
Charlestown Navy Yard

120 Second Avenue

Boston MA  02129-4533 USA

+1-617-886-9330

www.healtheffects.org

R E S E A R C H
R E P O R T  

Number 94, Part III

May 2004

H E A L T H
E F F E CTS
INSTITUTE

Jan
u

ary 2004

R E S E A R C H  R E P O R T

Number 94, Part III
May 2004

The National Morbidity, Mortality, 
and Air Pollution Study
Part III: PM10 Concentration–Response 
Curves and Thresholds for the 20 Largest 
US Cities
Michael J Daniels, Francesca Dominici, Scott L Zeger, 
and Jonathan M Samet

H E A L T H
E F F E CTS
INSTITUTE

Includes a Commentary by the Institute’s Health Review Committee



H E A L T H
E F F E C T S
INSTITUTE

The Health Effects Institute was chartered in 1980 as an 

independent and unbiased research organization to provide 

high quality, impartial, and relevant science on the health 

effects of emissions from motor vehicles, fuels, and other 

environmental sources. All results are provided to industry 

and government sponsors, other key decisionmakers, the 

scientific community, and the public. HEI funds research on 

all major pollutants, including air toxics, carbon monoxide, 

diesel exhaust, nitrogen oxides, ozone, and particulate 

matter. The Institute periodically engages in special 

review and evaluation of key questions in science that are 

highly relevant to the regulatory process. To date, HEI has 

supported more than 220 projects at institutions in North 

America, Europe, and Asia and has published over 160 

Research Reports and Special Reports. 

Typically, HEI receives half of its core funds from the 

US Environmental Protection Agency and half from 28 

worldwide manufacturers and marketers of motor vehicles 

and engines who do business in the United States. Other 

public and private organizations periodically support special 

projects or certain research programs. Regardless of funding 

sources, HEI exercises complete autonomy in setting its 

research priorities and in reaching its conclusions. 

An independent Board of Directors governs HEI. The 

Institute’s Health Research Committee develops HEI’s five-

year Strategic Plan and initiates and oversees HEI-funded 

research. The Health Review Committee independently 

reviews all HEI research and provides a Commentary 

on the work’s scientific quality and regulatory relevance. 

Both Committees draw distinguished scientists who 

are independent of sponsors and bring wide-ranging 

multidisciplinary expertise. 

The results of each project and its Commentary are 

communicated widely through HEI’s home page, Annual 

Conference, publications, and presentations to professional 

societies, legislative bodies, and public agencies.

OFFICERS & STAFF
Daniel S Greenbaum President
Robert M O’Keefe Vice President
Jane Warren Director of Science
Sally Edwards Director of Publications
Jacqueline C Rutledge Director of Finance and Administration
Deneen Howell Corporate Secretary
Cristina I Cann Staff Scientist
Aaron J Cohen Principal Scientist
Maria G Costantini Principal Scientist
Wei Huang Staff Scientist
Debra A Kaden Senior Scientist

Sumi Mehta Staff Scientist
Geoffrey H Sunshine Senior Scientist
Annemoon MM van Erp Staff Scientist
Terésa Fasulo Science Administration Manager
Melissa R Harke Administrative Assistant
L Virgi Hepner Senior Science Editor
Jenny Lamont Science Editor
Francine Marmenout Senior Executive Assistant
Teresina McGuire Accounting Assistant
Robert A Shavers Operations Manager

Mark J Utell Chair
Professor of Medicine and Environmental Medicine, University of Rochester

Melvyn C Branch
Joseph Negler Professor of Engineering, Mechanical Engineering Department, 
University of Colorado

Kenneth L Demerjian
Professor and Director, Atmospheric Sciences Research Center, University
at Albany, State University of New York

Peter B Farmer
Professor and Section Head, Medical Research Council Toxicology Unit,
University of Leicester

Helmut Greim
Professor, Institute of Toxicology and Environmental Hygiene, Technical 
University of Munich

Rogene Henderson
Senior Scientist, National Environmental Respiratory Center, 
Lovelace Respiratory Research Institute

Stephen I Rennard
Larson Professor, Department of Internal Medicine, University of 
Nebraska Medical Center

Howard Rockette
Professor and Chair, Department of Biostatistics, Graduate School 
of Public Health, University of Pittsburgh

Jonathan M Samet
Professor and Chairman, Department of Epidemiology, Bloomberg 
School of Public Health, Johns Hopkins University

Ira Tager
Professor of Epidemiology, School of Public Health, University
 of California, Berkeley

Clarice R Weinberg
Chief, Biostatistics Branch, Environmental Diseases and Medicine 
Program, National Institute of Environmental Health Sciences

HEALTH RESEARCH COMMITTEE

BOARD OF DIRECTORS
Richard F Celeste Chair
President, Colorado College

Purnell W Choppin
President Emeritus, Howard Hughes Medical Institute

Jared L Cohon
President, Carnegie Mellon University

Alice Huang
Senior Councilor for External Relations, California Institute  of Technology

Gowher Rizvi
Director, Ash Institute for Democratic Governance and Innovations, 
Harvard University

Richard B Stewart
University Professor, New York University School of Law, and Director, New York 
University Center on Environmental and Land Use Law

Robert M White
President (Emeritus), National Academy of Engineering, and Senior Fellow, 
University Corporation for Atmospheric Research  

Archibald Cox Chair Emeritus 
Carl M Loeb University Professor (Emeritus), Harvard Law School

Donald Kennedy Vice Chair Emeritus
Editor-in-Chief, Science; President (Emeritus) and Bing Professor of Biological 
Sciences, Stanford University

HEALTH REVIEW COMMITTEE
Daniel C Tosteson Chair
Professor of Cell Biology, Dean Emeritus, Harvard Medical School

Ross Anderson
Professor and Head, Department of Public Health Sciences, 
St George’s Hospital Medical School, London University

John R Hoidal
Professor of Medicine and Chief of Pulmonary/Critical Medicine, 
University of Utah

Thomas W Kensler
Professor, Division of Toxicological Sciences, Department of 
Environmental Sciences, Johns Hopkins University

Brian Leaderer
Professor, Department of Epidemiology and Public Health, 
Yale University School of Medicine

Thomas A Louis
Professor, Department of Biostatistics, Bloomberg School of Public Health, 
Johns Hopkins University

Edo D Pellizzari
Vice President for Analytical and Chemical Sciences, 
Research Triangle Institute

Nancy Reid
Professor and Chair, Department of Statistics, University of Toronto

Sverre Vedal
Professor, University of Colorado School of Medicine; Senior Faculty, 
National Jewish Medical and Research Center



Synopsis  o f Research Report 94, Part  III
S T A T E M E N T

This Statement, prepared by the Health Effects Institute, summarizes a research project funded by HEI and conducted by Dr Michael J Daniels
and others (Dr Jonathan Samet, Principal Investigator) at the Johns Hopkins Bloomberg School of Public Health, Baltimore MD. The following
Research Report contains both the detailed Investigators’ Report and a Commentary on the study prepared by a Special Panel of the Insti-
tute’s Health Review Committee.

The National Morbidity, Mortality, and Air Pollution 
Study: Concentration–Response Curves and Thresholds 
for the 20 Largest US Cities

Over more than a decade, time-series epidemio-
logic studies conducted in many cities evaluated
the association between daily changes in concentra-
tions of particulate matter in the air and daily mor-
bidity and mortality. The HEI-funded National
Morbidity, Mortality, and Air Pollution Study
(NMMAPS) was designed to address concerns
about bias in the selection of cities in air pollution
studies. For this study, investigators at Johns Hop-
kins University and Harvard University selected
multiple locations based on population size, partic-
ulate matter less than 10 µm in aerodynamic diam-
eter (PM10) monitoring at least every sixth day, and
availability of daily cause-specific mortality data.
For these extensive data, the investigators devel-
oped new methods to evaluate the association
between PM10 concentrations and mortality. The
associations between PM10 concentrations and
morbidity/mortality were also evaluated in a subset
of cities where PM10 was measured daily. 

Results from most time-series studies have sug-
gested a linear relation between concentration and
daily mortality over the entire range of ambient
PM10 concentrations observed in the continental
US. That is, there appeared to be no concentration
(or threshold) beneath which adverse events were
not observed. Because of the possible public health
implications of very low concentrations of particu-
late matter being associated with deleterious health
outcomes, the NMMAPS investigators evaluated
the concentration–mortality relation in the largest
20 US cities for this Part III report. The results in
this Research Report were calculated using
methods that address shortcomings in statistical
software used for several years to fit generalized
additive models in time-series data analyses.

APPROACH

The investigators evaluated the shape of the rela-
tion between PM10 concentrations measured at
fixed monitoring sites and daily mortality among
residents from all causes (excluding accidental
causes), from all cardiovascular and respiratory
causes combined, and from causes other than car-
diovascular-respiratory disease. They developed
new statistical methods to address the shape of this
relation as well as to characterize the uncertainty of
estimated threshold values for each city and for all
20 cities combined. Before estimating a summary
measure, the investigators evaluated whether the
concentration–response shapes differed across the
cities using a statistical test for heterogeneity. They
also tried to identify a possible threshold in PM10
concentration below which an effect of PM10 on
daily mortality rate could not be detected.

The investigators evaluated three concentration–
response models: log-linear models, in which the
relation between PM10 and the (log) risk of mor-
tality is assumed to be a straight line; spline models,
in which the method estimates a concentration-
response curve when little can be assumed about its
shape; and threshold models, in which the method
assumes no effect until a specified threshold level
is exceeded (after which the relation is assumed to
be log linear). All models controlled statistically for
long-term fluctuations in mortality over time and
accounted for possible confounding effects caused
by other factors (in particular, weather). The inves-
tigators also examined time delays (lags) in the esti-
mated effect of air pollution on mortality.

RESULTS 

Based on statistical comparison of spline models
with the log-linear model and of threshold models



Research Report 94, Part III

Copyright © 2004 Health Effects Institute, Boston MA USA. Cameographics, Union ME, Compositor. Printed at Capital City Press, Montpelier VT.
Library of Congress Catalog Number for the HEI Report Series: WA 754 R432.
The paper in this publication meets the minimum standard requirements of the ANSI Standard Z39.48-1984 (Permanence of Paper) effective
with Report 21 in December 1988; and effective with Report 92 in 1999 the paper is recycled from at least 30% postconsumer waste with
Reports 25, 26, 32, 51, 65 Parts IV, VIII, and IX, 91, 105, and 117 excepted. These excepted Reports are printed on acid-free coated paper.

with the log-linear model, including comparison by
means of the Akaike information criterion (AIC), the
investigators found that for total mortality and cardio-
vascular-respiratory mortality there was no evidence of
a threshold down to daily ambient concentrations of
PM10 as low as 10 µg/m3. Thus, they concluded that
their findings indicate that linear models without a
threshold are appropriate for assessing the effect of air
pollution on daily mortality. There was little evidence
of an effect on mortality from other causes (other than
cardiovascular-respiratory), however, until PM10 con-
centrations were above 50 µg/m3. Therefore the inves-
tigators concluded that a threshold model could be
reasonable to use for assessing the effect of PM10 on
other cause mortality. They also reported that statis-
tical tests identified little evidence of heterogeneity
across cities.

