
Health Effects of Fine Particulate Air Pollution: Lines that
Connect

Judith C. Chow and John G. Watson
Desert Research Institute, Reno, NV

Joe L. Mauderly
Lovelace Respiratory Research Institute, Albuquerque, NM

Daniel L. Costa
U.S. Environmental Protection Agency, Office of Research and Development, Research Triangle
Park, NC

Ronald E. Wyzga
Electric Power Research Institute, Palo Alto, CA

Sverre Vedal
University of Washington, Seattle, WA

George M. Hidy
Envair/Aerochem, Placitas, NM

Sam L. Altshuler
Consultant, San Francisco, CA

David Marrack
Fort Bend Medical Clinic, Houston, TX

Jon M. Heuss
Air Improvement Resource, Inc., Novi, MI

George T. Wolff
General Motors Public Policy Center, Detroit, MI

C. Arden Pope III
Brigham Young University, Provo, UT

Douglas W. Dockery
Harvard School of Public Health, Boston, MA

INTRODUCTION
Herein is the discussion of the 2006 A&WMA Critical
Review1,2 on “Health Effects of Fine Particulate Air Pollu-
tion: Lines that Connect.” In the review, Drs. C. Arden
Pope III and Douglas Dockery addressed the epidemiolog-
ical evidence for the effects of particulate matter (PM) on
human health indicators. The review documents substan-
tial progress since the 1997 Critical Review3 in the areas
of: (1) short-term exposure and mortality; (2) long-term
exposure and mortality; (3) time scales of exposure; (4)
the shape of the concentration-response function; (5) car-
diovascular disease; and (6) biological plausibility.

Invited and contributing discussants agree and
disagree with points made in the review. Each
discussion is self-contained and adds information
relevant to the topic. Joint authorship of this article
does not imply that a discussant subscribes to the
opinions expressed by others. Commentaries are the
opinions of the author only and do not necessarily
reflect the positions of their respective organizations. In
particular, Dr. Costa’s comments have not been re-
viewed by U.S. Environmental Protection Agency (EPA)
and do not reflect official positions or policies of the
agency.

CRITICAL REVIEW DISCUSSION ISSN 1047-3289 J. Air & Waste Manage. Assoc. 56:1368–1380

Copyright 2006 Air & Waste Management Association

1368 Journal of the Air & Waste Management Association Volume 56 October 2006



This discussion was compiled from written submis-
sions and presentation transcripts, which were revised for
conciseness and to minimize redundancy. Substantial de-
viations from the intent of a discussant are unintentional
and can be addressed in a follow-up letter to the Journal.
The invited discussants are as follows:

• Dr. Joe L. Mauderly is vice president and senior
scientist at the Lovelace Respiratory Research In-
stitute. He specializes in research on comparative
respiratory physiology, comparative pulmonary
responses to inhaled toxicants, and health haz-
ards from pollutants in workplace and ambient
air. During the past decade, Dr. Mauderly’s re-
search has focused on understanding how com-
plex mixtures of air contaminants, especially
those from combustion sources, cause adverse ef-
fects.

• Dr. Daniel L. Costa is national program director
for air research in the Office of Research and
Development of EPA. He is responsible for the
overall direction and management of the air-
quality research program across EPA laboratories
and centers, including Science to Achieve Results
(STAR) grants. Dr. Costa’s research includes the
health effects of PM and copollutants, as well as
pollutant alteration of cardiopulmonary function
through neurophysiologic pathways in various
susceptible animal models.

• Dr. Ronald E. Wyzga is technical executive and
program manager for the air quality health effects
program area at the Electric Power Research Insti-
tute. His research activities focus on understand-
ing the relationship between health effects and
air pollution. Dr. Wyzga specializes in the design,
conduct, and interpretation of epidemiological
health studies and development of health risk
assessment methods.

• Dr. Sverre Vedal is a professor in the Department
of Environmental and Occupational Health Sci-
ences at the University of Washington School of
Public Health and Community Medicine. He is
board certified in pulmonary medicine. Dr. Ved-
al’s research interests include the epidemiological
study of air pollution health effects and of occu-
pational lung disease.

The contributing discussants are as follows:

• Dr. George M. Hidy is primary of Envair/Aero-
chem. He has served as an advisor to the electric
utility industry and government on air quality
issues and has authored reviews on airborne par-
ticles and atmospheric chemistry. Dr. Hidy’s re-
search interests include atmospheric aerosols and
their environmental consequences, including
health effects.

• Sam L. Altshuler has recently retired as senior
program manager of the Clean Air Transportation
Group after 37 yr with Pacific Gas and Electric
and is now serving as a consultant. His research
interests include vehicle emissions, air quality,

global climate change, and life cycle analyses of
various vehicle fuels.

• Dr. David Marrack is a practicing physician with
Fort Bend Medical Clinic. His research interests
include municipal waste treatment and disposal,
public health, and public health policies.

• Jon M. Heuss is a principal scientist for Air Im-
provement Resource, Inc. He specializes in air
quality issues.

• Dr. George T. Wolff is the principal scientist for
environment and energy in General Motors’ Pub-
lic Policy Center. His research interests include
atmospheric aerosols and their fate in the envi-
ronment. He is a past chair of the EPA Clean Air
Scientific Advisory Committee (CASAC).

INVITED COMMENTS FROM DR. JOE L.
MAUDERLY
This commentary pertains to the adequacy and accuracy
with which the review “connected the lines” regarding
the contribution of toxicology to our understanding of
linkages between ambient fine PM and health. For this
purpose, “toxicology” is defined as studies of nonhuman
biological systems (animals and cells). The toxicology
chapter of the recent EPA PM criteria document4 contains
�490 references, and the review faced the challenging
task of sorting through those and more recent studies to
summarize the most helpful evidence. The role of toxicol-
ogy in the evaluation of National Ambient Air Quality
Standards (NAAQS) is not readily characterized. To date,
toxicology has not provided a quantitative basis for set-
ting NAAQS; epidemiology has served that purpose. Tox-
icological information is used in a supportive role to pro-
vide information that helps to place epidemiological
findings into a clearer regulatory perspective. Determin-
ing which among the many toxicological studies serve
best in this role is not straightforward.

Overall, the authors did a good job of pointing to-
ward examples of the toxicological evidence most helpful
in understanding the links between PM and human
health. Toxicological evidence is cited for such mecha-
nisms as oxidative stress, inflammation (respiratory and
vascular), platelet activation and other hematological
prothrombotic effects, peripheral thrombosis, exacerba-
tion of myocardial ischemia, stimulation of bone marrow,
perturbation of heart rate and cardiac electrophysiology,
vasoconstriction, impaired defenses against infection,
and translocation of PM from the respiratory tract to
other tissues.

The review avoided the temptation to catalog a
broader range of findings that would not necessarily have
helped to make the points any better. However, the re-
view could have: (1) mentioned a few more findings that
support mechanisms and outcomes of current interest,
three examples of which are offered below; (2) provided a
more accurate context for toxicology by being more cau-
tions about the “dose plausibility” issue; and (3) not im-
plied that effects of complex source emissions are effects
of PM.

