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Review

The U.S. Environmental Protection Agency 
(EPA) funded five academic centers in 
1999 to address the uncertainties in expo-
sure, toxicity and health effects of airborne 
particulate matter (PM) identified in the 
“Research Priorities for Airborne Particulate 
Matter” of the National Research Council 
(NRC 1998). Centers were established 
at Harvard University (Boston, MA), New 
York University (New York, NY), University 
of Rochester (Rochester, NY), University 
of Washington (Seattle, WA), University 
of California (Irvine, CA), University of 
California (Los Angeles, CA), and University 
of Southern California (Los Angeles, CA). All 
centers were structured to promote interdis-
ciplinary approaches to address the research 
priorities of the NRC. A midterm report of 
PM Center findings was published previously 
(Lippmann et al. 2003). This report high-
lights selected accomplishments from the first 
6 years of the PM Centers, with a focus on the 
advantages of interdisciplinary, center-based 
research. A more detailed summary of research 
findings and bibliography may be found in 
supplemental material available from the U.S. 
EPA PM Centers website (U.S. EPA 2008).

PM Exposure Research 
Highlights
Characterization of ambient PM. The PM 
Centers worked to characterize ambient PM 
and the substantial variation of concentration 

and composition with source, region, sea-
sonal and diurnal patterns, and size fraction. 
Examples of these findings follow. In the 
eastern United States, PM2.5 (PM with aero-
dynamic diameter < 2.5 µm) composition 
varies seasonally, with relatively more sul-
fate from long-range transport in the winter, 
and nitrate in the summer. Substantial spatial 
variability in PM components and copoll-
utants was observed (Maciejczyk and Chen 
2005). In the Pacific Northwest, organic 
carbon (OC) derived from wood burning 
is a major contributor to fine particle mass 
(Larson et al. 2006). PM10 (PM < 10 µm in 
aerodynamic diameter) collected in Southern 
California derives largely from road dust and 
soil and contains significant quantities of 
metals, whereas PM2.5 from the same loca-
tions contains primarily nitrates, OC, and 
elemental carbon (EC). Ultrafine PM (UFP; 
PM < 0.1 µm in aerodynamic diameter) is 
especially high in OC (Sardar et al. 2005). 
Semivolatile components of PM have received 
increased attention in recent investigations, 
especially with regard to combustion-derived 
UFP in which a significant fraction of emis-
sions by mass can consist of semivolatile mate-
rial that has condensed onto a non volatile, 
primarily carbon core (Kuhn et al. 2005a; 
Robinson et al. 2007). Atmospheric processes 
generate UFP in regions of the Los Angeles, 
California, air basin that receive advected pol-
lutant air masses (Fine et al. 2004; Singh et al. 

2006). The role of atmospheric chemistry 
in formation of UFP is important: photo-
oxidation of diesel emissions rapidly generates 
organic PM (Ntziachristos et al. 2007). 

Source apportionment. Research on 
sources emphasized mobile sources/traffic 
during the first 6 years of the PM Centers 
(see below). A workshop was held by the PM 
Centers to compare different methods for 
source apportionment of PM. The outcomes 
of different analytical methods found good 
agreement across different investigators and 
methods in apportioning sources of PM2.5 
mass in two U.S. cities: Phoenix, Arizona, 
and Washington, D.C. (Hopke et al. 2006; 
Thurston et al. 2005). Center research also 
included identification of tracer compounds 
for use in identifying sources of ambient par-
ticles (Fine et al. 2004).

Personal exposure. A significant body of 
data on personal exposure resulted from field 
studies of the PM Centers, including longitu-
dinal studies conducted in different airsheds, 
populations, and housing. Extensive intra- 
personal and interpersonal variability in the 
ratio of personal to ambient exposure meas-
ures was observed in some studies (Liu et al. 
2003), but taken collectively the data establish 
that ambient air concentrations at central site 
monitors can yield valid estimates of average 
personal exposure for population-based epi-
demiologic studies (Sarnat et al. 2000, 2002). 
The location of central site monitors, extent 
of PM penetration into indoor environments, 
personal activities, and the influence of 
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oBjective: The U.S. Environmental Protection Agency funded five academic centers in 1999 
to address the uncertainties in exposure, toxicity, and health effects of airborne particulate mat-
ter (PM) identified in the “Research Priorities for Airborne Particulate Matter” of the National 
Research Council (NRC). The centers were structured to promote interdisciplinary approaches to 
address research priorities of the NRC. In this report, we present selected accomplishments from 
the first 6 years of the PM Centers, with a focus on the advantages afforded by the interdisciplinary, 
center-based research approach. The review highlights advances in the area of ultrafine particles and 
traffic-related health effects as well as cardiovascular and respiratory effects, mechanisms, suscepti-
bility, and PM exposure and characterization issues.

data sources and synthesis: The collective publications of the centers served as the data source. 
To provide a concise synthesis of overall findings, authors representing each of the five centers iden-
tified a limited number of topic areas that serve to illustrate the key accomplishments of the PM 
Centers program, and a consensus statement was developed.

conclusions: The PM Centers program has effectively applied interdisciplinary research 
approaches to advance PM science. 

key words: acute effects, biological mechanisms, chronic effects, criteria pollutants, dosimetry, 
exposure assessment, morbidity, mortality, particulate matter. Environ Health Perspect 117:167–174 
(2009). doi:10.1289/ehp.11543 available via http://dx.doi.org/  [Online 15 September 2008]



Fanning et al.

168 volume 117 | number 2 | February 2009 • Environmental Health Perspectives

indoor PM sources can affect personal/ambi-
ent exposure ratios (Larson et al. 2004; Sarnat 
et al. 2006). The effects of these factors differ 
with PM size and composition; for example, 
freeway-derived UFP in the 70- to 100-nm 
range penetrated indoors to a greater extent 
than 10- to 20-nm PM (Zhu et al. 2005). 
The relationship of ambient criteria pollut-
ant concentrations to ambient and personal 
PM2.5 was explored. Ambient criteria pollut-
ant levels were better predictors of personal 
PM2.5 than they were of personal exposure 
to the gaseous species themselves, suggesting 
that the criteria pollutants may be useful as 
surrogates of PM2.5 exposure, but are unlikely 
to act as confounders in epidemiologic stud-
ies (Sarnat et al. 2005). In a study of ambient 
UFP, hourly and 24-hr number concentra-
tions were not significantly associated with 
concentrations of gaseous copollutants (Sardar 
et al. 2004).

PM Health Effects and 
Mechanisms of Injury Highlights
During the effort of the U.S. EPA to establish 
a national ambient air quality standard for 
fine particles, considerable questions about 
the biological plausibility of epidemiologic 
findings on hospitalization and mortality from 
cardiopulmonary effects arose. As a result 
the NRC committee recommended research 
into the mechanisms of injury that under-
lie PM health effects, especially daily mor-
tality. Developments in defining toxicologic 

mechanisms and intermediate clinical condi-
tions that may explain the observed cardiovas-
cular mortality are one of the highest impact 
areas of the scientific contributions of the PM 
Centers, in particular by addressing PM size-
specific research, for example, ultrafine, fine, 
and coarse PM.

PM effects on the cardiovascular system. 
The PM Centers convened a workshop to dis-
cuss potential mechanisms of PM-associated 
cardiovascular effects and to identify fruitful 
research approaches [Frampton et al. 2009 (in 
press; Utell et al. 2002] (Figure 1). During the 
first 6 years, center investigators have contrib-
uted to several review papers on cardiovascular 
responses to inhaled UFP and PM2.5 (Brook 
et al. 2004; Delfino et al. 2005; Godleski 
2006; Mar et al. 2006; Pope and Dockery 
2006). New statistical methodology was devel-
oped and applied to strengthen the interpreta-
tion of acute mortality studies (Coull et al. 
2001; Janes et al. 2005; Schwartz and Coull 
2003; Zanobetti et al. 2000, 2001; Zeka and 
Schwartz 2004). Epidemiologic studies that 
focused on specific cardiovascular outcomes, 
such as myocardial infarction (Peters et al. 
2001, 2004; Zanobetti and Schwartz 2005) or 
cause-specific mortality (Franklin et al. 2007; 
Miller et al. 2007; Pope et al. 2002; Zeka 
et al. 2005) produced hypotheses for test-
ing in laboratory animal research and human 
clinical studies. Toxicologists have contrib-
uted by identifying cellular and biomolecular 
mechanisms involved in the cardiovascular 

effects that result from acute and long-term 
exposures to ambient PM (Araujo et al. 2008; 
Corey et al. 2006; Lippmann et al. 2005a, 
2006; Sun et al. 2005). Most recently, toxico-
logic studies (Ghelfi et al. 2008) have shown 
that increases in reactive oxygen species 
(ROS) in the heart associated with inhalation 
of concentrated ambient particles (CAPs) may 
be abrogated by blocking neural receptors in 
the lung (Figure 2).