COMMENT

The Special Panel of the Health Review Committee
concluded that the investigators’ work has advanced
our understanding of the health effects of air pollu-
tion by developing complex statistical methods to
describe the concentration–response relation. Due to
the nature of the questions addressed in NMMAPS III,
the results may have important implications for set-
ting air quality standards. In general, log linear curves
imply that there is no threshold and, therefore, that
there is no concentration below which there is no
effect. For this research, the Panel had some reserva-
tions regarding the investigators’ conclusions that
(1) the log-linear model is preferred for evaluating the
health effects of PM10 and (2) the harmful effects of
PM10 have no threshold at concentrations of practical
importance for regulation. In addition, the Panel was
not convinced that the AIC is the appropriate crite-
rion on which to base the choice between models. 

The Panel agreed with the investigators that the
data provided little evidence against the log-linear
model with regard to the relation between PM10 and
cardiovascular-respiratory deaths. They concluded,
however, that lack of evidence against should not be
confused with evidence in favor of the log-linear

model. If the relation between PM10 and other cause
mortality was not log linear (as the investigators and
Panel agree), then it is unlikely that the relation
between PM10 and total mortality could be linear.

Panel members also had reservations about applying
the AIC to determine which model better reflected the
concentration–mortality relation. The AIC was
designed to address whether a more complex model
would better predict future observations than an alter-
native simpler model. The AIC was not designed to
compare models to assess scientific theories of eti-
ology, which is the objective of evaluating the shape of
the concentration-response relation in this study.

The Panel advises caution in drawing conclusions
from the apparent absence of a threshold. First, expo-
sure measurement error could obscure any threshold
that might exist. Second, the estimated city-specific
concentration–response curves exhibited a variety of
shapes. Although some of this variation could be the
result of statistical variability or random error, some
may reflect city-specific features of the pollutant mix-
ture, differences in pollution monitoring networks, and
differences in health status of the populations. There-
fore, interpreting the shape of the composite curve,
however well estimated, is difficult. Nonetheless, the
reported associations are at ambient concentrations
well below the current US daily standard for PM10; thus
the ambient concentration level at which any threshold
might exist is likely to be correspondingly low.

The Panel recommended that studies in settings
where the particulate matter concentrations are low
would provide insight into whether associations with
mortality extend to the low end of the concentration–
response relation. Further insight into the extent to
which differences among cities contribute to the
effect estimates of concentration–response relations
may be gained from an ongoing study sponsored in
part by HEI, the Air Pollution and Health: A Com-
bined European and North American Approach
(APHENA), which includes cities with substantial
variation in pollutant concentrations, composition
and sources as well as several cities with daily moni-
toring of pollutants.
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INVESTIGATORS’ REPORT

The National Morbidity, Mortality, and Air Pollution Study
Part III: PM10 Concentration–Response Curves and Thresholds 
for the 20 Largest US Cities 

Michael J Daniels, Francesca Dominici, Scott L Zeger, and Jonathan M Samet

ABSTRACT

Numerous studies have shown a positive association
between daily mortality and particulate air pollution, even
at concentrations below regulatory limits. These findings
have motivated interest in the shape of the concentration–
response relation. We developed flexible modeling strate-
gies for time-series data that include spline and threshold
concentration–response models. We applied these models
to daily time-series data for the 20 largest US cities for 1987
through 1994, using concentration of particulate matter less
than 10 µm in aerodynamic diameter (PM10*) as the expo-
sure measure. The spline model showed a linear relation
without indicating a threshold for the relative risks of death
for all causes (total deaths) and for cardiovascular-respira-
tory causes in relation to PM10 concentration. By contrast,
for causes other than cardiovascular-respiratory, the relative
risk did not increase until the concentration reached approx-
imately 50 µg/m3 PM10. For total mortality, a linear model
without threshold was preferred to the threshold model and
to the spline model, using the value of the Akaike informa-
tion criterion (AIC). The findings were similar for combined
cardiovascular and respiratory deaths. These findings indi-
cate that linear models without a threshold are appropriate
for assessing the effect of particulate air pollution on daily
mortality even at current ambient levels. 

INTRODUCTION

In spite of improvements in air quality in many devel-
oped countries, adverse health effects of particulate air
pollution remain a regulatory and public health concern.
This continued concern is motivated largely by recent epi-
demiologic studies that have examined both acute and
longer-term effects of exposure to particulate air pollution
in different cities in the United States and elsewhere
(Schwartz 1993; Dockery and Pope 1994; Bascom et al
1996a,b; Pope and Dockery 1999). Many of these studies
have shown positive associations between levels of particu-
late air pollution and the daily mortality and morbidity
rates, and some of these studies suggest that morbidity and
mortality from respiratory and cardiovascular diseases
increased at levels of particulate air pollution below the cur-
rent US National Ambient Air Quality Standard (NAAQS)
for PM10 (US Environmental Protection Agency [EPA]
1996). The existence of increased risk at levels below the
NAAQS would violate the intent of the Clean Air Act,
which calls on the Administrator of the EPA to set primary
standards for criteria pollutants, including PM10, that pro-
tect the public’s health with an adequate margin of safety.

Together, the epidemiologic evidence and the legislative
mandate have motivated substantial interest in the shape
of the concentration–response relation of PM10 to risk of
adverse health effects. As recently summarized by Pope
(2000), analyses of time-series mortality data in a number
of locations—London, Cincinnati, Birmingham, Utah
Valley, and Shenyang—are consistent with a linear risk
from the ambient concentration of particulate matter as are
the findings of the two major long-term prospective cohort
studies, the Harvard Six Cities cohort and the American
Cancer Society cohort. Schwartz and Zanobetti (2000)
combined data from 10 US cities on daily deaths and PM10
using a meta-analysis and found linearity of risk with
PM10 to the lowest levels. The consistent finding of a
linear relation potentially places a difficult burden on pol-
icymakers, charged by the Clean Air Act with setting pro-
tective standards for public health protection that include
an adequate margin of safety. 

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.

This Investigators’ Report is one part of Health Effects Institute Research
Report 94 Part III, which also includes a Commentary by the Health Review
Committee and an HEI Statement about the research project. Correspon-
dence concerning the Investigators’ Report may be addressed to Dr Jonathan
M Samet, Department of Epidemiology, Johns Hopkins Bloomberg School of
Public Health, 615 N Wolfe St, Suite 6041, Baltimore MD 21205-2179.

Although this document was produced with partial funding by the United
States Environmental Protection Agency under Assistance Award
R82811201 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.
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Analyses of the exposure–risk relation have been car-
ried out largely with the assumption of a linear model,
rather than assessing the suitability of plausible alterna-
tives such as models incorporating thresholds or nonlinear
models. Descriptive analyses of several data sets have indi-
cated that a linear model without threshold may be appro-
priate (Schwartz and Marcus 1990; Schwartz 1994; Pope
2000). Because of limited power, however, the data from
individual cities are unlikely to give much information
about the shape of the exposure–risk relation. Conse-
quently, we undertook the analyses reported here, which
pooled information across multiple locations included in
the US National Morbidity, Mortality, and Air Pollution
Study (NMMAPS) to characterize the form of the expo-
sure–risk relation for particulate air pollution and mor-
tality with a greater degree of certainty than is possible
using data from a single city. 

NMMAPS was initiated in 1997 with a broad set of
goals, including development of methods for analysis of
time-series data on air pollution, morbidity, and mortality
and then application of those methods to national data. In
NMMAPS, analyses of air pollution, mortality, and mor-
bidity were set in a national sampling frame created from
the monitoring database of the EPA Aerometric Informa-
tion Retrieval System (AIRS). The project is a collaboration
between investigators at the Johns Hopkins University
School of Hygiene and Public Health (Drs Samet, Zeger,
and Dominici) and the Harvard School of Public Health
(Drs Dockery and Schwartz). For this report, the collabora-
tion was expanded to include Dr Michael Daniels of the
University of Florida.

Two prior reports provide the principal results of
NMMAPS. Part I (Samet et al 2000b) covers the problem of
measurement error in time-series data and offers one
approach to adjusting effect estimates for measurement
error; it offers two parallel methods for estimating an effect
of air pollution on daily mortality that does not reflect
mortality displacement (also termed harvesting); and it
offers a method for combining time-series evidence on air
pollution across multiple locations. Part II (Samet et al
2000c) provides the substantive findings: An analysis of
air pollution and mortality using data from the 20 and 90
largest US cities and a distributed lag analysis of air pollu-
tion and hospitalization of Medicare participants in 14 US
cities with the most abundant monitoring data for PM10.
Updated findings have been recently reported that address
methodologic issues related to the S-Plus gam function
(Dominici et al 2002c; Samet et al 2003).

One additional component of NMMAPS was an explora-
tion of the concentration–risk relation of PM10 with daily
mortality. The present report (Part III) provides findings

from applying a newly developed method for combining
evidence on concentration–response across the 20 largest
US cities. This report expands a paper published in the
American Journal of Epidemiology (Daniels et al 2000) and
incorporates refinements of that paper’s methods in
response to changes related to the statistical software and
to the comments of the HEI Health Review Committee.

SPECIFIC AIMS

In this report we introduce flexible modeling strategies to
describe the form of the relation of PM10 with mortality, and
we then apply these models to daily time-series data for air
pollution and mortality for the 20 largest US cities. We con-
sider and compare three plausible models for the relation
between log mortality and PM10 concentrations, each having
potentially different regulatory implications: a linear model
without a threshold; a spline concentration–response model,
in which log mortality is a smooth function (natural cubic
spline) of PM10 concentration; and a threshold model that
assumes no relation between PM10 and log mortality up to a
threshold and a linear relation after the threshold. Under
this spectrum of models, our goals were: 

• to combine information across the 20 cities to estimate 
more precisely the shape of the average concentration–
response curve; 

• to test the hypothesis that the air pollution–mortality 
association is approximately linear; and 

• to identify possible threshold pollution concentrations 
below which an effect of air pollution on daily mortality 
cannot be detected.

