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ABSTRACT

Efforts to understand and mitigate the health effects of
particulate matter (PM) air pollution have a rich and
interesting history. This review focuses on six substantial
lines of research that have been pursued since 1997 that
have helped elucidate our understanding about the effects
of PM on human health. There has been substantial
progress in the evaluation of PM health effects at different
time-scales of exposure and in the exploration of the
shape of the concentration-response furniction. There has
also been emerging evidence of PM-related cardiovascular
health effects and growing knowledge regarding intercon-
nected general pathophysiological pathways that link PM
exposure with cardiopulmonary morbidity and mortality.
Despite important gaps in scientific knowledge and con-
tinued reasons for some skepticism, a comprehensive
evaluation of the research findings provides persuasive
evidence that exposure to fine particulate air pollution
has adverse effects on cardiopulmonary health. Although
much of this research has been motivated by environ-
mental public health policy, these results have important
scientific, medical, and public health implications that
are broader than debates over legally mandated air quality
standards,

INTRODUCTION
Efforts to understand and mitigate the effects of air pol-
lution on human health and welfare have a rich and
interesting history, -2 By the 1970s and 1980s, attributed
largely to earlier well-documented increases in morbidity
and mortality from extreme air pollution episodes,4-12 the
link between cardiopulmonary disease and very high con-
centrations of particulate matter (PM) air pollution was
generally accepted. There remained, however, disagree-
ment about what tevels of PM exposures and what type of
PM affected human health. Several prominent scientists
concluded that there was not compelling evidence of
substantive health effects at low-to-moderate particulate
pollution levels.13.14 Others disagreed and argued that
particulate air pollution may adversely affect human
health even at relatively low concentrations.15.16

The early to mid 1990s was a galvanizing period in
the history of particulate air pollution and health re-
search. During this relatively short time period, several
loosely connected epidemiologic research efforts from the
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United States reported apparent health effects at unex-
pectedly low concentrations of ambient PM. These efforts
included: (1) a series of studies that reported associations
between daily changes in PM and daily mortality in sev-
eral cities?7-24; (2) the Harvard Six Cities and American
Cancer Society (ACS) prospective cohort studies that re-
ported long-term PM exposure was associated with respi-
ratory illness in children2s and cardiopulmaonary mortal-
ity in adults24.27; and (3) a series of studies in Utah Valley
that reported particulate pollution was associated with a
wide range of health end points, including respiratory
hospitalizations,28.2% lung function and respiratory symp-
toms,?-32 school absences,?* and mortality 2¢#4 Compa-
rable results were also reported in studies from the United
States,?>*? Germany,?® Canada,?® Finland,*® and the
Czech Republic.#! Although controversial, the conver-
gence of these reported findings resulted in a critical mass
of evidence that prompted serious reconsideration of the
health effects of PM pollution at low-to-moderate expo-
sures and motivated much additional research that con-
tinues to this day. Since the early 1990s, numerous re-
views and critiques of the particulate air pollution and
health literature have been published.242-79

The year 1997 began another benchmark period for
several reasons. Vedal®® published a thoughtful, insightful
critical review of the previously published literature deal-
ing with PM health effects. His review focused largely on
lines of division that characterized much of the discussion
on particle health effects at that time. A 1997 article in the
journal Science, titled “Showdown over Clean Air Sci-
ence,”8! reported that “industry and environmental re-
searchers are squaring off over studies linking air pollu-
tion and illness in what some are calling the biggest
environmental fight of the decade.”8! Several other dis-
cussions of these cantroversies were also published during
this time period.52-84 Much of the divisiveness was be-
cause of the public policy implications of finding substan-
tive adverse health effects at low-to-moderate particle
concentrations that were common to many communities
throughout the United States.85-88

After a lawsuit by the American Lung Association and
a comprehensive review of the scientific literature,8? in
1997, U.S. Environmental Protection Agency (EPA) pro-
mulgated National Ambient Air Quality Standards
(NAAQS) designed to impose new regulatory limits on
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fine particulate pollution.®® Legal challenges relating to
the promulgation of these standards were filed by a large
number of parties. Various related legal issues were ad-
dressed in an initial Court of Appeals opinion?! and a
subsequent 2001 ruling by the U.S. Supreme Court.®?
Regarding the fine PM (PM,, ;) standards, these legal chal-
lenges were largely resolved in 2002 when the Court of
Appeais found that the PM, ; standards were not “arbi-
trary or capricious.”?? After these rulings, EPA began im-
plementing the standards by designating nonattainment
areas.®4

In January 20086, after another review of the scientific
literature,®s new NAAQS for fine and coarse particles were
proposed.®¢ In the wake of the substantial resistance to
the initial fine particulate standards, the proposed new
standards were criticized for ignoring relevant scientific
evidence and the advice of EPA’'s own clean air science
advisory committee?7.98 and for being too lax, with allow-
able pollution levels well above the recent World Health
Organization (WHOQO) air quality guidelines.®? The polar-
ized response to this proposal illustrates that lines of
division that troubled Vedal®© in 1997, especially the
probiem of setting ambient PM air quality standards in
the absence of clearly defined health effect thresholds,
remain today.

This review is not intended to be a point-by-point
discussion of the lines that divide as discussed by Vedal &0
although various divisive issues, controversies, and con-
tentious debates about air quality standards and related
public policy issues have yet to be fully resolved. This
review focuses on important lines of research that have
helped connect the dots with regard to our understanding
of the effects of ambient PM exposure on human health.
Much has been learned and accomplished since 1997.
This review will focus primarily on scientific literature
published since 1997, although some earlier studies will
be referenced to help provide context. Although there
have been many important findings from toxicology and
related studies,109-104 this review will rely primarily on
epidemiologic or human studies. Of course, unresolved
scientific and public policy issues dealing with the health
effects of PM must be recognized. These unresolved issues
need not serve only as sources of division but also as
opportunities for cooperation and increased collaboration
among epidemiologists, toxicologists, exposure assess-
ment researchers, public policy experts, and others.

In this review, the characteristics of particulate air
pollution and the most substantial lines of research that
have been pursued since 1997 that have helped connect
or elucidate our understanding about human health ef-
fects of particulate air pollution are described. First, the
recent meta-analyses (systematic quantitative reviews) of
the single-city time series studies and several recent mul-
ticity time series studies that have focused on short-term
exposure and mortality are described. Second, the reanal-
ysis, extended analysis, and new analysis of cohort and
related studies that have focused on mortality effects of
long-term exposure are explored. Third, the recent studies
that have attempted to expiore different time scales of
exposure are reviewed. Fourth, recent progress in formally
analyzing the shape of the PM concentration or exposure-
respanse function is presented and discussed. Fifth, an
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overview of the recent rapid growth and interest in re-
search regarding the impact of PM on cardiovascular dis-
ease is given. Sixth, the growing number of studies that
have focused on more specific physiologic or other inno-
vative health outcomes and that provide information on
biological plausibility and potential pathophysiological
or mechanistic pathways that link exposure with disease
and death are reviewed. Finally, several of the most im-
portant gaps in scientific knowledge and reasons for skep-
ticism are discussed.

Characteristics of PM Air Pollution

PM air pollution is an air-suspended mixture of solid and
liquid particles that vary in number, size, shape, surface
area, chemical composition, solubility, and origin. The
size distribution of total suspended particles (TSPs) in the
ambient air is trimodal, including coarse particles, fine
particles, and ultrafine particles. Size-selective sampling of
PM refers to collecting particles below, above, or within a
specified aerodynamic size range usually selected to have
special relevance to inhalation and deposition, sources, or
toxicity.195 Because samplers are incapable of a precise
size differentiation, particle size is usually defined relative
to a 50% cut point at a specific aerodynamic diameter
(such as 2.5 or 10 pm) and a slope of the sampling-
effectiveness curve.105

Coarse particles are derived primarily from suspen-
sion or resuspension of dust, soil, or other crustal materi-
als from roads, farming, mining, windstorms, volcanaos,
and so forth. Coarse particles also include sea salts, pollen,
mold, spores, and other plant parts. Coarse particles are
often indicated by mass concentrations of particles
greater than a 2.5-um cut point.

Fine particles are derived primarily from direct emis-
sions from combustion processes, such as vehicle use of
gasoline and diesel, wood burning, coal burning for
power generation, and industrial processes, such as smelt-
ers, cement plants, paper mills, and steel mills. Fine par-
ticles also consist of transformation products, including
sulfate and nitrate particles, which are generated by con-
version from primary sulfur and nitrogen oxide emissions
and secondary organic aerosol from volatile organic com-
pound emissions. The most common indicator of fine PM
is PM, ;, consisting of particles with an aerodynamic di-
ameter less than or equal to a 2.5-pm cut point (although
some have argued that a better indicator of fine particles
would be PM,, particles with a diameter less than or equal
to a 1-pm cut point).

Ultrafine particles are typically defined as particles
with an aerodynamic diameter <(0.1 pm.?5106 Ambient
air in urban and industrial environments is constantly
receiving fresh emissions of ultrafine particles from com-
bustion-related sources, such as vehicle exhaust and at-
mospheric photochemical reactions.'97.108 These primary
ultrafine particles, however, have a very short life (min-
utes to hours) and rapidly grow (through coagulation
and/or condensation) to form larger complex aggregates
but typically remain as part of PM,, ;. There has been more
interest recently in ultrafine particles, because they serve
as a primary source of fine particle exposure and because
poorly soluble ultrafine particles may be more likely than

Volume 56 June 2006



larger particles to translocate fram the lung to the blood
and other parts of the body.106

Public health policy, in terms of establishing guide-
lines or standards for acceptable levels of ambient PM
pollution,®s** have focused primarily on indicators of
fine particles (PM, ), inhalable or thoracic particles
{PM,,), and thoracic coarse particles (PM,,_, ). With re-
gard to PM, varous toxicological and physiclogical
considerations suggest that fine particles may play the
largest role In effecting human health. For example, they
may be more toxic because they inciude sulfates, nitrates,
acids, metals, and particles with varfous chemicals ad-
scrbed onto their surfaces. Furthermore, relative to larger
particles, particles indicated by PM,; can be breathed
more deeply inlo the lungs, remain suspended for longer
periods of time, penetrate more readily into indoor envi-
ronments, and are transported over much longer distanc-
e5.109 PM, ,, an indicator for inhalable particles that can
penetrate the thoracic region of the lung, consists of par-
ticles with an aerodynamic diameter less than or equal to
a 10-um cut point and includes fine particles and a subset
of coarse particles. PM,,_; s consists of the PM,, coarse
fraction defined as the difference between PM,, and
PM; 5 mass concentrations and, for regulatory purposes,
serves as an indicator for thaoracic coarse particles.?€

SHORT-TERM EXPOSURE AND MORTALITY
The earliest and most methodologically simple studies
that evaluated short-term changes in exposure to air pol-
lution focused on severe air pollution episodes.+-12 Death
counts for several days or weeks were compared before,
during, and after the episodes. By the early 1990s, the results
of several daily time series studies were reported.!7-24.110
These studies did not rely on extreme pollution episodes
but evaluated changes in daily mortality counts associ-
ated with daily changes in air pollution at relatively low,
more commen levels of pollution. The primary statistical
approach was formal time series modeling of count data
using Poisson regression. Because these studies suggested
measurable mortality effects of particulate air pollution at
relatively low concentrations, there were various ques-
lions and concerns that reflected legitimate skepticism
about these studies. One question regarding these early
daily time series mortality studies was whether or not
they could be replicated by other researchers and in other
study areas. The original research has been independently
replicated,”? and, more importantly, comparable associ-
ations have been observed in many other cities with dif-
ferent climates, weather conditions, pollution mixes, and
demographics.112-114

A lingering concern regarding these daily time series
mortality studies has been whether the observed pollu-
tion-mortality associations are attributable, at least in
part, to biased analytic approaches or statistical modeling.
Dominici et al.115.136 have provided useful reviews and
discussion of the statistical techniques that have been
used in these time series studies. Over time, increasingly
rigorous modeling techniques have been used in attempts
to better estimate pollution-mortality associations while
controlling for other time-dependent covariables that
serve as potential confounders. By the mid-to-late 1990s,
gencralized additive models (GAMS) using nonparametric
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smoothing'!? were being applied in these time series stud-
ies. GAMs allowed for relatively Hexible fitting of season-
ality and long-term ilme trends, as well as nonlinear as-
sociations with weather variables, such as temperature
and relative humidity (RH).t16.118 However, in 2002 it was
learned that the default settings for the iterative estima-
tion procedure in the most commonly used software
package used to estimate these models were sometimes
inadequate.119 Subsequent reanalyses were conducted on
many of the potentially affected studies using more rig-
Orous convergence Criteria or using alternative parametric
smoothing approaches.!20 Statistical evidence that in-
creased concentrations of particulate air pollution were
associated with increased mortality remained. Not all of
the studies were affected, but in the affected studies, effect
estimates were generally smaller. Daily time series studies
since 2002 have generally avoided this potential problem
by using the more rgorous convergence crileria or by
using alternative parametric smoothing or fitting ap-
proaches,

Another methodological innovation, the case-cross-
over study design,i?* has been applied to studying mor-
tality effects of daily changes in particulate air pollu-
tion.122-124 Rather than using time series analysis, the
case-crossover design is an adaptation of the common
retrospective case-control design. Basically, exposures at
the time of death (case period) are matched with one or
more periods when the death did not occur (contrel pe-
riods), and potential excess risks are estimated using con-
ditional logistic regression. Deceased individuals essen-
tially serve as their own controls. By carefully and
strategically choosing control periods, this approach re-
structures the analysis such that day of week, seasonality,
and long-term time trends are controlled for by design
rather than by statistical modeling.125.126 Because this
approach focuses on individual deaths rather than death
counts in a population, this approach facilitates evalua-
tion of individual-level effect medification or susceptibil-
ity. The case-crossover design has some drawbacks. The
results can be sensitive Lo Lthe selection of control periods,
especially when clear time trends exist.25-133 Also, rela-
tive to the time series approach, the case-crossover ap-
proach has lower statistical power largely because of the
loss of information from control periods not inciuded in
the analysis.

