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In the 1980’s it was generally felt that particulate air pollution concentrations in the United States were not
a hazard to the public health. However, in the early 1990’s the application of econometric time-series
studies and prospective cohort studies suggested increased mortality associated with acute (daily) and
chronic (decades) exposures to particulate air pollution commonly observed in the developed world.
The epidemiologic evidence was not supported by evidence of causal associations from other disciplines.
Nevertheless, the EPA moved to tighten controls on fine particulate air pollution. The debate over the
science was played out in public hearings and the courts. The experience provides lessons on the use of
epidemiologic data in setting public policy.
Ann Epidemiol 2009;19:257–263. � 2009 Elsevier Inc. All rights reserved.
In 1979 the American Journal of Epidemiology devoted an
entire issue to a review of the health effects of particulate
air pollution. The authors, well-known British epidemiolo-
gists, concluded that there was no evidence for negative
health effects from particulate pollution at levels seen in
the United States (1). Yet, less than 30 years later, the Envi-
ronmental Protection Agency (EPA) reported ‘‘Inhalation
of fine particles is causally associated with premature death
at concentrations near those experienced by most Ameri-
cans on a daily basis.’’ (2) The U.S. Office of Management
and Budget reported that federal regulations to control
particulate air pollution were the most cost-effective regula-
tions imposed by the U.S. government (3). In just one
generation, a major threat to public health which some
denied even existed has been confirmed, addressed by public
policy, and significantly reduced, based on the foundations
provided by epidemiology.

WHAT IS PARTICULATE AIR POLLUTION?

In the simplest terms, particulate air pollution is anything
solid or liquid suspended in the air. It includes smoke, fumes,
soot, and other combustion by-products, but also natural
particles such as windblown dust, sea salt, pollen, and spores.
It includes primary particles coming directly out of exhaust
stacks and tailpipes, but also can include secondary particles,
such as sulfates and nitrates, which form from condensation
of vaporized materials or from the by-products of the oxida-
tion of gases in the atmosphere. So particulate air pollution
is a mixture of contaminants from a range of sources.

Particles are characterized by their aerodynamic proper-
ties, measured as aerodynamic diameter measured in
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micrometers. In early studies in the United States, particle
concentrations were measured as the mass of particles
collected on a filter, divided by the volume of sample drawn
through the filter that is total suspended particles (TSP). In
England, particle concentrations were measured by the visual
blackness of particles collected on a white filter, Black or
British Black (or British) Smoke (BS) Smoke (BS) expressed
as equivalent mass concentration of a standard coal smoke.

In the mid-19800s, studies of the deposition and clearance
of particles in the respiratory system, along with studies of
atmospheric physics and chemistry, suggested that smaller
particles might be a larger part of the health threat, and
that control strategies should focus on smaller particles.
Inhalable particles were defined as particulate matter less
than 10 mm aerodynamic diameter (PM10). In the 19900s
evidence began to develop suggesting that even smaller
particles, that is, those less than 2.5 mm (PM2.5), were able
to penetrate into the alveolar gas-exchange regions of the
lungs, and may be specifically related to health effects.
EARLY EPIDEMIOLOGY AND REGULATION

The goals of early air pollution legislation in the United States
were broad and general, but called for a science-based
approach to control. The 1970 Clean Air Act required iden-
tification of pollutants which ‘‘may reasonably be anticipated
to endanger public health and welfare’’. The Act required the
government to establish criteria which ‘‘accurately reflect the
latest scientific knowledge useful in indicating the kind and
extent of all identifiable effects on public health and welfare’’
(section 108, 42 USC 708). Based on epidemiologic analyses
of air pollution episodes and cross-sectional studies of
mortality and morbidity (4), the first ambient air quality stan-
dard for particulate matter defining maximum allowable
ambient concentrations of TSP was promulgated in 1971.

In the early 19700s, the EPA undertook a series of epide-
miologic studies, known as the Community Health and
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Environmental Surveillance System (CHESS), to assess the
health effects of all forms of air pollution. However,
concerns were raised about the design, analyses, and report-
ing of the CHESS studies (5, 6), discouraging the EPA from
conducting their own epidemiological research. The
National Institute of Environmental Health Sciences
(NIEHS) began to take a larger role. Following the 1973
Arab oil embargo, Dr. David Rall, the Director of the
NIEHS, invited proposals for a study of the health effects
of air pollution associated with the anticipated switch
from imported oil to domestically produced coal for electric
generation in the United States. In response, Drs. Benjamin
Ferris and Frank Speizer of the Harvard School of Public
Health, proposed a prospective cohort study of the respira-
tory health effects of respirable particles and sulfur oxides
on a sample of adults and children in six U.S. cities (Portage,
WI; Topeka, KS; Watertown, MA; Kingston, TN; St. Louis,
MO; and Steubenville, OH). The Harvard Six Cities Study
was reviewed, approved, and funded in 1974.