STATISTICAL METHODS AND DATA ANALYSIS

DATA

These analyses used the database developed for
NMMAPS (Samet et al 2000b), which included mortality,
weather, and air pollution data for the 20 largest metropol-
itan areas (termed cities in this report) in the United States
for 7 years, 1987 to 1994 (Figure 1 and Table 1) (Samet et al
2000b). The air pollution details were obtained from the
AIRS database maintained by the EPA. AIRS is a computer-
based repository of information about air pollution in the
United States and various other countries. In some loca-
tions, a high percentage of days did not have values for
PM10 because since 1987 the EPA has required measure-
ments only every 6 days. 
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Daily cause-specific mortality data, aggregated at the
level of county, were obtained from the National Center for
Health Statistics. After excluding deaths from external
causes and in nonresidents of the county, we classified the
deaths (Samet et al 2000c) by age group (< 65, 65–74 and
� 75 years) and by cause according to the International
Classification of Diseases, Ninth Revision: cardiovascular
(codes 390–448); respiratory, including chronic obstruc-
tive pulmonary disease (COPD) and related disorders
(codes 490–496); influenza (code 487); pneumonia (codes
480–486, 507); and other (remaining) diseases. Hourly
temperature and dew point for each site were obtained
from the EarthInfo CD database (www.earthinfo.com). 

After extensive preliminary analyses that considered the
24-hour means, daily maximums, and 8-hour maximums for
temperature and dew point as predictors, we chose the
24-hour means for each day (Samet et al 1998a,b, 2000b). If a
city had more than one weather station, we took the average
of the measurements from all available stations. The PM10
data were also averaged over all monitors in each county. To
protect against outliers, a 10% trimmed mean was used to
average across monitors after correction for yearly averages
for each monitor. This yearly correction is appropriate
because long-term trends in mortality are also controlled in
the log-linear regressions. See Kelsall et al (1997), Dominici
et al (2000b), and Samet et al (1997) for further details.

Table 1. Population, Mortality, and Number of Days Recording PM10 (DPM10) for 20 Largest Cities in United States

City County Population

Mean Daily Deaths

DPM10
a

Mean Daily PM10 
(µg/m3)bTotal CVDRESP 

Other 
Cause

Los Angeles Los Angeles 8,863,164 148.0 87.0 61.2 580 46.0 (21.5, 73.11)
New York Bronx, Kings, New 

York, Richmond, 
Queens, 
Westchester

7,510,646 190.9 108.3 82.6 489 28.8 (16.1, 44.81)

Chicago Cook 5,105,067 113.9 62.0 51.9 2683 35.6 (15.7, 60.28)
Dallas-
Ft Worth

Collin, Dallas, 
Rockwall, Tarrant

3,312,553 47.9 26.0 21.9 624 23.8 (11.4, 39.78)

Houston Harris 2,818,199 39.9 20.0 19.8 793 30.0 (13.5, 48.57)
San Diego San Diego 2,498,016 41.6 22.6 19.0 521 33.6 (18.1, 52.1)
Santa Ana-
Anaheim

Orange 2,410,556 32.4 18.7 13.6 480 37.4 (18.4, 59.2)

Phoenix Maricopa 2,122,101 38.4 20.9 17.5 436 39.7 (21.4, 58.4)

Detroit Wayne 2,111,687 46.9 26.5 20.4 1348 40.9 (16.4, 71.1)
Miami Dade 1,937,094 43.8 23.6 20.2 484 25.7 (16.0, 36.6)
Philadelphia Philadelphia 1,585,577 42.3 21.5 20.8 495 35.4 (19.0, 56.0)
Minneapolis Hennepin, Ramsey 1,518,195 26.3 13.9 12.4 2764 26.9 (10.9, 45.2)

Seattle King 1,507,319 25.6 13.4 12.2 2205 25.3 (10.2, 44.8)
San Jose Santa Clara 1,497,577 19.7 10.7 9.0 945 30.4 (9.3, 61.6)
Cleveland Cuyahoga 1,412,141 36.5 20.1 16.4 1298 45.1 (19.7, 78.7)
San Bernardino San Bernardino 1,412,140 20.6 12.1 8.5 538 37.0 (16.1, 56.2)

Pittsburgh Allegheny 1,336,449 37.6 21.0 16.9 2899 31.6 (8.9, 61.2)
Oakland Alameda 1,279,182 22.2 12.2 10.0 508 26.3 (9.3, 47.8)
Atlanta Fulton, De Kalb 1,194,788 17.5 8.8 8.7 482 34.4 (15.8, 56.4)
San Antonio Bexar 1,185,394 20.1 10.5 9.6 670 23.8 (12.3, 36.3)

a DPM10 = number of days recording PM10.

b Numbers in parentheses are the 10th and 90th percentiles.
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MODELS

Log-Linear Models

This section describes the log-linear models used to esti-
mate the air pollution/mortality relative rate for each loca-
tion while accounting for age-specific longer-term trends,
weather, and day of the week. The core analysis for each city
was a generalized linear model using log link and Poisson
error to account for smooth fluctuations in mortality that
might confound estimates of the pollution effect and/or
introduce autocorrelation in mortality series. Smooth func-
tions of time and temperature were modeled by use of nat-
ural cubic splines. These models were developed in earlier
work using data from Philadelphia (Kelsall et al 1997) and
applied to the national level analyses (Dominici et al 2000a;
Samet et al 2000b,c). The use of generalized linear models
with natural cubic splines for analyses of NMMAPS data,
and comparisons between this model and the previously
used generalized additive model with smoothing splines,
are detailed elsewhere (Dominici et al 2002b,c, 2003). 

To specify the approach, let Yat be the observed mor-
tality for each age group a = (� 65, 65–75, � 75 years),
PM10t be the level of PM10 at day t, and µat = E(Yat) be the
expected number of deaths at day t. We consider a log-
linear model of the form
where � represents the log-relative rate of mortality associ-
ated with a unit increase in PM10, and PM10t is the mean of
the current day and the previous day’s concentration of
PM10. If previous (or current) day’s concentration of PM10
was missing, then we used only the current (or previous)
day’s concentration of PM10. Because values were missing
for some variables on some days, we restricted analysis to
days with no missing values for all covariates. To assess
the sensitivity of the findings under these assumptions, we
also fit the models with pollution data from the current
day and the previous day (lag 1).

To control potential confounding of the log-relative rates
of mortality (�) by longer-term trends (due, for example, to
changes in health status, seasonality, or influenza epi-
demics) and to account for any additional temporal correla-
tion in the count time series, we estimated the pollution
effect using only shorter-term variations in mortality and air
pollution. To do so, we partialled out the smooth fluctua-
tions in mortality over time by including smooth functions
(natural cubic splines) of calendar time S(time, df) for each
city, where S(time, df) denotes a smooth function of cal-
endar time. Here, the degree of freedom (df) is a smoothness
parameter, which we prespecified, based upon epidemio-
logic and general biomedical knowledge of the time scale of
the major possible confounders. Based on literature review
and our prior work, we selected 7 df per year so that little
information from time scales longer than approximately
two months is included when estimating �. This choice

largely eliminates confounding from seasonal effects associ-
ated with respiratory infections (such as influenza) and
from longer-term trends, possibly due to changing medical
practice and health behaviors, while retaining as much
unconfounded information as possible on the time scale of
interest. We also controlled for age-specific longer-term and
seasonal variations in mortality, adding a separate smooth
function of time with a total of 8 df over all years for each
age group. To control for weather, we also fit smooth func-
tions (natural cubic splines) of the same day’s temperature
(temp0), average temperature for the three previous days
(temp1–3), each with 6 df, and the analogous functions for
dew point (dew0, dew1–3), each with 3 df.

In summary, we fit the following generalized linear
model (McCullagh and Nelder 1989) to obtain the estimated
pollution log-relative rate and the sample variance at
each location:

so that where DOW are
indicator variables for day of week. Samet and colleagues
(1995), Kelsall and colleagues (1997), and more recently
Dominici and colleagues (2000a) provide additional ratio-
nale for the functions used to control for longer-term trends
and weather. Sensitivity analyses of the estimated pollution
relative rates to the degree of adjustment for confounding
factors are detailed in Dominici and coworkers (2003).

Spline Model

To critically examine the log-linear assumption for par-
ticulate levels in model 1, we allowed for greater flexibility
in the air pollution–mortality association by assuming that
the logarithm of the expected value of the mortality counts
is a smooth function (natural cubic spline) of air pollution,
specifically a spline concentration–response model; we
modeled mortality as a smooth function of 
with � denoting the degrees of freedom for the smoothness
of the concentration–response curve. A straightforward
and flexible approach is to restrict the choice of the
smooth functions to the natural cubic splines with a fixed
number of knots. These are cubic polynomials within each
pair of knots and with smooth connections between
adjoining segments (continuous first and second derivatives). 

10log PM confounders,at t� �= +
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Our spline concentration–response model assumed that:

(2)

We used a natural cubic spline with knots at 30 and
60 µg/m3, which is sufficiently flexible to capture the
PM10–mortality association over the range of the air pollu-
tion data. We located the two interior knots at 30 and
60 µg/m3 because these values are approximately the 25%
and 75% quantiles of the PM10 distributions for many of the
20 cities. Boundary knots were also chosen to be common to
all cities and located at 0 µg/m3 and 100 µg/m3.

Threshold Model

To examine the question of whether the effect of partic-
ulate pollution on mortality is negligible below some level,
we also fit a threshold model and compared it to the linear
and spline models detailed above.

In the threshold model, we replaced the PM10t term in
model (1) with a term (x)+ of the form

and h is an unknown change point that is estimated from
the data. We then assumed:

(3)

Note that the parameters � in model (1) and � in model (3)
have different interpretations; � measures the percentage
increase in mortality per 10 µg/m3 increase in PM10 at any
level of the pollutant; � measures the percentage increase
in mortality per 10 µg/m3 increase in PM10 when PM10t is
higher than h. For PM10t values smaller than h, the log-
relative rate of mortality is set to zero.

Poisson Likelihood Function

We can define the Poisson likelihood function for the
linear, threshold and spline models in the following way:

where

•  

•

•

Models (1), (2) and (3) are fit by maximum likelihood
under the Poisson model (maximum quasilikelihood
[McCullagh and Nelder 1989]) with the assumption of con-
stant overdispersion over time. 

