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The World Health Organization (WHO*) esti-
mates that urban air pollution contributes each
year to approximately 800,000 deaths and 4.6 mil-
lion lost life-years worldwide (WHO 2002). This
burden is not equally distributed: approximately
two thirds of the deaths and lost life-years occur in
the developing countries of Asia. Such estimates
play an important role in decision making in a
variety of policy contexts from setting of air
quality guidelines to establishing public health
priorities to international lending. 

WHO’s estimates suggest that the health impact
of outdoor air pollution in Asian cities is substan-
tial and warrants the attention of policy makers.
The estimated impact is based largely on the
results of research conducted in Europe and North
America that have been extrapolated to other
countries. While many similarities exist in the
constituents of air pollution around the globe, Asia
differs from Europe and North America in the
nature of its air pollution, the conditions and mag-
nitude of exposures to that pollution, and the health
status, including the level of health care, of its pop-
ulations. These differences create uncertainties
when the results of studies from Western countries
are used to estimate the health impact of air pollu-
tion in Asia. HEI initiated the Public Health and Air
Pollution in Asia (PAPA) program to reduce these
uncertainties by providing Asian decision makers
with estimates of the health effects of air pollution
in selected Asian cities over the next five years. The
PAPA program’s International Scientific Oversight
Committee has prepared this current summary and
critical review of the epidemiologic evidence on air
pollution and health in Asia to guide the PAPA pro-
gram’s research. 

The Health Effects of Outdoor Air Pollution in
Developing Countries of Asia: A Literature Review
has two objectives: (1) to identify and summarize
the epidemiologic studies of outdoor air pollution
that have been conducted in Asia; and (2) to
examine in detail a subset of these studies—time-
series studies that estimate the effect of short-term

exposure to air pollution on daily mortality and on
hospital admissions for cardiovascular and respira-
tory disease. In so doing, our goals are to provide a
partial quantitative summary of what is known
about the health effects of outdoor air pollution in
Asia (focusing on estimates of the effects of short-
term exposure to outdoor air pollution) and to iden-
tify gaps in knowledge that should be addressed in
future research.

ASIAN LITERATURE IN CONTEXT

HEALTH EFFECTS OF AIR POLLUTION: 
KNOWLEDGE AND UNCERTAINTY

Interest in the health effects of outdoor air pollu-
tion in Asia is growing among policy makers, inter-
national lenders, nongovernmental organizations,
industry, and others due to increasing knowledge
about the health effects of air pollution and to the
high levels of air pollution in Asia’s burgeoning
cities. Exposure to outdoor air pollution is now
widely accepted as being associated with a broad
range of acute and chronic health effects, ranging
from minor physiologic disturbances to death from
respiratory and cardiovascular disease (Bascom et
al 1996a,b). This acceptance is based on observa-
tional epidemiologic studies of disease occurrence
in human populations and the in vitro and in vivo
studies of animals and humans (Health Effects Insti-
tute 2001, 2002). Epidemiologic research has pro-
vided estimates of the health effects from both short-
term and long-term exposure to air pollutants
(including particulate matter [PM], ozone, and other
gaseous pollutants) in many parts of the world.
Because these estimates apply to humans living in
real-world conditions, they have been a key part of
the scientific basis for increasingly stringent air
quality regulations for some pollutants. 

Despite this growth of knowledge, uncertainty
remains about some critical questions of impor-
tance to public policy. How large is the effect of
short-term exposure on daily mortality and mor-
bidity? How does it vary across the globe? How

E X E C U T I V E  S U M M A R Y

* A list of abbreviations and other terms appears at the end of the
Executive Summary.
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Executive Summary
accurately can we measure the magnitude and
variability of these effects with our current statis-
tical tools? Which diseases, social conditions, or
genetic factors place people at greatest risk when
exposed to air pollution? To what extent does
long-term exposure affect the development of
chronic disease, and what shortening of life may
result? Which constituents of the pollutant mix-
ture are most toxic and which sources contribute
to it? The answers to most of these questions might
well be different in Asia than in the West. Begin-
ning with this Special Report, the PAPA program
provides an important opportunity to understand
the similarities and differences in a manner that
will enhance understanding in both the devel-
oping as well as the developed world.

DEVELOPMENT AND HEALTH

In many ways Asia is the most dynamic part of
the world. Incomes are growing with concomitant
increases in industrialization, urbanization, and
motor vehicle use. Although hundreds of millions
still live in poverty, continued slowing of popula-
tion growth and steady growth of per capita
income are real prospects. Population growth rates
are falling dramatically. From 2000 to 2030, the
population of China is expected to increase at only
about 60% of the growth rate in the United States.
India’s growth rate is expected to fall by nearly a
factor of two from its level in the late 20th century.
Nevertheless, with such large populations to start
with, the absolute increase in population will be
substantial. In Asia as a whole, nearly a billion
people will be added over the next three decades—
the equivalent of another India in terms of popu-
lation. Population growth itself does not neces-
sarily mean much greater exposure to ambient air
pollution. As more of the population moves to
cities that contain many outdoor pollution
sources, however, exposure increases substan-
tially. Currently about two thirds of Asians still
live in rural areas, but this is changing. More
people already live in Chinese and Indian cities
than inhabit all of Africa and twice as many as
inhabit all of North America. 

In this century, the pattern of morbidity and mor-
tality in low-income Asian countries is in transition
because of increasing life expectancy and greater
prevalence of risk factors related to lifestyles,
urbanization, and environmental degradation.

Deaths and lost years of healthy life due to malnutri-
tion, maternal causes, and communicable diseases
continue to be great. But at the same time, the inci-
dence and prevalence of chronic noncommunicable
diseases (such as hypertension, diabetes, ischemic
heart disease, and cancer) are also increasing
(Murray and Lopez 1997). The growing burden of
respiratory disease, circulatory disease, and cancer
is due to multiple factors, but increased tobacco
smoking is playing a major role (WHO 2002). 

EXPOSURE TO AIR POLLUTION

In general, combustion is the chief process
responsible for pollutant emissions. In poorer
cities, burning refuse (garbage and biomass) still
creates considerable air pollution. Although cen-
tralized refuse burning on a large scale contributes
in some settings, the more diffuse, small-scale
burning may have a greater impact in most Asian
cities. It is expected, however, that the most egre-
gious refuse combustion will probably be con-
trolled within the next 30 years. 

In most cities, the chief source of combustion is
fuel use, which tends to increase along with popu-
lation size and economic activity. Although emis-
sions vary with combustion conditions and
emission-control technology, fuel type is a useful
indicator of potential emissions: coal and biomass
are high-emitting solid fuels; gasoline, kerosene,
and diesel are mid-emitting liquid fuels; and lique-
fied petroleum gas and natural gas are low-emitting
gaseous fuels. Projections suggest that Asia, due to
its expected economic growth, is likely to experi-
ence substantial increases in its use of both coal
and motor-vehicle fuels.

Some of the highest levels of outdoor air pollu-
tion in the world are found in Asian cities. Figure 1
shows annual mean concentrations of total sus-
pended particles (TSP), PM less than 10 µm in aero-
dynamic diameter (PM10), sulfur dioxide (SO2),
and nitrogen dioxide (NO2) in 2000 and 2001 in
major Asian cities. Some cities in China and India
have some of the world’s highest recorded PM10
levels. Air pollution in Asian cities is closely tied to
levels and trends in economic and social develop-
ment. As well as rapidly increasing industrializa-
tion, urbanization, population growth, and demand
for transportation, meteorologic conditions influ-
ence air pollution levels in most South and South-
east Asian cities. Although governments have
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acted to reduce emissions and control pollution,
continuing improvement in urban air quality will
require sustained, long-term efforts to keep pace
with rapid urban growth and development.

Indoor air pollution is also a serious concern in
the developing countries of Asia, where 60% to
80% of households rely on solid biomass fuels for
cooking and heat. These fuels are usually burned
in low-efficiency, unvented traditional devices
and result in high levels of indoor air pollution.
Women and children incur the greatest exposures
because they spend the most time indoors,
working with or near combustion sources. As
much as 30% to 60% of urban residents of low-
income countries are thought to live in poor
households and to be exposed to high indoor air
pollution. Some households have recently shifted
to cleaner gaseous fuels, but the shift has been
slow and largely confined to high and middle
income families. Epidemiologic studies show that
smoke from indoor cooking fires affects a number
of health outcomes, including acute lower respira-
tory infections in children under five years,
chronic obstructive pulmonary disease (COPD),
and lung cancer (the last from exposure to coal
smoke only) (Smith et al 2004).

Epidemiologic studies of outdoor air pollution in
Western countries have generally not considered
indoor sources and total exposure. Although it is

tempting to follow the same course in studies in
developing countries of Asia, differences between
indoor and outdoor sources, especially in poor
neighborhoods, raise questions that should be
addressed. For example, residents of slum house-
holds, who tend to have more health problems due
to poverty, might also experience higher outdoor
exposures because they live in slums. In such cases,
the effect of poverty on health can be confused with
(or confounded by) the effect of air pollution.
Although this would not be expected to pose a
threat to the validity of time-series studies of daily
changes in air pollution and health (the effects of
poverty do not change daily), studies of the effects
of long-term exposure could be affected. Exposures
to indoor air pollution or other factors associated
with poverty may also increase the susceptibility of
the poor to outdoor air pollution. Studies of short-
term and long-term exposure should therefore con-
sider the interaction of poverty-related factors and
exposure to indoor and outdoor air pollution.

REGULATION OF AIR POLLUTION

Countries throughout Asia have taken action to
address air pollution over the past decade. This
action was prompted by the development of mon-
itoring systems to document air pollution levels
(although with widely varying comprehensiveness
and sophistication) and growing public awareness

Figure 1. Annual mean concentrations of pollutants compared with their guidelines and standards in Asian cities, 2000 and 2001.
Data from Air Pollution in Megacities of Asia 2004.
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Executive Summary
of the high levels of air pollution experienced in
everyday life (especially in congested cities). Many
Asian countries have now adopted national ambient
air quality standards based on their local conditions
and, at least in part, on WHO guidelines and stan-
dards adopted in Europe and the United States. 

Some countries have also begun to reduce emis-
sions from specific sources, most notably motor
vehicles, industries, and electricity generating
facilities. In recent years, these efforts have been
augmented by the Clean Air Initiative for Asian
Cities (CAI-Asia), which was organized (with
assistance from the Asian Development Bank and
the World Bank) to promote sharing of technical
advice among regulatory agencies, industries, non-
governmental organizations, and other stake-
holders in Asia. 

These actions have resulted in measurable
declines in the levels of some pollutants. For
example, in countries that have removed lead from
gasoline, exposures to lead and blood lead levels
in children and others have declined markedly.
Efforts to control sulfur levels in fuel and to reduce
emissions from coal-burning industries and elec-
tricity generating facilities have resulted in even
longer-term reductions in ambient SO2 (Hedley et
al 2002). In some locations (eg, Hong Kong and
Bangkok), comprehensive programs targeting
motor vehicles and other sources have substan-
tially reduced the levels of several pollutants that
historically were very high.

Despite this progress, considerable challenges
to improving air quality in Asia remain. Although
standards for new sources of air pollution (espe-
cially motor vehicles) have been tightened, a sub-
stantial number of older, high-emitting motor
vehicles and factories are still operating. Further,
rapid economic development and increased num-
bers of motor vehicles on the road could offset in
whole or in part the reductions in emissions
gained by recently adopted control measures.
Addressing these existing sources will require
extensive interventions. Asian cities also face an
array of diffuse, difficult-to-control sources (eg,
open burning, low-quality indoor fuels, and
uncontrolled small businesses and industries).

The speed and strength of actions taken to
improve air quality have been diminished by sev-
eral factors: the need to focus on other challenges

(including other environmental public health
challenges such as waterborne diseases); the per-
ceived conflict between objectives for economic
growth and costs of environmental actions; and a
reluctance to use results from studies conducted
in Western countries to estimate health effects of
air pollution in Asia.

Despite these challenges, several Asian cities
have made substantial progress, especially when
activities were informed by targeted efforts to doc-
ument the local health consequences of air pollu-
tion and to estimate the economic impact.
Improved local studies of the health effects of air
pollution would be an important contribution to
all future analyses of the health and economic con-
sequences of actions to improve air quality.

REVIEW OF AIR POLLUTION 
EPIDEMIOLOGY STUDIES IN ASIA

The Health Effects of Outdoor Air Pollution in
Developing Countries of Asia: A Literature Review
identifies and describes original epidemiologic
studies of the health effects of outdoor air pollu-
tion in Asia published in the peer-reviewed scien-
tific literature from 1980 through 2003. Then the
report presents a critical, quantitative review (or
meta-analysis) of the time-series studies of daily
mortality and hospital admissions. For the pur-
poses of the overview and the subsequent meta-
analysis, we define Asia to include all countries in
East, South, and Southeast Asia. Relevant studies
were identified by computer searches of the scien-
tific literature by subject heading, region and
country. These searches were augmented by
review of leading preventive medicine and epide-
miology journals in the Chinese-language litera-
ture and the bibliographic references to published
papers. 

OVERVIEW OF THE ASIAN LITERATURE

The Special Report identified 138 papers pub-
lished in the peer-reviewed literature between
1980 and June 2003 that present original estimates
of health effects of outdoor air pollution in Asia.
Although the studies were conducted in 8 coun-
tries, most were conducted in East Asia (mainland
China, Taipei,China, Hong Kong, South Korea, and
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Japan). A few studies were conducted in South
Asia (India) and Southeast Asia (Figure 2). Most of
the studies were published in the past 10 years, a
trend that is in keeping with the growth of the
Western literature in this period (Figure 3).

Collectively, the studies examined the associa-
tion of PM and gaseous pollutants with mortality,
hospital admissions, respiratory symptoms, pul-
monary function, and adverse reproductive out-
comes (Table 1). The preponderant (70%) study
designs were either cross-sectional prevalence
studies of chronic respiratory symptoms or of pul-
monary function or were time-series studies of the
effects of short-term exposure on daily mortality
or hospital admissions. Despite these many
studies, the diverse effects of exposure to outdoor

air pollution have not yet been comprehensively
assessed in most Asian countries. One exception is
China, where epidemiologic studies of both acute
and chronic effects have been conducted over the
past 25 years. These studies, often conducted on
populations exposed to very high levels of PM and
other pollutants, report adverse effects of short-term
and long-term exposure on cardiovascular and res-
piratory health.

Most of the 138 studies identified by the Special
Report describe increased risk or prevalence of a
variety of adverse health outcomes in adults and
children exposed to outdoor air pollution, often at
levels considerably higher than those encountered in
Western studies. Given the diversity of study designs
and data sources, the Special Report does not
attempt (with the exception of the daily time-series
studies) to assess the quality of every individual
study. The Special Report also does not assess the
likelihood that only, or predominantly, positive
studies were published (ie, publication bias).

Figure 2. Epidemiologic studies of air pollution in Asia pub-
lished from 1980 to June 2003. Numbers in parentheses are
total studies/time-series studies conducted.

Figure 3. Number of publications of epidemiologic studies of
air pollution in Asia by year. In 2003, published papers were
collected only through June.

Table 1. Characteristics of 138 Epidemiologic 
Studies of Outdoor Air Pollution in Asia 
1980–2003

Number of 
Studies

Health Outcome
Mortality 26
Hospital admissions, visits, discharges 17
Respiratory diseases, symptoms,
function, asthma

57

Biomarker 9
Pregnancy or birth outcomes 9
Lung cancer 10
Other 10

Design
Cross section 48
Time seriesa (total) 45
(Time seriesa used in meta-analysis, 28)
Cohort 14
Case control 8
Panel 7
Ecologic 9
Case crossover 3
Impact assessment 4

a Includes episode studies.
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Executive Summary
META-ANALYSIS OF DAILY 
TIME-SERIES STUDIES

Objectives of the meta-analysis were to summa-
rize estimates from time-series studies of the
effects of short-term exposure on daily mortality
and morbidity in Asia and to compare these with
estimates made in Europe and North America. To
that end we conducted two analyses: (1) descrip-
tive analyses of the full range of effect estimates;
and (2) where there were sufficient studies, sum-
mary estimates of the effects of exposure to spe-
cific pollutants on specific outcomes. 

Methods

The Special Report identified 28 time-series
studies of daily mortality or hospital admissions
that met prespecified criteria for inclusion in the
meta-analysis. In order to be included, studies
were required to be based on at least one year of
data, to have controlled statistically for major
time-varying, potentially confounding factors
such as season and weather, and to have reported
their results in terms of relative changes in daily
mortality or morbidity (and estimates of their sta-
tistical variability) per unit of air pollution.

The 28 studies that met these criteria were con-
ducted in eight locales. The largest number of
studies was from South Korea (11), mainland
China (6), and Hong Kong (6). Single studies were
reported from Taipei,China, India, Singapore,
Thailand, and Japan. Descriptive data were
abstracted, including author names, journal cita-
tion, length of the study period, year of study,
study location, average pollution levels during the
study period, outcomes, and pollutants studied.
The diverse effect estimators (reported using dif-
ferent statistical estimators) were converted to a
standard estimator (percentage change in the mean
number of daily events associated with a 10 µg/m3

increase in the pollutant) in order to make the
results from each study comparable. When more
than one study had been reported from a given
city, estimates from the most recent study were
chosen. The impact of this decision on the results
was evaluated in a sensitivity analysis.