Investigations in the PM Centers and else-
where supported the hypothesis that inflam-
matory responses contribute to cardiovascular 
toxicity. Possible mechanisms were proposed. 
Pulmonary inflammation could release 
ROS, cytokines, and chemokines from the 
lung to the systemic circulation (Frampton 
et al. 2006b). Vascular inflammatory mark-
ers were associated with PM2.5 exposure in 
a subchronic mouse study (Sun et al. 2005). 
Gong et al. (2007), which demonstrated that 
both diesel extract and oxidized lipid com-
ponents synergistically affect the expression 
profile of several gene modules related to vas-
cular inflammatory processes. Evidence for an 
increase in C-reactive protein and a shift to 
a procoagulatory state of the blood was seen 
in coronary artery disease patients exposed 
to various size fractions of PM (Rückerl et al. 
2006). Temporal and other parameters dif-
fered with the specific air pollution mixture in 
this study, which limited interpretation. Pope 
et al. (2004) concluded that fine particulate 
air pollution is a risk for cause-specific cardio-
vascular disease mortality via inflammation, 
accelerated atherosclerosis, and altered auto-
nomic function. Zeka et al. (2006) reached 
similar conclusions. Their epidemiologic study 
supports the hypothesis that particles can 
induce cardiovascular disease through inflam-
matory pathways and suggests greater toxicity 
of traffic-related particles.

Autonomic function effects manifested as 
alterations in heart rate and heart rate vari-
ability (HRV) have been associated with PM2.5 
exposure. Decreased HRV was associated with 

Figure 1. Mechanistic pathways for PM cardiovascular effects. Abbreviations: ET, endothelin; MI, myocar-
dial infarction; NO, nitric oxide; TF, tissue factor. Modified from Frampton et al. 2009 (in press) with permis-
sion from Wolters Kluwer. 
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Ghelfi et al. (2008) with permission from Society of 
Toxicology. 
*p < 0.05.
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PM2.5 exposure in panel studies of elderly 
subjects (Adar et al. 2007; Henneberger et al. 
2005; Schwartz et al. 2005a). No associations 
with altered heart rate or HRV were seen in 
Seattle during the winter woodburning sea-
son (Mar et al. 2005b; Sullivan et al. 2005). A 
population-based study that drew on an estab-
lished cohort (the Normative Aging Study) 
confirmed the association between decreased 
HRV and PM2.5 seen in other studies; history 
of ischemic heart disease, hypertension, and 
diabetes modified the effects of PM2.5 (Park 
et al. 2005). Cardiac arrhythmias and vascular 
changes such as endothelial cell responses and 
alterations in blood pressure are other impor-
tant clinical signs of cardiovascular toxicity that 
have been identified in both humans and ani-
mals exposed to PM (Frampton et al. 2006b; 
Gong et al. 2004; Nadziejko et al. 2002). 

Atherosclerosis is emerging as an impor-
tant toxic end point of PM2.5 exposure. 
Atherosclerosis findings may be related to 
reports of myocardial infarction associated with 
PM2.5 in epidemiologic studies (Peters et al. 
2004; Zanobetti and Schwartz 2005). The 
Peters study relates traffic exposures and myo-
cardial infarction. Atherosclerotic lesions in a 
susceptible mouse model were enhanced by 
PM2.5 exposure in a number of reports (Araujo 
et al. 2008; Chen and Hwang 2005; Chen 
and Nadziejko 2005; Lippmann et al. 2005b; 
Sun et al. 2005). Araujo et al. (2008) com-
pared the proatherogenic effects of ambient 
UFP with PM2.5 in apolipoprotein E–deficient 
mice. UFP-exposed mice exhibited significantly 
larger atherosclerotic lesions than mice exposed 
to PM2.5 or filtered air (Figure 3). 

Respiratory effects of PM exposure. PM 
Centers research has added to a wide body 
of literature investigating toxicologic mecha-
nisms and effects of PM in the respiratory 
system. Overall, the issue of respiratory effects 
and PM exposure has been reviewed recently 
with reference to work produced by the PM 
Centers as well as others (Boothe and Shendell 
2008; Salam et al. 2008). Salam focuses on 
asthma, whereas the Boothe and Shendell 
paper addresses some other end points in addi-
tion to respiratory effects. Results from clinical 
and panel studies in asthmatic and elderly sub-
jects, as well as experimental studies in animals 
and in vitro cellular systems with relevance 
to respiratory tissues were reported. The dis-
covery that UFP deposition is increased in 
asthmatic subjects during exercise has impor-
tant implications for defining populations at 
greater risk of PM-related effects (Chalupa 
et al. 2004; Daigle et al. 2003). Adjuvant 
effects of ambient PM in promoting aller-
gic airways responses occurred in a sensitized 
mouse model (Kleinman et al. 2005). Acute 
exposures to ambient PM in Seattle were asso-
ciated with increased inflammation in asth-
matic subjects, as measured by exhaled nitric 

oxide (Jansen et al. 2005; Koenig et al. 2005; 
Mar et al. 2005a). Respiratory effects in chil-
dren were also a focus. Increased risk of infant 
hospitalization for bronchiolitis was signifi-
cantly associated with subchronic and chronic 
exposures to PM in Los Angeles (Karr et al. 
2007), where exposures in the month prior 
to hospitalization (subchronic) and mean life-
time exposure (chronic) referenced to the case 
diagnosis date were assessed on the basis of 
data derived from the California Air Resources 
Board. Epidemiologic studies that linked 
the PM Centers and the Children’s Health 
Study (CHS) contributed findings that iden-
tify infants and children as important popula-
tions of concern for respiratory effects of PM 
(Gauderman et al. 2004, 2005, 2007; Molitor 
et al. 2007; Trenga et al. 2006). These studies 
demonstrate that exposure to PM2.5 and other 
air pollutants were associated with reduced 
lung function growth in children and provided 
evidence for compromised lung function. The 
CHS/PM Center studies identified traffic as 
a risk factor (Gauderman et al. 2004, 2005, 
2007; McConnell et al. 2006). 

Identification of new target tissues. UFP 
of carbon-13 were detected in the olfac-
tory bulbs of rats after inhalation exposure 
(Oberdörster et al. 2004), suggesting that the 
central nervous system is a potentially impor-
tant toxicologic target of PM2.5 (Figure 4). In 
support of this significant result, studies of 
mice chronically exposed to ambient PM2.5 
documented loss of brain neurons (Veronesi 
et al. 2005) and changes in gene expres-
sion in the brain consistent with inflamma-
tory effects (Gunnison and Chen 2005). In 
another study, proinflammatory cytokines 
were increased in brains of mice exposed to 
concentrated PM2.5 compared with those of 
control animals (Campbell et al. 2005). 

Chemical mechanisms of PM toxicity. To 
better identify the most toxic PM components 
and sources, the PM Centers have pursued 
experimental linkages between toxicologic 
properties and specific physical/chemical char-
acteristics of particles including size, surface 
area, and PM components such as transition 
metals, endotoxin, and organics including reac-
tive organic compounds. Multiple chemical 
and biological mechanisms by which PM can 
induce toxic effects in a variety of target cell 
types have been proposed (Frampton 2006; 
Yang et al. 2008). Oxidative stress, a common 
effect of toxicant exposure, is a change in the 
redox environment of the cell (Schafer and 
Buettner 2001) through changes in the ratios 
of concentrations of oxidized to reduced cel-
lular antioxidants. Oxidative stress occurs by 
increasing intracellular ROS or by depleting 
glutathione (GSH). GSH is the predominant 
antioxidant in cells and plays important roles 
in protecting against oxidative and electrophile 
stress (Rahman and MacNee 2000). A number 

of PM Center studies during the first 6 years 
contributed to what is now a strong eviden-
tiary basis for oxidative damage as a general 
toxicologic mechanism of PM injury (Delfino 
et al. 2005; Ghelfi et al. 2008; González-Flecha 
2004; Gurgueira et al. 2002; Li et al. 2003a, 
2003b; Rhoden et al. 2004, 2005; Tao et al. 
2003; Xia et al. 2006). There is widespread 
agreement throughout the PM Centers that 
oxidative stress may be a mechanism of major 
importance for cardiorespiratory effects. 