ESTIMATION

Using the glm function in S-Plus, we fit the log-linear
model (1) and the spline model (2) within each city to
obtain city-specific estimates and standard errors of the
linear effect and of the parameter vector corresponding to
the splines. Let �c denote the city-specific parameters
measuring linear and nonlinear effects of PM10 on mor-
tality for models (1) and (2) for city c: c = 1,…,20. For the
linear model, �c = �c, and for the concentration–response
model, �c equals the vector of coefficients corresponding
to the splines. To explore heterogeneity in effects across
cities, we first conducted a test for heterogeneity using a
generalization of the statistic proposed by DerSimonian
and Laird (1986) in the context of meta-analysis:

(4)

                      where  

Under the null hypothesis of no heterogeneity, 	2 follows a
chi-squared distribution with degrees of freedom equal to
 

Regardless of the conclusion of the heterogeneity test, we
fit a two-level Bayesian normal hierarchical model (for
example, see Daniels and Kass 1998),

(5)

(6)

with flat priors on �, the overall coefficient vector, and D, the
between-city covariance matrix (ie, p(�)
1 and p(D)
1). We
use this model instead of a fixed effects model to properly
account for the uncertainty associated with heterogeneity
(and the parameter representing it, D); under a fixed effects
model, we implicitly assume the heterogeneity parameter is
known and equal to 0. The Bayesian hierarchical model is fit
using the Gibbs sampler and gives similar results to random
effects models (DerSimonian and Laird 1986) with weights of
the form integrated over the posterior dis-
tribution of the between-city covariance matrix D. 
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Because the threshold model (3) assumes that the
threshold h is unknown, we implemented the following
procedure to jointly estimate � and h within each city. First,
we created a grid of possible thresholds, extending from
5 µg/m3 to 200 µg/m3 with a spacing of 5 µg/m3. Then, con-
ditional on each possible threshold in the grid, we fit
model (3) in each city using the glm function, thus
obtaining a set of coefficients of max-
imum likelihood estimates of �, conditional on h. For each
of the 20 cities, we then found the maximum likelihood
estimate of h by searching over the grid for the point that
maximizes the likelihood

 

This method is equivalent to choosing the pair (�(h),h),
which maximizes the joint log likelihood, l(�,h). We do not
pool the coefficients across cities for the threshold
model because coefficients have different interpretations
for different h.

We did not compute a standard error for the threshold
because, for most cities, estimation of the threshold was
quite unstable and standard information-based approaches
failed. Consequently, to find an estimate of the overall
threshold, we choose the value, , that minimizes the
deviance (or equivalently, maximizes the log likelihood):

where  

are the city-specific deviance and log likelihood evaluated
at h, respectively. We considered h ranging in (0, 5, 10, …,
75 µg/m3); 75 µg/m3 is the largest PM10 level for which the
parameters of the threshold model were identified for all
20 cities. We consider the linear case (h = 0) as a special
case of the threshold model when estimating the overall h.
To find a measure of uncertainty for the threshold, we first
calculated the following weights:

where wh measures the extent to which the data support the
hypothesis that h is the true threshold H = [0,5,…,75]. We
then define an approximation of the 95% credible set for h as

 

This credible set is likely to be anticonservative because it
might be too narrow with respect to the interval estimates
obtained under a profile likelihood approach. The
approach of computing the credible set for the overall
threshold using the weights, wh, is similar in concept to
inverting the likelihood ratio (eg, Casella and Berger 1990)
and it can be further justified by showing its connection to
the Bayesian information criterion (BIC) and posterior
mode probabilities. The BIC for a model M corresponding
to a threshold h, BIC(Mh) for example, is given by: 

Dev(h) + (number of parameters) � log(sample size).

The approximate posterior probability of Mh, when also
considering the models with the other thresholds, is 

The first equality holds if we assume each threshold is
equally likely a priori. The second equality holds since all
models being considered here have the same number of
parameters. The weight wh can then be interpreted as an
approximate posterior probability of the model Mh.

In addition to obtaining an overall curve that draws
information from all cities, we also compared the models
within each city and over all cities to determine which
best fit the data. We used the AIC for this purpose (Akaike
1973). The AIC for each model is a combination of the
deviance and the number of parameters in the model:

  

where is an estimate of the overdispersion. We estimate
the overdispersion factor by using Pearson 	2 appropri-
ately normalized (McCullagh and Nelder 1989). We noted
little evidence for overdispersion in most cities. The
second term provides a penalty for models with more
parameters. The model with a lower AIC value is pre-
ferred. To compare the threshold and the linear models
using AIC, we excluded h = 0 (linear) when we fit the
threshold model. To compute our overall estimate, how-
ever, we included h = 0 as a possible value. 
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RESULTS

Figure 1 gives city-specific relative rates and overall Baye-
sian estimates for the effect of PM10 on mortality under the
linear model. The results are reported using the mean of con-
current day (lag 0) and previous day (lag 1) pollution values.
Total mortality increased with each increasing level of PM10.
On average for the 20 largest cities, the greatest effect was
estimated for cardiovascular-respiratory mortality, with an
increase of 0.34% (95% CrI, 0.18%, 0.51%) for a 10 µg/m3

increase of PM10. The estimates for total and for other mor-
tality were 0.28% (95% CrI, 0.16%, 0.41%), and 0.20%
(95% CrI, 0.01%, 0.38%), respectively. Table 2 reports
overall point estimates (posterior means) for the relative
rates for the concurrent day (lag 0), previous day (lag 1), and
mean of the two lags. 

Figure 2 shows the spline concentration–response
curves for total, cardiovascular-respiratory, and other cause
mortality. For total and cardiovascular-respiratory mor-
tality, the spline curves are approximately linear and con-
sistent with the absence of a threshold. The estimated
concentration–response curve for cardiovascular-respira-
tory mortality at lag 0 suggests a very low threshold (near
10 µg/m3, if any). For other cause mortality, visual inspec-
tion of Figure 2 indicates that the rate of increase is consid-
erably smaller than for total and cardiovascular-respiratory.
In addition, for lag 1, there is little increase in the relative
rate until after the PM10 concentration exceeds 50 or
55 µg/m3, suggesting that the threshold model (3) may be
reasonable here. Estimated concentration–response curves
at mean lag dominate the concentration–response curves at
lag 0 and lag 1. This is consistent with the results for the
linear model summarized in Table 2, which show a larger
relative mortality rate at mean lag than at lag 0 or lag 1.

Figure 1. City-specific (non-Bayesian) relative rates and 95% confidence
intervals (linear model) at the mean lag for total, cardiovascular-
respiratory, and other cause mortality. The overall estimate is the
posterior mean under the Bayesian hierarchical model with its
associated 95% credible interval.

Table 2. Overall Effects of 10 µg/m3 Increase in PM10 
on Total, Cardiovascular-Respiratory, and Other 
Cause Mortality

Posterior Mean of Log-Relative Rates (95% CrI)

Total CVDRESP Other Cause

Lag 0 0.17 
(0.03, 0.30)

0.17 
(�0.01, 0.35)

0.17 
(�0.03, 0.37)

Lag 1 0.20 
(0.07, 0.33)

0.27 
(0.09, 0.44)

0.12 
(�0.07, 0.31)

Mean 
lag

0.28 
(0.16, 0.41)

0.30 
(0.18, 0.51)

0.20 
(0.01, 0.38)



8

NMMAPS III: PM10 Concentration–Response and Thresholds

Tests for heterogeneity for the concentration–response
curves across cities indicated little support for heteroge-
neity. For the reasons stated in the Methods section, how-
ever,  we repor t estimates  based on the  Bayesian
hierarchical model. The Bayesian city-specific curves and
the overall curve for total mortality and mean lag are
shown in Figure 3. Individual Bayesian city-specific
curves for total and cardiovascular-respiratory mortality
for mean lag are shown in Appendix A. Bayesian city-spe-
cific curves have similar shapes, and the estimated con-
centration–response curve averaged across the 20 cities
does not appear to reflect just one or two dominant curves. 

To explore heterogeneity further, we computed city-
specific contributions to the tests of heterogeneity for the
spline model (Table 3). These results are for cardiovascular-
respiratory diseases at lag 0, lag 1, and mean lag. The test for
heterogeneity is calculated by using a generalization of the 	2

statistic as defined in equation (4). The largest contributions to

the heterogeneity statistic (and corresponding largest
departures from the overall mean) were found in four cities,
Oakland, Houston, New York, and Atlanta. Heterogeneity
tests were not very sensitive to the lag specification.

Figure 2. Concentration–response curves (spline model) for total, cardiovascular-respiratory and other cause mortality. Estimates are posterior means
under Bayesian random effects model. Solid line is mean lag, triangles are lag 0 (current day), and squares are lag 1 (previous day).

Figure 3. Bayesian estimate of the pooled concentration–response curves
(spline model) for total mortality at mean lag and 95% credible intervals
(solid lines). Dotted lines denote the Bayesian estimates of city-specific
concentration responses.

Table 3. City-Specific Contributions to Tests 
of Heterogeneity for Cardiovascular-Respiratory 
Mortality Using Spline Modela

City Lag 0 Lag 1 Mean Lag

Los Angeles 0.22 2.13 1.86
New York 7.22 2.30 5.86b

Chicago 1.10 2.55 1.03
Dallas-Ft Worth 1.35 1.64 0.51

Houston 2.67 6.43 6.31b

San Diego 0.98 1.83 3.01
Santa Ana-
Anaheim

1.52 4.11 5.11

Phoenix 2.01 1.61 2.65

Detroit 3.90 1.87 4.38
Miami 6.17 5.73 4.37
Philadelphia 4.00 1.64 1.17
Minneapolis 1.67 0.33 0.27

Seattle 0.86 1.18 0.82
San Jose 2.15 3.27 1.89
Cleveland 0.50 4.47 4.32
San Bernardino 1.46 1.69 0.56

Pittsburgh 5.94 1.60 3.23
Oakland 7.71 4.39 10.91b

Atlanta 3.45 4.17 5.36
San Antonio 2.39 5.60 5.09

a The test for heterogeneity is calculated by using a generalization of the 	2 
statistic in a context of meta-analysis (Daniels et al 2000; DerSimonian 
and Laird 1986).

b Largest 	2 residuals for mean lag.



9

MJ Daniels et al

The histograms in Figure 4 show the posterior probabil-
ities (wh) of the thresholds (h) for each category of mor-
tality at mean lag PM10. The parameter wh quantifies
evidence supporting the hypothesis that h is the true
threshold. The posterior distributions of the thresholds
concentrated at the low values of PM10 for total mortality
and cardiovascular-respiratory mortality, and concen-
trated at the high values of PM10 for other causes of mor-
tality. Posterior mode (most credible values and 95%
credible intervals) for the threshold at lag 0, lag 1, and
mean lag are summarized in Table 4. The estimated
threshold locations were higher for other cause mortality
than for total and cardiovascular-respiratory mortality at
lag 1 and mean lag. For lag 0, the dominant mode for total
mortality was 60 µg/m3 while the dominant mode for other
cause mortality was 45 µg/m3. A smaller secondary mode at
20 µg/m3 for total mortality at lag 0 was more consistent
with the other lags. More specifically, for total mortality and
for cardiovascular-respiratory mortality, threshold estimates
ranged between 0 and 20 µg/m3 with credible intervals
always including 0 µg/m3, except for total mortality with lag
0. So in all but one case, for total mortality and cardiovas-
cular-respiratory mortality, the threshold models never
excluded the possibility of a linear concentration–response
curve. The concentration–response curve for other cause
mortality at mean lag had the highest, most probable,
threshold at 75 µg/m3. Estimated concentration–response
curves obtained by use of a threshold model for cardiovas-
cular-respiratory mortality had lower thresholds (at 0, 5, 10
µg/m3) than the estimated concentration–response curves
for other cause mortality. Likelihood functions and there-
fore posterior distributions (see Figure 4) were more infor-
mative for the mean lag than for lag 0 and lag 1. Therefore,
they lead to threshold estimates with narrower credible
intervals. 

