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BACKGROUND

Epidemiologic work conducted over several
decades has suggested that long-term residence in
cities with elevated ambient levels of air pollution
from combustion sources is associated with
increased mortality.  Subsequently, two prospec-
tive cohort studies, the Six Cities Study (as
reported in Dockery et al 1993) and the American
Cancer Society (ACS) Study (as reported in Pope et
al 1995) estimated that annual average all-cause
mortality increased in association with an increase
in fine particles (all particles less than 2.5 µm in
median aerodynamic diameter [PM2.5]).

As part of the Six Cities Study, Dockery and col-
leagues (1993) had prospectively followed a cohort
of 8,111 adult subjects in northeast and midwest
United States for 14 to 16 years beginning in the
mid-1970s. The authors found that higher ambient
levels of fine particles and sulfate (SO4

2–) were
associated with a 26% increase in mortality from
all causes when comparing the most polluted to the
least polluted city, and that an increase in fine par-
ticles was also associated with increased mortality
from cardiopulmonary disease. The relative risks
in all-cause mortality were associated with a differ-
ence (or range) in ambient fine particle concentra-
tions of 18.6 µg/m3 and a difference of ambient
sulfate concentrations of 8.0 µg/m3, comparing the
least polluted city to the most polluted city.

In the much larger ACS Study, Pope and col-
leagues (1995) followed 552,138 adult subjects in
154 US cities beginning in 1982 and ending in 1989
(3 cities did not overlap between the 151 and
50 cities studied, resulting in a total of 154 cities).
Again, higher ambient levels of fine particles were
associated with increased mortality from all causes
and from cardiopulmonary disease in the 50 cities
for which fine particle data were available (sam-
pled from 1979 to 1983). Higher ambient sulfate
levels were associated with increased mortality

from all causes, cardiopulmonary disease, and
lung cancer in the 151 cities for which sulfate data
were available (sampled from 1980 to 1982). The
difference between all-cause mortality in the most-
polluted city and the least-polluted city was 17%
and 15% for fine particles and sulfate, respectively
(with a range of 24.5 µg/m3 for fine particles and of
19.9 µg/m3 for sulfate).

Both of these studies came under intense scru-
tiny in 1997 when the EPA used the results to sup-
port new National Ambient Air Quality Standards
for fine particles and to maintain the standards for
particles less than 10 µm in median aerodynamic
diameter (PM10) already in effect. Members of
Congress and industry, the scientific community
and others interested in regulation of air quality
scrutinized the studies’ methods and their results.
Some insisted that any data generated using fed-
eral funding should be made public.  Others
argued that these data had been gathered with
assurances of confidentiality for the individuals
who had agreed to participate and that the concept
of public access to federally funded data did not
take into account the intellectual property rights of
the investigators and their supporting institutions.
To address the public controversy, Harvard Uni-
versity and the ACS requested that the Health
Effects Institute organize an independent reanal-
ysis of the data from these studies. Both institu-
tions agreed to provide access to their data to a
team of analysts to be selected by HEI through a
competitive process.

APPROACH

To conduct the reanalysis, the HEI Board of
Directors, with support from the EPA, industry,
Congress, and other stakeholders, appointed an
Expert Panel chaired by Dr Arthur Upton from the
University of Medicine and Dentistry of New
Jersey and former Director of the National Cancer
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Institute. The Expert Panel selected competitively
a Reanalysis Team—led by Dr Daniel Krewski of
the University of Ottawa—and oversaw all aspects
of the team’s work. They were assisted in their
oversight efforts by a broad-based Advisory Board
of knowledgeable stakeholders and scientists who,
in the project’s early stages, provided extensive
advice to the Expert Panel on the key questions to
be analyzed. The final results of the Reanalysis
Team were intensively and independently peer
reviewed by a Special Panel of the HEI Health
Review Committee, which was chaired by Dr Mil-
licent Higgins of the University of Michigan.

The overall objective of what became the Par-
ticle Epidemiology Reanalysis Project was to con-
duct a rigorous and independent assessment of
the findings of the Six Cities and ACS Studies of
air pollution and mortality. This objective was
met in two parts. In Part I: Replication and Valida-
tion, the Reanalysis Team sought to replicate the
original studies via a quality assurance audit of a
sample of the original data and to validate the
original numeric results. In Part II: Sensitivity
Analyses, they tested the robustness of the orig-
inal analyses to alternate risk models and analytic
approaches.