When conducting a time-series study, investiga-
tors must deal with several sources of uncertainty.
One source is the components of urban air pollu-
tion responsible for the health effects. Several
important pollutants are emitted from the same

sources and their ambient concentrations are often
correlated over time. This makes it difficult to dis-
entangle their effects on the statistical analysis.
Investigators therefore frequently conduct anal-
yses considering one pollutant at a time (single
pollutant models) and may or may not conduct or
report analyses that consider simultaneously more
than one pollutant (multipollutant models). Our
analyses focus on the results of single pollutant
models only; at this stage, there are too few studies
with results of comparable multipollutant models
to allow meaningful analysis.

Another important source of uncertainty con-
cerns the timing of exposure in relation to death or
admission to a hospital. Some delay (lag) must be
expected between exposure and the onset of death
or hospital admission, but it is not clear what length
of delay should be expected. Recent research sug-
gests that the health effects of short-term exposure
are due to air pollution over several days prior to
the health event. However, most time-series studies
to date, and all Asian time-series studies, estimate
the effects of exposure on only one or perhaps a
mean of 0 to 3 days prior to the event. Although
some investigators reported that they had explored
other lags, too few reported these results to allow
meaningful analysis.

A third source of uncertainty is that the current
literature does not geographically represent all of
Asia and that South and Southeast Asia are sub-
stantially underrepresented. Although results
might be similar in all of Asia, differences in the
levels and composition of air pollution, source
types, population health, and socioeconomic devel-
opment might result in different health effects from
short-term exposure to outdoor air pollution.

Characteristics of Time-Series Subset

Effect estimates were reported for seven pollut-
ants (total suspended particles, PM10, PM less
than 2.5 µm in aerodynamic diameter [PM2.5],
SO2, NO2, carbon monoxide [CO], and ozone [O3])
and a variety of specific outcomes, including all-
cause1 and cause-specific mortality, respiratory
and cardiovascular hospital admissions, and com-
munity outcomes including emergency room
visits, unscheduled primary care visits, and school

1. Throughout this Executive Summary, we define all causes as
all natural causes (excluding accidents) unless otherwise noted.
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absences. All-cause mortality was addressed in the
largest number of studies (13 studies) and SO2 was
the most frequently studied pollutant (11 studies).
Not all combinations of pollutants and outcomes
were studied and many were addressed in only one
study. For example, only one study estimated the
effects of PM2.5, and this only for all-cause mor-
tality (Figure 4). 

The statistical methods of the time-series studies
were essentially the same as the contemporary
methods used in the United States, Europe, and
elsewhere. Indeed, several of the studies explicitly
adopted the analytic approaches used in Western
multicity time-series studies such as the Air Pollu-
tion and Health: A European Approach (APHEA)
studies (Katsouyanni et al 1997, 2001). Questions
and concerns regarding the statistical modeling
used in these studies are, therefore, similar to
those that have been posed about contemporary
studies done in Western countries. Of the 28 eco-
logic time-series studies, most used Poisson
regression analysis and approximately half of
these used generalized additive models (GAMs) to
estimate associations with air pollution while con-
trolling for long-term time trends, seasonality, and
weather. Under certain conditions, this modeling
approach may understate the statistical uncertainty
and provide inaccurate estimates of the pollution
effects. Although use of GAMs may not have
resulted in large inaccuracies, additional work on
these studies—such as the revised analyses of US
and European studies (Health Effects Institute 2003)
using alternative modeling approaches—would be
needed to fully address this issue. 

Descriptive Results

Descriptive analyses of the range of pollutant–
outcome pairs suggest that exposures to most par-
ticulate and gaseous pollutants are associated with
increased rates of daily mortality and hospital
admissions in Asian cities. The relatively small
number of studies precludes detailed evaluation of
how the magnitude of estimated effects may vary
among the few cities that have been studied. How-
ever, the descriptive analyses suggest that the mag-
nitude of increase in daily deaths may differ
among cities for some pollutants (such as SO2) but
not others (such as PM10) (Figure 5).

Summary Estimates

For pollutant–outcome pairs for which four or
more estimates were available, we calculated a
summary measure of the percent change in mean
number of daily events associated with a 10 µg/m3

increase in the pollutant. PM10, total suspended
particles, and the gaseous pollutants SO2 and NO2
were each associated with all-cause mortality.
Although the current studies are not representative
of the full range of Asian settings, the summary
estimates for PM10 and SO2 (an approximately
0.4%–0.5% increase in all-cause mortality for
every 10 µg/m3 of exposure) resemble those previ-
ously reported by the large US and European mul-
ticity studies that used comparable statistical
methods (Table 2).

Statistical tests for publication bias suggested
that this might be an issue for SO2 and all-cause
mortality. Correcting for this possible bias resulted
in a small reduction in the magnitude of the esti-
mated increase in daily mortality. 

CONCLUSIONS AND RESEARCH NEEDS

The size of the Asian air pollution epidemiology
literature exceeded our expectations. We identi-
fied 138 studies published in the peer-reviewed
literature between 1980 and 2003, most published
over the past decade. This number may well be an
underestimate because we may have failed to
identify some papers published only in local peer-
reviewed literature. Asian investigators may also
encounter difficulties in publishing their work in
Western journals, so some research may simply go
unreported. And although some countries are well

Figure 4. Outcome diagnosis by pollutant in the 28 Asian
daily time-series studies.
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Executive Summary

represented in the literature, others are not. The
majority of studies have been conducted in the more-
developed countries of East Asia with relatively few
studies conducted in South and Southeast Asia,
where rapid urban growth has been accompanied by
extremely high levels of air pollution. 

Although we did not conduct a critical, quanti-
tative review, the Asian literature seems to be sim-
ilar in many respects to the broader air pollution
epidemiology literature: its recent growth, the
health endpoints it addresses, and the relative fre-
quency of certain study designs. Like in the
broader literature, a number of time-series studies
of short-term exposures and cross-sectional
studies of respiratory health effects have been con-
ducted. The latter studies report estimated effects
of exposure to air pollution that are qualitatively
similar to those in the broader literature (eg, Pope
and Dockery 1999) although they may not accu-
rately represent the health effects of exposure
across the entire region. None of these studies of
Asian populations estimate the effects of long-term
exposure on mortality from nonmalignant cardio-
vascular and respiratory disease. 

A sizeable body of good-quality time-series
studies already exists in Asia, but the over-
whelming majority published to date have been
conducted in China (including Hong Kong and
Taipei,China) and South Korea. In these studies,

8

Figure 5. Percent change in mean number of daily deaths from all causes per 10 µg/m3 increase in 24-hour mean level of SO2 (left) and
PM10 (right). Note the differences between x-axis scales. Y-axis labels give study information in the following sequence: first author name,
study location, publication year, and age group (years). * Included in calculation of summary estimates. 



increased daily morbidity and mortality are asso-
ciated with PM and various gaseous pollutants
although, in any quantitative review of published
studies, difficulties necessarily occur because the
studies vary considerably in presentation of their
results and frequently comprise multiple studies
of the same city. Although the existing studies do
not yet represent the full range of Asian settings,
when estimates from individual studies are com-
bined into summary estimates, these resemble
results from more extensive, coordinated multicity
studies conducted recently in Europe and North
America (at least for PM10 and SO2). 

These apparent similarities are noteworthy and in
some ways surprising. On the one hand, we have
found the not unexpected evidence of effects of
short-term exposure to outdoor air pollution in Asian
cities at high levels. The acute toxicity of short-term
exposure to high air pollution concentrations has
been appreciated since the mid 20th century, and

recent multicity studies in Europe and North
America have identified such effects at even lower
concentrations. On the other hand, we also had
good reason to expect that aspects of the relation
between exposure to air pollution and health
might differ, possibly with important implications
for both scientific understanding and policy
decisions. Differences in the age structures, health
status, and lifestyle between Asian and Western
populations might well be expected to alter
susceptibility to air pollution. And the air
pollution mixture itself, and its associated toxicity,
might also be expected to be reflected in the
results of the epidemiologic studies. The studies
that have been reported to date do not show such
differences, however. Future combined analyses of
studies in a more fully representative range of
Asian cities will help strengthen what conclusions
can be drawn about the similarity of Asian results
and those from the rest of the world.

Table 2. Summary of Estimates of Percent Changea in Health Outcomesb

Outcome Pollutant
Number of
Estimates

Hetero-
geneityc

Fixed-Effects 
Estimate 
(95% CI)

Random-Effects 
Estimate
(95% CI)

Publication 
Bias Testd

Multicity Study 
Summary 
Estimates
(95% CI)

All-Cause Mortality

PM10 4 0.14 0.41 
(0.25,0.56)

0.49
(0.23,0.76)

APHEA 2e 
0.6 (0.4,0.8)

NMMAPSf 
0.41 (0.29,0.53)

TSP 10 0.55 0.20 
(0.14,0.26)

0.20
(0.14,0.26)

0.53

SO2 11 < 0.001 0.35 
(0.26,0.45)

0.52
(0.30,0.74)

0.03 APHEA 1g 
0.40 (0.3,0.5)

Respiratory Admissions

NO2 4 < 0.001 0.28
(0.09,0.47)

0.95
(�0.05,1.94)

SO2 4 0.03 0.07
(�0.28,0.41)

0.16
(�0.46,0.77)

a Per 10 µg/m3 increase in ambient pollutant concentration.

b Calculated when four or more studies provided estimates for individual pollutant–outcome pairs.
c P value from �2 test. (P values < 0.05 were considered statistically significant.)
d P value from the Begg test. The test was not conducted for those pollutant–outcome pairs with too few estimates. (P values < 0.05 

were considered statistically significant.)

e 29 European cities (Katsouyanni et al 2001).
f 90 US cities (Samet et al 2000b).
g 12 European cities (Katsouyanni et al 1997).
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Executive Summary
GAPS IN CURRENT KNOWLEDGE

Gathering evidence from a wider range of Asian
cities and using a more systematic approach to
analyze and report results will help us learn more
about the health effects of air pollution in Asia and
how it compares to other regions of the world. The
following gaps in current knowledge could be
addressed in future research. 

• How are short-term exposures to outdoor air
pollution related to daily morbidity and mor-
tality across Asia? Are effects of similar mag-
nitude seen in India, Indonesia, Vietnam,
Malaysia, and the Philippines and in China,
Hong Kong, and South Korea? Differences in
the relative prevalence of urban air pollution
sources (such as open burning) and urban
poverty may modify the effects of exposure.
Studies of comparable design, analyzed con-
sistently and conducted across the region,
will provide more definitive answers.

• Does the nature of the air pollution mixture
affect the magnitude of observed health
effects? Air pollution sources in developing
Asian cities differ from those in the West so
the resulting urban air pollution mixture may
differ as well. Detailed studies of the composi-
tion of air pollution and of the relative contri-
bution of various sources have not yet been
conducted extensively in Asia. Without such
studies, epidemiologists have a difficult time
assessing the relative effects of different pollu-
tion mixtures or specific pollution sources or
even interpreting patterns of variation. 

• What is the shape of air pollution concentra-
tion–response function over the range of ambi-
ent air pollution observed across Asia? The
shape of the PM concentration–response func-
tion for daily mortality has been described in
large multicity studies in the United States over
a range of concentrations lower than that
observed in many Asian cities. The shape of that
function at higher concentrations has not been
as extensively studied. A set of coordinated
studies is needed to span the observed range of
ambient concentrations in cities across Asia so
that the results can be compared reliably. 

• Are the same subpopulations susceptible to
effects of air pollution in Asia and the West?
Quantitatively similar estimates of relative
increases in all-cause mortality may mask dif-
ferent patterns of susceptibility. Death at
younger ages (due to acute respiratory infec-
tions, tuberculosis, or acute respiratory syn-
drome, for example) may play a larger role in
Asia than in the West. Given the relatively
larger proportion of younger age groups in
Asian populations, the answer to this question
has important implications for health-impact
assessment of air pollution in Asia. In addition,
although the prevalence of chronic cardiovas-
cular and respiratory diseases is increasing in
urban Asian populations, susceptibility to the
effects of air pollution among those with
chronic disease may be modified by diet or
other factors, even among older people. As
demographic and health patterns emerge, stud-
ies are needed that (at a minimum) estimate
effects on morbidity and mortality by age and,
preferably, by cause over time.

• What role does indoor air pollution play in the
health effects of outdoor air pollution? The
magnitude and prevalence of exposure to
indoor air pollution is high in Asian cities,
especially among the poor. We need to under-
stand better how air pollution from indoor
sources contributes to levels of outdoor air
pollution and how indoor exposure to air pol-
lution from indoor sources affects risk esti-
mates for outdoor air pollution. Coordinated
measurements of exposure and coordinated
epidemiologic studies will be needed to
address these questions.

• What role does poverty play in the health
effects of air pollution? Limited evidence,
largely from studies in Europe and North
America, suggests that economic deprivation
increases the risk of morbidity and mortality
related to air pollution. One reason may be
the higher air pollution exposures that people
with lower socioeconomic status experience.
But increased susceptibility can also be
affected by factors related to socioeconomic
status, such as health, nutritional status, and
access to medical services. Studies of these
issues have not yet been conducted in Asia,
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where extreme poverty is more prevalent and
results of the Western studies cannot be sim-
ply extrapolated. Studies in Asia that exam-
ine the effect of exposure on morbidity and
mortality from diseases associated with pov-
erty (such as acute respiratory infections in
children and tuberculosis) and studies that
estimate effects of exposure in different socio-
economic strata are needed.

• What are the effects of long-term exposure to
air pollution? Health impact assessments of air
pollution (such as the WHO Comparative Risk
Assessment; WHO 2002) and cost–benefit
analysis of air pollution control measures rely
primarily on estimates of how exposure
affects the incidence of and mortality from
chronic cardiovascular and respiratory dis-
eases. These estimates can only be provided
by long-term observation of large study popu-
lations; time-series studies of daily effects will
not suffice. To date, long-term studies have
only been conducted in the United States and
Europe. Extrapolation of their results raises
some uncertainties. A detailed quantitative
review of the larger Asian literature (including
cross-sectional studies of chronic respiratory
disease) may better inform extrapolations, but
ultimately only long-term Asian studies will
provide the most direct evidence. 

Some of the research needs discussed here will
be addressed by the PAPA program currently sup-
ported by HEI. In particular, a coordinated set of
time-series studies is planned that will ultimately
incorporate cities across Asia, including countries
where few such studies have been performed to
date.  These studies will  be designed with a
common protocol that will allow common, up-to-
date analysis and comparison of their estimates.
Their shared design will yield more definitive pol-
lutant-specific and age-specific results for common
outcomes like all-cause mortality. The results may
also address issues such as the shape of the air pol-
lution concentration–response function and the
relation between poverty and effects of exposure to
air pollution. Studies of long-term exposure on
infant and adult health are also under consideration
by the PAPA program. Once completed, these
studies will be included in a second, more compre-
hensive review of the Asian literature that will be
prepared at the conclusion of the PAPA program.

SUMMARY

The current literature provides substantial infor-
mation on the effects of outdoor air pollution on the
health of Asia’s people, information that can serve
today as a resource for important Asian decisions.
For the subset of cities that has been studied most
closely, this Special Report indicates that short-
term exposure to air pollution is associated with
increases in daily mortality and morbidity. In the
limited comparisons that can be made at this stage,
these estimated effects are similar to those found in
Western countries. Important gaps in the range of
Asian settings studied and in the types of studies
remain to be addressed in order to fully inform
public policy decisions. Publication of this Special
Report and subsequent funding of a targeted pro-
gram of research in Asia aims to improve substan-
tially our understanding of the problems posed by
air pollution in Asia and to develop the capacity of
Asian scientists to conduct additional scientific
research toward their solution. 
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ABBREVIATIONS AND OTHER TERMS

APHEA Air Pollution and Health: 
A European Approach

CI confidence interval

EPA Environmental Protection 
Agency (US)

GAM generalized additive model 

NMMAPS National Morbidity, Mortality, 
and Air Pollution Study

NO2 nitrogen dioxide

PAPA Public Health and Air 
Pollution in Asia

PM particulate matter

PM10 PM less than 10 µm 
in aerodynamic diameter

PM2.5 PM less than 2.5 µm 
in aerodynamic diameter

SO2 sulfur dioxide

TSP total suspended particles

WHO World Health Organization
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Background

The World Health Organization (WHO*) estimates that
each year approximately 800,000 deaths and 4.6 million
lost life-years worldwide are attributable to urban air pollu-
tion (WHO 2002). This burden is not equally distributed,
however: approximately two thirds of the deaths and lost
life-years occur in the developing countries of Asia. Owing
to limitations of the available epidemiologic studies in
those countries, WHO’s estimates are based largely on the
results of research conducted in Europe and North America
that have been extrapolated to developing countries. 

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 health impact of air pollution in Asia
(Cohen et al 2004). HEI initiated the Public Health and Air
Pollution in Asia (PAPA) program to reduce these uncer-
tainties by providing Asian decision makers with esti-
mates of the magnitude of health effects related to air
pollution in selected Asian cities over the next five years.
The PAPA program is part of the Clean Air Initiative for
Asian Cities—a partnership of lenders, governments,
industry, environmentalists, and others to improve Asian
air quality. The PAPA program International Scientific
Oversight Committee (ISOC) has prepared this systematic
review of the epidemiologic evidence on air pollution and
health in the developing countries of Asia to help guide
the development of the PAPA program’s research program.

A major part of the PAPA program’s research program is
intended to provide epidemiologic evidence concerning
health effects of air pollution in Asia that will aid develop-
ment of public policy. New studies should therefore be
designed to address clear objectives that fill important
gaps in the current evidence. A systematic, quantitative
review of the existing literature—a meta-analysis—can
identify gaps, inform the design of future research, and
provide a critical assessment of currently available evi-
dence to inform present decisions. 