Studies of reactive chemical components 
of ambient PM samples reported that par-
ticles possess intrinsic chemical reactivity 

Figure 3. UFP is the most proatherogenic frac-
tion. Atherosclerotic lesions were quantitatively 
analyzed in serial aortic root sections and stained 
with oil red O. Lesional area was scored as square 
micrometers per section and averaged ≥ 25 sec-
tions per animal. Group averages are indicated by 
straight horizontal bars. One mouse exposed to 
filtered air (FA) was an obvious outlier in its group 
and was removed from the atherosclerotic lesion 
analysis. However, its inclusion did not modify the 
overall significance. Mice exposed to FA are repre-
sented by white circles (n = 14), fine particles (FP) 
by blue circles (n = 16), and UFPs by black circles 
(n = 15). Reproduced from Araujo et al. (2008) with 
permission from Wolters Kluwer.
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that may play an important role in toxicity 
(Cho et al. 2005; Venkatachari et al. 2005). 
Covalent modification of biological molecules 
by reactive electrophilic compounds, particu-
larly organics, and ROS production are two 
key chemical mechanisms by which PM can 
disrupt intracellular biochemistry, ultimately 
altering gene expression and subcellular organ-
elle function in target cells. Center investi-
gators demonstrated covalent binding of a 
cellular enzyme by electrophilic agents, includ-
ing organic compounds, present in ambient 
PM (Rodriguez et al. 2005; Samet et al. 1999) 
and reported that PM can directly inhibit 
the activity of enzymes involved in oxidative 
stress response in a cell-free assay (Hatzis et al. 
2006). There is accumulating evidence that 
transition metals such as copper, vanadium, 
chromium, nickel, cobalt, and iron, as well as 
aromatic and polar organic substances, play a 
role in ROS production. An important role of 
metals may be alteration of signal transduction 
pathways involving oxidative stress (Samet 
et al. 2003). Assays that can screen for both 
oxidative and covalent binding properties of 
PM are of interest for comparing the toxico-
logic potential of PM from different sources, 
locations of interest, season, and other param-
eters of interest (Borm et al. 2007). 

Life shortening associated with exposure 
to PM. In analyses at the Harvard Center in 
which daily deaths in 10 European cities were 
investigated by examining all-cause, respira-
tory, and cardiovascular deaths for all ages and 
stratifying by age groups, it was found that the 
effect of air pollution is not limited to advanc-
ing mortality by a few weeks, but that effects 
persist for over a month after exposure. The 
short-term mortality effect size estimate for 
PM10 doubles when longer-term effects for 
all mortality and cardiovascular mortality are 
considered and becomes five times higher for 
respiratory mortality (Zanobetti et al. 2003). 
Reduction of ambient air pollution levels was 
associated with reduced total, cardiovascular, 
and lung cancer mortality in the Harvard Six 
Cities Cohort (Laden et al. 2006). Long-term 
exposure was associated with excess lung cancer 
in cohort studies of Pope et al. (2002), Laden 
et al. (2006), and Pope and Dockery (2006). 

Susceptibility factors and populations of 
concern for PM-induced health effects. When 
the PM Centers research was initiated, epide-
miologic studies had indicated that the elderly 
and people with cardiovascular or chronic 
lung disease were at greater risk for morbidity 
and mortality associated with acute PM expo-
sure. The PM Centers explored the basis for 
this susceptibility and also produced research 
findings that expand the spectrum of popu-
lations of concern. Support for the epide-
miologic observations that elderly and chronic 
obstructive pulmonary disease patients have 
higher rates of hospitalization and mortality 

associated with acute PM exposure has come 
from human clinical studies showing that 
elderly people experience greater effects of PM 
on HRV and blood parameters (Park et al. 
2005; Pope and Dockery 2006; Schwartz 
et al. 2005a, 2005b). Further support for the 
elderly as a population of concern comes from 
studies of geriatric laboratory animals (Elder 
et al. 2004a, 2004b). 

A study of PM-related daily mortal-
ity found greater effects in diabetic subjects 
(Zeka et al. 2006). The increase in mortality 
in diabetics may be related to increased sus-
ceptibility to the cardiovascular effects of PM 
exposure, as indicated by greater rate of hos-
pitalization for heart disease (Zanobetti and 
Schwartz 2002), sensitivity to changes in HRV 
(Park et al. 2005), and altered vasomotor func-
tion (O’Neill et al. 2005) in diabetic subjects. 
It is possible that these patients may be more 
susceptible to inflammatory effects of PM, 
which in turn affect vascular tissues (O’Neill 
et al. 2007). In contrast, recent results from 
the Women’s Health Initiative suggest that 
diabetics in this cohort were not at increased 
risk (Miller et al. 2007). More work on this 
subject is needed, and controlled human expo-
sures in diabetic studies have been initiated 
by the PM Centers (Frampton et al. 2006a). 
Schwartz et al. (2005b) reported an associa-
tion between presence or absence of the allele 
for glutathione-S-transferase M1 and the high 
frequency component of HRV. Genetic sus-
ceptibility is an area in which the PM Centers 
are currently increasing research focus. 

Advances in Critical 
Interdisciplinary Research Areas
Interdisciplinary research has been a hallmark 
of the PM Centers since their inception. Two 
subject areas that were exemplary in terms 
of bringing together multiple investigative 
perspectives were investigations of UFP and 
mobile sources. 

Ultrafine particles: unique in composition 
and toxicity. Center-based research allowed 
a major effort to characterize size distribu-
tions, chemical speciation, and the effect of 
atmospheric processes of UFP to be inte-
grated with toxicologic research (Donaldson 
and Stone 2003). UFP in urban airsheds are 
largely derived from fresh combustion sources, 
although secondary formation of UFP from 
atmospheric photochemical processes is also 
an important source (Sioutas et al. 2005). 
UFP freshly generated by combustion are 
short-lived and subsequently grow to form 
aggregates. UFP dominate particle number 
concentration in ambient PM samples while 
contributing little to PM mass concentrations. 
In part because of a complex fractal structure 
(Friedlander and Xiong 2000), UFP possess 
much greater surface area per unit mass than 
larger ambient particles. The large surface 

area, in turn, allows greater per-mass concen-
trations of adsorbed or condensed toxic air 
pollutants (oxidant gases, organic compounds, 
transition metals) to collect on UFP (Sioutas 
et al. 2005). Studies on ambient and model 
particles have concluded that the large specific 
surface area of UFP may be a key component 
in their toxicology (Oberdörster 2001). 

The PM Centers produced an integrated 
body of exposure and toxicologic studies on 
ambient and model UFP as well as studies of 
controlled human exposures. Dosimetry work 
showed that UFP will have significant accu-
mulation in the lung (Kreyling et al. 2006). 
In addition, UFP of varying composition can 
cross cellular membranes by diffusion (Geiser 
et al. 2005) and gain access to vulnerable tar-
gets within cells. The potential for translo-
cation from the site of lung deposition into 
systemic circulation, although rates have 
been low with test particles (Kreyling et al. 
2002), could have major mechanistic implica-
tions (Elder and Oberdörster 2006). Electron 
microscopy indicated subcellular penetration 
and mitochondrial damage by UFP in in vivo 
studies and, to a lesser extent, by fine particles 
(Li et al. 2003b). Disruption of mitochon-
drial functions may play an important role in 
PM-mediated health effects (Xia et al. 2007). 

In a study of size-segregated concentrated 
ambient PM samples, the ability of PM to 
catalyze ROS generation, an initial step in 
the induction of oxidative stress, was great-
est in the UFP fraction (Cho et al. 2005). Li 
et al. (2003a) summarized contrasting fea-
tures of coarse, fine, and ultrafine particles 
from Southern California, including relevant 
chemical and biological parameters. The toxi-
cologic findings correlated with PM OC and 
polycyclic aromatic hydrocarbon (PAH) com-
position, suggesting a role of organic agents in 
generating redox activity (Table 1). 

