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A B O U T  H E I

 v

The Health Effects Institute is a nonprofit corporation chartered in 1980 as an independent 
research organization to provide high-quality, impartial, and relevant science on the effects of air 
pollution on health. To accomplish its mission, the institute

• Identifies the highest-priority areas for health effects research;

• Competitively funds and oversees research projects;

• Provides intensive independent review of HEI-supported studies and related 
research;

• Integrates HEI’s research results with those of other institutions into broader 
evaluations; and

• Communicates the results of HEI research and analyses to public and private 
decision makers.

HEI receives half of its core funds from the U.S. Environmental Protection Agency and half 
from the worldwide motor vehicle industry. Frequently, other public and private organizations in 
the United States and around the world also support major projects or certain research 
programs. 

HEI has funded more than 280 research projects in North America, Europe, Asia, and Latin 
America, the results of which have informed decisions regarding carbon monoxide, air toxics, 
nitrogen oxides, diesel exhaust, ozone, particulate matter, and other pollutants. These results 
have appeared in the peer-reviewed literature and in more than 200 comprehensive reports 
published by HEI.

HEI’s independent Board of Directors consists of leaders in science and policy who are 
committed to fostering the public–private partnership that is central to the organization. The 
Health Research Committee solicits input from HEI sponsors and other stakeholders and works 
with scientific staff to develop a Five-Year Strategic Plan, select research projects for funding, and 
oversee their conduct. The Health Review Committee, which has no role in selecting or 
overseeing studies, works with staff to evaluate and interpret the results of funded studies and 
related research.

All project results and accompanying comments by the Health Review Committee are widely 
disseminated through HEI’s Web site (www.healtheffects.org), printed reports, newsletters, and 
other publications, annual conferences, and presentations to legislative bodies and public 
agencies.
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Research Report 148, Impact of Improved Air Quality During the 1996 Summer Olympic Games in 
Atlanta on Multiple Cardiovascular and Respiratory Outcomes, presents a research project funded 
by the Health Effects Institute and conducted by Dr. Jennifer L. Peel of the Department of 
Environmental and Radiological Health Sciences, Colorado State University, Fort Collins, 
Colorado and her colleagues. This report contains three main sections.

The HEI Statement, prepared by staff at HEI, is a brief, nontechnical summary of the 
study and its findings; it also briefly describes the Health Review Committee’s 
comments on the study.

The Investigators’ Report, prepared by Peel and colleagues, describes the scientific 
background, aims, methods, results, and conclusions of the study.

The Critique is prepared by members of the Health Review Committee with the 
assistance of HEI staff; it places the study in a broader scientific context, points out its 
strengths and limitations, and discusses remaining uncertainties and implications of 
the study’s findings for public health and future research.

This report has gone through HEI’s rigorous review process. When an HEI-funded study is 
completed, the investigators submit a draft final report presenting the background and results of 
the study. This draft report is first examined by outside technical reviewers and a biostatistician. 
The report and the reviewers’ comments are then evaluated by members of the Health Review 
Committee, an independent panel of distinguished scientists who have no involvement in 
selecting or overseeing HEI studies. During the review process, the investigators have an 
opportunity to exchange comments with the Review Committee and, as necessary, to revise 
their report. The Critique reflects the information provided in the final version of the report.
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HEI’s Accountability Research Program

The goal of most air quality regulations is to protect
the public’s health by implementing regulatory actions
or providing economic incentives that help reduce the
public’s exposure to air pollutants. If this goal is met, air
pollution should be reduced, and indicators of public
health should improve or at least not deteriorate.
Evaluating the extent to which air quality regulations
succeed in protecting public health is part of a broader
effor t — variously termed accountability research,
research on regulatory effectiveness, or outcome
studies — designed to assess the performance of
environmental regulatory policies in general. In recent
decades, air quality in the United States and Western
Europe has  improved subs tant i a l ly,  and th i s
improvement is attributable to a number of factors,
including increasingly stringent air quality regulations.
However, the cost of the pollution-control technologies
and mechanisms needed to implement and enforce
these regulations is often high. It is therefore prudent to
ask whether the regulations have in fact yielded
demonstrable improvements in public health and
provided information to inform future efforts to do so. 

Several U.S. government agencies have concluded
that there is a lack of direct evidence about the extent
to which air quality regulations have improved health
(measured as a decrease in premature mortality and
excess morbidity). This finding is well documented by
the National Research Council (NRC) in its report
Estimating the Public Health Benefits of Proposed Air
Pollution Regulations (NRC 2002), as well as by the
California Air Resources Board, the U.S. Environmental
Protection Agency (EPA), the U.S. Centers for Disease
Control and Prevention (CDC), and other agencies. 

In 2003, the Health Effects Institute (HEI) published a
monograph on accountability, Communication 11, As-
sessing Health Impact of Air Quality Regulations: Concepts
and Methods for Accountability Research (HEI 2003). This
monograph was written by the members of HEI’s multi-
disciplinary Accountability Working Group after a 2001

workshop on the topic. Communication 11 set out a
conceptual framework for accountability research and
identified the types of evidence required and the meth-
ods by which the evidence should be obtained. It has
also guided the development of the HEI Accountability
Research program, which is discussed below.

Between 2002 and 2004, HEI issued four requests
for applications (RFAs) for studies to evaluate the
effects of actions taken to improve air quality. Four
studies were funded under RFA 04-4, “Measuring the
Health Impacts of Actions That Improve Air Quality,”
one of which was the study by Dr. Jennifer Peel and
colleagues described in this Research Report. HEI also
funded five additional accountability studies resulting
from other RFAs (see table).

This preface describes both the framework of
accountability research as it relates to air quality
regulations and HEI’s Accountability Research program.

BACKGROUND

The first step in assessing the effectiveness of air
quality regulations is to measure emissions of the
targeted pollutants to see whether they have in fact
decreased as intended. A series of intermediate
assessments, described in detail below, are needed in
order to accurately measure the adverse health effects
associated with air pollution to see whether they, too,
decreased in incidence or sever ity relative to
emissions. Some accountability studies to date have
used hypothetical scenarios (comparing estimated
outcomes under exist ing and more str ingent
regulat ions) and r isk est imates obtained from
epidemiologic studies in an attempt to quantify past
effects on health and to predict future effects (U.S.
EPA 1999). However, more extensive validation of
these estimates with data on actual outcomes would
be helpful.
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HEI’s Accountability Research Programa

RFA
Investigator
(Institution) Study Title Intervention

RFA 02-1

Douglas Dockery 
(Harvard School of Public 
Health, Boston, Mass.)

“Effects of Air Pollution Control on 
Mortality and Hospital Admissions in 
Ireland” (in review)

Coal ban in Irish cities

Annette Peters
(GSF–National Research 
Center for Environment and 
Health, Neuherberg, 
Germany)

“Improved Air Quality and Its 
Influences on Short-Term Health 
Effects in Erfurt, Eastern Germany” 
(published as HEI Research Report 
137, 2009)

Switch from brown coal to 
natural gas for home heating 
and power plants, changes in 
motor vehicle fleet after 
reunification of Germany

RFA 04-1

Frank Kelly
(King’s College London, 
London, U.K.)

“Congestion Charging Scheme in 
London: Assessing Its Impact on Air 
Quality and Health” (in press)

Measures to reduce traffic 
congestion in the inner city of 
London

RFA 04-4

Frank Kelly
(King’s College London, 
London, U.K.)

“The London Low Emission Zone 
Baseline Study” (in press)

Measures to exclude most-
polluting vehicles from 
entering greater London

Richard Morgenstern
(Resources for the Future, 
Washington, D.C.)

“Accountability Assessment of Title IV 
of the Clean Air Act Amendments of 
1990” (underway)

Measures to reduce sulfur 
emissions from power plants 
east of the Mississippi River

Curtis Noonan
(University of Montana, 
Missoula, Mont.)

“Assessing the Impact on Air Quality 
and Children’s Health of Actions 
Taken to Reduce PM2.5 Levels from 
Woodstoves” (underway)

Woodstove change-out 
program 

Jennifer Peel
(Colorado State University, 
Fort Collins, Colo.)

“Impact of Improved Air Quality 
During 1996 Atlanta Olympic Games 
on Multiple Cardiorespiratory 
Outcomes” (published as HEI 
Research Report 148, 2010)

Measures to reduce traffic 
congestion during the Atlanta 
Olympics

Chit-Ming Wong
(University of Hong Kong, 
Hong Kong)

“Impact of the 1990 Hong Kong 
Legislation for Restriction on Sulfur 
Content in Fuel” (in review)

Measures to reduce sulfur 
content in fuel for motor 
vehicles and power plants

RFPA 05-3

Junfeng (Jim) Zhang
(University of Medicine and 
Dentistry of New Jersey,
Piscataway, N.J.)

“Molecular and Physiological Responses 
to Drastic Changes in PM 
Concentration and Composition” 
(underway)

Measures to improve air 
quality during the Beijing 
Olympics 

a Abbreviations: RFA, Request for Application; RFPA, Request for Preliminary Application. As of 2008, GSF–National Research Center for Environment and 
Health is now the Helmholtz Zentrum München–German Research Center for Environmental Health. 
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The long-term improvements in U.S. air quality have
been associated with improved health in retrospective
epidemiologic studies (Chay and Greenstone 2003;
Laden et al. 2006; Pope et al. 2009). Considerable
challenges, however, are inherent in the assessment of
the health effects of air quality regulations. Different
regulations go into effect at different times, for
example, and may be implemented at different levels
of government (e.g., national, regional, or local). Their
effectiveness therefore needs to be assessed in ways
tha t  t ake  in to  account  the  va r y ing  t imes  o f
implementation and levels of regulation. In addition,
other changes at the same time and place might have
confounded an apparent associat ion between
pollution reduction and improved health, such as
economic trends (e.g., in changes in employment),
improvements in health care, and behavioral changes
(e.g., staying indoors when government warnings
indicate pollution concentrations are high). Moreover,
adverse health effects that might have been caused by
exposure to air pollution can also be caused by other
environmental risk factors (some of which changed
over the same time per iods as the air pollution
concentrations). These challenges become more
pronounced when regulations are implemented over
long periods and when changes in air quality and health
outcomes are not seen immediately, thus increasing
the chance for confounding by other factors. For these
reasons, scenarios in which regulations are expected
to have resulted in rapid changes in air quality tend to
be among the fir st , and most l ikely, targets for
investigation, rather than evaluations of complex
regulatory programs implemented over the long term.
Studies in Ireland by Clancy and colleagues (2002) and
in Hong Kong by Hedley and colleagues (2002) are
examples of such scenarios.

These inherent challenges are well documented in
Communication 11 (HEI 2003), which was intended to
advance the concept of accountability research and to
foster the development of accountability methods and
studies throughout the relevant scientific and policy
communities. In addition, recent advances in data
col lect ion and analyt ic techniques provide an
unprecedented oppor tun i ty  to improve our
assessments of the effects of air quality interventions.

THE CHAIN OF ACCOUNTABILITY

The NRC’s Committee on Research Priorities for
Airborne Par ticulate Matter set out a conceptual
framework for linking air pollution sources to adverse
health effects (NRC 1998). This framework can be used
to identify factors along a “chain of accountability” (see
f i gure) ,  each s tage  o f  wh ich  a f fords  i t s  own
opportunities for making quantitative measurements of
the intended improvements. 

At the first stage (regulatory action), one can assess
whether controls on source emissions have in fact
been put into place. At the second stage (emissions),
one can determine whether controls on sources have
indeed reduced emissions, whether emitters have
changed their practices, and whether there have been
unintended consequences. At the third stage (ambient
air quality), one can assess whether controls on
sources and reductions in emissions have resulted in
improved air quality. At the fourth stage (personal or
population exposure), one can assess whether the
improvement in air quality has reduced people’s actual
exposure and whether susceptible subpopulations
(those most likely to experience adverse health effects)
have benefited. At this stage, it is important to take into
account changes in time–activity patterns that could
either increase or reduce exposure. The actual dose
that an individual’s organs may be exposed to should
also be considered (i.e., whether reductions in exposure
have led to reductions in concentrations in body tissues
such as the lung). Finally, at the fifth stage (human health
response), one can assess whether risks to health have
declined, given the evidence about changes in health
outcomes such as morbidity and mortality that have
resulted from changes in exposure. The challenge at this
stage is to investigate the health outcomes that are most
directly related to exposure to air pollution.

At each stage in the chain of events, the opportunity
exists to collect evidence that either validates the
assumptions that motivated the intervention or points
to ways in which the assumptions were incorrect. The
collection of such evidence can thus ensure that future
interventions are maximally effective. 

Ult imately, the framework for accountabil ity
research will need to encompass investigations of the
broader consequences of regulations, not just the
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intended consequences. Unintended consequences
should also be investigated, along with the possibility
that risks to public health in fact increased, as discussed
by Wiener (1998) and others who have advanced the
concept of a so-called portfolio of effects of a regulation.

HEI’S ACCOUNTABILITY RESEARCH PROGRAM

HEI’s Accountability Research program currently
includes nine studies. The study by Dr. Jennifer Peel and
colleagues that is presented in this report is the second
of the nine to be published; four additional studies are
in review and are expected to be published in 2010.
The remaining three studies are still underway and are
expected to be completed during 2010.

These studies involve the measurement of
indicators along the entire chain of events, from
regulatory or other interventions to human health
outcomes .  Some o f  t he  s tud ie s  focused  on
interventions that are implemented over relatively
short periods of time, such as a ban on the sale of coal,
the replacement of old wood stoves with more

efficient, cleaner ones, reductions in the sulfur content
of fuels, and measures to reduce traffic. Other groups
focused on longer-term, wider-ranging interventions or
events; for instance, one study assessed complex
changes associated with the reunification of the former
East and West Germany, including a switch from
brown coal to natural gas for fueling power plants and
home-heating systems and an increase in the numbers
of modern diesel-powered vehicles in eastern
Germany. HEI is also supporting research, including the
development of methods, in an especially challenging
area — namely, the effects of regulations that are
implemented incrementally over extended periods of
time, such as those resulting from Title IV of the 1990
Clean Air Act Amendments (U.S. EPA 1990), which
aimed at reducing sulfur dioxide emissions from power
plants by requir ing compliance with prescr ibed
emission limitations. Studies on accountability funded
by HEI to date are summarized in the table and
described in more detail in an interim evaluation of the
HEI Accountability Research program (van Erp and
Cohen 2009). 

The Chain of Accountability. Each box represents a stage in the process between regulatory action and human health responses to air
pollution. Arrows connecting the stages indicate possible directions of influence. The text below the arrows identifies factors affecting
the effectiveness of regulatory actions (referred to as “accountability”) at each stage. At several of the stages, knowledge gained from
accountability studies can provide valuable feedback for improving regulatory or other actions (from Health Effects Institute 2003,
Figure 1.2).
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FUTURE DIRECTIONS

In addition to the completion, review, and publication
of these nine accountability studies, HEI has also
funded the development of two Web sites intended to
enhance transparency and provide other researchers
with access to extensive data and software from HEI-
funded studies:

1. Data and software from the National Morbidity,
Mortality, and Air Pollution Study (NMMAPS), as
described by Zeger and colleagues (2006) (data
available at the Johns Hopkins Bloomberg School of
Public Health Web site www.ihapss.jhsph.edu) and

2. Data from the National Particle Components Tox-
icity Initiative (NPACT) on concentrations of com-
ponents of particulate matter with an aerodynamic
diameter less than or equal to 2.5 µm (PM2.5) col-
lected at or near the 54 sites in the EPA’s PM2.5
Chemical Speciation Trends Network (STN) (data
available at the Atmospheric and Environment
Research, Inc., Web site http://hei.aer.com).