In 1979, the American Iron and Steel Institute commis-
sioned the previously mentioned review of the existing
epidemiologic literature on the health effects of particulate
air pollution (1). The authors concluded that they could not
‘‘find any reasonable evidence that would justify’’ the U.S.
air quality standard for total suspended particulates. In
a response in the following issue of the American Journal of
Epidemiology, Dr. Carl Shy challenged this review for consis-
tently discounting epidemiologic studies showing associa-
tions while being uncritical of negative studies (7). Dr.
James Ware and colleagues in a review commissioned by
the EPA found that while there were only a limited number
of epidemiologic studies, the evidence of increased mortality
and morbidity associated with TSP was consistent with the
EPA standards (8).
REVIEW OF THE EPA PARTICLE STANDARD

The Clean Air Act requires the EPA to periodically review
the ambient air quality standard based on the latest scientific
knowledge of health effects, but the epidemiology evidence
remained limited. Nevertheless, in 1987 the EPA replaced
the TSP standard with a standard for particles smaller
than 10 mm (PM10) (9). This standard was based on dosi-
metric studies that had shown that particles larger than
PM10 did not penetrate the body’s defenses in the nose,
mouth, and upper airways and were therefore unlikely to
have respiratory effects. A handful of epidemiologic studies
served as supporting evidence (10–12).

The American Iron and Steel Institute challenged the
1987 standard, questioning whether any study could be
used to support regulation unless the data underlying the
studies were available to all affected parties. The courts
upheld the use of these studies (13), but this challenge to
the scientific basis for the standard and the demand for
access to primary data foreshadowed subsequent attempts
to undermine the EPA air quality standards.
TIME SERIES STUDIES

In the 19800s, analyses of counts of daily mortality in London
had found inconsistent associations with concurrent particle
(Black Smoke) measurements (14). Drs. Joel Schwartz and
Allan Marcus of the EPA Reanalyzed the London daily
mortality data using a time series approach (15). These
new analyses showed increased daily deaths associated
with daily Black Smoke concentrations down to the lowest
observed concentrations. However, because of the unique-
ness of this approach, the different particle-measuring
methods between the United Kingdom and United States,
and other concerns with extrapolating the U.K. experience
to that of the U.S. experience, these results were discounted
in the EPA review of the particle standard.

Time series analyses in the United States were limited
because of the air pollution sampling methods. The gravi-
metric monitoring method for measuring airborne particle
mass concentrations was very labor intensive, so monitoring
only was required in a statistical sample of one day out of
every six. These spotty data precluded precise examination
of the daily effects of particles.

In 1991 Dr. Schwartz came to the Harvard School of
Public Health on assignment from EPA. Hoping to replicate
the London analyses in the United States, he sought sites
with long records of daily measurements of airborne partic-
ulate levels. TSP was measured daily in Steubenville to
provide timely indicators of episodes of high pollution.
Counts of daily mortality there showed significant, positive
associations with daily measures of TSP adjusting for season,
trends, weather, and other air pollutants (16). In a follow-up
analysis of daily TSP levels in Philadelphia, daily mortality
also was found to be associated with particles, with specific
associations with respiratory and cardiovascular deaths
(17). These time series studies of daily mortality and partic-
ulate air pollution demonstrated small but consistent epide-
miologic associations between mortality and particle
pollution at concentrations below the standards the EPA
set to protect public health.

In the late 1980’s, Dr. Arden Pope of Brigham Young
University was investigating the effects of airborne emis-
sions from a steel mill in Utah Valley. PM10 was measured
daily because of frequent violations of the air quality stan-
dards. A strike had closed the mill for 13 months in 1986
and 1987, during which period Pope found both lower
PM10 and lower respiratory hospital admissions in children
(18). Analyses of daily mortality counts in Utah Valley
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found associations with PM10 similar to those found in Steu-
benville and Philadelphia (19) and showed a reduction in
mortality during the steel mill strike.

