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

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

• Competitively funds and oversees research projects;

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

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

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

HEI receives half of its core funds from the U.S. Environmental Protection Agency and half 
from the worldwide motor vehicle industry. Frequently, other public and private organizations in 
the United States and around the world also support major projects or certain research 
programs. The Public Health and Air Pollution in Asia (PAPA) Program was initiated by the Health 
Effects Institute in part to support the Clean Air Initiative for Asian Cities (CAI-Asia), a 
partnership of the Asian Development Bank and the World Bank to inform regional decisions 
about improving air quality in Asia. Additional funding was obtained from the U.S. Agency for 
International Development and the William and Flora Hewlett Foundation.

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

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

All project results and accompanying comments by the Health Review Committee are widely 
disseminated through HEI’s Web site (

 

www.healtheffects.org

 

), printed reports, newsletters and 
other publications, annual conferences, and presentations to legislative bodies and public agencies.
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Research Report 154, 

 

Public Health and Air Pollution in Asia (PAPA): Coordinated Studies of Short-
Term Exposure to  Air Pollution and Daily Mortality in Four Cities

 

, presents five studies funded by the 
Health Effects Institute. This report contains these main elements:

 

The Executive Summary

 

, prepared by staff at HEI, is a brief, nontechnical summary of 
the four time-series studies and the fifth study, a combined analysis of the data; the 
Executive Summary also briefly describes the Health Review Committee’s comments 
on the studies.

 

The Investigators’ Reports

 

 on the five studies describe the scientific background, 
aims, methods, results, and conclusions of each of the studies.

 

The Overview, the four Commentaries on the time-series studies, and the 
Integrated Discussion

 

 included in the Combined Analysis were prepared by 
members of the Health Review Committee with the assistance of HEI staff; these 
sections place the studies in a broader scientific context, point out their strengths and 
limitations, and discuss remaining uncertainties and implications of the findings for 
public health and future research.

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





 

P R E F A C E

        
Coordinated Time-Series Studies in Asian Cities

Exposure to outdoor air pollution is associated
with short-term increases in daily mortality, higher
rates of hospital admissions, increases in emergency
room utilization, and exacerbation of chronic respira-
tory conditions in many parts of the world (WHO
2002). The World Health Organization (WHO) esti-
mates that air pollution contributes globally to ap-
proximately 800,000 deaths and 4.6 million lost life-
years (WHO 2002).

Developing nations are particularly affected by air
pollution: as many as two-thirds of the deaths and lost
life-years associated with air pollution on a global
scale occur in Asia (WHO 2002). To date, estimates
of the health effects resulting from exposure to air
pollution in Asia have relied largely on the extrapola-
tion of results from research conducted outside Asia
— primarily in Europe and North America (Cohen
2004). However, the nature of the ambient air pollu-
tion mix in Asia, the high levels of pollutants in some
parts of the continent, the environmental conditions,
and the background health conditions of the popula-
tion may all contribute to health outcomes that differ
from those in Europe and North America.

To address some of the uncertainties in estimating
the adverse health impact of air pollution in Asia, the
Health Effects Institute, in partnership with the Clean
Air Initiative for Asian Cities, initiated the Public
Health and Air Pollution in Asia (PAPA) program in
December 2002. The PAPA program had three major
components:

1. Assessment and review of existing science on the
effects of exposure to air pollution in Asia;

2. Initiation of significant new research in several
large Asian cities, including major new epidemio-
logic studies on the health effects of air pollution;
and

3. Development of the scientific and technical
capacity of a network of Asian investigators,

including targeted opportunities for training in
epidemiology and related areas.

HEI set up the International Scientific Oversight
Committee (ISOC), chaired by Dr. Frank Speizer of
the Harvard School of Public Health and comprising
members of HEI’s Research and Review Committees
and experts from the United States and Asia, in order
to provide expert scientific advice and oversight of
the PAPA program. A full list of ISOC members is
included at the end of this report.

PAPA FIRST-WAVE STUDIES

In 2003 HEI issued a Request for Information and
Qualification (RFIQ) for scientists interested in con-
ducting epidemiologic studies of the health effects of
air pollution in Asian cities. Through this RFIQ, HEI
sought to ascertain potential investigators’ qualifica-
tions and their access to appropriate study popula-
tions, pollutant monitoring data — such as levels of
particulate matter (PM), carbon monoxide (CO), and
ozone (O3) — and health data (mortality and morbid-
ity) in Asian cities. Thirty-two teams in eight Asian
countries responded to the RFIQ.

ISOC evaluated all the proposals and decided to
support a coordinated series of time-series studies in
several Asian cities. In addition, ISOC decided to
request applications from investigators who appeared
to have both the best qualifications and quick access
to the necessary information, allowing them to begin
studies within a short period after receiving funding.

The PAPA program ultimately initiated four time-
series studies of the health effects of air pollution in
Bangkok, Hong Kong, Shanghai, and Wuhan. This was
the first set of coordinated time-series studies ever
undertaken in Asian cities and the first phase of an
effort by ISOC to conduct a series of studies in
Asian cities intended to deepen the understanding
Health Effects Institute Research Report 154 © 2010  ix
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of air pollution effects in local populations and in-
form extrapolation from the extensive body of exist-
ing science.

This “first wave” of PAPA studies comprised four
time-series studies:

• “Estimating the Effects of Air Pollution on Mor-
tality in Bangkok, Thailand.” Principal Investigator
Dr. Nuntavarn Vichit-Vadakan at Thammasat Uni-
versity in Thailand and her team proposed to
examine the effects of PM � 10 µm in diameter
(PM10) and several gaseous pollutants — O3,
nitrogen dioxide (NO2), nitric oxide (NO), and
sulfur dioxide (SO2) — on daily mortality for the
years 1997 through 2003 and for all 50 districts
of Bangkok, which had a population of 10.4 mil-
lion in 2000.

• “Interaction Between Air Pollution and Respira-
tory Viruses: Time-Series Study of Daily Mor-
tality and Hospital Admissions in Hong Kong.”
Dr. Chit-Ming Wong of The University of Hong
Kong and his team proposed to examine the
short-term effects of PM10, NO2, SO2, and O3
on mortality and hospital admissions over the
period 1996 to 2002. The confounding and modi-
fying effects of influenza epidemics were also to
be assessed. The study included the whole Hong
Kong population of 6.8 million.

• “A Time-Series Study of Ambient Air Pollution and
Daily Mortality in Shanghai, China.” Dr. Haidong
Kan from the Fudan University School of Public
Health in China and his team proposed to eval-
uate the association between mortality outcomes
and major air pollutants (PM10, SO2, NO2, and
O3), using daily data from 2001 through 2004. The
target population was all residents living in the
urban area of Shanghai, which covers nine dis-
tricts and encompasses a population of more
than 6 million.

• “Association of Daily Mortality with Ambient
Air Pollution, and Effect Modification by Ex-
tremely High Temperature in Wuhan, China.” Dr.
Zhengmin Qian at the Pennsylvania State College
of Medicine in Hershey, Pennsylvania, and his team
proposed to determine whether daily variations in
ambient PM10, SO2, NO2, or O3 concentrations
in Wuhan (with 4.5 million permanent residents in
the nine urban core districts) from July 1, 2000, to

June 30, 2004, were associated with variations in
daily mortality due to all natural causes and daily
cause-specific mortality.

A COORDINATED APPROACH 
TO ANALYSIS

Coordinated multicity studies currently provide the
most definitive epidemiologic evidence of the effects
of short-term exposure and, as a result, play a central
role in health impact assessment and environmental
policy. While robust and consistent results have been
observed in Europe and North America (Samet 2000;
Katsouyanni 2001), few coordinated, multicity time-
series studies have been conducted elsewhere. These
four studies compose the first coordinated multicity
analysis of air pollution and daily mortality in Asia.

The principal investigators developed a common
set of criteria for the inclusion and analysis of data in
each city; this Common Protocol was codified in a
“Protocol for Coordinated Time-Series Studies of
Daily Mortality in Asian Cities,” which is included at
the end of this volume. In addition, at the end of the
four studies, the investigators, led by Dr. C-M. Wong,
undertook a Combined Analysis, incorporating data
from all four cities. This Combined Analysis is also
included in this publication as a separate report.

STUDIES IN INDIA

In recognition of the fact that India is a diverse,
densely populated country where the burden of dis-
ease attributable to ambient air pollution is likely to be
substantial, HEI put out a request for applications
(RFA) for retrospective time-series studies of air pollu-
tion and mortality in Indian cities in the spring of 2004.
This RFA was intended to facilitate a set of Indian
time-series studies that would be an important addi-
tion to the group of studies currently in progress in
other Asian cities.

Proposed studies would utilize existing sources of
data to explore how daily death rates change in rela-
tion to contemporaneous daily concentrations of air
pollutants while correcting for other risk factors. Inves-
tigators were requested to submit information related
to the nature and availability of monitoring data for
air pollution, including major air pollutants measured
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(e.g., PM, O3, and CO) and visibility data, as well as
health data on measures of mortality (and morbidity,
where available) in the corresponding cities. In order
to maximize the capabilities of researchers from dif-
ferent disciplines, it was strongly recommended that
interdisciplinary teams of scientists apply together.

HEI subsequently extended the PAPA research pro-
gram to include three studies of air pollution and mor-
tality due to all natural causes in Chennai, Delhi, and
Ludhiana. The Indian studies focused on the associa-
tion between increased air pollution and all natural
(nonaccidental) mortality from 2002 though 2004:

• “Short-Term Effects of Air Pollution on Mor-
tality: Results from a Time-Series Analysis in
Chennai, India.” Dr. Kalpana Balakrishnan from Sri
Ramachandra Medical College and Research In-
stitute and her team explored the association
between air pollution and all natural mortality in
Chennai, a city in Southern India.

• “Time-Series Study on Air Pollution and Mortal-
ity in Delhi.” Dr. Uma Rajarathnam at The Energy
and Resources Institute and her team explored
the association between air pollution and all nat-
ural mortality in Delhi, the nation’s capital.

• “A Time-Series Study on the Relation of Air
Pollution and Mortality in Ludhiana City, India.”
Dr. Rajesh Kumar of the Postgraduate Institute of
Medical Education and Research in Chandigarh
and his team proposed to explore the association
between air pollution and all natural mortality in
Ludhiana, an industrial city in northern India.

Because of key differences in data availability and
completeness between the first four PAPA studies and
the Indian studies, however, the Common Protocol
developed for the first four studies was not sufficient
for use in the Indian context. Indeed, the Ludhiana
study was terminated prematurely because of sub-
stantial limitations and uncertainties in the data that
made it unclear that an interpretable result would be
possible. Drs. Balakrishnan and Rajarathnam developed
city-specific approaches for using available air quality
data in order to develop daily estimates of exposure.

The PAPA studies were funded in order to bridge
the gap between studies conducted in different locali-
ties with the intent of providing information to Asian
decision makers making policy choices. The PAPA

studies were designed and conducted by local investi-
gators in concert with local air pollution and public
health officials and international experts. These studies
explore key aspects of the epidemiology of exposure
to air pollution in each location — issues of local as
well as global relevance — including the effects of
exposure at high concentrations and at high tempera-
tures, the potential influence of influenza epidemics
on the relationship between air pollution and health,
and the ways in which social class might modify risks
associated with air pollution.
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Executive Summary

                      
BACKGROUND

The effects on air quality of the rapid increases in indus-
trialization, urbanization, and vehicularization are becom-
ing increasingly apparent in many of Asia’s cities and
industrial areas. This rapid development, together with
emission trends (e.g., those resulting from changes in energy,
fuel, and vehicle use), population trends (the degree of
urbanization), health trends (age structure and background
disease rates), and other important factors (e.g., broad
changes in regulatory approaches and improvements in
control technology), will influence the extent to which
exposure to air pollution affects the health of the Asian
population over the next several decades. Accordingly,
government decision makers, the private sector, and other
local stakeholders are increasingly raising the issue of the
health impacts of urban air pollution.