The data on pollution and health from a large
number of U.S. cities, as documented and regularly
updated by the NMMAPS team and made available on
the In ter net-Based Hea l th  and Ai r  Po l lu t ion
Surveillance System (iHAPSS) Web site, constitute a
valuable resource that allows other researchers to
under take additional analyses, possibly including
fur ther accountability studies. The STN Web site
provides scientists an oppor tunity to investigate
specific questions about concentrations of PM2.5
components and their association with adverse health
effects in regions covered by the STN network and to
address questions related to accountability when
interventions in these regions are being planned.

In January 2008, HEI co-organized and cosponsored,
with the CDC’s Environmental Public Health Tracking
Prog r am and  the  EPA ,  a  wor kshop ent i t l ed
“Methodologic Issues in Environmental Public Health
Tracking of Air Pollution Effects.” The workshop was
part of an effort to implement the initiative outlined in
HEI’s Strategic Plan for 2005 through 2010 (HEI 2005)
to “build networks with the U.S. Centers for Disease
Control and Prevention and state public health
tracking programs to facilitate accountability research.”

Building on the work of the CDC’s Environmental
Public Health Tracking Program (see the CDC Web
site www.cdc.gov/nceh/tracking/) in the development of
standardized measures of air pollution–related effects
on health at the state and local levels in the United
States, the workshop brought together representatives
of state and federal agencies and academic researchers
to discuss methodologic issues in the development of
such measures and made recommendations for their
f u r t he r  deve lopmen t  and  app l i c a t i on .  The
recommendations were provided in a September
2008 report to the CDC, and the proceedings were
published in the journal Air Quality, Atmosphere &
Health in December 2009 (e.g., Matte et al. 2009). HEI
will continue to seek opportunities to work with the
CDC and the EPA to apply methods newly developed
for tracking public health to the assessment of the
effectiveness of environmental regulations.

As a part of its new Strategic Plan for 2010 through
2015 (HEI 2010a), HEI will look closely at opportunities
for unique new contributions to accountability research.
Proceedings from an accountability research planning
workshop held in December 2009 are expected to be
published in the Spring of 2010 and will include key
recommendations for future research (HEI 2010b).
Invest igator s who have identi fied a dist inct ive
opportunity to evaluate the effects of environmental
regulations on air pollution and human health are
encouraged to contact HEI.
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Synopsis of Research Report 148
H E I  S TAT E M E N T

This Statement, prepared by the Health Effects Institute, summarizes a research project funded by HEI and conducted by Dr. Jennifer L. Peel
at Colorado State University, Fort Collins, CO, and colleagues. Research Report 148 contains both the detailed Investigators’ Report and a Cri-
tique of the study prepared by the Institute’s Health Review Committee.

 1

Impact of Regional Air Quality Improvements During the 
Atlanta Olympic Games

INTRODUCTION

In recent decades, there have been substantial re-
ductions in ambient concentrations of most combus-
tion-related pollutants in the United States, Europe,
and elsewhere. Because the cost of pollution-control
technologies and enforcement of regulations to
achieve increasingly lower concentrations of air pol-
lutants can be relatively high, it is important to deter-
mine whether regulations and other actions taken to
improve air quality are effective in reducing emis-
sions, reducing the public’s exposure to air pollut-
ants, and ultimately achieving the intended
improvements in public health. Traffic is an impor-
tant source of air pollutants to which a large segment
of the population is exposed, especially in urban ar-
eas. Many locations around the world are imple-
menting actions to reduce traffic congestion.
Although such measures may not be specifically de-
signed to reduce air pollution concentrations, it is
possible that they may lead to improved air quality.
There is increasing interest in evaluating whether
this is the case.

Dr. Jennifer Peel of Colorado State University
proposed to evaluate the effect of a short-term, tem-
porary intervention to reduce traffic congestion
during the 1996 Summer Olympic Games in
Atlanta, Georgia. A previous study of the Atlanta
traffic intervention by Friedman and colleagues had
shown a decrease in acute care visits for pediatric
asthma and a concomitant decrease in concentra-
tions of ozone, PM10 (particulate matter with an
aerodynamic diameter � 10 µm), and carbon mon-
oxide during the Olympic Games compared with
the weeks before and after the games. However,
important questions remained unanswered. It was
not clear to what extent normal seasonal patterns in
pollutant concentrations or health outcomes may
have influenced the results. It is also possible that
health care usage during the Olympic Games

changed because residents may have changed their
behavior because of the games.

Peel and colleagues proposed to address these
questions by evaluating wider time windows sur-
rounding the Olympic Games period and extending
the analyses to earlier and later years and to broader
geographic areas. They also proposed to evaluate ad-
ditional respiratory and cardiovascular disease out-
comes in different age groups. The HEI Research
Committee thought that the additional analyses
would enhance our understanding of the possible ef-
fects of this temporary traffic intervention on health
outcomes and recommended the study for funding.

APPROACH

Peel and colleagues used emergency department
data for 1995 though 2004, which had been col-
lected as part of the Study of Particles and Health in
Atlanta, to examine the associations between daily
air quality and daily emergency department visits
for cardiovascular and respiratory outcomes. The
database had data for more than 25,000 emergency
department visits, for all causes, made by Atlanta
residents to 12 hospitals (including 2 pediatric hos-
pitals) during the Olympic Games. The investiga-
tors also obtained daily ambient air quality and
meteorologic data for five central counties within
the Atlanta area as well as for more rural sites in
Georgia and for six other urban areas in the South-
eastern United States. In addition, they obtained
traffic data from the Georgia Department of Trans-
portation, which in 1996 conducted traffic counts
at 18 sites within the five counties studied.

The investigators compared mean pollutant con-
centrations and traffic counts between the Olympic
and baseline periods using a time-series approach.
Numbers of daily emergency department visits were
analyzed using Poisson generalized linear models.
The 73-day period of interest included the 17 days of
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the Olympic Games and 28 days immediately before
and after the games (baseline periods). Primary
analyses were performed of emergency department
visits for the 73-day period in 1996 as well as for the
surrounding years (1995 and 1997–2004). Sec-
ondary analyses were conducted on the short 73-
day time series (1996 Olympic and baseline periods
only), similar to the analyses by Friedman and col-
leagues. The investigators conducted a number of
sensitivity analyses using generalized estimating
equations to evaluate the effects of model choices
and choices of baseline periods on the estimates.

RESULTS AND INTERPRETATION

Peel and colleagues successfully conducted an
extensive evaluation of health outcomes associated
with air quality changes during the Olympic Games
in Atlanta that critically expanded the initial evalua-
tion by Friedman and colleagues. They confirmed
that Atlanta experienced a significant decline in
ozone concentrations of 20% to 30% during the
Olympic Games, with less pronounced decreases in
concentrations of carbon monoxide, PM10, and
nitrogen dioxide. Importantly, Peel and colleagues
found that similar declines in ozone concentrations
were observed throughout Georgia and the South-
eastern United States. In its independent review of
the study, the HEI Health Review Committee agreed
with the investigators that the regional nature of the
reduction in ozone concentrations was due to meteo-
rologic conditions; this has made it difficult to assess
whether and to what extent the measures to reduce
traffic during the Olympic Games contributed to air
quality improvements in downtown Atlanta.

The investigators reported up to a 20% decline in
weekday peak morning traffic counts at four sites in
Atlanta and declines of 2% to 15% at the remaining
sites; the observed declines were somewhat smaller
than that reported by Friedman and colleagues (i.e.,
22.5%). In addition, the daily total number of cars
commuting into Atlanta was not changed. Thus, it
remains unclear whether the measures to improve
traffic flow during the Olympic Games had signifi-
cantly reduced traffic or improved air quality.

In their primary analyses, which were adjusted
for seasonal trends in air pollutant concentrations
and health outcomes during the years before and
after the Olympic Games, the investigators did not
find significant reductions in the number of emer-
gency department visits for respiratory or cardio-
vascular health outcomes in adults or children.

They reported that the risk estimates often had large
confidence intervals, indicating uncertainty in the
results, and that they were sensitive to the choice of
analytic model. Because the 17-day period of the
Olympic Games was short, it is possible that the
daily number of emergency department visits was
too low to adequately test the hypothesis that health
outcomes would be affected. When they analyzed
the 73-day period comprising the Olympic and
adjacent baseline periods without adjusting for sim-
ilar trends in surrounding years (secondary anal-
yses), Peel and colleagues observed reductions in
emergency department visits for upper respiratory
infections for all age groups and for pediatric ages
during the Olympic Games, but they could not con-
firm the observation by Friedman and colleagues
that the number of pediatric emergency care visits
for asthma was substantially reduced during the
Olympic Games. (It should be noted that Peel and
colleagues used a different database.)

The Committee thought that the study by Peel and
colleagues was designed carefully, but noted that it
was constrained by the short duration of the inter-
vention, the small reductions in air pollution con-
centrations, the low daily numbers of emergency
department visits, difficulty of isolating the effects of
an intervention from usual temporal patterns in
health care usage, and a lack of control areas.
Although the investigators examined important
potential confounders that were not addressed in the
study by Friedman and colleagues, the retrospective
nature of the study limited their ability to evaluate
behavioral changes — such as Atlanta residents
potentially leaving the city during the Olympic
period — that may have influenced the results.

This study illustrates the importance of evaluating
appropriate time windows surrounding interven-
tions, properly adjusting for seasonal and other
trends that may influence the results, and using con-
trol areas. Evaluation of short-term air quality inter-
ventions remains challenging, especially one as short
as 17 days, because changes in meteorologic condi-
tions could easily overwhelm any changes that might
be due to the intervention. More broadly, this study
emphasizes the importance of examining the full
chain of events that might result from any such inter-
vention — for example, asking first whether the
intervention actually reduced traffic, then asking
whether that reduction in traffic resulted in
improved air quality, and then finally examining
whether any observed improvements in air quality
actually resulted in health improvements.



Health Effects Institute Research Report 148 © 2010 3

INVESTIGATORS’ REPORT

Impact of Improved Air Quality During the 1996 Summer 
Olympic Games in Atlanta on Multiple Cardiovascular and 
Respiratory Outcomes

Jennifer L. Peel, Mitchell Klein, W. Dana Flanders, James A. Mulholland, and Paige E. Tolbert

Department of Environmental and Radiological Health Sciences, Colorado State University, Fort Collins, CO (J.L.P.); 
Department of Environmental and Occupational Health, (M.K., P.E.T.); and Department of Epidemiology (M.K., 
W.D.F., P.E.T.), Rollins School of Public Health, Emory University, Atlanta, GA; and Department of Civil and 
Environmental Engineering, Georgia Institute of Technology, Atlanta, GA (J.A.M.)

ABSTRACT

Substantial evidence supports an association between
ambient air pollution, especially particulate matter (PM*)
and ozone (O3), and acute cardiovascular and respiratory
morbidity. There is increasing interest in accountability
research to evaluate whether actions taken to reduce air
pollution will result in reduced morbidity. This study cap-
italized on a unique opportunity to evaluate the impact of
a local, short-term intervention effort to reduce traffic in
Atlanta during the 1996 Summer Olympic Games (July 19–
August 4). Air pollutant concentrations both inside and
outside of Atlanta were examined during the Olympic
period and surrounding periods. Emergency department
(ED) visits were examined to evaluate changes in usage
patterns. ED visits for respiratory and cardiovascular con-
ditions were examined in relation to the Olympic period
using Poisson time-series analysis with adjustment for
time trends and meteorologic conditions.

O3 concentrations were approximately 30% lower during
the Olympic Games compared with the four weeks before
and after the Olympic Games (baseline periods); however, we

observed similar reductions in O3 concentrations in several
other cities in the Southeastern United States. We observed
little or no evidence of reduced ED visits during the Olympic
Games; the estimates were sensitive to choice of analytic
model and to method of adjusting for temporal trends.

The meteorologic conditions during the Olympic
Games, along with the reductions in O3 observed in var-
ious cities not impacted by the Olympic Games, suggest
that both meteorologic conditions and reduced traffic may
have played a role in the observed reduction in O3 concen-
tration in Atlanta. Additionally, it is likely that this partic-
ular intervention strategy would not be sustainable as a
pollution-reduction strategy. This study demonstrates
some limitations of conducting retrospective account-
ability research.

INTRODUCTION

Substantial evidence supports an association between
ambient air pollution, particularly PM and O3, and acute
cardiovascular and respiratory morbidity (U.S. Environ-
mental Protection Agency [U.S. EPA] 2004, 2006; Pope and
Dockery 2006). The National Research Council (2002) and
HEI (2003) have emphasized the need for accountability
investigations exploring the potential impacts of reduced
air pollution to inform regulatory decisions. However, the
number of such investigations remains fairly low. Previous
studies have provided limited evidence that reductions in
ambient air pollution are related to small reductions in
mortality (Pope 1989; Pope et al. 1992, 2007; Clancy et al.
2002; Hedley et al. 2002; Lwebuga-Mukasa et al. 2003;
Laden et al. 2006; Dominici et al. 2007), in health care uti-
lization (Friedman et al. 2001; Lwebuga-Mukasa et al.
2003; El-Zein et al. 2007), and in age-related lung function
decline (Downs et al. 2007).

This Investigators’ Report is one part of Health Effects Institute Research
Report 148, which also includes a Critique by the Health Review Committee
and an HEI Statement about the research project. Correspondence concern-
ing the Investigators’ Report may be addressed to Dr. Jennifer L. Peel,
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State University, 1681 Campus Delivery, Fort Collins, CO 80523-1681.

Although this document was produced with partial funding by the United
States Environmental Protection Agency under Assistance Award CR–
83234701 to the Health Effects Institute, it has not been subjected to the
Agency’s peer and administrative review and therefore may not necessarily
reflect the views of the Agency, and no official endorsement by it should be
inferred. The contents of this document also have not been reviewed by pri-
vate party institutions, including those that support the Health Effects Insti-
tute; therefore, it may not reflect the views or policies of these parties, and
no endorsement by them should be inferred.

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.
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The 1996 Summer Olympic Games in Atlanta provided
a unique context for examining the health impacts of
actions taken to reduce traffic volume and congestion and
the concurrent reductions in ambient air pollution. For
these Olympic Games, various strategies were employed to
reduce traffic, especially during the morning and evening
rush hours (National Cooperative Highway Research Pro-
gram [NCHRP] 2001). Friedman and colleagues (2001)
reported reduced concentrations of O3, PM10 (PM with an
aerodynamic diameter � 10.0 µm), and carbon monoxide
(CO) in Atlanta during this period compared with the
weeks before and after the Olympic Games. They also
reported reduced Medicaid and health maintenance orga-
nization (HMO) claims for pediatric asthma during the
Olympic Games compared with a baseline period four
weeks before and four weeks after the Olympic Games
(Medicaid: relative risk [RR] = 0.48, 95% confidence
interval [CI] = 0.44–0.86; HMO: RR = 0.58; 95% CI = 0.32–
1.06). Results for the other databases, including pediatric
ED visits, showed slight reductions but were generally
consistent with a null association.