Estimates of the overall effects of PM10 at mean lag on
total mortality under the threshold model with the threshold
set at the most credible value (or posterior
mode) and, with the threshold set at the lower and upper
values of the 95% credible interval 

are reported in Table 5. Because of the
low values of overall results under the
linear and threshold models are similar.

We more formally examined the hypothesis of linearity
in the PM10–mortality risk relation by comparing the AIC
values obtained under the linear model (Table 6). For car-
diovascular-respiratory mortality, city-specific estimated
means ranged from �1.31 (SE = 1.07) in Atlanta to 2.49%
per 10 µg/m3 PM10 (SE = 0.68) in Oakland. Table 7 shows
the differences in the AIC values between the threshold
and linear models and between the spline concentration–
response and linear models for lag 0, lag 1, and mean lag
for total, cardiovascular-respiratory, and other cause mor-
tality. Positive values for these differences indicate that the

�( )315 g mh �=

�( 3
L 0 g m  andh �=

� )3
U 20 g m ,h �=

� � � ,U L, , and h h h

Figure 4. Posterior probabilities of thresholds for total, cardiovascular-respiratory, and other cause mortality at mean lag. Thresholds from 0 to 
75 µg/m3 (in 5 µg/m3 increments) were considered.

Table 4. Posterior Mode PM10 Threshold for Lag 0, Lag 1, 
and Mean Lag

Posterior Threshold PM10 
(95% of CrI)

Total CVDRESP Other Cause

Lag 0 60 µg/m3 
(20, 70)a

0 µg/m3 
(0, 50)

45 µg/m3 
(5, 75)

Lag 1 15 µg/m3 
(0, 30)

20 µg/m3 
(0, 25)

60 µg/m3 
(15, 75)

Mean lag 15 µg/m3 
(0, 20)

15 µg/m3 
(0, 20)

75 µg/m3 
(55, 75)

a There was a secondary mode at 20 µg/m3.
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Table 5. Posterior Means for Total Mortality at Mean Lag 
Using PM10 Threshold Set at Most Credible Value and 
Lower and Upper Values of 95% Credible Interval

Total Mortality 
Threshold

PM10 Mean Lag

Posterior 
Mean

95% Credible 
Interval

Most credible
h = 15 µg/m3

0.30 0.17, 0.42

Lower value
hL = 0 µg/m3

0.28 0.16, 0.41

Upper value
hU = 20 µg/m3

0.30 0.16, 0.43

Table 6. City-Specific (non-Bayesian) Relative Rate Estimates for Cardiovascular-Respiratory Mortality at Mean Lag with 
Linear Model for Shape of Concentration Response

City
Estimate

(SE)a Deviance df
Sample
Sizeb

Over-
dispersion AIC

Los Angeles 0.06 (0.20) 3439.89 100 3347 1.05 3650.59
New York 1.09 (0.32) 2820.32 100 2920 1.00 3019.89
Chicago 0.32 (0.19) 8965.38 100 8578 1.05 9175.25
Dallas-Ft Worth 0.20 (0.66) 3608.44 95 3575 1.01 3800.24

Houston 0.16 (0.54) 3758.83 97 3627 1.03 3958.63
San Diego 0.75 (0.52) 3214.91 99 3085 1.02 3416.08
Santa Ana-Anaheim 0.81 (0.56) 2758.61 96 2665 1.01 2952.33
Phoenix 0.78 (0.63) 2080.45 82 2208 0.94 2234.36

Detroit �0.20 (0.33) 5363.26 100 5242 1.01 5565.63
Miami 0.12 (0.85) 2876.60 100 2870 1.00 3076.05
Philadelphia 0.68 (0.57) 2904.91 100 2943 0.98 3100.62
Minneapolis 0.16 (0.48) 9158.08 100 8575 0.98 9353.14

Seattle 0.20 (0.45) 8336.73 100 7807 0.98 8533.12
San Jose 0.43 (0.40) 5482.52 91 5094 0.97 5659.99
Cleveland 0.08 (0.28) 6206.00 100 5947 1.00 6406.65
San Bernardino 0.14 (0.78) 3316.74 100 3124 0.99 3515.48

Pittsburgh 0.50 (0.28) 8891.93 100 8670 0.98 9088.42
Oakland 2.49 (0.68) 2899.18 99 2874 0.95 3087.48
Atlanta �1.31 (1.07) 2997.40 100 2712 1.00 3197.59
San Antonio 0.98 (0.95) 4071.61 97 3788 0.99 4263.65

a Estimated percentage of change in mortality per 10 µg/m3 increase in PM10.

b Number of PM measurements.

linear model was preferred over the threshold and spline
models, respectively. 

In comparing the spline and threshold models, the model
with the smaller AIC difference was preferred. Note that the
log-linear model for the concentration–response curve was
preferred to the spline and threshold models for all lags and
groupings because the log-linear AIC difference was always
smallest. In comparing the spline and threshold models, we
found that the threshold model was preferred. Deviances of
all models compared in Table 7 are summarized in Table 8,
and city-specific AIC values for the spline model at mean lag
are given in Table 9. Note that although the deviances for the
linear model were always slightly larger than the deviances
for the threshold and spline models (Table 8), the AIC values
for the linear model were lower than the AIC values for the
spline and threshold models (Table 7). This difference
occurred because the AICs of the spline and the threshold
models were penalized for their larger number of model
parameters to be estimated.
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Table 8. Deviances for Linear, Threshold and Spline 
Concentration–Response Models

Model

Deviance

Lag 0 Lag 1 Mean Lag

Total Mortality
Linear 63,258 63,938 64,043
Threshold 63,236 63,920 64,022
Spline 63,223 63,910 64,009

CVDRESP Mortality
Linear 63,837 64,255 64,017
Threshold 63,818 64,240 64,001
Spline 63,798 64,209 63,989

Other Cause Mortality
Linear 92,452 93,152 93,291
Threshold 92,431 93,135 93,264
Spline 92,411 93,108 93,249

Table 9. City-Specific AIC Values for Mortality with Spline Concentration–Response Model at 
Mean Lag

AIC Value for Mortality

City Total CVDRESP Other Cause

Los Angeles 1892.90 1796.82 3481.11
New York 1619.51 1706.85 3195.30
Chicago 8186.78 8113.47 8738.34
Dallas-Ft Worth 1953.76 2040.00 3905.21

Houston 2559.75 2398.50 3878.30
San Diego 1654.70 1741.77 3258.02
Santa Ana-Anaheim 1526.93 1544.99 2997.35
Phoenix 1144.04 1220.11 2253.74

Detroit 4261.54 4243.50 5543.46
Miami 1687.51 1555.19 3118.02
Philadelphia 1698.72 1715.35 3287.24
Minneapolis 8966.61 8930.07 9390.84

Seattle 7141.78 7289.69 8628.08
San Jose 2961.55 2874.02 5597.07
Cleveland 4157.02 4262.76 6446.78
San Bernardino 1902.05 1917.93 3673.83

Pittsburgh 9241.78 9231.66 9307.73
Oakland 1613.37 1626.77 3170.85
Atlanta 1635.36 1546.72 3056.71
San Antonio 2184.91 2216.74 4307.78

Table 7. AIC Values for Threshold and Spline Models for 
Total, Cardiovascular-Respiratory, and Other Cause 
Mortality Calibrated Such That AIC for Linear Model Is 0a 

Difference in AIC Values

Modelb Lag 0 Lag 1 Mean Lag

Total Mortality
Threshold�Linear 18.3 22.3 19.5
Spline�Linear 47.2 52.4 48.3

CVDRESP Mortality
Threshold�Linear 21.6 25.9 23.9
Spline�Linear 42.7 33.7 51.1

Other Cause Mortality
Threshold�Linear 19.7 23.2 12.4
Spline�Linear 39.8 35.8 37.5

a The threshold model has one more parameter than the linear model; the 
spline model, two more.

b Note: Table 6 only considers thresholds between 5 and 75.
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DISCUSSION AND CONCLUSIONS

The shape of the concentration–response relation
between levels of an environmental agent and risk for
adverse effects may have profound implications for devel-
oping regulations to protect public health (US National
Research Council [NRC] 1983a,b, 1994). Linear models are
often assumed on a biological basis or for computational
simplicity, but nonlinear models may be plausible as well,
depending on the agent. For some environmental agents
(eg, ionizing radiation), there has been extensive consider-
ation of the shape of the concentration–response or dose–
response relation for cancer risk (NRC 1990, 1999). 

For air pollution, the shape of the concentration–
response relation for various adverse health effects,
including mortality, has also long been of interest as
researchers have attempted to supply useful evidence for
policymakers seeking to minimize risk to public health. In
this report, we describe methods for assessing the form of
this relation and the findings of applying these methods to
20 of the largest cities in the United States. Overall, we
found that the pooled concentration–response relation for
these cities was linear with little evidence for deviation
from linearity down to the lowest levels. 

A number of other investigators have explored the shape
of the concentration–response relation for air pollution
and daily mortality, the topic of this report (reviewed in
Lipfert 1994; Schwartz and Zanobetti 2000). These anal-
yses have been almost exclusively carried out within
single locations and consequently have limited statistical
power to support a particular model over the alternatives.
In a recent meta-analysis by Schwartz and Zanobetti
(2000) combined data from 10 US cities revealed a linear
relation down to the lowest concentrations. Nonetheless,
as recently summarized by Pope (2000) analyses of daily
time-series data in a number of locations—London, Cin-
cinnati, Birmingham, Utah Valley, and Shenyang—are also
consistent with linearity as are the findings of the two
major long-term studies—the Harvard Six Cities cohort
and the American Cancer Society cohort.

The current report offers new methods for approaching
the description of concentration–response relations. We
introduce and apply two statistical models, a spline concen-
tration–response model and a threshold model, to daily
time-series data for the 20 largest US cities. Using multiple
locations increased the power of the study and thus allows
the results to be applied more generally. We also offer a
method for characterizing the uncertainty of estimated
thresholds. Smith and coworkers (2000) have used piece-
wise polynomials and cubic splines to estimate nonlinear

relations between particulate air pollution and mortality,
but their approach was limited to data from single locations.