While two-thirds of the 800,000 deaths and 4.6 million
lost life-years attributed to air pollution each year on a
global scale occur in Asia (WHO 2002), risk estimates have
relied largely on the extrapolation of results from research
conducted outside Asia — primarily in Europe and North
America (Cohen et al. 2004). In recognition of the possibil-
ity that the nature of the ambient air pollution mix in Asia,
the high levels of pollutants in some parts of the continent,
and the environmental and background health conditions
of the population may all contribute to differences in health
outcomes between Asia and Europe and North America,
there has been a steady increase in research on the health
effects of air pollution in Asian cities.

Coordinated multicity studies currently provide the most
definitive epidemiologic evidence of the health effects of
short-term exposure to air pollutants and, as a result, play
a central role in health impact assessment and environ-
mental policy. Multicity studies have a greater ability to
explain the differences (heterogeneity) among cities in the
relative rates of mortality associated with exposure to air
pollution than single-city studies. Large multicity studies
also have the statistical power to explore more definitively
the shape of the air pollution concentration–response (C–R)
function (Daniels et al. 2000; Schwartz 2000), the timing of
effects related to air pollution, and the extent of life short-
ening (also known as harvesting) due to air pollution
(Zeger et al. 1999; Zanobetti et al. 2000; Schwartz 2001).

While relatively robust and consistent results have been
observed in Europe and North America (Samet 2000b;
Katsouyanni et al. 2001), few coordinated multicity time-
series studies have been conducted elsewhere. Acknowl-
edging that a coordinated set of time-series studies in sev-
eral Asian cities could further the understanding of air
Health Effects Institute Research Report 154 © 2010
pollution effects in regionally relevant populations and
inform extrapolation from the extensive global body of
evidence, in 2003 HEI’s Public Health and Air Pollution
in Asia (PAPA) program funded the first set of coordi-
nated time-series studies ever undertaken in Asian cities:
four time-series studies of the health effects of air pollu-
tion in Bangkok, Hong Kong, Shanghai, and Wuhan. These
studies were intended to help bridge the gaps between
studies conducted in different localities with the intent of
providing information to Asian decision makers consider-
ing policy choices.

Studies were designed and conducted by local investi-
gators in concert with local air pollution and public health
officials and international experts. These investigations
explore key aspects of the epidemiology of exposure to air
pollution in each location—issues of local as well as global
relevance — including the effects of exposure at high con-
centrations and at high temperatures, the potential influ-
ence of influenza epidemics on the relations between air
pollution and health, and the ways in which social class
might modify risks associated with air pollution.

SHANGHAI

Dr. Haidong Kan from the Fudan University School of
Public Health in Shanghai, China, and his team proposed
in 2003 to evaluate the impact of short-term changes in
Shanghai in ambient air concentrations of particulate mat-
ter � 10 µm in aerodynamic diameter (PM10), nitrogen
dioxide (NO2), sulfur dioxide (SO2), and ozone (O3) on
daily mortality using four years of data covering the period
January 1, 2001, to December 31, 2004. The Shanghai
study had a special focus on assessing the interaction of
PM with gaseous copollutants, and assessed whether there
are independent effects of PM and gaseous pollutants on
mortality. The study also explored effect modification by
season (warm vs. cool) and by level of education.

WUHAN

Dr. Zhengmin Qian from Pennsylvania State College of
Medicine, Hershey, Pennsylvania, and his team proposed
in 2003 to determine whether daily variations in ambient
PM10 concentrations in Wuhan from July 1, 2000, to June
30, 2004, were associated with daily variations in mortal-
ity due to all natural (nonaccidental) causes and cause-
specific mortality. Known as the “oven city” because of its
extremely hot summers, this location provided an oppor-
tunity to assess how very high temperatures may modify
the health effects of exposure to air pollution.
xiii
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BANGKOK

Dr. Nuntavarn Vichit-Vadakan of Thammasat University
in Thailand and her team proposed to examine the effects
of PM10 and several gaseous pollutants — O3, NO2, and
SO2 — on daily mortality for the time period June 1, 1997,
through May 31, 2003, for all 50 districts of Bangkok. Dr.
Vichit-Vadakan initially aimed to also examine whether
reductions in local traffic levels during an economic reces-
sion could have affected mortality rates and the resulting
C–R functions, but results were uninformative and ulti-
mately removed from the analysis at the suggestion of
HEI’s Health Review Committee.

HONG KONG

Dr. Chit-Ming Wong of The University of Hong Kong and
his team proposed to examine the short-term effects of air
pollution on mortality and hospital admissions over the
period 1996 to 2002. As influenza exerts tremendous health
and economic costs in many areas of the world including
Hong Kong, this study investigated the potential confound-
ing and modifying effects of air pollution’s adverse health
effect by influenza epidemics. The study also explored
whether social class modified any risks associated with air
pollution in Hong Kong.

COMBINED ANALYSIS

In addition to conducting individual study analyses,
investigators undertook a Combined Analysis, incorporat-
ing data from all four cities.

A COORDINATED AND COMBINED
APPROACH TO ANALYSIS

All four studies were conducted using the same types of
administrative data on mortality and air pollution levels
used in time-series studies throughout the world. The
studies also employed a methodologic rigor that matches
or exceeds that of most published studies, including formal
quality control in the form of detailed standard operating
procedures for data collection and analysis, and external
quality assurance audits of the data overseen by HEI.

The principal investigators developed a common set of
criteria for the inclusion and analysis of data in each city,
titled the “Protocol for Coordinated Time-Series Studies of
Daily Mortality in Asian Cities.” This Common Protocol
specified design criteria for data on health outcomes, air
quality measurements, and meteorologic factors, as well
as a general approach to the analysis of time-series data.
It benefited from recent efforts to strengthen and refine
xiv
methods for the analysis of time-series data and was in-
tended to be on par methodologically with the most recent
U.S. and European analyses (HEI 2003). Adoption of such
a protocol provides some assurance that the results for
each city will not differ importantly because of differences
in data quality or analysis and offers a more reliable foun-
dation for a meta-analysis. The Common Protocol was
implemented for each study in the following ways:

• Mortality data for the PAPA studies were provided by
local health authorities in each of the four cities and
were coded using the World Health Organization’s
(WHO’s) International Classification of Diseases,
either 9th revision or 10th revision (ICD-9 or ICD-10),
depending on the year of death.

• Pollutant data for NO2, SO2, PM10, and O3 were pro-
vided by the local government agencies in each city
and met local quality control and assurance stan-
dards. Exposure metrics used for NO2, SO2, and PM10
were 24-hour average concentrations; O3 analyses used
8-hour average concentrations (measured from 10 am
to 6 pm). Investigators followed an independent, stan-
dardized procedure with regard to ensuring both the
completeness and representativeness of the average
daily exposure of the population. As the number of
missing data was minimal, no attempt was made to
impute missing data.

• A generalized additive modeling approach was used
to obtain the excess risk of daily mortality or hospi-
tal admissions associated with daily increases in
pollutant levels. Although the agreed-upon analytic
approach left some room for city-specific variations,
the model options were constrained to limit the set of
potential models.

RESULTS

Executive Summary Tables 1 and 2 summarize, among
other values, the city-specific average daily number of
deaths and the maximum and mean pollutant levels and
meteorologic variables during the study period. Executive
Summary Table 3 summarizes the main epidemiologic
findings of each report for excess risk (ER) for mortality.
All analysis results are presented as ER per 10 µg/m3 of
pollutant at lag 0–1 day (average), calculated from the rel-
ative risk (RR) as follows: ER = (RR � 1) � 100.

SHANGHAI

Short-term increases in the concentrations of PM10,
NO2, SO2, and O3 were associated with increased daily all
natural (nonaccidental) mortality in the Shanghai study.
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Executive Summary Table 1.

 

Summary Statistics of Daily Mortality Counts

Mortality Class

Minimum Maximum Mean SD

 

a

 

Bang-
kok

Hong
Kong

Shang-
hai Wuhan

Bang-
kok

Hong
Kong

Shang-
hai Wuhan

Bang-
kok

Hong
Kong

Shang-
hai Wuhan

Bang-
kok

Hong
Kong

Shang-
hai Wuhan

All natural causes
All ages 29 48 51 25 147 135 198 213 94.8 84.2 119.0 61.0 12.1 12.8 22.5 15.8

 

�

 

 65 yr 13 34 46 18 63 113 175 159 34.3 65.4 99.6 43.8 6.7 11.6 20.6 13.4

 

�

 

 75 yr 6 17 33 6 50 82 129 106 21.3 43.6 71.5 25.7 5.2 9.5 16.7 9.5

Cardiovascular
causes 1 6 11 8 28 54 85 94 13.4 23.8 44.2 27.8 4.3 6.5 11.0 8.8

Respiratory

 

causes

 

1

 

3

 

3

 

0

 

20

 

34

 

45

 

125

 

8.1

 

16.2

 

14.3

 

7.0

 

3.1

 

5.2

 

6.4

 

5.8

 

a 

 

SD indicates standard deviation.

                                          
Estimates for mortality due to cardiovascular causes were
similar to the overall estimate for all natural mortality. For
respiratory deaths, effect estimates for exposure to NO2
and SO2 were slightly larger than those for the other cate-
gories of death, but with overlapping confidence intervals.
The risk estimates associated with specific age groups were
generally consistent with the estimate for all ages, al-
though the individual subgroup estimates were less stable.

The results of the two-pollutant models suggested that
only the associations between health effects and exposure
to NO2 were relatively insensitive to the inclusion of other
pollutant terms. In contrast, the health effects associated
with PM10, SO2, and O3 might be partly attributed to or
modified by the effects of correlated pollutants.

With the exception of O3, the mortality effects of the
pollutants were greater in people with a lower level of
education; effect estimates for all natural mortality were
Executive Summary Table 2. Summary Statistics of Air Poll

Minimum Maximum

Bang-
kok

Hong
Kong

Shang-
hai Wuhan

Bang-
kok

Hong
Kong

Shang
hai

NO2 15.8 10.3 13.6 19.2 139.6 167.5 253.7
SO2 1.5 1.4 8.4 5.3 61.2 109.3 183.3
PM10 21.3 13.7 14.0 24.8 169.2 189.0 566.8
O3 8.2 0.7 5.3 1.0 180.6 195.0 251.3

Temperature (°C) 18.7 6.9 �2.4 �2.5 33.6 33.8 34.0
Relative

humidity (%) 41.0 27.0 33.0 35.0 95.0 97.0 97.0

a Values are µg/m3 unless otherwise indicated.
b SD indicates standard deviation.
approximately two times higher for these people. Several
pollutant effects were different in the warm and cool sea-
sons, particularly for respiratory mortality. The respiratory
mortality subgroup, however, had the smallest number of
deaths, and several of the warm-season estimates for PM10,
SO2, and NO2 and respiratory mortality indicated possible
protective effects, suggesting that these interactions should
be interpreted with extreme caution.

The positive associations between individual pollutants
and daily mortality in single-pollutant models were largely
robust to differences in the degree of smoothing for time,
choice of regression spline (natural or penalized), and cen-
tering of pollutant concentrations. The effects of PM10
were only slightly attenuated by the inclusion of longer
lags for humidity and temperature; the effects of NO2 and
SO2 were more substantially attenuated; and the effects of
O3 were unaffected.
xv

utant Concentrations and Weather Conditionsa

Mean SDb

-
Wuhan

Bang-
kok

Hong
Kong

Shang-
hai Wuhan

Bang-
kok

Hong
Kong

Shang-
hai Wuhan

127.4 44.7 58.7 66.6 51.8 17.3 20.1 24.9 18.8
187.8 13.2 17.8 44.7 39.2 4.8 12.1 24.2 25.3
477.8 52.0 51.6 102.0 141.8 20.1 25.3 64.8 63.7
258.5 59.4 36.7 63.4 85.7 26.4 22.9 36.7 47.0

35.8 28.9 23.7 17.7 17.9 1.7 4.92 8.5 9.2

99.0 72.8 77.9 72.9 74.0 8.3 10.0 11.4 12.5
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Executive Summary Table 3.