There is growing toxicological evidence supporting
the hypothesis that inhaled PM intensifies respiratory
allergic responses in animals. If also true in humans, as
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some evidence suggests, this could be an important factor
in associations between PM and respiratory morbidity.
This evidence, and potential pathogenetic pathways,
should have been cited. As one example, Kleinman et al.5

exposed BALB/c mice by inhalation 4 hr/day for 10 days
to fine PM (PM2.5) concentrated ambient particles (CAPs)
50 m downwind from a Los Angeles, CA, freeway at a
mean concentration of 361 �g/m3. The mice were sensi-
tized to antigen (ovalbumin) during their exposure. After
CAPs exposure, allergic antibodies, inflammatory cells,
and proinflammatory cytokines were measured. Neutro-
phils, eosinophils, interleukin (IL)-5, and antigen-specific
immunoglobin (Ig)G and IgE antibodies were two to four
times higher than values from similarly sensitized but
unexposed mice.

The review mentioned toxicological evidence for the
translocation of ultrafine PM (most commonly defined as
particles with aerodynamic diameters �100 nm)6 to non-
respiratory tissues, including the brain. Considering the
attention that this phenomenon has drawn, a more com-
plete story would have included evidence that PM has
also been shown to exert biological effects in the brain.
For example, Campbell et al.7 exposed BALB/c mice for 2
weeks to small (�0.18 �m) CAPs in Los Angeles at 283
�g/m3 and measured markers of inflammation in brain
tissue. They observed increases in the nuclear transcrip-
tion factor nuclear factor �� and the cytoplasmic inflam-
matory cytokine IL-1�. This and other evidence provide
support for the hypothesis that translocated PM causes
biological responses, and specifically in the brain.

The review mentions toxicological evidence for ef-
fects of ultrafine PM, but it might have further portrayed
the potential biological importance of ultrafines with a
recent study using cultured cells. Although dosing cul-
tured cells with PM provides only a fuzzy link to PM
effects in humans, Li et al.8 suggest that the intracellular
pathogenetic pathways may differ between PM2.5 mass
and ultrafine PM number concentrations. Cultured cells
from a rat macrophage cell line were exposed to PM with
aerodynamic diameters �0.15 nm, PM2.5, and PM with
aerodynamic diameters between 2.5 and 10 nm
(PM10–2.5) collected from Los Angeles air, then indicators
of oxidative stress and the internalization of particles
were examined. Increases in hemeoxygenase, an indicator
of oxidative stress, were progressively greater with de-
creasing particle size. The smallest particles were taken up
into microsomes, paralleling evidence of microsomal
damage. PM2.5 was also taken up by cells, but into cyto-
plasmic vacuoles rather than into microsomes, and with
little evidence of cellular damage.

The review should have offered more explicit cau-
tions related to dose. Dose (or exposure concentration as
the most frequent surrogate) must be considered when
extrapolating from toxicological studies to the plausibility
of PM health effects, as well as to the mechanisms of
response. At least in some cases, biological mechanisms
and outcomes resulting from extreme exposures do not
accurately reflect mechanisms and risks at lower expo-
sures. This is not only a matter of threshold or of the
statistical significance of small effects; it can also be a
matter of inducing types of effects that do not result from

lesser, more environmentally relevant exposures. The ma-
jority of toxicological data have resulted from exposures
or doses much higher than those experienced by popula-
tions in the United States. The scarcity of dose-response
studies exploring effects down to realistic exposures is a
major weakness of PM toxicology. High and sometimes
extreme doses are often rationalized on the bases that: (1)
studies are being done in normal (or young) animals,
whereas human effects likely occur in abnormally suscep-
tible (or old) people; (2) for short-term studies, high doses
are necessary to simulate cumulative doses received by
humans over longer periods; and (3) because animal stud-
ies involve small group sizes, higher doses are necessary to
see effects that might be detected in studies of thousands
of humans. All three of the arguments are fallacious.
Unless demonstrated otherwise, dose is not a logical sub-
stitute for susceptibility, exposure time, or population
size. The uncertain applicability of high-dose studies does
not discredit the review’s use of toxicology to support
plausibility; however, consideration of “dose plausibility”
is a precaution that should have been stated more explicitly.

The review erred by implying that effects of complex
combustion mixtures are attributable to PM without qual-
ifying that presumption with a strong reminder that ex-
posures also include non-PM materials. From toxicology,
we have the greatest (and growing) body of evidence that
non-PM components of combustion emissions can be
important drivers of at least some effects that can also be
caused by PM. This point is central to the “copollutant”
dilemma, that is, the difficulty of parsing the effects of air
pollution among PM and non-PM components, many of
which are seldom measured. The review mentions the
effects of diesel emissions, “traffic” emissions, environ-
mental tobacco smoke (ETS), and forest fire smoke as
support for PM health relationships. PM is nearly always
an important component of these exposures, and some
effects of these exposures might have been driven largely
or entirely by PM. Without confirmation, however, it is
illogical to assume a priori that the effects of combustion
emissions are the effects solely of the PM component.

Some of the same effects of traffic cited as evidence
for PM causality have also been cited as evidence for the
importance of other components (e.g., nitrogen oxides
[NOx]) and even noise! Exposure to diesel engine exhaust
is an example of a mixture for which the effects are
frequently and glibly ascribed to PM. The speciation by
McDonald et al.9 of emissions from a contemporary
(2000), common on-road diesel engine operated on a
simulated duty cycle and burning national-average (cer-
tification) fuel provides insight. When concentrations of
gases (typically reported as parts per million, which yields
small numerical values) were reported as mass concentra-
tions (micrograms per cubic meter), the PM component
constituted �1% of the total emitted mass, even disre-
garding carbon dioxide and water vapor. The mass of the
vapor-phase semivolatile organic fraction alone exceeded
PM mass (as did sulfur dioxide [SO2] and, to greater ex-
tents, carbon monoxide [CO] and NOx). Although it is
true that some of the non-PM mass will, with time and
distance, migrate into PM (e.g., the condensation of semi-
volatile compounds), the composition of fresh emissions
is very relevant to on-road and near-road exposures.
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As the literature from both animal10 and human11

studies of the relative effects of PM and non-PM compo-
nents of combustion emissions grows, it increasingly re-
veals evidence for the causality of the non-PM fraction.
Parsing the effects of components of complex mixtures is
all the more, difficult because multiple components can
have similar effects. For example, both the PM and semi-
volatile organic fractions of pollution collected in a traffic
tunnel were found to exert inflammatory effects in the
lung,12 and the non-PM fraction was more potent per unit
of mass and caused the majority of the response. Al-
though CAPs have enhanced atherosclerotic changes in
vessels of genetically susceptible mice,13 recent research
has shown that the non-PM components of gasoline en-
gine emissions can have similar vascular effects in the
same animal model.14 The review should have better
qualified the association between effects of combustion
emissions and our present understanding of the potential
role of PM in those effects.