Around this time, Dr. David Bates hypothesized that if air
pollution was indeed associated with increased mortality,
then it must also be associated with morbidities, such as
hospital admissions, emergency department visits, general
practitioner visits, and others (20). It stood to reason that
other health effects might be caused by exposure to particle
pollution, such as asthma or bronchitic attacks, more respi-
ratory symptoms, more asthma medication, lower lung func-
tion. An examination of the air pollution epidemiologic
literature showed just such a coherent and consistent
pattern of related health effects in a range of epidemiologic
studies internationally (21).

However, even as these new associations were being
discovered, questions were raised about the association
between particulate pollution and public health. The epide-
miologic data were not supported by experimental toxico-
logical or clinical data. And although time series methods
were well developed in the econometric literature, the
application of time series methods to epidemiologic data
was new. The Colloquium on Particulate Air Pollution
was held in Irvine, California in January 1994 (22), which
brought together a diverse set of approximately 200
researchers and regulators interested in the issues raised by
the emerging particulate air pollution epidemiology.

At that meeting several industry-supported investigators
presented analyses which directly challenged the results of
the Steubenville and Philadelphia time series analyses
(23–25). They asserted that they could not reproduce the
data and that the reported associations might be artifacts
of the particular statistical methods used, or might be due
to incomplete statistical adjustment for the effects of
weather factors or other air pollutants.

Conflicting claims regarding analyses of these publicly
available data sets led to confusion and public squabbling.
In 1994 the Health Effects Institute, an independent
research agency funded equally by the EPA and the auto-
mobile industry to serve as a neutral reviewer of science
having to do with motor vehicle emissions, stepped in to
provide an objective evaluation of the daily time series
studies. A team of scientists from Johns Hopkins School
of Hygiene and Public Health, led by Drs. Jonathan Samet
and Scott Zeger, was chosen to validate the Philadelphia,
Utah, and other time series studies. The Hopkins team re-
constructed the data set for Philadelphia from original sour-
ces and confirmed the original results (26). They also
established the methodological validity of this approach
(27, 28).

This proved an important turning point. As time series
methods became better understood in the epidemiologic
community, investigators began to replicate these results
with publicly available daily air pollution, weather, and
death data in other cities around the world. Within 10 years
more than a hundred time series studies had been published
in the peer-reviewed literature. In fact, the editor of Epide-
miology encouraged the authors of such air pollution papers
to submit them to other journals (29).

While replication of PM-mortality time series in
different cities built the body of evidence about the connec-
tion between particulate pollution and morbidity and
mortality, singly each paper did not lead to new insights.
However, this body of evidence allowed the analysis of
differences between cities. Meta-analyses suggested
a specific association with fine particle PM2.5 (30). Coordi-
nated studies of multiple cities were organized. The
APHEA (Air Pollution and Health: a European Approach)
study was organized by Dr. Klea Katsouyannis across 10
cities in Europe (31). In the United States, the Johns Hop-
kins investigators led a pooled time series analysis across all
the metropolitan areas in the United States, the National
Morbidity and Mortality Air Pollution Study (NMMAPS)
(32, 33). These multi-city studies have not only provided
pooled measures of association across these cities, but
they have used the diversity of exposures and covariates
to understand sources and effect modification and have
strengthened the analytic underpinnings of the time series
approaches.
STUDIES OF EFFECTS OF LONG-TERM PARTICLE
EXPOSURES

While the epidemiologic evidence was strong for a causal
link between episodically elevated particulate air pollution
and daily mortality, the question remained whether these
associations represented substantial life-shortening and
whether repeated or chronic exposures to elevated PM
were associated with additional risks.

The prospective follow-up of the sample of adults in the
Harvard Six Cities study provided an opportunity to
examine survival associated with city-specific mean air
pollution concentrations adjusting for individual risk
factors. While the sample was relatively small (8,411 indi-
viduals) and the follow-up period was relatively short (11
to 14 years), there were surprisingly strong and highly statis-
tically significant associations between reduced survival and
community average fine particle (PM2.5) concentrations.
After adjustment for individual risk factors, life expectancy
was estimated to be reduced by approximately 2 years in the
dirtiest city compared to the cleanest, although a linear rela-
tionship was seen across all six cities. To put this in context,
eradicating all cancer in the United States had been esti-
mated to increase average life expectancy by 2 years (34).
If true, community air pollution in the United States, in
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cities which met the current EPA ambient air quality stan-
dard to protect the public health, had substantial effects on
life expectancy.