Meta-Analyses of Short-Term Exposure and
Mortality Studies
Since the early 1990s, there have been >100 published
research articles that report results on analyses of short-
term exposure to particulate air pollution and mortality.
Most of these studies are single-city daily time series mor-
tality studies. Over time there have also beent many quan-
titative reviews or meta-analyses of these single-city time
series studies,5264.71,134-13? many of which provide pooled
effect estimates. In addition, several of these meta-analy-
ses have attempted to understand (he differences in the
city-specific response functions. Levy et al.!34 selected 29
PM,, mortality estimates from 21 published studies and
applied empirical Bayes meta-analysis to provide pooled
estimates and to evaluate whether various study-specific
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Table 1. Comparison of pooled estimated percentage increase (and 95% confidence or posterior interval, CI, or ¢ value) in relative risk of mortality
estimated across meta-analyses and multicity studies of short-term {daily) changes in exposure.

Percent Increases in Relative Risk of Mortality

{95% CI}
Study Primary Sources Exposure Increment All Cause Cardiovascular Respiratory
Meta-analysis of 29 studies Levy et al. 2000%% 20 ng/m® PM,q 15{.2,1.75° - -
Meta-analysis: GAM-based studies Stieb et al. 2002, 2003135138 20 pg/m? PM,, 1.4(1.0,1.8y - -
Non GAM-based studies 0.8(0.5,1.2) - -

Metaestimate from single-city studies, Anderson et al. 20059 20 pg/m? PM, g 1.2 (1.0, 1.4 - -

adjusted for publication bias 1.0(0.8,1.2)° - -
Metaestimates from COMEAP report to the COMEAP 2006 20 ng/m® PM,, - 1.8(1.4,24)

U.K. Department of Health on 10 pg/m® PM, 5 - 1.4(0.7, 2.2) -

Cardiovascular Disease and Air Pollution
U.5. 6 cities Klemm and Mason 2003142 10 pg/m® PM, . 1.2 (0.8, 1.6) 1.3(0.3,2.4" 06(-29,42°
Canadian 8 cities Burnett and Goldberg 200314 10 ng/m® PM, 4 11{=234) - -
Californian 9 cities Dstro et al. 2006745 10 pg/m? PM, 5 0602, 1.0) 0.6(0.0,1.1) 2.2 (0.6, 3.9)
U.S. 10 cities Schwartz 2000, 2003146148 20 pg/m® PM, 4 1.3 (1.0, 1.6} - -
U.S. 14-city case-crossaver Schwartz 200414 20 po/m® PM, , 07(04,1.0) - -
NMMAPS 20-100 U.S. cities Dominici et al. 2003152 20 pg/m® PM,, 04 (0.2,08) 0.6(0.3,1.0¢ -
APHEA-2 15-29 European cities Katsouyanni et al, 2003162 20 pg/m® PM,, 1.2(0.8,1.4) - -
APHEA-2 29 European cities Analitis et al. 2006182 20 ng/m? PM,, - 1509, 2.1} 1.2(04,19)
Australia 3-¢ities Simpson et al. 2005168 10 pg/m® PM, ¢ 09(-07,2.9) - -
French 9 cities Le Tertre et al. 200214 20 ng/m? BS 1.2 (0.5, 1.8) 12(0.2,2.2° 1.1(-1.4,3.2°
Korean 7 cities Lee et al. 200016€ 40 pg/m* TSP 0.9(0.5,1.2® - -
Japanese 13-cities, age >65 yr Omari et al. 2003187 20 ng/m3 SPM 1.0(8, 1.3} 1.10.7,1.9 1.4(0.9, 2.1)

Ancludes GAM-based analyses with potentially inadequate convergence; Plschemic heart disease deaths; “Chronic obstructive pulmonary disease deaths;

9Cardiovascular and raspiratory deaths combinad.

factors explained some of the variability in effect esti-
mates across the studies. Based on their pooled estimates,
elevated concentrations of PM,, were associated with in-
creased mortality counts (see Table 1). Across the studies,
locations with higher PM,_;/PM,, ratios had stronger as-
sociations, suggesting that fine particles may be most
responsible for the observed associations.

In another large meta-analysis, Steib et al.135 ex-
tracted air pollution-related health effect estimates from
109 time series studies (although estimates for PM effects
were only available from a subset of these studies). Ran-
dom effects pooled estimates of excess mortality were
calculated. Statistically significant positive associations
were observed between daily mortality counts and various
measures of air pollution, including PM,,. They con-
cluded that “this synthesis leaves little doubt that acute
air pollution exposure is a significant contributor to mor-
tality.”135 In a latter publication!2s and in response to the
concerns about the use of GAM-based models discussed
above, the authors provided pooled estimates of PM mor-
tality effects for studies where the primary estimates were
based on models that used GAM versus studies where the
primary estimates were not GAM based. As summarized in
Table 1, the GAM-based estimates were larger than the
non-GAM-based estimates. However, pooled estimates in-
dicated that statistically significant adverse PM-mortality
associations remained.

Because there are no clearly defined or uniform crite-
ria for selecting study cities, a fundamental concern re-
garding PM-mortality estimates from published single-
city studies is the potential for city selection and
publication bias. In a formal meta-analysis of 74 single-
city daily time series mortality studies, Anderson et al.13?
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found evidence for publication bias; however, effect esti-
mates were not substantially altered after statistical cor-
rection for this bias (see Table 1). Another similar meta-
analysis was conducted as part of a report on
cardiovascular disease and air pollution for the U.K. De-
partment of Health.!3® Although this report focused on
cardiovascular disease and mortality, as can be seen in
Table 1, the effect estimates were comparable to estimates
for total mortality.

Multicity Studies of Short-Term Exposure and
Mortality
In 1997, multicity time series studies were nearly nonex-
istent. A notable exception was a study of six U.S. cities,13?
Daily mortality counts were found to be associated with
PM, o, PM; s, and sulfate particles, but the strongest asso-
ciations were found with PM, ;. Several subsequent anal-
yses of these data have been conducted.140-142 Klemnm
and Mason, 42 responding to the concems about the early
use of GAM-based models, estimated the PM-mortality
effects using alternative modeling approaches including a
more stringent GAM convergence criteria (see Table 1}.
Burnett et al.’*3 analyzed daily mortality counts and
various measures of air pollution in eight of Canada’s
largest cities and reported statistically significant PM-mor-
tality associations. Because the original analysis used
GAM modeling, a reanalysis of these datal4t was con-
ducted using strict GAM convergence criteria. Although
somewhat diminished, statistically significant PM, _-mot-
tality associations remained (see Table 1}. As part of the
reanalysis, it was observed that PM-mortality associations
were somewhat sensitive to paramnetric smoothing (natu-
ral spline models) with various fitting criteria.
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Ostro et al. 115 conducted a daily mortality time series
study of nine California cities using data from 1999
through 2002. They avoided the use of GAM models by
using Poisson regression models that incorporated natural
or penalized splines to control for time, seasonality, tem-
perature, humidity, and day of week. Random-cffects
meta-analysis was used to make pooled estimates. Rela-
tively small but statistically significant PM, ;-mortality
associations were observed (see Table 1). Several analyses
have been conducted!46.147 ysing data from 10 U.S. cities
with daily PM,, monitoring. Statistically significant
PM, -mortality associations were consistently observed,
including a reanalysisi*® using more stringent GAM con-
vergence criteria (see Table 1).

A study evatuated daily mortality and air pollution in
14 U.S. cities!4® using the case-crossover study design
rather than daily time series. The exposure of each mor-
tality case was compared with exposure on a nearby day.
Potential confounding factors, such as seasonal patterns
and other slowly varying covariates, were controlled for
by matching {(rather than statistical modeling as in the
time series approach). Statistically significant PM4-mor-
tality associations were observed (Table 1). When the data
were also analyzed using daily time series analysis, for
comparison purposes, estimated PM,, mortality associa-
tions were similar.

Omne of the largest and most ambitious multicity daily
time series studies is the National Morbidity, Mortality,
and Air Pollution Study (NMMAPS). This study grew out
of efforts to replicate several early single-city time series
studies?*® and was designed to address concerns about
city selection bias, publication bias, and influence of co-
pollutants. A succession of analyses included as few as 20
1.5, citiesi51.152 and as many as 100 cities.153~15% Although
the PM-mortality effect estimates were somewhat sensi-
tive to various modeling and city selection choices, there
was “consistent evidence that the levels of fine particulate
matter in the air are associated with the risk of death from
all causes and from cardiovascular and respiratory illness-
es.”151 Excess risk estimates are presented in Table 1. Be-
cause the NMMAPS analysis included many cities with
substantially different levels of copollutants, the influ-
ence of copollutants could be directly evaluated. The PM-
mortality effect was not attributable to any of the copol-
lutants studied (NO,, CO, SO,, or O3).

A paraliel research effort, the Air Pollution and
Health: A European Approach (APHEA) project, examined
the short-term PM-mortality effects in multiple European
cities. Initially, this research effort analyzed daily mortal-
ity data from =15 European cities, including 5 from Cen-
tral-Eastern Europe, using a common protocel.136 Daily
mortality was found to be significantly associated with
PM and sulfur oxide concentrations,157158 although the
effect estimates were sensitive to approaches to control-
ling for long-term time trends and seasonality.!5%.160 A
continuaticn and extension of the APHEA project, cften
referred to a APHEA-2, included analyses of daily mortal-
ity and pollution data for =29 Eurcpean cities.161.162
APHEA-2 alse found that PM air pollution was signifi-
cantly associated with daily mortality counts (see Table
1), Furthermore, the use of GAMs with strict convergent
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criteria or parametric smoothing approaches did not sub-
stantially alter the estimated PM-mortality effects,152 Sub-
sequent analysis of APHEA-2 data found PM-mortality
effects with both cardiovascular and respiratory mortality
(see Table 1).163

Mortality associations with PM were also observed for
nine French cities!®4 and three Australian cities.1%5 Two
Asian multicity studies have reported daily mortality as-
sociations with measures of PM (see Table 1). The first was
a study of seven major Korean cities, 156 Measures of PM,,
o1 'M, . were not available, and PM was mecasured only as
TSP. Although it was suggested that SO, may have func-
tioned better as a surrogate for PM,  in Korea's ambient
air than TSP, mortality associations were observed with
TSP, as well as with 50,. The second analyzed data from
the 13 largest Japanese cities57 with mortality data for the
elderly (aged =65 years) and suspended PM (special pur-
pose monitoring, approximately PM; i.e., PM with a 50%
cutoff diameter of ~7 pm). GAM and generalized linear
maodels were used [estimated using SAS rather than § plus
software).

Summary and Discussion

It seems unlikely that relatively small elevations in expo-
sure to particulate air pollution over short periods of only
1 or a few days could be responsible for very large in-
creases in death. In fact, these studies of mortality and
short-term daily changes in PM are observing small ef-
fects. For example, assume that a short-term elevation of
PM, 5 of 10 wg/m? results in an ~ 1% increase in mortality
(based on the effect estimates summarized in Table 1).
Based on the year 2000 average death rate for the United
States (8.54 deaths/1000 per year), a 50-pg/m? short-term
increase in "M, ; would result in an average of only 1.2
deaths per day in a population of 1 million (compared
with an expected rate of ~23.5/day). That is, on any given
day, the number of people dying because of PM exposure
in a population is small.

It is remarkable that these studies of mortality and
short-term changes in PM are capable of observing such
small effects. Uncertaintes in estimating such small
etfects legitimately create some doubts or comcerns re-
garding the validity or accuracy of these estimates. Never-
theless, associations between daily changes in PM concen-
trations and daily mortality counts continue to be
observed in many different cities and, more importantly,
in large multicity studies, which have much less oppor-
tunity for selection or publication bias. The estimated size
of these associations is influenced by the methods used to
control for potential confounding by loug-term time
trends, seasonality, weather, and other time-dependent
covariates. However, numerous researchers using various
methods, including alternative time series analytic ap-
preaches and case-crossover designs, continue to fairly
consistenlly observe adverse mortality associations with
short-term elevations in ambient PM.

LONG-TERM EXPOSURE AND MORTALITY

Although daily time series studies of acute exposures con-
tinue to suggest shiort-termn acute I'M effects, they provide
little information about the degree of life shortening,
pollution effects on longer-terrn mortality rates, or the
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Table 2. Comparison of percentage increase {and 95% CI) in refative risk of mortality associated with long-lerm particulate exposure.

Study

Primary Sources

Percent Increases in Relative Risk ol Mortality

Harvard Six Cities, original

Harvard Six Cities, HEIl reanalysis
Harvard Six Cities, extended analysis
ACS, original

ACS, HE reanalysis

ACS, extended analysis

ACS adjusted using various education
weighting schemes

ACS intrametro Los Angeles
Postneonatal infant mortality, U.S.
Posineonatal infant mortality, CA
AHSMOG®

AHSMOG, males ortly

AHSMOG, fernales only
Women's Heallh Initiative

VA, preliminary

VA, extended

11 CA counties, elderly
Netherlands

Netherlands

Hamiltan, Ontario, Canada
French PAARC

Cystic fibrosis

Dockery et al. 199326
Krewski et al. 20007
Laden et al. 20064
Pope et al. 199527
Krewski et al. 2000177
Pope et al. 200217
Pope et al. 2004180
Dockery et al. 19932
Pope et al. 2002178
Krewski et al. 200077
Jerrett et al. 2005181
Woodruff et al. 1997188
Woodruff et al. 2006196
Abbey et al. 1989'%
McDonnell el al. 2000188
Chen et al. 2005188
Miller et al. 2004'%
Lipfert et al. 2000, 20031%.192
Lipfert et al. 200682
Enstrom 2005194

Hoek et al, 2002195
Hoek ef al. 2002195
Finkelstein et al. 2004197
Filleul et al. 2005188
Goss el al. 20042x

(95% Cl}

Exposure Increment All Cause Cardiopulmonary Lung Cancer
10 pg/m® PM, 13(4.2,23) 18(6.0,32) 18(—11,57)
10 pg/m® PM, 5 14 (5.4, 23) 19(6.5, 39) 21 (-84, 60)
10 pg/m? PM, 5 16 (7, 26} 28 (13, 44)° 27 (—4,89
10 pg/m® PM 6.6(3.5,9.8) 12(6.7.17) 1.2(—8.7,12)
10 pg/m* PM, ¢ 7.043.9,10) 12(7.4,17) 0.8(—8.7,11)
10 po/m* PM, 5 6.2(1.6, 11 9.3(3.3,16) 13.5{4.4, 23)