The manner in which the review dealt with combus-
tion emissions is symptomatic of a broader issue that is
not adequately portrayed in the review: the relative im-
portance of PM and copollutants, regardless of source.
The authors mention that there is uncertainty about the
relative roles of PM and copollutants in causing the effects
associated statistically with PM. They do not ignore the
issue altogether; however, this discussant judges the de-
gree of uncertainty and its impact on our understanding
of PM risks to be greater than the review makes evident.
Because we do not have the data and have not conducted
the research necessary to resolve this issue with anything
approaching satisfaction, there is room for a spectrum of
views about the role of PM. Data on exposure contrasts
(i.e., accurate personal exposures having sufficient con-
trast in PM and copollutant composition) currently avail-
able to epidemiologists are not adequate to allow them to
parse the effects among PM and copollutants with confi-
dence. Most copollutants are not measured routinely, and
many are seldom measured. This state of the science does
not negate the authors’ fundamental conclusions, but the
situation should have been described more explicitly.

There are a few other frayed strands among the lines
that the review attempts to connect but none that impact
greatly on its bottom lines. It is stated that “fine particles
are derived primarily from combustion processes.” This
may be true for particle numbers, but it is seldom true for
PM2.5 mass, which is predominated by secondary aerosol
components (e.g., sulfates, nitrates, and organics), except
in some microenvironments. They repeat the unfortu-
nately common belief that “fine particles can be breathed
more deeply into the lungs” when contrasting PM2.5 with
PM10 or PM10–2.5. The broader point to which the state-
ment alludes is valid, but the statement is not true. First,
because PM10 contains all of the smaller particles, the
distinction is fuzzy. Second, a 10-�m particle can be in-
haled to the “deepest” recesses of the respiratory tract
(alveoli) but with lower probability than smaller particles.5

Third, “deep” is not really a useful working concept anyway;
because of variation in the length of the respiratory tract
path, some alveoli are quite “shallow” in the system.

INVITED COMMENTS FROM DR. DANIEL L.
COSTA
The review provides a convincing argument that there
now exist many “lines that connect” in our understand-
ing of the health implications associated with PM. As two
of the premier air-pollution epidemiologists, the authors
structure their arguments around six basic criteria to
which considerable new data have been added since the
1997 Critical Review.3 As with most scientific inquiry, as
we gain in our knowledge, new questions arise, some-
times creating new uncertainties. Yet, the essence of the
PM story has been remarkable in that what some research-
ers portrayed as a statistical anomaly a decade ago is now
widely accepted, if not wholly, at least in its existence.
Ironically, in the late 1970s and early 1980s, EPA consid-
ered the PM problem as largely resolved; sulfate (SO4

�)
was a focus for its environmental impacts, losing priority
(relative to ozone [O3]), because PM levels were falling to
a point where health impacts were difficult to discern.
This perception that PM is less of a concern was chal-
lenged a decade and half ago, and the journey to where
we are today is the product of considerable and reasoned
arguments about science, public health, and policy.

The review builds mainly from the epidemiology lit-
erature, but it also judiciously ventures into the clinical
and toxicological literature, for it is in that arena that the
evasive kingpin, biological plausibility, has been pursued.
Although the review is somewhat selective in its account-
ing of this literature, it communicates well that there is
now biologic plausibility “aplenty.” This literature ex-
pounds several credible hypotheses, but it is complex
with many variables and seeming limitations linked to
exposure/dose and species extrapolation issues. The re-
view argues that the interdisciplinary findings are largely
coherent in their message, although with obvious caveats.
Others have argued that this interdisciplinary coherence
is less substantial.15

A few issues merit special attention. First, the data-
base that is reviewed is “mass-centric.” It brings to mind
the oft-used analogy of “under the lamp post” in that PM
effects are somehow determined by the mass-dose of PM.
There is some discussion of size-based determinants of
health effects, but the critical question of how PM mass
drives toxicity needs to be given due scrutiny. The iden-
tification of hazardous PM components has been a re-
search priority, despite the wide acceptance that there is
no “magic bullet.” Several component-based theories are
supported by experimental evidence. These theories are
rooted in the context of unitary- or simple-mixture expo-
sures.

The review notes that different PM components and
sizes are potentially interactive. As explained above, PM
components also interact with coexistent gases. The sig-
nificance of this interaction merits additional critical and
creative thought if the science is to move ahead. If there
is to be investment in “more appropriate” metrics of PM,
bold advances are needed. Both epidemiological and tox-
icological studies need to reconsider the value of mono-
tonic assessments that rank the importance of PM com-
ponents when, in fact, the myriad of potential
interactions may argue that “mass” best “represents” the
mixture.
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One approach identified in the review is to focus on
identifying the more toxic “sources” as the real culprits. If
sources can be linked to health outcomes through various
source-apportionment approaches,16,17 then control mea-
sures that reduce adverse health outcomes may result.
This concept may be true, but it is more intricate than one
may perceive from the review, which underestimates the
complexity of atmospheric chemistry. More interdiscipli-
nary interaction among PM researchers, much of it
among epidemiologists and toxicologists, with growing
interest in atmospheric sciences, is tied to source identi-
fication and attribution.

Among the components of PM, SO4
� has perhaps

been associated most persistently with health, however
weak and variable that thread may be. Yet, in the course
of the PM story, there has been a sense among some
investigators that “sulfate is dead” because of the appar-
ent inconsistency of the findings and the need for high
doses to yield empirical results. The mixture issue once
again raises its head begging for attention. One creative
study has shown that weak sulfuric acid can solubilize
metals from insoluble oxide compounds, but only when
exposed to light.18 The liberated metals may, thus, have
increased potential for cardiopulmonary effects. Such
photochemistry is not news to atmospheric scientists,
who long have known that complex chemical interac-
tions occur between PM components and sunlight.18,19

Sulfates also have catalytic properties with volatile organ-
ics that generate secondary organic aerosol.19 As with
metals, it has been postulated that organics contribute
hazardous component(s) of PM. In light of these interac-
tions, SO4

� re-emerges as an issue, but one needing a
better partnership between health and atmospheric scien-
tists. This research may open epidemiological assessments
to new multifactorial approaches to data analyses.

Lastly, the epidemiology contends that there is no
evidence of a threshold with regard to PM. However,
thresholds have come to represent a cornerstone of toxi-
cology, where demonstrating a no-adverse-effect-level is
fundamental to estimating risk. Likewise, homeostasis is
an intrinsic biological principle that applies to all living
things. Is the lack of threshold a resultant phenomenon
of the statistics, or does it reflect a range of susceptible
individuals? If the latter is the case, then defining com-
mon attributes of susceptibility in hosts could identify
effects seen at the lowest PM levels. Understanding the
basis of the susceptibility (e.g., differences in dose, de-
fenses, and functional reserve) will allow a more appro-
priate estimate of risk and would inform the medical
community about who is at risk.