RESULTS AND IMPLICATIONS

PART I: REPLICATION AND VALIDATION

• An extensive audit of the study population 
data for both the Six Cities and ACS Studies 
and of the air quality data in the Six Cities 
Study revealed the data to be of generally high 
quality with a few exceptions. In both studies, 
a few errors were found in the coding and 
inclusion of certain subjects; when those sub-
jects were included in the analyses, they did 
not materially change the results as originally 
reported. Because the air quality data used in 
the ACS Study could not be audited, a sepa-
rate air quality database was constructed for 
the sensitivity analyses described in Part II.

• The Reanalysis Team was able to replicate the 
original results in both studies using the same 
data and statistical methods as used by the Orig-
inal Investigators. The Reanalysis Team con-
firmed the original point estimates: For the Six 

Cities Study, they reported the relative risk of 
mortality from all causes associated with an 
increase in fine particles of 18.6 µg/m3 as 1.28, 
close to the 1.26 reported by the Original Inves-
tigators. For the ACS Study, the relative risk of 
mortality from all causes associated with an 
increase in fine particles of 24.5 µg/m3 was 1.18 
in the reanalysis, close to the 1.17 reported by 
the Original Investigators.

PART II: SENSITIVITY ANALYSES

Once the original results of the studies had been
validated, the Reanalysis Team sought to test an
array of different models and variables to deter-
mine whether the original results would remain
robust to different analytic assumptions.

• First, the Reanalysis Team used the standard 
Cox model used by the Original Investigators 
and included variables in the model for which 
data were available from both original studies 
but had not been used in the published analy-
ses (eg, physical activity, lung function, mari-
tal status). The Reanalysis Team also designed 
models to include interactions between vari-
ables. None of these alternative models pro-
duced results that materially altered the 
original findings.

• Next, for both the Six Cities and ACS Studies, 
the Reanalysis Team sought to test the possi-
ble effects of fine particles and sulfate on a 
range of potentially susceptible subgroups of 
the population. Although different subgroups 
did show some variation in their estimated 
effects, the results were not statistically signif-
icant with one exception. The estimated 
effects of fine particles did appear to vary with 
educational level; the association between an 
increase in fine particles and mortality tended 
to be higher for individuals without a high 
school education than for those who had com-
pleted high school or for those with more than 
a high school education.

• In the ACS study, the Reanalysis Team tested 
whether the relationship between ambient 
concentrations and mortality was linear. They 
found some indications of both linear and 
nonlinear relationships, depending upon the 
analytic technique used, suggesting that the 
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issue of concentration-response relationships 
deserves additional analysis.

• In the Six Cities Study where data were avail-
able, the Reanalysis Team tested whether 
effect estimates changed when certain key risk 
factors (smoking, body mass index, and air 
pollution) were allowed to vary over time. 
One of the criticisms of both original studies 
has been that neither analyzed the effects of 
change in pollutant levels over time. In gen-
eral, the reanalysis results did not change 
when smoking and body mass index were 
allowed to vary over time. The Reanalysis 
Team did find for the Six Cities Study, how-
ever, that when the general decline in fine par-
ticle levels over the monitoring period was 
included as a time-dependent variable, the 
association between fine particles and all-
cause mortality dropped substantially, but the 
effect continued to be positive and statisti-
cally significant.

• Using its own air quality dataset constructed 
from historical data to test the validity of the 
original ACS air quality data, the Reanalysis 
Team found essentially the same results.

• Any future analyses using the sulfate data 
should take into account the impact of artifac-
tual sulfate. Sulfate levels with and without 
adjustment differed by about 10% for the Six 
Cities Study. Both the original ACS Study air 
quality data and the newly constructed 
dataset contained sulfate levels inflated by 
approximately 50% due to artifactual sulfate.  
For the Six Cities Study, the relative risks of 
mortality were essentially unchanged with 
adjusted or unadjusted sulfate.  For the ACS 
Study, adjusting for artifactual sulfate resulted 
in slightly higher relative risks of mortality 
from all causes and cardiopulmonary disease 
compared with unadjusted data. The relative 
risk of mortality from lung cancer was lower 
after the data had been adjusted.

• Because of the limited statistical power to con-
duct most sensitivity analyses for the Six Cit-
ies Study, the Reanalysis Team conducted the 
majority of its sensitivity analyses using only 
the ACS Study dataset with 154 cities. In that 
dataset, when a range of city-level (ecologic) 
variables (eg, population change, measures of 
income, maximum temperature, number of 

hospital beds, water hardness) were included 
in the analyses, the results generally did not 
change. Two exceptions were that associations 
for both fine particles and sulfate were 
reduced when city-level measures of popula-
tion change or sulfur dioxide were included in 
the model.