 

Main Effect Estimates for Mortality for Individual Cities and Combined Random Effects

 

a

 

Mortality
Class /
Pollutant Bangkok Hong Kong Shanghai Wuhan

Random Effect
(4 Cities)

Random Effect
(3 Chinese Cities)

 

All Natural Causes, All Ages

 

NO

 

2

 

1.41 (0.89, 1.95) 0.90 (0.58, 1.23) 0.97 (0.66, 1.27)  1.97 (1.31, 2.63) 1.23 (0.84, 1.62)

 

b

 

1.19 (0.71, 1.66)

 

b

 

SO

 

2

 

1.61 (0.08, 3.16) 0.87 (0.38, 1.36) 0.95 (0.62, 1.28)  1.19 (0.65, 1.74) 1.00 (0.75, 1.24) 0.98 (0.74, 1.23)
PM

 

10

 

1.25 (0.82, 1.69) 0.53 (0.26, 0.81) 0.26 (0.14, 0.37)  0.43 (0.24, 0.62) 0.55 (0.26, 0.85)

 

c

 

0.37 (0.21, 0.54)
O

 

3

 

0.63 (0.30, 0.95) 0.32 (0.01, 0.62) 0.31 (0.04, 0.58)  0.29 (

 

�0.05, 0.63) 0.38 (0.23, 0.53) 0.31 (0.13, 0.48)

Cardiovascular Causes
NO2 1.78 (0.47, 3.10) 1.23 (0.64, 1.82) 1.01 (0.55, 1.47)  2.12 (1.18, 3.06) 1.36 (0.89, 1.82) 1.32 (0.79, 1.86)
SO2 0.77 (�2.98, 4.67) 1.19 (0.29, 2.10) 0.91 (0.42, 1.41)  1.47 (0.70, 2.25) 1.09 (0.71, 1.47) 1.09 (0.72, 1.47)
PM10 1.90 (0.80, 3.01) 0.61 (0.11, 1.10) 0.27 (0.10, 0.44)  0.57 (0.31, 0.84) 0.58 (0.22, 0.93)d 0.44 (0.19, 0.68)
O3 0.82 (0.03, 1.63) 0.62 (0.06, 1.19) 0.38 (�0.03, 0.80) �0.07 (�0.53, 0.39) 0.37 (0.01, 0.73) 0.29 (�0.09, 0.68)

Respiratory Causes
NO2 1.05 (�0.60, 2.72) 1.15 (0.42, 1.88) 1.22 (0.42, 2.01)  3.68 (1.77, 5.63) 1.48 (0.68, 2.28) 1.63 (0.62, 2.64)b

SO2 1.66 (�3.09, 6.64) 1.28 (0.19, 2.39) 1.37 (0.51, 2.23)  2.11 (0.60, 3.65) 1.47 (0.85, 2.08) 1.46 (0.84, 2.08)
PM10 1.01 (�0.36, 2.40) 0.83 (0.23, 1.44) 0.27 (�0.01, 0.56)  0.87 (0.34, 1.41) 0.62 (0.22, 1.02) 0.60 (0.16, 1.04)
O3 0.89 (�0.10, 1.90) 0.22 (�0.46, 0.91) 0.29 (�0.44, 1.03)  0.12 (�0.89, 1.15) 0.34 (�0.07, 0.75) 0.23 (�0.22, 0.68)

a Data are presented as excess risk of mortality in % (95% CI) per 10-µg/m3 increase in average concentration of lag 0–1 day (average).
b Significant at 0.01 < P ≤ 0.05 by homogeneity test.
c Significant at P ≤ 0.001 by homogeneity test.
d Significant at 0.001 < P ≤ 0.01 by homogeneity test.
WUHAN

In the study conducted in Wuhan, short-term increases
in the concentrations of PM10, NO2, and SO2 (but not O3)
were significantly associated with increased daily mortal-
ity due to all natural causes. Effect estimates were gener-
ally larger in people age 65 or older, particularly for those
who died of cardiovascular causes. Generally, the effect
estimate for respiratory deaths was higher than that of
other causes. PM10, NO2, and SO2 were also associated
with increases in non-cardiopulmonary (nonaccidental)
mortality. With the exception of SO2, effect estimates for
this death category were typically not larger in the older
age category (age 65 or older).

In two-pollutant models, the associations of both PM10
and SO2 with total all natural and cardiovascular mortality
were greatly attenuated when NO2 was included along
with those pollutants. The estimated effects of NO2 were
somewhat attenuated with the inclusion of PM10 and also
with the addition of SO2 in the models.

Single-pollutant model results were largely robust to
differences in the degree of smoothing for time in the
model specifications or to the choice of regression spline
(natural or penalized). The effects of PM10 were only
slightly attenuated by the inclusion of longer lags for
humidity and temperature, but the effects of NO2 and SO2
xvi
were greatly attenuated, often no longer showing any
effect. The effects of PM10, and to a lesser extent NO2 on
several causes of mortality, were larger on days in the
upper 5th percentile of temperature.

BANGKOK

Short-term increases in the concentrations of PM10,
NO2, SO2, O3, and NO were associated with increased
daily all natural mortality in the Bangkok study. All pol-
lutants were significantly associated with increases in
natural, non-cardiopulmonary mortality. Effect estimates
(excess risk) were largest in people age 65 or older and,
except for SO2, in those who died of cardiovascular causes
and in those whose cause of death was coded as “senility.”
Associations between increases in the pollutant concentra-
tions and respiratory mortality were positive (except for
NO) but quite imprecise.

In two-pollutant models, the association of PM10 with
daily total (nonaccidental) and cardiovascular mortality
was relatively robust to adjustment for gaseous copollut-
ants. The associations between the gaseous pollutants and
daily mortality were generally sensitive to PM10 adjust-
ment, however.

Results from sensitivity analyses demonstrated that
results of single-pollutant models were largely robust to
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differences in model specifications for the degree of
smoothing for time, choice of regression spline (natural or
penalized), and adjustment for confounders including
“influenza.” There was greater sensitivity to the inclusion
of alternative lags for humidity and temperature on the
effect on total (all natural) mortality, especially for NO2
and NO. The effect of PM10 was also substantially reduced
with longer-term weather lags but was still greater than
zero, while those of SO2 and O3 were largely unaffected.

HONG KONG

Exposure to increased concentrations of individual air
pollutants was associated with higher risks of mortality
and hospitalization from cardiopulmonary disease.

Influenza was associated with cardiopulmonary mortal-
ity and hospital admissions at time scales ranging from
1 to multiple weeks. All three measures of influenza activ-
ity (influenza intensity, epidemic, and predominance) were
associated with most respiratory and cardiovascular hos-
pitalizations except for those due to stroke and asthma.
Influenza did not confound the associations between any
air pollutant and hospitalizations and mortality due to all
natural causes or cardiovascular disease, but did affect the
magnitude of some associations between individual pol-
lutants and respiratory hospital admissions as well as res-
piratory mortality.

Residence in a neighborhood with low socioeconomic
status, as defined by a social deprivation index, was asso-
ciated with higher cardiovascular mortality, and the effects
of increases in NO2, SO2, PM10, and O3 on mortality were
generally consistent among the three socioeconomic
groups. The investigators found little evidence to suggest
that social deprivation influenced the effect of air pollu-
tion on rates of hospital admissions.

COMBINED ANALYSIS

In the Combined Analysis, which compared the results
from all four cities, the investigators found that increases
in all natural and cause-specific daily mortality rates
were associated with air pollution, based on measurements
of four different pollutants, in each of the four cities. A
10-µg/m3 increase in PM10 concentration was associated
with a 0.6% (95% confidence interval, 0.3–0.9) increase in
mortality rate. Effects on cardiovascular and respiratory
mortality were generally higher than for all natural mortal-
ity. Effect estimates varied across cities, however. For
example, the effects of PM10 and O3 on all natural mortal-
ity were generally larger in Bangkok than in the three Chi-
nese cities. The effects did not vary markedly with age
except in Bangkok, where larger relative effects were
observed for all pollutants in the elderly. In multipollutant
models, the dominant pollutant also appeared to be differ-
ent across cities. In Hong Kong, Shanghai, and Wuhan,
NO2 effect estimates were more robust than those of other
pollutants, including those of PM10, in multipollutant
models. In Bangkok, however, the effects of PM10 were less
sensitive to the inclusion of other pollutants in the health
models than were the effects of the other pollutants.

The investigators estimated the shape of the C–R function
for mortality due to all natural causes. They reported that
the shape of the C-R function for PM10 was consistent with
a linear relation over a range of ambient concentrations in
excess of 100 µg/m3, with no evidence of a threshold in all
cases but Shanghai, where some nonlinearity was observed.
They noted, however, that the estimated C–R curves were
subject to substantial uncertainty, especially at the highest
levels of air pollution (i.e., levels above the 75th percentile
of the distribution of 24-hour average concentrations).

CRITICAL EVALUATION OF THE METHODS
AND ANALYSES OF THE PAPA 
TIME-SERIES STUDIES

CROSS-CUTTING ISSUES

Air Pollutant Monitoring and Exposure Assessment

Air Quality Data Each of the PAPA studies based its
analyses on air pollutant concentrations and meteorologic
data reported from routine monitoring networks, similar to
those in large-scale studies in other countries. Such net-
works typically undergo quality assurance and control
procedures on an ongoing basis, and in these four studies,
those procedures were augmented by additional auditing.
No additional evaluations of the monitors using collocated
instruments were conducted as part of the PAPA projects.
The air quality data for the pollutants of interest were eval-
uated by the teams. For example, each study assessed how
concentrations of individual pollutants vary between
monitors and how different pollutant concentrations vary
at individual monitors (as well as how the calculated aver-
ages correlate across pollutants). These correlations give
insight into pollutant dynamics in the region, the repre-
sentativeness of individual monitors, and the potential for
confounding in the ensuing study analyses. Such correla-
tion analyses can help identify if there are local sources
that might be having large impacts at specific monitors.
The Common Protocol was used to exclude data and
develop the daily metrics employed in the analyses. The
decision to remove certain types of monitors (e.g., those
xvii
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near roadways) and what data analyses led to removal
decisions were study dependent.

One strength of the studies is that, in general, more than
one monitoring station had measurements for each pollut-
ant in the study areas, so the analyses were not dependent
on values from a single monitor to estimate exposure. In
the presence of sufficient spatio-temporal pollutant varia-
tion, however, results can be heavily influenced by the
monitors with the greatest number of daily measurements
available. Unless spatio-temporal variation can be ruled
out, assessment of the sensitivity of the averaged values to
inclusion or exclusion of individual stations will provide
greater reassurance regarding the adequacy of the monitor-
ing data (see, for example, Ivey et al. 2008).

Exposure Measurement Error The estimated associa-
tions of pollutants and mortality in the PAPA studies are —
as in all other studies — subject to bias if there is error in
the exposure measurements. The most critical component
of exposure measurement error in time-series studies is the
discrepancy between the daily means of monitored con-
centrations and the true daily mean concentration of per-
sonal exposures in the city (Zeger et al. 2000). Measure-
ment error can also distort multipollutant model results, as
well as affect the apparent relative importance of individ-
ual pollutants in single-pollutant models.

For the PAPA studies (as indeed in most time-series
studies), we have little information on the size of exposure
measurement error. The procedures used in the individ-
ual studies and the Combined Analysis (specifically, pol-
lutant averaging, with centering for sensitivity analyses,
and the evaluation of associations between individual
monitor concentrations) are standard good practice. How-
ever, the observations also show that the areas where the
monitors were sited within the cities have significant spa-
tial variability in primary pollutant concentrations, sug-
gesting that any estimation of a citywide mean will be sub-
ject to imprecision. While the Combined Analysis, as well
as the individual studies, suggests associations between
combustion-derived emissions and health effects, that is in
part due to the types of pollutant data available (nitrogen
oxides [NOx], SO2, and a potentially large fraction of
PM10 are from combustion sources), and the lack of source
apportionment analysis makes it difficult to quantify the
fraction of PM10 from combustion. It is even more difficult
to assess how much of the pollutant exposure is due to spe-
cific combustion sources (e.g., ships, diesel engines, cars,
mopeds or motorcycles, and stationary sources involving
combustion of coal, oil, and gas). The air quality impacts
from such sources are most likely quite spatially variable,
and their health impacts may also be quite different (e.g.,
due to metal content). Similar issues plague other large
xviii
studies that have relied on routine monitoring carried out
in other countries.