INVITED COMMENTS FROM DR. RONALD E.
WYZGA
One’s opinions of any review article are clearly influenced
by personal perceptions and interpretations of the extant
science. For that reason, it is important to state my
present understanding. It is clear, especially from the ep-
idemiological literature, that there are effects of air pollu-
tion on health at levels currently found in North America.
When we consider the body of literature, PM, in some

measure, is the pollutant most commonly and consis-
tently associated with health responses. My principal res-
ervations about the overall conclusions of the review con-
cern the role of PM vis-à-vis other pollutants. PM cannot
be a generic category; PM composition, as well as particle
size, matter.

We have learned a lot during the 9 yr since Vedal’s
Critical Review3 on this topic. Considerably more evi-
dence associates PM with health responses. Plausible
mechanisms for health responses to PM have been iden-
tified, and scrutiny of the statistical analysis methods has
shown their limitations and allowed them to be ad-
dressed. My biggest issue with this review is that it ignores
some of the contrary results, which tell us something and
suggest greater uncertainty about the PM-health associa-
tion. Part of the problem is beyond the authors’ best
efforts. They were asked to summarize and make infer-
ences from a huge reservoir of scientific results. There is
no way that this objective could be satisfied in the limited
number of pages available to them. They had to be selec-
tive in the material they presented. The authors also lim-
ited themselves to reviewing and analyzing results from
published papers; very often these papers present the
results of a highly limited number of analyses.

More attention should have been paid to studies that
are more comprehensive than others: studies that con-
sider a range of pollutants in addition to PM in their
analyses and studies that examine alternative ways of
analyzing the data. For example, Metzger et al.20 (not
cited in the review) examined the association between
several components of air pollution and cardiovascular
disease emergency department visits. They reported sta-
tistically significant associations between health end
points and several air pollution components in single-
pollutant models: nitrogen dioxide (NO2), CO, PM2.5,
organic carbon (OC), elemental carbon (EC), and oxygen-
ated hydrocarbons. Several other pollutants were consid-
ered, but they were not found to be statistically signifi-
cant. In multipollutant models only NO2, CO, OC, and
EC were statistically significant. Moreover, Metzger et al.20

demonstrated robustness of results by considering a range
of models to adjust for seasonality and by presenting
results for specific lags to indicate whether the patterns
are reasonable. Other factors, such as underlying variabil-
ity and measurement error, influence the presence or lack
of statistical significance. Although care must be taken in
the inferences made from such a study, it provides more
information than one that presents limited results.

In addition to a more systematic treatment of the
major pollutants and PM components, studies should also
examine several alternative methods and indicate how
robust a result is. For example, Klemm and Mason21 ex-
amined the relationship between PM2.5 and mortality for
six different cities using several alternative adjustments
for temporality. The results differ considerably among
cities and adjustment methods, even between signifi-
cance and nonsignificance when the analyses are pooled
across all six of the cities. It is unclear which analytical
result is “correct”; in this absence, some recognition
should be given to the variability of results. The review
presents results for only one model in this analysis and
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does not mention the variability of results for different
models.

Air pollution is a complex mixture. It changes over
time in the atmosphere, as well as in the airways. Inter-
actions with other pollutants and with physiological sys-
tems are numerous and complex. The air pollution-health
relationship is not a simple one that relates a specific
regulated pollutant or a regulated collection of pollutants
(in the case of PM) to a given health effect.

At least three major steps must be taken to resolve
this issue. Air quality needs to be characterized in much
greater detail, not only at monitoring sites, but also at
portals of personal exposure and in the respiratory sys-
tem. There needs to be better coordination among major
scientific disciplines in approaching this problem: health
scientists with atmospheric scientists and toxicologists
with epidemiologists. Within epidemiological studies it is
necessary to consider a comprehensive set of pollution
components and alternative methods in a consistent
manner. In toxicological studies, several realistic exposure
atmospheres should be considered and characterized in
ways that provide insight into those characteristics that
may influence response. These studies should also exam-
ine a broad set of end points, many of which are consis-
tent with those examined in other studies.

INVITED COMMENTS FROM DR. SVERRE
VEDAL
As the author of the 1997 Critical Review,3 I was pleased
to be asked to contribute my thoughts on the 2006 re-
view. Several points that I made in my 1997 review3 are
no longer true. I maintained that “. . . weak biological
plausibility has been the single largest stumbling block to
accepting the association as causal.” Because of the large
amount of toxicological data accumulated since 1997 and
the associated large number of mechanistic hypotheses
proposed, this is no longer the case. I also maintained that
“. . . evidence supporting development of chronic illness
from long-term particle exposure . . . is weak.” My point
was that the way we measure exposure, using short-term
measures in mortality time series studies or longer-term
measures in cohort studies, does not necessarily indicate
that the observed effects are because of exposures at these
different time scales. The findings of the two available
mortality cohort studies could have been because of the
integrated effect on mortality of short-term exposure ef-
fects, although measures averaged over several years were
used as the exposure concentration measure. It has since
been demonstrated that such integration of short-term
effects does not produce the size of effects seen in the
cohort studies.22 Subsequent toxicological work has also
shown that long-term PM exposure can produce cardio-
vascular disease.13

In the 1997 review,3 I attempted to present an even-
handed picture of the evidence on PM health effects and
to identify shortcomings in the evidence that needed to
be addressed. Two papers have since been published that
reference the title of my 1997 review3 in arguing for a
story; and both have contrasted my “lines that divide”
with their “lines that connect”.1,23 We might ask some
reasonable questions of a story1 that attempts to “connect
the dots” of biomedical findings on PM health effects: (1)

is it a good story? (2) is it the only story? (3) is it the best
story? and (4) is it the whole story? First, yes, it is a good
story, a very good story. And, parenthetically, this field
has no shortage of talented storytellers. Second, although
it is not the only story that might be told, it is becoming
increasingly difficult to conjure up a realistic, alternate
scenario that integrates the findings. Third, I believe it is
the best story that can currently be told; it is for this
reason that most of us feel it appropriate to use it as a basis
for public health policy. Fourth, however, it is not the
whole story, and this will comprise the remainder of my
comments. This does not mean that the review is incom-
plete in a trivial sense. The authors have done a remark-
able job in reviewing an almost impossibly large litera-
ture. Rather, it is not complete because it does not
consider findings that do not accord well with the story
they present. A number of instances could be cited in
which the review did not present the scientific findings in
an entirely evenhanded manner; however, I will touch on
just four. These relate to coarse PM (or PM10–2.5) effects,
the concentration-response relationship, long-term expo-
sure effects, and very short-term exposure effects.

Regarding PM10–2.5, the review (as is clear from its
title) focuses almost entirely on PM2.5, a focus that is in
line with the authors’ views on the relative importance of
fine PM effects. However, the epidemiological evidence
for short-term exposure effects to PM10–2.5 is nearly as
strong as for PM2.5, although there are many fewer pub-
lished PM10–2.5 epidemiological studies than PM2.5 stud-
ies. The proliferation of time series studies on PM2.5 is
partly because of the relative ease with which the data for
these studies could be obtained. It has been more difficult
to obtain PM10–2.5 data that can be used for time series
studies. However, findings from those studies4,24,25 are
not substantially different from the findings for PM2.5,
even in the face of presumably greater exposure measure-
ment error for PM10–2.5 than for PM2.5. In addition, tox-
icological findings are as supportive of PM10–2.5 effects as
of PM2.5 effects.26–28 In contrast to short-term exposure,
most evidence indicates little or no effect of long-term
exposure to PM10–2.5. Although the conclusion of the
review that the role of PM10–2.5 is “. . . yet to be fully
resolved” is technically correct, it does not do justice to
the state of the evidence on PM10–2.5 effects.