12 (8, 15
10 pg/m? PM, 5 811 12-14 3-24
10 pg/m® PM, ¢ 17 (5, 30) 12(-3,30) 44 (-2, 211)
20 pg/m? PM,, BO (4, 14) - -
10 pg/m® PMa g 7.0(-7,24) 113 (12, 305)° -
20 pg/m® PM,, 21{—45,9.2) 06(—7.8,10) 81 (14, 186)
10 pg/m® PM, 5 B5(—23,21) 23{-3,55) 39 (—21, 150)
10 pg/m® PM, - 42 (6, 90) -
10 pg/m® PM, 5 - 321,737
10 pg/m® PM, - 0.3 (NS)® - -
10 g/ PM, 4 15 (5, 26)° - -
10 pg/m® PM, 4 1(-08, 2.6) - -
10 wg/m® BS 17 (—24,78) 34(-32, 164 -
Near major road 41(—6,112) 95 (9, 251) -
Near major road 1842, 39) - -
10 pg/m* BS 703,10 5(-212 3(—-8,15
10 pg/m® PM_ 32(-9,93) - -

*Cardiovascular only; ®Poaled estimates for males and females; pollution associations were observed primarily in malgs and not females; “Respiratory oniy;
9Reported fo be nonsignificant by author; overall, effect estimates te varions measure of particulate air pollution were highly unstable and not robust to selection
of model and time windows; “Estimates from the single pollutant model and for 19891996 follow-up; eflect estimates are mugh smaller and stalistically
insignificant in an analysis restricted to counties with nitrogen dioxide data and for the 1997-2001 foilow-up; furthermore, county-leve! traffic denstty is a strong
predictor af survival and stronger than PM, ; when included with PM, 4 in joint regressions, "Estimates when six monitors that were heavily influenced by local
fraffic sources were excluded; when data from all 24 manitors in all areas were used, no stalistically significant associations between mortality and pollution were

observed.

role of pollution in inducing or accelerating the progress
of chronic disease.1%8 Several analyses of pollution and
mortality data, as early as 1970, reported that long-term
average concentrations of PM, ; or sulfate are associated
with annual mortality rates across U.S. metropolitan ar-
eas.199-175 These population-based cross-sectional mortal-
ity rate studies were largely discounted by 1997 because of
concern that they could not control for individual risk
factors, such as cigarette smoking, which could poten-
tially confound the air pollution effects. With regard to
the mortality effects of long-term PM exposure, recent
emphasis has been on prospective cohort studies'?s that
can control for individual differences in age, sex, smoking
history, and other risk factors. However, because these
studies require collecting information on large numbers
of people and following them prospectively for long pe-
riods of time, they are costly, time consuming, and, there-
fore, much less common. A brief summary of results from
these studies is presented in Table 2.

Original Harvard Six Cities and ACS 5tudies
By 1897, two cohort-based mortality studies had reported
evidence of mortality effects of chronic exposure to fine
particulate air pollution. The first study, often referred to
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as the Harvard Six Cities Study,?¢ reported on a 14- to
16-yr prospective follow-up of >8000 adults living in six
U.S. cities, representing a wide range of pollution expo-
sure. The second study, referred to as the ACS study,
linked individual risk factor data from the ACS, Cancer
Prevention Study IT with national ambient air pollution
data.?” The analysis included data from >300,000 adults
who lived in <151 metropolitan areas and were followed
prospectively from 1982 through 1989. Both the Harvard
Six Cities and the ACS cohort studies used Cox propor-
tional hazard regression modeling to analyze survival
times and to control for individual differences in age, sex,
cigarette smoking, education levels, body mass index, and
other individual risk factors. In both studles, cardiopul-
monary mottality was significantly and most strongly
associated with sulfate and PM,, ; concentrations.
Although both the Harvard Six Cities and ACS studies
used similar study designs and methods, these two studies
had different strengths and limitations. The strengths of
the Harvard Six Cities Study were its elegant and relatively
balanced study design, the prospective collection of
study-specific air pollution data, and the ability to present
the core resuits in a straightforward graphical format. The
primary limitations of the Harvard Six Cities Study were
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the small number of subjects from a small number of
study areas (that is exposures) in the Eastemn United
States, In contrast, the major strength of the ACS study
was the large number of participants and cities distributed
across the whole United States. The primary limitation of
the ACS was the lack of planned, prospective collection of
study-specific air pollution and health data and the reli-
ance on limiled, separately collected subject and pollu-
tion data. However, the ACS study provided a test of the
hypothescs generated from the Harvard Six Cities Study
in an independently collected dataset, These two studies,
therefore, were complementary.

Reanalyses and Extended Analyses of Harvard

Six Cities and ACS Studies
In the mid-1990s, the Harvard Six Cities and the ACS
prospective cohort studies provided compelling evidence
of mortality effects from long-term fine particulate air
pollution. Nevertheless, these two studies were controver-
sial, and the data quality, accessibility, analytic methods,
and validity of these studies came under intense scruti-
ny.81 There were calls from political leaders, industry rep-
resentatives, interested scientists, and others to make the
data available for further scrutiny and analyses. There
were also serious constraints and concerns regarding the
dissemination of confidential information and the intel-
lectual property rights of the original investigalors and
their supporting institutions. In 1997, the investigators of
the two studies agreed to provide the data for a intensive
reanalysis by an independent research team under Health
Effects Institute (HEI) oversight, management, sponsor-
ship, and under conditions that assured the confidential-
ity of the information on individual study participants.
The reanalysis included: (1) a quality assurance audit of
the data, {2) a replication and validation aof the originally
reported results, and (3) sensitivity analyses to evaluate
the robustness of the original findings. The reanaly-
5i§177.178 reported that the data were “generally of high
quality” and that the results criginally reported could be
reproduced and validated. The data audit and validation
efforts revealed some data and analytic issues that re-
quired some tuning, but the adjusted results did not differ
substantively from the original findings. The reanalysis
demonstrated the robustness of the PM-mortality risk es-
timates to many altemative model specifications. The re-
analysis team also made a number of innovative method-
ological contributions that not only demonstrated the
robustness of the PM-mortality results but substantially
contributed to subsequent analyses. In the reanalysis, per-
sons with higher educational attainment were found to
have lower relative risks of mortality associated with
PM; ; in both studies.

Further extended analyses of the ACS cohort!79,180
included more than twice the follow-up time (>>16 years)
and approximately triple the number of deaths. The mor-
tality associations with fine particulate and sulfur oxide
pollution persisted and were robust to contrel for individ-
ual risk factors including age, sex, race, smoking, educa-
tion, marital status, body mass index, alcohol use, occu-
pational exposures, and diet and the incerporation of
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both random effects and nonpararmetric spatial smooth-
ing components. There was no evidence that the PM-
mortality associations were because of regional or other
spatial differences that were not controlled in the analy-
sis. These analyses also evaluated associations with ex-
panded pollution data, including gaseous copollutant
data and new PM,  data. Elevated mortality risks were
most strongly associated with measures of PM, ¢ and sul-
fur oxide pollution. Coarse particles and gascous pollut-
ants, except for sulfur dioxide (SO;), were generally not
significantly associated with elevated martality risk.

Jerret et al.'®! assessed air pollution associations of
the ~-23,000 subjects in the ACS cohort who lived in the
metiopolitan Los Angeles area. PM-mortality associations
were estimated based on PM; ; measures from 23 moni-
toring sites interpolated to 267 residential zip code cen-
troids for the period between 1982 and 2000. Cox pro-
portional hazards regression models controlled for age,
sex, race, smoking, education, marital status, diet, alcohol
use, occupational exposures, and body mass.?”? In addi-
tion, because variations in exposure to air pollution
within a city may correlate with socioeconomic gradients
that influence health and susceptibility to environmental
exposurcs, zip code-level ecological variables were used to
control for potential “contextual neighborhood con-
founding.”182.183 The mortality associations with the in-
trametropolitan PM_ s concentrations were generally
larger than those observed previously in the ACS cohort
across metropolitan areas.

A recent analysis of the Harvard Six Cities cohort184
extended the mortality follow-up for 8 more years with
approximately twice the number of deaths. PM,  concen-
trations for the extended follow-up years were estimated
from PM,, and visibility measures. PM, ;-mortality asso-
ciations, similar to those found in the original analysis,
were observed for all-cause, cardiovascular, and lung can-
cer mortality. However, PM, . concentrations were sub-
staritially lower for the extended follow-up period than
they were for the original analysis, especially for two of
the most polluted cities. Reductions in PM, ; concentra-
tions were associated with reduced mortality risk and
were largest in the cities with the largest declines iz PM, g
concentrations. The authors note that, “these findings
suggest that mortality effects of long-term air pollution
may be at feast partially reversible over periods of a de-
cade, 183

Other Independent Studies
Woodruff et al.’85 reported the results of an analysis of
postneonatal infant mortality (deaths after 2 months fol-
lowing birth determined from the U.S. National Center
for Health Statistics birth and death records) for ~4 mil-
lion infants in 86 U.S. metropolitan areas between 1989
and 1991 linked with EPA-collected PM,,. Postneonatal
infant mortality was compared with levels of PM,, con-
centrations during the 2 months after birth controlling
for maternal race, maternal education, marital status,
month of birth, maternal smoking during pregnancy, and
ambient temperatures. Postneonatal infant mortality for
all causes, respiratory causes and sudden infant death
syndrome (5IDS) were associated with particulate air pol-
lution. Woodruff et al.18¢ alsp linked monitored PM, 5 to
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infants who were born in California in 1999 and 2000 and
who lived within 5 mi of a monitor, matching 788 post-
neonatal deaths to 3089 survivors. Each 10-pg/m? in-
crease in PM,, , was associated with a near doubling of the
risk of postnecnatal death because of respiratory causes
and a statisticaily insignificant increase of ~7% for death
from all causes (Table 2).

The Adventist Health Study of Smog (AHSMOG) co-
hort study related air pollution to 1977-1992 mortality in
>6000 nonsmoking adults living in California, predomi-
nantly from San Diego, Los Angeles, and San Francisco.187
Ali-cause mortality, nonmalignant respiratory mortality,
and lung cancer mortality were significantly associated
with ambient PM,, concentrations in males but not in
females. Cardiopulmonary disease mortality was not sig-
nificantly associated with PM,, in either males or females.
This study did not have direct measures of PM, ; but
relied on TSP and PM,, data. In a follow-up analysis,188
visibility data were used to estimate PM, ; exposures of a
subset of males who lived near an airport. All-cause, lung
cancer, and nonmalignant respiratory disease (either as
the underlying or a contributing cause) were more
strongly associated with PM; ¢ than with PM,,. In a re-
cent analysis of the AHSMOG cohort, fatal coronary heart
disease was significantly associated with PM amaong fe-
males but not among males. 139

The association between long-term PM, ; exposure
and cardiovascular events (fatal and nonfatal} were ex-
plored in the Women’s Health Initiative Observational
Study.19¢ Based on measurements from the nearest mon-
itor, air pellution exposures were estimated for ~66,000
postmenopausal women without prior cardiovascular dis-
ease. After adjusting for age, smoking, and various other
risk factors, an incremental difference of 10 pg/m? of
PM,, . was associated with a 14% (95% confidence interval
[CI), 3-26%) increase in nonfatal cardiovascular events
and with a 32% (95% CI, 1-73%) increase in fatal cardio-
vascular events.

Lipfert et al.191.192 agsessed the association of total
mortality and air pellution in a prospective cohort of
~50,000 middle-aged, hypertensive, male patients from
32 Veterans Administration (VA) clinics followed for ~21
years. The cohort had a disproportionately large number
of current or former smokers (81%) and African-Ameri-
cans (35%) relative to the U.S. population or to other
cohorts that have been used to study air pollution. Air
poliution exposures were estimated by averaging air pol-
lution data for participants’ county of residence at the
time of entrance into the cohort. Only analyses of total
mortality were reported. In addition to considering mor-
tality and average exposures over the entire follow-up
period, three sequential mortality periods and four expo-
sure perinds were defined and included in various analy-
ses. Lipfert et al.'® extended the follow-up of the VA
cohort and focused on traffic density as the measure of
environmental exposure. It was suggested that traffic den-
sity was a more “significant and robust predictor of sur-
vival in this cohort” than PM, .. However, of the various
measures of ambient air pollution, PM, s was most
strongly correlated with traffic density (r = 0.50). In single
pollutant models, PM, ; was associated with mortality
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risk resulting in risk estimates comparable to other co-
horts (see Table 2). Overall in the VA analyses, effect
estimates to various measures of FM were unstable and
not robust to model selection, time windows used, or
various other analytic decisions. It was difficult, based on
the preliminary results presented, to make conclusive sta-
tistical inferences regarding PM-mortality associations.

Enstrom!®4 reported an analysis of ~36,000 elderly
males and femnales in 11 California counties followed be-
tween 1973 and 2002. Countywide PM, ; concentrations
were estimated from outdoor ambient monitoring for the
time period 1979-1983. For approximately the first haif
of the follow-up period (1973-1983) and for the time
period approximately concurrent with PM; ; monitoring,
a small PM, ;-mortality association was observed (10
ug/m? of PM, 5 was associated with a 4% [95% CI, 1- 7%]
increase risk of mortality). No PM, ;-mortality risk asso-
ciations were observed for the later followup (1983-2002).
For the entire follow-up period, only a small statistically
insignificant association was observed (Table 2).

In a pilot study, Hoek et al.1%> evaluated the associa-
tions between mortality and PM based on a random sam-
ple of 5000 participants in the Netherlands Cohort Study
on Diet and Cancer, originally 55-69 yr of age and fol-
lowed for >8 yr. Although the effect estimates were not
very precise, the adjusted risk of cardiopulmoenary mor-
tality was nearly double for individuals who lived within
100 m of a freeway or within 50 m of 2 major urban road.
Based on residential location of participants and interpo-
lation of pollution data from the Netherlands’ national
air pollution monitoring network, average background
concentrations of black smoke ([BS] or British smoke mea-
sured by optical densities or light absorbance of filters
used to gather PM from the air%6) for the first 4 yr of
follow-up were estimated. Background plus local traffic-
related BS exposures were estimated by adding to the
background concentration a quantitative estimate of liv-
ing near a major road. Cardiopulmonary mortality was
associated with estimates of exposure to BS, and the asso-
ciation was nearly doubled when local traffic-related
sources of BS in addition to background concentrations
were modeled.

In an exploration of the relationship between prox-
imity to traffic air pollution and mortality observed in the
Netherlands study, an analysis using a cohort of 5228
persons >40 yr of age living in Hamilton, Ontario, Can-
ada, was conducted.19? Somewhat higher mortality risks
were observed for individuals who lived within 100 m of
a highway or within 50 m of a major road.