Although the investigation by Friedman and colleagues
(2001) was one of the first to examine the impact of an
intervention to reduce traffic and has been widely cited as
evidence of an intervention that resulted in both reduced
air pollution and reduced health care use, there were sev-
eral potential limitations in its design and analysis. The
time series was very short (73 days), and the mean number
of daily events (ED visits) was low, potentially leading to
instability of the results. The time-series analysis did not
control for time trends, which may be important given that
July and August typically have low numbers of asthma
exacerbations compared with surrounding months (Varner
2001). Also, Friedman and colleagues (2001) investigated
the effect of traffic-related air pollution only on ED visits
for pediatric asthma. Studies of cardiovascular and respi-
ratory health outcomes for various age ranges may provide
further insight into the effects of reduced air pollution on
morbidity.

SPECIFIC AIMS

This study was designed to comprehensively assess the
impact of the reduced air pollution, observed during the
1996 Summer Olympic Games in Atlanta, on multiple car-
diovascular and respiratory outcomes using ED visit data
collected from 1993 through 2004 as part of the Study of
Particles and Health in Atlanta (SOPHIA). The present
study had the following specific aims:

1. Examine ambient air pollutant concentrations during
Olympic and baseline periods in the Atlanta area and
throughout the Southeastern United States;

2. Examine traffic counts in Atlanta during the Olympic
Games period and its baseline periods;

3. Evaluate ED usage patterns and characteristics during
Olympic and baseline periods; and

4. Evaluate the relationship of the Olympic period com-
pared with the baseline period, adjusting for temporal
trends and meteorologic conditions.

Given the previously published study (Friedman et al.
2001), we hypothesized that O3 concentrations would be
lower during the Olympic Games period compared with
the baseline; however, we also hypothesized that we
would see a similar pattern throughout the Southeastern
United States due to large-scale meteorologic patterns.
Also, given the results of the previous study (Friedman et
al. 2001), we hypothesized that we would observe reduc-
tions in ED visits during the Olympic Games period com-
pared with the baseline periods, particularly for Medicaid
visits, but that the observed reduction would be sensitive
to adjustment for temporal trends.

METHODS AND STUDY DESIGN

HUMAN STUDIES APPROVAL

This project was approved by the Institutional Review
Boards of Colorado State University and Emory University.

STUDY PERIODS

Definitions of the periods used in this report are:

• Olympic period — July 19 through August 4 (17 days) 
in each of several years as listed below.

� Olympic Games period (the Olympic period of 
1996)

� 11-year combined Olympic period (the combined 
Olympic periods of years 1993–2004, excluding 
1996)

� 9-year combined Olympic period (the combined 
Olympic periods of years 1995–2004, excluding 
1996)

• Baseline periods — June 21 through July 18 and 
August 5 through September 1 ([56 days] four weeks 
before and four weeks after an Olympic period).

� Olympic Games baseline periods (the baseline peri-
ods of 1996)
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� 11-year combined baseline periods (the combined 
baseline periods of years 1993–2004, excluding 
1996)

� 9-year combined baseline periods (the combined 
baseline periods of years 1995–2004, excluding 
1996)

• 10-year summer time-series period (June 21–Septem-
ber 1 of years 1995–2004, including 1996).

STUDY LOCATION

Atlanta, the capital of Georgia, is located in the northern
part of the state (Figure 1) at an elevation of 1000 feet
above sea level. The SOPHIA project collects information
on ED visits for the Atlanta metropolitan statistical area
(MSA) as defined by the U.S. Census Bureau in 1993, an
area that includes the 20 counties surrounding downtown
Atlanta. Because the efforts to reduce traffic during the

Olympic Games focused mainly on the downtown Atlanta
area in which the main Olympic venues were located, we
focused on the five central counties, as well as on the area
inside the perimeter highway encircling the city of Atlanta
(the five counties and perimeter highway are shown in
Figure 1). According to the U.S. Census Bureau, the city of
Atlanta had a population of 394,000 in the year 1900 and
416,474 in the year 2000. The 5-county area had a population
of 2.2 million in 1990 and nearly 3 million in the year 2000.

TRAFFIC INTERVENTION DURING THE 
OLYMPIC GAMES

Leading up to the Olympic Games, officials launched a
publicity campaign aimed primarily at reducing normal
daily commuter traffic (morning and evening rush hours)
(Georgia Environmental Protection Division [GA EPD]
1996). Efforts to reduce traffic during the 17 days of the

Figure 1. Map showing the five counties of the Atlanta area, the study hospitals at locations 1–12, and locations of the air quality monitor sites (A: Roswell
Road, B: DeKalb Tech, C: South DeKalb, D: Georgia Institute of Technology, E: Confederate Avenue). The pediatric hospitals are at locations 3 and 4. Map
data source: U.S. Geological Survey National Atlas; Projection: Georgia State Plane West.
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Olympic Games included promoting the use of public
transportation, increased availability of public transporta-
tion, and promoting alternative work hours and telecom-
muting to local businesses (GA EPD 1996). These efforts
were considered to be largely successful (GA EPD 1996;
Friedman et al. 2001; NCHRP 2001); mass transit ridership
doubled (including visitors to the Olympic Games) and
morning rush hour traffic counts decreased (GA EPD
1996). The GA EPD concluded that O3 concentrations mea-
sured during the Olympic Games were lower than meteo-
rologically based predicted concentrations (GA EPD 1996).

AMBIENT AIR QUALITY MEASUREMENTS

We obtained daily ambient air quality data from the EPA
Air Quality System (www.epa.gov/ttn/airs/airsaqs/) and
the Georgia Department of Natural Resources for available
sites within the 5-county area for the summers of 1993
through 2004 (Figure 1). Data included 24-hour average
PM10 mass, 8-hour maximum O3, and 1-hour maximums
for O3, nitrogen dioxide (NO2), total oxides of nitrogen
(NOx), sulfur dioxide (SO2), and CO. O3 was measured at
two sites, PM10 at one site, NO2 at two sites, CO at two
sites, and SO2 at two sites. PM10 concentrations were mea-
sured using the Federal Reference Method; gaseous pollut-
ants were measured using standard U.S. EPA methods. O3
concentrations in Atlanta are low during the winter
months and typically are measured only from March
through October; the remaining pollutants are measured
year-round. A previous analysis of the Atlanta area
showed that sites for secondary pollutants (O3 and PM2.5
[PM � 2.5 µm in aerodynamic diameter]) were more spa-
tially representative than sites for primary pollutants (CO,
SO2, NOx, elemental carbon content of PM2.5) (Wade et al.
2006). Although primary pollutants from traffic have sub-
stantial spatial variation, the concentrations tend to have
moderate temporal correlation across space (Wade et al.
2006). Meteorologic conditions for the 5-county Atlanta
area (including temperature, dew point temperature,
amount of sunshine, and precipitation) were obtained from
the National Climatic Data Center network from measure-
ments taken at Hartsfield-Atlanta International Airport.

We also obtained available air quality data for sites out-
side the 5-county Atlanta area from the EPA Air Quality
System and meteorologic data for these sites from the
National Climatic Data Center. This included sites within
the 20-county Atlanta MSA but outside of the 5-county
area, sites in other parts of Georgia, and other metropolitan
sites within the Southeastern United States.

TRAFFIC COUNTS

We obtained hourly traffic counts from the Georgia
Department of Transportation for 18 sites within the
5-county area for 1996, including 4 sites located near the
downtown area. For each site, we calculated a daily 1-hour
maximum for weekday mornings (4 AM–10 AM), and total
daily counts for weekdays.

ED DATA

We collected electronic billing records with information
on over 10 million ED visits to 40 hospitals in the 20-
county Atlanta MSA for the summers of 1993 through
2004. The information included primary International
Classification of Diseases, 9th Revision (ICD-9) diagnostic
codes, secondary ICD-9 diagnostic codes, age, date of birth,
sex, race, payment information, and residential ZIP code.
Repeat ED visits within a single day were counted as a
single visit. Twelve hospitals provided data during the
Olympic Games; therefore, our primary analyses included
ED visits to those 12 hospitals (identified by numbers 1–12
in Figure 1), including the pediatric emergency depart-
ments of the hospitals studied by Friedman and colleagues
(2001) (hospitals 3 and 4). We excluded the data from 1993
and 1994 because several of the 12 hospitals did not pro-
vide data during this time (our primary analyses included
data for 1995–2004). The ED database has been previously
described (Metzger et al. 2004; Peel et al. 2005).

Respiratory case groups of interest were defined using the
primary ICD-9 diagnostic codes (all 2-digit extensions were
used unless otherwise specified): asthma (493, 786.09),
chronic obstructive pulmonary disease (COPD; 491, 492,
496), upper respiratory infection (460–466, 477), pneumo-
nia (480–486), and a combined respiratory disease group
comprising all four case groups. Cardiovascular disease
groups of interest were similarly defined as the following:
ischemic heart disease (410–414), acute myocardial infarc-
tion (410), cardiac dysrhythmias (427), congestive heart fail-
ure (428), peripheral and cerebrovascular disease (433–437,
440, 443, 444, 451–453), and a combined cardiovascular
disease group comprising all five case groups. We assessed
the adequacy of the modeling approach using ED visits for
finger wounds (883.0), an outcome group that has compara-
ble temporal variations to the outcomes of interest, but is ex-
pected to be unrelated to air pollution. We separately
assessed ED visits identified as Medicaid visits in the billing
records, and we examined age-specific case groups (pediat-
ric, 2–18 years; adult, 19–64 years; older adult, � 65 years).
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STATISTICAL METHODS AND DATA ANALYSIS

Analyses were carried out using SAS statistical soft-
ware, version 9.1 (SAS Institute, Cary, NC).

AMBIENT AIR POLLUTION DATA

We calculated mean concentrations of the ambient air
pollution using measurements from the monitoring sites
within the 5-county Atlanta area for the Olympic Games
period, for the Olympic Games baseline periods, and for
the 11-year combined Olympic period. We calculated sim-
ilar mean concentrations for pollution monitoring sites
outside of the Atlanta area. We compared the mean con-
centrations between the Olympic and baseline periods
using generalized linear models (GLMs). We also calcu-
lated mean pollutant concentrations at each site in the 5-
county area for the Olympic Games period and its baseline
periods, as well as mean concentrations for the 9-year
combined Olympic and baseline periods.

TRAFFIC COUNTS

We calculated mean traffic counts during the Olympic
Games and the corresponding baseline periods, and then
used GLMs to compare the Olympic Games period with its
baseline periods.

ED VISITS

We calculated the percentage of Atlanta residents (of the
5-county area) out of the total ED visits during Olympic
Games period and its baseline periods. For residents of the
5-county area and for residents inside the perimeter
highway, we examined the proportions of ED visits
according to age categories, race categories, payment type,
and sex, and the percentage of all ED visits coded as respi-
ratory or cardiovascular for the various periods.

In an additional set of analyses, we calculated the mean
daily number of ED visits by case group for the Olympic
Games period and its baseline periods and for the 9-year
combined Olympic and baseline periods.

ED VISIT ANALYSES

To evaluate the referent (baseline) period and our various
modeling choices, we performed multiple Poisson time-
series analyses using the daily number of ED visits for each
case group defined earlier. The primary analyses were per-
formed for ED visits from residents of the 5-county area for
the 12 hospitals combined. Secondary analyses included ED
visits for: 1) the hospitals inside the perimeter highway (hos-
pitals 1–8); 2) the hospitals outside the perimeter highway

(hospitals 9–12); 3) the two pediatric hospitals only (hospi-
tals 3 and 4); 4) residents inside the perimeter highway; and
5) age-specific case groups (pediatric, adult, and older adult).

We also performed several generalized estimating equa-
tion (GEE) analyses, similar to the primary GLM analysis
(with an autoregressive correlation structure), to evaluate
the sensitivity of the results of the primary analysis to the
modeling choices.

For all analyses the indicator value for an Olympic period
was 1; for baseline periods the indicator value was 0.

Primary Analyses

The primary analyses used Poisson GLMs (McCullagh
and Nelder 1989) of the daily number of ED visits for the
defined case groups during the Olympic and baseline
periods of years 1995 through 2004, including the Olympic
year. All models included terms for day-of-week, daily min-
imum temperature (lag 1), daily average dew point tempera-
ture (lag 1), linear, quadratic, and cubic terms for day-of-
summer, an indicator variable for 1996 (compared with all
other years), and an interaction term between the year indi-
cator and the Olympic period indicator. The exposure
period of interest was during the Olympic Games. Therefore
we examined the effect of the Olympic Games period com-
pared with its baseline, adjusting for the effect in all other
years and allowing for the effect of the Olympic period to
vary each year. We then reported the effect of the Olympic
Games period compared with its baseline. We ran a similar
model including an offset of the log of the daily total non-
case (not in the case groups of interest), nonaccidental ED
visits and a similar model with indicator variables for each
year (with 1995 as the referent year).

Secondary Analyses

For the secondary analyses we replicated the approach
of Friedman and colleagues (2001) and performed several
alternative analyses to evaluate the sensitivity of those
results to modeling choices. This analysis included ED
visits to the two pediatric hospitals from residents within
the 5-county area during the 73 days of the Olympic
Games period and its baseline periods (four weeks before
and four weeks after the Olympic Games). Friedman and
colleagues (2001) examined the proportion of all ED visits
that were due to asthma (asthma ED visits/total ED visits)
in relation to the Olympic indicator variable in a Poisson
GEE analysis (Zeger and Liang 1986), using an autoregres-
sive correlation structure and controlling for day-of-week
(weekday vs. weekend) and minimum temperature lagged
one day (i.e., lag 1). We used the same approach for ED
visits due to pneumonia, upper respiratory infection, and
all respiratory disease groups (the cardiovascular disease
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groups and COPD were very low in this pediatric popula-
tion). We also used a Poisson GEE model with the daily
number of ED visits as the outcome variable for each case
group, and we included an offset of the log of the total non-
accidental and noncase ED visits. To address concerns
about the choice of baseline period and the lack of control
for time trend, we ran the Poisson GEE models with a
shorter baseline period (two weeks before and two weeks
after the Olympic Games) as well as Poisson GEE models
of the 73-day study period including linear, quadratic, and
cubic terms for day-of-summer.

RESULTS

AMBIENT AIR POLLUTION

CO values were missing from site B for 10 of 17 days
within the Olympic Games period; therefore, we excluded
this site from further analyses. Data from other sites were
complete during the Olympic Games period and nearly
complete during the Olympic Games baseline periods (the
other site for CO, site A, was missing 2 of 73 days; site C

Table 1. Ambient Air Quality Concentrations from Available Monitoring Sites Within the Atlanta 5-County Area for the 
Period During the Olympic Games, the Baseline Periods Before and After the Olympic Games, and for the 11-Year 
Combined Olympic Period

Air Quality Metric / 
Sitea

Study Periodsb
P Valuesc 

Comparing 
Before vs. 