Characterizing the concentration-response relation-
ship as “reasonably modeled as linear” is an inadequate
description because it suggests that effects persist even at
the lowest concentrations that can be measured, when in
fact they may not. For example, the concentration-re-
sponse plot of findings from the California Children’s
Health Study on attained level of lung function29 dis-
played in Figure 2 of the review shows no evidence of
linearity below an annual PM2.5 concentration of 15
�g/m3. The line superimposed on the figure is, therefore,
misleading, as is characterizing the relationship as linear.
The relationship could be reasonably modeled in any
number of ways in addition to linear. Because informa-
tion on effects at low concentrations is of considerable
scientific interest and is of critical importance for policy
makers, these effects should not be estimated by assuming
linearity of the concentration-response relationship.
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The issue of long-term PM exposure effects received
appropriate emphasis in the review; however, an impor-
tant finding in the American Cancer Society (ACS) cohort
study30 that does not accord well with the story was not
included. Although the effects of PM on total and cardio-
vascular mortality and the effects of current and previous
cigarette smoking on chronic obstructive pulmonary dis-
ease (COPD) mortality were easily identified in the ACS
study, Pope et al.30 found no effect of long-term PM
concentrations on COPD mortality. Although this finding
could be interpreted in many ways, the prominent report-
ing of pulmonary effects in the review without consider-
ing this finding indicates a lack of evenhandedness.

Finally, there has been interest in the possibility of
very short-term (over a few hours) PM exposure effects,
prompted initially by findings of a pilot study on acute
myocardial infarction.31 A larger and more rigorous study
by the same investigators found no evidence to support
the findings of the pilot study,32 although findings on
effects of short-term presence in traffic were reported.33

Only the findings of the pilot study and the findings
relating to being in traffic, a nonspecific measure of sev-
eral potentially very different exposures, were included in
the review. This example not only reflects the unavoid-
ably selective nature of the review, but in this instance, a
biased selection of the evidence.

Research on the health effects of air pollution, as the
authors note, is “. . . not always conducive to deliberate,
objective scientific inquiry.” They claim, however, that
“. . . in this review, the progress of science has been of
more interest than debates over legally mandated stan-
dards.” Although this may be the case, if summarizing the
progress of science is the primary goal, then I would
suggest embracing skepticism, rather than discouraging
“sources of division.” Skepticism is, after all, the life blood
of science. I would also like to see less promotion of the
consistency, coherence, and robustness of the findings
and a greater effort to tell the whole story, not just the
best one. But, alas, it would be naı̈ve to think that only
science is at issue here.

CONTRIBUTED COMMENTS BY DR. GEORGE M.
HIDY
The review presents a comprehensive case for the view
that today’s accumulated evidence supports the relation-
ship between outdoor PM2.5 concentrations and elevated
human health risk. This case is supported by a large num-
ber of studies, including �500 literature citations. The
review represents most “mainstream thinking” in inter-
pretation of the results from recent epidemiological stud-
ies and, to a lesser extent, toxicological rationalization for
biological plausibility of PM2.5 effects. However, one or
two qualifications should be emphasized, and at least two
air quality management policy implications should be
noted.

Although the review comments on the skeptics who
question the inferences in the literature, only three short
paragraphs out of 33 pages refer to these “detractors.”
Little or none of the substantial controversy still sur-
rounding linkages between PM2.5 concentrations and
health risk is addressed, and little perspective on the is-
sues and arguments for or against the views of the skeptics

is provided. The skeptics have raised questions about the
applicability of statistical models commonly adopted for
epidemiological analyses. These include a fundamental,
but glossed over, issue about the ability of current models
to differentiate “very small” health risks that emerge from
the analyses. This question is so fundamental to infer-
ences from recent studies that it needs to be addressed in
some detail, well beyond the treatment in the review.

One of the cited studies, the National Morbidity,
Mortality, and Air Pollution Study (NMMAPS),34 found
that approximately one third of the included cities
showed negative risk or no risk associated with PM10

exposure. This ambiguity is dismissed in terms of com-
ments about regional heterogeneity in PM composition or
exposure, but it remains to be addressed more carefully.
There is often a denial of the ambiguities in historic ex-
posure as measured by a single centrally located air mon-
itor, the indoor-outdoor exposure differences, measure-
ment uncertainties, or mortality/morbidity data.
Although these are issues in the epidemiological world,
they provide grist for the skeptics to question the veracity
of the results as presented in the mainstream literature.

The most recent assessment for PM NAAQS is com-
plete, and EPA is expected to promulgate new standards
in fall of 2006. As noted by Chow,35 the proposed
NAAQS36 retain the annual limit for PM2.5 at 15 �g/m3

while lowering the 24-hr average limit to 35 �g/m3. In
addition, a 24-hr coarse particle standard (PM10–2.5) of 70
�g/m3 is under consideration to apply only in urban
areas. Alternatives for the annual average PM2.5 standard
have been proposed in the range of 12–15 �g/m3. This
proposal is made because epidemiological results to date
do not support a threshold of PM2.5 concentration and
response where there is no excess risk. The further the
standard is decreased, the closer it comes to some baseline
or background level that is “unmanageable.”37 One recent
analysis37 suggests that the U.S. baseline annual average
PM2.5 concentrations are in the range of 3–10 �g/m3 in
the Eastern United States and 2–4 �g/m3 in the West.
Baseline concentrations vary with time and space and
with latitude and longitude across the mid-continent. The
baseline concentrations in the West appear to be well
below NAAQS limits, but the high levels experienced in
the East are a concern. From the general industrialization
of the Northern Hemisphere, it is unclear whether the
baseline PM2.5 concentrations will tend to increase with
time, but this is possible, although U.S. contributions
continue to decline. From a practical point of view,
achieving continued reductions in PM2.5 concentrations
across the United States will be increasingly difficult as
levels approach the apparent baseline.

Finally, the review is relatively unconcerned with
equating epidemiological results for PM2.5 and PM10, par-
ticularly in relation to the results of the NMMAP and ACS
studies. In making this interconnection, it is important to
recognize that PM2.5 and PM10–2.5 have different chemi-
cal compositions. This difference presumably must be a
factor in the apparent toxicity of the particle collections.
The differences in composition by particle size derive
from the primary sources of the PM2.5 and PM10–2.5 frac-
tions, as well as from the enrichment of secondary com-
ponents in PM2.5. Many epidemiological studies have
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been based on PM10 mass concentrations, which contain
about half PM2.5. However, the PM10 inferences are defi-
nitely distinctive from PM2.5 inferences, taking the com-
position of particle mixtures into account.