The PM Centers conducted controlled 
human exposure studies with UFP. Results 
from these studies were limited, because of small 
group sizes and because these exposures are neces-
sarily brief and conducted at low concentrations 
compared with the background PM exposures 
that may be experienced by urban study sub-
jects. In the first set of studies, short-term expo-
sures were conducted with 10–50 µg/m3 carbon 
UFP generated in the laboratory. Alterations in 
blood cell adhesion molecules and in a marker 
of vascular perfusion suggest that UFP expo-
sure may produce subtle changes in pulmonary 
vasoconstriction (Frampton 2007; Pietropaoli 
et al. 2004). A small but statistically signifi-
cant reduction in arterial oxygen saturation and 
some evidence for reduced HRV were found, 
although the small study size limited interpreta-
tion (Gong et al. 2008). An expanded focus on 
UFP in epidemiologic studies is needed but has 
been limited to date by the challenges of assess-
ing exposure to UFP. 
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Traffic: mobile sources are highly relevant 
to the public health impacts of PM. The cen-
ter-based research context was particularly use-
ful in advancing the science on mobile sources 
of PM, the focus of an extensive international 
research effort. Numerous investigations of the 
physical and chemical attributes of PM col-
lected alongside freeways and in roadway tun-
nels were performed. The results have yielded 
data on size distribution, number and mass 
concentrations, chemical speciation, emis-
sions factors, volatility, penetration indoors, 
and the impact of atmospheric processes on 
roadway PM (Biswas et al. 2007; Fine et al. 
2004; Geller et al. 2006; Kuhn et al. 2005b, 
2005c; Phuleria et al. 2007; Sardar et al. 2005; 
Zhu et al. 2005). Detailed spatial profiles of 
UFP concentration at varying distances from 
freeways were generated (Zhu et al. 2002a, 
2002b). Concentrations of UFP drop exponen-
tially with distance from the center of the free-
way, reaching upwind levels at approximately 
300 meters. The size distribution of UFP also 
changed markedly with distance reflective of 
coagulation and other atmospheric particle pro-
cesses. Winter particle number concentrations 
are greater than summer, indicating formation 
of UFP from vapor condensation. Exposure to 
motor vehicle exhaust emissions during com-
muting may constitute a substantial fraction of 
daily personal PM exposure, especially to UFP 
(Sioutas et al. 2005; Zhu et al. 2007).

Toxicologic studies of traffic-derived aero-
sols studied by PM Centers included in vitro 
findings that implicate PM collected in free-
way microenvironments in the production 
of reactive chemical species, stimulation of 
proinflammatory effects, and altered gene 
expression in cellular test systems. UFP frac-
tion, carbonaceous content, and an organic 
tracer for vehicles were linked with toxico-
logic activity of PM in a variety of assays 
(Cho et al. 2005; Li et al. 2003a, 2003b). 
Several studies of laboratory animals exposed 
to PM on or near busy roadways have identi-
fied cardiovascular and allergic airways effects 
(Elder et al. 2004b, 2007; Kleinman et al. 
2005). Evidence that traffic-derived air pollu-
tion affects humans has expanded significantly 
during the first 6 years of PM Centers fund-
ing, implicating mobile source in respiratory 
effects in children (Gauderman et al. 2004, 
2005, 2007; McConnell et al. 2006), cardio-
vascular effects (Riediker et al. 2004) includ-
ing myocardial infarction (Peters et al. 2004; 
Tonne et al. 2007), and low birth weight 
(Wilhelm and Ritz 2003). Toxicologic stud-
ies are needed to follow up the epidemiologic 
findings of effects on the fetus. In a reanalysis 
of data from the Harvard Six Cities study 
of daily mortality and PM, source appor-
tionment approaches identified the mobile 
source factor as most strongly associated with 
increased daily mortality (Laden et al. 2000). 

Policy Implications of PM 
Centers Research 
Research findings from the PM Centers have 
had a significant influence on science pol-
icy, most directly in terms of the science that 
underlies the National Ambient Air Quality 
Standards (NAAQS) for PM. The findings of 
morbidity and mortality that form the scien-
tific basis for the short-term and annual PM 
NAAQS were strengthened through epide-
miologic and statistical research. Mechanistic 
investigations and studies of preclinical 
markers established biological plausibility for 
observed relationships between ambient air 
PM and observed acute mortality. In per-
sonal exposure studies, validation of the use of 
central site ambient concentrations provided 
crucial support to the interpretation of epide-
miologic results. 

The PM NAAQS are based on mass con-
centration. The state of the science suggests 
that no single parameter, whether mass, size 
fraction, surface area, or a particular chemical 
component, is responsible for all the diverse 
mechanisms and toxicologic end points that 
have been associated with PM, and a more 
sophisticated approach to standards will be 
needed. Based on findings from the PM 
Centers and others, the potential efficacy 
of number and component based standards 
should be assessed. As more data become 
available to link specific PM emissions 
sources, chemical composition, and physical 
characteristics with quantitative measures of 
toxicity, the question of source-specific con-
trol strategies to maximize public health pro-
tection also needs to be considered. 

The increasing level of evidence that UFP 
are toxic but may not be controlled well by 
existing regulatory approaches raises other pol-
icy issues including mitigation of the risk of 
health effects associated with housing, schools, 
parks, and other heavily populated public facil-
ities located near heavily traveled roadways, 
busy seaports, and other combustion sources 
that are the major urban sources of exposure 
to UFP. There are potential environmental 
justice concerns associated with transporta-
tion-derived combustion, as it is often areas 
of lower socioeconomic status that are most 
affected by proximity to these sources. 

Looking Forward: Research 
Priorities and Current Directions
As the PM Centers program moved forward 
into the second phase, the original guiding 
research priorities were reevaluated, and new 
priorities have emerged. Several areas of inves-
tigation identified during the development 
of the 1997 PM NAAQS are still of critical 
relevance today, but the scientific questions 
being asked have been refined. Some research 
topics being pursued in the current round of 
PM Centers are described below.

Particle source characterization and PM 
components as factors in PM toxicity. The 
PM Centers current research agenda includes 
detailed studies of the physical and chemi-
cal attributes of ambient PM associated with 
specific sources. The current science indi-
cates that multiple mechanisms of injury, in 
backgrounds modified by host susceptibility 
factors, can be activated by a variety of PM 
components and characteristics. To address 
the complexity associated with assessing the 
health effects associated with specific PM 
components, the current PM Centers research 
agenda compares toxicologic properties of 
PM by source type in addition to compo-
sitional attributes. Mobile sources continue 
to be a priority focus, and there is a need to 
better understand the fate of fossil fuel com-
bustion emissions from a variety of mobile 
and stationary sources, including airports, sea-
ports, and other sources as well as roadways. 
Building upon the productive body of work 
on mobile source PM in the first 6 years of 
PM Center work, the current PM Centers 
include human panel and clinical studies and 
toxicologic studies in laboratory animals and 
in vitro systems that test hypotheses about the 
effects of mobile source PM exposures. Source 
apportionment efforts are ongoing as well, to 
build on previous work that found mobile 
sources are dominant contributors to urban 
UFP loads. In vitro studies will pay particular 
attention to UFP, organic compounds, and 
transition metals. UFP formed from nuclea-
tion of ambient air vapors are a new focus, as 
they may be especially toxic. 

Dosimetry and toxicokinetics. Research at 
the PM Centers is addressing particle deposi-
tion, uptake, distribution, and fate, including 

Table 1. Contrasting features of coarse, fine, and ultrafine particles.

Parameters Coarse PM10 Fine PM10 Ultrafine PM10

Size (µm) 2.5–10 2.5–0.15 < 0.15
OC content + ++ +++ 
EC content + ++ +++
Metals (% of total elements) +++ ++ +
PAH content + + +++
Redox activity (DTT assay) + ++ +++
HO-1 induction + ++ +++
GSH depletion + +++ +++
Mitochondrial damage None Some Extensive

Data from Li et al. (2003a).
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the effects of developmental stage on disposi-
tion of PM. Cell culture systems with gene 
expression and proteomics methods are being 
used for studies of metabolic and genetic 
responses that will be useful for toxicokinetics. 
Studies of the dosimetry and toxicokinetics 
associated with UFP are especially important, 
given previous PM Centers findings that these 
particles distribute into systemic circulation 
and secondary target organs such as the CNS, 
and can enter cells and subcellular organelles.

Mechanisms. All the current PM Centers 
have a strong focus on continuing to develop 
understanding of the toxic mechanisms 
that underlie clinically and epidemiologi-
cally defined adverse health effects of PM. 
Mechanisms being pursued include reactive 
chemical species that cause cellular oxidative 
stress responses. In the first 6 years, studies 
of oxidative damage associated with PM were 
performed using diverse chemical species, cell 
culture experiments, and laboratory animal 
studies. Evolving from that work, the current 
PM Centers studies are looking at markers 
of oxidative stress processes in humans and a 
range of clinical and preclinical biomarkers. 
The list of gene products that can be used 
as indicators of PM exposure or toxicity in 
various cell types has expanded. Mechanistic 
hypotheses are being tested in panel and other 
epidemiologic studies.

