and angiotensin Il (Warner,
2001). A variety of factors involved in inflammation and infection appear to play a “pro-
atherogenic” role through oxidant-mediated induction of the nuclear regulatory factor NF?B, with
increased expression of various cytokines and adhesion molecules by endothelial cells and
circulating leukocytes. These atherogenic factors include oxidized low-density lipoproteins,
lipopolysaccharide, angiotensin Il, inflammatory cytokines, and cytomegalovirus. Endothelial
function can be measured using the forearm ischemia-hyperemia model, in which forearm
vasodilation is measured by ultrasound following brief application of an arm tourniquet.
Reduced or absent vasodilation is characteristic of endothelial dysfunction, and is seen in
hypertension, hypercholesterolemia, smoking, congestive heart failure, and diabetes. Thus
evidence for endothelial dysfunction can be demonstrated before the development of overt
coronary artery disease. Genetic polymorphisms in the nitric oxide synthase gene have been
associated with hypertension, myocardial infarction, and abnormal endothelial function.

It has become clear that atherosclerosis is an inflammatory disease (Sullivan et al.,
2000). Development of the arterial plaque involves the classic mediators of inflammation,
including chemotactic factors and inflammatory cells (Gerszten et al., 2000). Monocytes are
recruited to sites of endothelial injury and fatty acid deposition, where they ingest oxidized LDL
to become “foam cells” characteristic of the maturing plaque. Lymphocytes within the plaque
demonstrate activation, with increased expression of the activation marker CD25. These
lymphocytes may be responding to specific neo-antigens within the developing plaque.
Engagement of CD40 on a variety of cells by CD40 ligand may contribute to cell activation
(Laman et al., 1997); plaques are rich in CD40" cells and in CD40 ligand, and soluble CD40
ligand is increased in the blood of patients during acute coronary syndromes (Phipps, 2000).
Polymorphonuclear leukocytes are also present in the lesion, and are thought to contribute to its
development through release of reactive oxygen species and proteases. Smooth muscle cell
migration causes the plaque to enlarge, but protects it from rupture.

In more advanced stages, the plaque may become destabilized through erosion or
fracture of the fibrous cap, or hemorrhage within the plague. Rupture exposes tissue factor and
releases a variety of pro-coagulant substances, leading to adherence of platelets and activation
of the coagulation cascade. Circulating pro-coagulant “microparticles” have been demonstrated
in advanced atherosclerosis, which may represent apoptotic endothelial cells or platelets.



The autonomic nervous system has important influences on cardiac function in health
and disease. These influences can be assessed by measurements of heart rate variability (Stys
and Stys, 1998), baroreceptor sensitivity, and microneurography. Sympathetic stimulation
shortens the cardiac PR interval, increases Purkinje automaticity, shortens the QT interval,
decreases the fibrillation threshold, and increases the risk for T wave alternans. In contrast,
vagal stimulation increases electrical stability and decreases the cardiac rate and energy of
contraction, but may expose latent ventricular pacemakers. Autonomic imbalance often
contributes importantly to the sequence of events culminating in cardiac arrhythmias. “Primary”
ventricular fibrillation can occur in the absence of coronary artery disease, and recent findings
from genetic testing and autonomous nervous system testing are providing insights into the
pathogenesis of this cause of sudden death.

SESSION 3: Methodologiesfor Investigating Cardiovascular Effects of Air Pollution.

Designing clinical investigations to elucidate the mechanisms discussed above is a
challenging task. It isimportant that such studies test specific cardiovascular hypotheses, rather
than measure a collection of unrelated endpoints.

a) Predisposing Factors, Vulnerable Study Populations, and Study Protocols

Consideration of specific study designs must be preceded by recognition of
factors contributing to increased morbidity and mortality in general, and by identifying
the most vulnerable populations. Cardiovascular morbidity and mortality is influenced
by: 1) inborn factors (including genetic predisposition, gender, and age), 2) underlying
disease processes (e.g., ischemic heart disease, cardiomyopathy, COPD) or smoldering
pathology (ongoing inflammatory process, endothelial dysfunction, increased
thrombosis), and 3) environmental factors (e.g., diet, smoking, air pollution, weather).
This complexity of conditions potentially leading to increased cardiovascular morbidity
and mortality makes it difficult to identify the contribution of air pollution relative to
other factors. For this reason, the population to be studied should be relatively
homogenous, and the number of subjects large enough to identify potentially small
effects of air pollution independently of other clinically relevant factors. Vulnerable
subjects in such studies include elderly healthy individuals and patients with underlying
cardiovascular or respiratory disorders with appropriate representation by gender and
racial or ethnic groups.