The published literature currently contains more than
130 epidemiologic studies in nine Asian countries, which
provide evidence about the effect of air pollution on a
range of adverse health effects. In this Special Report, we
first situate this literature in the current Asian context in
terms of levels and trends in development, air quality, and
human health. We then describe the published studies and
conduct a meta-analysis of the subset of time-series
studies—studies that estimate the effect of short-term
exposure to air pollution on daily mortality and hospital
admissions for cardiovascular and respiratory disease.
Because they tend to be easier and less expensive to con-
duct, time-series studies are among the most frequently
conducted studies of the health effects of air pollution in
Asia and worldwide.

We focus on time-series studies for three reasons.
(1) Time-series studies have been conducted in many
regions of the world, including Europe and North
America, where coordinated multicity studies have con-
tributed to public-policy decisions. It is therefore possible
to compare their results across regions. Such comparisons
could inform the extrapolation to Asian populations of
results from other types of epidemiologic studies of air
pollution (such as studies of the effects of long-term expo-
sure on mortality from chronic disease) that have only
been conducted in developed Western countries. (2) Time-
series studies that use routinely collected data are time-
efficient, cost-efficient, and generally easy to implement
compared with long-term follow-up studies of individuals
(eg, cohort studies). Therefore, time-series studies might
be easier to conduct in Asia over the short term. (3) We
wished to assess the degree of need for additional time-
series studies in Asia as part of the research program
funded by the PAPA program. Once these studies are com-
plete, we will undertake a second, more comprehensive
review that integrates their results with the existing liter-
ature.

We begin by summarizing the health effects of air pollu-
tion and relevant current conditions in Asia with respect to
air quality, patterns of disease and mortality, and economic
development. We then briefly describe the current literature
on the health effects of air pollution in Asia. Next we
describe in some detail the findings of our meta-analysis of
methods and results of the time-series studies, including
quantitative numeric and graphic summaries by country,

* A list of abbreviations and other terms appears at the end of the report.

This document was made possible, in part, through support provided by the
United States Agency for International Development (USAID) under the
terms of Cooperative Agreement GEW-A-00-02-00014-00 and the William
and Flora Hewlett Foundation. The opinions expressed herein do not neces-
sarily reflect the views USAID or any other sponsors.
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health outcome, air pollutant, and other study features. We
conclude with a discussion that places the Asian
time-series studies in the context of the worldwide litera-
ture, identifies gaps in knowledge, and recommends
approaches by which to address them. 

EVIDENCE FOR HEALTH EFFECTS OF OUTDOOR 
AIR POLLUTION 

The past 10 to 15 years have seen a remarkable increase
in research on the health effects of air pollution. It is now
widely accepted that exposure to outdoor air pollution is
associated with a broad range of acute and chronic health
effects, ranging from minor physiologic disturbances to
death from respiratory and cardiovascular disease (Bascom
et al 1996a,b; American Thoracic Society 2000). This
knowledge is based on observational epidemiologic studies
of disease occurrence in human populations and in-vitro
and in-vivo experimental studies of animals and humans.
Epidemiologic research on the health effects of air pollution
provides estimates of the health effects of both short- and
long-term exposure to a variety of air pollutants in human
populations in many parts of the world. Because these esti-
mates apply to humans living in real-world conditions, they
have been the scientific basis for increasingly stringent air
quality regulations for some pollutants. 

The limitations of observational epidemiology are none-
theless well known: the difficulty of accounting for risk
factors for death or disease other than exposure to air pol-
lution (potential confounders) and the difficulty of esti-
mating the relative toxicity of specific components of the
complex urban air pollution mixture. Observational epide-
miology is also not particularly well suited to studying the
mechanisms by which exposure to air pollution produces
disease. However, a limited but rapidly growing body of
toxicologic evidence from in-vitro animal and human
research has suggested mechanisms by which exposure to
air pollution might produce the respiratory and cardiovas-
cular outcomes observed in epidemiologic studies
(Bascom et al 1996a,b; Kodavanti and Costa 1999; Godleski
2000; Health Effects Institute 2002). 

Air pollution may elicit both acute and chronic biolog-
ical responses. Acute responses to air pollution in other-
wise healthy people may be confined to reversible
physiologic adaptations resulting from natural defense
mechanisms. They may also, however, increase the
severity or duration of an already established respiratory
infection or a disease (such as asthma or chronic obstruc-
tive pulmonary disease [COPD]) that has already made the
individual vulnerable, thus increasing the risk of hospital
admission or even death. There is also limited epidemio-
logic evidence to suggest that ambient air pollution con-

tributes to development of chronic respiratory and
cardiovascular disease. 

The health effects of air pollution are associated with a
number of the pollutants that make up the air pollution mix-
ture in cities around the world, the ambient concentrations
of which are monitored periodically. Disentangling the
effects of one pollutant from the effects of others that follow
similar spatial and atmospheric patterns is often difficult
(Health Effects Institute 2001). At the same time, not all
members of a population are equally sensitive to such
effects. Some subgroups (eg, the elderly, asthmatics, chil-
dren, and people with heart disease) may be more at risk
from exposure to air pollution (Health Effects Institute 2002).

Despite some uncertainty, much is known about the effects
of each of these pollutants. Several are discussed below (also
see comprehensive reviews in Holgate et al 1999).

PARTICULATE MATTER

Particulate matter (PM), in the form of PM less than 10
µm and 2.5 µm in aerodynamic diameter (PM10 and
PM2.5), is inhalable material that is emitted directly from
motor vehicles, power plants, and other sources or formed
in the atmosphere through reactions with gaseous emis-
sions (eg, nitrogen and sulfur oxides [NOx and SOx] react
to form nitrates and sulfates, respectively). Although the
health effects of PM have been of concern for many
decades, short-term and long-term epidemiologic studies
published in the United States and Europe in the 1990s
found associations of PM with increased morbidity and
mortality at ambient levels below the national air quality
limit values at the time. These results have been the basis
of action in both the European Union and the United
States to establish more stringent standards for PM. 

Recent epidemiologic studies have begun to strengthen
the understanding of the relation between exposure to PM
and morbidity and mortality (eg, Samet et al 2000a,b;
Health Effects Institute 2001; Katsouyanni et al 2001). At
the same time, although understanding of the biological
mechanism that might be causing these effects at relatively
low exposure has increased, no plausible biological mech-
anism has yet been agreed on, although several are cur-
rently being explored (Health Effects Institute 2002).

THE PM MIXTURE 

Certain components and characteristics of the PM mixture
have been suggested to be responsible for increased mortality
and other health risks. Some have suggested that ultrafine
particles (PM < 0.1 µm in aerodynamic diameter)
(Oberdörster et al 2000), particles containing metals (eg,
iron), and other types of particles may be the most toxic
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components of the mixture (Ghio et al 2001), PM in diesel
exhaust has been cited as a probable human carcinogen by
several national and international agencies (including the
International Agency for Research on Cancer [1989],
California Environmental Protection Agency [1998], and
the US Environmental Protection Agency [EPA] [2002])
because exposed workers were found to have lung cancer.
Our ability to estimate a precise risk for such PM from diesel
engines is limited, however (HEI Diesel Epide-miology
Expert Panel 1999). To date these studies have not identified
a component or characteristic that is significantly more
toxic than others; different sets of characteristics may be
important for different health effects (Health Effects
Institute 2002).

CARBON MONOXIDE 

Carbon monoxide (CO) is a gas emitted directly from
motor vehicles and other combustion sources. When
inhaled, it replaces oxygen in the bloodstream by binding
with hemoglobin, thus interfering with normal transport of
oxygen to the heart and brain. Exposure to high CO levels
is lethal; low levels found in ambient settings are not likely
to affect healthy individuals but can hasten the onset of
angina (chest pain) in people with coronary artery disease
and increase the incidence of cardiac effects. Some epide-
miologic studies have found positive relations between CO
level and morbidity, mortality, and adverse pregnancy out-
comes (EPA 2000).

SULFUR DIOXIDE

Sulfur dioxide (SO2) is a gaseous by-product of the com-
bustion of fossil fuels that contain sulfur. These include
solid fuels (such as certain coals), liquid fuels (such as gas-
oline, diesel, and fuel oil), and natural gas. Clinical studies
have found that exposure to SO2 at levels as low as 0.25
ppm elicits increased bronchoconstriction in people with
asthma (Bascom et al 1996a). Reductions in lung function
have been observed at higher concentrations. Exercise
increases the likelihood of such responses, perhaps
because at higher levels of pulmonary ventilation more
SO2 reaches the lower lung rather than being absorbed in
the upper airways (Bascom et al 1996a). Acute declines in
pulmonary function have also been observed in associa-
tion with air pollution episodes during which levels of
SO2 and other pollutants were briefly but considerably ele-
vated (Bascom et al 1996a). 

SO2 is also associated with increased daily mortality
and hospital admissions from respiratory and cardiovas-
cular disease, even at the low levels now observed in
Europe and North America (Bascom et al 1996a). In a

reanalysis of a large US cohort study (Krewski et al 2000),
long-term exposure to SO2 has been associated with
reduced pulmonary function (Bascom et al 1996a) and
mortality from cardiovascular and respiratory disease.
Reductions in ambient SO2 concentrations owing to regu-
latory action have recently been associated with decreased
mortality and improved respiratory health in children in
Hong Kong (sidebar 1).

NITROGEN DIOXIDE

Nitrogen dioxide (NO2) is also a gaseous by-product of
the combustion of fossil fuels in transportation and indus-
trial applications such as waste incineration. In many con-
temporary urban locations mobile source emissions are the
major source of outdoor NO2. Unlike SO2, NO2 is rela-
tively insoluble and is thus more likely to deposit in the
lower airways. NO2 is also an oxidant. In clinical experi-
ments, it has elicited inflammatory responses at levels as
low as 1 mg/m3 and increased responsiveness to ozone
(O3, another oxidant gas) and certain allergens (Bascom et
al 1996b; Ackermann-Liebrich and Rapp 1999). However,
other clinical studies (Bascom et al 1996a) have reported
considerably variable responsiveness to NO2. In epidemio-
logic studies, NO2 has been associated with increased res-
piratory morbidity (eg, asthma exacerbation and reduced
lung function and rate of lung growth in children) (Bascom
et al 1996b; Ackermann-Liebrich and Rapp 1999). Short-
term exposure to NO2, like SO2, is associated with
increased daily mortality and hospital admissions from res-
piratory and cardiovascular disease (Ackermann-Liebrich
and Rapp 1999).

OZONE

O3 is a gas formed in the atmosphere from the combina-
tion of NOx and volatile organic compounds (both emitted
from industrial facilities and motor vehicles) in certain
meteorologic conditions, normally during summer. O3
reduces lung function in some individuals. Epidemiologic
studies have found evidence of increased asthma attacks
and hospitalizations related to increased ambient O3 levels
(Bascom et al. 1996a). O3 may also increase the lung’s reac-
tion to allergens and other pollutants. Although some
recent studies (eg, Samet et al 2000b) have found associa-
tions of daily increases in O3 with increased mortality, evi-
dence that long-term exposure to O3 causes chronic health
effects is limited. Some evidence suggests that the lung
may develop tolerance to O3 after repeated short-term
exposures (HEI Collaborative Ozone Project Group 1995;
Expert Panel on Air Quality Standards 1997).
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The Hong Kong Special Administrative Region (HKSAR) is now con-
fronting problems that are or will soon be faced by other urban centers
in Asia. Ambient air pollution levels have been monitored in Hong Kong
for more than two decades, such that epidemiologists at several institu-
tions have assessed trends in air quality and estimated health effects. A
reduction in the sulfur content of fuel, imposed in 1990, provided a
unique opportunity to assess the health impact of improvements in air
quality (Hedley et al 2002).

Air Quality Levels and Standards

Air quality has changed in Hong Kong over the past 10 to 15 years,
reflecting trends in the region’s development. Annual mean ambient NO2
concentrations have probably been increasing (Figure 1). Although most
daily ambient NO2 levels are below the current HKAQO of 80 µg/m3,
levels at the roadside monitoring stations are continuously above the
HKAQO. The 2001 and 2002 mean ambient levels may represent a new
downward trend, but they are still within the bounds of error for the fitted
curve. Annual mean levels of ambient RSP in Hong Kong consistently
exceeded the HKAQO of 55 µg/m3 for several years but recently are on

the decline (Figure 2). Annual mean ambient SO2 and O3 levels are well
below their HKAQOs, but they are still associated with health risks.

The HKAQOs and National Ambient Air Quality Standards (NAAQS)
for the Pearl River Region of the nearby Chinese southern mainland,
called the Pearl River Delta Economic Zone (PRDEZ), are shown in the
table. The region’s mainland class 2 and class 3 standards for RSP are two
to three times higher than those in Hong Kong. These higher standards
attempt to reconcile the demand for better air quality with the need for
industrial development. The mainland class 2 objective applies to com-
mercial, industrial, and village areas; mainland class 3 to designated indus-
trial zones. Transboundary air pollution from the class 3 areas affects
Hong Kong’s pollution levels. Annual pollutant levels for Hong Kong show
a marked seasonal effect, with higher cool season levels for RSP, NO2,
and O3. This effect is closely associated with the winter monsoon, when
the wind comes from the north. 

Like in most of the world, however, most harm to health (in terms of
hospital admissions and deaths) occurs not during high-pollution epi-
sodes that exceed air quality standards, but rather when pollutants are at
their lower mean daily concentrations. Mean levels of measured air pol-
lutants in Hong Kong are well below both ambient and HKAQO levels in
the Pearl River Delta. Readings from six Guangzhou air pollution moni-
toring stations show that most mean annual NOx levels exceed the main-
land class 2 NAAQS for NO2 (see table). 

Increasingly, in the dense populations in developing conurbations in
Asia, about 50% of the population lives or works at the roadside. Air pol-
lution data from Hong Kong demonstrate a marked gradient among local,
regional, and roadside levels, a pattern that may be representative of
other Asian cities. Roadside levels of RSP and NOx and NO2 are much
higher than ambient levels in Hong Kong (Figures 1 and 2). In an RSP mon-
itoring exercise from 1999 to 2000 in 11 south China urban centers, nine
were at or above the annual HKAQO (55 µg/m3) (Figure 3). Levels in
Guangzhou were highest (annual mean, 267 µg/m3; range, 96–608 µg/m3).

Ambient Air Quality Standards in the Pearl River 
Delta Regiona

Pollutant Level (µg/m3) 
by Averaging Timeb

Standard Pollutant 1 Hour 24 Hour 1 Year

HKAQO

O3 240c — —
RSP — 180d 55
NO2 300c 150d 80

Pearl River NAAQS (mainland class 2)

O3 200 — —
RSP — 150 100
NO2 240 120 80

Pearl River NAAQS (mainland class 3)

O3 200 — —
RSP — 250 150
NO2 240 120 80

a Adapted from Hong Kong Environmental Protection Department 2002.

b — = not applicable.

c 1-hour objective not to be exceeded more than three times per year.

SIDEBAR 1. AIR POLLUTION IN HONG KONG

Figure 1. Mean ambient and roadside NO2 concentrations in Hong
Kong, 1990–2002. The paired dashed lines indicate the 95% confi-
dence interval. Derived from air pollution monitoring data from the
Hong Kong Environmental Protection Department.

Figure 2. Mean ambient and roadside RSP concentrations in Hong
Kong, 1990–2002. The paired dashed lines indicate the 95% confi-
dence interval. Derived from air pollution monitoring data from the
Hong Kong Environmental Protection Department.
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Health Effects of Pollutants

Time-series analyses conducted in Hong Kong consistently observe
increased risk of acute health effects with short-term exposure to air
pollution at levels below the current HKAQOs. 

Extensive studies (Peters et al 1996; Wong et al 1998; Hedley et al
2002) by investigators at the University of Hong Kong and the Chinese
University of Hong Kong have reported that short-term exposures to
NO2 and SO2, as well as PM10, are associated with increases in daily
rates of mortality from all causes and respiratory and cardiovascular
causes. These exposures are also associated with hospital admissions for
respiratory and cardiovascular disease and general practice consulta-
tions for respiratory illnesses (Wong et al 2002b).

These findings are supported by research from the University of Hong
Kong on the health impact of a 1990 air-quality intervention. In July 1990,
Hong Kong authorities regulated the sulfur content of fuel oil (used for
power generation and road transport) to be 0.5% or less by weight. The
change was implemented over a single weekend. 

Ambient SO2 was reduced for up to five years after the intervention by
as much as 50%, with greater reductions in some areas (such as the
highly polluted, poor Kwai Tsing area, where levels fell by 80%). Levels of
sulfate in RSP initially fell but within two years rose again to preinterven-
tion or higher levels, reflecting the regional nature of the pollutant.
During this period the levels of PM10, NO2, and O3 were stable or
increased (Figure 4) (Hedley et al 2002). 

Differences in bronchitic symptoms in children 8 to 10 years of age
between more-polluted and less-polluted districts were reduced or elim-
inated (Figure 5). The prevalence of bronchial hyperreactivity in nonasth-
matic, nonwheezing children was also reduced and between-district
differences eliminated two years after the intervention. These results sug-
gest that the recovery process may continue for relatively long periods
after the removal of pollutants (Wong et al 1998).

Analysis of both annual death counts and age-specific mortality rates for
five years before and five years after the intervention shows that it

increased life expectancy by reducing mortality from all causes and cardio-
vascular and respiratory disease (Figure 6) (Hedley et al 2002). Changes in
mortality indicate that both short- and long-term gains in survival resulted
from the intervention. 