Susceptibility. Susceptibility is a major 
theme, drawing on the work from the earlier 
center and noncenter investigators showing 
that individuals with pulmonary and cardiac 
health conditions, elderly, children, diabet-
ics, and others may be more susceptible to the 
adverse effects of PM exposure than the general 
population. The PM Centers are looking at 
early life exposures to PM in animal models, 
performing panel studies of elderly subjects or 
subjects with compromised health status, using 
a large established cohort to identify how risk 
factors for PM-related health outcomes may be 
modified by individual factors such as medica-
tion use, diet, and genotype. Compromised 
animal models are a key theme of current 
research into susceptibility. PM exposure stud-
ies on ApoE–/– mice (an atherosclerosis-prone 
model), hypertensive rats, and diabetic rats are 
all planned or underway. 

Conclusions 
In 1998, a committee of the NRC pub-
lished the first of a four-volume report titled 
“Research Priorities for Airborne Particulate 
Matter” that identified the 10 highest-priority 
targets for PM research (NRC 1998). Within 
the research portfolio of the PM Centers, the 
priority areas have been addressed. A subse-
quent NRC report (2001) emphasized that 
these research priorities require multidisci-
plinary approaches. Recognizing that progress 
in understanding the health effects consequent 

to air pollution exposure requires talents from 
highly divergent fields, we believe that the PM 
Centers effectively promote interdisciplinary 
cross-fertilization. The next 5 years of this 
program will bring the experience and results 
of the first centers to fruition in new, focused 
studies that we hope will be instrumental in 
addressing the difficult scientific and public 
health policy problems that arise from ubiqui-
tous particulate air pollution. 

correction

In the title of the manuscript originally 
published online, the date range in the title 
was incorrect. It has been corrected here.

RefeRences 

Adar SD, Gold DR, Coull BA, Schwartz J, Stone PH, Suh H. 2007. 
Focused exposures to airborne traffic particles and heart 
rate variability in the elderly. Epidemiology 18:95–103.

Araujo JA, Barajas B, Kleinman M, Wang X, Bennett BJ, Gong 
KW, et al. 2008. Ambient particulate pollutants in the ultra-
fine range promote atherosclerosis and systemic oxidative 
stress. Circ Res 102:589–596. 

Biswas S, Ntziachristos L, Moore KF, Sioutas C. 2007. Particle 
volatility in the vicinity of a freeway with heavy-duty diesel 
traffic. Atmos Environ 41:3479–3493.

Boothe VL, Shendell DG. 2008. Potential health effects associ-
ated with residential proximity to freeways and primary 
roads: review of scientific literature, 1999–2006. J Environ 
Health 70(8):33–41, 55–56.

Borm PJ, Kelly F, Kunzli N, Schins RP, Donaldson K. 2007. 
Oxidant generation by particulate matter: from biologically 
effective dose to a promising, novel metric. Occup Environ 
Med 64:73–74. 

Brook RD, Franklin B, Cascio W, Hong Y, Howard G, Lipsett 
M, et al. 2004. Air pollution and cardiovascular disease: 
a statement for healthcare professionals from the Expert 
Panel on Population and Prevention Science of the 
American Heart Association. Circulation 109:2655–2671. 

Campbell A, Oldham M, Becaria A, Bondy SC, Meacher D, 
Sioutas C, et al. 2005. Particulate matter in polluted air 
may increase biomarkers of inflammation in mouse brain. 
Neurotoxicology 26:133–140.

Chalupa DC, Morrow PE, Oberdörster G, Utell MJ, Frampton 
MW. 2004. Ultrafine particle deposition in subjects with 
asthma. Environ Health Perspect 112:879–882.

Chen LC, Hwang JS. 2005. Effects of subchronic exposures 
to concentrated ambient particles (CAPs) in mice. IV. 
Characterization of acute and chronic effects of ambient 
air fine particulate matter exposures on heart-rate vari-
ability. Inhal Toxicol 17:209–216.

Chen LC, Nadziejko C. 2005. Effects of subchronic exposures to 
concentrated ambient particles (CAPs) in mice. V. CAPs 
exacerbate aortic plaque development in hyperlipidemic 
mice. Inhal Toxicol 17:217–224.

Cho AK, Sioutas C, Miguel AH, Kumagai Y, Schmitz DA, Singh 
M, et al. 2005. Redox activity of airborne particulate matter 
at different sites in the Los Angeles Basin. Environ Res 
99:40–47.

Corey LM, Baker C, Luchtel DL. 2006. Heart-rate variability in 
the apolipoprotein E knockout transgenic mouse following 
exposure to Seattle particulate matter. J Toxicol Environ 
Health A 69:953–965.

Coull BA, Schwartz J, Wand MP. 2001. Respiratory health and 
air pollution: additive mixed model analyses. Biostatistics 
2:337–349

Daigle CC, Chalupa DC, Gibb FR, Morrow PE, Oberdörster 
G, Utell MJ, et al. 2003. Ultrafine particle deposition in 
humans during rest and exercise. Inhal Toxicol 15:539–552.

Delfino R, Sioutas C, Malik S. 2005. Potential role of ultra-
fine particles in associations between airborne particle 
mass and cardiovascular health. Environ Health Perspect 
113:934–946.

Donaldson K, Stone V. 2003. Current hypotheses on the 

mechanisms of toxicity of ultrafine particles. Ann Ist Super 
Sanita 39:405–410.

Elder A, Couderc JP, Gelein R, Eberly S, Cox C, Xia X, et al. 
2007. Effects of on-road highway aerosol exposures on 
autonomic responses in aged, spontaneously hyperten-
sive rats. Inhal Toxicol 19:1–12.

Elder ACP, Gelein R, Azadniv M, Frampton M, Finkelstein J, 
Oberdörster G. 2004a. Systemic effects of inhaled ultra-Systemic effects of inhaled ultra-
fine particles in two compromised, aged rat strains. Inhal 
Toxicol 16:461–471.

Elder ACP, Gelein R, Finkelstein J, Phipps RP, Frampton M, Utell 
MJ, et al. 2004b. On-road exposure to highway aerosols. 
2. Exposures of aged, compromised rats. Inhal Toxicol 
16:41–53.

Elder A, Oberdörster G. 2006. Translocation and effects of 
ultrafine particles outside of the lung. Clin Occup Environ 
Med 5:785–796.

Fine PM, Shen S, Sioutas C. 2004. Inferring the sources of fine 
and ultrafine particulate matter at downwind receptor 
sites in the Los Angeles basin using multiple continuous 
measurements. Aerosol Sci Technol 38(S1):182–195.

Frampton MW. 2006. Inflammation and airborne particles. Clin 
Occup Environ Med 5(4):797–815.

Frampton MW. 2007. Does inhalation of ultrafine particles 
cause pulmonary vascular effects in humans? Inhal 
Toxicol 1:75–79.

Frampton MW, Samet JM, Utell  MJ. 2009. In press. 
Cardiovascular consequences of particles. In: Particle–
Lung Interactions. (Gehr P, Blank F, Mühlfeld C, Rothen-
Rutishauser B, eds). 2nd Ed. New York:Informa Healthcare.

Frampton MW, Stewart J, Chen AP, Pietropaoli AP, Taubman 
M, Utell MJ. 2006a. Platelet and vascular effects in type 2 
diabetics inhaling ultrafine carbon particles. Am J Respir 
Crit Care Med 175:A168.

Frampton MW, Stewart J, Oberdörster G, Morrow PE, Chalupa 
D, et al. 2006b. Inhalation of ultrafine particles alters blood 
leukocyte expression of adhesion molecules in humans. 
Environ Health Perspect 114:51–58.

Franklin M, Zeka A, Schwartz J. 2007. Association between 
PM2.5 and all-cause and specific-cause mortality in 27 US 
communities. J Expo Sci Environ Epidemiol 17:279–287.

Friedlander SK, Xiong C. 2000. Measurements of fractal-like 
atmospheric particles. J Aerosol Sci 31:226–227.

Gauderman WJ, Avol E, Gilliland F, Vora H, Thomas D, Berhane 
K, et al. 2004. The effect of air pollution on lung develop-The effect of air pollution on lung develop-
ment from 10 to 18 years of age. N Engl J Med 351:1057–
1067.