During

P Valuesc 
Comparing 

After vs. 
During

11-Yeard 
Combined 
Olympic 
Period

Baseline
Before

Mean (SD)

During
the Games
Mean (SD)

Baseline
After

Mean (SD)

O3 (ppb) 8-hr maximum
Site E 76.3 (20.3) 53.6 (17.0) 68.9 (19.3) < 0.001 0.031 65.7 (24.4)
Site C 68.5 (21.4) 45.9 (16.2) 60.6 (17.7) < 0.001 0.037 60.9 (22.6)

O3 (ppb) 1-hr maximum
Site E 87.7 (22.7) 63.2 (20.6) 83.7 (25.2) 0.003 0.015 70.7 (36.0)
Site C 81.4 (24.3) 56.4 (19.4) 75.2 (22.5) 0.002 0.022 67.2 (34.3)

PM10 (µg/m3) 24-hr average
Site D 37.6 (14.2) 31.2 (10.4) 35.9 (12.1) 0.239 0.454 33.1 (12.5)

NO2 (ppb) 1-hr maximum
Site D 49.1 (15.9) 43.7 (8.17) 49.4 (15.6) 0.450 0.404 39.0 (15.6)
Site C 36.2 (13.3) 31.2 (9.89) 32.8 (13.0) 0.397 0.912 28.9 (14.0)

NOx (ppb) 1-hr maximum 
Site D 18.5 (5.4) 18.2 (3.60) 18.2 (6.4) 0.980 0.990 14.7 (5.7)

CO (ppm) 1-hr maximum
Site A 2.26 (1.38) 1.55 (0.43) 2.25 (1.40) 0.053 0.050 1.48 (0.63)

SO2 (ppb) 1-hr maximum
Site E 13.7 (11.0) 14.8 (11.8) 8.32 (9.5) 0.941 0.127 13.6 (16.5)
Site D 13.4 (14.8) 18.3 (13.5) 14.7 (19.9) 0.613 0.766 17.2 (17.6)

Average daily dew point
temperature (�F)

66.2 (4.03) 69.2 (1.81) 67.9 (2.46) 0.005 0.311 69.1 (3.48)

Average daily temperature (�F) 82.7 (2.62) 80.7 (3.69) 79.2 (2.05) 0.051 0.178 80.5 (3.68)

Total daily precipitation (inches) 0.03 (0.10) 0.14 (0.21) 0.14 (0.32) 0.278 0.999 0.15 (0.39)
Average daily wind speed (mph) 7.40 (2.33) 6.38 (2.04) 5.47 (2.15) 0.295 0.372 7.22 (2.09)
Total daily sunshine (minutes) 723 (67.5) 470 (274) 481 (256) < 0.001 0.984 565 (182)

a Sites are shown in Figure 1. Meterologic data were collected at Hartsfield-Atlanta International Airport.

b Study Periods include the baseline period before the Olympic Games (June 21–July 18, 1996); the period during the Olympic Games (July 19–August 4, 
1996); and the baseline period after the Olympic Games (August 5–September 1, 1996).

c Significant P values are bolded.

d The 11-year combined Olympic period includes July 19–August 4 of years 1993 through 2004, excluding 1996.
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was missing 1 day for NO2; site D was missing 2 days for
NO2; site C was missing 1 day for O3; all other sites had
data for all 73 days).

At the two O3 monitoring sites within the 5-county At-
lanta area, mean concentrations of 8-hour maximum O3
were an average of 23 ppb lower (30%) during the Olym-
pic Games period compared with the baseline period be-
fore the Olympic Games, and an average of 15 ppb lower
(22%) during the Olympic Games period compared with
the baseline period after the Olympic Games (Table 1).
Mean concentrations of 24-hour PM10, 1-hour maximum
CO (at one CO site), and 1-hour maximum NO2 were also
reduced during the Olympic Games period compared with
its baseline periods, although to a lesser extent than was
O3, while mean concentrations of SO2 were unchanged or
slightly higher (Table 1). Similar patterns for pollutant con-
centrations, particularly for O3 and PM10, were observed in

several years (1995, 1998, and 2001), but not in all years
examined (1993–2004) (results not presented). Mean con-
centrations of 8-hour maximum O3 during the Olympic
Games period were 20% lower than the mean concentra-
tions for the 11-year combined Olympic period, while the
mean concentrations of other pollutants were comparable
during these periods (Table 1). Mean daily minutes of sun-
shine were substantially lower during the Olympic Games
period and the baseline period after the Olympic Games
compared with the baseline period before the Olympic
Games (Table 1).

Similar patterns for 1-hour maximum and 8-hour max-
imum O3 concentrations were observed for monitoring
sites in rural areas outside of the Atlanta area (Table 2) and
for 1-hour maximum O3 in urban areas of the Southeastern
United States (Table 3). In both cases, concentrations were
reduced during the Olympic Games period compared with

Table 2. Ambient Air Quality Concentrations from Available Monitoring Sites in Rural Areas Outside the Atlanta 5-
County Area for the Period During the Olympic Games and for the Baseline Periods Before and After the Olympic Games

Air Quality Metric /
Location

Study Periodsa

P Valuesb 
Comparing 
Before vs. 

During

P Valuesb 
Comparing 

After vs. 
During

Baseline
Before

Mean (SD)

During
the Games
Mean (SD)

Baseline
After

Mean (SD)

Monitoring Sites Within the 20-County Atlanta MSA but Outside of the 5-County Area
O3 (ppb) 8-hr maximum

Yorkville 71.8 (16.4) 52.4 (12.7) 67.3 (12.9) < 0.001 0.003
NO2 (ppb) 1-hr maximum 

Yorkville 5.23 (2.54) 5.18 (4.43) 10.9 (6.99) 1.000 0.002
CO (ppm) 1-hr maximum 

Yorkville 0.28 (0.10) 0.22 (0.09) 0.36 (0.16) 0.355 0.002
SO2 (ppb) 1-hr maximum 

Stilesboro 16.9 (27.3) 7.12 (7.25) 6.64 (7.28) 0.185 0.996

Georgia Monitoring Sites Outside of the 20-County Atlanta MSA
O3 (ppb) 8-hr maximum

Chatham County, Savannah 50.3 (19.7) 35.5 (7.28) 44.7 (11.5) 0.004 0.105
Dawson County 59.5 (9.97) 49.4 (6.97) 55.8 (8.59) 0.001 0.062

Fannin County 60.5 (12.1) 45.4 (8.17) 45.0 (7.33) < 0.001 0.993
Muscogee County, Columbus 59.3 (18.3) 43.5 (10.8) 56.6 (10.5) 0.002 0.009
Richmond County, Augusta 63.1 (19.6) 51.0 (13.4) 53.2 (12.2) 0.038 0.889

SO2 (ppb) 1-hr maximum
Chatham County, Savannah 11.0 (14.1) 8.18 (9.02) 7.33 (4.24) 0.662 0.961
Fannin County 20.8 (20.4) 24.9 (36.8) 22.8 (19.4) 0.855 0.961
Floyd County, Rome 4.11 (9.57) 9.65 (18.83) 9.00 (11.66) 0.353 0.986
Muscogee County, Columbus 8.33 (10.5) 5.24 (5.78) 5.39 (5.78) 0.431 0.998

a Study Periods include the baseline period before the Olympic Games (June 21–July 18, 1996); the period during the Olympic Games (July 19–August 4, 
1996); and the baseline period after the Olympic Games (August 5–September 1, 1996).

b Significant P values are bolded.
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its baseline periods. The urban areas experiencing reduced
O3 concentrations were cities in Alabama (Birmingham,
147 miles from Atlanta), Tennessee (Chattanooga, 118
miles from Atlanta; Knoxville, 202 miles from Atlanta;
Nashville, 250 miles from Atlanta), and North Carolina
(Charlotte, 244 miles from Atlanta) (Table 3).

Plots of air pollutant concentrations from sites within the
5-county area are shown in Figures 2–10; pollutant concen-
trations for year 1996 and for the mean of years 1995 and
1997–2004 are plotted for June 21 through September 1. Al-
though these plots are confounded by secular trends oc-
curring over years 1995 through 2004 (largely decreasing
air pollutant concentrations over the years), the patterns
during the Olympic period are similar in 1996 compared
with the other years.

Table 3. Ambient Air Quality Concentrations from Selected Monitoring Sites in Urban Areas of the Southeastern United 
States for the Period During the Olympic Games and for the Baseline Periods Before and After the Olympic Games

Air Quality Metric /
Location

Study Periodsa

P Valuesb 
Comparing 
Before vs. 

During

P Valuesb 
Comparing 

After vs. 
During

Baseline
Before

Mean (SD)

During
the Games
Mean (SD)

Baseline
After

Mean (SD)

O3 (ppb) 1-hr maximum
Birmingham, AL, Site 1 70.0 (26.0) 44.0 (21.0) 63.0 (17.0) < 0.001 0.018
Birmingham, AL, Site 2 78.0 (29.0) 49.0 (20.0) 64.0 (17.0) < 0.001 0.113
Birmingham, AL, Site 3 68.0 (15.0) 45.0 (16.0) 60.0 (13.0) < 0.001 0.002
Birmingham, AL, Site 4 72.0 (21.0) 48.0 (20.0) 64.0 (14.0) < 0.001 0.015

Tallahassee, FL 49.0 (20.0) 40.0 (8.0) 50.0 (10.0) 0.114 0.093

Charlotte, NC, Site 1 84.0 (22.0) 70.0 (14.0) 72.0 (16.0) 0.034 0.922
Charlotte, NC, Site 2 80.0 (22.0) 66.0 (17.0) 72.0 (16.0) 0.048 0.457

Chattanooga, TN, Site 1 77.1 (13.9) 62.9 (15.7) 74.2 (19.3) 0.035 0.117
Chattanooga, TN, Site 2 72.0 (15.0) 55.6 (15.5) 70.6 (14.3) 0.002 0.005
Knoxville, TN 83.0 (16.0) 66.0 (21.0) 81.0 (15.0) 0.007 0.015

Nashville, TN, Site 1 66.0 (17.0) 51.0 (16.0) 71.0 (14.0) 0.008 < 0.001
Nashville, TN, Site 2 78.0 (21.0) 64.0 (12.0) 75.0 (13.0) 0.012 0.072

NO2 (ppb) 1-hr maximum
Charlotte, NC, Site 1 35.0 (15.0) 30.0 (9.0) 29.0 (9.0) 0.367 0.993
Nashville, TN, Site 1 39.0 (12.0) 36.0 (8.0) 40.0 (10.0) 0.523 0.366

CO (ppm) 1-hr maximum
Birmingham, AL, Site 1 2.03 (1.33) 1.57 (1.26) 2.20 (1.18) 0.466 0.244
Charlotte, NC, Site 1 1.07 (0.52) 1.06 (0.53) 1.17 (0.39) 0.999 0.762
Knoxville, TN 1.70 (0.74) 1.81 (0.71) 1.88 (0.59) 0.867 0.941

PM10 (µg/m3) 24-hr average 
Birmingham, AL, Site 5 42.2 (19.2) 35.3 (12.9) 52.0 (19.5) 0.432 0.010
Birmingham, AL, Site 6 37.6 (14.9) 32.6 (13.4) 41.1 (12.9) 0.479 0.118

a Study Periods include the baseline period before the Olympic Games (June 21–July 18, 1996); the period during the Olympic Games (July 19–August 4, 
1996); and the baseline period after the Olympic Games (August 5–September 1, 1996).

b Significant P values are bolded.

Figure 2. Time-series plots of daily 1-hour maximum O3 concentration
for 1996 and for the average of years 1995 and 1997–2004 (site C ).
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Figure 3. Time-series plots of daily 1-hour maximum O3 concentration
for 1996 and for the average of years 1995 and 1997–2004 (site E).

Figure 4. Time-series plots of daily 24-hour average PM10 concentration
for 1996 and for the average of years 1995 and 1997–2004 (site D).

Figure 5. Time-series plots of daily 1-hour maximum NO2 concentration
for 1996 and for the average of years 1995 and 1997–2004 (site C).

Figure 6. Time-series plots of daily 1-hour maximum NO2 concentration
for 1996 and for the average of years 1995 and 1997–2004 (site D).

Figure 7. Time-series plots of daily 1-hour maximum NOx concentration
for 1996 and for the average of years 1995 and 1997–2004 (site D).

Figure 8. Time-series plots of daily 1-hour maximum CO concentration
for 1996 and for the average of years 1995 and 1997–2004 (site A).
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Figure 9. Time-series plots of daily 1-hour maximum SO2 concentration
for 1996 and for the average of years 1995 and 1997–2004 (site D).

Figure 10. Time-series plots of daily 1-hour maximum SO2 concentra-
tion for 1996 and for the average of years 1995 and 1997–2004 (site E).

Table 4. Mean Weekday Daily Traffic Counts from Available Monitoring Sites Within the Atlanta 5-County Area for the 
Period During the Olympic Games and for the Baseline Periods Before and After the Olympic Games

Traffic Site by 
County of Location
(Site Number)

Study Periodsa P Valuesb 
Comparing Before 

vs. During

P Valuesb 
Comparing After 

vs. DuringBaseline Before During the Games Baseline After

Clayton (063-1025) 63,794 65,363 65,831 0.611 0.958
Clayton (063-1085) 25,677 25,427 25,838 0.946 0.861
Clayton (063-1172) 24,163 23,683 24,323 0.822 0.727

Cobb (067-2141) 49,818 50,020 52,692 0.994 0.361
Cobb (067-2623) 36,097 40,014 37,146 0.003 0.042

DeKalb (089-3132) 24,158 23,655 24,206 0.682 0.632
DeKalb (089-3354) 194,609 209,103 199,384 0.031 0.261
DeKalb (089-3438) 15,181 15,312 15,427 0.955 0.966
DeKalb (089-3638) 27,387 28,003 27,777 0.638 0.941

Fulton (121-0124) 36,869 35,626 36,818 0.432 0.455
Fulton (121-0190) 12,402 12,571 12,501 0.816 0.968
Fulton (121-5227) 26,812 26,632 25,984 0.954 0.511
Fulton (121-5450) 78,146 77,046 76,909 0.848 0.997

Fulton (121-5503) 149,560 144,249 147,063 0.291 0.722
Fulton (121-5508) 155,121 155,038 160,417 0.999 0.746
Fulton (121-5538) 135,124 143,052 146,080 0.267 0.820
Fulton (121-5555) 123,276 128,130 121,190 0.334 0.118

Gwinnett (135-0229) 42,232 38,275 39,448 0.055 0.749

a Study Periods include the baseline period before the Olympic Games (June 21–July 18, 1996); the period during the Olympic Games (July 19–August 4, 
1996); and the baseline period after the Olympic Games (August 5–September 1, 1996).

b Significant P values are bolded.
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TRAFFIC COUNTS

Weekday total daily traffic counts for the sites within
the 5-county Atlanta area during the Olympic Games
period were similar to counts in the Olympic Games base-
line periods or even slightly higher for several sites
(Table 4). The weekday 1-hour maximum means (morning
rush hour, 4 AM–10 AM) from most of the traffic count sites
within the 5-county area were lower during the Olympic
Games period compared with its baseline periods
(Table 5). Weekday 1-hour morning maximum counts from
four sites in Fulton and DeKalb County near downtown
Atlanta were reduced by about 20%, while the other 14
sites were reduced by 2%–15%. The site with the largest
traffic volume actually had a slightly higher 1-hour
morning maximum mean traffic count during the Olympic
Games period than during the baseline period before the
Olympic Games.