Although it was beyond the scope of the current proj-
ects, further assessment of the spatial variability in pollut-
ant concentrations would be instructive to help inform the
interpretation of the health effect estimates. A review of
the other air quality data analyses done for the region
would also be helpful, particularly if such work used the
same data. For example, source apportionment work can
describe the prevalence of local and regional sources and
may also provide insight as to the likely size distribution
of the aerosol (e.g., the amount of particulate from crustal
material versus finer particulate generated by combustion).
While such information may not directly affect the epide-
miologic analyses, it can be used to better understand the
air quality data being used, particularly if the data are con-
sistent with the known sources and with the information
on the atmospheric chemical and meteorologic determi-
nants of air quality.

While we have no reason to believe that measurement
error is a greater source of concern in the PAPA studies than
in other studies of large cities, any interpretation should
take into account possible distortions from measurement
error, particularly when using multipollutant models.

Pollutants Addressed There were two potentially im-
portant pollutants whose concentrations were not regu-
larly measured in the PAPA studies and whose effects were
therefore not estimated: PM2.5 (PM with an aerodynamic
diameter � 2.5 µm, which has not been routinely mea-
sured in Asian cities) and carbon monoxide (CO). It has
often been argued that the effects of PM2.5 are stronger and
more consistently observed than those of PM10 or of the
coarse fraction of PM10 (PM10�2.5) (Pope and Dockery
2006), although there is evidence for the adverse effects of
PM10�2.5 exposure (Brunekreef and Forsberg 2005). Also,
strong effects of CO relative to other pollutants have been
estimated in some studies (e.g., HEI 2003) and new toxico-
logic and epidemiologic evidence has renewed interest in
CO (Samoli et al. 2007; Reed et al. 2008). Since these pol-
lutants may have had estimated effects different from
those of the pollutants included in the analyses, the esti-
mation of the health impacts of short-term exposure to
ambient air pollution in these PAPA cities is incomplete. It
may be, however, that the effects of PM10 largely account
for those of PM2.5. In addition, in the case of Bangkok, at
least, where NO (a pollutant that, like CO, is emitted from
mobile sources and whose concentrations would theoreti-
cally be highly correlated with those of CO both tempo-
rally and spatially) was included in the analysis, inclusion
of CO may not have had much additional impact.
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Health Endpoints

Health endpoint data were obtained from the respective
public health and census statistics agencies. Classification
of cause of death was based on either ICD-9 or ICD-10 cod-
ing of the underlying cause of death, which is the typical
approach to defining mortality endpoints in U.S. time-
series studies. It is well known that there is some mis-
classification of the cause of death using these health sta-
tistics. At issue here is the extent to which this occurred
in these studies, how the extent of misclassification var-
ied by the cause-of-death category, whether misclassifica-
tion varied across the four cities (three of which were in
China and one in Thailand), and, most importantly, how
misclassification may have affected estimates of the pollut-
ant health effects.

The validity of cause-of-death statistics has been as-
sessed recently in both China (Rao et al. 2007) and Thailand
(Pattaraarchachai et al. 2010; Porapakkham et al. 2010),
and results compare favorably with some recent U.S. esti-
mates (Ives et al. 2009). Moreover, it is expected that mis-
classification would be less for broader cause-of-death cat-
egories such as “cardiovascular” and “respiratory” than for
subcategories such as “cerebrovascular” and “ischemic
heart disease.” Only these broader categories of cause of
death were utilized in the Combined Analysis, so mis-
classification should be less of a concern there than in the
individual-city studies where effect estimates for several
subcategories were also presented.

We recommend caution when interpreting findings in
the PAPA studies for highly specific causes of death, not-
ing that higher weight should generally be placed on aggre-
gated causes of death (e.g., cardiopulmonary). Although
the validity of classifying cause of death into cardiopulmo-
nary and non-cardiopulmonary deaths should be rela-
tively high, finer cause-of-death strata would be expected
to be less so. We urge strong caution in the interpretation
of any other cause-of-death categories, both because such
associations are more likely to be due to chance (Ioannidis
2005) and because poor model specification can go unno-
ticed in these subgroups, particularly for outcomes with
low event counts.

Time-Series Modeling

The general approach taken in these studies to time-
series modeling (i.e., the use of overdispersed Poisson
regression with smoothing functions of time and weather
variables to control confounding) was broadly state of
the art at the time of planning. The details of the selection
of specific model terms are more controversial, however.
We recommend that future studies carefully consider
the following:
1. Analysis strategy should avoid reliance on the identi-
fication of an “optimal” confounder model, since no
such strategy can guarantee against residual con-
founding. Instead the protocol should specify an a
priori primary analysis and supplement this with a
comprehensive set of analyses of sensitivity to model
construction, and ensure the inclusion in models of
known determinants of fluctuations in mortality.

2. Analysis of sensitivity to confounder control should
be undertaken. This is often overlooked in “second-
order” investigations, such as those examining putative
effect modification, C–R modeling, or multipollutant
models.

3. Weather is usually a powerful determinant of mortal-
ity at lags extending well beyond 0 and is associated
with pollution. As such, it is a strong potential con-
founder and needs more careful modeling in main
and sensitivity analyses.

4. As was done in these studies, assessment of C–R
should be included as part of the sensitivity analyses.

NO2 Effects

A notable issue among the findings reported in this
group of PAPA studies is that the estimated effect of NO2 is
most often more robust and larger than those of the other
pollutants. This finding is more in line with those from
Europe (Samoli et al. 2006) and Canada (Burnett et al.
2004; Brook et al. 2007) than those from the United States,
where the effects of NO2 are less robust than those of PM
(Samet et al. 2000b). Several possible explanations of these
differences are that the NO2 monitoring networks in both
Europe and Canada use different siting criteria, that they
may be more spatially dense, and that they may possibly
better reflect population exposure to NO2 than the moni-
toring networks in the United States. Another possibility is
that NO2 reflects different toxic pollutant mixtures in these
different regions. As discussed in more detail below, resid-
ual biases may also play a part. At this point, however,
there is no good explanation as to why the effects of NO2
seem to be so different.

Single- Versus Multipollutant Models

Although pollutant effect estimates in single-pollutant
models can be difficult to interpret, there is little assurance
that multipollutant models, or even two-pollutant models
as used in these studies, serve their intended purpose of
providing pollutant effect estimates that are independent
of the effects of other pollutants. While it is tempting to
believe that including two or more pollutants in a multiple
regression model would allow an interpretation of the
xix
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coefficient of one pollutant as the effect of that pollutant
controlled for the effects of the others in the model, there
are obstacles to this interpretation, including residual con-
founding, and imprecise effect estimates and distortion of
effects arising from highly correlated pollutant data. A
multipollutant framework in which the focus is on the air
pollution mixture instead of on individual pollutants
may allow a more meaningful assessment of air pollution
impacts, especially for the purpose of air quality man-
agement (Stieb et al. 2008). However, there are many
unresolved challenges to implementing a multipollutant
approach (Dominici et al. 2010).

Sensitive Subgroups

The ER effect estimates were generally consistent across
age, with a suggestion of larger effects in older ages in
some cities, particularly Bangkok. While the separate city
reports presented detailed subgroup analyses with multiple
subgroups defined by age, season, influenza, and/or social
class, given the large number of analyses and the small size
of many subgroups, many of these subgroup analyses
should be considered exploratory.

STUDY-SPECIFIC RESULTS

Shanghai

Outdoor air pollution in Shanghai was associated with
mortality from all natural causes and cardiopulmonary-
related mortality. These associations were present even at
pollutant concentrations below those of the current Chi-
nese air quality standards, and were generally unchanged
by alternative model specifications. The magnitude and
direction of study results were broadly consistent with esti-
mates from meta-analyses of relevant published studies of
other parts of China (Kan et al. 2005) and Asia (HEI Inter-
national Scientific Oversight Committee 2004) and with
meta-analyses of time-series studies conducted in North
America and Europe (Stieb et al. 2002).

Although the study reported suggestive evidence that
individuals with lower levels of education might experi-
ence greater health effects caused by pollutant exposure,
this evidence should be interpreted cautiously, given the
multiplicity of tests conducted and the conflicting evi-
dence in the literature (O’Neill et al. 2003). There was only
weak evidence of effect modification by season; given the
analysis approach, residual confounding cannot be ruled
out. As is common in many time-series studies, given the
high correlation between PM and gaseous pollutants (NO2
and SO2), the ability to disentangle the individual effects
of the pollutants on daily mortality was limited.
xx
Wuhan

The Wuhan study provides estimates of the impacts of
pollution on daily mortality in a city with unusually wide-
ranging and occasionally extreme daily pollutant exposure
levels and temperatures. Although the uncertainties are
greater than is reflected in the confidence intervals, the
existence of pollutant effects on mortality is a robust find-
ing. For PM10, at least, the effect estimates are consistent
with those found in other cities in China, North America,
and Europe.

While results on the relative toxicity of specific pollut-
ants and the apparent modification of pollutant effects
by temperature provide useful suggestive evidence, these
subtle patterns are likely to be distorted by residual biases,
and results should be interpreted with caution. More defin-
itive answers to these questions will require additional
research, in which Wuhan, with its unusual climate and
pollutant patterns, may play an important role.

Bangkok

The excess relative risk of mortality from PM10 exposure
in Bangkok was more than twice the size of those of the
Chinese cities and, unlike in the Chinese cities, was more
robust than the NO2 association with mortality. The pos-
sible explanations for the higher estimated risks for PM10
remain speculative at present, however. While the authors
suggested that because Bangkok has fewer monitors located
close to roads, day-to-day fluctuations might reflect popu-
lation exposure changes differently, this feature was not
unique to Bangkok. For example, Wuhan also had few
monitors close to roads. In addition, the higher excess rel-
ative risk of mortality from PM10 in Bangkok was esti-
mated from a model that included a term for the “warm”
season, implying a large between-season variation in the
effects of air pollution. The investigators propose several
explanations for this observation, including modification
of effects by climatic factors and the prevalence of air con-
ditioning, but residual confounding or other season-related
bias could have influenced the results.

Moreover, the intercity variability in relative rates is not
unique to Asia; even with standardized approaches, rela-
tive rates of air pollution estimated in coordinated multi-
city time-series studies in Europe and North America also
differ from city to city, even within geographically small
regions (Samet et al. 2000a; Katsouyanni et al. 2001, 2009;
Bell et al. 2006). Here too, despite some efforts to identify
predictors of this variability, there is similarly little under-
standing of its sources, apart from random variation. The
finding of elevated risk per unit of PM10 is consistent with
observations in most cities worldwide. The larger rela-
tive excess risk compared with the other PAPA cities is
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currently unexplained, and it would be premature to
assume that this result reflects real differences in risk for
the population of Bangkok rather than effects of data qual-
ity or analytic approach.

Hong Kong

Based on 7 years of data, the Wong study is the most
extensive analysis to date of the effects of short-term expo-
sure to air pollution and health in Hong Kong. It also pre-
sents the first comprehensive analyses in a major Asian
city of the extent to which influenza activity and socioeco-
nomic status may modify the effects of short-term exposure
to air pollution on daily mortality and morbidity. Short-
term increases in the levels of all the pollutants studied
were associated with increases in daily mortality and hos-
pitalization for cardiovascular and respiratory disease when
weather, influenza activity, and other time-varying factors
were taken into account. While the interpretation of the
pollutant effects estimates from multipollutant models is
challenging when pollutants are highly correlated, as dis-
cussed earlier, it would have been of interest to have at
least assessed estimates from two-pollutant models for the
robustness of the individual effects. The study provides
little evidence that either influenza activity or socio-
economic status modified the ER of short-term air pollu-
tion on the measured health outcomes.

COMBINED ANALYSIS RESULTS

The consistency of finding that these markers of urban
air pollution were associated with mortality and the quali-
tative robustness of these findings in sensitivity analyses
suggest strongly that some aspect of air pollution has af-
fected mortality in these cities. However, when it comes to
subtler “second-order” points (in particular, the relative
strengths of the associations with each pollutant and the
variations across cities), interpretation should be more cau-
tious. Residual confounding (in particular, from tempera-
ture), biases from measurement error, and differences in
the reporting and recording of causes of death could dis-
tort such subtle patterns, even if they do not threaten the
main finding of an association of air pollution with mortal-
ity. In addition, sensitivity analyses were reported only for
the linear associations involving single pollutants, leaving
greater uncertainty for the second-order results.