A cool-season peak in deaths six months after the intervention was
reduced and then followed by an increase in cool-season deaths two and
three years after. Thereafter the seasonal mortality pattern stabilized
again. This evidence suggests reversed mortality displacement (or reversal
of harvesting). Those who would have normally died in the first year after
intervention instead died 12 to 24 months later (Hedley et al 2002).

Figure 5. Excess risk for respiratory symptoms among primary
school children in Hong Kong before and after intervention to
reduce sulfur content of fuel oil. Excess risk percentage calculated by
comparison of children in a more-polluted area with children in a
less-polluted area. For all symptoms, excess risk dropped to nonsig-
nificant levels in 1991, after intervention. Data from Peters et al 1996.

Figure 6. Percent reduction in annual average mortality due to all
causes, cardiovascular disease, or respiratory disease after interven-
tion to reduce sulfur content of fuel oil. Gray bars indicate people 15
to 64 years of age; black bars indicate people 65 years of more of age;
white bars indicate people of all ages. Data from Hedley et al 2002.

Figure 4. Average concentrations for specific air pollutants at five
Hong Kong monitoring stations. Data from Hedley et al 2002.

Figure 3. RSP levels moni-
tored from December 1999 to
May 2000 in south China
urban centers. Sources of
monitored levels indicated in
parentheses on the x-axis.
Adapted from Hong Kong
Environmental Protection
Department 2002.
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AIR TOXICS

Air toxics have a variety of characteristics and effects.
Many emitted from motor vehicles and other combustion
sources are animal carcinogens. Benzene, for example, is a
known human carcinogen. The toxic chemical 1,3-
butadiene, for which motor vehicles are an important
ambient source, was recently designated as a probable
human carcinogen by the International Agency for Research
on Cancer and a known human carcinogen by the US
National Institutes of Health and the EPA. Several aldehydes
(such as formaldehyde and acetaldehyde) have also been
designated probable human carcinogens. In addition, several
of the aldehydes have been shown to induce acute
respiratory effects (Health Effects Institute 1993).

EPIDEMIOLOGIC EVIDENCE

The epidemiology of air pollution takes advantage of the
fact that concentrations of outdoor air pollution, and thus
human exposure, vary over both time and space. Epidemio-
logic research has focused on one or the other dimension but
usually not both within the same population. Short-term
temporal variation (over days and weeks) in air pollution
concentrations has been used to estimate effects on daily
morbidity and mortality. Spatial variation in long-term
mean concentrations of air pollution has been the basis for
cross-sectional and cohort studies of long-term exposure.

Studies of Short-Term Exposure

Episodes in which levels of air pollution increase rap-
idly and remain markedly elevated for days or weeks
occurred in Europe and the United States in the mid 20th
century. These episodes provided some of the earliest epi-
demiologic evidence of the health effects of short-term
exposure to air pollution (Anderson 1999). Today, such
episodes are much less frequent in developed Western
countries (Wichmann et al 1989; Anderson et al 1995), but
in Asia, very high levels of air pollution due to burning of
biomass and very high daily concentrations during the
winter in some cities still occur. 

Since the early episodes, effects of short-term exposure
to air pollution have been studied extensively. Time-series
studies have been conducted to analyze daily rates of
health events (eg, hospital admissions or deaths) in one or
more locales in relation to contemporaneous daily concen-
trations of air pollutants and other risk factors (eg,
weather) that vary over months or years. Regression tech-
niques are used to estimate a coefficient that represents the
relation between exposure to pollution and the health out-
come. The usual regression method models the logarithm
of the outcome to estimate the relative risk, or proportional
change in the outcome per increment of ambient pollutant
concentration.1 

The number of time-series studies has increased rapidly
as computing and statistical techniques have improved and
data on outcomes and air pollution have become more
extensive and easier to access from routine sources. A
strength of time-series studies is that individual cofactors
(such as smoking, nutrition, behavior, and genetic charac-
teristics) are unlikely to be confounders because they are
not generally associated day to day with daily concentra-
tions of air pollution. 

Time-series studies have found associations between
concentrations of airborne PM and a large range of out-
comes (which have been reviewed by Pope and Dockery
[1999]), including daily mortality (from all causes2, respi-
ratory causes, or cardiovascular causes), hospital admis-
sions for respiratory diseases (from all causes, COPD,
asthma, or pneumonia), and hospital admissions for car-
diovascular diseases (from acute myocardial infarction or
congestive cardiac failure). However, recent work indi-
cates that the magnitude of the relative risk estimates from
time-series studies of daily mortality depends on the
approach used to model both the temporal pattern of expo-
sure (Braga et al 2001) and potential confounders that vary
with time (such as season and weather) (Health Effects
Institute 2003). As a result, further work is underway to
refine time-series techniques for the future.

Although time-series studies of daily mortality (and, to a
lesser extent, daily hospital admissions) have been con-
ducted in cities worldwide, the majority have focused on
North America and western Europe, where air pollution
levels are low and still falling and populations are charac-
terized by Western lifestyles and patterns of disease (Stieb
et al 2002; Cohen et al 2004). The results of these studies
indicate that, in virtually all these locales, daily mortality
is positively associated with short-term exposure to
approximately the same degree. Generally, the results
showed that increased mortality occurred concurrently
with, or within one to five days after, an increase in air pol-
lution, although several more recent studies suggest even
longer lags in effects related to air pollution3 (Zeger et al
1999; Schwartz 2001; Zanobetti et al 2003). 

1.  The primary statistical approach in these studies has been formal time-
series modeling of count data using a Poisson regression model. Counts of
independent and random occurrences across time have typically been mod-
eled as a Poisson process (DeGroot 1986), that is daily deaths are assumed
to follow a Poisson distribution. If risk of death is influenced by seasonal
changes, weather, air pollution, or other variables, then the Poisson process
will be nonstationary—that is, the underlying expected mean death count
will change over time depending on these variables. Poisson regression
modeling provides a formal way to evaluate possible associations between
daily mortality counts and daily concentrations of air pollution while con-
trolling for other variables (such as seasonality and weather). For more
details see Pope and Schwartz (1996) and McCullagh and Nelder (1983).

2. Throughout this Executive Summary, we define all causes as all natural
causes (excluding accidents) unless otherwise noted.
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Many daily time-series mortality studies also provide a
breakdown of mortality by broad cause-of-death categories.
In terms of cause-specific relative risks of mortality associ-
ated with increases in exposure to pollution, particulate pol-
lution affects mortality from respiratory disease more than
mortality from cardiovascular disease. Because cardiovas-
cular deaths are much more common than respiratory deaths,
however, cardiovascular deaths account for a much larger
percentage of the excess deaths attributable to pollution.

In the last decade, large studies have been conducted
using uniform methods for assembling and analyzing data
from multiple cities. Examples are Air Pollution and
Health: A European Approach (APHEA) 2 (Katsouyanni et
al 1997, 2001) and the US National Morbidity and Mor-
tality Air Pollution Study (NMMAPS) (Samet et al
2000a,b). These multicity studies have confirmed the find-
ings of earlier studies in single cities: daily mortality and
daily hospital admissions rates are positively associated
with concentrations of PM and other pollutants, such as
O3. Multicity studies have also attempted to explain the
differences (heterogeneity) among cities in relative risks
associated with exposure to air pollution. For example, the
APHEA 2 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, the same pattern was observed for cities
with greater annual mean concentrations of PM10. Levy
and colleagues (2000) reported that the effects of PM10
were greater in cities in which PM2.5 comprised a higher
proportion of PM10. Large multicity studies also have the
statistical power to explore more definitively the shape of
the air pollution concentration–response function (Daniels
et al 2000; Schwartz and Zanobetti 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).

Approaches other than time series have also been used
to study acute health effects of short-term exposure to air
pollution. In panel studies, small groups (or panels) of
individuals are followed over short time intervals, during
which health outcomes, exposure to air pollution, and
potential confounders are ascertained for each subject on

one or more occasions. Panel studies have generally
reported that exposure to outdoor air pollution is associated
with increased upper and lower respiratory symptoms and
increased rates of asthma attacks and asthma medication
use. Associations of outdoor air pollution exposures with
short-term reduction in lung function and the prevalence
of cough symptoms have been reported in studies in the
United States (Pope and Dockery 1999), but these results
are not consistently supported by studies in Europe
(Roemer et al 1999).

In the case-crossover study design (Maclure 1991) expo-
sures of each case of death or disease in the study popula-
tion are compared for period near the time of death (case
period) and one or more periods during which the death
did not occur (control periods). The relative risk is then
estimated using methods for matched case-control studies,
a common epidemiologic design. Ideally, control periods
are chosen so that there is no need to statistically adjust
for factors such as seasonality, and long-term time trends
in mortality. Data on each individual (such as aspects of
their medical histories) can be considered as well, if avail-
able. Although case-crossover studies of air pollution are
few, the design is increasing in use. It appears to provide
results comparable to those of standard time-series anal-
ysis (Neas et al 1999).

Cohort Studies of Long-Term Exposure

Cohort studies take advantage of spatial variation in air
pollution concentrations to compare incidence of disease
and death in populations exposed over the long term to
differing levels of air pollution. By following large popula-
tions for many years, cohort studies estimate both numbers
of deaths and, more importantly, mean reductions in life
span attributable to air pollution.

Evidence from cohort studies of populations in Europe
and the United States indicates that long-term exposure to
outdoor air pollution is associated with an increase in total
mortality and cardiopulmonary mortality in adults
(Dockery et al 1993; McDonnell et al 2000; Hoek et al 2002;
Pope et al 2002; Lipfert et al 2003). Each of these studies
used regression analyses that adjusted for the effects of
potential confounders (such as cigarette smoking, occupa-
tion, and prior medical history). Most studies found the
strongest and most consistent associations between mor-
tality and exposure to PM. PM2.5 appears to be more closely
associated with mortality than PM10 or total suspended par-
ticles (TSP, sometimes referred to as suspended particulate
matter [SPM]) (Dockery et al 1993; Pope et al 2002). The
recently published results of a study conducted in the Neth-
erlands confirm the effects of long-term exposure to air pol-
lution (in particular, air pollution related to road traffic) on
mortality (Hoek et al 2002).

3. Effects of air pollution on mortality occur after some delay. That delay
may be brief (eg, within 24 hours) or prolonged (ie, lagged). Successful
modeling of the effects of pollution requires a model that allows estimation
of a lag structure (Pope and Schwartz 1996). Until recently, most time-series
studies have evaluated lag structure between exposure and time of event by
only including pollution concentrations for the same day as the exposure or
the previous 1 to 5 days in the regression models. However, for studies in a
single city and for studies in which pollution levels on a given day are cor-
related with those on subsequent days (as they nearly always are), then the
lagged pollution variables will be highly correlated with each other and
estimation of the lag structure will be inefficient and unstable. Therefore,
effective estimation of lag structures requires a multicity approach.
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Unfortunately, the current cohort studies provide little
information about when exposure to air pollution
increases the risk of mortality (ie, the induction time for
long-term exposure to air pollution). For example, does
exposure in early life confer an increased risk for mortality
in adulthood by affecting development of lung function?
Does air pollution act in conjunction with cigarette
smoking or diet in later life to increase the risk of mortality
from cardiovascular or respiratory disease? 

Another limitation of cohort studies is that they have not
yet been conducted in developing countries. One opportu-
nity to directly measure the impact of reducing air pollution
on long-term mean mortality, however, was the restriction
of sulfur in fuel used for power generation and transporta-
tion in Hong Kong that was instituted over one weekend in
1990 (Hedley et al 2002). Hedley and colleagues docu-
mented changes in ambient air quality after the restriction
as well as associated declines in annual mean rates of mor-
tality from cardiovascular and respiratory diseases. Com-
paring changes in mortality in more and less polluted areas
of Hong Kong accounted (to some degree) for secular
changes in other risk factors for mortality that could have
produced the observed decrease in mortality. 

A similar study was published by Clancy and colleagues
(2002), who quantified decreases in annual mean mortality
in Dublin after the sale of bituminous coal was banned.

Air Pollution and Reproductive and Child Health 

Infant and child mortality from respiratory disease and
other adverse pregnancy outcomes (such as low birth weight
and malformations) in a small but growing number of
studies have also been associated with exposure to air pollu-
tion (Woodruff et al 1997; Bobak and Leon 1999; Wilhelm
and Ritz 2003). Time-series studies of daily mortality in

developing countries (Mexico, Thailand, and Brazil) have
documented associations between short-term exposure to
particulate pollution and daily mortality from all causes or
acute respiratory infections in children less than five years
of age (Romieu et al 2002; Cohen et al 2004). 

Gaps and Limitations in Current Knowledge

We have learned much about the adverse health effects
of outdoor air pollution in the past 20 years, with epidemi-
ologic research playing a critical role in the growth of this
knowledge. Nonetheless, important gaps remain, espe-
cially the following questions that are critical to public
policy. How large is the effect of short-term exposure on
daily morbidity and mortality, and how accurately can we
measure the magnitude and variability of these effects
with our current statistical tools? Which constituents of
the pollutant mix, and which sources that contribute to it,
are the most toxic? Which diseases, social conditions, or
genetic factors place people at greatest risk when exposed
to air pollution? To what extent does long-term exposure
affect the development of chronic, life-threatening dis-
ease? The answers to these questions might well be dif-
ferent in Asia than in the developed West, where to date
the vast majority of studies have been conducted. 

DEVELOPMENT AND POPULATION 
HEALTH IN ASIA

Developing Asia is in many ways the most dynamic part
of the world. Incomes are growing with concomitant
increases in industrialization, urbanization, and vehicu-
larization. Although hundreds of millions still live in pov-
erty, continued slowing of population growth and steady
growth of per capita income are real prospects. Table 1

Table 1. Major Indicators of Economic Growth and Population Size in Asiaa

Total 
Population 

in 2000
(millions)

Projected 
Total 

Population 
in 2030

(millions)

Projected 
Population 

Growth Rate
2000–2030

Population 
Growth Rate
1971–2000

GDPb 

Per Capita
PPPc

 Per Capita

Projected 
Annual 

Growth of 
PPPc Per 
Capita

2000–2030

Projected 
Annual 

Total 
Economic
Growth
(GDPb)

China 1275 1480 0.5% 1.4% 860 3980 0.9% 4.8%
India 1009 1400 1.1% 2.1% 450 2360 1.0% 4.6%
Indonesia 212 285 1.0% 1.9% 570 3040 0.9% 3.9%
United States 283 360 0.8% 1.0% 34,000 34,000 0.2% 2.0%
World 6057 8160 1.0% 1.7% 5245 7450 0.7% 3.0%

a Sources: East-West Center 2002 and United Nations Development Programme 2002.

b Gross domestic product in US dollars at prevailing exchange rates.

c Purchasing power parity = gross domestic product adjusted by local prices and normalized to US conditions.
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shows projections of economic growth and population size
in three of the most populous Asian countries as compared
with the United States and the world. Although Asian
regions and nations differ, the economic future looks rela-
tively bright in Asia compared with developing countries in
Africa and the Near East. In the next decades, if current
trends continue, developing Asia may well be nearing the
per capita income of middle-income Latin America (United
Nations Department of Economic and Social Affairs 2004).

In this section, we discuss two major factors in Asia that
most influence the health effects of exposure to urban air
pollution over the next 20 to 30 years: (1) population trends
(degree of urbanization, urban population growth, and city
size); and (2) health trends (age structure and background
disease rates). Emission trends (eg, energy, fuel, and vehicle
use) are a third important factor; they are dealt with in a sep-
arate section on exposure to air pollution in Asia. Other
important factors (such as broad changes in regulatory
approaches, improvements in control technology, and shifts
in climate that affect sunlight and wind patterns) are
beyond the scope of this Special Report.

Wherever possible, we differentiate among the three
major Asian regions: South Asia; Southeast Asia; and East
Asia. In particular, we focus on the most populated
country in each region: India, Indonesia, and China,
respectively. About half the world lives in these regions,
and 80% of that half lives in those three countries. 

URBANIZATION

Population growth rates are falling dramatically in Asia
(Table 1). From 2000 to 2030, the population of China is
expected to increase at only about 60% of the growth rate
in the United States. Even India’s growth rate is expected
to fall by nearly a factor of two from its level in the late
20th century. Nevertheless, with such large populations to
start with, the absolute increase in population will be sub-
stantial. In Asia as a whole, nearly a billion people will be
added over the next three decades—the equivalent of
another India in terms of population.

So many more people do not necessarily mean much
greater exposure to ambient air pollution except in cities,
which contain many outdoor sources. Currently about two
thirds of Asians still live in rural areas (Figure 1). But more
people already live in Chinese cities than in all of Latin
America. More people inhabit Chinese and Indian cities
than inhabit all of Africa, twice as many as inhabit all of
North America. 

And by 2030, more Asians will inhabit cities than villages.
Thus, urban populations will grow much faster than the
nation as a whole. Annually, the overall urban population
will grow at about 2.6% and the proportion of the popula-
tion living in cities will increase about 1.5%. In contrast, the

absolute increase in rural populations over the first part of
this century will be essentially zero (Figure 2). 

Over the next few decades, considerable urban con-
struction will be needed to provide housing and other
infrastructure for these billion new city-dwellers in Asia.
The PM and other pollution from this urban construction
alone will likely be substantial. 