ED VISITS

We obtained ED visit information from the SOPHIA
database. This database has information on over 10 million
ED visits from 1993 through 2004, including information
on over 25,000 total ED visits to 12 hospitals during the
Olympic Games period and on over 80,000 total ED visits
during the Olympic Games baseline periods. Residents of
the 5-county Atlanta area accounted for 80% of the total
ED visits (including Atlanta residents and nonresidents)
during the Olympic Games period compared with 84%
during the Olympic Games baseline periods (this differ-
ence was due to the influx of nonresidents during the
Olympic Games). ED visits for residents of the 5-county
area during the Olympic Games period were similar to ED
visits during the Olympic Games baseline periods with
respect to race, age, payment, and sex (Table 6). These per-
centages were also similar to those of the 9-year combined

Table 5. Mean Weekday 1-hour Maximum (Morning Rush Hour 4 AM–10 AM) Traffic Counts from Available Monitoring 
Sites Within the Atlanta 5-County Area for the Period During the Olympic Games and for the Baseline Periods Before and 
After the Olympic Games

Traffic Site by 
County of Location
(Site Number)

Study Periodsa

P Valuesb 
Comparing 

Before vs. During

P Valuesb 
Comparing 

After vs. During
Baseline 
Before

During the 
Games

Baseline 
After

Clayton (063-1025) 3,530 3,295 3,886 0.227 < 0.001
Clayton (063-1085) 1,244 1,165 1,280 0.209 0.042
Clayton (063-1172) 1,470 1,327 1,507 0.099 0.038

Cobb (067-2141) 3,031 2,752 3,175 0.318 0.084
Cobb (067-2623) 2,712 2,651 2,848 0.888 0.316

DeKalb (089-3132) 1,587 1,287 1,597 0.001 < 0.001
DeKalb (089-3354) 12,294 12,609 13,349 0.821 0.421
DeKalb (089-3438) 1,036 891 1,077 0.007 0.001
DeKalb (089-3638) 1,716 1,525 1,787 0.040 0.003

Fulton (121-0124) 2,618 2,299 2,714 0.036 0.004
Fulton (121-0190) 694 626 665 0.009 0.193
Fulton (121-5227) 1,539 1,211 1,455 < 0.001 < 0.001
Fulton (121-5450) 6,118 4,862 6,251 < 0.001 < 0.001

Fulton (121-5503) 9,560 7,612 9,908 < 0.001 < 0.001
Fulton (121-5508) 8,880 8,230 10,662 0.471 < 0.001
Fulton (121-5538) 9,524 8,801 10,239 0.374 0.027
Fulton (121-5555) 8,944 8,254 8,825 0.240 0.380

Gwinnett (135-0229) 3,349 2,789 2,845 0.019 0.954

a Study Periods include the baseline period before the Olympic Games (June 21–July 18, 1996); the period during the Olympic Games (July 19–August 4, 
1996); and the baseline period after the Olympic Games (August 5–September 1, 1996).

b Significant P values are bolded.
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Table 6. Demographic Variables Describing Residents of the Atlanta 5-County Area Who Visited the Emergency 
Departments of 12 Hospitals for the Period During the Olympic Games and for the Baseline Periods Before and After the 
Olympic Games

Study Periodsa

Baseline Before
n (% of N)

During the Games
n (% of N)

Baseline After 
n (% of N)

Total residents (N) 29,559 17,602 29,248
Race 

Black 7,414 (36.3) 4,458 (36.4) 7,691 (37.5)
White 11,265 (55.2) 6,728 (55.0) 11,074 (53.9)
Hispanic 510 (2.5) 276 (2.3) 507 (2.5)
Other 1,224 (6.0) 774 (6.3) 1,260 (6.1)

Age 
0–1 year 2,448 (8.3) 1,372 (7.8) 2,223 (7.6)
2–18 years 6,596 (22.3) 3,913 (22.2) 6,727 (23.0)
19–64 years 17,430 (59.0) 10,562 (60.0) 17,265 (59.1)
� 65 years 3,066 (10.4) 1,747 (9.9) 3,010 (10.3)

Payment 
Medicaid 3,500 (13.6) 2,034 (13.3) 3,276 (12.8)
Self / uninsured 4,752 (18.5) 2,837 (18.6) 4,795 (18.8)
Other / commercial 16,466 (64.1) 9,843 (64.5) 16,572 (65.0)
Workers compensation 953 (3.7) 545 (3.6) 846 (3.3)

Sex 
Female 15,852 (53.6) 9,534 (54.2) 15,461 (52.9)
Male 13,707 (46.4) 8,068 (45.8) 13,785 (47.1)

a Study Periods include the baseline period before the Olympic Games (June 21–July 18, 1996); the period during the Olympic Games (July 19–August 4, 
1996); and the baseline period after the Olympic Games (August 5–September 1, 1996).

Olympic period (data not shown). The total numbers of ED
visits to the 12 hospitals by residents of the 5-county
Atlanta area were similar in the Olympic Games period
(average daily ED visits = 1035) compared with its baseline
periods (1056 and 1045 before and after the Olympic
Games, respectively). The proportions of ED visits due to
respiratory and cardiovascular causes were unchanged in
these periods (7% and 2%, respectively; data not shown).

Table 7 lists the mean daily ED visits and standard devi-
ations of case groups from the 12 hospitals for residents of
the 5-county Atlanta area, both for the 1996 73-day time
series (also used by Friedman and colleagues [2001]) and
for the longer, 10-year summer time series. The 73-day
time series combines the baseline periods (56 days) and the
Olympic period (17 days) in 1996. The 10-year summer
time series refers to the same dates in years 1995 through
2004 (including 1996). The 73-day time series has a mean
of 79 respiratory ED visits per day and 23 cardiovascular
ED visits per day, whereas the longer time series has means
of 84 and 26, respectively.

The daily numbers of ED visits for the 12 hospitals
within the 5-county area are plotted in Figures 11–16; the

daily number of ED visits for the 2 pediatric hospitals is
shown in Figures 17 and 18. In these figures, ED visits are
plotted for June 21 through September 1 of years 1995
through 2004 with the 1996 data plotted separately. The
plots of ED visits for all respiratory disease, upper respira-
tory infection, and asthma display the typical pattern with
the lowest number of ED visits occurring during July and
early August.

ED VISIT ANALYSES

Results from the short time-series models for the 12 hos-
pitals in the 5-county area and for the 2 pediatric hospitals
in Atlanta are displayed in Table 8. These results are sim-
ilar to the results of Friedman and colleagues (2001) for
pediatric asthma ED visits. Using model 1, reductions in
ED visits were observed for the Olympic Games period
compared with its baseline periods for pediatric upper res-
piratory infections (RR = 0.779; 95% CI = 0.632–0.962), for
upper respiratory infections in all age groups (0.863;
0.767–0.970), for all respiratory ED visits combined for all
ages (0.901; 0.810–1.002), and for all pediatric respiratory
ED visits combined (0.798; 0657–0969). No reductions
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Table 7. Daily Number of ED Visits to 12 Hospitals by Residents of the Atlanta 5-County Area for the 73-Day Time-Series 
Period and for the 10-Year Time-Series Perioda

Case Group ICD-9 Codes

Time-Series Period (Summers)

73-Day 
Mean (SD)

10-Year
Mean (SD)

All emergency department visits 1047 (66.8) 1130 (129)

All respiratory disease 460–465, 466.0, 480–486, 491–493, 496, 
786.09

78.7 (15.4) 84.3 (19.9)

Upper respiratory infections 460–465, 466.0 46.8 (10.9) 49.5 (13.0)
Asthma 493, 786.09 20.2 (5.57) 21.2 (8.11)
Pneumonia 480–486 7.15 (3.11) 9.07 (3.67)
COPD 491, 492, 496 3.68 (2.07) 3.64 (1.97)

All cardiovascular disease 410–414, 427–428, 433–437, 440, 443, 444, 
451–453

23.4 (4.21) 26.0 (7.91)

Ischemic heart disease 410-414 8.81 (3.09) 7.78 (3.39)
Dysrhythmias 427 5.67 (1.95) 6.42 (2.62)
Peripheral and cerebrovascular 

disease
433–437, 440, 443, 444, 451–453 5.11 (2.14) 6.40 (3.13)

Congestive heart failure 428 3.77 (2.02) 5.37 (2.90)
Acute myocardial infarction 410 3.25 (1.77) 3.09 (1.91)

Finger wounds 883.0 18.4 (4.07) 16.6 (4.53)

a The 73-day time-series period was from June 21 through September 1, 1996. The ten-year time-series period was from June 21 through September 1 of 
years 1995–2004 (including 1996).

Figure 11. Time-series plots of daily total ED visits to the 12 hospitals in
the five-county Atlanta area for 1996 and for the average of years 1995
and 1997–2004.

Figure 12. Time-series plots of daily total respiratory ED visits to the 12
hospitals in the five-county Atlanta area for 1996 and for the average of
years 1995 and 1997–2004.
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Figure 13. Time-series plots of daily upper respiratory infection ED visits
to the 12 hospitals in the five-county Atlanta area for 1996 and for the
average of years 1995 and 1997–2004.

Figure 14. Time-series plots of daily asthma ED visits to the 12 hospitals
in the five-county Atlanta area for 1996 and for the average of years 1995
and 1997–2004.

Figure 15. Time-series plots of daily COPD ED visits to the 12 hospitals
in the five-county Atlanta area for 1996 and for the average of years 1995
and 1997–2004.

Figure 16. Time-series plots of daily cardiovascular disease ED visits to
the 12 hospitals in the five-county Atlanta area for 1996 and for the
average of years 1995 and 1997–2004.

Figure 17. Time-series plots of daily pediatric upper respiratory infection
ED visits to two pediatric hospitals in the five-county Atlanta area for
1996 and for the average of years 1995 and 1997–2004.

Figure 18. Time-series plots of daily pediatric asthma ED visits to two
pediatric hospitals in the five-county Atlanta area for 1996 and for the
average of years 1995 and 1997–2004.
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were observed for pediatric asthma ED visits (0.953;
0.650–1.399). These estimates, particularly the estimates
for asthma, were somewhat sensitive to the tighter control
for time trends in models 2 and 3. ED visits for COPD
increased during the Olympic Games period (1.371; 1.008–
1.865); this estimate is unstable owing to low numbers,
and therefore is likely to be driven by a few daily ED visits.

Table 9 presents GLM results from the primary analyses
of the 12 hospitals in the 5-county area, as well as separate
results for the hospitals inside the perimeter highway
(closest to downtown Atlanta; hospitals 1–8) and for the 4
hospitals outside the perimeter highway. These are the esti-
mates of the effect of the Olympic Games period (compared
with its baseline) adjusting for the effect in other years,
meteorologic conditions, and temporal trends. Results
from the primary analyses were generally consistent with a
null association, indicating that there is no evidence of
reduced visits during the Olympic Games period, com-
pared with baseline, after adjusting for the factors above;

however, we observed increased ED visits for COPD during
the Olympic period (RR = 1.420; 95% CI = 1.048–1.925).
ED visits for upper respiratory infections and pneumonia
were somewhat reduced during the Olympic Games
period, although the 95% CIs were wide and did not
exclude a null association. Results from a model with an
offset term (log of the daily total noncase, nonaccidental
ED visits) were similar to those without the offset in the
model (Table 9). Relative risk estimates from the models
including data from hospitals inside the perimeter
highway were more likely to be less than one, while the
estimates from the models including data from hospitals
outside the perimeter highway were more likely to be
greater than one. However, wide CIs limit the interpreta-
tion of these results (Table 9). The increase in ED visits for
COPD became stronger in the models including data from
hospitals inside the perimeter highway. The results
including separate indicator variables for each year were
similar to the primary results (results not shown).

Table 8. Relative Risks for ED Visits by Residents of the Atlanta 5-County Area at All 12 Hospitals (All Ages) and 
Separately at the 2 Pediatric Hospitals for the Period During the Olympic Gamesa

Case Group

Model 1a Model 2b Model 3c

RR (95% CI) RR (95% CI) RR (95% CI)

12 Hospitals in 5-County Area (All Ages)
All respiratory disease 0.901 (0.810–1.002) 0.937 (0.842–1.042) 0.988 (0.883–1.106)

Upper respiratory infections 0.863 (0.767–0.970) 0.893 (0.797–1.001) 0.938 (0.821–1.072)
Asthma 0.940 (0.798–1.107) 1.018 (0.883–1.174) 1.109 (0.957–1.287)
Pneumonia 0.803 (0.617–1.045) 0.813 (0.613–1.078) 0.868 (0.647–1.163)
COPD 1.371 (1.008–1.865) 1.265 (0.929–1.722) 1.163 (0.807–1.676)

All cardiovascular disease 0.994 (0.878–1.125) 0.951 (0.835–1.083) 0.911 (0.794–1.046)
Ischemic heart disease 1.009 (0.825–1.235) 0.961 (0.782–1.180) 0.927 (0.734–1.171)
Dysrhythmias 0.953 (0.747–1.214) 0.972 (0.762–1.239) 0.995 (0.753–1.314)
Peripheral and cerebrovascular 

disease
0.940 (0.709–1.246) 0.821 (0.640–1.054) 0.719 (0.540–0.957)

Congestive heart failure 1.070 (0.783–1.461) 1.061 (0.722–1.558) 1.039 (0.703–1.536)
Acute myocardial infarction 1.097 (0.797–1.509) 1.051 (0.747–1.479) 1.039 (0.695–1.554)

Finger wounds 0.915 (0.827–1.013) 0.918 (0.823–1.024) 0.937 (0.825–1.064)

2 Pediatric Hospitals
All respiratory disease 0.798 (0.657–0.969) 0.878 (0.747–1.031) 0.981 (0.816–1.180)

Upper respiratory infections 0.779 (0.632–0.962) 0.837 (0.687–1.019) 0.872 (0.676–1.125)
Asthma 0.953 (0.650–1.399) 1.125 (0.815–1.553) 1.431 (1.048–1.954)
Pneumonia 0.726 (0.407–1.295) 0.705 (0.392–1.270) 0.933 (0.410–1.689)

Finger wounds 1.131 (0.690–1.853) 0.937 (0.572–1.535) 0.823 (0.464–1.457)

a Model 1 is the Poisson GEE model where outcome = daily counts, offset = log (total noncase, nonaccidental visits), adjusting for minimum temperature 
(lag 1) and day-of-week for the period during the Olympic Games (July 19–August 4, 1996).

b Model 2 is similar to model 1, but used a shorter time series to better control for time trends (July 1, 1996–August 22, 1996).

c Model 3 is similar to model 1, but has added quadratic and cubic terms for day-of-the-time-series to control for time trends.
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Table 9. Relative Risks for ED Visits by Residents of the Atlanta 5-County Area at 12 Hospitals for the Olympic Games 
Period Compared With the Olympic Games Baseline Periodsa

Case Group

All 12 Hospitals

All 12 Hospitals    
(Model with 

Offsetb)

8 Hospitals Inside 
the Perimeter 

Highway

4 Hospitals Outside 
the Perimeter 

Highway

RR (95% CI) RR (95% CI) RR (95% CI) RR (95% CI)