Identifying and choosing vulnerable populations in air-pollution-related studies
must be paralleled by choice of the exposure system; for example, concentrated ambient
air, resuspended ambient air particles, or specific laboratory-generated particles. Using
concentrated ambient air has the advantage of representing real-life air pollution
conditions, but large variations in its composition and concentration frequently limit the
statistical power. Laboratory-generated model particles can be used in clinical studies to
test the role of specific particle characteristics and exposure-response rel ationships.

Thereis evidence for atime-delay between air pollution exposure and subsequent
health effects. Therefore, studies focused on cardiovascular effects of air pollution should
take into account this lag phenomenon and include monitoring over time. This should



include studying responses during sleep. Patients with COPD or obstructive sleep apnea,
may be more vulnerable to cardiac complications during sleep. Air pollution could alter
their susceptibility to cardiac arrhythmias or myocardial ischemia, which could be
monitored using Holter ECG recordings.

b) |dentifying Optimal Tests for the Study Protocol

A large armamentarium of tests is available to assess specific mechanistic
pathways underlying the cardiovascular effects of air pollution. Some advantages and
limitations of specific testing are highlighted below.

1. Autonomic control of the cardiovascular system

Anaysis of heart rate variability (HRV) remains the most frequently used
method to evaluate the influence of the autonomic nervous system on the human
body (Malik and Camm, 1995). Assessment of baroreflex sensitivity using the
phenylephrine test, or baroreflex response using heart rate turbulence and
measurement of catecholamine levels, may complement information obtained
from HRV analysis. The recent interest in air-pollution studies employing HRV
analysis requires amore detailed analysis of this methodology.

The human body remains under the constant influence of both sympathetic
and parasympathetic innervation from the autonomic nervous system, and
monitoring beat-to-beat changes in heart rate (more precisely in heart period)
provides insight into the balance between those two arms of the autonomic system
(Schwartz et ., 1992; Malik and Camm, 1995; Tsuji et a., 1996). Various
physiologic conditions (e.g., Sleep, exercise), disease processes (myocardial
infarction, diabetes, COPD), and drugs (beta-blockers, ACE-inhibitors) alter
autonomic control of the cardiovascular system, therefore changing HRV
parameters. A prolonged ECG recording (at least 5-10 minutes, but usually 24
hours) is needed to obtain full insight into the periodicity of heart rate changes.
Variation in heart rate can be measured using time-domain statistical measures of
variability and frequency-domain analysis of the power spectrum of the heart rate.

Thetime-domain HRV parameters, which are relatively stable over time
and show good reproducibility, include SDNN (standard deviation of normal-to-
normal sinus beat intervals), rIMSSD (root mean square of successive differences
in NN intervals), and pNN50 (percent of adjacent NN intervals differing by more
than 50 ms). They reflect mainly the influence of the parasympathetic system on
the heart. Additional time-domain parameters (SDANN and SDNNIX) are less
frequently used especially since their physiologic meaning is less understood.

The frequency-domain HRV methods allow for identifying relative
contribution of specific frequency bands reflecting oscillatory behavior of heart
rate. The total power (TP) of the entire spectrum is usually measured from O to
0.40 Hz. Other components include high frequency (HF: 0.15-0.40 Hz), low
frequency (LF: 0.04-0.15 Hz), very low frequency (VLF: 0.003-0.04 Hz), and
ultra- low frequency (ULF: <0.003 Hz high frequency) bands. The HF power
represents parasympathetic (respiratory) modulation of the heart whereas LF
power reflects modulation of sympathetic and parasympathetic tone but with
strong dominance of sympathetic influence. The physiologic background of VLF




and ULF is not well understood. The LF/HF ratio reflects sympatho- vagal tone.
Frequency-domain HRV measures are less stable and less reproducible than time-
domain HRV parameters and they also lack standardization of computing
methodology. Standardization of protocols and algorithms among centers or
centralized core lab analyses may overcome these limitations.

HRV parameters have been shown to be predictive for cardiac death in
patients with myocardia infarction, nonischemic cardiomyopathy, diabetes,
COPD and in healthy subjects (Zareba et a., 2001a). A few recent studies
showed that air pollution may alter HRV parameters. Pope et al. (1999) found that
elevation of PM o was associated with increased heart rate and decreased HRV.
Gold et a. (2000) showed that an increased level of PM, s correlated significantly
with decreased HRV. However, mechanisms linking inhalation of ambient
particles and HRV changes remain unknown and could include airways-related
reflexes, inflammatory responses, or both.