Discussions about urbanization and its prospects and
problems tend to focus on megacities, cities with popula-
tions exceeding 10 million people. Developing Asia con-
tains many of the world’s megacities and will contain even
more over time (Table 2). Even though megacities are large,
however, they do not now and will not soon contain a large
fraction of the urban population. For example, the propor-
tion of urban population in megacities will only rise to
14% by 2015 (Figure 3). Even by then, most Asian city
dwellers (52%) will actually inhabit cities of less than half
a million people. 

Growth rate has been highest, however, in megacities as a
class compared with the class of smaller cities (Figure 3). But
this fact is due to a great extent to smaller cities achieving

Figure 1. Past and predicted percentages of the total Asian population
living in urban or rural areas. Data from United Nations 1995, 2001, 2002
and United Nations Centre for Human Settlements (Habitat) 1996.

Figure 2. Past and predicted population size in Asia. Data from United
Nations 1995, 2001, 2002 and United Nations Centre for Human Settle-
ments (Habitat) 1996.
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megacity size. The growth rates of most individual megaci-
ties are lower than the urban average. In general, smaller
cities have higher growth rates. In 2015, nearly half of the
yearly increase in urban populations in all developing coun-
tries worldwide will occur in cities of less than a million
people, nearly three quarters in cities of less than 5 million.

POPULATION HEALTH

Burden of Disease 

In the new millennium, the pattern of morbidity and
mortality in low-income Asian countries is in transition
because of increasing life expectancy and greater preva-
lence of risk factors related to lifestyles, urbanization, and
modern environmental degradation. 

The burden of disease from malnutrition, maternal condi-
tions, and communicable diseases in terms of numbers of

deaths and lost years of healthy life, continues to be great.
But at the same time the incidence and prevalence of
chronic noncommunicable diseases (such as hypertension,
diabetes, and ischemic heart disease [IHD], and cancer) is

Table 2.  Past and Predicted Populations of All World Megacitiesa,b

1950 2000 2015

Megacityc
Population 
(millions) Megacityc

Population 
(millions) Megacityc

Population 
(millions)

Tokyo 19.8 Tokyo 26.4 Tokyo 26.4
New York 15.9 Mexico City 18.1 Mumbai 26.1
Shanghai 15.9 Mumbai 18.1 Lagos 23.2
Mexico City 11.2 Sao Paulo 17.8 Dhaka 21.1
Sao Paulo 10.0 Shanghai 17.0 Sao Paulo 20.4

New York 16.6 Karachi 19.2
Lagos 13.4 Mexico City 19.2
Los Angeles 13.1 New York 17.4
Kolkata 12.9 Jakarta 17.3
Buenos Aires 12.6 Kolkata 17.3
Dhaka 12.3 Delhi 16.8
Karachi 11.8 Manila 14.8
Delhi 11.7 Shanghai 14.6
Jakarta 11.0 Buenos Aires 14.1
Osaka 11.0 Los Angeles 14.1
Manila 10.9 Cairo 13.8
Beijing 10.8 Istanbul 12.5
Cairo 10.6 Beijing 12.3
Rio de Janeiro 10.6 Rio de Janeiro 11.9

Osaka 11.0
Tianjin 10.7
Hyderabad 10.5
Bangkok 10.1

Total 72.8 266.7 374.8

a More than 10 million residents.

b Source: United Nations 1995, 2001, 2002.

c Cities in developing Asia are shown in bold type.

Figure 3. Past and predicted percentages of the total Asian urban popula-
tion living in cities of different sizes (defined by millions of residents).
Data from United Nations 1995, 2001, 2002 and United Nations Centre for
Human Settlements (Habitat) 1996.
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also increasing the contribution of these diseases to the
regional burden (Murray and Lopez 1997b). The growing
fraction of the burden of disease from COPD, IHD, and
cancer is due to multiple factors, but increasing tobacco
smoking is playing a major role (WHO 2002). Indoor air pol-
lution resulting from domestic use of solid and fossil fuels is
widespread, particularly in rural areas, where it accounts
for a large fraction of cases of several diseases (including
respiratory infections and COPD), especially among young
children and women. High levels of outdoor air pollution
from stationary and mobile sources also contribute consid-
erably to the burden of disease from disorders of the cardio-
vascular and respiratory systems (WHO 2002).

Age-Specific and Cause-Specific Mortality 

Economic and social development varies widely across the
different regions and countries of Asia. This variation is
reflected by health indicators. Whereas most of East Asia has
low mortality, the reverse is true in most South and Southeast
Asian countries (with some notable exceptions) (Table 3). 

The fraction of people over 65 years is expected to at
least triple over the first half of the century throughout
Asia (Figure 4). By 2050, China will experience a major
demographic milestone: people 65 years and older will
outnumber those under 15 years. This shift in age distribu-
tion means that the diseases of late adulthood will become
relatively more important because relatively more people
will be affected by them (Table 4). 

To varying degrees, Asia is also rapidly moving through
the epidemiologic transition: the shift from mortality due
mainly to infectious disease, malnutrition, and maternal
conditions (Type I) to mortality due to heart disease, cancer,
and other more chronic conditions (Type II) (Figure 5).
Infectious diseases including acute respiratory infection in
children (Romieu et al 2002), malaria, and tuberculosis
remain an important causes of morbidity and mortality in
developing Asian countries, however (WHO 2002). (The
percentage of Type III deaths, due to accidents, violence,
and similar actions, is not expected change appreciably.) In
fact, China completed this transition well before 1990;
Southeast Asia, closer to 1990. India, the most populous

Table 3. Cause-Specific Mortality in Asiaa

Child and Adult Mortality Stratum

Southeast Asia South Asia East Asia

Populationb 297,525 1,262,285 1,546,770
All deathsb 2194 12,273 10,475

Causec

Communicable diseases, maternal and 
perinatal conditions, nutritional  deficiencies                                   

644 (29.4%) 5171 (42.1%) 1572 (15.0%)

Noncommunicable diseases 1275 (58.1%) 5913 (48.2%) 7805 (74.5%)
Malignant neoplasm 231 (10.5%) 882 (7.2%) 1859 (17.7%)
Diabetes mellitus 62 (2.8%) 176 (1.4%) 162 (1.5%)
Cardiovascular diseases 571 (26.0%) 3226 (26.3%) 3350 (32.0%)
COPD and asthma 87 (4.0%) 614 (5.0%) 1357 (13.0%)
Cirrhosis of liver 42 (1.9%) 172 (1.4%) 168 (1.6%)

Injuries 275 (12.5%) 1188 (9.7%) 1098 (10.5%)

a Source: WHO 2002 Annex Table 2.

b Data are in thousands.

c Cause data are thousands with percentages of all deaths in parentheses.

Figure 4. Projected shifts in Asian age distributions. Data from East-West
Center 2002 and United Nations Development Programme 2002.
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South Asian country, on the other hand, completed the tran-
sition around 2000. Sidebar 2 discusses the trends in car-
diovascular and respiratory diseases in greater detail. 

As everyone must die of something and different types
of disease tend to affect different age groups, the epidemi-
ologic transition viewed in terms of lost healthy life-years
gives another picture. Figure 6 shows projected changes in
mortality using one such measure: the disability-adjusted
life year (DALY). The transition in India occurred a bit
later than in China or Southeast Asia (Murray and Lopez
1996; WHO 2002). All three locales have a larger fraction
of Type I disease at the end of the period than indicated
just by deaths. All three regions will, however, experience
a second transition point at which Type I disease has less
of an effect on DALYs than Type III does. Type III mainly
affects people of middle years (15–65).

Environmental Risk Transition

Overall, environmental health risks generally seem to
decline with economic development, both in absolute and
relative terms. In other words, poor populations have a
larger environmental burden of disease as well as a larger
portion of their entire disease burden due to environ-
mental risk factors than do populations living in more-
developed regions (Smith et al 1999). Within this trend lies
an environmental risk transition framework, in which dif-
ferent types of environmental health risks dominate at dif-
ferent stages of development (Figure 7) (Smith 1997). In

Table 4. Health Indicators for Some Asian 
Countries in 2001a

Country

Total 
Population
(thousands)

% 
Population 
> 60 Years

Male & 
Female 

Life 
Expectancy 

at Birth
(years)

# Deaths
in 

Males < 5 
Years/1000

Bangladesh 140,386 5.0 61.8 82
China 1,292,378 10.0 71.2 34
India 1,025,095 7.7 60.8 89
Indonesia 214,839 7.8 65.9 50
Japan 127,339 23.8 81.4 5
Malaysia 22,632 6.7 71.7 13
Mynamar 48,363 6.8 57.2 121
Nepal 23,592 5.9 58.3 100
Pakistan 144,971 5.8 61.3 105
Phillipines 77,130 5.6 67.7 46
Singapore 4107 10.8 78.8 4
Sri Lanka 19,103 9.5 69.9 22
Thailand 63,583 8.3 68.9 38

a Source: WHO 2002 Annex Table 1.

Figure 5.  Fraction of total deaths due to Type I, II, or III causes. Type I =
infectious disease, malnutrition, and maternal effects. Type II = heart dis-
ease, cancer, and other chronic conditions. Type III = accidents, violence,
and similar causes. Data from WHO 2002 and Murray and Lopez 1996.

Figure 6. Fraction of total lost DALYs due to Type I, II, or III causes. See
Figure 5 for category descriptions. Data from WHO 2002 and Murray and
Lopez 1996.

Figure 7. The environmental risk transition. Source: Smith 1997.
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particular, household risks (such as poor fuel and water
quality and poor ventilation and sanitation) dominate the
environmental burden in the poorest populations, mostly
rural residents in poor developing countries. 

As part of development, however, a set of processes are
often set into place—including urbanization, industrializa-
tion, agricultural modernization, and vehicularization.
These tend to produce community risks, or environmental
risks from urban activities: (outdoor air pollution, solid and
hazardous waste, lead exposure, pesticide use, and others).4

As countries modernize further and environmental controls
are tightened, these community-level risks tend to decline.
This decline leads to the third stage, in which the richest
countries contribute most to global risks that are due to
greenhouse gas emissions and other causes of global change.
As with other conceptual transition frameworks (eg, demo-
graphic, epidemiologic), however, there can be significant
local departures from this overall trend. Such frameworks
should be used to aid understanding and management, not
as a forecast of inevitable processes. 

The recent global Comparative Risk Assessment orga-
nized by WHO (2002) makes it possible for the first time to
systematically compare some important environmental
risks within the risk transition framework. Figure 8 shows
the results of using one metric, disease burden per capita.
Household and community risks do seem to generally
follow the risk transition framework: household risks start
high and decline with increasing development; community
risks rise at first and then decline (note the y-axis log scale). 

Global risks (due to climate change) might seem to be an
exception, as they decline rather than rise with develop-
ment (Figure 8). But if it indicated causes of the risk
(greenhouse gas emissions in wealthier countries) rather
than how the risk was manifested (health damage in poor
countries), the trend would be reversed, thus agreeing with
the risk transition framework.5

The position of the three major Asian developing
regions are also shown in Figure 8. As a region, South
Asia lies primarily within the first stage of environmental
risk, the stage dominated by household risks. East Asia
and Southeast Asia, however, have moved near the
second stage, with community risks nearly equaling

household risks. Of course, this example is an overview;
within every region some groups are at each level. In
addition, the urban poor are particularly numerous. They
lie in the risk overlap zone (see Figure 7), experiencing
considerable risk from both community and household
sources (Smith 1990). Some of these groups also seem to
be among the most vulnerable to global change as well.

All the projections in this section are based on the
assumption that primary determinants of public health
(economic growth, spread of public health infrastructure,
funding for assistance to the poor, improvements in
housing and nutrition, education of women, and others)
continue to develop similarly in the future compared with
recent years. They also assume that the acquired immuno-
deficiency syndrome (AIDS) epidemic becomes con-
trolled, that tobacco smoking increases slowly, and that
war, economic collapse, civil disruption, terrorism, and
climate change do not interrupt life in unforeseen ways.

AIR POLLUTION IN ASIAN CITIES

EMISSIONS

In general, combustion is the chief process responsible
for the emissions of most PM and gaseous pollutants. In
poorer cities of developing Asia (as in North American and
European cities in the past), burning refuse (garbage and
biomass) still creates noticeable and perhaps considerable
air pollution, although detailed source apportionment
studies do not appear to have been conducted. The disposal
practices of Manila are an example of relatively centralized

4. Occupational risks seem to rise as a part of these processes as well,
although the occupational hazards of farming in traditional poor popula-
tions in rural areas are not well documented. Occupational risks of the
informal sector in cities are not well known either, although they are prob-
ably considerable.

5. One metric to use for this purpose is natural debt, the cumulative de-
pleted greenhouse gas emissions per capita, which is a direct measure of im-
pact on global warming (Smith 1997).

Figure 8. Case study of the environmental risk transition. Disease burden
per capita = (DALYs � 365)/population size. The positions of three major
developing Asian regions are shown; the box delineates data for Southeast
and East Asia. Data from WHO 2002 and United Nations Development
Programme 2002. Y-axis uses a log scale. 



30  

Health Effects of Outdoor Air Pollution in Asia

SIDEBAR 2. CARDIOVASCULAR AND RESPIRATORY DISEASE IN ASIA

Short-term exposure to outdoor air pollution is consistently associ-
ated with mortality and morbidity among people with preexisting car-
diovascular and respiratory disease. More limited evidence suggests that
long-term exposure may increase the risk of developing disease. It is
therefore critical to understand the current levels and likely trends in
cardiovascular and respiratory disease and their major causes, such as
tobacco smoking and diet, in the developing countries of Asia.

Cardiovascular Disease 

Cardiovascular diseases pose a serious health burden in developing
countries (Yusuf et al 2001a,b). More than half of the 16.7 million deaths
worldwide from cardiovascular disease occurred in developing countries
in 2000. The burden of disease is particularly heavy in Southeast Asian
countries (including India, Pakistan, Bangladesh, Nepal, and Sri Lanka),
which represent a quarter of the developing world’s population. Cardio-
vascular disease is likely to pose a major and growing problem in these
countries for several reasons. The most important of these are the lack
of an effective programs to combat tobacco use and otherwise promote
a healthy lifestyle, limited availability of advanced medical care for dis-
ease management, and genetic susceptibility for gene–environment
interactions with changing diet and other factors. For example, the
increased occurrence of the metabolic syndrome among Southeast
Asians may interact with an increasingly Westernized diet to increase
the risk of cardiovascular disease (Nishtar 2002; Ramachandran et al
2003). Of the 1.3 billion people living below the poverty line worldwide,
almost 40% reside in Southeast Asia. Given the high cost of curative ser-
vices for disease, well-designed preventative strategies will be critical to
curb mortality from cardiovascular disease in this region. 

Regional Variation in Cardiovascular Disease

Population-based morbidity and mortality data from Southeast Asia
are sparse because national reporting systems are not sufficiently devel-
oped. Nonetheless, WHO and the World Bank estimate that mortality
from cardiovascular disease has increased in proportion to population
growth (Murray and Lopez 1996). Southeast Asian immigrants in the
United Kingdom, South Africa, Singapore, and North America have 1.5
to 4.0 times higher mortality compared with indigenous populations
(Enas et al 1992).

The prevalence of IHD and its risk factors is probably increasing at a
faster rate in urban than in rural areas of India (Gupta and Gupta 1996),
although the data (from health facilities) may be unreliable. Unhealthy lif-
estyles and environmental pollution in urban India may be partially
responsible for this trend. Dyslipidemia and glucose intolerance are
more prevalent in urban than in rural India, although the opposite is true
of tobacco smoking.

Mortality in China from IHD is low but mortality from stroke is high
compared with the United States. Like in India and other Southeast
Asian countries, death rates from cardiovascular disease, particularly
IHD, have been increasing in China in recent decades (Woo and Donnan
1989). Hypertension continues to be poorly detected and treated in
most of Southeast Asia. Thus, hemorrhagic stroke remains an important

cause of cardiovascular disease (Thorvaldsen et al 1995). Only 6% to
12% of strokes in Europeans are hemorrhagic compared with 25% to
30% in Chinese. 

Japan has the highest life expectancy in the world. In tandem with
remarkable achievements on the economic front, mortality from cardio-
vascular disease has declined rapidly. Current rates are among the lowest
worldwide, despite high prevalence of smoking in recent years (Yusuf et al
2001b). Like other Asian regions such as China, however, more Japanese
die from cerebrovascular disease than from IHD (WHO 2000b).

Cardiovascular Risk Factors

Risk factors for IHD are widely prevalent in Southeast, and especially
South Asia. Although obesity is much less common there than in North
America, Southeast Asians have higher body fat percentages and
waist/hip ratios for the same body mass index (Deurenberg-Yap et al
2002), apparently owing to less physical activity and lower muscle mass.
The percentage of men aged 15 to 30 years with hypertension is alarm-
ingly high: 36.4% in India, 17% in Pakistan and Sri Lanka, and 9.8% in
Bangladesh (Nishtar 2002). The case is similar for women and also holds
in both rural and urban areas. 

Frequency of tobacco smoking continues to rise in several Southeast
Asian countries. In Nepal, almost 74% of men smoke, as do almost half
of men in Bangladesh and Sri Lanka. In India and Pakistan, nearly one
third of the male population is tobacco smoker. Almost 60% of men
smoke tobacco in China. And no decline in smoking prevalence is in
sight (Yang et al 1999b).

These countries are also experiencing a rapid increase in prevalence of
diabetes mellitus and metabolic syndrome, probably related to fetal mal-
nutrition and low birth weight. Reports of childhood obesity and type II
diabetes mellitus are on the rise. Hypercholesterolemia and dyslipidemia
are particularly prevalent in Indian adults; 37.4% of men aged 15 to 30
years are afflicted (Nishtar 2002).