All respiratory disease 1.012 (0.920–1.113) 1.005 (0.897–1.126) 0.964 (0.857–1.085) 1.118 (0.958–1.304)
Upper respiratory infections 0.958 (0.850–1.080) 0.953 (0.831–1.093) 0.881 (0.758–1.024) 1.118 (0.930–1.344)
Asthma 1.112 (0.946–1.306) 1.102 (0.917–1.324) 1.107 (0.916–1.337) 1.123 (0.852–1.481)

Pneumonia 0.933 (0.718–1.213) 0.927 (0.724–1.187) 0.884 (0.659–1.185) 1.100 (0.660–1.831)
COPD 1.420 (1.048–1.925) 1.409 (1.043–1.904) 1.683 (1.157–2.448) 1.021 (0.585–1.780)

All cardiovascular disease 0.996 (0.829–1.195) 0.988 (0.857–1.140) 0.961 (0.804–1.150) 1.099 (0.783–1.541)
Ischemic heart disease 1.076 (0.848–1.365) 1.067 (0.855–1.332) 1.159 (0.893–1.505) 0.804 (0.474–1.365)
Dysrhythmias 0.925 (0.720–1.187) 0.920 (0.728–1.161) 0.760 (0.566–1.022) 1.432 (0.861–2.383)

Peripheral and 
cerebrovascular disease

0.937 (0.684–1.285) 0.931 (0.701–1.236) 0.891 (0.632–1.255) 1.087 (0.595–1.988)

Congestive heart failure 1.039 (0.729–1.483) 1.030 (0.749–1.416) 0.972 (0.665–1.419) 1.260 (0.653–2.430)
Acute myocardial infarction 1.127 (0.790–1.608) 1.121 (0.801–1.569) 1.197 (0.801–1.790) 0.836 (0.367–1.902)

Finger wounds 0.936 (0.805–1.088) 0.930 (0.793–1.091) 0.989 (0.825–1.186) 0.864 (0.659–1.133)
All injuries 0.998 (0.955–1.043) 0.993 (0.917–1.075) 1.028 (0.973–1.086) 0.951 (0.855–1.057)

a Poisson GLMs for the summers (June 21–September 1) of 1995–2004 include an indicator variable for 1996, an indicator variable for the Olympic period 
(July 19–August 4), the interaction between the year indicator and the Olympic period, minimum temperature (lag 1) and mean dew point (lag 1), day-of-
week, and quadratic and cubic terms for day-of-summer.

b Offset in Poisson model = log (noncase, nonaccidental visits).

Table 10. Relative Risks for ED Visits by Residents of the Atlanta 5-County Area at 2 Pediatric Hospitals for the Olympic 
Games Period Compared With the Olympic Games Baseline Periodsa

Case Group

All Pediatric Visits Medicaid Visits

RR (95% CI) RR (95% CI)

All respiratory disease 0.936 (0.761–1.150) 0.911 (0.623–1.332)
Upper respiratory infections 0.859 (0.659–1.120) 0.836 (0.535–1.306)
Asthma 1.129 (0.855–1.492) 1.132 (0.703–1.823)

Pneumonia 0.896 (0.530–1.515) 0.925 (0.391–2.188)
Finger wounds 1.102 (0.653–1.858) 1.011 (0.259–3.936)
All injuries 1.081 (0.974–1.199) 1.042 (0.740–1.466)

a Poisson GLMs for the summers (June 21–September 1) of 1995–2004 include an indicator variable for 1996, an indicator variable for the Olympic period 
(July 19–August 4), the interaction between the year indicator and the Olympic period, minimum temperature (lag 1) and mean dew point (lag 1), day-of-
week, and quadratic and cubic terms for day-of-summer.

Because Friedman and colleagues (2001) reported large
reductions in Medicaid claims for pediatric asthma ED
visits during the Olympic Games period compared with its
baseline periods, we also examined ED visits with Med-
icaid indicated as the payment. Results from models
including data from the two pediatric hospitals for the
summers of 1995 through 2004 for all ED visits and for

only Medicaid ED visits are presented in Table 10. The
results for Medicaid pediatric ED visits were similar to
those for all pediatric ED visits. Except for asthma case
groups, the results for the pediatric hospitals for the 10-
year summer time series are somewhat attenuated (i.e.,
closer to the null value) compared with those from the
73-day time series (Table 8, Model 1).
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DISCUSSION AND CONCLUSIONS

In this study examining the potential impact of reduced
pollutant concentrations, we observed little or no evidence
of decreased ED visits during the 1996 Summer Olympic
Games in Atlanta. When we did observe some evidence of a
decreased number of ED visits (e.g., for upper respiratory
infections), the results were sensitive to the choice of ana-
lytic model and to the method of adjusting for temporal and
seasonal trends. We did observe somewhat consistent evi-
dence of an increase in ED visits for COPD during the
Olympic Games period, but those results were based on
very low numbers of daily ED visits during the summer.
Relative risk estimates for some of the smaller case groups
(e.g., pneumonia, dysrhythmias, peripheral and cere-
brovascular disease, and congestive heart failure) were also
less than one, but wide CIs make it difficult to draw a defin-
itive conclusion as to whether or not there was a reduction
in these outcomes during the Olympic Games period.

Efforts to reduce vehicular traffic during the Olympic
Games were considered to be largely successful (GA EPD
1996; NCHRP 2001). We observed lower traffic counts
during this period at several downtown sites. Traffic reduc-
tions were observed mostly for the 1-hour maximum traffic
counts rather than for the total daily traffic counts, sug-
gesting that residents adjusted work hours to avoid rush-
hour congestion (GA EPD 1996; NCHRP 2001). O3 concen-
trations were approximately 30% lower during the Olympic
Games compared with the four weeks before and after the
Olympic Games, and about 20% lower than the mean con-
centrations for the 11-year combined Olympic period.

Concentrations of PM10, NO2, and CO were also some-
what lower during the Olympic Games period. PM10, NO2,
and CO concentrations are all directly impacted by emis-
sions from motor vehicles, and O3 is a secondary forma-
tion of primary motor vehicle emissions, suggesting that
reduced traffic counts, especially the lower morning rush
hour peak counts, may have had an impact on the pol-
lutant concentrations. However, O3 concentrations were
reduced during this period at several sites throughout
Georgia and surrounding Southeastern states, indicating
that large-scale weather patterns may have played a role,
along with the reduced morning traffic counts, in creating
the lower pollutant concentrations (NCHRP 2001).

Friedman and colleagues (2001) examined the impact of
the Olympic period on pediatric asthma morbidity in
Atlanta using Medicaid claims, HMO claims, and ED visits
to two pediatric emergency departments. Our results for
asthma ED visits at the two pediatric emergency depart-
ments for the 73-day time series were similar to those of
Friedman and colleagues (2001), with no evidence of a

large reduction during the Olympic Games period. Our
results for the short time series were sensitive to the choice
of baseline period and control for time trend, whereas rel-
ative risk estimates for the longer time series were actually
suggestive of increased ED visits during the Olympic
Games. The more stringent control for time trends was crit-
ical during the summer months, when ED visits for asthma
and most respiratory conditions were at their lowest. The
longer time series have the advantage of examining the
comparison of the Olympic period with the baseline
period while adjusting for year.

Friedman and colleagues (2001) reported larger reduc-
tions for pediatric asthma ED visits in Medicaid claims
databases (RR = 0.48; 95% CI 0.44–0.86) than for all pedi-
atric asthma ED visits. In this study we did not observe a
greater reduction when we examined Medicaid pediatric
asthma ED visits compared with all asthma ED visits.
There are several potential reasons for the reductions
observed by Friedman and colleagues (2001). The Med-
icaid claims database they used included asthma acute
care events (both ED and urgent care visits). Urgent care
visits may include visits for less severe events than an ED
database. These less severe events may be more likely to be
affected by behavioral changes (such as deciding not to uti-
lize health care services during the Olympic games). In
addition, the time-series analyses by Friedman and col-
leagues (2001) did not adjust for time trend.

These results are somewhat consistent with our pre-
vious investigations of air pollution and ED visits in
Atlanta, given that in the previous studies we observed
associations with multiple pollutants, not just O3 (Metzger
et al. 2004; Peel et al. 2005). We observed increases in res-
piratory ED visits, particularly for upper respiratory infec-
tion and asthma, ranging from 2% to 4% per interquartile
range increase in O3 (Peel et al. 2005). Stronger associa-
tions were observed for pediatric asthma and upper respi-
ratory infection compared with those for all age groups or
for adults (Peel et al. 2005). ED visits for cardiovascular
disease were associated with increased concentrations of
PM, CO, and NO2 (Metzger et al. 2004).

The increased estimated relative risk of ED visits for
COPD during the Olympic Games period was unexpected.
As with any of our estimates, it may have been due to
random error, particularly because the number of ED visits
for COPD was very low during the summer of 1996. It may
also indicate that the proportion of these visits increased
during this period (e.g., people with COPD were less likely
than others to leave the area during the Olympic Games).
Also, in our previous study of ED visits and air pollution in
Atlanta, we reported suggestive associations between
increased SO2 concentrations, which were slightly elevated
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during the Olympic period, and ED visits for COPD (RR =
1.016; 95% CI = 0.985–1.049) (Peel et al. 2005). However,
in the present study we observed that estimates for CO,
NO2, O3, and PM10 were also elevated and that their asso-
ciations with ED visits for COPD were stronger than the
association with SO2 in our previous analyses. In addition,
there is some evidence that COPD has a longer lag struc-
ture with respect to air pollution (Peel et al. 2005), sug-
gesting that the increase in ED visits for COPD during the
Olympic Games may have been due to higher pollutant
concentrations before the Olympic Games.

The National Research Council (2002) and HEI (2003)
have emphasized the need for accountability investiga-
tions exploring the potential impacts of reduced air pollu-
tion to inform regulatory decisions. However, the number
of such investigations remains fairly low. Previous studies
have provided limited evidence that reductions in ambient
air pollution are related to small reductions in mortality
(Pope 1989; Pope et al. 1992, 2007; Clancy et al. 2002;
Hedley et al. 2002; Lwebuga-Mukasa et al. 2003; Laden et
al. 2006; Dominici et al. 2007), in health care utilization
(Friedman et al. 2001; Lwebuga-Mukasa et al. 2003; El-
Zein et al. 2007), and in age-related decline in lung func-
tion (Downs et al. 2007). These intervention or account-
ability investigations can be constrained by limited power
(due to small reductions in air pollution, small changes in
health outcomes, a limited number of days with reduced
air pollution, or a combination of these) and inability to
control for potential confounders such as temporal trends,
changes in behavior and in health care utilization, and
widespread epidemics (Varner 2001; HEI 2003; Tolbert
2007; Wittmaack 2007).

This study had several limitations. We evaluated several
health endpoints in multiple analyses; thus the issue of
multiple testing must be taken into consideration when
interpreting the results. This analysis may have had lim-
ited power to detect subtle associations owing to low event
numbers, insufficient reductions in air pollutant concen-
trations, and a small number of days in the intervention
period. We were also unable to thoroughly evaluate
changes in behavior and in health care utilization that
were caused by the Olympic Games (e.g., Atlanta residents
leaving town or deciding to not use the ED during this
period). We examined the percentage of all ED visits made
by Atlanta residents, as well as percentages of these
Atlanta residents according to race, age, and sex compared
with nonresidents making ED visits; these characteristics
did not change during the Olympic Games period. We also
evaluated multiple referent periods and methods of con-
trolling for time trends and were able to compare the
Olympic period effect in 1996 with that in other years.

This project provided an opportunity to examine a
short-term effort in Atlanta to reduce traffic, and conse-
quently traffic-related pollution, during the 1996 Summer
Olympic Games. It is likely that both large-scale weather
patterns and traffic reduction played a role in the reduced
air pollutant concentrations observed during the Olympic
Games. The results from this study provide little or no evi-
dence of a decrease in ED visits during the Olympic Games
in Atlanta. The results were generally sensitive to choice
of analytic model and adjustment for time trend, illus-
trating the difficulties of disentangling the effects of
reduced traffic and air pollution from the usual temporal
patterns of ED visits during the summer.

This study also demonstrates the limitations and chal-
lenges of conducting accountability studies retrospec-
tively, including the need to rely on available data on air
pollution, traffic, and health outcomes. Future account-
ability studies could be designed in advance to answer
some of the questions regarding population behavior that
were not adequately answered in this study. In addition,
the intervention effort during the Summer Olympic Games
in Atlanta, even if successful, would not have been sus-
tainable on a long-term basis. Longer and more sustainable
intervention efforts may provide insight into the account-
ability question, while those resulting in larger air pollution
reductions may provide additional evidence regarding
causal implications of the observed association of air pol-
lution with morbidity and mortality.
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APPENDIX A. HEI Quality Assurance Statement

The conduct of this study was subjected to independent
audit by Mr. David Bush of T&B Systems, Inc. Mr. Bush is an
expert in quality assurance for air quality monitoring studies
and data management. The dates of the audit are listed in the
table below with the phase of the study examined.

QUALITY ASSURANCE AUDITS

Date Phase of Study

March 31– The auditor conducted an on-site
audit at the Colorado State Univer-
sity in Fort Collins, Colorado. The
audit included a review of the
project data set utilized in the final
report relative to original data sets.
Due to IRB restrictions, it was not
possible to review the study’s raw
hospital data. However, the hos-
pital data set has been used in pre-
viously published studies, and a
summarized data set was available
to confirm the report statistics. No
data quality related issues were
noted, though inconsistencies
between the data and several plots
and one summary table were iden-
tified. All discrepancies were cor-
rected immediately following the
audit.

A written report of the audit was provided to the HEI
project manager, who transmitted the findings to the Prin-
ciple Investigator. The quality assurance audit demon-
strated that the study was conducted by an experienced
team with a high concern for data quality. The report
appears to be an accurate representation of the study.

David H. Bush, Quality Assurance Officer
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ABBREVIATIONS AND OTHER TERMS

CCS congestion charging scheme

CI confidence interval

CO carbon monoxide

COPD chronic obstructive pulmonary disease

ED emergency department

GA EPD Georgia Environmental Protection Division

GEE generalized estimating equation

GLM generalized linear model

HMO health maintenance organization

ICD-9 International Classification of Diseases, 
Ninth Revision

MSA metropolitan statistical area

NCHRP National Cooperative Highway Research 
Program

NOx oxides of nitrogen

NO2 nitrogen dioxide

O3 ozone

PM particulate matter

PM2.5 PM � 2.5 µm in aerodynamic diameter

PM10 PM � 10 µm in aerodynamic diameter

RFA request for applications

RR relative risk

SO2 sulfur dioxide

SOPHIA Study of Particles and Health in Atlanta

U.S. EPA U.S. Environmental Protection Agency
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INTRODUCTION

In recent decades, there have been substantial reduc-
tions in ambient concentrations of most combustion-relat-
ed pollutants in the United States, Europe, and elsewhere.
Because the cost of pollution-control technologies and en-
forcement of regulations to achieve increasingly lower
concentrations of air pollutants can be relatively high, it is
important to determine whether regulations and other ac-
tions taken to improve air quality are effective in reducing
emissions, reducing the public’s exposure to air pollut-
ants, and ultimately in achieving the intended improve-
ments in public health. So far, the number of studies
pursuing such accountability research has been limited.
Traffic is an important source of air pollutants to which a
large segment of the population is exposed, especially in
urban areas. Many locations around the world are imple-
menting actions to reduce traffic congestion. Although
such measures may not be specifically designed to reduce
air pollution concentrations, it is possible that they may
lead to improved air quality. There is increasing interest in
evaluating whether this is the case.