THE PAPA STUDIES IN THE 
GLOBAL CONTEXT

Pollutant concentrations in the four cities in the PAPA
studies were dramatically different from concentrations in
most Western cities. For example, median daily levels of
PM10 in Europe and North America did not exceed 65 µg/m3,
but levels in the PAPA cities included daily levels several-
fold higher. Despite these differences, the estimates of pol-
lutant effect were not markedly different from those in
North America and Europe (see Executive Summary Fig-
ure 1). It is, however, worth bearing in mind that the width
of the confidence intervals (shown in Figure 1) indicates
that these estimated effects are consistent with a wide range
of true effects. In addition, as has also been observed in
Western cities (Katsouyanni et al. 2009), there is some het-
erogeneity of effect among the PAPA cities, with Bangkok
estimates, in particular, being often substantially larger than
those in the other three cities.

At face value, the broad consistency between the effect
estimates from the PAPA studies and those from United
States and Europe implies that the differences in concen-
trations, pollutant sources and mixtures, population sus-
ceptibility, and population time–activity patterns do not
substantially modify the relationship between change in
mortality risk and change in absolute pollutant concentra-
tion. Regarding concentration differences, as a hypotheti-
cal but realistic example, this consistency implies that the
mortality effect of a change in PM10 from 10 to 20 µg/m3 in
a Western city is the same as the effect of a change from
100 to 110 µg/m3 in a PAPA city; even more extreme but not
entirely unrealistic examples could be proposed. While
possible, this scenario conflicts with other evidence. In an
analysis of London mortality from 1958 to 1972, a period
of relatively high pollutant concentrations, a steeper C–R
relationship for PM exposure and mortality was seen at
lower concentrations than at the higher concentrations
(Schwartz and Marcus 1990). This is not what is found in
the PAPA studies. While the reason for this difference in
the shapes of the C–R functions is not known — and may
be due to chance or residual biases — if the difference is in
fact real, some possible explanations include differences
in the pollutant mix or in population susceptibility.

One interpretation of the relative consistency in the pol-
lutant effect estimates, as put forward in the editorial that
accompanied the recent publication of these PAPA studies
in Environmental Health Perspectives (Speizer et al. 2008),
is that effect estimates from studies carried out on Western
populations are applicable to settings with substantially
different pollutant concentrations and factors related to
population health. This implies that it is not unreasonable
for policymakers, in the absence of locally generated pol-
lutant effect estimates, to use effect estimates generated
elsewhere in order to estimate pollutant health impacts
locally. However, the consistency observed is not total.
Even within the PAPA cities, the differences among the
xxi
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Executive Summary Figure 1. Estimates of the effect on all natural mortality per 10-µg/m3 increase in PM reported in several recent meta-analyses and
multicity studies. (APHENA = Air Pollution and Health: A European and North American Approach; GAM = generalized additive model; PM2.5 = particulate
matter with aerodynamic diameter � 2.5 µm; PM10 = particulate matter with aerodynamic diameter � 10 µm; PAPA = Public Health and Air Pollution in Asia
program).
effect estimates suggest that it remains useful to obtain
locally generated estimates in some cases.

CONCLUSIONS/IMPLICATIONS

1. The PAPA studies provide the most comprehensive
and rigorous investigation of air pollution and mor-
tality in Asia to date. Because of the relative rigor
used in carrying out these PAPA studies, with the
common and considered approaches to data collec-
tion and analysis, pollutant effect estimates reported
from these studies are arguably the most reliable esti-
mates currently available from China and Southeast
Asia to date. While (as with all research) these can be
improved on and residual uncertainties persist as out-
lined earlier, policymakers now have more assurance
xxii
that the estimation of pollutant health impacts in
their respective countries is on a more sound footing.
Some questions that remain have been identified and
provide a focus for future research efforts.

2. The finding of a consistently positive association of
pollution concentrations with mortality is likely to
represent a true adverse effect of some aspect of
urban pollution. However, pollution-specific effect
estimates, whether from single- or multipollutant
models, should also be interpreted with the expecta-
tion that, if they reflect a causal effect, they may well
represent the effects of an aspect of the pollution mix-
ture correlated with the pollutant rather than of the
pollutant itself. All four pollutants (PM10, O3, NO2,
and SO2) evaluated in these four PAPA cities showed
positive short-term associations with mortality in all



Executive Summary
the cities using the base models. This nonspecificity
with respect to pollutant effects, which is character-
istic of many air pollution time-series studies, has
several possible, and not mutually exclusive, expla-
nations: (a) many different individual pollutants have
similar effects on mortality; (b) individual pollutants
serve as surrogates of possibly different aspects of the
ambient pollutant mixture, with the mixture possibly
having a greater effect than any single component;
and (c) with any pollutant, residual confounding con-
tinues to be a concern. The degree to which each of
these, or even other, possible explanations contrib-
utes to nonspecificity in the findings is not known.

3. The results of these PAPA studies are consistent with
the effects on mortality per unit concentration found
elsewhere in the world, especially for the risk per unit
of PM10. To the extent that the pollutant health effect
estimates show reasonable consistency with those esti-
mated in Western cities, an argument can be made
that the effects estimated from the much larger num-
ber of time-series studies carried out in Western cities
can be generalized to other parts of the world, despite
differences in the characteristics of air pollution and
the populations at risk. As is the case in other air pol-
lution time-series studies, estimated pollutant effects in
these PAPA cities were usually larger for the elderly
and in those for whom the cause of death was coded
as cardiopulmonary.

4. Residual confounding and biases from errors in mea-
suring exposure and in coding for the cause of death
imply uncertainty in the effect estimates that can be
considerably larger than is expressed in the confi-
dence intervals. Of all of the factors assessed in sensi-
tivity analyses, sensitivity to more aggressive control
for the effects of meteorology through the inclusion of
longer temperature lags had the greatest impact on
reducing pollutant effect estimates. A good case can be
made for this aggressive control of the effects of mete-
orology in principle, leading to the conclusion that
pollutant effect estimates in models with better con-
trol of meteorologic effects are less biased. However,
there remains some concern that such aggressive con-
trol for meteorology underestimates some true pollut-
ant effects given the measurement error associated
with pollutant concentrations; as of now, this issue is
not completely resolved (HEI 2003).

As in most time-series studies, population exposure
in the PAPA studies was estimated based on existing
monitoring networks. Because spatio-temporal vari-
ability in time-series studies involving pollutant con-
centrations is expected to be different for each of the
pollutants, and because the monitoring networks cap-
ture this variability to different degrees, the exposure
measurement error is expected to vary by pollutant
and by city. Improved pollutant exposure estimation,
which would be helped by improvements to the air
monitoring networks, would allow for more confi-
dence in the estimated health effects of pollutants in
the cities of developing Asia.

5. The potential for residual confounding and other
biases also suggests caution in the interpretation of
the more complex patterns found in these studies,
including the apparent linearity of relationship between
estimated effects and concentrations, up to high con-
centrations, and apparent dominance of NO2 over
PM10 effects in most cities. The evidence on these
questions should be considered as suggestive rather
than strong. The shape of C–R curves across the wide
range of concentrations covered in these studies is
important for risk assessment where concentrations
are high. There appears to be little evidence in these
four cities for nonlinearity, or more specifically, for a
flattening off at higher concentrations. However, the
data are sparser at higher concentrations, even in
these cities, and the shapes of the curves are subject
to residual confounding and other biases as noted ear-
lier, so absence of evidence for nonlinearity cannot
be taken as evidence for linearity. It is possible that
these data are compatible with substantially nonlinear
models also.

6. The methodology applied in the PAPA time-series
studies and embodied in the Common Protocol can
provide an initial foundation for further research in
developing Asia. The PAPA studies add to the grow-
ing number of time-series studies across Asia — 82
having been published as of 2007 (HEI International
Scientific Oversight Committee 2010). These studies,
though consistent in showing increases in daily mor-
tality associated with short-term exposure, have been
conducted largely in China; Taipei, China; and South
Korea. The lack of data on air quality and mortality,
especially cause-specific mortality, remains a major
impediment to conducting such studies in many parts
of developing Asia. As a result, major population cen-
ters in South and Southeast Asia (India, Pakistan,
Vietnam, the Philippines, Indonesia, and Malaysia)
remain understudied, though HEI-funded studies are
soon to be completed in India and Vietnam. Expanded,
coordinated multicity studies conducted across the
region, with rigorous quality control of air quality and
health data, and designed and analyzed consistently,
with additional methodologic improvements noted
earlier, could provide more definitive answers.
xxiii



Coordinated Studies of Air Pollution and Daily Mortality in Asian Cities
REFERENCES

Anderson HR, Atkinson RW, Peacock JL, Sweeting MJ,
Martston L. 2005. Ambient particulate matter and health
effects: Publication bias in studies of short-term associa-
tions. Epidemiology 16:155–163.

Bell ML, Peng RD, Dominici F. 2006. The exposure–
response curve for ozone and risk of mortality and the ade-
quacy of current ozone regulations. Environ Health Perspect
114(4):532–536.

Brook JR, Burnett RT, Dann TF, Cakmak S, Goldberg MS,
Fan X, Wheeler AJ. 2007. Further interpretation of the
acute effect of nitrogen dioxide observed in Canadian
time-series studies. J Expo Sci Environ Epidemiol 17
Suppl 2:S36–S44.

Brunekreef B, Forsberg B. 2005. Epidemiological evidence
of effects of coarse airborne particles on health. Eur Respir J
26:309–318.

Burnett RT, Stieb D, Brook JR, Cakmak S, Dales R,
Raizenne M, Vincent R, Dann T. 2004. Associations
between short-term changes in nitrogen dioxide and mor-
tality in Canadian cities. Arch Environ Health 59:228–236.

Cohen AJ, Anderson HR, Ostro B, Pandey KD, Krzyzanowski
M, Künzli N, Gutschmidt K, Pope CA III, Romieu I, Samet
JM, Smith KR. 2004. Urban air pollution. In: Comparative
Quantification of Health Risks: Global and Regional Burden
of Disease Attributable to Selected Major Risk Factors.
(Ezzati M LA, Rodgers A, Murray CJL, eds), pp. 1153–1433.
World Health Organization, Geneva, Switzerland.

Daniels MJ, Dominici F, Samet JM, Zeger SL. 2000. Esti-
mating particulate matter-mortality dose-response curves
and threshold levels: An analysis of daily time-series for
the 20 largest US cities. Am J Epidemiol 152:397–406.

Dominici F, Peng RD, Barr CD, Bell ML. 2010. Protecting
human health from air pollution: Shifting from a single-
pollutant to a multipollutant approach. Epidemiology
21(2):187–194.

Health Effects Institute. 2003. Revised Analyses of Time-
Series Studies of Air Pollution and Health. Special Report.
Health Effects Institute, Boston, MA.

HEI International Scientific Oversight Committee. 2004.
Health Effects of Outdoor Air Pollution in Developing
Countries of Asia: A Literature Review. Special Report 15.
Health Effects Institute, Boston, MA.

HEI International Scientific Oversight Committee. 2010. Out-
door Air Pollution and Health in the Developing Countries
xxiv
of Asia: A Comprehensive Review. Special Report 18.
Health Effects Institute, Boston, MA.

Ioannidis JP. 2005. Why most published research findings
are false. PLoS Med 2:e124.

Ives DG, Samuel P, Psaty BM, Kuller LH. 2009. Agreement
between nosologist and Cardiovascular Health Study
review of deaths: Implications of coding differences. J Am
Geriatr Soc 57:133–139.

Ivy D, Mulholland JA, Russell AG. 2008. Development of
ambient air quality population-weighted metrics for use in
time-series health studies. J Air Waste Manag Assoc 58(5):
711–720.

Kan H, Chen B, Chen C, Wang B, Fu Q. 2005. Establish-
ment of exposure-response functions of air particulate mat-
ter and adverse health outcomes in China and worldwide.
Biomed Environ Sci 18:159–163.