For total and cardiovascular-respiratory mortality, we
found strong evidence in favor of a linear concentration–
response relation suggesting the absence of a threshold.
For other cause mortality, we found evidence of a
threshold for PM10 at concentrations ranging from 45 to
75 µg/m3, depending upon which PM10 concentration
measures (lag 0, lag 1, and mean lag) were included in the
model. As expected, the estimated threshold PM10 levels
for cardiovascular-respiratory mortality, and for total mor-
tality, were lower than the threshold PM10 level for other
cause mortality (although with substantial overlap
between credible intervals). The model comparisons based
on the AIC always gave preference to the log-linear con-
centration–response model. 

The findings are consistent with analyses of daily time-
series data that have shown significant, positive associa-
tions between particle levels and mortality counts at cur-
rent concentrations (Lipfert 1994; Pope and Dockery
1999). Although analytic details of the studies differ,
essentially all analyses have modeled log mortality as
having a linear relation with particulate matter concentra-
tion. The general finding of a positive association implies
that any threshold or no-effect level lies at the lower end of
the concentration range. In fact, there is evidence of
increasing effect at lower concentrations (Lipfert 1994;
Samet et al 2000a). Descriptive analyses have been consis-
tent in showing approximately linear relations as well
(Schwartz and Marcus 1990; Schwartz 1994).

We note several limitations of our method that are ame-
nable to solution with further development. Our estima-
tion method for the threshold was limited because some
cities provided only vague information. Such data pre-
vented accurate estimates of city-specific thresholds and
evaluations of threshold heterogeneity across cities. In the
spline concentration–response model, the number and
locations of the knots were fixed in advance. Jointly esti-
mating the spline concentration–response curves and the
number and location of the knots would slightly improve
this model. Methods need to be developed for this pur-
pose. On the other hand, we fixed the knots at reasonable
locations in the span of PM10 levels and had sufficient
flexibility at concentrations of public health concern.

The first limitation might be addressed using a two-level
hierarchical model. For example, the following second
level might be added to the current model (2):

( ) ( )( )2log log ,ch N h �∼
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where hc denotes the city-specific threshold, h the overall
threshold, and �2 the between-location variability of the
thresholds. The model could be fit using Monte Carlo
Markov chain techniques. If the threshold hc varies
substantially across cities, the 20-city average curve would
not have a threshold form but would tend to be smoother.
Hence our analysis, which indicates that the linear
concentration–response is preferred for total and
cardiovascular-respiratory mortality, does not exclude the
possibility that thresholds vary across the country. The
second problem can be addressed by extending the work
by Denison and colleagues (1998) on Bayesian curve fitting
and applying it within the context of the two-level model.
Estimation methods of concentration–response curves
allowing for an unknown number of knots at unknown
locations have been developed and applied to the largest
88 cities (Dominici et al 2002a). These analyses confirm the
linear concentration–response curve reported here.

The present results give an indication that risk-free
levels of PM10 are likely lower than the present NAAQS
for PM10. These findings also indicate that linear models
without a threshold are appropriate for assessing the effect
of particulate air pollution on daily mortality, even at cur-
rent levels. In fact, the continued demonstration of adverse
effects of air pollution over recent decades, even as con-
centrations of pollutants have declined, also suggests that
exposures have not yet gone below no-effect thresholds, if
such exist.
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APPENDIX A. Concentration–Response Curves for Individual Cities with 95% Credible Intervals
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COMMENTARY
A Special Panel of the Health Review Committee

Epidemiologic studies have determined that short-term,
daily changes in airborne particulate matter (PM*) are asso-
ciated with changes in the number of deaths and certain
indicators of illness such as hospital admissions (Dockery
et al 1993; Schwartz 1993; Pope et al 1995). Positive associ-
ations are commonly found at concentrations below the
daily US National Ambient Air Quality Standard (NAAQS)
of 150 µg/m3 for PM less than 10 µm in aerodynamic diam-
eter (PM10) (US Environmental Protection Agency [EPA]
1997). To date, there is no definitive evidence that these
mortality effects are negligible below a threshold of mea-
sured ambient PM concentration. Nor is there evidence
against a log-linear concentration–response relation in
single cities (Schwartz 1994; Samet et al 1995). The inves-
tigators undertook the analyses described in this report to
determine the nature of the relation between airborne
PM10 concentration and mortality and, more specifically,
whether there is a threshold concentration below which
PM has no detectable effect on mortality.

HEI funded the National Morbidity, Mortality, and Air
Pollution Study (NMMAPS) to investigate the effects of
PM10 on mortality and morbidity in a consistent manner in
a large number of US cities.† The investigators selected
multiple locations based on population size and avail-
ability of PM10 data from the EPA’s Aerometric Information
Retrieval System (AIRS) database. Daily cause-specific
mortality data by county were obtained from the US
National Center for Health Statistics. The investigators
then used the same statistical approach to estimate PM
effects in all locations.

NMMAPS Parts I and II, as well as a revised analysis of
Part II, have been published. NMMAPS Part I addressed

uncertainties about error in measurement of air pollution
exposure and the possibility that the principal health
impact of PM is to advance death by only a few days
(Samet et al 2000a). Results from Part I provided some
evidence to counter claims that apparent associations
between PM and adverse health effects could be explained
by exposure measurement error and indicated that more
than a short-term displacement of mortality occurred.
NMMAPS Part II investigated associations between PM10
and human health using a consistent approach across
90 US cities (Samet et al 2000b). Revised analyses of
NMMAPS Part II data estimated that a 10 µg/m3 increase in
PM10 was associated with a 0.2% increase in total
mortality (Dominici et al 2003a). In revised analyses of
14 NMMAPS cities, a 10 µg/m3 increase in PM10 was
associated with a 1.06%‡ increase in hospital admissions
for cardiovascular disease and with a 2.10% increase (95%
confidence limits = 0.63, 3.59) in admissions for chronic
obstructive pulmonary disease (Schwartz et al 2003). 

In the current report, NMMAPS Part III, the investigators
conducted a time-series study of PM10 effects on mortality
in the 20 largest US cities for 1987 to 1994. They devel-
oped new methods to estimate the concentration–response
relation for each city and to combine these results in order
to investigate the overall shape of the concentration–
response relation. Initial findings from the 20 cities were
reported by Daniels and colleagues (2000). Since then, the
investigators have applied new statistical methods for
addressing the question of shape of the relation between
PM concentrations and mortality. Their revised findings
are presented in this report.

In evaluating the NMMAPS Part III report, the Special
Panel, comprising some members of the HEI Health
Review Committee and additional methodologists,
attempted to answer two general questions: Does a log-
linear concentration–response model, or a threshold
model, provide a better fit to the data? If a log-linear model
fits best, does this imply that the concentration–response
relation is, in fact, log linear? Apart from these substantive
issues, the Special Panel comments on the regulatory
policy implications of the shape of the concentration–
response curve.

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.

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.

After submittal of this report, the investigators completed additional tests
comparing the models evaluated in the Report. The Special Panel has not
reviewed the findings from these more recent analyses and has not
addressed them in this Commentary.

† “The National Morbidity, Mortality, and Air Pollution Study,” Dr Jonathan
Samet, Principal Investigator, began in December 1996 and has cost about
$976,000 to date for all reports (Parts I through IV). The initial draft of the
Part III Investigators' Report was received for review in April 2003 and
accepted in July 2003. During the review process, the Special Panel of the
HEI Health Review Committee and the investigators had the opportunity to
exchange comments and to clarify issues in the Investigators' Report and in
the Commentary.

‡ Maximum likelihood estimate from a natural spline model for an uncon-
strained distributed lag (95% confidence limits = 0.72, 1.40).
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SPECIFIC AIMS AND OBJECTIVES 

The aims of NMMAPS III were: 

1. to pool information from the 20 cities to more precisely
determine the shape of the average concentration–
response curve; 

2. to test the hypothesis that the PM–mortality association
is approximately linear; and 

3. to identify possible threshold pollution concentrations
below which an effect of PM on daily mortality rate
cannot be detected.

METHODS

NMMAPS PROJECT

The NMMAPS investigators selected cities for their
study based on population size and availability of PM10
data using the EPA’s AIRS national database. Daily mor-
tality counts were obtained from the US National Center for
Health Statistics. Total mortality excluded only deaths from
accidental causes. Based on the hypothesis that PM effects
may target the circulatory and respiratory systems, findings
were also reported for combined cardiovascular-respiratory
mortality as well as for causes other than cardiovascular-
respiratory disease (other-cause mortality).

In NMMAPS Part III, the investigators extended the
models for evaluating the association between daily air pol-
lution and mortality developed in the earlier NMMAPS
reports. Their models used the generalized linear model to
allow for long-term fluctuations in mortality over time and
to account for possible confounding factors (in particular,
weather). The investigators also examined time delays
(lags) in estimating the effect of air pollution on mortality.

MODELING OVERVIEW

The innovation in this work is the development of statis-
tical models to estimate a variety of shapes for the relation
between air pollution and mortality. Specifically, the
investigators fit three types of concentration–response
models: 

1. log-linear models, in which the relation between PM10
and (log) risk of mortality is a straight line;

2. spline models, in which an established method is used
to fit curves when little can be assumed about their
shape; and

3. threshold models, in which no effect of ambient concen-
tration of PM10 upon response is assumed until an

unknown threshold level is exceeded; thereafter the
relation is assumed to be log linear. 

The natural cubic spline models that were fit to the data
included two knots located approximately at the 25th
(30 µg/m3) and 75th (60 µg/m3) percentiles of the overall
distribution of daily PM10 concentrations. Boundary knots
were common to all cities at 0 and 100 µg/m3.

The threshold model (shaped as a hockey stick) includes
two parameters, the threshold and the slope of the straight
line that is assumed to represent the effect of particulate air
pollution above the threshold. The threshold was fit to the
nearest 5 µg/m3 of ambient PM10. 

The investigators used a two-stage modeling approach.
In the first stage, a city-specific analysis was used to fit each
of the models (log linear, spline, threshold), using the same
model specification for each city in turn, taking into
account the effect of possible confounders. In the second
stage analysis, the results of each individual-city model
were combined into a multicity model. Before estimating a
summary measure for all cities, the investigators evaluated
whether the response shapes differed across the individual
cities using a statistical test for heterogeneity.