With such dramatic findings, the investigators believed
they had to replicate these results before submitting them
for publication. But how to replicate a prospective cohort
study that had been under way for more than 15 years. In
1982, the American Cancer Society (ACS) had enrolled
a cohort of approximately 1.2 million men and women
across the United States in the Cancer Prevention Study
II (CPS-II) (35) to study the impact of environmental and
lifestyle factors on cancer etiology in a large group of Amer-
ican men and women. We proposed to match CPS-II partic-
ipants with EPA-monitored PM2.5 data based on their
address (ZIP code). This would allow a specific test of the
hypothesis developed in the Six Cities study analyses that
life expectancy was causally related to community mean
fine particle air pollution concentrations.

The American Cancer Society investigators agreed, and
Dr. Arden Pope, who was at Harvard on sabbatical, merged
previously compiled data from a special EPA monitoring
program of PM2.5 in a sample of U.S. cities (36) with the
CPS-II mortality follow-up data. The analyses of these
combined data sets confirmed the results of the Six Cities
analyses in a sample of more than 500,000 US adults.
With this replication in an independent cohort, the Six
Cities (37) and the American Cancer Society (38) results
were each submitted and published in high-visibility
medical journals.
EPA FORCED TO ACT

The Clean Air Act requires that the standards be reviewed
every 5 years to reflect the latest scientific knowledge. The
EPA last had reviewed the particle standard in 1987. Based
on the epidemiologic evidence from the time-series and
prospective cohort studies that appeared in the early
19900s, the American Lung Association sued EPA in
federal court in 1994 to force the agency to review the
PM10 standard (39). The court ordered the EPA Adminis-
trator to review the particle air quality standard by January
1997.

The EPA review drew particular attention to the epide-
miologic evidence. Though the EPA cited more than
a hundred epidemiologic studies in their review, the debate
focused on the two prospective cohort studies showing
increased mortality effects (40). Critics argued that there
was a lack of supporting evidence from other disciplines,
specifically clinical and animal/cellular studies, which led
to calls for a delay while additional research was undertaken
(41, 42). It was suggested that the epidemiologic findings
could be explained by alternative individual or community
confounders not considered in the original analyses, or that
the results were sensitive to specific analytic methods (43).
There were concerns that the key studies had been produced
by a small group of investigators. The validity of the under-
lying data was questioned. There were calls from political
leaders, industry representatives, interested scientists, and
others to make the data available for further scrutiny and
analyses, the issue of openness that had been raised years
before.

The investigators who collected the original data argued
that there were constraints on the dissemination of
confidential information, as well as concerns about the
intellectual property rights. Release of original data would
violate the assurances of confidentiality that had been given
to participants and to state and national agencies who
provided the individual data.

Given the specific interest in the Harvard Six Cities and
American Cancer Society studies, the investigators of these
two cohort studies approached the Health Effects Institute
(HEI) to serve once again as an objective arbiter. HEI
undertook an open search for individual investigators to
conduct 1) a quality assurance audit of the data, 2) a repli-
cation and validation of the originally reported results, and
3) sensitivity analyses to evaluate the robustness of the
original findings to alternative analytic methods and inclu-
sion of additional potential confounders, all with appro-
priate controls for confidentiality and multiple layers of
oversight.

In 2000, the HEI team of 32 investigators, led by Dr.
Daniel Krewski of the University of Ottawa, published
a 297-page report (44), which found that the data were
‘‘generally of high quality’’ and that the results originally
reported could be reproduced and validated (45–47). The
reanalysis demonstrated the robustness of the PM-mortality
risk estimates to many alternative 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.

While the HEI reanalysis may be considered a model for
how controversial science can be addressed, the results of
this independent evaluation did not satisfy many in
industry. Senator Richard Shelby of Alabama inserted
language into the federal budget which called for changes
in the rules for federal funding of research conducted at
‘‘institutions of higher education, hospitals, and other
non-profit organizations,’’ such that any research funded
by federal grants would be subject to the Freedom of Infor-
mation Act if that research was cited in federal rule-making.
This legislation, commonly known as the Shelby Amend-
ment, was inserted at the request of industries that had
been unable to obtain access to the data underlying the
particulate-matter studies.
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1997 DECISION AND SUBSEQUENT RESEARCH

In the meantime, the review of the particle standard
required by the court continued, and in 1997 the EPA
promulgated a new standard for PM2.5 (48). The decision
to regulate PM2.5 was still based largely on the epidemio-
logic evidence. As part of that decision, the EPA asked
the National Research Council to convene a panel to eval-
uate the research needs in other fields of science, such as
toxicology, to more fully understand particulate air pollu-
tion exposures and health effects. As a result approxi-
mately $450 million has been devoted to particulate air
pollution research over the last decade. This research effort
has led to major advances in understanding of the mecha-
nisms of particle effects, and understanding of the determi-
nants of PM2.5 exposures in the general population (49–
51).