HEI’s Accountability Research program was initiated to
support research that would evaluate the effects of actions
taken to improve air quality (for more information on the
program, see the Preface to this report). As part of the Fall
2004 Research Agenda, HEI issued Request for Applica-
tions (RFA*) 04-4, “Measuring the Health Impact of
Actions Taken to Improve Air Quality.” In response to the
RFA, Dr. Jennifer Peel of the Department of Environmental
and Radiological Health Sciences at Colorado State Uni-
versity in Fort Collins, Colorado, and colleagues submitted
a proposal to study the effects of a short-term, temporary

intervention designed to reduce traffic congestion during
the 1996 Summer Olympic Games in Atlanta, Georgia.
Actions taken by the city of Atlanta included (1) pro-
moting the use of and providing increased availability of
public transportation; (2) providing a system to give trav-
elers up-to-date information on traffic congestion, alterna-
tive routes, and directions to Olympic Village parking; and
(3) encouraging businesses to provide telecommuting
options and alternative work hours for their employees or
to encourage their employees to use vacation time during
the Olympic Games.

A previous study of the Atlanta Olympic Games traffic
intervention had shown a decrease in acute care visits for
pediatric asthma and a concomitant decrease in concentra-
tions of ozone (O3), particulate matter � 10 µm in aerody-
namic diameter (PM10), and carbon monoxide (CO) during
the Olympic Games compared with the weeks before and
after (Friedman et al. 2001). Peel and colleagues proposed
further analyses using a large database on emergency
department (ED) visits collected as part of the Study of Par-
ticles and Health in Atlanta (SOPHIA). They proposed to
assess additional disease categories in adults and elderly
individuals as well as in children, evaluate a wider time
window surrounding the Olympic Games period (com-
paring 1996 with the years before and after the Olympic
Games), include a larger geographic area in their analyses,
and examine the potential influence of meteorologic con-
ditions on O3 concentrations. The HEI Research Com-
mittee thought that these additional analyses would
enhance our understanding of the possible effects of the
intervention on health outcomes and recommended the
study for funding.

SCIENTIFIC BACKGROUND

There is a large body of epidemiologic evidence showing
that exposure to increased concentrations of ambient air
pollutants, in particular O3 and PM, is associated with
increased respiratory and cardiovascular mortality and with
increased hospital admissions. Such effects have been dem-
onstrated in large cohort studies that compared populations
with differing long-term exposures to air pollutants (Pope et
al. 2002; Jerrett et al. 2009; Krewski et al. 2009), as well as in
time-series analyses that compared hospitalizations or

Dr. Peel’s 1-year study, “Impact of Improved Air Quality During the 1996
Atlanta Olympic Games on Multiple Cardiorespiratory Outcomes,” began in
March 2006. Total expenditures were $62,000. The draft Investigators’
Report from Peel and colleagues was received for review in January 2008. A
revised report, received in February 2009, was accepted for publication in
March 2009. During the review process, the HEI Health Review Committee
and the investigators had the opportunity to exchange comments and to
clarify issues in both the Investigators’ Report and in the Review Commit-
tee’s Critique.

This document has not been reviewed by public or private party institu-
tions, including those that support the Health Effects Institute; therefore, it
may not reflect the views of these parties, and no endorsements by them
should be inferred.

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.
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mortality on days with high pollutant concentrations with
those on days with low pollutant concentrations (Samet et
al. 2000; Bell et al. 2004; Katsouyanni et al. 2009). The
associations between O3 or PM concentrations and health
outcomes are consistent across different continents
(Schwela 2000; Anderson et al. 2004).

Although there has been substantial progress in
reducing emissions from the transportation sector, those
emissions remain a major contributor to urban air pollu-
tion. With a large segment of the population living in close
proximity to traffic sources, exposure to traffic-related air
pollutants is an important public health concern.
According to HEI’s recent review, there is sufficient evi-
dence to infer a causal association between exposure to
traffic-related pollution and asthma exacerbation; studies
that have evaluated the relationship between the distance
from residences or schools to busy roads and health out-
comes (e.g., respiratory symptoms, asthma incidence, pul-
monary function,  or  mortali ty)  suggest  a  causal
relationship (HEI Panel on the Health Effects of Traffic-
Related Air Pollution 2010).

Because of the substantial public health impacts, many
countries have implemented regulations to reduce general
exposure to traffic-related air pollution. Examples are reg-
ulations aimed at reducing sulfur in fuel (e.g., in Hong
Kong; see Hedley et al. 2002), restricting older vehicles
with relatively high emission levels from entering down-
town areas — as is being done in an increasing number of
cities in Europe and elsewhere — or targeting traffic con-
gestion. Measures to reduce congestion in major urban
areas include charging a fee for vehicles to enter the area
(e.g., in London, Singapore, and Stockholm; see Hugosson
et al. 2006; Kelly et al. 2010), banning entry of nonresi-
dents’ vehicles (in Rome), and imposing restrictions on
residents as to when they may use their vehicles (in
Mexico City, Athens, and Budapest). Specific actions may
also be targeted at temporarily reducing traffic congestion
or improving air quality in association with a major event,
such as the Olympic Games (e.g., Friedman et al. 2001;
Wang et al. 2008).

Several recent studies assessed whether such measures
to reduce traffic have improved air quality in the sur-
rounding areas. For example, Dijkema and colleagues
(2008) showed that lowering the maximum speed limit on
a section of the urban ring highway in Amsterdam, the
Netherlands, significantly reduced PM concentrations in
the immediate vicinity of the highway. Substantial,
unplanned reductions in traffic in Haifa, Israel led to signif-
icant reductions in concentrations of PM, hydrocarbons,
and nitrogen dioxide (NO2), but not in O3 (Yuval et al
2008). Kelly and colleagues studied the London Congestion

Charging Scheme (CCS) that was implemented to reduce
the number of vehicles entering central London during
business hours (Atkinson et al. 2009; Kelly et al. 2010).
Using a temporal-spatial analysis, this group found no sig-
nificant changes in air pollutant concentrations at a road-
side monitor in the CCS zone, but they did observe
decreased concentrations of nitrogen monoxide and
increased concentrations of nitrogen oxides (NOx) and O3
at three nonroadside monitors. These changes could not be
attributed to the CCS because there were other simulta-
neous changes in traffic and emissions; it was not possible
to empirically evaluate changes in health outcomes
because the area covered by the CCS was small (Kelly et al.
2010). However, the group also calculated — using mod-
eled air quality and health effects estimates from other
studies — that the CCS would have a positive effect on life
expectancy (Tonne et al. 2008). The congestion charging
trial in Stockholm was effective in improving traffic flow
throughout the city and also provided some air quality
benefits (Hugosson et al. 2006). A recent study showed
that such schemes may provide additional health benefits
because people may choose alternative transportation
options that involve physical activity (Bergman et al.
2010). Similar congestion charging schemes are being con-
sidered in other cities (e.g., New York City) and may pro-
vide opportunities for future research.

The intervention to reduce traffic congestion in Atlanta
during the 1996 Summer Olympic Games provided an
opportunity to study the impact on air quality and public
health of a short-term, temporary intervention focused on
traffic congestion. Friedman and colleagues (2001) evalu-
ated acute care visits and hospitalizations for pediatric
asthma during the 17 days of the Summer Olympic Games,
compared with 4-week periods before and after the
Olympic Games. They found significant declines in the
number of pediatric asthma acute care events during the
Olympic Games based on data from Georgia Medicaid
claims. In addition, they observed concurrent reductions
in peak weekday morning traffic counts and in daily peak
O3 concentrations that were suggestive of an association
between the traffic intervention and the reduction in
asthma events. However, the analyses had limited statis-
tical power because of the short study period and because
the investigators did not appear to correct for seasonal
trends in air pollutant concentrations or health outcomes.
Thus, Peel and colleagues proposed to reexamine the
impact of improved air quality during the 1996 Olympic
Games on multiple respiratory and cardiovascular out-
comes and to analyze the effect that seasonal trends and
meteorologic conditions may have had on air quality.
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SPECIFIC AIMS

The investigators pursued the following specific aims:

1. Examine ambient air pollutant concentrations during
the Olympic Games and surrounding baseline periods
in the Atlanta area and throughout the Southeastern
United States;

2. Examine traffic counts in Atlanta during the Olympic
Games and surrounding baseline periods;

3. Evaluate ED usage patterns and characteristics during
the Olympic and baseline periods; and

4. Compare results obtained for the Olympic period
with results for the baseline periods, adjusting for
temporal trends and meteorologic conditions.

The investigators used ED data for 1995 though 2004
that had been collected for more than 30 hospitals in
Atlanta as part of the SOPHIA project, which examined the
associations between daily air quality and daily ED visits
for cardiovascular and respiratory outcomes (e.g., Metzger
et al. 2004; Peel et al. 2005).

An additional original aim of the current study was to
evaluate ventricular arrhythmias in patients with an
implantable cardioverter defibrillator, which continuously
records the heart rhythms of patients and stores information
on the date and time of each arrhythmic event. Data from
two cardiac electrophysiology clinics in Atlanta were avail-
able during the entire study period. Although 884 subjects
were followed, there were only six ventricular events
during the Olympic period. Because this small sample size
precluded a meaningful interpretation of the results, those
data were not included in the Investigators’ Report.

METHODS

AMBIENT AIR QUALITY

Daily ambient air quality data for five central counties
within the Atlanta area were obtained from the U.S. Envi-
ronmental Protection Agency’s (U.S. EPA’s) Air Quality
System and from the Georgia Department of Natural
Resources. The fixed monitors measured PM10 and the
gaseous pollutants CO, O3, NO2, NOx, and sulfur dioxide
(SO2). There were two monitoring sites for each of the pol-
lutants except for PM10 mass, which was measured at only
one site. Meteorologic data were obtained from the
National Climatic Data Center and included temperature,
dew point temperature, amount of sunshine, and precipi-
tation for the Atlanta area.

To evaluate whether changes in air quality were restricted
to Atlanta or were more regional in nature, the investigators
obtained air quality data from more rural sites in Georgia as
well as from six urban areas in the Southeastern United
States located between 120 and 250 miles from Atlanta
(Birmingham, AL; Tallahassee, FL; Charlotte, NC; Chat-
tanooga, Knoxville, and Nashville, TN).

TRAFFIC COUNTS

Daily 1-hour maximum for the morning (4–10 AM) and
total daily traffic counts were calculated for weekdays
from data collected by the Georgia Department of Trans-
portation, which in 1996 conducted hourly traffic counts
at 18 sites within the 5-county area studied.

HEALTH OUTCOMES

Data on ED visits were obtained for 12 hospitals in the 5-
county area that had data for the Olympic Games period
(July 19, 1996, through August 4, 1996); 2 of the 12 were
pediatric hospitals that were included in the analyses by
Friedman and colleagues (2001). More than 25,000 total
ED visits from Atlanta residents were included; visits from
nonresidents were excluded from the analyses (such visits
were slightly more frequent during the Olympic Games).
Hospital discharge data were obtained for the years 1995
through 2004 and included specific International Classifi-
cation of Diseases, 9th Revision diagnostic codes and
patient age. Respiratory case groups of interest included
asthma, chronic obstructive pulmonary disease (COPD),
upper respiratory infection, pneumonia, and all four respi-
ratory case groups combined. Cardiovascular case groups
of interest were ischemic heart disease, acute myocardial
infarction, cardiac dysrhythmias, congestive heart failure,
peripheral and cerebrovascular disease, and all five car-
diovascular case groups combined. The finger wounds
case group was used as a control because this outcome was
not expected to have an association with air pollutant con-
centrations. The investigators focused on three age groups:
pediatric (2–18 years), adult (19–64 years), and older adult
(� 65 years).

STATISTICAL ANALYSES

The investigators summarized air quality data from mon-
itoring sites within the 5-county area and provided time-
series plots for the summer months in 1996 compared with
average concentrations in the summer months for all other
years (1995 and 1997–2004). Traffic counts for 1996 were
averaged for the Olympic and surrounding baseline periods
(4 weeks before and 4 weeks after the Olympic Games). The
investigators compared mean pollutant concentrations and
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traffic counts between the Olympic and baseline periods
using a time-series approach.

The numbers of daily ED visits were summarized by dis-
ease category, age group, race category, payment type, and
sex for the Olympic and baseline periods and analyzed
using Poisson generalized linear models (GLMs). The 73-
day period of interest included the 17 days of the Olympic
Games and 28 days immediately before and after the
Olympic Games (baseline periods). Primary analyses were
performed on ED visits for the 73-day period in 1996 as
well as the surrounding years (1995 and 1997−2004; 730
total days). The investigators analyzed ED visits from all
12 hospitals, the 8 hospitals in downtown Atlanta (inside
the perimeter highway), the 4 hospitals outside the perim-
eter highway, and the 2 pediatric hospitals. They sepa-
rately analyzed ED visits for residents who lived inside the
perimeter highway, and for the three age groups. The anal-
yses were adjusted for day-of-week, daily minimum tem-
perature, daily average dew point temperature, day-of-
summer, and year.

Secondary analyses were conducted on the short 73-day
time series (1996 Olympic and baseline periods only). The
investigators analyzed ED visits for all 12 hospitals and for
the 2 pediatric hospitals in order to replicate the analyses
of Friedman and colleagues (2001). They conducted a
number of sensitivity analyses using generalized esti-
mating equations (GEEs) to evaluate the effects of model
choices and choices of baseline periods on the estimates.

OVERVIEW OF KEY RESULTS

Peel and colleagues reported that total daily traffic counts
on weekdays were not reduced during the Olympic Games
period compared with the four weeks before and after. In
fact, significant increases were observed at 2 of the 18 sites.
However, weekday morning traffic counts (i.e., 1-hour max-
imum) at most sites were slightly lower during the Olympic
Games period. Significant decreases (of up to 20%) in the
daily morning traffic counts were observed at 4 sites in
Fulton and DeKalb Counties near downtown Atlanta; traffic
counts at other sites were lower by 2% to 15%.

Peel and colleagues observed that 8-hour maximum O3
concentrations in Atlanta were 30% and 22% lower
during the Olympic Games period than during the four
weeks before and after the Olympic Games, respectively.
One-hour maximum O3 concentrations were also signifi-
cantly lower during the Olympic Games period. One-hour
maximum CO concentrations were also significantly
reduced (by ~30%); 1-hour maximum NO2, and 24-hour
average PM10 concentrations were reduced to a lesser

extent (by 5%–17%), but the changes were not significant.
One-hour maximum SO2 concentrations were not
changed. Evaluation of more rural areas of Georgia and
other urban areas of the Southeastern United States that
were unaffected by the traffic interventions showed that
decreased O3 concentrations were observed regionally and
could be attributed to meteorologic conditions in the
region. The observed patterns of daily pollutant concentra-
tions during the Olympic Games period in 1996 were sim-
ilar to those observed during the same weeks in the years
before and after the Olympic Games.