Some future health-related studies will follow one
current pathway emphasizing chemical composition.38 At
present, the epidemiological and toxicological studies of
chemical components and health risks are limited, even
for the common denominator of SO4

�.15 Given the accu-
mulation of at least a rudimentary, basic chemical char-
acterization of PM2.5 on a national scale, future epidemi-
ological studies will be forthcoming that will give more
insight about the major chemical components and health
risk. This direction, combined with recognition that ad-
ditional intracity studies are needed, supports spatially
distributed air monitoring that will eventually provide an
improved basis for moving from a chemically unspecified
standard to one focused on the more toxic PM compo-
nents.

CONTRIBUTED COMMENTS BY MR. SAM L.
ALSHULTER
These comments relate to potential effects of ammonium
nitrate (NH4NO3), emissions from motor lube oil, and
particle number versus mass as a health indicator. Several
of the expert panelists in a companion session on “Air
Pollution and Cardiopulmonary Health” at the 2006 An-
nual Meeting observed no connection between PM nitrate
(NO3

	) and adverse cardiopulmonary health effects and
had no reason to believe that exposure to NH4NO3, and
perhaps even ammonium sulfate, would impact human
health. During subsequent presentations and discussions,
other experts also echoed the same sentiments. In the
absence of evidence linking NO3

	 exposure to adverse
health impacts, shouldn’t we be excluding NO3

	 from the
epidemiological analyses and the resulting NAAQS? If we
do not, air quality agencies may target the NO3

	 fraction
of PM for control while neglecting more deleterious com-
ponents. This is already happening in Central and South-
ern California where NO3

	 is a large fraction of PM2.5.39,40

It would be interesting to reanalyze data from epidemio-
logical studies while excluding the PM2.5 mass attribut-
able to NO3

	. Perhaps a stronger, though different, sta-
tistical relationship between PM2.5 and mortality/
morbidity would emerge.

PM2.5 transition metals, such as zinc, iron, and cop-
per, are being linked to PM health effects.41 Zinc dialkyl
dithio phosphate compounds are added to oil to improve
its antiwear properties, and zinc and other trace metals are
detected in vehicle exhaust.42 Some of the lube oil evap-
orates during combustion and then recondenses as ultra-
fine PM upon cooling in the atmosphere.43 Any piston
engine using lube oil, whether it is fueled with diesel,
gasoline, natural gas, or hydrogen, has the potential to
emit ultrafine PM as a result of lube oil getting into the
combustion chamber. Often the lube oil vapor passes
through exhaust filters and catalysts with little retention
or reduction. More research on the role of lube oil is being
undertaken and needs to be monitored and connected to
the PM health studies. Reformulation of oil additives and
the value of synthetic motor oil need to be evaluated.
Synthetic motor oils, with their higher temperature flash

points and better lubricating characteristics, could reduce
PM health effects from engine exhaust. Health-based
studies of taxi drivers, toll takers, or bus drivers could
provide additional data to support many of the epidemi-
ological studies that have linked PM2.5 exposure to mor-
tality and morbidity. Particle number may be a better
metric than mass for ultrafine PM.6 PM mass may still be
useful if the measurements can be expressed for specific
chemicals or metals and exclude species, such as PM
NO3

	, that may not be relevant to public health.

CONTRIBUTED COMMENTS BY DR. DAVID
MARRACK
Either you believe that inhaling fine particles is harmless,
or at least no more injurious than M&Ms, or you act on
the evidence that PM in some way provokes cardiovascu-
lar and/or lung injuries. PM size may not be the most
appropriate metric for health studies. Ultrafine PM has a
much larger surface area onto which toxic chemicals can
be adsorbed than the particles that dominate PM2.5 mass.

There is sufficient evidence connecting the biologic
effects identified clinically as heart and lung injuries with
PM exposure gradients from cigarette smoking, ETS, com-
bustion sources (e.g., vehicle exhaust and boilers), and in
ambient air. The adverse effects of cigarette smoke were
attributed by Drs. Boren, Graham, and Selikoff in the
1940s and 1950s to PM and chemicals it adsorbed,
thereby creating “garbage bags of pollution.” Although
epidemiological studies of PM exposure are of interest,
they offer little enlightenment about the underlying cel-
lular biochemistry that is disturbed by PM inhalation. By
analogy, it is like seeking the origin of a typhoid epidemic
by counting the garbage bags along the street. If you want
to seek the source of the causal agents, you open the bags,
test the contents for them, and trace them to their
sources. I am disappointed that so much intellectual ef-
fort, resources, and funding is devoted to pollution’s “gar-
bage bags,” and so little to what is inside them.

More effort needs to be given to understanding the
life cycle of PM from combustion sources—from their
birth as 1-nm amorphous carbon units, through their
aggregation/assembly to larger sizes, their transport to
sensitive parts of the human body, their entry into lung
macrophages, and the release of the chemicals they carry.
Their intracellular presence triggers release into the circu-
lation of a cascade of cytokines (hormone-like chemicals)
with subsequent biological impacts on many tissues, in-
cluding the cardiovascular system.

Optimistically, the components of the PM complex
that are the major villains causing the injuries can be
determined and specifically reduced below the “no-effect”
level with technically efficient low-cost modifications. Re-
ducing all PM to a no-effect level could be economically
unacceptable. Health benefits will only accrue if we redi-
rect research efforts to this goal and determine what is in
PM that injures us.

CONTRIBUTED COMMENTS BY MR. JON M.
HEUSS AND DR. GEORGE T. WOLFF
Even given the limited scope of the review, there are
important points that need to be presented and discussed.
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We agree that the unresolved issues provide the opportu-
nity for increased cooperation and collaboration in carry-
ing out research to test various hypotheses. We support
the expanded PM research under way for nearly a decade
by the Health Effects Institute (HEI), EPA, and many oth-
ers.

In 1996, EPA44 acknowledged that there were large
uncertainties associated with establishing standards for
PM compared with individual gaseous pollutants. In
2005, EPA45 reiterated that fact. For example, PM air pol-
lution is a mixture of many different kinds of particles
that vary by 3 orders of magnitude in toxicity per unit
mass.46 The practice of regulating all PM2.5 as if it were
equally toxic is a simplification that leads to substantial
uncertainty. With regard to acute mortality, the review
focuses on meta-analyses and multicity studies, noting
that fairly consistent adverse associations continue to be
observed. However, a number of findings from the studies
in Table 1 of the review need to be considered.

First, there is a biologically implausible wide range in
the PM/mortality associations in the individual cities in-
cluded in the multicity studies. Dominici et al.47 indicate
that the city-specific maximum likelihood estimates from
the 88 largest U.S. cities range from 	8% to 
8% (with a
combined estimate of 0.4%) for a 20-�g/m3 PM10 incre-
ment. In Katsouyanni et al.,48 the range was also wide,
from 	1.6% to 
2.7% per 20 �g/m3 of PM10. The pros
and cons of combining such disparate results need to be
considered.