RESULTS 

The investigators report that a log-linear model for the
relation between mortality rate and PM10, without a
threshold, provided the best fit to the combined data for
both total mortality and cardiovascular-respiratory mor-
tality. The estimated increased risk of total mortality under
the log-linear model was 0.28% (95% credible interval
[CrI], 0.16%, 0.41%) for a 10 µg/m3 increase in the mean of
current and previous day PM concentrations. The increased
risk of cardiovascular-respiratory mortality under the log-
linear model was estimated to be 0.34% (95% CrI, 0.18%,
0.51%). The generalized �2 statistic indicated little statistical
evidence for heterogeneity.  Figure 1 shows visual
heterogeneity under the log-linear model, but uncertainty
in the city-specific estimates was sufficiently large that the
�2 test was not statistically significant. The investigators
concluded that the threshold model was most appropriate
for other-cause mortality, with an estimated threshold at
75 µg/m3 and an estimated increased risk of 0.20% (95%
CrI, 0.01%, 0.38 %) for a 10 µg/m3 increase in PM10 above
the threshold. Using the Akaike information criterion (AIC)
for comparison, the spline model was not preferred for any
cause of mortality at any lag. Results did not differ appre-
ciably with changes in lag specification.
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 CRITIQUE

The investigators used complex statistical techniques to
investigate research questions with important policy
implications. At least two important implications for
public health policy lie in accepting a model that excludes
a concentration–response threshold. First, because any con-
centration would entail some degree of risk, it may be
impossible to set an ambient concentration standard that
“protects the public health with an adequate margin of
safety,” the criterion established in the Clean Air Act for
ambient air quality standards. A standard that incorporates
the notion of acceptable risk could then become a practical
alternative. Issues relating to the level of risk that society
will accept and the cost of attaining or reducing that level of
risk (a factor that is precluded from consideration in setting
ambient standards in the United States at present) have the
potential to become even more prominent.

Second, most estimates of the disease burden of air pollu-
tion are dramatically larger under the assumption of no
threshold than when a threshold is assumed. The difference
is more pronounced when air pollution concentrations on a
large number of days are low relative to any chosen concen-
tration threshold. Note that the investigators do not strictly
conclude that total mortality has no concentration–response
threshold; they conclude that a threshold for PM10 is
unlikely above a daily concentration of 10 µg/m3. This can
be an important distinction for cities in which concentra-
tions are generally low.

Several important issues prevent unqualified acceptance
of the investigators’ conclusions. Their main conclusion,
that a log-linear concentration–response relation is pre-
ferred, is based on comparison of concentration–response
models. This issue of how a model is determined to be best
is important because use of different criteria in selecting
among alternative models can support conflicting conclu-
sions. Also, the apparent absence of evidence for a
threshold in the PM10–response relation could be due to
measurement error, which can obscure the concentration–
response relation sufficiently and thus prevent identifica-
tion of a threshold. Finally, where significant heterogeneity
exists in concentration–response relations between cities—
due to differences in PM concentrations or differences in
PM composition, for example—a single summary measure
may not be appropriate. These issues are explored further
in the next sections.

SPECIFIC AIMS AND MODELS

Fitting the spline model addressed the first stated aim of
exploring the shape of the concentration–response relation.

The second aim of the analysis, to test the hypothesis that
the relation is linear, was addressed in comparisons of the
spline and threshold models with the log-linear model. The
third aim was to identify possible threshold pollution con-
centrations below which an effect of PM on daily mortality
rate cannot be detected. This last aim may have been diffi-
cult to achieve because the investigators evaluated the
ability of a model to fit across the entire range of concentra-
tions—not specifically low concentrations. However, the
associations being reported are at levels well below the cur-
rent daily standards for PM10.

One question that arises from the first aim is interpreta-
tion of the average concentration–response curve: Do the
individual-city concentration–response curves show sub-
stantial heterogeneity? With regard to the second aim, it is
not clear that linearity of the relation throughout the full
range of concentrations is of interest—rather than linearity
for the purpose of estimating low-concentration effects.

Spline Models

The natural cubic spline models that were fit to the data
included two knots located approximately at the 25th and
75th percentiles of the overall distribution of daily PM10
concentrations. Boundary knots were common to all cities
at 0 and 100 µg/m3. These knots limit the number of bends
allowed in the curve, but their flexibility should be ade-
quate to approximate most plausible forms of the relation.
Common boundary conditions improve comparability of
coefficients across cities. This analytic refinement of the
current report was not present in the previously published
version (Daniels et al 2000). Together with the change to
using generalized linear models with natural cubic splines
(instead of generalized additive models with original
default criteria), this refinement largely accounts for differ-
ences between the figures presented in the current report
and those of the published paper. A standard statistical
approach was used to fit the spline models and to calculate
confidence intervals. After estimates from the spline
models were obtained for each city, results of the 20 city-
specific splines were combined using methods developed
for the second stage analysis that were similar to those used
in previous NMMAPS reports. 

Threshold Models

Threshold models belong to a class of nonregular models
to which standard asymptotic statistical theory does not
apply. Combining the threshold models from multiple
cities using the same methods as for the spline models was
difficult. The authors found that the city-specific estimates
were not well determined (unstable) and that standard
approximations could not be used to verify the precision of
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these estimates. Consequently, for the second stage anal-
ysis, the investigators estimated a single threshold with
associated uncertainty. Specifically, by repeated calcula-
tions, the investigators identified the threshold which, if
applied to all cities, produced the preferred model (techni-
cally, maximizing the overall likelihood). 

A measure of uncertainty for the threshold estimate from
the combined data was calculated using Bayesian statistical
methods and reported as a credible interval rather than the
better known confidence interval. (The advantages in using
the Bayesian approach include the ability to borrow
strength among cities and to take into account uncertainty
regarding differences in effect.) The credible interval is
closely related, however, to the confidence interval
obtained from the likelihood function, which is a standard,
if approximate, method. This approximation is likely to
understate the true uncertainty in the threshold estimate.
The log-likelihood contributions from each city are profile
log likelihoods in which other model parameters have been
estimated by maximum likelihood. In regular models a
refinement to the standard approximation is known to be
needed to adjust for this method of estimation; a similar
adjustment is likely needed in nonregular models as well. 

A posterior probability distribution for the threshold
shows the relative support given to each of the possible
threshold values by the data using the Bayesian method.
The posterior distributions are summarized in Figure 4.

CHOOSING AMONG CONCENTRATION–RESPONSE 
MODELS

Model preference in this report was based on statistical
comparison of spline and threshold models referenced to
the log-linear model and on consistency with visual inspec-
tion of concentration–response curves.

Log-Linear Model Versus Spline and Threshold Models

The simplest of the models is the log-linear model,
which might be perceived as a null hypothesis. The spline
and threshold models represent hypotheses that deviate
from the simplifying assumption of the log-linear model,
but the model of linearity is in some sense nested within
each of these two models (that is, it can be written as a spe-
cial, simplified, case). As such, it would be possible to
place comparison of the theshold model versus the log-
linear model and the spline model versus the log-linear
model within a classical statistical hypothesis testing
framework. This report does not present results of such
tests although some tests can be deduced from the
deviances shown in Table 8.

Spline Versus Threshold Models

Comparison of spline and threshold models is technically
more difficult because the comparison does not easily fit
into the familiar hypothesis-testing framework. Threshold
models have fewer parameters and are simpler than spline
models. Thus spline models should be able to approximate
the threshold model. In this study, however, preference for
the spline model could not discount the idea of a threshold
because the preference might be owing to nonlinearity of a
response at higher concentrations. These considerations
suggest that interpretation of the results should place less
emphasis on choosing between model families.

Uncertainty in Estimated Threshold

The posterior probability describes the range of
threshold values compatible with the data, but the highly
discrete nature of the posterior distributions (summarized
in Figure 4) suggests that credible limits are not likely to
correspond exactly to 95%. The Special Panel concluded
that the rather narrow limits of 10 to 20 µg/m3 for a thres-
hold for total mortality should be interpreted with caution.
The apparent increased precision using mean lag PM mea-
surement compared to current or previous day may be an
artifact; fewer observations were missing when mean PM10
was used as the covariate.

AIC

To identify which model (log-linear, spline, threshold)
best fits the data, a summary measure of goodness of fit, the
AIC, was calculated for each model. The AIC is composed
of two terms, a log likelihood difference or deviance, and a
penalty term related to the number of estimated parameters.
A lower AIC typically indicates a better fitting model,
although sometimes the lower AIC could be due to chance.
In this study, AICs were calculated for each city and then
summed to provide a single measure across cities.

Historically, the AIC was developed not for testing scien-
tific hypotheses but rather for deciding whether, using the
current data, a more elaborate model could be expected to
predict an observation better than a simpler model. The log-
linear model is the simplest of the three models considered
here (having the fewest parameters), and typically the sim-
plest model provides the worst fit to the observed data. In
this study, the investigators report that the simpler log-
linear model provided the most appropriate fit for the
effects of PM10 on total and on cardiovascular-respiratory
mortality. In assessing whether this conclusion is appro-
priate, one must examine two ways in which deviation
from the log-linear model may have occurred: (1) by chance
(in which case the Occam razor would argue for adoption of
the simpler, log-linear model) or (2) by the inclusion of
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more, but imprecisely estimated, parameters (which may
have undermined the spline and threshold models). The
consequence could be a worse prediction of system behavior
by spline than that provided by a simpler model—even if
the simpler model is also wrong. Possible chance deviation
is addressed by conventional significance testing, while
inclusion of imprecise parameters is tested by the AIC.

The lower AIC for the log-linear model suggests that this
simple model would better predict a future body of data col-
lected for these same 20 cities than the more flexible, but less
precisely estimated, threshold and spline models. Even if
this criterion for model selection were appropriate, however,
the strategy of fitting a separate curve for each city is well
known to generate worse predictions than a random-effects
approach, in which curves are drawn from possible curves
that may exhibit considerable similarities. The investigators
themselves adopted just such a random effects model in the
second stage of their analysis, but they made no allowance
for implications of the random effects approach for choice
between models. These considerations led the Special Panel
to believe that the penalty placed on model complexity in
the AIC is likely to be excessive. For this reason the Panel
was not convinced that the AIC is the appropriate criterion
on which to base the choice between models. 