As mentioned in Session 2, there are several possible mechanisms linking
exposure to particulate matter with changes in the autonomic nervous system.
Direct input from the lungs to the autonomic nervous system via pulmonary
afferent fibers might contribute to immediate changes in heart rate variability
caused by air pollution (Seaton, 1995). This effect could also occur with some
delay when an inflammatory process in the airways and lungs triggers signaling in
autonomic fibers. Penetration of ultrafine particles or soluble components of
particles to myocardial tissue might also contribute to changes in myocardial
substrate and to secondary responses of the autonomic nervous system. Those
changes could trigger cardiac arrhythmias and aggravate congestive heart failure
in susceptible individuals. Sympathetic activation or parasympathetic withdrawal
(impaired sympatho-vaga balance) induced by exposure to PM could influence
homeostasis of other biological systems, including immunologic responses, the
clotting system, and metabolism of glucose and lipids.

Measurement of heart rate turbulence, a novel ECG-based method
reflecting response of baroreceptors to changing blood pressure due to ventricular
premature beats, could be used in air pollution studies to complement HRV
analyses. Similarly, catecholamine levels could be measured in specific protocols,
reflecting neurohormonal activation in response to air pollution.

2. Myocardial substrate and vulnerability

Estimation of the ejection fraction and wall motion abnormalities in
imaging studies (echocardiography, radionuclide imaging) are routine parameters
describing myocardial substrate; however, they have not been used in air
pollution studies. It is unlikely that air pollution exposure will lead to detectable
changes in myocardial contractility. Nevertheless, with current Doppler
technology allowing for noninvasive estimation of pressures (especially in the
right ventricle and pulmonary artery) one could systematically evaluate the
effects of air pollution on echocardiographic parameters reflecting hemodynamics
of the circulatory system.

The ECG provides additional possibilities to evaluate changes in
myocardial substrate and vulnerability in response to air pollution (Zareba et al.,
2001b). Although the QRS duration and morphology is unlikely to be affected by
air pollution, changes in the ST-T complex (and QT interval) duration and




morphology may reflect subtle changes in the state of myocardium. The ST
segment monitoring during exercise testing or daily activities using Holter
monitoring is broadly used in diagnosing patients with ischemic heart disease,
and could be used in studies investigating effects of air pollution on the
myocardium. In patients with ischemic heart disease, air pollution could trigger
transient ischemia manifested by transient ST segment changes. However, ST
segment monitoring probably will be of limited use in subjects with a nonischemic
myocardium.

Repolarization duration and morphology are sensitive ECG parameters
reflecting subtle changes in myocardia substrate and vulnerability governed by
changes in ion channel function. There is vast evidence attesting to the clinica
usefulness of QT duration, T wave morphology, QT and T wave variability, and T
wave aternans in predicting the risk of sudden death (Zarebaet a., 2001a). In
particular, T wave aternans, illustrating increased heterogeneity of the action
potential duration and repolarization, provides useful inflammation about
arrhythmogenic substrate in the myocardium. Beat-to-beat variability of
repolarization seems to represent similar phenomena and could be measured
noninvasively from Holter recordings (Atiga et al., 1998).

However, these parameters have not been studied extensively in air
pollution studies despite several novel signal processing methods allowing for
detecting discrete changes in repolarization. Since repolarization parameters like
QT duration, T wave amplitude or complexity, and T wave alternans can be
affected by various drugs in vulnerable subjects, it is plausible that air pollution
might also cause detectable changes in repolarization parameters. However, the
mechanisms by which air pollution could affect ion channel function are
unknown.

Frequency and complexity of ventricular premature beats are the oldest
and the most standard measures of myocardial vulnerability. In particular, the
presence of nonsustained ventricular tachycardia in patients with ischemic
myocardium is considered an important harbinger of life-threatening cardiac
arrhythmias. The association between increased air pollution and arrhythmia
vulnerability has been demonstrated in the study of Peters et al. (2000) which
included the analyses of arrhythmic episodes recorded by implantable
cardioverter-defibrillators. Animal studies further support this clinical observation,
indicating that arrhythmia monitoring should be included in the battery of tests
aiming to determine deleterious effects of air pollution. Since cardiac arrhythmias
are highly variable findings, prolonged ECG recordings should be performed in
large numbers of studied subjects. Studying patients with implantable monitoring
devices provides a unigue opportunity to evaluate the risk.