The role that genetic factors may well play in the high prevalence of
cardiovascular disease in Southeast Asians is suggested by studies of
migrant populations. Numerous studies report high incidence of coro-
nary artery disease (not explained by conventional risk factors) among
Indian immigrants in Canada, United Kingdom, United States, and the
Caribbean (Anand et al 2000). Genetic predisposition to cardiovascular
disease is particularly apparent when these populations migrate to the
West and adopt its high-fat and high-cholesterol diet and physical inac-
tivity. Blood levels of lipoprotein(a) are highly influenced by genetic fac-
tors and seem to be related to occurrence of coronary artery disease
(Geethanjali et al 2003).

Indian life expectancy is currently 62 years and is expected to increase
to 72 years by 2030. The infant mortality rate is expected to halve
during this period. These projections suggest considerable changes in
age structure and increase in burden from cardiovascular disease over
the next three decades. Declining rates of cardiovascular disease in
immigrant Indian populations in the United Kingdom and Canada (Sheth
et al 1999) emphasize the potential for reducing mortality rates by
timely intervention.

refuse burning on a large scale, but more diffuse, small-scale
burning may have a greater impact in many settings (United
Nations Environment Programme 1996). Given current
trends, we expect that the most egregious refuse combustion
will probably be controlled within the next 30 years. 

In most of the world’s cities, the chief source of combus-
tion is fuel use, which tends to increase along with popu-
lation size and economic activity. Although emissions also
depend on combustion conditions and emission-control
technology, fuel type is a useful indicator of potential
emissions: coal and biomass are high-emitting solid fuels;
gasoline, kerosene, and diesel are mid-emitting liquid
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Burden of Disease Due to ALRI in 2000a

Region
Deaths Due to ALRI 

(thousands)

Deaths in Children < 5 
Years

(thousands)
Percent of Regional 
Burden Due to ALRI 

Percent of Regional 
Burden Due to ALRI in 

Children < 5 Years

South Asia 1200 611 8.3% 81%
Southeast Asia 141 76 3.8% 69%
East Asia 439 320 4.6% 76%
World 3870 2130 6.3% 79%

a Data from WHO 2002.

Chronic Respiratory Disease 

Prevalence of chronic respiratory diseases (including COPD and tuber-
culosis) in most Asian countries is quite high. COPD is predicted to
become a leading cause of death in the next two decades because of
increasing smoking rates (Murray and Lopez 1997a), despite national
efforts to mitigate them. 

COPD affects 3% of Chinese; this percentage is expected to increase
substantially to reflect a tenfold increase in smoking prevalence between
1950 and 1990 (Zhang and Cai 2003). COPD is estimated to affect 6.7%
of the population over 30 years of age in 12 Asia-Pacific countries
(Regional COPD Working Group 2003). In India, 11 population-based
studies suggest that COPD affects 5.6% of males and 2% of females over
30 years of age (Jindal et al 2001). 

Tuberculosis continues to be a major health problem in Asia despite
implementation of directly observed therapy (in which a health care
worker meets with the patient to help him or her remember to take the
prescribed medicine) in most regions (Khatri and Frieden 2002; Gajalak-
shmi et al 2003). Tobacco smoking is a risk factor for the acquisition of
tuberculosis in these populations.

Acute Lower Respiratory Infections in Children 

Acute lower respiratory infection (ALRI) is the chief cause of death
among children in the world, killing an estimated 2.1 million per year in
2000 (WHO 2001a). Although the disease affects both young and old,
pneumonia kills so many children younger than two years that these
deaths account for a large number of lost life-years. Indeed, with 6.3% of
the global burden of disease in 2000 (as measured in DALYs), ALRI is the
most important single disease category in the world (WHO 2001b).

All young children in the world apparently suffer from similar rates of
acute respiratory infection of the upper respiratory tract (Rudan et al
2004). In developed countries, these infections are usually viral, mild,
and self-limiting. In contrast, most serious ALRI in developing-country
children is thought to be bacterial and consequently treatable by antibi-
otics. Unfortunately, the infection can establish in the deep lung in as
little as 36 hours, such that even prompt seeking of health care and rapid
and appropriate responses of health-care facilities are insufficient to
achieve complete control over mortality. A large fraction of cases
progress to serious and sometimes fatal ALRI, consisting of bronchiolitis

and pneumonia. Vaccines show promise to deal with perhaps 20% to
40% of serious cases. Prevention through better nutrition and cleaner
environments will therefore be essential to substantially reduce ALRI
incidence and mortality (Kirkwood et al 1995).

The three developing Asian regions bear a significant fraction of the
ALRI burden (see table). Indeed, 1.5% of the entire burden of disease
from all diseases, regions, and age groups is due to one disease in one
age group in one region: ALRI in children younger than five years in
South Asia. Considering that India makes up about 80% of this region,
the bulk of this burden in fact falls on just one country.

There are several known risk factors for ALRI, the most important of
which is malnutrition. The WHO comparative risk assessment (CRA)
exercise (WHO 2002; sidebar 3 in this Special Report) estimated that
some 40% of ALRI cases are directly attributable to protein malnutrition
in the world, 16% to zinc deficiency (Black et al 2003).† Other risk factors
include those that affect diarrhea, malaria, and measles, because children
with those diseases are more likely to contract severe ALRI. Crowding
and chilling have also been associated with ALRI, but with less consistency.
Nearly one-third of global ALRI in children is attributed to indoor air pol-
lution in developing countries (Smith et al 2000); about 1% is attributed to
urban air pollution (WHO 2002; sidebar 3 in this Special Report).

Although ALRI (pneumonia) was the chief cause of death at the turn of
the 19th century in much of the currently developed world, including
the United States, mortality rates in children from severe ALRI are now
low (eg, 3/100,000 in US children today compared with 900/100,000 in
South Asia). For this reason, few epidemiologic studies of outdoor air
pollution have included ALRI as an endpoint, because it is a minor con-
cern in society and because the sample sizes of even large studies would
be too small to statistically discern an effect (Romieu et al 2002). 

In developing countries, however, ALRI should be included as an end-
point in air pollution epidemiology studies, in addition to those end-
points that are also of interest in developed countries. ALRI rates are
generally highest in rural areas, which are usually more affected by
indoor than outdoor air pollution, but urban slums tend to have both
types of pollution and high childhood ALRI rates as well. Studies, there-
fore, should probably focus on the urban poor.

† Interventions to reduce protein malnutrition and zinc deficiency together would
reduce ALRI by less than the sum, however; attributable burdens cannot be added
directly without subtracting the degree of double counting, which is sometimes dif-
ficult to quantify.

fuels; and liquefied petroleum gas (LPG) and natural gas
are low-emitting gaseous fuels. 

In general, emissions per unit fuel are also inversely pro-
portional to scale of combustion (EPA 1995). Small-scale
residential and commercial emitters produce relatively
more outdoor pollution than large-scale central sources of
emissions. The intake fraction for primary pollutants from

small sources also tends to be greater than from large ones;
in other words, the population exposure per ton of emis-
sions from small sources is higher because they release
pollutants at ground levels near people. 

Overall, then, small sources burning solid fuels may
produce greater exposures per unit fuel (and possibly
larger health effects) than do nearly any other outdoor
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source of emissions. Shifting fuel use in households and
commercial enterprises to gaseous fuels or electricity can
substantially reduce such exposures. Liquid-fueled motor
vehicles also have relatively high intake fractions because
of their proximity to the population, although they are not
as polluting as devices that combust solid fuels. Uncon-
trolled motor vehicles, particularly those with diesel and
two-stroke engines are therefore important potential
sources of urban pollution. 

Without delving into the many factors that could affect
emissions at the local level, the extent to which coal and
transport fuels are used is a useful indicator of the poten-
tial for outdoor emissions that could affect health.6 Table 5
shows the dramatic projected increase in coal use in Asia
over the next quarter century; it is greater than in any other
part of the world (International Energy Agency 2002).
Indeed, half the increase in the entire world’s coal use
during that time will occur in China alone (International
Energy Agency 2002). India’s rate of increase is expected to
be even greater. And Indonesia, although starting from a
much lower level of use, will increase coal use twice as
much as the bigger countries of China and India.

The growth in fuel use for transportation over the next 30
years is expected to be dramatic within Asia, twice the
global average and substantially faster than any other region
(International Energy Agency 2002) (Table 6). Although
some suggest an income threshold for car ownership, Figure
9 shows a remarkably constant relation between car owner-
ship and every income level. This relation suggests that
some people can afford cars at even low national average
incomes. As incomes increase, India, China, and Indonesia
are expected to mimic South Korea’s car ownership trend,
perhaps eventually reaching levels of ownership of the
United States and Germany. Developing Asian countries are
less likely to mimic Japan’s plateau in ownership that
occurred because of land (parking) scarcity. The private auto
fleet is therefore likely to double in size in Asia by 2020.

OUTDOOR AIR POLLUTION

Some of the highest levels of outdoor air pollution in the
world are found in Asian cities. Figure 10 shows the
annual mean concentrations of suspended PM (TSP),
PM10, SO2, and NO2 in 2000 and 2001 in major Asian
cities (Air Pollution in Megacities of Asia 2004). Some
cities in China and India have some of the world’s highest
recorded outdoor PM10 levels (Figures 10 and 12).

The most commonly reported indicator of particulate pol-
lution is the concentration of TSP. Annual mean TSP con-
centrations exceeded the TSP guideline of 90 µg/m3 (WHO
1979) in most cities; moreover, several cities in China, India
and Southeast Asia had TSP concentrations that exceeded
150 µg/m3 (Figure 10). In most cities where levels have been
continuously monitored, declines in mean annual TSP con-
centrations were observed during the 1990s (Air Pollution in
Megacities of Asia 2002). However, particulate removal
techniques used since then in Asian cities are more effective
at removing the largest, rather than smaller, inhalable parti-
cles that comprise PM10. 

The mass concentration of PM10 is measured in a limited
number of cities in the region. PM10 concentrations have
increased since the 1990s, even as the reductions in TSP
were reported (Air Pollution in Megacities of Asia 2002).
Annual mean PM10 levels tend to be higher in middle-
income East Asian (mainly Chinese) cities and in lower-
income South Asian (mainly Indian) cities compared with

6. For poor cities with large slums, however, household use of biomass and
coal will continue to be important sources of local ambient pollution and
exposures. As much as one third of the population in poor Asian cities is
classified in this way today (International Energy Agency 2002).

Table 5. Past and Projected Coal Consumptiona,b

Year

Country 2000 2010 2020 2030

2000–2030 
Mean Annual 

Rate

China 989 1281 1589 1917 2.2%
Sharec 69% 66% 62% 60% �0.5%

India 248 303 390 512 2.4%
Sharec 55% 49% 46% 45% �0.7%

Indonesia 21 36 60 95 5.2%
Sharec 14% 16% 19% 23% 1.7%

Total 1257 1620 2039 2523 2.3%

a In million tonnes coal equivalent.

b Source: International Energy Agency 2002.

c Share of total national energy use.

Table 6. Past and Projected Transport Oil Consumptiona,b

Country 2000 2010 2020 2030

2000–2030
Mean Annual 

Rate

China 77 130 200 279 4.3%
India 44 68 107 158 4.3%
Indonesia 21 32 45 59 3.4%
Total 142 230 352 496 4.2%

a In million tonnes oil equivalent.

b Sources: International Energy Agency 2002 and personal communication 
with M Walsh, 10/01.
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middle-income or high-income Asian cities (ie, Bangkok,
Busan, Hong Kong, and Seoul). PM10 levels in the cleanest
locales (eg, Singapore) are about the same as those in rela-
tively polluted cities in developed regions (Air Pollution
in Megacities of Asia 2002).

SO2 is mainly emitted during combustion of fuel con-
taining sulfur and during metal smelting and other indus-
trial processes. SO2 is also a major precursor of fine
particles (PM2.5) formed in the atmosphere. Annual mean

concentrations of SO2 do not generally exceed the SO2
guideline of 50 µg/m3 (WHO 1999), except in some Chi-
nese cities (ie, Chongqing) (Figure 10). In many Chinese
cities, coal burning is the major power source for domestic
heating and industrial processes. It contributes consider-
ably to urban air pollution, resulting in much higher SO2
levels in China than in other Asian countries. However, in
recent years, conversion from coal to natural gas and
increasing use of low-sulfur coal has resulted in decreasing
SO2 levels. Mean SO2 levels in 47 major Chinese cities
have declined 5% to 10% annually between 1998 and
2002, dropping to 47 µg/m3 by 2002 (China State Environ-
mental Protection Administration 2002).

Major sources of NO2 are high-temperature combustion
processes (such as those occurring in automobiles and
power plants). In Asia, however, vehicular traffic is the
main source of urban ambient NO2 (Air Pollution in Mega-
cities of Asia 2002). Annual mean concentrations of NO2
exceed the WHO guideline of 40 µg/m3 (WHO 1999) in a
number of Asian cities (Figure 10). Some cities in which
vehicular traffic has been increasing over the past decade
(eg, Shanghai, Seoul) are experiencing especially elevated
and increasing levels of NO2; maintaining NO2 concentra-
tions even at current levels will be difficult in the face of
rapid increases in total energy consumption, vehicle num-
bers, and vehicle-miles traveled. Increasing NO2 concen-
trations combined with high levels of ultraviolet radiation
are also expected to contribute to increasing ambient
levels of photochemical air pollutants such as O3.

Figure 9. Car ownership by per capita PPP. PPP = purchasing power
parity = GDP adjusted by local prices and normalized to US conditions.
Data from Schipper et al 2000. Both axes use log scales.

Figure 10. Annual mean concentrations of pollutants compared with their guidelines and standards in Asian cities, 2000 and 2001. Data from Air Pol-
lution in Megacities of Asia 2004. 
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Outdoor ambient air pollution levels vary widely across
Asia, largely as a function of development. The specific cases
of Delhi, Beijing, and Hong Kong illustrate this variation.

Delhi 

Delhi is one of the most populated and polluted cities in
world. Levels of TSP and RSP (respirable suspended
particulates, equivalent to PM10) exceed Indian standards at
most monitoring sites in Delhi (Central Pollution Control
Board 2003, 2004). Particulate emissions mostly come from
combustion in a variety of human activities: emissions from
motor vehicles, small-scale industry, coal combustion,
refuse burning, and domestic sources. Annual mean levels
of TSP remained relatively stable between 1991 and 2001:
about 360 µg/m3 in residential areas (Figure 11). The annual
mean level of RSP reached 170 µg/m3 in 2003 (Central
Pollution Control Board 2003). In 2001, however, SO2 and
NO2 levels were generally found to be within WHO 1999
guidelines (Figure 11). Various actions have recently been
taken to address air pollution problems in Delhi, including
tightening limits on vehicular emissions, switching to
cleaner fuels,  phasing out old motor vehicles and
maintaining those in use, and closing or relocating
industries that pollute or that operate in nonconforming
areas. As a result, SO2 and lead levels in outdoor air have
been decreasing, although the particulate levels remain high.

Beijing 

As of 2002 in Beijing, the main air pollutants were TSP,
PM10, SO2, and NOx. Levels of TSP and PM10 are very high,
primarily as a result of increased construction activity and
meteorologic events, such as sandstorms (Beijing Environ-
mental Protection Bureau 2004). Annual mean levels of TSP
and PM10 were relatively stable between 1999 and 2002:
370 µg/m3 and 160 µg/m3, respectively (Figure 12). SO2

concentrations in Beijing rapidly increased in the early
1990s mainly because of industrialization, urbanization,
and increased domestic coal consumption. Annual mean
SO2 levels decreased 44% from 120 µg/m3 in 1998 to
67 µg/m3 in 2002, however, as a result of switching to
cleaner fuel and implementing control measures to reduce
industrial emissions. Increasing numbers of motor vehicles
and relatively slow increases in transportation infrastruc-
ture have resulted in annual mean levels of NO2 that
remained fixed at a relatively high level: about 75 µg/m3

between 1999 and 2002. Recent actions that restrict vehicle
emissions and phase out older vehicles are expected to fur-
ther reduce NO2 emissions from individual vehicles, even
as the number of vehicles continues to grow rapidly.

Hong Kong

Hong Kong is one of the largest commercial centers and
one of the largest developed cities in Asia. Major air
pollution from mobile emissions, particularly diesel
emissions, has resulted in relatively high levels of PM10 and
NO2 in Hong Kong compared with other developed Asian
cities (Hong Kong Environmental Protection Department
2004; sidebar 1). Annual mean RSP levels for Hong Kong as
a whole have remained below the Hong Kong Air Quality
Objective (HKAQO) of 55 µg/m3 for RSP since 1996,
although the HKAQOs are exceeded in some districts.
Ambient NO2 levels have also remained consistently
between 40 and 60 µg/m3 in the last decade, but levels along
busy roads often exceed the HKAQO of 80 µg/m3 for NO2.
Annual mean SO2 levels have been greatly reduced since
high sulfur fuels were banned in Hong Kong in the early
1990s; they are now well below the HKAQO. Whereas other
pollutants remain controlled in Hong Kong, annual mean
O3 levels increased more than 80% over the past decade
and reached 35 µg/m3 in 2002. O3 levels are higher in Hong
Kong and other subtropical and tropical areas in the cool
season when cloud cover is less than in the warm

Figure 11. Annual mean concentrations of pollutants in residential areas
of Delhi. Data from Central Pollution Control Board 2004. 