Gauderman WJ, Avol E, Lurmann F, Kuenzli N, Gilliland F, Peters 
J, McConnell R. 2005. Childhood asthma and exposure to 
traffic and nitrogen dioxide. Epidemiology 16:737–743.

Gauderman WJ, Vora H, McConnell R, Berhane K, Gilliland F, 
Thomas D, et al. 2007. Effect of exposure to traffic on lung 
development from 10 to 18 years of age: a cohort study. 
Lancet 369:571–577.

Geiser M, Rothen-Rutishauser B, Kapp N, Schurch S, Kreyling 
W, Schulz H, et al. 2005. Ultrafine particles cross cellular 
membranes by nonphagocytic mechanisms in lungs and in 
cultured cells. Environ Health Perspect 113(11):1555–1560.

Geller MD, Biswas S, Sioutas C. 2006. Determination of particle 
effective density in urban environments with an aerosol 
particle mass analyzer and scanning mobility particle 
sizer. Aerosol Sci Technol 40:709–723.

Ghelfi E, Rhoden C, Wellenius GA, Lawrence J, González-
Flecha B. 2008. Cardiac oxidative stress and electro-
physiological changes in rats exposed to concentrated 
air particles are mediated by TRP-dependent pulmonary 
reflexes. Toxicol Sci 102:328–336.

Godleski JJ. 2006. Responses of the heart to ambient particle 
inhalation. Clin Occup Environ Med 5(4):849–864.

Gong H Jr, Linn WS, Clark KW, Anderson KR, Sioutas C, Alexis 
NE, et al. 2008. Exposures of healthy and asthmatic volun-
teers to concentrated ambient ultrafine particles in Los 
Angeles. Inhal Toxicol 20(6):533–545.

Gong H Jr, Linn WS, Terrell SL, Clark K, Geller MD, Anderson 
KR, et al. 2004. Altered heart rate variability in asthmatic 
and healthy volunteers exposed to concentrated ambient 
coarse particles. Inhal Toxicol 16:335–343.

Gong KW, Zhao W, Li N, Barajas B, Kleinman M, Sioutas C, 
et al. 2007. Air-pollutant chemicals and oxidized lipids 
exhibit genome-wide synergistic effects on endothelial 
cells. Genome Biol 8:589–596.

González-Flecha B. 2004. Oxidant mechanisms in response to 
ambient air particles. Mol Aspects Med 25:169–182.

Gunnison A, Chen LC. 2005. Effects of subchronic exposures 



U.S. EPA PM Centers accomplishments (1999–2004)

Environmental Health Perspectives • volume 117 | number 2 | February 2009 173

to concentrated ambient particles (CAPS) in mice. VI. 
Gene expression in heart and lung tissue. Inhal Toxicol 
17:225–233.

Gurgueira SA, Lawrence J, Coull B, Murthy GG, Gonzalez-
Flecha B. 2002. Rapid increases in the steady-state con-
centration of reactive oxygen species in the lungs and 
heart after particulate air pollution inhalation. Environ 
Health Perspect 110:749–755.

Hatzis C, Godleski JJ, Gonzalez-Flecha B, Wolfson JM, 
Koutrakis P. 2006. Ambient particulate matter exhibits 
direct inhibitory effects on oxidative stress enzymes. 
Environ Sci Technol 40:2805–2811.

Henneberger A, Zareba W, Ibald-Mulli A, Rückerl R, Cyrys J, 
Couderc JP, et al. 2005. Repolarization changes induced 
by air pollution in ischemic heart disease patients. Environ 
Health Perspect 113:440–446.

Hopke PK, Ito K, Mar T, Christensen WF, Eatough DJ, Henry RC, 
et al. 2006. PM source apportionment and health effects: 1. 
Intercomparison of source apportionment results. J Expo 
Sci Environ Epidemiol 16(3):275–286.

Janes H, Sheppard L, Lumley T. 2005. Case–crossover analyses 
of air pollution exposure data: referent selection strategies 
and their implications for bias. Epidemiology 16:717–726.

Jansen K, Larson TV, Koenig JQ, Mar TF, Fields C, Stewart J, 
et al. 2005. Associations between health effects and PM 
and black carbon in subjects with respiratory disease. 
Environ Health Perspect 113:1741–1746.

Karr C, Lumley T, Schreuder A, Davis R, Larson T, Ritz B, et al. 
2007. Effects of subchronic and chronic exposure to ambi-
ent air pollutants on infant bronchiolitis. Am J Epidemiol 
165:553–560.

Kleinman M, Sioutas C, Stram D, Froines J, Cho A, Chakrabarti 
B, et al. 2005. Inhalation of concentrated ambient par-2005. Inhalation of concentrated ambient par-
ticulate matter near a heavily trafficked road stimulates 
antigen-induced airway responses in mice. J Air Waste 
Manage Assoc 55:1277–1288.

Koenig JQ, Mar TF, Allen RW, Jansen K, Lumley T, Sullivan JH, 
et al. 2005. Pulmonary effects of indoor- and outdoor-gen-2005. Pulmonary effects of indoor- and outdoor-gen-
erated particles in children with asthma. Environ Health 
Perspect 113:499–503.

Kreyling WG, Semmler M, Erbe F, Mayer P, Takenaka S, Schulz 
H, et al. 2002. Translocation of ultrafine insoluble iridium 
particles from lung epithelium to extrapulmonary organs 
is size dependent but very low. J Toxicol Environ Health A 
65(20):1513–1530.

Kreyling WG, Semmler M, Möller W. 2006. Ultrafine parti-Ultrafine parti-
cle–lung interactions: does size matter? J Aerosol Med 
19:74–83.

Kuhn T, Biswas S, Fine PM, Geller M, Sioutas C. 2005a. Physical 
and chemical characteristics and volatility of PM in the 
proximity of a light-duty vehicle freeway. J Aerosol Sci 
39:347–357.

Kuhn T, Biswas S, Sioutas C. 2005b. Diurnal and seasonal 
characteristics of particle volatility and chemical com-
position near a light-duty vehicle freeway. Atmos Environ 
39:7154–7166.

Kuhn T, Zhu Y, Hinds W, Krudysz M, Fine PM, Froines JR, et al. 
2005c. Volatility of indoor and outdoor ultrafine particulate 
matter near a freeway. J Aerosol Sci 36:291–303.

Laden F, Neas LM, Dockery DW, Schwartz J. 2000. Association 
of fine particulate matter from different sources with 
daily mortality in six U.S. cities. Environ Health Perspect 
108:941–947.

Laden F, Schwartz J, Speizer FE, Dockery DW. 2006. Reduction 
in fine particulate air pollution and mortality: extended 
follow-up of the Harvard six cities study. Am J Respir Crit 
Care Med 173:667–672.

Larson TV, Covert DS, Kim E, Elleman R, Schreuder AB, Lumley 
T. 2006. Combining size distribution and chemical species 
measurements into a multivariate receptor model of PM2.5. 
J Geophys Res D Atmos 111:D10S09.

Larson T, Gould T, Simpson C, Claiborn C, Lewtas J, Wallace L, 
et al. 2004. Source apportionment of indoor, outdoor and 
personal PM2.5 in Seattle, WA using positive matrix factor-
ization. J Air Waste Manage Assoc 54:1175–1187.

Li N, Hao M, Phalen RF, Hinds WC, Nel A. 2003a. Particulate air 
pollutants and asthma: a paradigm for the role of oxidative 
stress in PM-induced adverse health effects. Clin Immunol 
109:250–265.

Li N, Sioutas C, Cho A, Schmitz D, Misra C, Sempf J, et al. 
2003b. Ultrafine particulate pollutants induce oxidative 
stress and mitochondrial damage. Environ Health Perspect 
111:455–460.

Lippmann M, Frampton M, Schwartz J, Dockery D, Schlesinger 

R, Koutrakis P, et al. 2003. The U.S. Environmental 
Protection Agency Particulate Matter Health Effects 
Research Centers Program: a midcourse report of status, 
progress, and plans. Environ Health Perspect 111:1074–
1092.

Lippmann M, Gordon T, Chen LC. 2005a. Effects of subchronic 
exposures to concentrated ambient particles (CAPs) in 
mice. I. Introduction, objectives, and experimental plan. 
Inhal Toxicol 17:177–187.

Lippmann M, Gordon T, Chen LC. 2005b. Effects of subchronic 
exposures to concentrated ambient particles in mice. 
IX. Integral assessment and human health implications 
of subchronic exposures of mice to CAPs. Inhal Toxicol 
17:255–261.