In the primary statistical analyses — the 1996 Olympic
Games period compared with its baseline periods, adjusted
for those same 73-day periods in surrounding years — Peel
and colleagues did not observe significant changes in the
number of ED visits for the combined respiratory case
groups (relative risk [RR] = 1.012; 95% confidence interval
[CI] = 0.920–1.113), the combined cardiovascular case
groups (0.996; 0.829–1.195), or the individual respiratory or
cardiovascular case groups (data for all 12 hospitals and all
age groups). The numbers of ED visits for upper respiratory
infections and pneumonia were somewhat reduced, but the
changes were consistent with chance fluctuations. The only
significant change was an increase in the number of ED
visits for COPD (1.420; 1.048–1.925).

In the secondary statistical analyses — the 1996 Olym-
pic Games period compared with its baseline periods
without adjustment for surrounding years — Peel and col-
leagues reported a decrease in the number of ED visits for
upper respiratory infections for all ages (RR = 0.863; 95%
CI = 0.767–0.970) and for the pediatric age group (0.779;
0.632–0.962). They also reported a decrease in the num-
bers of ED visits for the combined respiratory case groups
for all ages (0.901; 0.810–1.002) and for the pediatric age
group (0.798; 0.657–0.969). They observed a small de-
crease in the number of ED visits for pediatric asthma
(0.953; 0.650–1.399), similar to that reported by Friedman
and colleagues (2001). However, the change was consistent
with chance fluctuation, and the investigators reported
that the results were sensitive to tighter controls for time
trends. They did not observe any changes in ED visits cov-
ered by Medicaid for pediatric asthma (1.132; 0.703–1.823)
or any of the other health outcomes.

HEI HEALTH REVIEW COMMITTEE EVALUATION

The work by Peel and colleagues has addressed impor-
tant questions that had remained unanswered by the ini-
tial assessment of ED visits for pediatric asthma during the
1996 Summer Olympic Games (Friedman et al. 2001). For
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example, it was not clear to what extent normal seasonal
patterns in pollutant concentrations or health outcomes
may have influenced the results. Health outcomes such as
asthma or upper respiratory infections occur less fre-
quently in summer than at other times of the year, and con-
centrations of pollutants such as O3 also show fluctuations
throughout the year that could have coincided with the
timing of the Olympic Games. In addition, it is possible that
health care usage during the Olympic Games may have
changed because residents may have left the city or other-
wise changed the way in which they accessed health care.

Peel and colleagues approached the issue of seasonality
in the results by comparing data from 1996 with data
during the same summer months in the years before and
after the Olympic Games (but without the traffic measures
associated with the Olympic Games). They also analyzed
weather and pollution data across Georgia and other major
urban areas in the Southeastern United States to evaluate
whether the reduction in O3 observed by Friedman and
colleagues could be attributed to local, traffic-related inter-
ventions or to regional, weather-related phenomena. Fur-
thermore, Peel and colleagues analyzed data from
hospitals in downtown Atlanta that were expected to be
more directly affected by the changes in traffic patterns
than were hospitals outside the downtown area.

Peel and colleagues confirmed that Atlanta experienced
a significant decline in O3 concentrations of 20% to 30%
during the Olympic Games period, with a similar decrease
(of 30%) in CO concentrations and nonsignificant
decreases in concentrations of PM10 and NO2 (of 5%–
17%). Importantly, Peel and colleagues found that similar
declines in O3 concentrations were observed throughout
Georgia and the Southeastern United States. In its inde-
pendent review of the study, the HEI Health Review Com-
mittee agreed with the investigators that the regional
nature of the reduction in O3 concentrations was due to
meteorologic conditions; this factor has made it difficult to
assess whether and to what extent the measures to reduce
traffic during the Olympic Games contributed to air
quality improvements in downtown Atlanta. The Com-
mittee noted that it was important that Peel evaluated the
other urban areas in the Southeastern United States in
addition to rural areas of Georgia, because rural towns may
not be comparable to Atlanta in terms of pollution patterns
or population and health statistics.

Peel and colleagues reported up to a 20% decline in
weekday peak morning traffic counts at four sites in two
counties close to downtown Atlanta with 2% to 15%
declines at the other sites; these declines were somewhat
smaller than that reported by Friedman and colleagues
(i.e., 22.5%). In addition, the daily total number of cars

commuting into Atlanta was not changed. Thus, it remains
unclear whether the measures to improve traffic flow
during the Olympic Games had significantly reduced
traffic or improved air quality. The Committee noted that
there were several sources of uncertainty in the traffic
count analysis, including — but not limited to — which
vehicle types were affected and how hourly traffic patterns
related to concentrations of different air pollutants at the
18 measurement sites. The Committee also noted that
when reviewed in retrospect, the traffic measures were
quite modest — compared, for example, with traffic con-
trols implemented during the 2008 Summer Olympic
Games in Beijing — and may not have been expected to
result in substantial air quality changes.

Even though the relative contributions of the traffic
measures and meteorology to the observed improvements
in air quality in Atlanta during the summer of 1996 cannot
be established, it remains important to establish the extent
to which such air quality improvements have led to
improved health outcomes. However, when Peel and col-
leagues adjusted their analyses of the Olympic Games
period for seasonal trends in air pollutant levels and in
health outcomes during the years before and after the
Olympic Games, they did not find significant reductions
in the number of ED visits for respiratory or cardiovascular
health outcomes in adults or children. They reported that
the risk estimates often had large CIs, indicating uncer-
tainty in the results, and that they were sensitive to the
choice of analytic model. Because the 17-day period of the
Olympic Games was short, it is possible that the daily
number of ED visits was too low to adequately test the
hypothesis that health outcomes would be affected. The
only significant result was an unexpected increase in the
number of ED visits for COPD; this could have been a
random effect due to low daily numbers of ED visits for
COPD during the summer. The investigators postulated
that there is some evidence that COPD has a longer lag
structure with respect to air pollution (Peel et al. 2005);
thus, this observation could have represented a delayed
effect due to increased air pollution concentrations before
the Olympic Games. The Committee, however, suggested
that this explanation was unlikely because other daily
time-series studies found that the lags between air pollu-
tion and COPD exacerbation are not different from those
observed with asthma exacerbation (Anderson et al. 1997).
Nevertheless, the observation of increased ED visits for
COPD does add to the evidence that air pollution-related
health impacts were not reduced during the period of the
Olympic Games.

This new analysis demonstrates the importance of ade-
quate control for temporal trends. Furthermore, the sensi-
tivity of results to the details of such control shows the
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importance of a priori determination of the control
strategy. When Peel and colleagues analyzed the 73-day
period of the Olympic Games and adjacent baseline
periods without adjusting for similar trends in sur-
rounding years, they observed reductions in ED visits for
upper respiratory infections for all age groups and for
pediatric ages that supported the findings by Friedman
and colleagues (2001). Using data from two pediatric hospi-
tals, they observed small reductions for pediatric asthma
visits similar to what Friedman and colleagues had reported
(IR Table 8), although the change was consistent with
chance fluctuation and the results were sensitive to tighter
controls for time trends. The strongest reduction reported
by Friedman and colleagues was from an analysis using a
Medicaid database, to which Peel and colleagues did not
have access. However, Peel and colleagues did examine ED
visits covered by Medicaid and did not observe any changes
in the number of ED visits for pediatric asthma or any of the
other health outcomes. Some differences between the two
studies may have contributed to these differing results. The
methods of adjustment for time trends differed between the
two studies. Also, Friedman and colleagues used a Med-
icaid claims database that included both ED visits and acute
care events, whereas Peel and colleagues considered only
ED visits. Peel has suggested that the potentially less severe
acute care events may have been affected by behavioral
changes in how Atlanta residents accessed health care
during the Olympic Games period; although this is plau-
sible, no evidence is adduced either way.

The principles underlying a comprehensive evaluation
of a short-term intervention such as traffic management
during the Olympic Games period are difficult to apply in
practice, for three main reasons. First, it is necessary to
establish that the measures to improve traffic flow during
the period of the Olympic Games were effective in
reducing traffic, and that such a reduction led to improved
air quality during that period. As this study demonstrates,
this may be difficult. In this respect, the availability of spa-
tial as well as temporal control periods is crucial; in the
present case the observation that O3 concentrations were
low throughout the Southeastern United States casts doubt
on the influence of the Atlanta-specific changes in traffic
management. Second, it is necessary to establish an associ-
ation between the intervention and a change in health out-
comes. Here is it vital to have an appropriate control
structure, and this study demonstrates the importance of
employing robust controls for seasonality. Ideally, it would
be a further advantage to include contemporaneous spatial
control data. Third, even if associations between the
period of the Olympic Games and changes in air quality

and health outcomes could be established statistically,
there would remain the question of causality. A temporary
change in the use of hospital services could be explained
by other factors such as changes in population numbers or
behavior in accessing health care.

At the outset of the study, the investigators had to make
choices about which periods to analyze. Because the 17-
day period of the Olympic Games was rather short, it
would be important to choose appropriate periods before
and after the Olympic Games for comparison. Like
Friedman and colleagues, Peel and colleagues chose to
analyze 28 days before and 28 days after the Olympic
Games; they also conducted a sensitivity analysis with 14-
day baseline periods (and reported that the results were
somewhat sensitive to tighter control for time trends). The
14-day period is more comparable to the Olympic Games
period but reduces the overall number of days analyzed
and thereby the power of the study. A baseline period
longer than 4 weeks would increase the number of days
included in the analyses, but also possibly introduce other
trends, such as changes in weather or people’s behavior
(for example, vacation in July and August but back to
school in early September). A similar set of choices was
faced by Kelly and colleagues, who analyzed different
periods (weeks, months, or years) before and after imple-
mentation of the CCS in London (Kelly et al. 2010; Tonne
et al. 2010); their final comparison relied on comparing
two years before and after the intervention, as this was
most robust to weather variability and seasonal factors
(Atkinson et al. 2009).

To address seasonality, Peel and colleagues analyzed data
from the years before and after the Olympic Games. Initially,
they used two approaches. The first approach was to ana-
lyze only the 17-day Olympic periods in the years before
and after the Olympic Games. The second approach was to
analyze data from the entire year and use cubic splines to
adjust for seasonality in the data. However, analyzing the
entire year might introduce more variability due to different
pollutant concentrations and health outcome trends — such
as influenza epidemics — in fall and winter compared with
summer, which might unnecessarily complicate the anal-
yses. In communications with the HEI Health Review Com-
mittee, it was concluded that the first approach should
include the baseline periods to properly adjust for season-
ality and that the second approach might overadjust for sea-
sonality because the splines are difficult to reconcile with
the assumed step function in air quality changes. Thus, the
Committee recommended comparing the 73-day summer
period in 1996 with the same 73-day period in the years
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before and after the Olympic Games, which is the approach
presented in the Investigators’ Report.

Although well-designed studies can provide insight into
the effectiveness of regulatory decisions, interpretation of
results can be difficult when the changes in pollutant con-
centrations or in health outcomes are small, or when there
are simply not enough events to conduct a meaningful
analysis. A detailed discussion of the general challenges
that researchers face in conducting such studies is included
in HEI’s interim evaluation of its Accountability Research
Program (van Erp and Cohen 2009). The study by Peel and
colleagues was designed carefully, but it was constrained
by the short duration of the intervention, the small reduc-
tions in air pollution concentrations, the low daily num-
bers of ED visits, difficulty of isolating the effects of an
intervention from usual temporal patterns in health care
usage, and a lack of control areas. Although Peel and col-
leagues examined important potential confounders that
were not addressed in the study by Friedman and col-
leagues, the retrospective nature of the study limited the
investigators’ ability to evaluate behavioral changes (e.g.,
Atlanta residents potentially leaving the city during the
Olympic period) that may have influenced the results.

Evaluation of traffic congestion measures in London
faced similar challenges, although in the context of an
intervention with a different (long-term) time-frame: short-
term changes in pollution concentrations were obscured
by coincidental changes in weather patterns, the inner-city
area affected by the intervention was small, and reductions
in the numbers of cars entering the inner city were offset
by increased numbers of buses and taxis (Kelly et al. 2010).
However, when longer periods of two years before and
after the intervention were compared, more robust changes
in air quality were observed between the CCS area and the
control area (outer London). This example illustrates the
importance of using a contemporaneous control area, a
dimension that was lacking in the Atlanta study. Although
it is possible to calculate theoretical health benefits under
different traffic-intervention scenarios based on predicted
air quality changes and pre-existing health risk estimates,
as was done for the London CCS (Tonne et al. 2008), it is
important to evaluate, if possible, whether the predicted
improvements actually occurred (Kelly et al. 2010; Tonne
et al. 2010). It is also important to measure the air quality
changes because these do not necessarily correspond to
those predicted by models. In the case of the London CCS,
for example, the observed increases in NO2 and O3 were
not predicted; this finding illustrates the point that
changes in health outcomes cannot be assumed to be
entirely beneficial (Atkinson et al. 2009).

SUMMARY

Peel and colleagues successfully conducted an exten-
sive evaluation of health outcomes associated with air
quality changes during the Olympic Games in Atlanta that
critically expanded the initial evaluation by Friedman and
colleagues (2001). Peel and colleagues used more detailed
information on traffic, air quality, and weather in the
Southeastern United States and evaluated a much wider
range of health outcomes in different age groups. They
carefully conducted a number of sensitivity analyses to
adjust for seasonal variation in air quality and in health
outcomes, evaluating effect estimates based on different
periods surrounding the Olympic Games and comparing
them with estimates in surrounding years.

Among their many useful findings, the investigators
showed that morning peak-hour traffic counts were re-
duced during the Olympic Games period in 1996, owing to
the planned intervention to reduce traffic, although total
daily traffic in Atlanta was not reduced. They also con-
firmed that O3 concentrations were reduced by 20% to
30% during the Olympic Games compared with 4-week
periods before and after the Olympic Games. However,
concurrent reductions in O3 concentrations were observed
in other areas in Georgia and other urban areas in the
Southeastern United States. The regional nature of the re-
duction in O3 concentrations has made it difficult to assess
the extent to which the measures to reduce traffic during the
Olympic Games may have contributed to O3 reductions in
downtown Atlanta and suggests that regional meteorology
was an important factor. When Peel and colleagues adjusted
their analyses of the Olympic Games period in 1996 for sea-
sonal trends in air pollutant levels and health outcomes
during the years before and after the Olympic Games, they
did not find significant reductions in the numbers of ED
visits for respiratory or cardiovascular health outcomes in
adults or in children. When they analyzed the 73-day pe-
riod of the Olympic and adjacent baseline periods without
adjusting for similar trends in surrounding years, they ob-
served reductions in ED visits for upper respiratory infec-
tions for all age groups and for the pediatric age group, but
they could not reproduce the observation by Friedman and
colleagues (2001) that the number of pediatric emergency
care visits for asthma was reduced during the Olympic
Games period. This study illustrates the importance of
evaluating appropriate time windows surrounding inter-
ventions, properly adjusting for seasonal and other trends
that may influence the results, and using control areas.
Evaluation of short-term air quality interventions remains
challenging, especially if the period of the intervention is
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only 17 days, because changes in meteorologic conditions
could easily overwhelm any changes that may be due to
the intervention. More broadly, this study emphasizes the
importance of examining the full chain of events that
might result from any such intervention — for example,
asking first whether an intervention actually reduced traf-
fic, then asking whether that reduction in traffic resulted
in improved air quality, and then finally examining
whether any observed improvements in air quality actu-
ally resulted in health improvements.
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