Figure 12.  Annual mean concentration of pollutants in Beijing. Data
from Beijing Environmental Protection Bureau 2004.
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(monsoon) season. The converse tends to be true in temp-
erate climates like that in London, which was the subject of a
comparative health effects study with Hong Kong (Wong et
al 2002a). Transboundary pollution from mainland China
(including sulfate fine particles from SO2 emitted when coal
is burned) also adversely influences local air quality during
the winter months when north winds prevail.

Air pollution in Asian cities is closely tied to levels and
trends in economic and social development. In addition to
rapidly increasing industrialization, urbanization, popula-
tion growth, and demand for transportation in most Asian
cities, meteorologic conditions also contribute to high levels
of air pollution in most South and Southeast Asian cities.
Although governments have acted through legislative mea-
sures and other policies and programs to reduce emissions
and control pollution, continuing improvement in urban air
quality will require sustained, long-term efforts to keep pace
with the rapid urban growth and development.

INDOOR AIR POLLUTION

Indoor air pollution is a serious concern in the developing
countries of Asia, where 60% to 80% of households rely on
solid biomass fuels for cooking and other needs (WHO
2002). These fuels are usually burned in low-efficiency,
unvented traditional devices, resulting in high levels of
indoor air pollution. Women and children incur the greatest
exposures because they spend the most time indoors
working with or near combustion sources. Although some
households have recently shifted to cleaner gaseous fuels,
the shift has been slow and largely confined to high- and
middle-income families.

Most studies of indoor air pollution levels have been car-
ried out in rural households. The results available for urban
households are nevertheless striking (Table 7). Even fewer
studies have estimated daily exposure to indoor air pollu-
tion in developing cities in Asia; results for two such cities
are presented in Table 8. 

The complexity of indoor air pollution sources is evident
in Table 9, which summarizes the major pollutant and
source categories identified in previous research. Combus-
tion of household fuels for heating and cooking is respon-
sible for many of the pollutants emitted indoors. Because of
its high emission per unit fuel, household fuel combustion
causes most indoor air pollution in poor areas. This situation
is true in both rural developing areas, where solid fuels (such
as biomass [wood, crop residues, and dung] and coal) are
commonly used, and in the poorest parts of Asian cities, the
slums. Because some three quarters of households use solid
fuels in Asia, this source is probably the major contributor to
total exposure to combustion-related pollutants.7

The other forms of indoor air pollution listed in Table 9
are also undoubtedly important in many Asian households,
but no systematic exposure estimates for them are currently
available. With development, however, more and more
indoor air pollution is caused by environmental tobacco
smoke, volatile organic compounds, and other more
modern pollutant sources (although household fuel com-
bustion remains an issue with more modern fuels, such as
kerosene and natural gas). As in the West, studies in Asian
cities such as Hong Kong report acute effects of exposure to

Table 7. Indoor Particulate Concentrations from Burning 
of Solid Fuel in Urban Areas

Location Fuel
Particulate Type, 

Concentration (µg/m3)a

Chinab

Shanghai Coal RSP, 500–1000
Beijing Coal RSP, 17–1100
Shenyang Coal RSP, 125–270
Taiyuan Coal RSP, 300–1000
Harbin Coal RSP, 390–610
Guangzhou Coal RSP, 460
Chengde Coal RSP, 270–700

India
Urban slumsc Biomass RSP, 400–520
Urbanc Biomass RSP, 2860
Delhid Wood RSP, 1370
Punee Wood RSP, 1100
Ahmedabadf Cattle dung TSP, 3470

Wood TSP, 2630
Coal TSP, 1190
Kerosene TSP, 520
Gas TSP, 500

Philippinesg

Manila Biomass RSP, 70–800

Bangladeshh

Urban slums, 
Dhaka

Biomass TSP, 4445–9455

a Average concentration over cooking period (typically 2–4 hours).

b Source: WHO 1997.

c Source: Smith 1996.

d Source: Saksena et al 2003.

e Source: Smith et al 1994.

f Source: Raiyani et al 1993.

g Source: Guha-Sapir 1996.

h Source: Dana 2002.
7.   Databases of all published household indoor air pollution studies are
available at http://ehs.sph.berkeley.edu/krsmith/.
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Table 9. Major Indoor Sources of Health-Damaging Air Pollutantsa

Pollutant Major Indoor Sources

Fine particlesb Fuel or tobacco combustion, cleaning, cooking
CO Fuel or tobacco combustion
PAHs Fuel or tobacco combustion, cooking

NOx Fuel combustion
SOx Coal combustion
As & Fl Coal combustion

Volatile & semivolatile 
organic compounds

Fuel or tobacco combustion, consumer products, furnishings, construction 
materials, cooking

Aldehydes Fuel or tobacco combustion, furnishings, construction materials, cooking
Pesticides Consumer products, dust from outside

Asbestos Remodeling or demolition of construction materials
Pbc Remodeling or demolition of painted surfaces
Biological pollutants Moist areas, ventilation systems, furnishings

Radon Soil under building, construction materials
Free radicals, other short-lived, 
highly reactive compounds

Indoor chemistry (interaction of pollutants from indoor and outdoor sources)

a Source: Zhang and Smith 2003.

b Incense sticks and mosquito coils are important sources in some areas as well.

c Lead-containing dust from deteriorating paint is an important indoor pollutant for occupants in many households, but the most critical exposure pathways 
for lead are not usually via air.

environmental tobacco smoke (Lam et al 2000; McGhee et
al 2002). Because household conditions (including ventila-
tion) vary dramatically by income, culture, and climate,
however, generalizing about emissions trends in the absence
of field surveys is difficult. Few data are available for indoor
air pollution conditions in schools, occupational settings
(especially the so-called informal sector that is so important
in poor countries), public buildings, motor vehicles used for
transport, and other nonhousehold indoor locations where
people spend much time.

Epidemiologic studies show that smoke from indoor
cooking fires affects a number of health outcomes (Table
10). The three with the largest and most consistent bodies
of evidence are acute lower respiratory infections in chil-
dren under five years and COPD and lung cancer in adults
over 15 years (the latter from exposure to coal smoke only)
(Smith et al 2004).

EXPOSURE

Several aspects of exposure to outdoor air pollution in
Asian cities may be particularly relevant to the design, con-
duct, and interpretation of epidemiologic studies. 

High levels of emissions from solid fuels in simple
stoves creates not only high indoor pollution levels but, in
dense communities with many stoves in use, also consider-
able local, or neighborhood, outdoor air pollution levels.
Urban ambient pollution monitors do not usually fully
capture these neighborhood hotspots. Thus, when they are
common, the monitors may substantially underestimate
true exposure to ambient air pollution. 

Figure 13 shows the large neighborhood effect of solid
fuel use in an Indian city. Note in addition the high
exposures from solid-fuel (biomass) use compared with
LPG or kerosene use. Because of differences in usage

Table 8. Estimated Dailya Exposures to PM10 (mg/m3) 
from Burning of Cooking Fuelsb

Fuel Pune, India Beijing, China

Biomass 0.71–1.08
Coalc 0.10–0.15
Kerosene 0.1–0.15
LPG 0.02 0.06
National ambient standard 
(for residential areas)

0.10 0.15

a 24 hour.

b Source: Smith et al 1994.

c Burned in vented stove.
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patterns and dependence on weather, neighborhood
pollution may vary differently over time than the citywide
pollution measured by the urban monitoring network does.

The marked gradient of local, regional, and roadside
levels of air pollution also should be considered in risk
assessments in Asian cities. More and more, dense popula-
tions in developing conurbations live or work at the road-
side. Simultaneously, roadside air pollution levels appear
to be increasing. In Hong Kong, for example, roadside
levels of RSP, NOx, and NO2 are very high relative to
ambient levels (see sidebar 1). 

The possible effects of such gradients on epidemiologic
risk estimates have been recently observed in a European
cohort study. Hoek and colleagues (2002) found that mor-
tality from cardiopulmonary diseases was affected more
by air pollution in proximity to major roads than by
urban and regional air pollution. Recent health impact
assessments have used risk estimates based on measure-
ments from central monitors only; these assessments may
therefore underestimate the burden of disease due to air
pollution (Cohen et al 2004).

The relation between what ambient monitors measure
and what people actually breathe may therefore be quite
different in cities with such pollutant gradients than in
developed cities, which tend to have smaller neighbor-
hood effects. The difference depends on the pollutant, of
course; it is less of an issue with secondary pollutants such
as O3 or sulfate particles.

Some 25% to 50% of people in developing Asian cities
are estimated to live in slums, defined as poor urban com-
munities that lack complete access to city services like
piped water and sanitation. Many slum households rely on
solid fuels for cooking, which may expose residents to
high levels of indoor pollution. In many cities, even non-
slum households rely to some extent on solid fuels,
although most use LPG, kerosene, or (increasingly in
China) natural gas. 

In India, for example, the recent national census indicated
that about 31% of all urban households rely on solid fuels
whereas 91% of all rural households do (Registrar General
and Census Commissioner 2001). Asia-wide estimates of

Table 10. Health Risks of Household Exposure to Solid-Fuel Smoke

Health Outcome Population Affected
Relative Riska

(95% CI) Evidence

COPDb Females � 30 years 3.2 (2.3,4.8)c Strong
Males  � 30 years 1.8 (1.0,3.2)c Strong

Acute lower respiratory infectionsb Children < 5 years 2.3 (1.9,2.7)c Strong
Lung cancerb,d Females  � 30 years 1.9 (1.1,3.5)c Strong

Males  � 30 years 1.5 (1.0,2.5)c Strong
Blindness (cataracts)e Females � 15 years 1.3–1.6f Intermediate
Tuberculosise Females > 15 years 1.5–3.0f Intermediate
Asthmae Females > 15 years 1.4–2.5f Intermediate

a Relative risk based on binary classifications for exposure to indoor air pollution from cooking with solid fuels.

b Data from meta-analyses from WHO Comparative Risk Assessment (Smith et al 2004).

c Point and interval estimates for summary relative risks. See source for details.

d From exposure to coal smoke only.

e Data from Smith 2000.

f Range of reported relative risk estimates. See source for details.

Figure 13. Exposures to indoor and neighborhood pollution from burning
of household fuel in three communities of Pune, India. The three were in
the same part of the city (and would have been accorded the same ambient
pollution level by the nearest monitor). Data from Smith et al 1994.
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solid-fuel use in urban areas in combination with the
conservative assumption that all rural households use solid
fuels suggest that about one third of Asian households use
solid fuels (with considerable variation by region). 

Although to our knowledge no large-scale systematic
surveys have been conducted, anecdotal accounts suggest
that slum communities tend to be located in areas with the
most ambient pollution (eg, near industries or heavily traf-
ficked roads). This suggestion has implications for epide-
miologic studies, such as the possibility that the effects of
poverty will be confused (confounded) with the effects of
air pollution. High household use of solid fuels in these
slum communities is a further complication. (Occupa-
tional exposures, particularly in the informal sector
[which tends to be concentrated in poor areas], may also
complicate interpretation of outdoor epidemiologic data.)

EXPOSURE–RESPONSE RELATIONS

The issues discussed above may have implications for
estimation of the exposure–response relation between out-
door air pollution and health and should be considered
when interpreting epidemiologic studies.

In most cities worldwide, even those with high levels of
outdoor air pollution, total exposures to air pollution are
influenced strongly by indoor pollution sources. Indoor
sources such as the combustion of fuels for cooking and
heating, tobacco smoking, and cleaning products probably
account for the majority of total exposures to some impor-
tant pollutants. Although changes in outdoor air pollution
levels often correlate well with changes in total exposure,
absolute exposures (which also depend on indoor and
other nearby sources) are not necessarily well predicted by
outdoor levels. To the extent that one is interested in esti-
mating the effect of exposure to air pollution from outdoor
sources this may not pose a problem, as we discuss below.
If, however, one is interested in estimating the effects of
total exposure to a pollutant such as PM, which has both
outdoor and indoor sources, some measure of total expo-
sure is needed along with source apportionment informa-
tion to effectively target future interventions.

The temporal pattern of exposure to pollutants such as
PM from indoor sources, however, appears to be quite dif-
ferent than that of outdoor sources. Specifically, short-term
temporal variation in exposure to air pollution from out-
door sources on the order of hours and days (ie, the tem-
poral frequency that is of interest in daily times-series
studies) is not well correlated with exposure to air pollu-
tion from indoor sources, at least in developed countries
(eg, Janssen et al 1999). This may be true as well in the
developing cities of Asia. Tsai and colleagues (2000)
observed that total particle exposures inside some

Bangkok homes were less than those outdoors because
penetration rates were less than 1.0 and indoor sources
were few. In other homes, however, total exposures were
much greater than those nearby outdoors. Except as noted
above, these results imply that exposure to indoor air pol-
lution need not be taken explicitly into account when esti-
mating the effects of short-term exposure to air pollution
from outdoor sources in daily time-series studies in Asian
cities, although more study is needed. The same conclu-
sion does not necessarily apply to studies of the chronic
effects of long-term exposure to outdoor air pollution, in
which long-term mean exposure to indoor and outdoor air
pollution may be well correlated. 

Epidemiologic studies of outdoor air pollution in devel-
oped countries have generally not considered indoor
sources and total exposures. Although it is tempting to
follow the same course in studies in the developing coun-
tries of Asia, differences in relations between indoor and
outdoor sources and even larger differences between poor
neighborhoods in developing and developed cities raise
questions that should be addressed. For example, resi-
dents of slum households, who tend to have more health
problems due to poverty, might also experience higher out-
door exposures because they live in slums. In such cases,
the effect of poverty on health could be confused with
(confounded by) the effect of air pollution. Exposures to
indoor air pollution or other factors associated with pov-
erty may increase the risk of adverse effects of exposure to
outdoor air pollution by increasing the susceptibility of
the poor. Studies of both short-term and long-term expo-
sure should therefore consider the interaction of poverty-
related factors and exposure to outdoor air pollution. 

Movement up the exposure–response curve to a non-
linear region could affect interpretation because of a high
exposure background due to indoor or neighborhood
effects. Variation in exposure to city-wide pollution may
occur exclusively within higher ranges of the exposure–
response curve where, some believe, different mathemat-
ical models fit better than at the low end.

AIR QUALITY POLICY

AWARENESS AND PROGRESS

Countries throughout Asia have taken action to address
air pollution over the past decade. This action was
prompted by the development of monitoring systems that
document air pollution levels (although with widely
varying comprehensiveness and sophistication) and
growing public awareness of the high levels of air pollution
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experienced in everyday life, especially in congested cities.
Many Asian countries have now adopted National Ambient
Air Quality Standards, usually based on WHO guidelines or
standards adopted in Europe or the United States. 

Some countries have also begun to reduce emissions from
specific sources, most notably motor vehicles, industries,
and electricity-generating facilities (see www.cleanairnet
.org/caiasia/1412/channel.html). For example, many
Asian countries now require that new automobiles sold in
their countries meet minimum standards equivalent to
Euro 1 standards; several countries also require or are
planning to require compliance with more advanced Euro-
pean standards (Figure 14). In recent years, these efforts
have been augmented by the formation of the Clean Air
Initiative for Asian Cities (CAI-Asia), which was organized
(with assistance from the Asian Development Bank and

the World Bank) to promote sharing of technical advice
among regulatory agencies, industries, nongovernmental
organizations, and other key stakeholders in Asia.

These actions have resulted in measurable declines in
the levels of some pollutants. In countries that have
removed lead from gasoline, exposures to lead and blood
lead levels in children and other exposed groups have
declined markedly (eg, Vichit-Vadakan 2003). In many
areas, efforts to control sulfur levels in fuel and to reduce
emissions from coal-burning industries and electricity-
generating facilities have resulted in even longer-term
reductions in ambient SO2 levels (Hedley et al 2002). And
in some locations (eg, Hong Kong and Bangkok), compre-
hensive programs targeting motor vehicles and other
sources have resulted in substantial reductions in levels of
several pollutants that were historically very high.

Figure 14. Timetable for automobile emissions standards in Asia.  European Union (top row) provided for comparison. Asian countries have largely
adopted versions of European standards for automobile emissions, which include Euro 1 (the first requirements for catalytic converters in the late 1980s)
through Euro 4 (more sophisticated controls required for all new vehicles sold in 2005 and beyond). Source: M Walsh, personal communication, 11/03.
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CONTINUING CHALLENGES

Despite this progress, however, significant challenges to
improving air quality in Asia remain. 

Although standards for new sources of air pollution
(especially motor vehicles) have been tightened, a substan-
tial number of older, high-emitting motor vehicles and fac-
tories are still operating in most of Asia. Addressing these
existing sources will require extensive interventions: main-
tenance and inspection programs, enhanced fuels to reduce
emissions, retrofitting of control technology, and use of
alternative fuels and technology (eg, clean natural gas).

In addition to more common mobile and stationary
sources, Asian cities face a wide array of diffuse, difficult-
to-control sources (eg, open burning, ambient emissions
from low-quality indoor fuels, and large numbers of
uncontrolled small business and industries).

Rapid economic development and increased numbers of
motor vehicles on the road could offset in whole or in part
the reductions in air pollution emissions gained by recently
adopted control measures.

FUTURE DIRECTIONS

To date, the decision to take action to improve air quality
in Asia have been driven by a number of factors: (1) growing
public awareness of (and negative reaction to) very high,
visible levels of pollution; (2) understanding of the health
effects of air pollution derived from European and North
American studies (most notably the WHO’s Air Quality
Guidelines [WHO 2000a] based on that literature); and (3) a
small but growing number of local health studies conducted
in Asian cities that have documented health effects of air
pollution. In a few instances, action has also been spurred
by concern over air pollution’s effect on historical monu-
ments (eg, the Taj Mahal in Agra, India) and visibility.