Katsouyanni K, Samet J, Anderson HR, Atkinson R,
LeTertre A, Medina S, Samoli E, Touloumi G, Burnett RT,
Krewski D, Ramsay T, Dominici F, Peng RD, Schwartz J,
Zanobetti A. 2009. Air Pollution and Health: A European
and North American Approach (APHENA). HEI Research
Report 142. Health Effects Institute, Boston, MA.

Katsouyanni K, Touloumi G, Samoli E, Gryparis A, Le Tertre
A, Monopolis Y, Rossi G, Zmirou D, Ballester F, Boumghar
A, Anderson HR, Wojtyniak B, Paldy A, Braunstein R,
Pekkanen J, Schindler C, Schwartz J. 2001. Confounding
and effect modification in the shorter-term effects of ambi-
ent particles on total mortality: Results from 29 Euro-
pean cities within the APHEA2 project. Epidemiology 12:
521–531.

Klemm RJ, Mason RM. 2003. Replication of reanalysis of
Harvard Six-City Mortality Study. In: Revised Analyses
of Time-Series of Air Pollution and Health. pp. 165–172.
Health Effects Institute, Boston, MA.

Levy JI, Hammitt JK, Spengler JD. 2000. Estimating the mor-
tality impacts of particulate matter: What can be learned
from between-study variability? Environ Health Perspect
108:109–117.

O’Neill MS, Jerrett M, Kawachi L, Levy JL, Cohen AJ,
Gouveia N, Wilkinson P, Fletcher T, Cifuentes L, Schwartz J.
2003. Workshop on Air Pollution and Socioeconomic Con-
ditions. Health, wealth, and air pollution: Advancing the-
ory and methods. Environ Health Perspect 111:1861–1870.

Ostro B, Broadwin R, Green S, Feng WY, Lipsett M. 2006.
Fine particulate air pollution and mortality in nine California
counties: Results from CALFINE. Environ Health Perspect
114:29–33.



Executive Summary
Pan American Health Organization (PAHO). 2005. An
Assessment of Health Effects of Ambient Air Pollution in
Latin America and the Caribbean. PAHO, Santiago, Chile.

Pattaraarchachai J, Rao C, Polprasert W, Porapakkham Y,
Pao-in W, Singwerathum N, Lopez AD. 2010. Cause-
specific mortality patterns among hospital deaths in Thai-
land: validating routine death certification. Popul Health
Metr 8:12.

Pope CA III, Dockery DW. 2006. Health effects of fine par-
ticulate air pollution: Lines that connect. J Air Waste
Manag Assoc 56(6):709–742.

Porapakkham Y, Rao C, Pattaraarchachai J, Polprasert W,
Vos T, Adair T, Lopez AD. 2010. Estimated causes of death
in Thailand, 2005: Implications for health policy. Popul
Health Metr 8:14.

Rao C, Yang G, Hu J, Ma J, Xia W, Lopez AD. 2007. Validation
of cause-of-death statistics in urban China. Int J Epidemiol
36:642–651.

Reed MD, Barrett EG, Campen MJ, Divine KK, Gigliotti AP,
McDonald JD, Seagrave JC, Mauderly JL, Seilkop SK,
Swenberg JA. 2008. Health effects of subchronic inhalation
exposure to gasoline engine exhaust. Inhal Toxicol 20:
1125–1143.

Samet JM, Dominici F, Zeger SL, Schwartz J, Dockery DW.
2000a. Part I. Methods and methodologic issues. In: The
National Morbidity, Mortality, and Air Pollution Study. Re-
search Report 94. Health Effects Institute, Cambridge, MA.

Samet JM, Zeger SL, Dominici F, Curriero F, Coursac I,
Dockery DW, Schwartz J, Zanobetti A. 2000b. Part II. Mor-
bidity and mortality from air pollution in the United States.
In: The National Morbidity, Mortality, and Air Pollution
Study. Research Report 94. Health Effects Institute, Cam-
bridge, MA.

Samoli E, Aga E, Touloumi G, Nisiotis K, Forsberg B,
Lefranc A, Pekkanen J, Wojtyniak B, Schindler C, Niciu E,
Brunstein R, Dodic Fikfak M, Schwartz J, Katsouyanni K.
2006. Short-term effects of nitrogen dioxide on mortality:
An analysis within the APHEA project. Eur Respir J 27:
1129–1138.

Samoli E, Touloumi G, Schwartz J, Anderson HR, Schindler
C, Forsberg B, Vigotti MA, Vonk J, Kosnik M, Skorkovsky J,
Katsouyanni K. 2007. Short-term effects of carbon monox-
ide on mortality: An analysis within the APHEA project.
Environ Health Perspect 115:1578–1583.

Schwartz J. 2000. The distributed lag between air pollution
and daily deaths. Epidemiology 11:320–326.
Schwartz J. 2004. The effects of particulate air pollution on
daily deaths: A multi-city case crossover analysis. Occup
Environ Med 61:956–961.

Schwartz J. 2001. Is there harvesting in the association of
airborne particles with daily deaths and hospital admis-
sions? Epidemiology 12:55–61.

Schwartz J, Coull B. 2003. Control for Confounding in the
presence of measurement error in hierarchical models.
Biostatistics 4:539–553.

Schwartz J, Dockery DW. 1992a. Increased mortality in
Philadelphia associated with daily air pollution concen-
trations. Am Rev Respir Dis 145: 600–604.

Schwartz J, Marcus A. 1990. Mortality and air pollution
in London: A time series analysis. Am J Epidemiol 131:
185–194.

Speizer FE, Cohen A, Mehta S. 2008. Asia: Changing times
and changing problems. Environ Health Perspect 116:
A370–371.

Stieb DM, Burnett RT, Smith-Doiron M, Brion O, Shin HH,
Economou V. 2008. A new multipollutant, no-threshold air
quality health index based on short-term associations
observed in daily time-series analyses. J Air Waste Manag
Assoc 58:435–450.

Stieb DM, Judek S, Burnett RT. 2002. Meta-analysis of
time-series studies of air pollution and mortality: Effects of
gases and particles and the influence of cause of death, age,
and season. J Air Waste Manag Assoc 52:470–484.

Stieb DM, Judek S, Burnett RT. 2003. Meta-analysis of
time-series studies of air pollution and mortality: Update
in relation to the use of generalized additive models. J Air
Waste Manage Assoc 53:258–261.

Wong CM, Vichit-Vadakan N, Kan H, Qian Z, and the PAPA
project teams. 2008. Public Health and Air Pollution in
Asia (PAPA): A multicity study of short-term effects of
air pollution on mortality. Environ Health Perspect 9:
1195–1202.

World Health Organization. 2002. World Health Report
2002: Reducing Risk, Promoting Healthy Life. WHO, Ge-
neva, Switzerland.

Zanobetti A, Wand MP, Schwartz J, Ryan LM. Generalized
additive distributed lag models: Quantifying mortality dis-
placement. Biostatistics. 1:279–292.

Zeger SL, Dominici F, Samet J. 1999. Harvesting-resistant
estimates of pollution effects on mortality. Epidemiology
10:171–175.
xxv





  

Overview

           

Assessing the Effects of Short-term Exposure to Air Pollution on 
Mortality in Four Asian Cities Using a Common Protocol

  
INTRODUCTION

It is estimated that approximately two-thirds of the
800,000 deaths worldwide attributed to exposure to ambient
air pollution each year occur in urban Asia (WHO 2002).
However, these estimates have relied largely on the extrap-
olation of results from research conducted outside Asia —
primarily in Europe and North America (Cohen et al. 2005).
In addition, given the uneven distribution of a limited set
of air quality data across regions, analyses have relied on
modeled rather than measured air pollution levels. Asia
differs from Europe and North America in the nature of its
air pollution, the conditions and magnitude of exposures
to that pollution, and the health status of its populations.
These differences create large uncertainties in estimating the
burden of air pollution and any other effort to estimate the
health impact of air pollution in Asia (Cohen et al. 2004).

The effects on air quality of recent, rapid development
are clearly apparent in many of Asia’s cities and industrial
areas. As a result, government decision makers, the private
sector, and other local stakeholders are increasingly rais-
ing concerns about the health impacts of urban air pollu-
tion. In recognition of the possibility that the nature of the
ambient air pollution mix in Asia, the high levels of pollut-
ants in some parts of the continent, and the environmental
and background health conditions of the population may
all contribute to differences in health outcomes between
Asia and Europe and North America, there has been a
steady increase in research on the health effects of air pol-
lution in Asian cities.

TRENDS IN DEVELOPMENT

Asia is a dynamic region where increased population
growth and economic development are occurring along with
associated increases in industrialization and urbanization.
Demographic and disease trends in rapidly developing
countries of Asia suggest that the size of the population
Health Effects Institute Research Report 154 © 2010
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susceptible to the adverse health impacts of air pollution
is increasing. Specifically, changes such as larger numbers
of people living in cities and surviving to older ages, an
increased prevalence of tobacco smoking, increasing rates
of obesity, and evolving dietary patterns are leading to
increases in the burden of disease from cardiovascular dis-
ease, chronic obstructive pulmonary disorder (COPD*),
and cancer. Given that air pollution may contribute to the
incidence of these diseases and may accelerate their pro-
gression, it is likely that the burden of disease related to air
pollution in Asia will increase, even if air quality im-
proves to some extent.

Asia is currently experiencing rapid increases in indus-
trialization, urbanization, and vehicularization. As a result,
emission trends (e.g., that resulting from changes in energy,
fuel, and vehicle use), population trends (the degree of
urbanization), health trends (age structure and background
disease rates), and other important factors (e.g., broad
changes in regulatory approaches and improvements in
control technology) will influence the extent to which
exposure to air pollution affects the health of the Asian
population over the next several decades.

URBANIZATION

By the year 2030, Asia’s urban population will make up
over 50% of the world’s urban population. While half of
the 20 megacities (cities with a population of over 10 mil-
lion) in the world are in Asia (UN-Habitat 2006), smaller
towns and cities are the main drivers of urban growth.
Moreover, decreases in family size and increased car own-
ership are also occurring along with urbanization, result-
ing in decreased population density and increased urban
sprawl/suburbanization as populations expand beyond
urban centers. Over time, this may result in increased local
emissions of pollutants, as well as greater regional air pol-
lution overall.

POPULATION HEALTH

The current burden of respiratory and cardiovascular
disease is substantial in Asia, and there are indications the
future burden will be as well (WHO 2002). In addition,
while infectious diseases, infant and child mortality, and
epidemics (Type I diseases) have been gradually declining
with increased economic development, chronic diseases
1

*A list of abbreviations and other terms appears at the end of this overview.
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such as hypertension, diabetes, ischemic heart disease,
and cancer (Type II, or “chronic,” diseases) — especially
those affecting older populations — have assumed propor-
tionately greater importance because of changes in both
age-specific death rates and the age structure of the popu-
lation. Overview Table 1 summarizes the burden of dis-
ease from communicable and noncommunicable diseases
in Asia, in comparison with the worldwide burden.

Cardiovascular Diseases

Previously considered “diseases of affluence,” cardio-
vascular diseases are now seen as posing a serious health
burden in developing countries (Yusuf et al. 2001; Reddy
2004; Goyal and Yusuf 2006; Abegunde et al. 2007). Sev-
eral major risk factors for cardiovascular diseases are both
prevalent and increasing across the region, including to-
bacco smoking, obesity, and dietary habits (Yusuf et al.
2001; WHO 2002; Ding and Malik 2008).

Chronic Respiratory Disease

The prevalence of chronic respiratory disease in most
Asian countries is quite high, and its current contribution
to mortality is substantial. COPD is predicted to increase
in importance as a cause of death in Asia in the next two
decades because of the past and current high prevalence of
2

smoking (Murray and Lopez 1997; Lin et al. 2008). In 2003
COPD was estimated to affect 3% of Chinese; this percent-
age is expected to increase substantially, reflecting a ten-
fold increase in smoking prevalence between 1950 and
1990 (Zhang and Smith 2003).

Acute Lower Respiratory Infections in Children

Acute lower respiratory infections are the chief cause of
death among children under 5 years worldwide, killing
nearly 2 million children in 2001 (WHO 2002). A substan-
tial fraction of the worldwide burden is experienced by
populations in Asia; the annual incidence of lower respira-
tory infections is nearly half of the overall global annual
total of 450 million cases for all ages.