Second, the pattern of associations for all of the major
pollutants in single pollutant models is similar. In
NMMAPS,34 a wide range in individual city mortality
associations from negative to positive was observed for
each pollutant and lag evaluated.49 Ito’s50 reanalysis of
the mortality and morbidity associations in Lippmann et
al.51 showed that there was a wide range of negative and
positive risks in Detroit when all of the pollutants, lags,
and end points were considered. Stieb et al.52,53 show that
the pattern of results for each pollutant is remarkably
similar.

Third, publication bias is a major concern inflating
the size of any true effect. Goodman54 cautions that “de-
pending on published single-estimate, single-site analyses
is an invitation to bias.” Anderson et al.55 still report a
positive association after correcting for publication bias
but note that the regression estimates from the multicity
studies (not prone to publication bias) and the corrected
single-city studies are about half of the mortality esti-
mates of the mid-1990s, that the correction for publica-
tion bias may not be complete, and that differential se-
lection of positive lags may also inflate estimates.

Fourth, model selection is a more important factor
than thought in the late 1990s. The HEI Special Panel56

concludes that issues such as specification of weather and
degree of control for time “introduce an element of un-
certainty that has not been widely appreciated previ-
ously.” The panel also concludes that there is no objective
statistical test to show when these factors have been ad-
equately controlled. Koop and Tole57 conclude that
“point estimates of the effect of numerous air pollutants
all tend to be positive, albeit small. However, when model
uncertainty is accounted for in the analysis, measures of

uncertainty associated with these point estimates became
very large.”

Fifth, selective presentation of results is an issue. For
the multicity PM2.5 studies, the review cites Klemm and
Mason,21 who showed that alternative modeling of tem-
poral trends can reduce the combined association by a
factor of three. Burnett and Goldberg58 did not test the
main conclusion of Burnett et al.,59 that gases played the
major role in the health effects in these cities, and the
complete results of Ostro et al.60 suggest that the com-
bined fine PM association is smaller and less robust than
reported in the abstract and conclusions.

Sixth, new studies raise additional concerns. Domi-
nici et al.61 found little or no coherence between the PM10

mortality and morbidity associations in 14 cities and
found little or no correlation between the time series of
health events (mortality and hospital admissions) in the
various cities. A seasonal NMMAPS analysis is available62

with updated mortality data from 1987 to 2000 in 100
cities. Summer was the only season for which the com-
bined effect was statistically significant. An analysis by
geographic region showed a strong seasonal pattern in the
Northeast with a peak in the summer and little seasonal
variation in the southern regions of the country. The
authors note several possible explanations. One hypoth-
esis is that the most toxic particles have a spring/summer
maximum and are more prevalent in the Northeast.

With regard to long-term exposure and mortality, the
review acknowledges the presence of both positive and
negative studies. In 1997, EPA relied heavily on two co-
hort studies, the six-city study63 and the ACS study.64 The
reanalysis by Krewski et al.65 replicated the results, but
also showed that: (1) the increased risk was cardiovascular
not respiratory; (2) SO2 had a strong association with
mortality; (3) when SO2 was included in the model, the
PM all-cause mortality association was materially reduced
and became nonsignificant; and (4) the increased mortal-
ity was experienced in the portion of the cohort that had
a high school education or less. There was a significant
spatial heterogeneity in the association, with no SO4

�

effect seen in western U.S. cities. The lack of a PM2.5

association with mortality in western cities in the ACS
cohort was noted by EPA66 in a presentation to CASAC.
EPA67 indicated an excess risk from 10 �g/m3 of PM2.5 of

29% in the industrial Midwest, 
25% in the Southeast,

14% in the Northeast, and 	9% in the West (West is a
combination of cities in the Northwest, Southwest, Upper
Midwest, and Southern California NMMAPS geographic
regions). All of these additional findings raise questions
concerning the interpretation of the PM2.5 associations as
a universally applicable chronic PM health effect.

As the review indicates, there are other cohort studies
of interest. A Veteran’s Administration cohort of 70,000
has been followed for 26 yr with mixed results; in the
latest report,68 it is shown that previously unconsidered
spatial covariates, such as traffic or population density,
are strong predictors of mortality. In California, a cohort
of 6338 nonsmoking Seventh Day Adventists has been
followed for 22 yr. As noted in Table 2 of the review, with
15 yr of follow-up, the excess cardiopulmonary risk for 20
�g/m3 of PM10 was 0.6% with 95th percentile confidence
limits of 	8% and 10%. Although Chen et al.69 report a
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positive association with a subset of cardiovascular mor-
tality in women but not men, they include a comment
implying that their update (data not shown) found no
overall cardiopulmonary effect; this study does not sup-
port the six-city and ACS findings. The Enstrom70 study of
11 California counties is also negative, as noted in the
review.

In contrast to the chronic mortality studies, there is
little evidence of a chronic morbidity signal in the litera-
ture. Where effects were reported, it was not possible to
attribute the effects to single pollutants or even a specific
mix of pollutants. The lack of a strong or consistent
chronic morbidity signal is not coherent with the assump-
tion of a strong chronic mortality signal. In addition, the
appropriate exposure metric for chronic studies is total
personal exposure over time, not the level of ambient PM
at a central monitor. Because the nonambient component
of personal exposure can be several times the ambient
component, there is reason to expect exposure misclassi-
fication to be an issue.

The review considers intervention and statistical
studies regarding time scales of exposure. Intervention
studies are important, because they offer an opportunity
to evaluate real-world changes because of the imposition
of controls or other reasons. The Utah Valley studies are
important but, as the review notes, they implicate metals
from a closed steel mill, not generic PM. Other studies
implicate SO2, as well as PM. The statistical studies are
difficult to interpret. To identify a PM or air pollution
signal in correlated data requires properly controlling for
other variables like weather. Unfortunately, we do not
know all the day-to-day or seasonal factors that affect
health.

The review concludes that the concentration-
response function can be modeled as linear. For acute
studies, the review notes the regional differences in the
response function in NMMAPS. The HEI Review Commit-
tee71 observed that measurement error could obscure any
threshold, that city-specific concentration-response
curves exhibited a variety of shapes, and that the use of
the Akaike Information Criterion may not be an appro-
priate criterion for choosing between models. The HEI
panel cautioned that lack of evidence against a linear
model should not be confused with evidence in favor of it.

The PM criteria document4 concludes, “In summary,
the available evidence does not either support or refute
the existence of thresholds for the effects of PM on mor-
tality across the range of concentrations in the studies”
(pp 9–44). For the risk assessment, CASAC72 favored the
primary use of an assumed threshold of 10 �g/m3 along
with sensitivity analyses using other threshold assump-
tions.

The review notes the interest in PM as a risk factor for
cardiovascular disease. As explained above, the health
effects signal in the long-term cohort studies is cardiovas-
cular in the central and eastern portion of the United
States. The data in Table 5 of the review regarding cardio-
vascular admissions are subject to all of the uncertainties
discussed above for PM and mortality. For example, the
14 individual city NMMAPS estimates73 range from 	2%
to 
4.6% per 20-�g/m3 increase in PM10, which is a
biologically implausible range.