Filleul et al.1%8 reported an analysis of ~14,000 adults
who resided in 24 areas from seven French cities as part of
the Ailr Pollution and Chronic Respiratory Diseases
(PAARC) survey. Participants were enrolled in 1974, and a
25-year mortality follow-up was conducted. Ambient air
pollution monitoring for TSP, BS, nitrogen dioxide, and
NO was conducted for 3 yr in each of the 24 study areas.
When survival analysis was conducted using data from all
24 monitors in all of the areas, no statistically significant
associations between mortality and pollution were ob-
served. However, when the six monitors that were heavily
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influenced by loral traffic sources were excluded, nonac-
cidental mortality was significantly associated with all
four measures of pollution, including BS (Table 2). In
addition to PM, mortality was associated with nitrogen
oxides. Nitrogen oxide concentrations were also signifi-
cantly associated with mortality risk in a cohart of Nor-
wegian men, % but no measure of PM was available.

Finally, a unique study of the effects of ambient air
pollution was conducted utilizing a cohort of ~20,000
patients =6 yr old who were enrolled in the U.S5.-based
Cystic Fibrosis Foundation National Patient Registry in
1999 and 2000.2%° Annual average air pollution exposures
were estimated by linking fixed-site ambient monitoring
data with resident zip code. A positive, but not statisti-
cally significant, association between PM, ; and mortality
was observed. 'M, s was associated with statistically sig-
nificant declines in lung function (FEV ) and an increase
in the odds of two or more pulmonary cxacerbations.

Summary and Discussion

As can be seen in Table 2, for both the Harvard Six Cities
and the ACS prospective cohort studies, the estimated
effects for all-cause and cardiopulmonary mortality were
relatively stable across different analyses. The Harvard Six
Cities estimates, however, were approximately twice as
large as the ACS estimates. Two main [aclors may explain
these differences in estimated PM-mortality effects.

First, both the reanalysis anid extended analyscs have
found that persons with higher educational attainment
had lower relative risk of PM-related mortality. The ACS
cohort overrepresented relatively well-educated individu-
als relative 10 the Harvard Six Cities study. To provide a
tentative estimate of how this overrepresentation may
have influenced the pooled-effect estimates from the ACS
study, various schemes for adjusting the ACS effect esti-
mates by reweighting the regression coefficients were
tried. A relatively conservative approach was to calculate
a pooled ACS estimate by weighting the effect estimates
by education level friom the ACS cohort with the propor-
tions of participants from each education level from the
Harvard Six Cities cohort based on the Krewski et al.277
reanalysis (Part II, Table 52). A more aggressive approach
was to use the Cox proportional hazard regression coeffi-
cients for the ACS extended analysis!7¥ that were esti-
mated for each of the three education levels. Pooled,
weighted estimates were then calculated using weights
{proportion of sample within each of the three education
levels from Krewslkd et al.37?, Part 11, Tahle 52) for both the
Harvard Six Cities study and the ACS study, anid then the
ratio of the pooled, weighted estimates was used to adjust
the originally reported ACS effect estimates. As can be
seen in Table 2, reweighting to account for the overrep-
resentation of relatively well-educated individuals in the
ACS cohort explains part, but not all, of the difference in
effect estimates between the Harvard Six Cities and ACS
studies.

Second, the geographical areas that defined the com-
munities studied in the Harvard $ix Cities study were, on
average, substantially smaller than the metropolitan areas
included in the ACS study. Indeed, an analysis of the Los
Angeles metropolitan area ACS participants showed that
interpolated PM, ; air pollution concentrations resulted
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in effect estimates comparable with estimates from the
Harvard Six Cities Study. Similarly, in the Netherlands
study, when local sources of particulate pollution expo-
sure m additon Lo community-wide background concen-
trations were modeled, the elevated relative risk estimates
also approximately doubled. These resuits suggest that
PM-mortality eflect estimates based on analysis that only
uses metropolitan-wide average background concentra-
tions may underestimate the true pollution-related health
burden and suggests the importance of analyses with
more focused spatial resolution.

In 1997, Vedal®® argued that the evidence for sub-
stantive health effects because of chronic or long-term
exposure to particulate air pollution was weak. Since then,
the HEI reanalysis of the Harvard 5ix Cities and ACS
prospective cohort studies and the subsequent extended
analyses of these cohort studies have strengthened the
evidence of long-terru, chronic health effects. Reanalyses
are not as convincing as new, independent cohort studies.
The results from the independent Women's Health Initia-
tive Study??? add to the evidence that long-term exposure
increases the risk of cardiovascular disease in women. The
evidence is further bolstered by results from the infant
mortality studies, 285186 the Netherlands study, 95 and the
Hamilton study'7 but less so by the mixed results from
the AHSMOG studies,187~18% the French PAARC study, 98
the VA analyses, 191193 and the 11 California counties
study.1®¢ With regard to the infant mortality find-
ings,185.186 although the analyses are based on cross-sec-
tional or long-term differences in air pellution, the time
frame of exposure for the infants was clearly shorter than
for adults (a few months vs. vears). The relevant time
scales of exposure for different age groups, levels of sus-
ceptibility, and causes of death need further exploration.

TIME SCALES OF EXPOSURE

The PM-mortality effect estimates from the long-term
prospective cohort studies (Table 2) are substantially
larger than those from the deaily time series and case-
crossover studies (Table 1). The much larger PM-mortality
effect estimates from the prospective cohort studies are
inconsistent with the supposition that they are due to
short-term harvesting or mortality displacement. 1f pollu-
tion-related excess deaths are only because of deaths of
the very f1ail who have heightened susceptibility and who
would have died within a few days anyway, then the
appropriate time scale of exposure would be only a few
days, and impacts on long-term mortality rates would be
minimal.

Mortality effects of short-term exposure, however,
may not be attributed primarily to harvesting. Long-term
repeated exposures to pollution may have more broad-
based impacts on long-terrn health and susceptibility.
Much of the difference in PM-mortality associations ob-
served between the daily time series and the prospective
cohort studies may be because of the dramatically differ-
ent time scales of exposure (a few days vs. decades). Ef-
fective dose, in terms of impact on risk of adverse health
effects, is almost certainly dependent on both exposure
concentrations and length of exposure. 1t is reascnable to
expect that effect estimates could be different for different
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time scales of exposure, that long-term repeated expo-
sures could have larger, more persistent effects than short-
term transient exposures, and that long-term average ex-
posures could be different from the cumulative effect of
short-term transient exposures.

Neither the daily time series studies nor the prospec-
tive cohort studies were designed to evaluate the alterna-
tive time scales of exposure. These studies were designed
primarily to exploit obvious, observable sources of expo-
sure variability. Short-term temporal variability is exam-
ined in the daily time series studies. In most of these
studies, various approaches are used to focus only on
short-term variability while taking out or conirolling for
longer-term temporal variability, such as seasonality and
time trends. Thus, by design, opportunities to evaluate
effects of intermediate or long-term exposure are largely
eliminated. The other important dimension of exposure
variability {s spatial (or cross-sectional) vadability of long-
term average concentrations. The major prospective co-
hort studies have been designed primarily to exploit this
much longerterm spatial variability. Efforts to estimate
the dynamic exposure-response relationship between
PM, ; exposure and humarn mortality must integrate evi-
dence from long-term, intermediate, and short-term time
scales.201

Studies of Intermediate Time Scales of Exposure
Before 1997, there was hardly any reported research that
evaluated intermediate time scales of exposure. One ex-
ception was research related to the operation of a steel
mill in Utah Valley.2%.28202 During the winter of 1986-
1987, a labor dispute and change in ownership resulted in
a 13-month closure of the largest single source of partic-
ulate air pollution in the valley, a local steel mill. During
the 13-month closure period, average PM,, concentia-
tions decreased by 15 pg/m?, and mortality decreased by
3.2%.

A more recent evaluation of PM-related changes in
mortality using an intermediate time scale was conducted
in Dublin, Ireland.203 During the 1980s, a dominant
source of Dublin’s ambient PM was coal smoke from do-
mestic fires. In September of 1990, the sale of coal was
banned, resulting in a 36-ng/m?® decrease in average am-
bient PM as measured by BS. After adjusting in Poisson
regression for temperature, RH, day of week, respiratory
epidemics, and standardized cause-specific death rate in
the rest of Ireland, statistically significant drops in all of
the nontrauma deaths (—5.79%; 95% Cl, —7.2% to
-4.1%), cardiovascular deaths (—10.3%; 95% Cl, —-12.6%
to —8%;), and respiratory deaths (—15.5%; 95% CI,
—19.1% to —11.6%) were observed.

As noted above, in the extended analysis of the Har-
vard Six Cities cohort,84 fine particulate concentrations
were substantially lower for the 8-yr extended follow-up
period than they were for the original analysis, especially
for two of the most polluted cities. These reductions in
PM, 5 concentiations were associated with reduced mor-
tality nisk, suggesting that the mortality effects were at
least partially reversible within a time scaie of just a few
years. Furthermore, the reductions in PM, s in the ex-
tended follow-up compared with the original study pe-
riod were associated with improved survival, that is, a
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relative risk of —27% (95% CI, —43% to —5%) for each
10-pg/m? reduction in PM, ;.

Daily Time Series Studies with Longer Time

Scales or Extended Distributed Lags
Several researchers have developed methods to analyze
daily time series data for time scales of exposure substan-
tially longer than just a few days. A primary motivation of
this effort was to explore the “harvesting,” or mortality
displacement hypothesis. If pollution-related excess
deaths occur enly among the very frail, then the excess
deaths during and immediately after days of high pollu-
tion should be followed by a short-terrn compensatory
reduction in deaths. To explore whether or not this phe-
nomena could be observed, Zeger et al.2% proposed fre-
quency decompositions of both the mortality counts and
air pollution data. They applied frequency domain log-
linear regression?® to mortality data from a single city
(Philadelphia, PA) and found larger PM effects on the
relatively longer time scales, a finding inconsistent with
harvesting. This work was extended by Dominici et al.20%
to a two-stage model that allowed for combining evidence
across four U.S. cities with daily PM,, levels. They found
the PM-mortality associations were larger at longer time
scales (10 days to 2 months) than at time scales of just a
few days. Schwartz297-20% applied a related approach using
smoothing techniques to decompose the data into differ-
ent time scales in two separate analyses using data from
Chicago, 1L, and Boston, MA, and also found that the
PM-mortality associations were much larger for the longer
time scales.

An alternative approach to evaluate longer time
scales is the use of extended distributed lags in time series
analyses. Distributed lag models have long been used in
econometrics?'®211 and have more recently been applied
in air pollution epidemiology.31.212 Studies using distrib-
uted lag modeis to evaluate associabons from 5 to =60
days after exposure have been conducted using data from
10 U.S. cities, 213214 European cities from the APHEA-2
project,215.21¢ and Dublin.?'? In all of these analyses, the
net PM-mortality effect was larger when time scales
tonger than a few days were used.

Summary and Discussion
For comparison purposes, Table 3 provides a simple sum-
mary of estimated excess risk of mortality estimates for
different studies with different time scales of exposure,
These results do not provide the complete picture, but
they suggest that the short-term, daily time series air
pollution studies are not observing only harvesting or
mortality displacement. These results also suggest that
daily time series studies capture only a small amount of
the overall health effects of long-term repeated exposure
to particulate air pollution. Because the adverse health
effects of particulate air pollution are likely dependent on
both exposure concentrations and length of exposure, it
is expected that long-term repeated exposures would have
larger, more persistent cumulative effects than short-term
transient exposures. PM-mortality effect estimates for in-
termediate time intervals provide evidence that the dif-
ference in PM-mortality associations observed between
the daily time series and the prospective cohort studies
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Table 3. Comparison of estimated excess risk of mortality estimates for different time scales of exposure.

Pope and Dockery

% Change in Risk of Mortality Associated with an
Increment of 10 po/m® PM, , or 20 pg/m® PM,, or BS

Time Scale Cardiovascular/
Study Primary Sources of Expasurg All Cause cardiopulmonary Respiratory Lung Cancer
Daily time series Table 1 1-3 days 04-14 0.6-1.1 0.6-1.4 -
10 U.5. cities, time series, extended Schwartz 2000212 1 day 1.2 - - -
distributed lag 2 days 21 - - -
5 days 26 - - -
10 European cities, ime serigs, extended  Zanobetii et al, 20022 2 days 1.4 - - -
distributed lag 44 days 33 - - -
10 Eurgpean cities, time series, extended ~ Zanobeti et al. 200326 2 days - 14 1.5 -
distributed lag 20 days - 2.7 34 -
30 days - 3.5 5.3 -
40 days - 4.0 8.6 -
Dublin daily time series, extended Goodman et al. 2004217 1 day 0.8 0.8 1.8 -
distributed lag 40 days 2.2 2.2 7.2 -
Dubline intervention Clancy et al. 200223 months to year 3.2 9.7 8.7 -
Utah Valley, time series and intervention Pope et al. 1952% 5 days 3.1 3.6 7.5 -
13 months 43 - - -
Harvard Six Cities, extended analysis Laden et al. 2005784 18 yr 14 - - -
Prospective cohort studies Dockery et af. 1993% 10+ yr &-17 9-28 - 14-44

Pope et al. 200217

are at least partially because of the substantially different
time scales of exposure.

SHAPE OF CONCENTRATION-RESI'ONSE
FUNCTION

Understanding the shape of the concentration-response
function and the existenice of a no-effects threshold level
has played a critical role in efforts to establish and evalu-
ate ambient air quality standards and related public
health policy. This informatton is also vital in economic
and public policy analyses that require estimating the
marginal health costs of pollution. An early analysis by
Ostro!i0 evaluated the shape of the concentration-re-
sponse function and the existence of a no-effects thresh-
old in London mortality and air pollution data for 14
winters (1958-1972). Linear spline functions that allowed
for different response relationships below and above 150
pg/m?® were estimated. Mortality effects were observed
even in winters without historically severe pollution epi-
sodes, and there was no evidence ¢f a threshold. Schwartz
and Marcus?!’ plotted the same London data after sorting
the observations in order of increasing pollution levels
and taking the means of adjacent observations. No
threshold was observed; in fact, the slope of the concen-
tration-response tunction was steeper at lower conceritra-
tions than at higher concentrations.