Lippmann M, Ito K, Hwang JS, Maciejczyk P, Chen LC. 2006. 
Cardiovascular effects of nickel in ambient air. Environ 
Health Perspect 114:1662–1669.

Liu LJS, Box M, Kalman D, Kaufman J, Koenig J, Larson T, 
et al. 2003. Exposure assessment of particulate matter for 
susceptible populations in Seattle, WA. Environ Health 
Perspect 111:909–918.

Maciejczyk PB, Chen LC. 2005. Effects of subchronic exposures 
to concentrated ambient particles (CAPs) in mice: VIII. 
Source-related daily variations in in vitro responses to 
CAPs. Inhal Toxicol 17:243–253.

Mar TF, Ito K, Koenig JQ, Larson TV, Eatough DJ, Henry RC, 
et al. 2006. PM source apportionment and health effects. 
3. Investigation of inter-method variations in associations 
between estimated source contributions of PM2.5 and daily 
mortality in Phoenix, AZ. J Expo Sci Environ Epidemiol 
16:311–320.

Mar TF, Jansen K, Shepherd K, Lumley T, Larson TV, Koenig 
JQ. 2005a. Exhaled nitric oxide in children with asthma 
and short term PM exposure in Seattle. Environ Health 
Perspect 113:1791–1794.

Mar TF, Koenig JQ, Jansen K, Sullivan J, Kaufman J, Trenga 
CA, et al. 2005b. Fine particulate air pollution and cardio-
respiratory effects in the elderly. Epidemiology 16:681–687. 

McConnell R, Berhane K, Yao L, Jerret M, Lurmann F, Gilliland 
F, et al. 2006. Traffic, susceptibility, and childhood asthma. 
Environ Health Perspect 114:766–772.

Miller KA, Siscovick DS, Sheppard L, Shepherd K, Sullivan JH, 
Anderson GL, et al. 2007. Long-term exposure to air pollu-
tion and incidence of cardiovascular events in women. N 
Engl J Med 356:447–458.

Molitor J, Jerrett M, Chang CC, Molitor N, Gauderman J, 
Berhane K, et al. 2007. Assessing uncertainty in spatial 
exposure models for air pollution health effects assess-
ment. Environ Health Perspect 115:1147–1153.

Nadziejko C, Fang K, Nadziejko E, Narciso SP, Zhong M, Chen 
LC. 2002. Immediate effects of particulate air pollutants 
on heart rate and respiratory rate in hypertensive rats. 
Cardiovasc Toxicol 2:245–252.

National Research Council. 1998. Research Priorities for 
Airborne Particulate Matter: I. Immediate Priorities and a 
Long-range Research Portfolio. Washington, DC:National 
Academy Press.

National Research Council. 2001. Research Priorities for 
Airborne Particulate Matter. III. Early Research Progress. 
Washington, DC:National Academy Press. 

Ntziachristos L, Ning Z, Geller MD, Sioutas C. 2007. Particle 
concentration and characteristics near a major free-
way with heavy-duty diesel traffic. Environ Sci Technol 
41:2223–2230.

Oberdörster G. 2001. Pulmonary effects of inhaled ultrafine 
particles. Int Arch Occup Environ Health 74:1–8. 

Oberdörster G, Sharp Z, Atudorei V, Elder A, Gelein R, Kreyling 
W, et al. 2004. Translocation of inhaled ultrafine particles 
to the brain. Inhal Toxicol 16:437–445.

O’Neill MS, Veves A, Sarnat JA, Zanobetti A, Gold DR, 
Economides PA, et al. 2007. Air pollution and inflammation 
in type 2 diabetes: a mechanism for susceptibility. Occup 
Environ Med 64:373–379.

O’Neill MS, Veves A, Zanobetti A, Sarnat JA, Gold DR, 
Economides PA, et al. 2005. Diabetes enhances vulner-
ability to particulate air pollution-associated impairment 
in vascular reactivity and endothelial function. Circulation 
111:2913–2920.

Park SK, O’Neill MS, Vokonas PS, Sparrow D, Schwartz J. 2005. 
Effects of air pollution on heart rate variability: the VA nor-
mative aging study. Environ Health Perspect 113:304–309.

Peters A, Dockery DW, Muller JE, Mittleman MA. 2001. 
Increased particulate air pollution and the triggering of 
myocardial infarction. Circulation 103:2810–2815.

Peters A, von Klot S, Heier M, Trentinaglia I, Hörmann A, 
Wichmann HE, et al. 2004. Exposure to traffic and the onset 
of myocardial infarction. N Engl J Med 351:1721–1730.

Phuleria HC, Sheesley RJ, Schauer JJ, Fine PM, Sioutas C. 
2007. Roadside measurements of size-segregated par-
ticulate organic compounds near gasoline and diesel-
dominated freeways in Los Angeles, CA. Atmos Environ 
41:4653–4671.

Pietropaoli AP, Frampton MW, Hyde RW, Morrow PE, 
Oberdörster G, Cox C, et al. 2004. Pulmonary function, 
diffusing capacity, and inflammation in healthy and asth-
matic subjects exposed to ultrafine particles. Inhal Toxicol 
1:59–72.

Pope CA III, Burnett RT, Thun MJ, Calle EE, Krewski D, Ito K, 
et al. 2002. Lung cancer, cardiopulmonary mortality, and 
long-term exposure to fine particulate air pollution. J Am 
Med Assoc 287:1132–1141.

Pope CA III, Burnett RT, Thurston GD, Thun MJ, Calle EE, 
Krewski D, et al. 2004. Cardiovascular mortality and long-
term exposure to particulate air pollution. epidemiological 
evidence of general pathophysiological pathways of dis-
ease. Circulation 109:71–77.

Pope CA III, Dockery DW. 2006. Health effects of fine particu-
late air pollution: lines that connect. J Air Waste Manag 
Assoc 56(6):709–742.

Rahman I, MacNee W. 2000. Regulation of redox glutathione 
levels and gene transcription in lung inflammation: thera-
peutic approaches. Free Radic Biol Med 28(9):1405–1420.

Rhoden CR, Lawrence J, Godleski JJ, Gonzalez-Flecha B. 
2004. N-acetylcysteine prevents lung inflammation after 
short-term inhalation exposure to concentrated ambient 
particles. Toxicol Sci 79:296–303. 

Rhoden CR, Wellenius GA, Ghelfi E, Lawrence J, Gonzalez-
Flecha B. 2005. PM-induced cardiac oxidative stress 
and dysfunction are mediated by autonomic stimulation. 
Biochim Biophys Acta 1725:305–313. 

Riediker M, Cascio WE, Griggs TR, Herbst MC, Bromberg PA, 
Neas L, et al. 2004. Particulate matter exposure in cars is 
associated with cardiovascular effects in healthy young 
men. Am J Respir Crit Care Med 169:934–940.

Robinson AL, Donahue NM, Shrivastava MK, Weitkamp EA, 
Sage AM, Grieshop AP, et al. 2007. Rethinking organic 
aerosols: semivolatile emissions and photochemical aging. 
Science 315:1259–1262.

Rodriguez CE, Fukuto JM, Taguchi K, Froines J, Cho A. 2005. 
The interactions of 9,10-phenanthrenequinone with glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH), a poten-
tial site for toxic actions. Chem Biol Interact 155:97–110.

Rückerl R, Ibald-Mulli A, Koenig W, Schneider A, Woelke G, 
Cyrys J, et al. 2006. Air pollution and markers of inflam-
mation and coagulation in patients with coronary heart 
disease. Am J Respir Crit Care Med 173:432–441.

Salam MT, Islam T, Gilliland FD. 2008. Recent evidence for 
adverse effects of residential proximity to traffic sources 
on asthma. Curr Opin Pulm Med 14(1):3–8.

Samet JM, Dewar BJ, Wu W, Graves LM. 2003. Mechanisms 
of Zn(2+)-induced signal initiation through the epidermal 
growth factor receptor. Toxicol Appl Pharmacol 191:86–93.

Samet JM, Silbajoris R, Wu W, Graves LM. 1999. Tyrosine phos-
phatases as targets in metal-induced signaling in human 
airway epithelial cells. Am J Respir Cell Mol Biol 21:357–364.

Sardar SB, Fine PM, Mayo PR, Sioutas C. 2005. Size fraction-
ated chemical speciation measurements of ultrafine par-
ticles in Los Angeles using the NanoMOUDI. Environ Sci 
Technol 39:932–944.