• A major contribution of the Reanalysis Project 
is the recognition that both pollutant variables 
and mortality appear to be spatially correlated 
in the ACS Study dataset. If not identified and 
modeled correctly, spatial correlation could 
cause substantial errors in both the regression 
coefficients and their standard errors. The 
Reanalysis Team identified several methods 
for dealing with this, all of which resulted in 
some reduction in the estimated regression 
coefficients. The full implications and inter-
pretations of spatial correlations in these anal-
yses have not been resolved and appear to be 
an important subject for future research.

• When the Reanalysis Team sought to take into 
account both the underlying variation from 
city to city (random effects) and the spatial 
correlation between cities, only sulfur dioxide 
as a city-level variable continued to decrease 
the originally reported associations between 
mortality and fine particles or sulfate. This 
effect was more pronounced for sulfate.

• When the Reanalysis Team conducted spatial 
analyses of sulfur dioxide, the association 
between sulfur dioxide and mortality per-
sisted after adjusting for sulfate, fine particles, 
and other variables.

• As a result of these extensive analyses, the 
Reanalysis Team was able to explain much of 
the variation between cities, but some unex-
plained city-to-city variation remained.

CONCLUSIONS

The Reanalysis Team designed and imple-
mented an extensive and sophisticated series of
analyses that included a set of new variables, all
the gaseous copollutants, and the first attempts to
apply spatial analytic methods to test the validity
of the data and the results from the Six Cities
Study and the ACS Study. Overall, the reanalyses
assured the quality of the original data, replicated

iii



Particle Epidemiology Reanalysis Project

the original results, and tested those results against
alternative risk models and analytic approaches
without substantively altering the original find-
ings of an association between indicators of partic-
ulate matter air pollution and mortality.

At the same time, the reanalyses did extend and
challenge our understanding of the original results
in several important ways.

• The Reanalysis Team identified a possible 
modifying effect of education on the relation 
between air quality and mortality in that esti-
mated mortality effects increased in the sub-
group with less than high school education.

• The use of spatial analytic methods suggested 
that, when the analyses controlled for correla-
tions among cities located near one another, the 
associations between mortality and fine parti-
cles or sulfate remained but were diminished.

• An association between sulfur dioxide and 
mortality was observed and persisted when 
other possible confounding variables were 
included; furthermore, when sulfur dioxide 
was included in models with fine particles or 
sulfate, the associations between these pollut-
ants (fine particles and sulfate) and mortality 
diminished.

In reviewing these results, the Special Panel of
the HEI Health Review Committee identified the
following factors to consider when interpreting
the results from the Reanalysis Team.

• The inherent limitations of using only six cit-
ies, understood by the Original Investigators, 
should be taken into account when interpret-
ing results of the Six Cities Study.

• The Reanalysis Team did not use data 
adjusted for artifactual sulfate for most alter-
native analyses. When they did use adjusted 

sulfate data, relative risks of mortality from 
all causes and cardiopulmonary disease 
increased. This result suggests that more 
analyses with adjusted sulfate might result in 
somewhat higher relative risks associated 
with sulfate.

• Findings from spatial analyses applied to the 
ACS Study data need to be interpreted with 
caution; the spatial adjustment may have 
overadjusted the estimated effect for regional 
pollutants such as fine particles and sulfate 
compared with the effect estimates for more 
local pollutants such as sulfur dioxide.

• After the Reanalysis Team completed its spa-
tial analyses, residual spatial variation was 
still noticeable; this finding suggests that 
additional studies might further refine our 
understanding of the spatial patterns in both 
air pollution and mortality.

• No single epidemiologic study can be the 
basis for determining a causal relation 
between air pollution and mortality.

In conclusion, the Reanalysis Team interpreted
their findings to suggest that increased relative
risk of “mortality may be attributed to more than
one component of the complex mix of ambient air
pollutants in urban areas in the United States”.
The Review Panel concurs. In the alternative anal-
yses of the ACS Study cohort data, the Reanalysis
Team identified relatively robust associations of
mortality with fine particles, sulfate, and sulfur
dioxide, and they tested these associations in
nearly every possible manner within the limita-
tions of the datasets. Future investigations of
these issues will enhance our understanding of
the effect of combustion-source air pollutants (eg,
fine particles, sulfate, and sulfur dioxide) on
public health.
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