In the early 1990s, various approaches were used to
evaluate the shape of the concentration-response func-
tion. For example, researchers often divided pollution
concentrations into quintiles {or quartiles) and included
indicator variables for different ranges of air pelluticn in
the time series regression models. This aliowed for the
estimated adjusted relative risk of death to be plotted over
various levels of pollution.}9-23 The associations generally
appeared to be near linear with no clear threshold.?!® The
development and use of various parametric and nonpara-
metric smocthing approaches not only allowed for more
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flexible handling of long-term time trends, seasonality,
and various weather variables, but they also allowed for
direct exploration of the shape of the concentration-re-
spense function.2?? Such analyses were conducted in nu-
merous single-city daily time series studies 24.71.112.220
Generally the shapes of the estimated concentration-re-
sponse function were naot significantly different from lin-
ear and were not consistent with well-defined thresh-
olds.218 However, the lack of statistical power to make
stzong statistical inferences regarding function shape, and
the generalizability of single-city estimates of the concen-
tration-response relationships were questioned.

Multicity Daily Time Series Mortality

Since 1997, methods have been developed to explore the
shape of the PM-mortality concentration-response func-
tions in daily time series studies of multiple cities, which
enhance statistical power and generalizability. Schwartz
and Zanobetti22? estimated a pooled ¢r combined concen-
tration-response function for 10 U.S. cities. The combined
or “meta-smocthed” concentration-response function
was estimated using Poisson regression models fitting
nenparametric smoothed functions for PM, 4 and calcu-
lating the inverse variance weighted average across the 10
cities for each 2-ug/m? increment of PM, . The estimated
combined 10-city concentration-response function was
near linear with no evidence of a threshold (see Figure 1a).
Schwartz et al.22? applied essentially the same approach
on daily mortality and BS data from eight Spanish cities,
finding a near linear concentration-response function
with no evidence of a threshold (see Figure 1b).

An alternative approach to estimating multicity PM-
mortality combined concentration-response functions
was proposed by Daniels et al.22 and Dorninici et al.224
They developed flexible modeling strategies for daily
time series analyses that included spline and threshold
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Figure 1. Selected concentration-response relationships estimated from various multicity datly time series mortality studies (approximate
adaptations from original publications rescafed for comparison purposes,).

concentration-response functions and applied these
methods to data from the 20 largest U.S. cities from the
NMMAPS project. PM-mortality concentration-response
functions were estimated using three different modeling
approaches: (1) models with log-linear functions for PM,
(2) flexible smoothed functions, and (3) models that as-
sumed or allowed [or specific PM threshold levels. For
all-cause mortality and for cardiopulmonary mortality,
linear models without thresholds fit the PM-mortality
association better than threshold models or even flexible
cubic spline models (see Figure 1c). The researchers22s.226
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extended these analyses to the B8 largest cities in the
United States. Although they found regional differences,
the overali pooled concentration-response function for
the nation was nearly linear (see Figure 1d).

Samoli et al.227 applied regression spline madels to
flexibly estimate the PM-mortality association to data
from 22 European cities participating in the APHEA
project. They observed some heterogeneity in effect esti-
mates across the different cities, but the pocled estimated
PM-mortality association was not significantly different
from linear (see Figure 1e).
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Figure 2. Selected concentration-response relationships estimated from various studies of long-term exposure {approximate adaptations from

original publications rescaled for comparisen purpases).

Cross-Sectional and Prospective Cohort

Mortality Studies
Given the small number of cross-sectional and prospec-
tive cohort studies, the shape of the concentration-re-
sponse function with long-term chronic exposure has not
been as carefully explored as with the daily time series
studies. It has long been observed that long-term average
sulfate and/or fine particulate air peoliution concentra-
tions are associated with mortality rates across U.S. urban
areas (especially after adjusting for age, sex, and
race).16?-175 Figure 2a presents U.S. metropolitan area
mortality rates for 1980228 adjusted based on 1980 cen-
sus?2? age-sex-race-specific population counts plotted
over mean PM, ; concentrations as compiled and re-
ported by Krewski et al.’77 Figure 2b presents adjusted
mortality rates or rate ratios for U.S, cities plotted over
comesponding I'M, ; concentrations based on the ex-
tended analysis of the Harvard Six Cities Study.1®¢ The
mmortality effects can reasonably be modeled as linear or
log linear.

The extended follow-up analysis of the ACS study
more fully evaluated the shape of the concentration
response function by using a robust locally weighted
regression smoother.1’? The nenparametric smoothed
exposure-response relationships between cause-specific
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mortality and long-term exposure to PM, 5 are also pre-
sented in Figure 2c. Relative risks for all-cause, cardiopul-
monary, and lung cancer mortality increased across the
gradient of PM, 5. Although some inevitable nonlinearity
is ohservable, goodness-of-fit tests indicated that the as-
sociations were not significantly different from linear (P >
0.20). The shape of the exposure-response function at
concentrations above the range of pollution observed in
this analysis remains poorly estimated. Because concen-
trations above this range of pollution occur in many other
parts of the world, an attempt to quantify the global
burden of disease attributable to exposure to air pollution
required projected effect estimates at higher concentra-
tions.>¥ A log-linear fit of PM, ;, whete the slope of the
concentration-response function decreases at higher con-
centrations, also fit the data.??®

The concentration-response function for long-term
exposure to particulate air pollution and other health end
points has not been systematically explored. However,
various studies are suggestive. For example, Gauderman et
al.231 reported results {rom the Children’s Health Study
that prospectively monitored the growth in lung function
of school children ages 10-18 yr who lived in 12 Southern
California communities with a relatively wide range of air
pollution. Over the 8-yr period, deficits in lung function
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growth were associated with PM, ¢ and accompanying
combustion-related air poliutants. As can be seen in Fig-
ure 2d, the concentration-response relationship between
PM, 5 and the proportion of 18-yr-olds with FEV, <80%
of predicted appears to be near linear, without a discern-
ible threshold.

Summary and Discussion

Recent empirical evidence about the shape of the PM
concentration-response function is not consistent with a
well-defined no-effects threshold. Concentration-re-
sponse functions estimated from various multicity time
series studies are illustrated in Figure 1 and concentration-
response functions for long-term exposure studies are il-
lustrated in Figure 2. These concentration-response func-
tions have been adapted from the original publications
and put on common scales for easy comparison. The best
empirical evidence suggests that, across the range of par-
ticulate pollution observed in most recent studies, the
concentration-response relationship can reasonably be
modeled as linear. From a public policy perspective, at
least with regard to ambient air quality standard setting, a
linear concentration-response function without a well-
defined safe threshold level might be inconvenient. As
argued elsewhere,?18.232 from at least one perspective,
these results are good news, because they suggest that
even at common levels of air pollution, further improve-
nents in air quality are likely to resuit in corresponding
improvements in public health.

CARDIOVASCULAR DISEASE
Before the mid-1990s there was evidence of cardiovascu-
lar effects of PM air pollution. Deaths associated with the
severe pollution episodes of Meuse Valley, Belgium,* Do-
nora, PA,? and London!® were due to both respiratory and
cardiovascular disorders, coften in combination.s? Analy-
ses of a less severe episode?® observed stronger pollution-
related associations with cardiovascular than with respi-
ratory deaths. As noted earlier, many daily time series
mortality studies and the early prospective cohort stud-
ies26.27 also observed that pollution was associated with
both respiratory and cardiovascular deaths (see Tables 1
and 2). Because it was unclear how these findings were
influenced by diagnostic misclassification or cross-coding
on death certificates, cardiovascular and respiratory
deaths were often pooled together as cardiopulmonary
deaths in the analyses.2627 Beginning in the mid-1590s,
several daily time series studies reported pollution-related
associations with hospitalizations for cardiovascular dis-
ease,233-237

Although there was evidence of cardiovascular health
effects of PM air pollution, early research focused largely
on respiratory disease, including research dealing with
effects on asthina, obstructive pulmonary disease, respi-
ratory symptoms, and lung function.*? Furthermore, be-
fore 1997, studies of ambient particulate air pollution and
health were rarely published or discussed in cardiovascu-
lar journals. Beginning in the late 1990s, studies dealing
with air pollution and cardiovascular disease were being
published, including in joumals of cardiovascular medi-
cine, where they were receiving useful editorial discus-
sion238-241 gnd reviews.138.242-249 I 2004, the American
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Heart Association published a Scienfific Statement that
concluded that “studies have demonstrated a consistent
increase risk for cardiovascular events in relation to both
short- and long-term exposure to present-day concentra-
tions of amhient particulate matter.”250

Long-Term Exposure and Cardiovascular Disease
Table 4 provides a brief overview of recent evidence of
cardiovascular and related effects associated with PM air
pollution. Several studies provide evidence that long-term
PM exposure contributes to cardiovascular merbidity and
mortality. As illustrated in Figure 3, initial and extended
analyses of the Harvard Six Cities and ACS cohorts con-
sistently observed PM, s associations with cardiovascular
mortality. An extended analysis of the ACS cohort that
focused on cardiopulmonary mortality found that long-
term PM,, ; exposures were strongly associated with isch-
emic heart disease, dysrthythmias, heart failure, and car-
diac arrest mortality.180 Relatively strong associations
between PM, s and ischemic heart disease mortality were
observed in the metropolitan Los Angeles subcohort.?8!

There are three interesting studies that have evalu-
ated the impact of long-term exposure to PM air pollution
and the development and progression of cardiovascular
disease. The first251 explored associations between air pol-
lution and blood markers of cardiovascular risk, specifi-
cally fibrinogen levels and counts of platelets and white
blood cells. Data from the Third National Health and
Nutrition Examination Survey were linked with air pollu-
tion data. After controlling for age, race, sex, body mass
index, and smoking, elevated fibrinogen levels and plate-
let and white blood cell counts were all associated with
exposure to PM, 4. A second study?32 collected lung tissue
samples during necropsies of individuals who died be-
cause of violent causes and who lived in relatively clean
and polluted areas near Sao Paulo, Brazil. Individuals who
lived in more polluted areas had histopathologic evidence
of subclinical chronic inflammatory lung injury. A third
study used data on 798 participants from two clinical
trials conducted in the Los Angeles metro area.2s3 PM,
was associated with increased carotid intima-media thick-
ness (CIMT), a measure of subclinical atherosclerosis. A
cross-sectional contrast in exposure of 10-pg/m? of PM, 5
was associated with an ~4% increase in CIMT.

Short-Term Exposure and Cardiovascular
Disease
As noted above, there have been many studies that have
feported associations between short-term exposures to
particulate air pollution and cardiovascular mortality (see
Table 1). Studies reporting PM associations with cardio-
vascular hospitalizations have been more recent, but
there are now dozens of such studies. Table 5 presents a
comparison of pooled estimates of percentage increase in
relative risk of hospital admission for cardiovascular dis-
ease estimated across meta-analyses and multicity studies
of short-term changes in PM exposures. In addition, there
have been several recent studies that have reported asso-
ciaticns between PM exposure and stroke mortality and
hospitalizations. Several of these studies have been
from Asian countries with relatively high stroke mor-
tality.254-257 However, a recent case-crossover study of
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Tahle 4. Recent evidence of cardigvascular and related effects associated with particulate matter exposurs.

Direction
Heailth End Poinis of EHect® Primary Sources
Long-term exposures
Cardiovascular maortality v See Table 2 and Figure 3
Blood markers of cardipvascular risk {fibrinagen, platelets, white v Schwartz 2001251
blood cells)
Histopathologic markers of sub-clinical chronic inflammatary v Sauza et al. 1998252
lung injury
Subclinical atherosclerosis (CIMT) v Kunzii et al, 200525
Short-term exposures
Cardiovascular martality Vel See Table 1
Cardiovascular hospital admissions e See Table 5
Stroke mortality and hospital admissions A Hang et ai. 2002, 2002354255, Kan et al. 20032%; Tsai et al. 2003257,
Webleninus et al. 200525 (also see Cerebrovascular estimates in
Tabile 5)
Mi A Peters et al, 2001, 20043260, [*[ppoliti et al, 2003%"; Sullivan et al.
200522, Zanabetti and Schwartz 200528; van Kot et al. 2005264
Hypaxemia (SpQ,) -\ Pape et al. 1999265 DeMeo et al. 200425%; Gong et al. 2005257
HR A See Table &
HRY “u See Table 6
Inflammiatery and related markers Pl See Table 7
Cardiac arrhythmia/cardiac arrest/sudden out-of-haspital A Peters et al. 20002%8; Levy et al. 2001269, Sullivan et al. 2003470,
coronary deaths Vedal et al. 200420, Rich et al. 200422 Oackery et al. 2005273,
Forastiere et al. 2005274
ST-segment depression 2 Pekkanen et al. 20027%; Gold et al. 2005778
Cardiac repalarization changes V4 Henneberger et al. 2005277
Blood pressurefarterial vesoconstriction/vascular reactivity and P Ibald-Mulli et al. 20012%8; Linn and Gong 200137; Bigok et al.

endothelial function

2002220, 7anobetti et ai. 2004281; Urch et al. 2004282; Urch et al.
2005283 'Neill et 3l. 200528

2Positive PM-effect estimates are indicated by .», nepative PM-effect eslimates are indicated by ™\, na effects indicated by —, multiple arrows indicate

inconsistent mixed effects from different studies.
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Table 5. Comparison of pooled estimated percentage increase (and 95% Cly in relative risk ol hospital admission for cardiovascular disease estimated
acrass meta-analyses and multicity studies of short-term (daily) changes in exposure.