Sardar, SB, Fine PM, Yoon H, Sioutas C. 2004. Associations 
between particle number and gaseous co-pollutant con-
centrations in the Los Angeles Basin. J Air Waste Manage 
Assoc 54(8): 992–1005.

Sarnat JA, Brown KW, Schwartz J, Coull BA, Koutrakis P. 2005. 
Ambient gas concentrations and personal particulate mat-
ter exposures: implications for studying the health effects 
of particles. Epidemiology 16:385–395.

Sarnat JA, Koutrakis P, Suh HH. 2000. Assessing the relation-
ship between personal particulate and gaseous exposures 
of senior citizens living in Baltimore. J Air Waste Manage 
Assoc 50: 1184–1198.

Sarnat JA, Long CM, Koutrakis P, Coull BA, Schwartz J, 
Suh HH. 2002. Using sulfur as a tracer of outdoor fine par-
ticulate matter. Environ Sci Technol 36: 5305–5314.

Sarnat SE, Coull BA, Schwartz J, Gold DR, Suh HH. 2006. 
Factors affecting the association between ambient con-
centrations and personal exposures to particles and 
gases. Environ Health Perspect 114:649–654.



Fanning et al.

174 volume 117 | number 2 | February 2009 • Environmental Health Perspectives

Schafer FQ, Buettner GR. 2001. Redox environment of the 
cell as viewed through the redox state of the glutathi-
one disulfide/glutathione couple. Free Radic Biol Med 
30(11):1191–1212.

Schwartz J, Coull B. 2003. Control for confounding in the 
presence of measurement error in hierarchical models. 
Biostatistics 4:569–582.

Schwartz J, Litonjua A, Suh H, Verrier M, Zanobetti A, Syring 
M, et al. 2005a. Traffic related pollution and heart rate vari-
ability in a panel of elderly subjects. Thorax 60:455–461.

Schwartz J, Park SK, O’Neil MS, Vokonas PS, Sparrow D, 
Weiss S, et al. 2005b. Glutathione-S-transferase M1, obe-
sity, statins, and autonomic effects of particles: gene by 
drug by environment interaction. AJRCCM 172:1529–1533.

Singh M, Phuleria H, Bowers KL, Sioutas C. 2006. Seasonal 
and spatial trends in particle number concentrations and 
size distributions at the Children’s Health Study sites in 
Southern California. J Expo Sci Environ Epidemiol 16:3–18. 

Sioutas C, Delfino RJ, Singh M. 2005. Exposure assessment 
for atmospheric ultrafine particles (UFPs) and implica-
tions in epidemiologic research. Environ Health Perspect 
113:947–955.

Sullivan J, Schreuder A, Koenig J, Trenga C, Liu L-JS, Larson T, 
et al. 2005. Association between short-term exposure to fine 
particulate matter and heart rate variability in older subjects 
with and without heart disease. Thorax 60:462–466.

Sun Q, Wang A, Jin X, Natanzon A, Duquaine MS, Brook RD, 
et al. 2005. Long-term air pollution exposure accelerates 
atherosclerosis and vascular inflammation. J Am Med 
Assoc 294:3003–3010.

Tao F, Gonzalez-Flecha B, Kobzik L. 2003. Reactive oxygen spe-
cies in pulmonary inflammation by ambient particulates. 
Free Radic Biol Med 35:327–340.

Thurston GD, Ito K, Mar T, Christensen WF, Eatough DJ, Henry 
RC, et al. 2005. Workgroup report: workshop on source 
apportionment of particulate matter health effects—inter-
comparison of results and implications. Environ Health 
Perspect 113:1768–1774.

Tonne C, Melly S, Mittleman M, Coull B, Goldberg R, Schwartz 

J. 2007. A case-control analysis of exposure to traffic 
and acute myocardial infarction. Environ Health Perspect 
115:53–57.

Trenga CA, Sullivan JH, Schildcrout JS, Shepherd KP, Kaufman 
JD, Koenig JQ, et al. 2006. Effect of particulate air pollution 
on lung function in adult and pediatric subjects in a Seattle 
panel study. Chest 129:1614–1622. 

U.S.  EPA. 2008.  PM Centers.  Washington,  DC:  U.S. 
Environmental Protection Agency. Available: http://es/epa.
gov.ncer/science/pm/centers.html [accessed 9 January 
2009]

Utell MJ, Frampton MW, Zareba W, Devlin RB, Cascio WE. 
2002. Cardiovascular effects associated with air pollu-
tion: potential mechanisms and methods of testing. Inhal 
Toxicol 14:1231–1247.

Venkatachari P, Hopke PK, Grover BD, Eatough DJ. 2005. 
Measurement of particle-bound reactive oxygen species 
in rubidoux aerosols. J Atmos Chem 50:49–58.

Veronesi B, Makwana O, Pooler M, Chen LC. 2005. Effects of 
subchronic exposures to concentrated ambient particles 
(CAPs) in mice. VII. Degeneration of dopaminergic neu-
rons in ApoE–/– mice. Inhal Toxicol 17:235–253.

Wilhelm M, Ritz B. 2003. Residential proximity to traffic and 
adverse birth outcomes in Los Angeles County, California, 
1994–1996. Environ Health Perspect 111:207–216.

Xia T, Kovochich M, Brant J, Hotze M, Sempf J, Oberley T, et al. 
2006. Comparison of the abilities of ambient and manufac-
tured nanoparticles to induce cellular toxicity according to 
an oxidative stress paradigm. Nano Lett 6:1794–1807.

Xia T, Kovochich M, Nel AE. 2007. Impairment of mitochondrial 
function by particulate matter (PM) and their toxic com-
ponents: implications for PM-induced cardiovascular and 
lung disease. Front Biosci 12:1238–1246.

Yang IA, Fong KM, Zimmerman PV, Holgate ST, Holloway JW. 
2008. Genetic susceptibility to the respiratory effects of air 
pollution. Thorax 63(6):555–563.

Zanobetti A, Schwartz J. 2002. Cardiovascular damage by 
airborne particles: are diabetics more susceptible? 
Epidemiology 13:588–592.

Zanobetti A, Schwartz J. 2005. The effect of particulate air 
pollution on emergency admissions for myocardial infarc-
tion: a multicity case-crossover analysis. Environ Health 
Perspect 113:978–982.

Zanobetti, A, Schwartz J, Samoli E, Gryparis A, Touloumi G, 
Atkinson R, et al. 2001. The temporal pattern of mortality 
responses to air pollution: a multicity assessment of mor-
tality displacement. Epidemiology 13:87–93.

Zanobetti A, Schwartz J, Samoli E, Gryparis A, Touloumi G, 
Peacock J, et al. 2003. The temporal pattern of respiratory 
and heart disease mortality in response to air pollution. 
Environ Health Perspect 111:1188–1193.

Zanobetti A, Wand MP, Schwartz J, Ryan LM. 2000. Generalized 
additive distributed lag models: quantifying mortality dis-
placement. Biostatistics 1:279–292.

Zeka A, Schwartz J. 2004. Estimating the independent effects 
of multiple pollutants in the presence of measurement 
error: an application of a measurement-error-resistant 
technique. Environ Health Perspect 112:1686–1690.

Zeka A, Zanobetti A, Schwartz J. 2005. Short-term effects of 
particulate matter on cause specific mortality: effects 
of lags and modification by city characteristics. Occup 
Environ Med 62:718–725.

Zeka A, Zanobetti A, Schwartz J. 2006. Individual-level modi-
fiers of the effects of particulate matter on daily mortality. 
Am J Epidemiol 163:849–859.

Zhu Y, Eiguren-Fernandez A, Hinds WC, Miguel AH. 2007. 
In-cabin commuter exposure to ultrafine particles on Los 
Angeles freeways. Environ Sci Technol 41:2138–2145. 

Zhu Y, Hinds W C, Kim S, Shen S, Sioutas C. 2002a. Study of 
ultrafine particles near a major highway with heavy-duty 
diesel traffic. Atmos Environ 36:4323–4335.

Zhu Y, Hinds WC, Kim S, Sioutas C. 2002b. Concentration and 
size distribution of ultrafine particles near a major high-
way. J Air Waste Manage Assoc 52:1032–1042.

Zhu Y, Hinds WC, Krudysz M, Kuhn T, Froines J, Sioutas C. 
2005. Penetration of freeway ultrafine particles into indoor 
environments. J Aerosol Sci 36: 303–322.