Extended analyses of the American Cancer Society
cohort have provided insights into the specific effects of
particulate pollution on particular subpopulations
(52–55). Epidemiologic analyses of other cohorts have repli-
cated and expanded upon the results of the Harvard Six
Cities and American Cancer Society cohorts (56–60).
Continued follow-up of the Harvard Six Cities cohort has
shown that reductions in PM2.5 concentrations are associ-
ated with reduced mortality risk (61), suggesting that the
mortality effects of long-term air pollution may be at least
partially reversible. An examination of county-specific
life-expectancy in 50 metropolitan areas across the United
States showed that reductions in average PM2.5 concentra-
tions between 1980 and 2000 has led to measurable
increases in average life expectancy (62).

Nevertheless, the 1997 decision to regulate PM2.5

remains controversial (63, 64). In 2006, the EPA Adminis-
trator lowered the short-term PM2.5 ambient air quality
standard, but ignored the recommendation by the EPA’s
external Clean Air Science Advisory Committee to lower
the long-term standard (65).
LESSONS

Epidemiology played a key role in identifying a major threat
to public health and provided key information that led to
standards for particulate pollution that are having a substan-
tial beneficial effect on public well being. Vested interests
fought those standards by attacking the epidemiologic
evidence in general and specific key studies. Ultimately
those attacks failed, but they delayed regulations that would
have provided greater health protection for the public.
Many public health issues play out this way, so the lessons
offered here are important.

The epidemiology prevailed in this instance for several
reasons:
� The epidemiologic body of workdthe breadth and consis-
tency of the evidencedwas strong.
� The scientific work itself was carefully done, thorough,
replicable, and able to withstand scrutiny, detailed and
extensive review, and validation.
� The scientists doing the work participated in the public
policy debate as scientists supporting their findings.

As public health professionals, epidemiologists are in
a strong position to be advocates for public health policies,
but at the risk of compromising their perceived scientific ob-
jectivity. This case demonstrates that this objectivity gives
scientists and their evidence the influence to shape policy.

When issues being investigated scientifically become
matters of public controversy, the normal process of replica-
tion and validation of hypotheses will move from a scientific
setting into a political and media setting. Advocates for and
against a particular viewpoint will selectively use epidemio-
logic data to advance their positions. Many scientists rightly
worry that public and media discussion of their work will
involve inaccuracies, simplifications, misunderstandings,
overstatements, and assumptions about their work and
therefore do not participate in the political and media
controversies that arise over their work. This case speaks
to the importance of the scientific voice as part of the public
debate over important public health policy.

The role of HEI as a credible neutral arbiter of scientific
controversy was important (9), but reanalysis and validation
of existing findings can only do so much. True replication
requires not reanalyzing existing work but independent
investigators producing independent data. The HEI process
made important contributions in evaluating, advancing,
and applying new methods which led to significant addi-
tional analyses. However, the HEI work reanalyzing an
existing body of evidence was time consuming and expen-
sive. It would not be a good use of resources to require this
approach for all studies contributing to the regulatory
actions, or even to a few key studies.

Unfettered science is the best way to serve public health.
But to hope for such a clear road is optimistic. Vested inter-
estsdeconomic, political, consumerdwill frequently force
controversy about and intense scrutiny of key studies.
Nevertheless, the importance of solid epidemiology, and
of scientists willing to support their work in the public arena,
cannot be overstated. In this case, the work itself, and the
people doing that work, made a profound contribution to
public health.

Preparation of this paper was supported in part by NIEHS
Environmental Health Center Grant (ES-00002) and by the
Environmental Protection Agency (STAR grant
RD832416). It has not been subjected to EPA’s required
peer and policy review and therefore does not necessarily
reflect the views of the Agency, and no official endorsement
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should be inferred. David P. Ropeik provided editorial
assistance.
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