Study Primary Sources

Cardiac admissions, meta-analysis of 51 COMEAP 2006132
sstimates

Ischemnic heart disease admissions, meta-analysis
of 19 estimates

Admission for dysrhythmias, meta-analysis of 7

COMEAP 2006128

COMEAP 2006!3

estimates

Admission for heart failure, meta-analysis of 7 COMEAP 200673
gstimates

Cergbrovascular admissions, meta-analysis of 9 COMEAP 200618
estimates

Cardiac admissions, 8 \.S. cities, 65+ Schwartz 199925
Cardiac admissions, 10 U.S. cities, 65+
Cardiac admissions, 14 U.S. cilies, 65+
8 European cities, 65+, cardiac admissions:
Ischernic heart admissions
204 U.S. counties, 65+, CVD admissions
Heart failure
Heart rhythm
Ischemic heart
Peripheral vascular
Cerebrovascular

Zanobetti et al. 20007¢s
Samet et al. 2000797 Schwartz et al. 2003268
Le Tertre et al. 2002288

Dominici et al. 2006230

Expasure Increment % Increase (95% C)
20 pg/m® PM,, 18 (1.4, 1.2}
20 pg/m® PM,, 16(1.2,22)
20 pg/m* PM,, 16 (0.2, 2.8)
20 pg/m® PM,, 2.8 (1.0, 4.8)
20 pg/m® PM,, 0.8 (0.0, 1.6}
20 pg/m® PM,, 2014, 25)
20 pg/m? PM,, 26 (2.0, 3.0)
20 pg/m® PM,, 20015, 2.5
20 pg/m® PMyq 1.4 (0.8, 2.0}

1.6 (0.6, 2.4)
10 pg/m® PM,

1.2 (0.8, 1.8)

06 {0.0, 1.2)

0.4 (0.0, 0.9)

0.9 (—0.1, 1.8)

0803, 1.3)

Notes: We acknowledge Dr. Ross Anderson and Jeanna Carrington at the Department of Cammunity Health Sciences, St. George's Hospital Medical School, London,
United Kingdom, for help in providing meta-analyses and reviews of the cardiovascular hospitalizations studigs.

elderly medicare recipients in nine U.S. cities reported
small but statistically significant associations between
PM, 2nd ischemic stroke but not hemorrhagic stroke.258

There are several studies that have reported that
short-term PM exposute is also associated with ischemic
heart disease, especially the triggering of myocardial in-
farction (MI). Peters et al.,259 in a case-crossover study of
772 Boston area patients with MI, reported that elevated
concentrations of PM, ¢ increased the risk of MI within a
few hours and 1 day after exposure. Similarly, Peters et
al.,2%0 using data from 691 subjects with MI in the Augs-
burg area of Southern Germany, observed that the risk of
MI was elevated within 1 hr after exposure to trafhc. Two
additional single-city case-crossover studies of air pollu-
tion and MI had inconsistent results. A study from Rome,
Italy, reported increased risk of MI associated with PM
pollution, especially during warm periods,26! but a study
from King County, WA, observed no PM-MI associa-
tions.262 In a much larger case-crossover study using data
from 21 U.S. cities with >300,000 MI events, a 20-pg/m?
increase in PM,, ambient concentration was associated
with a 1.3% (95% CI, 0.6%-2%) increased risk of M[.263.264

Short-Term Exposure and Various Physiologic
Measuores of Cardiac Risk
Recently, there has been a variety of studies that have
explored an assortment of various subclinical physiologic
measures in human subjects that may be related to risk of
cardiovascular disease and death (see Table 4). These rep-
resent an assortment of studies with miscellaneous and
mixed resuits that are not easy to interpret. The studies,
nevertheless, have often been motivated by hypotheses
concerning general pathophysiological pathways or
mechanisms (to be discussed below), and they contribute
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to the overall epidemiological evidence pertaining to PM-
related cardiopulmonary health effects. Several studies,
for example, have hypothesized that exposure to PM may
be associated with mild hypoxemia or declines in blood
oXxygen saturation.265-267 Although there is only weak ev-
idence of PM-related deficits in blood oxygen saturation,
there is stronger evidence of PM-related changes in car-
diac rhythm or cardiac autonomic function as measured
by heart rate (HR) and HR variability (HRV). A stylized
summary of studies that explored PM associations with
HR and HRV is presented in Table 6. The results are not
entirely consistent across the studies, but the general pat-
tern suggests that PM exposure is associated with in-
creased HR and reductions in most measures of HRV sug-
gesting adverse effects on cardiac autonomic function.

Various other researchers have explored PM associa-
tions with markers of pulmonary and/or systemic inflam-
mation. Table 7 presents a summary of studies of PM
effects on various pulmonary or systemic inflammation
and related markers of cardiovascular risk. Again, the re-
sults are not entirely consistent, but they suggest poltu-
tion-related inflammatory responses. PM-related associa-
tions also have been observed with cardiac arrhythmia,
ST-segment depression, changes in cardiac repolarization,
arterial vasoconstriction, and blood pressure changes (see
Table 4). A more integrated discussion and interpretation
of these results is presented below as part of the discussion
of biological plausibility.

BIOLOGICAL PLAUSIBILITY

In 1997, there was substantial uncertainty with regard to
the biolegical plausibility of causal associations between
cardiopulmonary morbidity and mortality and PM air
pollution at relatively low concentrations. In his review,
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Table B. HR and HRY and pariiculale air pollution associations summarized from recent studies.

Type and Duration of

Primary Sources Particulate Exposure

Pope et al. 199921 24-hr PM,4
Peters £t al. 1999, 2000292203 Pollution spisade
Liac et al. 1999234 24-hr PM, 5

1- or 2-day PM,,
4- and 24-hr PM, 5
2-hr PM, ;. ETS

Pope et al. 19992
Gold et al. 20002
Pope gt al, 200127

24-ht PM,,
Up to 9hr PM,

Creason et al, 2001e
Magari et al. 2001298

Magari et al. 2002300
Oeviin et al. 2003%7

3-hr PM,
2-hi PM, CAPS

Devlin et al. 200331 2-ir PM; 5 GAPS

Holguin et al. 2003302 24-1 PM 5

Chan et al. 200430 1- 1g 4-hr NCq o1

Rietiker et al. 2004304 8-hr PM,

Pope et al. 20043%s 24-hr PM, 5

Liao #t al. 20043%% 24-0ir PM,g

Park et al. 2005307 24-hr PM,
Schwartz et al. 2005%8

Romieu et al. 2005%9 24-hr PM 5

Chuang et al. 200590 t- o 4-hr PMy 44

Pope and Dockery

Direction of Etfect

Length of
Study Subjects (Tota) nbservations Analyzed Tatal, ULF, WVLF, HF,
or study time}, Study Area Recordings HR SDNN SDANN LF  r-MSSD

0 elderly (8760 obs), Utah Valley 3-min V
2681 aduits, Augsburg, Germany 20-sec /
26 elderty (wk), Baitimore B-min v Ny “u
7 elderly (29 person days), Utah Valley 24-nr 2 N N 7
21 aged 53-81{163 cbs}, Boston 25-min A Ny N
16 adulls (B4 2-hr periods) Salt Lake City, LT, 2-hr N “y u N N

airport
65 elderly (4 weeks), Baltimore 6-min N N
4Q hoilermakers, primarily occupational 5-min A S

exposure
20 boilermakers, nonworkday exposures 5-min —» N
10 eldetly, 60-80 yr (20 2-hr perieds), 10-min “u - A

Chamber
22 young, 29 yr (20 2-hr periods), Chamber 10-min — — —
34 mean age 79 yr (384 obs), Mexico Cily 5-min N Sy
19 adults {16-hr per subject), Teipel, Taiwan 5-min Ny “n “u
9 young healthy North Carolina patrod troopers 10-min A — A
B8 elderly (250 person days), Utah Valley 24-0r N N “u N
4899 edults, mean age 62 yr, ARIC study a-min Ve N — N
497 atult male, mean age 73 yr, aormative 4-min N N

aging study in Boston
50 elderly nursing home residents, Mexico City 6-min “u N N
26 CHO/hypertensive patients in Taipey, Taiwan 5-min N N

Notgs: Positive PM-effect estimates are indicated by .7, negalive PM-effect estimates are indicated by ., no effects indicated by —, mulliple arrows indicate
inconsistent mixed effects from different studies; CHD = coronary heart disease.

Vedal®® argued that “weak biological plausibility has been
the single largest stumbling block to accepting the asso-
ciation as causal. There is no known mechanism whereby
exposure to very low concentrations of inhaled particles
would produce such severe outcomes as death, even from
respiratory disease, and certainly not from cardiovascular
disease.”80 Others suggested that biological plausibility
was enhanced by tlie observation of a coherent cascade of
cardiopulmonary health effects and by the fact that non-
cardiopulmenary health end points were not typically
assaciated with the pollution.s> Nevertheless, research
studies that focused on pathophysiological pathways
linking PM and cardiopulmonary disease and death were
extrernely limited, and biological plausibility was much
in doubt. Since 1997, however, there has been substantial
research exploring potential mechanisms and growing
discussion pertaining to potential pathophysiological
pathways. 138,180,242,248,250,326-331

Biological Effects of Qil Fly Ash and Utah
Valley PM
The biological effects of well-defined high acute exposure
to specific combustion-source PM was described in a case
study of a 42-y1-old, unemployed, male, never-smoker,
who had an 8-yr history of diabetes mellitus.332 Duriny
and after the cleaning of an oil-burning stove in the living
room of his home, this man was exposed to high levels of
aerosolized oil fly ash particles. Within 24 hr, this man
developed shortness of breath, a nonproductive cough,
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and wheezing that progressed over 2 weeks to hypoxic
respiratory failure and the need for mechanical ventila-
tion. In addition to abnormal blood indices, particle-
laden macrophages and diffuse alveolar damage were ob-
served by thoracoscopic biopsy, and later anginal
symptoms were experienced. It is rarely possible to at-
tribute adverse health effects of a specific individual to a
specific PM exposute. However, the authors of this case
report note that this patient presented “with the aggre-
gate of potential injuries described by epidemiological
methods to be associated with air pollution particle expo-
sure”332 and suggest that this case serves as evidence that
adverse cardiorespiratory effects from PM exposure are
biologically plausible,

Biological effects of PM were examined in a series of
studies from Utah Valley.333-2s3 This valley, located in
Central Utah with a 1990 population of ~265,000 people,
had a very low smoking rate (6%) and often experiericed
substantial pollution episodes because of local emissions
and low-level temperature inversions that were common
to winter months. An early study observed that the shut-
down of the steel mill was assodated with large reduc-
tions in PM pollution with accompanying large reduc-
tions in pediatric respiratory hospital admissions.2®
Although there was some controversy and debate regard-
ing the interpretation of this study,292344 subsequent ep-
idemiologic studies in the valley continued to observe PM
associations with hospitalizations,® lung furiction and
respiratory symptoms,39-32 school absences,33 and mor-
fality.20,34,202.345
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Tahle 7. Summary of human studies of particulate air poliuticn effect on various pulmaonary or systemic inflammation and related markers of cardiovascular

risk.

Primary Sources

Exposure Type, Place, Subjects

PM Associations

Peters et al. 19473
Peters at at. 2001312
Seaton et al. 199912
United Kingdom, elderly adults
Tan et al. 2000374
24-yr-old healthy men
Salvi gt al. 1999315

Salvi et al. 2000918 young adults

Pekkanen et al. 2000217
office workers
Ghio et al. 2000312
Harder et al. 200198
Gong et al. 20039
Ghio &t af, 2003321
Huang et al. 2003322
Ghio and Huang 2004193
Sarensen et al. 2003322

chambers, volunteer adults N

young aduts
Adamkiewicz et al. 20033  Ambient PM; g Steubenwille, OH, elderly adults

Pape et al, 200405
Ruckest et al. 200632

Ambienl PM, ¢ Utah, eiderly adults

1985 pollution episode, Augsburg, Germany, adults

Estimated personal exqosure to PM,,, Belfast and Edinburgh,

Diesel exhaust, exposure chambers, healthy nonsmoking

Ambient air pollution including PM, 5, London, male and femaie

Exposure to concentrated ambient particles (CAPs} in exposure

Personal monitoring of PM.,; and carbon black, Copenhagen,

Ambient PM, Erfurt, Germany, 57 males with CHD

Increased biood plasma viscosity and CRP

Increased CRP, reduced red blood cells

Elevated PM,, levels during forest fire episodes, Singapore, 19—  Elevated PMN band cells

Elevated neutrophils, lymphocyles, mast cells, endothelial adhesion
molecules, IL-8, GRO-cx in airway lavage, bronchial tissue, and/or
bronchial epithelivm; alsa increased neutrophils and platelets in
peripheral biced.

Higher plasma fibrinogen concentrations

Somewhat mixed resufts, but small increases in neutrophils and
fibrinogen consistent with mild inflammatory responses to PM.

Small increases in markers of oxidative stress

Increase in airway inflammation as measured by exhaled
nitric oxide

Elevated CRP

Elevated CRP

CHD = coronary heart disease; CRP = {-reactive protein; PMN = palymorphonuclear Jeukocytes.

Almost 10 years after the initial epidemiologic stud-
ies, archived air monitoring filters from the valley were
recovered, and PM was extracted from samples collected
in the years before, during, and after the closure of the
steel mill. This extracted PM was found to elicit acute
airway injury and inflammation in experimentally ex-
posed rats?3? and humans.?37 Inflammatory lung injury,
in vitro oxidative stress, and release of proinflammatory
mediators by cultured respiratory epithelial cells were all
substantially more elevated when using extracts from fil-
ters collected during periods when the steel mill was op-
erating versus when it was not, suggesting differential
toxicities of PM not fully explained by differences in
mass.>#* These studies generally observed that differences
in the content and mixtures of metals seemed to play an
important role in the biological effects of PM expa-
sure.333-343 They also demonsirated clearly relevant bio-
logical effects of controlled PM exposures consistent with
specific epidemiological findings contributing to our un-
derstanding regarding biological plausibility and mecha-
nisms.