The Dominici et al.74 study of PM2.5 hospital admis-
sions associations for 204 U.S. urban counties gives results
for a two-stage Bayesian analysis for various types of ad-
missions and by region. Combined associations of the
order of a 1% increase in cardiovascular or respiratory
outcomes per 10-�g/m3 increase in PM2.5 are reported.
There are several issues that render the interpretation of
these associations as effects of fine PM questionable. First,
there is a clear difference in the combined associations
among the regions and particularly between the eastern
and western region. The combined association is positive
for cardiovascular outcomes in the East but negative in
the West, except for heart failure, which is positive in
both regions. This is not consistent with an effect of PM2.5

on cardiovascular hospital admissions. Dominici et al.74

point out the need to shift the focus of research to iden-
tifying those characteristics of particles that determine
their toxicity. They also note that their combined result is
several-fold lower than other associations that they cite
from the literature, suggesting publication bias. Dominici
et al.74 do not show the results of the first-stage analysis,
which likely had a range of positive and negative associ-
ations in each region. They only considered one other
pollutant, O3, as an effect modifier. However, there is an
ample literature of small positive associations of hospital
admissions in single pollutant models with a range of air
pollutants, particularly for heart failure, for which they
report the most consistent association. For physiologic
markers of cardiac risk, the review acknowledges that the
results are mixed and not easy to interpret. EPA4 also
urges caution in interpreting this data.

Regarding biological plausibility, there has been great
progress in postulating various mechanisms by which PM
might cause the effects implied by the epidemiological
associations. However, as the review admits, demonstrat-
ing that the associations are “real” or “causal” has been
difficult and elusive. The bottom line from toxicology in
EPA4 was the highly qualified statement that “to date,
experimental toxicology studies have provided some in-
triguing, but limited, evidence for ambient PM mixes or
specific PM components potentially being responsible for
reported health effects of ambient PM” (pp 7–215). In
addition, CASAC72 commented that, “The chapter must
make it clear that there is a large database that indicates
that PM is markedly variable in its toxic potency.” The
assumption that all PM is equally toxic is not supported.

Biologic plausibility involves considerations of the
effects an agent causes as well as the doses at which those
effects occur. The recent toxicologic studies establish the
plausibility of the effects reported in the observational
studies but, as Drs. Mauderly and Vedal explain, dose
plausibility is another issue.

The review admits the need for continued healthy
skepticism. Unfortunately, it does not address many of
the arguments raised in the cited literature. To the extent
that the single-pollutant associations the review summa-
rizes and that EPA relies on in its PM NAAQS proposal36

are not caused by generic anthropogenic PM, the antici-
pated benefits will not occur.

Peng et al.62 provide evidence that the PM10 mortal-
ity signal is seasonal and regional, which is not consistent
with the assumption that generic PM (either PM2.5 or
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PM10–2.5) is causing mortality. Dominici et al.74 indicate
that there is geographic variability in PM2.5 morbidity,
particularly in the cardiovascular signal. The various re-
analyses and updates of the ACS study indicate that the
chronic mortality signal in this database is cardiovascular
in nature and stronger in the Eastern United States. As
research goes forward, explanations for these patterns
need to be evaluated.

If generic particles are causing the serious health ef-
fects implied by the statistical associations, then particles
should be causing similar effects in other exposure situa-
tions. We raise three examples where the health signal
does not appear coherent with a strong ambient PM
health signal. As noted by EPA,4 the exposure to nonam-
bient PM is as high or higher than the exposure to ambi-
ent PM. Thus, there should be a health signal for PM mass
in the indoor pollution literature. Although there are
well-established indoor health risks from ETS and biolog-
ical particles, no substantial or consistent health signal
from PM is apparent.75 Gamble and Nicolich76 conclude
that the risks from the cohort studies were not coherent
with the risks derived from smoking or occupational stud-
ies. The review does not address this question. The mas-
sive indoor exposures from use of biomass fuels in devel-
oping nations (milligram per cubic meter PM exposures)
have important effects on acute and chronic respiratory
disease in many countries and effects on lung cancer from
coal use in China, but there is little evidence to date of a
strong cardiovascular signal.77

Although the first state implementation plans for
PM2.5 are not due until 2007, the control of ambient PM
(including fine PM) has been a major effort in the United
States for many decades with dramatic results. Lipfert,78

Darlington et al.,79 and EPA80 have all shown significant
reductions in PM over various time periods going back, in
some cases, to the 1940s. Thus, air pollution control is
occurring in parallel with research on PM health effects.
Hopefully, over time, based on sound science, the regula-
tory focus will shift from the mass of particles to the
particles of greatest toxicity.

RESPONSE FROM DR. C. ARDEN POPE III AND
DR. DOUGLAS W. DOCKERY, CRITICAL
REVIEW AUTHORS
As noted in the review, the amount of published literature
regarding the health effects of air pollution has increased
tremendously since 1997. The 2006 Critical Review1 fo-
cused on six primary lines of research pursued since 1997
that have substantially helped elucidate our understand-
ing about the human health effects of fine particulate air
pollution. There have been many thoughtful and useful
comments about the review. Most of the substantive com-
ments or concerns pertain to literature or issues that the
commentators would have liked to have seen added to or
expanded upon in the review.

For example, Drs. Mauderly and Costa comment on
the treatment of toxicological and clinical literature in the
review. Although the review relied primarily on epidemi-
ologic and human studies, we fully agree that toxicolog-
ical studies play an extremely important role in exploring
issues related to biological plausibility and mechanisms.
Although we are not toxicologists, we agree that there is

much excellent and relevant toxicological evidence that
was not included in the review, and we welcome their
additional insight and comments stated above. We advo-
cate companion reviews by the discussants on toxicology
on which we would be pleased to offer our comments and
critiques.

A general issue is the review’s focus on fine particles
and the limited discussion of the role of specific charac-
teristics, constituents, or sources of PM or the role of
various copollutants as part of complex air pollution mix-
tures. We are in general agreement with most, if not all of
these comments. In the review we indicate that “. . . one
of the biggest gaps in our knowledge relates to what
specific air pollutants, combinations of pollutants,
sources of pollutants, and characteristics of pollutants are
most responsible for the observed health effects.” Never-
theless, as outlined in the review, exposure to fine partic-
ulate air pollution plays a substantial and measurable role
in adversely affecting human health.

A final general issue addressed in several of the com-
ments pertains to whether or not the review is adequately
objective and evenhanded or appropriately skeptical. Of
course, objectiveness is in the eye of the beholder. We
understand that writing a review of such a large and
complex literature, which has implications for controver-
sial public health and environmental policy, that could be
considered “entirely evenhanded” by all interested par-
ties, is a daunting task. Nevertheless, we tried to present a
succinct critical review of the science related to the health
effects of fine PM in a well-defined, focused, thoughtful,
balanced, and readable manner. We did this with full
knowledge that our review would be complemented by
contributions and critiques from capable discussants. We
invite all to read the critical review and this discussion
and to judge for themselves.
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