Model Choice

The various criteria for model choice (visual inspection
of figures, estimate and credible intervals for the threshold,
significance testing, and AIC) do not always lead to the
same conclusions. For example, Table 4 presents an esti-
mated threshold of 75 µg/m3 (95% CrI = 55, 75) for mean
lag PM10 in relation to deaths from other (noncardiorespira-
tory) causes. This appears to emphatically exclude the pos-
sibility of a zero threshold (log-linear model). This
conclusion is confirmed by the zero posterior probabilities
for a threshold of zero (Figure 4). Visual inspection of the
spline curve for this relation in Figure 2 does not support
linearity but neither does it unambiguously support a
threshold. Comparison of AICs (Table 7) is in marked con-
flict with the positive estimate of threshold—the log-linear
model performs better than the threshold model. Finally,
we can use the deviances in Table 8 to deduce a likelihood
ratio significance test comparing linear models (fit to each
city) to threshold models (also fit to each city). This differ-
ence, 93291 � 93264 = 27, can be referred to a �2 distribu-
tion of 20 degrees of freedom because 20 extra degrees of
freedom are required to fit a threshold to each city, com-
pared to the linear models. The P value from this test
(P = 0.14) is above conventional benchmarks of statistical
significance, suggesting little evidence against the linear
model in favor of the threshold model. In summary, the
clearly positive estimated threshold provides evidence

against log linearity for these deaths. However, none of the
other criteria provide such evidence, and the AIC appears
to actively favor the log-linear model.

In general, we would expect different criteria to lead to
different model choices, because they are designed for dif-
ferent purposes. This example suggests specific problems
with this particular significance test, however, and by
extension, the AIC comparison made in Table 7. The test
(and AIC comparison) does not completely focus on a com-
parison of shapes of the relation. The threshold models
allow not just for a threshold, but for a different threshold
in each city—hence the 20 degrees of freedom. Thus the test
assesses simultaneously whether there is a threshold and
whether the threshold is different in each city. This simul-
taneous assessment has the effect of diluting evidence for a
threshold. The same consideration suggests caution for the
comparison of AICs in Table 7. 

A more focused significance test of the threshold com-
pared to the log-linear model was implicitly carried out by
the investigators when they fit a threshold to each city, con-
straining this threshold to be the same in each city. If, as the
investigators state, the 95% credible interval approximates
the likelihood profile confidence interval, then the fact that
the credible interval does not include zero implies that a
likelihood ratio test would reject the log-linear model in
favor of the threshold model at P < 0.05. The very low pos-
terior probability for a zero threshold, given the method of
approximating this, further indicates that a focused signifi-
cance test would reject the linear model. No focused test or
Bayesian equivalent comparing overall evidence against the
log-linear model in favor of the spline model appears to
have been carried out.

The Panel thus concluded that the evidence is strong
against a log-linear model for other causes of death
(although with caveats concerning measurement error and
heterogeneity). In this, the Panel agreed with the investiga-
tors. However, our point was more general. If comparing
AICs for noncardiorespiratory deaths was misleading and
visual inspection of spline curves (in the absence confi-
dence intervals) inconclusive, we should place limited reli-
ance on these methods of model choice for cardio-
respiratory and total mortality. 

A further criterion can usefully be applied to model
choice for total deaths. Because we know that total deaths
comprise the sum of cardiorespiratory and other deaths, the
concentration–response curve for total deaths must logi-
cally be the average of the curves for the two categories,
weighted by the proportion of deaths in each. Thus, if the
association of PM10 with other deaths is nonlinear, the asso-
ciation with total deaths is very unlikely to be log linear and,
indeed, cannot be log linear if the association with cardio-
respiratory deaths is log linear. Strong evidence against log
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linearity of the association of PM10 with other deaths is thus
also strong evidence against log linearity of the association
with total mortality. Thus the lack of evidence against lin-
earity (revealed in analyses of total deaths) may reflect loss
of power in analyses of this less specific outcome.

In summary, these considerations led the Panel to judge
the evidence in favor of log linearity of relations of PM10
with total and cardiorespiratory mortality as less strong
than claimed by the investigators. We agreed that these data
provide little evidence against the log-linear model for
cardiorespiratory deaths, but this should not be confused
with evidence in favor of the log-linear model. The relation
of PM10 with total mortality is very unlikely to be log linear
if, as this report suggests, the relation with noncardio-
respiratory deaths is nonlinear.  The investigators’
conclusion in favor of the log-linear model relies heavily on
AIC. As discussed, this criterion was designed to predict
whether adding complexity to a model would better predict
a future observation than would the simpler model and
may not be relevant for comparing models to assess scien-
tific theories. Use of AIC supports adoption of the log-linear
model, but this conclusion reflects one specific trade-off
between model complexity and model fit.

CONCENTRATION–RESPONSE THRESHOLD

Important considerations in interpreting the apparent
absence of a concentration–response threshold include: (1)
the possible role of PM measurement error in blurring a
threshold, and (2) the difficulty in giving meaning to an
overall concentration–response curve in the face of pos-
sible between-city or between-region heterogeneity in the
shape of the curve. There are several reasons for expecting
such heterogeneity in the curves, including between-city
differences in particle composition, between-city differ-
ences in the ability of particle monitoring networks to mea-
sure particle exposure, and between-city differences in
population susceptibility to particle effects.

Measurement Error

An earlier report (NMMAPS Part I) addressed the impact
of measurement error in assessing exposure, but that report
focused on the size of the effect, assuming linearity (Samet
et al 2000a). Exposure measurement error also has conse-
quences for the shape of the concentration–response rela-
tion; measurement error may blur the relation sufficiently
so that a threshold cannot be discerned (Brauer et al 2002).
This distortion could result (1) from incorrect assignment
of exposure to individuals whose measured exposures were
the same but whose true exposures were higher or lower
than those measured, or (2) from assigning different expo-
sures to individuals whose true exposures were in fact the

same, or similar. Even in the unlikely event in which all
individuals in a population have the same true concentra-
tion–response threshold, misclassification of exposure
could result (1) in some individuals appearing to be affected
(in this case at increased risk of dying) below this threshold,
while (2) others appearing not to be affected even above
their true threshold. Thus, thresholds in the relation
between individual exposure to PM10 (or its relevant com-
ponent) and risk of death may be blurred by measurement
error when studied by looking at relations between city
ambient concentrations and aggregate mortality. 

At least three studies using both empirical data and sim-
ulations have addressed the effect of error in particle expo-
sure measurement on the observed concentration–response
relation (Cakmak et al 1999; Schwartz and Zanobetti 2000;
Brauer et al 2002). Schwartz and Zanobetti argue that
threshold and other nonlinear relations can be detected in
epidemiologic meta-analyses down to low concentration
levels. These investigators do not directly address the effect
of measurement error on concentration–response shapes
within individual cities on which the meta-analyses are
based. Cakmak and coworkers deal only with population-
level data and do not directly address the impact of indi-
vidual measurement error on the shape of the estimated
population concentration–response relation. Brauer and
coworkers use estimated measurement error based on actu-
ally measured ambient and personal PM concentrations to
show that measurement error can either underestimate the
threshold concentration or obscure a threshold altogether.
The possibility that exposure measurement error obscures
thresholds merits serious consideration and limits our
ability to draw strong conclusions about the absence of a
threshold from analyses such as those reported here.

Combining Concentration–Response Data Across Cities 

The investigators combined concentration–response
curves across the 20 cities to both improve statistical
power and to provide a basis for generalizing to the United
States as a whole. To the extent that the concentration–
response relations are heterogeneous, however, interpreta-
tion of the combined curve is difficult. This interpretation
is especially problematic if heterogeneity influenced the
shape as well as the gradient of relations. Consistency of
findings across cities is important in evaluating causality
in the concentration–response relation.

Figure 3 gives an indication of heterogeneity among cities,
but this heterogeneity was not statistically significant. The
city-specific curves in Figure 3 are themselves shrunk toward
the overall curve (because they were estimated using the
Bayesian hierarchical model) and thus show less variability
than the curves of individual city-specific spline models. 
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Because these tests for heterogeneity have notoriously
low power, heterogeneity still might be present. Examining
a larger number of American cities, focusing on specific
possible determinants of concentration–response shape in
individual cities and regionally, might provide further
insight into these issues. The evaluation of 88 cities con-
ducted by Dominici and colleagues (2002, 2003a,b) went
some way along these lines, but evaluation of heterogeneity
was restricted to regional variation using the EPA regional
stratification (EPA 1996).

Cities differ in several ways that might result in different
concentration–response relations for PM and mortality:
(1) The relations (including shape) may vary based on the
sources, composition and concentrations of PM. (2) Differ-
ences in the adequacy of monitoring networks in measuring
population exposure may cause differences in the degree of
PM measurement error. (3) Differences in population char-
acteristics may lead to differences in population suscepti-
bility to PM effects. While all of these differences would be
expected to be present, whether or to what extent they
affect estimates of concentration–response relations across
the United States is not clear. The Health Effects Institute
and the European Commission are currently funding a
study being conducted by NMMAPS, Canadian and Euro-
pean investigators: Air Pollution and Health: A Combined
European and North American Approach (APHENA). This
study may provide the necessary data and a more compre-
hensive view of variations across cities, regions, and conti-
nents to address remaining uncertainties (K Katsouyanni
and JM Samet, personal communication, May 2003). 

CONCLUSION 

The investigators have advanced our understanding of the
health effects of air pollution by developing and applying
complex statistical methods to describe the concentration–
response relation from multiple curves. Due to the nature of
the questions addressed in NMMAPS III, the results have
important implications for setting air quality standards. Log
linearity of the concentration–response relation would
imply that there is no concentration below which there is no
effect. The Special Panel has some reservations regarding the
investigators’ conclusion that the log-linear model is pre-
ferred and its implication that there is no threshold for the
harmful effects of PM10 at concentrations of practical impor-
tance for regulation. In addition, the Special Panel was not
convinced that the AIC is the appropriate criterion on which
to base this choice between models. 

The Panel advises caution in drawing conclusions from
the apparent absence of a threshold in the concentration–
response relation. First, exposure measurement error could

obscure any threshold that might exist. Second, the esti-
mated city-specific concentration–response curves exhib-
ited a variety of shapes. Although some of this variation
could be the result of estimation uncertainty, some may
reflect city-specific features of the pollutant mix, differ-
ences in pollution monitoring networks, and differences in
health status of the populations. Analysis of the larger set of
88 cities suggests that variability in the response curves per-
sists between regions. Therefore, interpreting the shape of
the composite curve, however well estimated, is difficult.
Nonetheless, the associations being reported are at ambient
concentrations well below the current US daily standard for
PM10; thus the ambient concentration level at which any
threshold might exist is likely to be correspondingly low.

What can be done to build on NMMAPS III? Further
evaluation of the concentration–response curves from other
data, in particular APHENA, and the full complement of 88
cities, extending the work already completed on regional
composite curves (Dominici et al 2002, 2003b), will provide
further insights. Additional work on the impact of measure-
ment error on the ability to detect thresholds would be
valuable, as would development of statistical methods for
assessing the shape of concentration–response relations.
Finally, studies in settings where the PM concentrations are
low would provide insight into whether associations with
mortality extend to the low end of the concentration–
response relation. This question is faced more often by
policy makers in setting standards in developed countries
than is the question of whether the entire concentration–
response relation is linear.
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