ENVIRONMENTAL CONDITIONS

MAJOR SOURCES OF AIR POLLUTION

Mobile Sources: Vehicular

The three primary conditions leading to increases in the
world’s vehicle fleets are population growth, increased
urbanization, and economic improvement. As described
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earlier, trends show all three increasing in Asia and glo-
bally. Traffic-related emissions include tailpipe emissions,
crankcase emissions, and road dust. Although standards
for motor vehicles have been tightened, a substantial num-
ber of older, high-emitting vehicles are still operating in
most of Asia, and the quality of the available fuel contin-
ues to be a barrier to either retrofitting controls on existing
sources or applying controls on new ones.

Mobile Sources: Marine

Marine emissions, especially those arising from bunker
fuel, include substantial amounts of particulate matter
(PM) (black carbon and primary sulfate), hydrocarbons,
and sulfur dioxide (SO2). These emissions have been esti-
mated to make substantial contributions to health impacts
in coastal cities in Asia (Corbett et al. 2007).

Stationary Sources: Industrial

While some industrial sources in Asia, including coal-
fired power plants, may be equipped with emission con-
trols, many are not. Depending on its level of refinement,
fuel oil contains potentially toxic materials. For example,
plants may burn high-sulfur-content coals, leading to high
emissions of SO2 and PM.

Stationary Sources: Domestic

Domestic sources include boilers for commercial build-
ing heating as well as stoves for household heating and
cooking. Household fuel use — including coal, agricultural
residues, wood, and gas — varies by location, depending
mainly on the affordability, availability, and reliability of the
fuel supply. Open burning of solid waste may be a major
source in cities where waste collection is not efficient.

Stationary Sources: Other

In addition to more common mobile and stationary
sources, Asian cities face a wide array of diffuse, difficult-
to-control sources (e.g., ambient emissions from combus-
tion of low-quality indoor fuels and large numbers of
uncontrolled small business and industries). There are
also a number of noncombustion sources (e.g., construc-
tion dusts and desert sand blown from great distances),
which also are associated with significant health impacts.
A further challenge for Asia is the transport of air pollution
from one region to the other and the challenges that poses
for local jurisdictions that want to control emissions but
do not have authority over the sources. This can be a prob-
lem within one country (e.g., the effects of the Pearl River
Delta emissions on Hong Kong), between countries (e.g.,
the transport of pollutant-laden dusts from China to
Japan), and globally (e.g., the transport of Asian pollutants
to the west coast of the United States).

AVAILABLE EVIDENCE OF POLLUTION SOURCES

China: Beijing

Dust storms, vehicle emissions, and biomass burning are
the main sources of fine particle air pollution at residential
and downtown sites in Beijing (He et al. 2001). Major con-
tributors on an annual basis include biomass burning (11%),
secondary sulfates (17%), secondary nitrates (14%), coal
combustion (19%), industry (6%), motor vehicle (6%),
road dust (9%), and yellow dust (Song et al. 2006). Sub-
stantial seasonal variability exists; biomass combustion,
traffic, and/or industrial emissions are the major contribu-
tors to organic carbon and elemental carbon in the atmo-
sphere during summer, and coal combustion is the domi-
nant contributor in winter (Duan et al. 2004).

China: Pearl River Delta

Air quality in the Pearl River Delta has been of particu-
lar interest as the region has rapidly (over the past two
decades) developed from a primarily agricultural area to a
major economic and industrial center. A recent study in
Guangzhou found that vehicular emissions and coal com-
bustion were responsible for 38% and 26% of summer
ambient PM, respectively (Wang et al. 2006). Air quality in
the Pearl River Delta is affected by both local sources and
pollution within and beyond the region (HEI International
Scientific Oversight Committee 2004). For example, con-
centrations of heavy metals in Hong Kong and Guangzhou
have been associated with air mass originating in Northern
China (Lee et al. 2007). This demonstrates the challenges
of controlling local air pollution in the presence of both
local and regional sources.

Thailand: Bangkok

Oanh and colleagues (Oanh et al. 2006) estimated source
contributions in Bangkok for both the dry and wet seasons.
They reported the contribution from mobile sources to be
the greatest (35% in the dry season and 21% in the wet
season), followed by biomass burning emissions (31% in
the dry season and 29% in the wet season). A significant
amount of secondary PM (29–36%) was also identified and
quantified in this study.

AIR POLLUTANTS

Overall, estimates of emissions, as well as pollutant con-
centration measurements and estimates, indicate improv-
ing air quality throughout much of urban Asia. That trends
in air quality have largely shown improvement during
3
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Overview Table 2.

 

Summary of Annual Pollutant Concentrations and Meteorologic Conditions During the Study Period
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periods of dramatically increased energy use in Asia is a
testament to the impact of effective air quality management,
as well as improved energy efficiency. Air quality levels in
Asian cities remain well above national and international
standards, however, and pose a significant challenge to
Asian megacities as their economies continue to grow at a
record pace (HEI International Scientific Oversight Com-
mittee 2004). Overview Table 2 summarizes annual air
pollutant concentrations and meteorologic conditions dur-
ing the study periods in the four cities discussed in this
report from the Public Health and Air Pollution in Asia
(PAPA) project. Overview Table 3 shows a comparison of
WHO guideline and national standard limits for PM10, O3,
NO2, and SO2 concentrations. Overview Table 4 compares
the WHO guidelines and national standard limits with the
actual annual concentrations in the four PAPA cities.
4

Overview Table 3. Comparison of Selected WHO Air Quality

PM10 O3

24 Hour Annual 1 Hour 8 Hour

WHO air quality 
guideline 50 20 — 100

US EPA 150 50 235 147
Chinab 150 100 200 —
Hong Kong 180 55 240 —
Thailand 120 50 200 140

Data from Schwela 2006; WHO 2006; U.S. EPA 2010.
a Dash indicates no standard.
b Grade II Standard, which applies to residential areas; mixed commercial/res
PM

The aggregated annual average level of PM10 (PM �

10 µm in aerodynamic diameter) in Asian cities has de-
creased by approximately 25% from 1993 to 2005 (Clean
Air Initiative for Asian Cities 2008). Although PM2.5 (PM �
2.5 µm in aerodynamic diameter) is not yet part of most
regulatory ambient air quality monitoring networks in Asia,
systematic monitoring of PM2.5 and PM10 has been con-
ducted in some Asian cities (Oanh et al. 2006; Hopke et al.
2008). Reports by Oanh and colleagues and Hopke and col-
leagues suggest annual average PM2.5 concentrations of
generally more than 25 µg/m3 and as high as 150 µg/m3,
with PM2.5/PM10 ratios ranging from roughly 0.4 to 0.7 in
urban areas of rapidly developing countries in Asia. Based
on these studies, longer-term concentrations well above
 Guidelines and National Standards (µg/m3) as of 2010a

NO2 SO2

1 Hour 24 Hour Annual 1 Hour 24 Hour Annual

200 — 40 — 20
 

—
191 — 100 200 365 78
240 120 80 500 150 60
300 150 80 800 350 80
200 — — 785 300 100

idential areas; and cultural, industrial, and rural areas.
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Overview Table 4.

 

Comparison of Selected WHO Air Quality Guidelines, National Standards, and Annual Average 
Concentrations During PAPA Study Period
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Data from Schwela 2006; WHO 2006; U.S. EPA 2010.
a Abbreviations: EPA = U.S. Environmental Protection Agency; NAAQS = National Ambient Air Quality Standards; PAPA = Public Health and Air Pollution 

in Asia project; WHO = World Health Organization.
the WHO PM2.5 guideline limit of 10 µg/m3 would appear
to be the norm in urban areas throughout much of Asia.

Average PM concentrations in China have declined grad-
ually throughout the 90s, despite the steady rise in total
energy consumption, partially as a result of changes in
government policy. These policies have included relocat-
ing pollution sources away from population centers and
the introduction of more stringent vehicle and stationary
source emission standards, such as desulfurization in power
plants (National Academy of Engineering and National Re-
search Council 2008). Existing policies have not been suf-
ficient to fully offset the emissions resulting from the sig-
nificantly higher rates of growth in energy demand since
2000. As a result, population-weighted average PM con-
centrations in 2005 are about at the same levels as in 2000.
Further, the strategy of relocating sources outside of popu-
lated areas as an approach to exposure reduction may not
be sustainable if new urban areas develop adjacent to relo-
cated facilities. PM levels have most likely been rising in
many Chinese cities over the same period during which
they have been falling in others. Similarly, PM levels in
Southeast Asia have declined steadily during the early
1990s, stalled for a few years around the time of the Asian
financial crisis starting in July 1997, and then continued
their downward trajectory after 1998 (HEI International
Scientific Oversight Committee 2010).

SO2

Annual trends in air quality (1993–2005) across major
Asian cities suggest roughly a 50% decline in SO2 concen-
trations in average in Asian cities, with the exception of an
increase in the annual average for 2005 (Clean Air Initiative
for Asian Cities 2008). These reductions have occurred in
spite of increasing fuel consumption. Regulations on the
use of lower-sulfur-content fuels and mandating the relo-
cation of major coal-fired power plants and industrial
facilities outside of cities are likely responsible (HEI Inter-
national Scientific Oversight Committee 2010). For exam-
ple, in 1990, Hong Kong implemented a regulation restrict-
ing the sulfur content in fuels to a maximum of 0.5% by
weight, resulting in an 80% and 41% decline in SO2 and
sulfate, respectively, in respirable particulates in the most
polluted areas (Hedley et al. 2002).

NOx

While annual average NOx emissions in Asia are
steadily increasing, nitrogen dioxide (NO2) concentrations
are experiencing a modest decline over the same period
(HEI International Scientific Oversight Committee 2010).
The apparent discrepancy between stable or decreasing
concentration measurements in urban areas and sharply
increasing emissions trends is most likely due to the fact
that increased emissions are occurring throughout the
Yangtze River Delta and rural areas of eastern China,
where increases in concentrations are less likely to be cap-
tured by urban-oriented monitors (He et al. 2007). Indeed,
remote sensing data suggest increases in NOx concentra-
tions, especially in both urban and rural areas of China
(He et al. 2007).

Ozone

In Asia, major sources of NOx, a precursor to ozone
(O3) production, include transportation, coal combustion
in power plans, and industrial production. Although
5
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transportation-related emissions remain a major source
(32% of 2005 emissions), the contribution from power plants
increased from 17% in 1980 to 35% in 2005, and they are
now the leading source of NOx emissions in Asia (Ohara et
al. 2007). Emissions of non-methane volatile organic com-
pounds (NMVOCs), another major O3 precursor, have also
steadily increased throughout Asia because of increased
automobile use and the growth in production and use of
chemicals, solvents, and petroleum products (Ohara et al.
2007). China and India clearly are the major emitters for
NOx, while Southeast Asia accounts for 30% of total
NMVOC emissions (Ohara et al. 2007). In areas where two-
stroke engines continue to be used, hydrocarbons from
unburnt fuel can be a major contributor to O3 formation.

META-ANALYSES OF LITERATURE 
ON HEALTH EFFECTS OF SHORTER-TERM 
EXPOSURE TO AIR POLLUTION IN ASIA

In 2003, during the initial phase of the PAPA program,
the program’s International Scientific Oversight Commit-
tee (ISOC) conducted a systematic review of the epidemi-
ologic evidence on air pollution and health in the devel-
oping countries of Asia to help guide the development of
the PAPA research program (HEI International Scientific
Oversight Committee 2004). The aim of the review was to
(1) provide a critical assessment of the currently available
evidence to inform present decisions and (2) identify im-
portant gaps in the current evidence, so that new studies
could be designed to fill these gaps and promote the devel-
opment of health-based public policies. The review identi-
fied more than 130 epidemiologic studies in eight Asian
countries focusing on the health effects of air pollution
and found the Asian literature to be similar to the broader
literature in terms of endpoints addressed and the relative
frequency of study designs utilized.

This document included a critical, quantitative review
— or meta-analysis — of a subset of time-series studies:
studies that estimated the effect of shorter-term exposure to
air pollution on daily mortality and hospital admissions for
cardiovascular and respiratory disease. The meta-analysis
estimated effects of exposure to PM that were qualita-
tively similar to those in the broader literature at the time
(HEI International Scientific Oversight Committee 2004) —
specifically, that every 10-µg/m3 increase in PM10 was
associated with a 0.49% increase in mortality due to all
natural causes.