3. Endothelial function, atherosclerosis, thrombosis

Acute coronary syndromes (including unstable angina, acute myocardial
infarction, and sudden cardiac death) usually occur as aresult of thrombus
formation in the site of aruptured atherosclerotic plague (Maseri, 1997; Ross,
1999). Increased platelet aggregability and blood viscosity, and reduced
fibrinolytic activity together with endothelia dysfunction promote a pro-
coagulant state, increased inflammation, and lipid infiltration of the vessel wall.
In arecent study by Peters et al. (2001) increased air pollution was found to be
associated with increased risk of acute myocardial infarction, athough the




mechanism underlying this association remains unknown. Increased blood
viscosity in response to air pollution aready identified in an epidemiological
study by Peters et al. (1997) is one of the potential factors, but other mechanisms
are likely to contribute to air-pollution-related changes in vascular function and
structure. Platelet aggregability and severa procoagulant factors (e.g., Factor VI,
von Willebrand Factor, PAI-1, D-dimer) are measured in currently ongoing
studies investigating effects of air pollution on thrombosis. Thereisno
systematic analysis of levels of atherogenic lipidsin air pollution studies,
although based on smoking-related observations there is a justification to include
lipid profiles in an armamentarium of tests included in such studies. Ongoing
inflammatory processes have been shown to contribute to an increased risk of
coronary artery disease, and high-sensitivity tests for C-reactive protein (CRP)
and serum amyloid A (SAA) are used in current studies investigating mechanism
of air pollution effects on biological systems. Quantifying levels of cytokines and
interleukins may further elucidate the potential contribution of infection and
inflammatory processes underlying responses to air pollution The inflammatory
process triggered by air pollution might affect the airways, but also may impact
the vascular bed or the immune response.

Endothelia dysfunction may contribute to myocardial ischemiain patients
without acute coronary syndromes and critical narrowing of coronary vessels
(Quyyumi, 1998). Otherwise healthy subjects may have episodes of myocardial
ischemia (silent or associated with chest pain) due to changes in coronary
vasomotor tone leading to decreased coronary blood flow. The vascular
endothelium secretes multiple factors that control vascular tone, modulate platelet
activity, influence thrombogenicity, and contribute to vascular inflammation, cell
migration and proliferation. These factors influence the progression of
atherosclerosis. Levels of some of the factors can be measured directly in clinical
studies (e.g. vasodilating prostacyclin or vasoconstricting endothelin). However,
overall measurement of endothelial function using the forearm ischemia
hyperemia model, in which forearm vasodilation is measured by ultrasound
following brief application of an arm tourniquet, could be recommended as
clinically applicable for air pollution studies.

Future studies may also include investigating genetic predisposition to specific biological
responses to air pollution. For example, polymorphisms in genes coding for the beta-2 adrenergic
receptor or angiotensin converting enzyme have been associated with increased risk of
cardiovascular disease, asthma, and altered responses to some medications. It is possible that
polymorphisms in these and other genes might predispose to increased vulnerability to air
pollution.

It is worth emphasizing that the large biological variability of many of the parameters discussed
above may compromise the conclusiveness of studies, especially those with small sample
sizes. In addition, several of the variables are non-specific and it is difficult to attribute their
changes directly to the effects of air pollution. Drugs taken by study subjects may
substantially modulate the results of some tests, as is the case with beta-blockers influencing
heart rate variability parameters or lipid lowering drugs affecting endothelia function. These
and severa other factors have to be taken into account when designing a study aiming to
elucidate cardiovascular effects of air pollution. Multicenter studies employing common



protocols, with core laboratories facilitating central analysis of tested parameters, might
accomplish much more than a multitude of small independent studies.

What have we learned about the relationship between PM exposure and cardiovascular
disease, and where should we go from here? The epidemiological studies suggest there are long
term or chronic effects of PM exposure as well as acute effects, and it is possible that the long
term burden of PM exposure may induce or cause more rapid progression of chronic
cardiovascular disease, viadirect or indirect effects. As shown in Figure 2, PM exposure may
enhance progression of factors leading to chronic cardiovascular disease, while at the same time
short-term elevations in PM may precipitate acute events in patients already susceptible from
underlying disease. Research strategies are being developed to test these hypotheses.

SUMMARY OF RESEARCH RECOMMENDATIONS:

There was agreement among the participants that epidemiologic studies have consistently
linked particles with adverse cardiovascular health effects, although the mechanisms of the
presumed pathogenic process is just beginning to be defined. Participants were unanimous in
recommending a broad-based approach to studying cardiovascular health effects of particulate
matter. Basic immunologic, physiologic, molecular, genetic, and cellular studies; epidemiologic
investigations; animal models; and controlled human exposures are all important parts of the
research armamentarium.