Accelerated Progression and Exacerbation of
Chronic Obstructive Pulmonary Disease
One of the earliest hypotheses regarding a general mech-
anistic pathway that links PM exposure with cardiopul-
monary mortality suggests that long-term or chronic PM
exposure results in more rapid progression of chronic
obstructive pulmonary disease (COPD} and that acute PM
exposure exacerbates existing pulmonary disease. Studies
of the natural history of chronic airflow obstruction have
observed that measures of lung function (such as forced
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vita] capacity or FEV,) increase until early adulthood and
then decline during the rest of life. It has long been
known that smoking contributes to more rapid progres-
sion of airflow obstruction as measured by deficits in
FEV,,3¥ and it is also hypothesized that PM air pollution
may have similar but smaller effects.?4” There is evidence,
even in nonsmokers, that long-term exposure to PM air
pollution resuits in pulmonary retention of fine particles
and small airway remodeling and contributes to
COPD.348,349

Epidemiologic evidence that supports this hypothesis
includes various studies that have observed that long-
term PM exposures are associated with deficits in lung
function?*0-354 and increased symptoms of obstructive
airway disease, such as chronic cough, bronchitis, and
chest illness.?5:355-359 Recently published results from the
Southern California Children’s Health Study indicate that
exposure to PM, ; and other combustion-related air pol-
lutants were significantly associated with deficits in the
rate of lung function growth in children (see Figure
2().231.360

MacNee and Donaldson361.362 note that air pellution
has long been recognized as a trigger for exacerbations of
COPD and argue that inhaled combustion-related PM pol-
lution increases oxidative stress and aggravates back-
ground inflammation in COPD, leading to acute exacer-
bations. There have also been many short-term exposure
studies that have observed PM-related exacerbation of
respiratory symptoms and transient declines in lung func-
tion.39-32.363-369 Although there is evidence that supports
the accelerated progression and exacerbation of the
COPD hypothesis, it does not necessarily follow that air
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pollution would only be associated with respiratory mor-
bidity and mortality. van Eeden et al.34” noted that sys-
temic inflammation associated with COPD contributes to
cardiovascular risk. Varjous studies have also demon-
strated that COPD, indicated either by symptoms of
chronic bronchitis or deficits in FEV,, is a substantiai risk
factor for cardiovascular morbidity and mortality inde-
pendent of age, gender, and smoking history.370.371 For
example, it is estimated that having chronic bronchitis
symptoms increases the risk of coronary deaths by 50%
and, for every 10% decrease in FEV,, the risk of cardio-
vascular mortality increases by 28%.37C Large deficits in
FEV, are estimated to have a remarkably large impact on
the risk of cardiovascular death. For example, one esti-
mate indicates that individuals with FEV, in the lowest
quintile compared with those in the highest quintile had
approximately a 5-fold increase in death fiom ischemic
heart disease.370

Pulmonary/Systemic Oxidative
Stress/Inflammation/Accelerated
Atherosclerosis
Another hypothesized general pathophysiological path-
way Involves pulmonary and systemic oxidative stress,
inflammation, atherosclerosis, and related cardiovascular
disease. Over the last few decades, research has linked
inflammation along with blood lipid levels to initiation
and progression of atherosclerosis.3”? This hypothesis
proposes that low-to-moderate-grade inflammation in-
duced by long-term chronic PM exposure may initiate
and accelerate atherosclerosis. Short-term elevated PM ex-
posures and related inflammation may also contribute to
acute thrombotic complications of atherosclerosis in-
creasing the risk of making atherosclerotic plagues more
vulnerable to rupture, clotting, and precipitating acote
cardiovascular or cerebrovascular events (MI or jschemic
stroke). This hypothesis is not independent of the previ-
ous COPD hypothesis, because, as noted above, systemic
inflammation asseciated with COPD may contribute to
cardiovascular risk.347 Seaton et al.373 (including MacNee
and Donaldson, 341362 who outlined the evidence that
inhaled combustion-related particulate pollution exacer-
bates COPD discussed above) were among the first to
suggest this hypothesis. They suggested that particles may
“provoke alveolar inflammation, with release of media-
tors capable, in susceptible individuals, of causing exac-
erbations of lung disease and of increasing blood coagu-
lability, thus also explaining the observed increases in
cardiovascular deaths associated with urban pollution ep-

isodes.”373

There is growing evidence supporting this general
pathophysiological pathway. The extended analysis of
the ACS cohort that focused on cardiopulmonary mortal-
ity1# found that long-term PM exposures were robustly
assoclated with ischemic heart disease and suggested that
the empirical pattern of PM mortality associations were
consistent with the inflammation/accelerated atheroscle-
rosis hypothesis (see Figure 3). Relatively strong associa-
tions between long-term PM and ischemic heart disease
mortality were also observed in the metropolitan Los An-
geles subcohort (see Figure 3).181 Further evidence is pro-
vided by observations that long-term exposures to PM
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pollution are also associated with blood markers of car-
diovascular risk (fibrinogen levels and counts of platelets
and white blood cells),25? subclinical chronic inflamma-
tory lung injury,?®2 and subclinical atherosclerosis
(CIMT).%3 Additionally, findings that short-term eleva-
tions in PM exposure are associated with increased mark-
ers of pulmonary and systemic inflammation (Table 7},
arterial vasoconstriction and increased blood pressure
(Table 4), increased M and ischemic stroke events, and
ST-segment depression (Tables 4 and 5 and discussion
above) arc consistent with the proposition that PM expo-
sure contributes to inflammation and subsequent acute
thrombotic complications of atherosclerotic-related dis-
ease.

Although the focus of this review is on human stud-
ies, there have been many relevant toxicology studies
using animals that have observed pro-oxidant- and proin-
flammatory-related effects of ambient PM pollution. 37+
For example, Nemrnar et al.375-378 have demonstrated in
hamsters that intratracheal instillation of diesel exhaust
particles or silica particles leads to pulmonary inflamma-
tion, rapid activation of circulating blood platelets, and
peripheral thrombosis. Wellenius et al.7® reported that
PM exposures exacerbated myocardial ischemia in dogs.
Recent research that involved exposing ApoE-deficient
{hyperlipidernic) mice to environmentally relevant con-
centrations of PM, ¢ particles (mean concentration: 85—
110 pg/m?) observed evidence of PM-potentiated vascular
inflammation and atherosclerosis.380.381

van Eeden, Hogg, et al.314.382-389 cgnducted an espe-
cially ambitigus series of research studies using human
subjects and in vitre and in vive toxicology studies that
explored this general pathophysiclogical pathway. PM
exposure contribules to pulmenary inflammation, sys-
temic inflammatory responses including the release of
inflammatory mediators, bone marrow stimulation and
the release of leukocytes and platelets, and ultimately the
progression of and destabilization of atherosclerotic
plaques.382 PM exposure to humans during forest fire
episodes resulted in stimulated bone narrow and the
release of neutrophils, band cells, and monocytes into the
circulation 314 It was demonstrated that PM exposure can
stirnulate alveolar macrophages to produce proinflamma-
tory cytokines and that these cytokines are elevated in the
circulating blood of PM exposed humans.383 They re-
ported evidence that PM exposure increased circulating
band cell counts, accelerated neutrophil bone marrow
transit time, and expanded the Jeukocyte poal size,384-388
In rabbits naturally prone to develop atherasclerosts, PM
exposure caused accelerated progression of atheroscle-
rotic plaques with greater vulnerability to plaque rup-
ture, 389

With regard to biclogical plausibility, it has also been
shown that low-level PM exposure from secondhand
smoke increases platelet activation®@0.391 and promotes an
inflammunatory response and atherosclerosis, even at expo-
sure to secondhand smoke as low as one cigarette per
day.?%? These findings suggest that urban ambient PM and
PM from cigarette smoke may invoke similar pathophys-
iological mmechanisms related to pulmonary and systemic
inflammation and atherosclerosis.
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Altered Cardiac Autonomic Function

A third hypothesized pathway involves PM-induced ad-
verse changes in cardiac autonomic function as indicated
by various measures of HRV. The physiologic importance
of changes in HRV is not fully understood, but there is
growing recognition of the role of autonomic dysfunction
in cardiovascular mortality, and HRV measures provide
quantitative, well-defined indicators of cardiac auto-
nomic function.3?$ Various studies have observed that
decreases in HRV are strong predictors of mortality,394-396
Furthermore, as presented in Table 6, numerous studies
have explored PM associations with HRV. PM exposure
has generally been found to be associated with declines in
most of the measures of HRV, suggesting adverse effects
on cardiac autonomic function. Observed PM-related
changes in cardiac repolarization, cardiac arrhythmia,
and cardiac arrest {Table 4} are also suggestive. Several
animal studies have also observed PM exposure-related
changes in cardiac rhythm or function.326.357-399

There is evidence that PM-related changes in cardiac
autonomic function are not independent of pathways
that involve pulmonary and systemic oxidative stress.
Schwartz et al.?°® provide evidence that the PM, g associ-
ations with HRV (the high-frequency component} are at
least partially mediated by reactive oxygen species. They
observed negative PM, s-HRV associations in individuals
without the allele for glutathione S-transferase M1
(GSTM1), encoding an enzyme that scavenges oxygen-
free radicals, but no such association for individuals with
the allele. The effects of PM, 5 on HRV were mitigated by
the use of statin drugs, which have antioxidant and anti-
inflammatory properties.3% [n a study of elderly nursing
home residents in Mexico City, Mexico, Romieu et al,309
demonstrated that dietary supplementation of omega-3
polyunsaturated fatty acid significantly reduced the
PM, s-related decline in HRV.

Vasculature Alterations
There is evidence that PM-induced pulmonary inflamma-
tion can play a role in activating the vascular endothe-
lium and that alterations in vascular tone and endothelial
function are important PM-related mechanisms. PM and
Q; exposure induced arterial vasoconstriction in healthy
adults as measured by brachial artery diamneter,28¢ and
various measures of PM were associated with impaired
vascular reactivity and endothelial function in diabetic
subjects.28¢ PM exposure has also been associated with
increased blood pressure in cardiac rehabilitation pa-
tients28! and in adults with lung disease,2?? increased
vasoconstriction in the pulmonary vessels of rats, 4% in-
creased circulating levels of the vasoactive peptide endo-
thelin in rats, 491 and elevated levels of endothelin in
animals for 2 hr to up to 2 days after urban PM pollu-
tion.402 Brook et al.250 argue that arterial vasoconstriction
is a likely explanation for the PM and exercise induced
ischemia (as measured by ST-Segment depression in Pe-
kkanen et al.275) and enhanced cardiac ischemnia in dogs
exposed to concentrated PM air pollution.379 van Eeden et
al.347 note that the time course of elevated endothelin
observed in animals#2 is consistent with the time course
observed in recent studies of PM exposure and MI
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events.2$%.260 Because they are so closely linked to pulmo-
nary and systemic inflammation, mechanisms related to
vasculature alterations cannot be considered independent
of previously discussed COPD and inflarnmation/athero-
sclerosis-related pathways.

Translocation of Particles

Another possible mechanism of the cardiovascular eifects
of inhaled particles includes systemic translocation and
prothrombotic effects. Extrapulmonary translocation has
been observed primarily for ultrafine particles. PM in the
blood may increase vascular inflammation, clotting, and
the risk of MIL.49% Oberdorster et al.#944%S have observed
extrapulmonary translocation of ultrafine particles in
rats. Nemmar et al.496.407 demonstrated that ultrafine par-
ticles ranslocate from the lungs into the systemic circu-
lation in hamsters#%é and in humans+4°7 and that exposure
to diesel exhaust particles, in a hamster model of periph-
eral vascular thrombosis, induced inflammation, includ-
ing increased neutrophils in bronchoalveolar lavage
and evidence of enhanced platelet activation in the
blood. 403408402 Extrapulmonary transliocation of inhaled
metals to the brain via olfactory pathways have also been
reported.+10

Modulated Host Defenses and Immunity
There is substantial toxicological evidence that breathing
particulate air pollution can result in modulated host
defenses and immunity.41! Early studies that observed
pollution associations with pediatric respiratory hospital-
izations and bronchitis and pneumonia-related symp-
toms?8.52 were suggestive that modulated host defenses
and immunity may be part of the biological mechanisms
linking PM and cardiopulmonary disease. The increase in
pneumonia and influenza deaths, but not COPD deaths,
associated with long-term PM exposure!®® is also sugges-
tive. Recent animal studies suggest that PM or its constit-
uents play a role in affecting host defenses and increase
susceptibility to pulmonary infections.4!1-413

Hypoxemia

Another mechanistic pathway involves PM-induced lung
damage (potentially including oxidative lung damage and
inflammation), declines in lung function, respiratory dis-
tress, and hypoxemia. In the case report discussed
above,332 exposure to high levels of aerosolized oil fly ash
particles eventually led to the experiencing of hypoxic
respiratory failure. However, in epidemiologic panel stud-
ies that evaluated ambient PM-related changes in blood
oxygen saturation, the results are mixed. In the first study
that explored this hypothesis, no PM-related hypoxemia
was observed.265 Small changes in blood oxygen satura-
tion were observed in two later studies.266.267

Snmmary and Discassion
Demonstrating conclusively that the associations be-
tween PM and various adverse health effects are “real” or
“causal” has proven to be difficult and somewhat elusive.
Recent research, however, has increased confidence that
the PM-cardiopulmonary health effects observed in the
epidemiology are “biologically plausible.” Clear biological
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Figure 4. Potential general pathophysiclogical pathways linking PM exposure with cardiopulmonary morbidity and mortality.

effects of PM exposure have been ohserved, and various
pathophysiolegical or mechanistic pathways have been
explored. None of these pathways are defnitively dem-
onstrated to be the palthway that clearly and directly
links exposure of ambient PM pellution to cardiopul-
monary morbidity and mortality. In fact, it is unlikely
that any single pathway is responsible. There are almost
certainly multiple mechanistic pathways with complex
interactions and interdependencies. Figure 4 provides a
schema of some of the hypothetical mechanistic path-
ways linking PM with cardiopulmonaty disease. Similar
slylized attempts to illustrate these mechanistic path-
ways and their interactions have been presented else-
where.138,244.250 Although much remains to be learned,
it is no longer true that there are no known pathophys-
iological or mechanistic pathways that could plausibly
link PM exposure with cardiopulmonary disease and
death.

GAPS IN KNOWLEDGE AND REASONS FOR
SKEPTICISM

There has been an enormous amount of research dealing
with the health effects of PM reported since 1997. Al-
though much has been learned, much remains to be
learned, and there are important gaps in our knowledge.
Also, there are legitimate reasons for at least some skepti-
cism regarding our interpretation of these overall results
and our possibly naive application of these findings for
public health and environmental public policy.

Who's Most at Risk or Susceptible?
One of the most important gaps in our current knowledge
regarding PM-related health effects is an understanding of
who is most at risk or most susceptible. As has been
discussed elsewhere,”® who is susceptible is dependent on
the specific health end point being evaluated and the
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level and length of exposure, For example, with respect to
acute or short-term exposures to only moderately elevated
PM comncentrations, it seems evident that persons with
chronic cardigpulmonary disease, influenza, and asthma,
especially those who are elderly or very young, are most
likely to be susceptible. As noted earlier, the increased risk
of mortality because of acutely elevated PM exposure is
very small, and on any given day there may only be a very
small fraction of the population at serious risk of dying or
being hospitalized because of this exposure. However, the
number of thase susceptible to less serious health effects
may be larger, and, for most people, those effects are
likely to be small, transient, and largely unnoticed. As
noted above, long-term repeated PM exposure has been
associated with increased risk ot mortality in broad-based
cohorts of adults and children. Although there may be
broad susceptibility to long-term repeated exposure, the
cumulative effects are most likely to be observed in older
age groups with longer exposures and higher baseline
risks of mortalily.