Since then, the number of published studies on the
health effects of air pollution in Asia has continued to
grow nearly exponentially; by 2007, more than 400 peer-
reviewed publications on the health effects of air pollution
6

in Asia had been identified in the literature; these are
incorporated in an online database by HEI (PAPA-SAN
2008). An even more recent update (HEI International Sci-
entific Oversight Committee 2010) also finds results that
are broadly consistent with previous research.

PAPA COORDINATED TIME-SERIES STUDIES

In 2003, HEI’s PAPA program released a Request for
Information and Qualification for scientists interested in
conducting health studies of air pollution in Asian cities.
Responses suggested a range of possible studies, including
time-series and panel studies of the effects of shorter-term
exposure, and cross-sectional and cohort studies of the
effects of longer-term exposure. After reviewing the
responses, ISOC decided that a coordinated set of time-
series studies in several Asian cities could further the
understanding of air pollution effects in regionally rele-
vant populations and inform extrapolation from the exten-
sive body of existing science. The PAPA program initiated
four time-series studies of the health effects of air pollu-
tion in Bangkok, Hong Kong, Shanghai, and Wuhan City.

• Bangkok: Panel studies in Bangkok had reported that
episodes of high ambient-pollutant concentrations
were associated with shorter-term increases in the fre-
quency of respiratory symptoms (Vichit-Vadakan et
al. 2001). Two time-series studies had been conducted
in Bangkok (Ostro et al. 1998, 1999) to examine the
associations between mortality and PM10 concentra-
tions. One found that an increase of 30 µg/m3 in ambi-
ent PM10 concentration was associated with a 3% to
5% increase in natural mortality (total mortality
minus accidental mortality), a 7% to 20% increase in
respiratory mortality, and a 2% to 5% increase in car-
diovascular mortality (Ostro et al. 1998). The other
found that each 10-µg/m3 increase in PM10 concentra-
tion was associated with a 1% to 2% increase in nat-
ural mortality, a 1% to 2% increase in cardiovascular
mortality, and a 3% to 6% increase in respiratory
mortality (Ostro et al. 1999). However, neither study
used systematically collected health and exposure
data that had been subjected to rigorous quality con-
trol and quality assurance. Thus, concerns remained
that the relationship between shorter-term exposure
to pollutants and increases in mortality in Bangkok
had not been adequately established.

Principal Investigator Dr. Nuntavarn Vichit-Vadakan
of Thammasat University in Thailand and her team
proposed to examine the effects of PM � 10 µm in
aerodynamic diameter (PM10) and several gaseous
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pollutants — O3, nitrogen dioxide (NO2), and sulfur
dioxide (SO2) — on daily mortality for the years 1997
through 2003 and for all 50 districts of Bangkok.

• Hong Kong: Before the current investigation, a few
time-series studies associating ambient air pollution
with daily mortality (U.S. Congress 1977; U.S. EPA
1996) and with an increased rate of hospital admis-
sions for respiratory and cardiovascular morbidity
(Wong CM et al. 1999; Wong TW et al. 1999; Wong CM
et al. 2001; Wong TW et al. 2002a, 2002b) had been
conducted in Hong Kong. These studies found that
NO2, PM10, SO2, and O3 were associated with hospi-
tal admissions for respiratory and cardiovascular dis-
eases (Wong CM et al. 1999) and with mortality from
respiratory diseases and ischemic heart disease (Wong
TW et al. 2002a). In season-specific analyses, positive
exposure–response relationships between NO2, SO2,
and O3 were found during Hong Kong’s cool season
but not during its warm season (Wong CM et al. 2001).

Dr. Chit-Ming Wong of The University of Hong Kong
and his team proposed to examine the shorter-term
effects of air pollution on mortality and hospital
admissions over the period 1996 to 2002. The con-
founding and modifying effects of influenza epidem-
ics were also to be assessed. The study included the
whole Hong Kong population of 6.8 million (Hong
Kong SAR Government 2000).

• Shanghai: Before 2003, only one study of air pollu-
tion effects on daily mortality had been done in
Shanghai (Kan and Chen 2003). That study included
1½ years of data and examined associations between
daily mortality and PM10, NO2, and SO2.

Dr. Haidong Kan from the Fudan University School
of Public Health in China and his team proposed in
2003 to evaluate the impact of shorter-term changes
in Shanghai in ambient air concentrations of PM10,
NO2, SO2, and O3 on daily mortality using four years
of data covering the period January 1, 2001, to Decem-
ber 31, 2004. The target population was all residents
living in the urban area of Shanghai, covering nine dis-
tricts and having a population of more than 6 million.

• Wuhan: An association between air pollution and
children’s respiratory morbidity had been observed in
Wuhan as part of the “Four Chinese Cities” study
(Zhang et al. 2002) assessing the association between
longer-term exposure to ambient and indoor air pollu-
tion and respiratory health outcomes in urban and
suburban districts of Lanzhou, Chongqing, Wuhan,
and Guangzhou. Before 2003, there were no shorter-
term studies of air pollution conducted in Wuhan.

Dr. Zhengmin Qian from Pennsylvania State Uni-
versity and his team proposed in 2003 to determine
whether daily variations in ambient PM10 concentra-
tions in Wuhan (with 4.5 million permanent residents
in the nine urban core districts) from July 1, 2000, to
June 30, 2004, were associated with daily variations
in mortality due to all natural (nonaccidental) causes
and cause-specific mortality.

OVERALL OBJECTIVES AND APPROACH

These studies were designed to explore key aspects of
the epidemiology of exposure to air pollution in each
location — issues of local as well as global relevance —
including the effects of exposure at high concentrations
and at high temperatures, the potential influence of influ-
enza epidemics on the relationship between air pollution
and health, and the ways in which social class might mod-
ify risks associated with air pollution.

The principal investigators, with input from the ISOC
and HEI staff, developed a Common Protocol for the design
and analysis of data from the four PAPA cities. The “Proto-
col for Coordinated Time-Series Studies of Daily Mortality
in Asian Cities” (reprinted at the end of this volume) spec-
ified design criteria for data on health outcomes, air qual-
ity measurements, and meteorologic factors, as well as a
general approach to the analysis of time-series data. It ben-
efited from recent efforts to strengthen and refine methods
for the analysis of time-series data and was intended to be
on par methodologically with the most recent U.S. and
European analyses (Health Effects Institute 2003). The
Common Protocol and its application are discussed in
greater detail in the HEI Review Committee’s Integrated
Discussion, found in Part 5 of this volume.

All four studies were conducted using the same types of
administrative data on mortality and air pollution levels
that were used in time-series studies throughout the world,
and with methodologic rigor that matches or exceeds that
of most published studies, including formal quality con-
trol in the form of detailed standard operating procedures
for data collection and analysis, and external quality assur-
ance audits of the data overseen by HEI.

SPECIFIC SCIENTIFIC CONTRIBUTIONS

Higher Concentrations

The studies provide additional information on the shape
of the exposure–response function at higher concentrations.

High Temperatures

Known as the “oven city” because of its extremely hot
summers, Wuhan provides an opportunity to assess how
very high temperatures may modify the health effects of
exposure to air pollution.
7
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Air Pollution and Influenza

Influenza exerts tremendous health and economic costs
in many areas of the world including Hong Kong. At the
highest risk of morbidity due to influenza are the elderly,
the very young, and those with pre-existing cardiorespira-
tory disease (U.S. EPA 1996). Air pollution has been linked
to acute respiratory inflammation, asthma attack, COPD
exacerbation, and cardiorespiratory mortality in a number
of studies (Bates et al. 1990; Schwartz and Dockery 1992;
Schwartz et al. 1993; Dockery and Pope 1994; Atkinson
et al. 2001). Recently, an ecologic study from China sug-
gested the presence of a positive interaction between air
pollution and the severe acute respiratory syndrome virus
in their associations with mortality (Cui et al. 2003). Influ-
enza has been shown to cause some confounding in esti-
mates of mortality due to air pollution (Braga et al. 2000),
but the inclusion of a variable for influenza epidemics had
only a modest effect (Braga et al. 2000) and did not remove
the significance of the effect of air pollution on mortality
(Samet et al. 2000a). Though previous studies of air pollu-
tion and health have been conducted in Hong Kong, none
specifically investigated the potential modification of air
pollution’s adverse health effect by influenza epidemics.

Air Pollution, Poverty, and Health

There is emerging evidence, largely from studies in
Europe and North America, that economic deprivation
increases the magnitude of air-pollution–related morbidity
and mortality (Krewski et al. 2000). There are two major
reasons why this may be true (O’Neill et al. 2003): (1) the
poor experience higher levels of air pollution; and/or
(2) the poor, because of poorer nutrition, reduced access to
medical care, and other factors, experience more health
impact per unit of pollution exposure. In addition, air pol-
lution could exacerbate the conditions of poverty.

The public health and social policy implications of the
relations among health, air pollution, and poverty are thus
likely to be important in Asia, where air pollution levels are
high and many live in poverty. There have, however, been
few studies of the interaction between poverty and the
health effects of air pollution conducted in developing coun-
tries in general and in Asia in particular. Therefore, results
from Western studies can be extrapolated only with consid-
erable uncertainty (Cohen et al. 2004). In Asia, the composi-
tion and relative contribution of indoor and outdoor sources
of exposure are likely to be very different from those in the
West, and the impacts of exposure — and the influence of
economic deprivation on those impacts — may be greater.
The Hong Kong and Shanghai studies explore effect modi-
fication by indicators of social deprivation, focusing on
social class and education, respectively.
8

Copollutants

The Shanghai study has a special focus on assessing the
interaction of PM with gaseous copollutants. The study
also assesses whether there are independent effects of PM
and gaseous pollutants on mortality.

A COORDINATED APPROACH TO ANALYSIS

In the last decade, large studies have been conducted
using uniform methods for assembling and analyzing
data from multiple cities. Examples are the Air Pollu-
tion and Health: A European Approach (APHEA2) study
(Katsouyanni et al. 2001) and the U.S. National Morbid-
ity, Mortality, and Air Pollution Study (NMMAPS) (Samet
et al. 2000a, 2000b). These multicity studies have confirmed
the findings of earlier studies in single cities: daily mortality
and daily hospital admissions rates are positively associ-
ated with high concentrations of PM and other pollutants,
such as O3. Multicity studies have also attempted to ex-
plain the differences (heterogeneity) among cities in rela-
tive rates of mortality associated with exposure to air pol-
lution. For example, the APHEA2 investigators found that
the mortality relative risk of PM was greater in cities with
higher annual mean concentrations of NO2 (Katsouyanni
et al. 2001). In the NMMAPS study, a similar association
between exposure to air pollution and mortality was ob-
served for cities with greater annual mean concentrations
of PM10. In another analysis, Levy and colleagues reported
that the effects of PM10 were greater in cities in which
PM2.5 comprised a higher proportion of PM10 (Levy et al.
2000). Large multicity studies also have the statistical
power to explore more definitively the shape of the air pol-
lution concentration–response function (Daniels et al. 2000;
Schwartz 2000), the timing of effects related to air pollu-
tion, and the extent of life shortening (also known as “har-
vesting”) due to air pollution (Zeger et al. 1999; Zanobetti
et al. 2000; Schwartz 2001).

Coordinated multicity studies currently provide the most
definitive epidemiologic evidence of the effects of shorter-
term exposure and, as a result, play a central role in health
impact assessment and environmental policy. While robust
and consistent results have been observed in Europe and
North America (Katsouyanni et al. 2001; Samet et al. 2000a,
2000b), few coordinated multicity time-series studies have
been conducted elsewhere. The four PAPA studies repre-
sented here compose the first coordinated multicity analy-
ses of air pollution and daily mortality in Asia.

PAPA COMBINED ANALYSIS

At the end of the four studies, the investigators, led by
Dr. Chit-Ming Wong, undertook a Combined Analysis
incorporating the data from all four cities. The results of
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this Combined Analysis are included in this publication as
a separate investigators’ report.
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