Therefore, it is recommended that research on the adverse cardiovascular effects of
particulate matter, particularly among individuals with cardiovascular diseases, be expanded.
Based on existing epidemiologic and experimental data, mechanistic considerations should focus
on aterations in the autonomic nervous system; ischemic responses in the myocardium; chemical
effects on ion channel function in myocardia cells; and inflammatory responses triggering
endothelia dysfunction, atherosclerosis, and thrombosis (Figure 1).

Intensive investigations are ongoing in animals to explain the epidemiologic findings.
The potential role of rodents with targeted gene disruptions in better understanding the
mechanisms of cardiovascular responses to particulate matter was emphasized. It may be
possible in the future to determine genetic markers or define genetic polymorphisms that place
individuals at high risk for particle-induced effects.

Finally, human clinical studies have become increasingly sophisticated and have access
to awide array of new investigative tools (Table 1). There was agreat deal of discussion about
some of the parameters, such as heart rate variability, as a marker for ng potential
cardiovascular effects of CAPs or laboratory generated particles. While HRV was recognized as
an attractive study parameter because of the relative ease of measurement in the time domain,
there remain important questions regarding the long-term clinical significance of changesin
HRV in response to interventions such as CAPs. These uncertainties become compounded when
one resorts to frequency domain analysis of HRV, which can lead to quite variable results
depending upon how extrasystoles and signal artifact are handled in the computational
algorithms. Such issues led to recommendations to either standardize the agorithms utilized or
rely on a core laboratory that in effect provides such standardization. The success of air
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pollution studies has always required involvement of multi-disciplinary teams; given the recent
exciting cardiovascular observations, it is clear that these teams need to be expanded to include
investigators in cardiovascular biology and medicine.
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Figure Legends

Figure 1. Complexity of potential pathophysiologic pathways for cardiovascular effects of
particle inhalation. Examples of potential experimental markers are shown in parentheses. CRP:
C-reactive protein; IL-6: interleukin-6; 1L-8: interleukin-8; vVWF: vonWillebrand factor; iNOS:
inducible nitric oxide synthase; Vno: airway production of nitric oxide.

Figure 2. Mechanisms for acute and chronic cardiovascular disease related to particulate matter
exposure.
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APPENDIX I: Conference Participants

Conference Organizers

Robert Devlin — U.S. Environmental Protection Agency
Mark W. Frampton — University of Rochester Medical Center
Mark J. Utell — University of Rochester Medical Center
Wojciech Zareba— University of Rochester Medical Center

Speaker and Panelists

Bradford Berk — University of Rochester Medical Center
Wayne Cascio — University of North Carolina— Chapel Hill
JeanPhillipe Couderc — University of Rochester Medical Center
Christopher Cox — University of Rochester Medical Center
Kevin Driscoll — Proctor and Gamble Company
John Godleski — Harvard School of Public Health

Diane Gold — Harvard Medical School

Henry Gong, Jr. — University of Southern California
Joel Kaufman — University of Washington Medical Center

Paul Kligfield — Cornell Medical Center

Michael Lehmann — University of Michigan Medical Center
Christine Nadziejko — New Y ork University School of Medicine
Richard Phipps — University of Rochester Medical Center
. Arden Pope — Brigham Y oung University
. Arshed Quyyumi — NIH, National Heart Blood and Lung Institute
. Richard Verrier — Harvard Medical School
. Penn Watkinson — U.S. Environmental Protection Agency
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Table 1.

Testing Recommended for Analysisin Studies Investigating the Effects of Air Pollution on the

Cardiovascular System

Tests Source of the Data Assessed Mechanism
Heart rate variability ECG Autonomic nervous system
Heart rate turbulence ECG Baroreflex sensitivity
ST segment monitoring ECG | schemic myocardium
QT and T wave morphology ECG Myocardia Substrate

T wave alternans and variability ECG Myocardia vulnerability
Cardiac arrhythmias ECG, EGM Myocardial vulnerability
Clotting factors, platelet function  blood Thrombosis

Blood viscosity

CRP, SAA, cytokines, blood Inflammatory process
interleukins

Lipid profile blood Atherogenic potential
Forearm blood flow USG Endothelial function
Pulmonary artery pressures ECHO Hemodynamic changes

RV and LV function

Definitions of Abbreviations:

ECG —includes standard, exercise, and Holter electrocardiographic recordings

EGM - electrocardiograms obtained from implantable devices

ECHO — echocardiographic evaluation

USG — Ultrasonographic evaluation
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