Various characteristics have been shown to influ-
ence susceptibility including: pre-existing respiratory or
cardiovascular disease;+14415 diabetes;+1%4l” medication
use;308,418 age.419-421 gengder, race, socioeconomic status,
and healthcare availability;+22-426 educational attain-
ment;177.172 and housing characteristics.+2? Genetic differ-
ences also play an important role regarding susceptibility.
For example, Kelly’st2¢ assertion that an individual’s sen-
sitivity to PM may depend in part to their pulmonary
antioxidant defenses is partially supported by the obser-
vation of negative PM, s-HRV associations in individuals
without the allele for GSTM], encoding an enzyme that
scavenges oxygen-free radicals, but no such associations
for individuals with the allele.398 PM-potentiated atheroscle-
rosis observed in both ApoE-deficient mice3®® and heritable
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hyperlipidemic rabbits38? was also clearly influenced by the
genetic propensity of these animals to develop the disease.

Infant/Birth Outcomes

There is ample evidence that PM exposure impacts the
health of children. PM exposure in children has been
associated with deficits in lung function,3¢.31,353,363-360
lung function growth,231.360 increased respiratory illness
and symptoms,25.358.3%9 increased school absences,?? and
hospitalizations for respiratory disease.282% There is also
substantial and growing evidence that air pollution is a
risk factor for increased mortality in infants and young
children. Relatively large increases in infant mortality
were observed during the London smog episode of
1952.%7 Contemporary studies have observed PM-infant
mortality assoclations.41.185.186,429-437 There have also
been several recent reviews of these studies that generally
conclude that PM exposure is most strongly and consis-
tently associated with postneonatal respiratory mortality
with less compelling evidence of a link between PM and
SIDS_438—444

The effects of air pollution on various other birth
outcomes are substantially less well established and un-
derstood. Nevertheless, there are a growing number of
contemporary studies that have evaluated potential links
between air pollution and birth weight,445-4356 premature
birth,44%.456-458 fetal growth,459-461 intrauterine mortali-
ty,+52 birth defects, 45} and lymphocyte immunopheno-
types in cord and maternal blood at delivery.46¢ Recent
reviews of the literature dealing with air pollution and
these various birth outcomes#¢l.442.444 generally suggest
that there may be effects of ambient PM air pollution on
these outcomes but that these effects are not well under-
stood. Although the evidence is reasonably compeilling
that PM exposure increases the risk of infant mortality,
especially postneonatal respiratory mortality, there re-
main serious gaps in our knowledge regarding the poten-
tial effects of ambient PM on fetal growth, premature
birth, and related birth outcomes.

Iung Cancer

Substantial uncertainty remains regarding the effect of
ambient PM pollution on the risk of lung cancer. Reviews
of the literature suggest that combustion-related ambient
PM air pollution may result in small increases in lung
cancer risk, 445466 but there remain substantial gaps in our
knowledge.45? There are several factors that make it rela-
tively difficult to evaluate the effects of air pollution on
lung cancer. Cigarette smoking is by far the largest risk
factor. Any study that attempts to evaluate the effects of
air pollution on lung cancer must aggressively control for
exposure to tobacco smoke (both from active smoking
and environmental exposure), and, even then, concerns
about residual confounding by tobacco smoke remain.
Furthermore, because of the latency period required to
develop lung cancer, daily time series, case-crossover, and
related studies of short-term exposure are not appropriate
methodological tools to study the effects of PM pollution
on lung cancer.

Population-based cross-sectional studies have ob-
served ecological associations between PM pollution and
lung cancer.34468 Several case-control studies have also
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observed sirnilar PM-lung caricer associations.169-472 Early
prospective cohort studies that attempted to evaluate
long-term PM exposure observed relatively weak PM-lung
cancer associations.26.27.187 In the extended follow-up of
the much larger ACS cohort, similar but statistically sig-
nificant PM-lung cancer associations were observed.17®
The recent extended follow-up analysis of the Harvard Six
Cities cohort gbserved comparably increased risk of lung
cancer mortality associated with PM,; ;, which was not
statistically significant.’®* Currently, the available evi-
dence suggests a small (certainly compared with active
cigarette sinoking) increased lung cancer risk because of
air pollution. The evidence of a PM-lung cancer associa-
tion is not nearly as compelling as is the association for
nonmalignant cardiopulmonary disease, and further
study is needed.

Relative Toxicity and Role of Sources and
Copollutants

One of the biggest gaps in our knowledge relates to what
specific air pollutants, combination of pollutants, sources
of pollutants, and characteristics of pollutants are most
responsible for the observed health effects. Although the
literature provides little evidence that a single major or
trace component of PM is responsible for the observed
health effects 47> various general characteristics may af-
fect the relative toxicity of PM pollution. For example,
with regard to particle size, the epidemiological, physio-
logical, and toxicological evidence suggests that fine par-
ticles (indicated by PM, ;) play a substantial role in affect-
ing human health. These fine particles can be breathed
deeply into the lungs, penetrate into indoor environ-
ments, remain suspended in the air for long periods of
time, and are transported over long distances, resulting in
relatively ubiquitous exposures. Furthermore, fine parti-
cles are largely generated, directly or indirectly, by com-
bustion processes and are relatively complex mixtures
that include sulfates, nitrates, acids, mnetals, and carbon
particles with various chemicals adsorbed anto their sur-
faces. Fairly consistent associations between PM, ; and
various cardiopulmonary health end points have been
observed, yet the roles of coarse particles and ultrafine
particles are yet to be fully resolved,474-477 as are the roles
of atmospheric secondary inorganic PM.192 Other charac-
teristics of PM pollution that likely relate to relative tox-
icity include solubility,47847% metal content,343.480-185
and surface area and reactivity.106486 These characteristics
need further study.

Highly related to understanding the role of various
characteristics and constituents of PM is understanding
the relative importance of various sources and related
copollutants. For example, PM exposure to pollution from
the burning of coal typically includes substantial second-
ary sulfates and coexposure to 5O,. PM exposure to pol-
lution from traffic sources often includes substantial sec-
ondary nitrates and coexposure to nitrogen dioxide and
CO. Of course in most real-world environments, ambient
PM pollution comes from many sources, including local
and regional sources. Although the literature provides
little evidence that a single source or well-defined combi-
nation of sources are responsible for the health effects, the
relative importance of PM from various sources and the
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additive or synergistic eifects of related copollulants re-
mains a matter of debate+37488 and will require substan-
tial additional research.

Continued Skepticism

Beyond simply recognizing gaps in knowledge, there re-
rains a need for a healthy skepticisin regarding what we
may think we know about the health effects of PM expo-
sure. Although there has becn a growing consensus that
PM exposure can contribute to cardiopulmonary morbid-
ity and mortality, there continues to be coucerns that the
evidence is inadequate to establish costly health-based air
quality standards for PM, ;. Some of this skepticism seerms
to be motivated at least in part by pro forma opposition to
recent public policy efforts to regulate PM, ;.489-491 Nev-
ertheless, there are important scientific issues that are not
fully resolved. For example, Moolgavkar+92493 argues that
potential confounding, measurement error, model build-
ing and selection, and related issues remain concems,
especially when the estimated risks are small. Lumley and
Sheppardi94 point out what conternporary air pollution
epidemiologists know well: “estimation of very weak as-
sociations in the presence of measurement error and
strong confounding is inherently challenging.”474

As discussed abave, it is the judgment of the authors
that recent research has provided increased evidence that
the PM-cardicpulmonary health effects observed in epi-
demiologic studies are hiclogically plausible. However,
some reviewers of the literature remain troubled by the
issue of biological plausibility and argue that there is
inadequate consistency across the toxicological and epi-
demiologic evidence.#°%-%% Toxicology is playing a cru-
cial role in understanding the health effects of PM, 500 but
there are substantial challenges, especially when it comes
to dealing with exposures to complex mixtures.104501,502

Another reason for skepticism is at least implied by
Phalen® in his book dealing with the particulate air poi-
lution controversy. Scientific efforts to understand the
health effects of air pollution have taken place within the
context of contentious and controversial debate about
public health policy, environmental regulations, the rel-
ative costs of pollution versus its abatement, and who
pays these costs. Such conditions present both challenges
and opportunities to researchers, but these conditions are
not always most conducive to deliberate, objective, scien-
tific inquiry. The extent to which politics, pressure
groups, special interests, and funding opportunities and
sources influence the science and how it is interpreted is
unknown, but these influences may contribute to our
skepticism,

CONCLUSIONS

Since 1997, there has been a substantial amount of re-
search that added to the evidence that breathing combus-
tion-related fine particulate air pollution is harmful to
human health. Various lines of research have helped con-
nect some of the important gaps in our knowledge. Dif-
ferent research tearns using various analytic methods, in-
cluding alternative time series approaches and case-
crossover designs, continue to observe rteasonably
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consistent associations between cardiopulmonary mortal-
ity and daily changes in PM. The associations are ob-
served, not only in many single-city studies, but also in
various large multicity studies with less opportunity for
city selection or publication bias. The evidence of long-
term chronic health effects has been strengthened by
various reanalyses and extended analyses of the Harvard
Six Cities and ACS cohorts and by results from several
other independent studies of long-term PM exposure.

The PM-mortality effect estimates from the studies of
long-term exposure are substantially larger than those
from the daily time series or case-crossover studies that
evaluated daily changes in exposure. Time series studies
with longer time scales or extended distributed lags gen-
erally observed larger PM-mortality effects, suggesting
that the daily time series studies that use only short-term
day-to-day variability are observing more than just a phe-
nomencen of short-term harvesting or mortality displace-
ment, Studies of intermediate time scales of exposure
typically observed PM-mortality associations that are
larger than those observed in the time senies studies but
smaller than those observed in the long-term prospective
cohort studies. Overall, the results suggest that PM health
effects are dependent on both exposure concentrations
and length of exposure and that the short-term studies
only capture a small amount of the overall health effects
of PM exposure. Long-term repezted exposures have
larger, more persistent cumulative effects than short-term
transient exposures.

Several methodological enhancements have been de-
veloped to further explore the shape of the PM health
eftects concentration-response functions. Daily time se-
ries data from multiple cities have been pooled to en-
hance statistical power and generalizability. Combined,
or “meta-smoothed,” concentration-response functions
were estimated using flexible smoothing strategies. Esti-
mated concentration-response functions are near linear,
with no evidence of safe threshold levels. The PM con-
centration-response function for Jong-term exposure has
also been explored. Again, across the range of PM concen-
trations observed, the concentration-response relation-
ships were generally near linear.

There has been substantial growth in studies dealing
with PM exposure and cardiovascular disease. Long-term
PM exposure has been associated with increased cardio-
vascular mortality, various blood markers of cardiovascu-
lar 1isk, histopathological markers of subclinical chronic
inflammatory lung injury, and subclinical atherosclerosis.
Short-term exposures have been associated with cardio-
vascular mortality and hospital admissions, stroke mor-
tality and hospital admissions, MIs, evidence of pulmo-
nary and systemic inflammaticn and oxidative stress,
altered cardiac autonomic function, arterial vasoconstric-
tion, and more. There has also been substantial research
exploring potential biological mmechanisms or pathophys-
iological pathways that link PM exposure and cardiopul-
monary disease and death.

Biological effects of PM have been observed, and var-
jous general mechanistic pathways are proposed, includ-
ing: (1) long-term exposure results in more rapid progres-
sion of COPD, and acute exposure exacerbates existing
pulmonary disease; (2) pulmonary and systemic oxidative
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stress, inflammation, atherosclerosis, and related cardio-
vascular disease; (3) adverse changes in cardiac autonormic
function; (4) vasculature alterations, including vascular
tone and endothelial function; (5) systemic translocation
of PM and prothrembotic effects; (6) moduiated host de-
fenses and immunity; and (7) PM-induced lung damage,
declines in lung function, respiratory distress, and hypox-
emia. None of these pathways have been adequately or
fully explored. Furthermore, as illustrated in Figure 4,
there are almost certainly multiple mechanistic pathways
with complex interactions and interdependencies. In-
complete but intriguing evidence now provides several
hypothetical and interdependent mechanistic pathways
that could plausibly link PM exposure with cardiopulmo-
nary morbidity and mortality.

The various lines of research explored in this review
have certainly helped connect some of the gaps in our
knowledge regarding PM pollution and health. Other
gaps remain unresolved, including: (1} an understanding
of who is most at risk or most susceptible; (2} the impacts
of PM exposure on infant mortality and various birth
outcomes, including fetal growth, premature birth, intra-
uterine mortality, and birth defects; (3) effect of ambient
PM on the risk of lung cancer; and (4) the role of various
characteristics and constituents of PM, and what is the
relative importance of various sources and related copol-
lutants. Additional research is needed to resolve these and
related issues. Although there is growing evidence that
the epidemioiogically observed links between PM and
cardiopulmonary disease and death may be plausible,
there remains a need to further elucidate the biological
mechanisms. Despite some unresolved issues, there have
been several important lines of research that have been
pursued since 1997 that have substantially helped con-
nect the gaps and elucidate our understanding about hu-
man health effects of particulate air pollution. Unresolved
scientific issues dealing with the health effects of PM air
pollution need not serve as sources of division but as
opportunities for cooperation and increased collaboration
among epidemiology, toxicology, exposure assessment,
and related disciplines.

New national ambient air quality standards for PM
were proposed by EPAS6 at about the time a draft paper of
this critical review was being completed for peer evalua-
tion and comments. As noted earlier, the polarized re-
sponse to the proposed NAAQS demonstrated that lines of
division that troubled Vedal®® in 1997 continue, espe-
cially the problem of seiting standards in the absence of
clearly defined health effect thresholds. Some reviewers of
this critical review opined that “the big question is: how
valid is the EPA NAAQS proposal.” A comprehensive eval-
uation of the literature provides compelling evidence that
continued reductions in exposure to combustion-related
fine particulate air pollution as indicated by PM, 5 will
result in improvements in cardiopulmonary heaith. The
recommendations by the Clean Air Scientific Advisory
Comunittee?®® provide for responsible standards given cur-
rent knowledge. The more stringent WHO?? guidelines
for PM,o and PM, ; provide reasonable goals for most
urban environments. Although research on the health
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effects of PM has been motivated largely by environmen-
tal health policy, in this review, the progress of the sci-
ence has been of more interest than debates over legally
mandated standards. There has been substantial progress
in the evaluation of the health effects of PM at different
time scales of exposure and in the exploration of the
shape of the concentration-response function. The emerg-
ing evidence of PM-related cardiovascular health effects
and the growing knowledge regarding interconnected
general pathophysiological pathways that link PM expo-
sure with cardiopulmonary morbidity and mortality are
fascinating results. These results have important scien-
tific, medical, and public health implications that are
much broader than debates over air quality standards.
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