Actions have for the most part been taken by legislatures
and regulatory agencies in Asia on the basis of reviews of
existing information and technologies. The most notable
progress in this regard has been (in some countries) the
removal of lead from gasoline and the adoption of increas-
ingly stringent emissions standards for new automobiles. 

The speed and strength of such actions has, however,
been lessened by several factors: the need of Asian
governments to focus on a wide variety of other challenges
(including other environmental public health challenges
such as waterborne diseases); the perceived conflict
between objectives for economic growth and potential costs
of environmental actions; and a reluctance to extrapolate

from studies conducted in Western countries probable
health effects of air pollution in Asia. In some cases
(especially recently in India), frustration with this slow
pace has led to intervention by the courts, which have given
direct orders to take action (eg, to ban the driving of older
motor vehicles and to require conversions to cleaner,
alternative fuels).

Despite these challenges, several Asian cities have made
substantial progress in implementing new measures, most
often when those activities were informed by targeted
efforts to document the local health consequences of air pol-
lution and to estimate the economic impact. For example,
air quality agencies in both Thailand and Hong Kong have
sponsored health studies and economic analyses by local
scientists; these studies have provided some rationale for
substantial interventions to improve industrial fuel quality,
vehicle emission standards, and other actions. As a result,
both Bangkok and Hong Kong have been among the leaders
in Asia in implementing comprehensive air quality manage-
ment programs.

Over the past several years, other efforts have been
undertaken to better quantify the impact of air pollution
on health and the economy both in Asia and around the
world. As part of its Integrated Environmental Strategies
program, the EPA has worked with investigators in
Shanghai, China; Hyderabad, India; Manila, Philippines,
and others to conduct systematic analyses of the health
and economic consequences of alternative energy and air
pollution control policies (www.nrel.gov/environment/
environmental_strategies.html). 

These EPA analyses have attempted to use local health
studies (eg, the meta-analysis of Chinese studies cited in
sidebar 5) to estimate the health impact of air pollution. In
many cases, however, the absence of local data has neces-
sitated the extrapolation to Asian populations of effect
estimates from North American and European studies. In
2002, the WHO also published the results of its Global
Burden of Disease project (WHO 2002). WHO estimates
that in 2000 Asian urban air pollution was responsible for
approximately 520,000 premature deaths (sidebar 3).
Although the analysis was conducted carefully, it also
relied on US data and modeled rather than measured air
pollution levels in order to achieve a consistent set of anal-
yses across all countries.

Substantial improvement of local studies of the health
effects of air pollution will be an important contribution to
all future analyses of the health and economic conse-
quences of actions to improve air quality.
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Estimated Burdens of Disease Due to Air Pollution in Developing Asiaa

East
Asia

Southeast
Asia

South
Asia

Asian
Total

Population (millions) 1533 294 1242 3069
Percent living in rural areas 65% 64% 72% 68%
Percent of households using solid fuels 78% 66% 83% 79%
Estimated urban mean PM2.5 concentration (µg/m3) 42 47 38 41

Household air pollution
Deaths (thousands) 503 37 522 1082
% Total DALYs 2.5% 1.6% 4.0% 3.2%

Workplace air pollution
Deaths (thousands) 176 13 47 236
% Total DALYs 0.90% 0.30% 0.20% 0.47%

Airborne lead air pollution
Deaths (thousands) 31 9 57 97
% Total DALYs 1.1% 1.2% 0.75% 0.9%

Urban outdoor air pollution
Deaths (thousands) 355 32 132 519
% Total DALYs 1.4% 0.55% 0.42% 0.8%

Total deaths (thousands)b 1065 91 758 1934
% Total DALYsb 5.9% 3.7% 5.4% 5.4%

a East Asia (called Western Pacific B by WHO) includes China, Vietnam, South Korea, Mongolia, Cambodia, Malaysia, Laos, and the Pacific Island 
states. Southeast Asia (called Southeast Asia B by WHO) includes Indonesia, Thailand, and Sri Lanka. South Asia (called Southeast Asia D by WHO) 
includes India, Bangladesh, Myanmar, Nepal, Maldives, Bhutan, and North Korea. The first country listed in each region is the most influential with 
regard to regional burden estimates. China, Indonesia, and India make up 83% of the population in these regions and about 42% of the global 
population. The second countries listed, which have some economic and cultural similarities to the first, bring the total percentages to 92% and 
47%, respectively.

b Double counting is possible when adding impacts from CRA categories calculated separately. Here, however, the degree of potential overlap seems 
minimal.

Continued

SIDEBAR 3. COMPARATIVE RISK ASSESSMENT USING THE WHO GLOBAL BURDEN OF 
DISEASE DATABASE 

In 2000 the WHO initiated as part of its ongoing Global Burden of Dis-
ease project the largest CRA exercise ever attempted. The burden of
disease in terms of deaths and DALYs was estimated for 26 major risk
factors by age, sex, disease, and 14 world regions. The burden of disease
attributable to urban outdoor air pollution and indoor air pollution was
estimated along with the burden of other environmental factors such as
water quality and climate change. More than 100 researchers from 30
different institutions were involved, along with some 200 peer
reviewers. Under the principle of consensual discipline, the groups
charged with generating estimates for each risk factor agreed on min-
imal standards of quality and quantity of evidence. The final estimates
reflect this self-imposed discipline and the rigor imposed by extensive
blind peer review and strong editorial management. 

Unlike previous single-factor risk assessments, which have normally
been conducted in isolation, the WHO CRA is the first assessment with
results that are coherent and reasonably comparable across factors. This
comparability is further enhanced by use of the same international data-
base of mortality and morbidity for the year 2000 (www3.who.int/
whosis/menu.cfm?path=whosis,burden,burden_estimates&language=english)
based on the Global Burden of Disease Database (Murray and Lopez

1996). The summary results of the CRA were released in the World
Health Report (WHO 2002) and published in The Lancet (Ezzati et al
2002); detailed descriptions of the methods and results are in press
(Ezzati et al 2004).

Urban Outdoor Air Pollution

In order to provide comparable estimates of exposure to outdoor air
pollution for all 14 WHO regions, models developed by the World Bank
were used to estimate concentrations of inhalable particles (PM10). Spe-
cifically, economic, meteorologic and demographic data and available PM
measurements in 304 cities were used to estimate PM10 levels in all 3211
cities worldwide with populations greater than 100,000 and capital
cities. To allow the most appropriate epidemiologic studies to be used
for burden estimation, the PM10 estimates were converted to estimates
of fine particles (PM2.5) using available information on geographic varia-
tion in the PM2.5/PM10 ratio. Population-weighted regional annual means
for each PM2.5 and PM10 estimate were obtained using the city’s popula-
tion in the year 2000. The estimated mean PM2.5 levels in three regions
of developing Asia are shown in the table.
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Burden estimates were based on the contributions of three health
outcomes: mortality from cardiopulmonary causes in adults, mortality
from lung cancer, and mortality from acute respiratory infections in
children from 0 to 5 years of age. Attributable numbers of deaths and
years of life lost for adults and children (< 5 years) were estimated
using risk coefficients from a large US cohort study of adults (Pope et
al 2002) and a meta-analysis summary of five time-series studies of
mortality in children, respectively. Base-case estimates were calculated
with an assumption that the risk of death increases linearly over a
range of annual mean concentrations of PM2.5 between a counterfac-
tual value (or theoretical minimum) level of 7.5 and 50 µg/m3.

The results indicate that the impact of outdoor air pollution on the
burden of disease in the world’s cities is large, but an assessment of
sources of uncertainty suggests that the impact is actually underesti-
mated. Variation in the estimates is also considerable among the 14
WHO regions, with the greatest burden occurring (not surprisingly) in
the more-polluted and rapidly growing cities of the developing world.
Outdoor PM air pollution is estimated to be responsible for about 3%
of adult cardiopulmonary disease mortality; about 5% of trachea, bron-
chus, and lung cancer mortality; and about 1% of mortality in children
from acute respiratory infection in urban areas worldwide. This
amounts to about 0.80 million (1.2%) premature deaths and 6.4 million
(0.5%) lost life years. This burden occurs predominantly in developing
countries; developing Asia is estimated to contribute approximately
two thirds of the global burden. 

The statistical uncertainty of the base-case estimates was quantified
by estimating the joint uncertainty in the estimates of annual mean
concentration and the estimates of the relative risks. The worldwide
and most regional estimates varied by less than twofold (50% uncer-
tainty interval). Model uncertainty due to assumptions about the shape
of the concentration–response function, the choice of counterfactual
level for PM, and other factors was assessed in sensitivity analyses. For
the most part, the worldwide estimates in each sensitivity case are
within the 50% uncertainty intervals for the base-case estimates. The
sensitivity analyses indicate that base-case estimates were most sensi-
tive to the choice of concentration–response function and theoretical
minimum level (Cohen et al 2004).

Indoor Air Pollution

Much human exposure to most types of outdoor pollution probably
occurs indoors, where people (particularly city dwellers) spend the
most time. Thus, indoor air pollution is even more complex than out-
door because it reflects penetration indoors of pollutants from out-
door sources as well as considerable concentrations of pollutants from
indoor sources. Because indoor exposure to outdoor pollution
sources has been addressed in the urban outdoor air pollution CRA
(Cohen et al 2004), the indoor air pollution CRA reflects the health
impact of exposures from indoor sources, not the total impact of
indoor exposures. 

The WHO CRA required that considerable information be available
in the peer-reviewed literature about exposures across the world as
well as health risks (exposure–response estimates from epidemiologic
studies). At the time, this information was fully available for only one

category of indoor air pollution: pollutants from combustion of house-
hold fuels for heating and cooking.† In general, because of the large
emission factors per unit fuel, indoor air pollution is dominated by
household fuel combustion in poor areas (including most of rural
developing Asia), where solid fuels (such as biomass [wood, crop resi-
dues, and dung] and coal) dominate household fuel use. Such fuels are
also still important in the poorest parts of Asian cities (the slums).
Because some three-quarters of households use such fuels in Asia, this
source probably dominates total exposure of combustion-related pol-
lutants from all sources. 

One important nonresidential indoor setting was characterized in
the WHO CRA, however: industrial workplaces. These included orga-
nized workplaces only, however; not the so-called informal sector so
important in poor countries. The calculated burden included occupa-
tional disease from exposure to airborne particulates and carcinogens
(WHO 2002).

Although some epidemiologic studies show an effect of indoor cook-
fire smoke on a number of health endpoints (including adverse preg-
nancy outcomes, asthma, and tuberculosis) (Smith et al 2004), the
burden estimates considered the contribution from only the three with
the largest and most consistent databases: acute lower respiratory
infections in children less than five years of age, COPD, and lung cancer
(from coal use only) (Smith et al 2004). The simple binary exposure
measure used in the majority of the epidemiologic studies was use of
solid or nonsolid fuels for cooking or space heating. Thus, a model was
developed to estimate this parameter globally for all countries on the
basis of existing survey data for about 50 countries. Some two dozen
demographic, economic, and energy variables were used at first, but the
final model was sufficiently good with just four: gross national product
per capita, percent of the population living in rural areas, petroleum
consumption per capita, and eastern Mediterranean location. The table
shows the results for the three regions of developing Asia.

The results of the CRAs for indoor, outdoor, and workplace air pol-
lution for the three regions of developing Asia are shown in the table.‡
Also included are the effects of lead pollution, assuming it is all air-
borne. Shown first are the exposure levels considered for indoor and
outdoor air pollution: the fraction of households using solid fuels and
the estimated mean annual PM2.5 level in cities. The burden of disease
is shown in terms of premature deaths as well as the percent of each
region’s total burden of disease as measured in DALYs. The sum comes
to about 1.9 million premature deaths annually, about 5.4% of the total
disease burden in the three regions in terms of DALYs. This burden is
quite noteworthy: it is, for example, half again as much as that of
tobacco and twice that of unsafe sex (due to acquired immunodefi-
ciency syndrome and other risks) (WHO 2002).

† Lead exposures, which are caused by both indoor and outdoor sources, were
the subject of a separate CRA (Fewtrell et al 2004). A number of exposure–
response studies have been published related to environmental tobacco smoke
and radon in a limited number of predominantly Western countries, but although
exposures to these pollutants are also known for other locales, it is not possible
to estimate global CRA values. These two additional sources would likely add
5%–15% to the totals for household indoor air pollution globally.
‡ WHO also estimated the risks from other workplace exposures (noise, ergo-
nomics, and injuries) but these are not included here.



  43

Literature Review

LITERATURE SEARCH AND DESCRIPTION

The objective of this section is to describe epidemio-
logic studies of the health effects of air pollution in Asia.
For the purposes of this Special Report, we chose three
regions of Asia: East Asia, including China (mainland
China, Hong Kong, and Taipei,China), Japan, and South
Korea; South Asia, including India; and Southeast Asia,
including Indonesia and Thailand.

SEARCH METHODS

The first step in this literature review was to identify all
studies of populations in the Asian region. To this end, HEI
assembled a database comprising studies on the health
effects of outdoor air pollution in Asia published in the
peer-reviewed literature from 1980 through early 2003.
The databases of time-series studies (studies of the short-
term changes in population-based health indicators over
time) at St Georges Hospital Medical School were also
searched for relevant studies. From these two sources, a
common list of studies was compiled. 

At HEI, results of past searches of the published litera-
ture, in-house research files, and reference sections of pub-
lished papers were used as a starting point for the search for
epidemiologic time-series studies. In June 2003 and
December 2003, we performed structured literature
searches in PubMed (www.ncbi.nlm.nih.gov/entrez/query
.fcgi?db=PubMed), US National Library of Medicine
Gateway (http://gateway.nlm.nih.gov/gw/Cmd), and Med-
line (http://medlineplus.gov/) for all available years. 

The PubMed search used as keywords “(country/
region), health, air pollution,” or “(country/region), mor-
bidity, air pollution,” or “(country/region), mortality, air
pollution.” “(Country/region)” was substituted with each
of the following terms: Asia, China, Hong Kong, India,
Indonesia, Japan, South Korea, Malaysia, Philippines, Sin-
gapore, Thailand, Taiwan, and Vietnam. The Gateway
search used medical subject headings (MeSH) terms and
this search string: “Asia[mh], air pollution[mh], adverse
effects[sh], epidemiology[sh]”. The Medline search was
performed using the search string “*air pollutants, envi-
ronmental/ae[adverse effects].”

We also conducted limited searches of leading preven-
tive medicine and epidemiology journals in the Chinese-

language literature. These searches yielded more than 60
articles from mainland China and six from Taipei,China. A
similar search of the South Korean–language literature
yielded six papers. 

We also searched the St Georges Hospital Air Pollution
Epidemiology Database (APED)1, which contains details of
ecologic and panel time-series studies identified using sys-
tematic search methods of three on-line databases: Med-
line (http://medlineplus.gov/), Embase (www.embase
.com/), and Web of Science (www.isinet.com/products/
citation/wos/). We searched APED using the search string
“[(air pollution or pollution or smog or particle* or partic-
ulate* or ozone or black smoke or sulphate* or sulphur
dioxide* or nitric oxide* or nitrogen dioxide* or carbon
monoxide*) and (timeseries or time-series or time series or
daily) and (mortality or death* or dying or hospital admis-
sion* or admission* or emergency room or visit* or atten-
dance* or A and E or accident and emergency or general
pract* or physician* or consultation* or emergency
department*)]”. The string was refined during routine
database searches. Published and nonpublished reports
not in the peer-reviewed literature covered by the biblio-
graphic databases mentioned above were not searched.

Finally, we reviewed the results of these searches to
remove duplicates and articles not pertinent to the litera-
ture review. We removed articles published before 1980,
those concerning studies outside the target region (eg,
northern and west-central Asia), and those that did not
report original estimates of the health effects of outdoor air
pollution (eg, reviews, editorials, exposure measurement
studies, papers reporting only the effects of occupational
or indoor air pollution). 

The results of the searches at each institution were com-
bined. A full reference and abstract for each article were
downloaded from the source bibliographic databases into
Reference Manager (Professional Edition, version 10; ISI
ResearchSoft, Carlsbad CA).

SEARCH RESULTS

Our searches identified a total of 138 papers published
in the peer-reviewed literature published between 1980
and June 2003 that report original estimates of health

1.   The database and its methodology are described in greater detail in
Annex 2 of WHO 2003.
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effects of outdoor air pollution in Asia (see Appendices A
through H for a complete list with study details). The
studies cover 8 countries, mainly China (mainland China,
Hong Kong, and Taipei,China), with India, South Korea,
and Japan each contributing about 10% of the total (Figure
15). Most of the studies have been published in the past 10
years, a trend that is in keeping with the growth of the
Western literature over this period (Figure 16).

Most studies (118) estimated the health effects of exposure
to both PM and gaseous pollutants, whereas the remainder
estimated the effects of exposure to PM only (9) or gaseous
pollutants only (9). Most studies (115) also estimated the
effects of exposure to air pollution without differentiation by
source. The remainder estimated the effects of exposure from

stationary sources on the basis of residential proximity to
petrochemical or other industrial facilities (13), mobile
sources, for example on exposure to motor vehicle emissions
among people employed on or near busy roads (4), and
regional pollution from forest fires (6) (sidebar 4). 

Collectively, the studies examined health outcomes that
span the range of health effects recently identified as
adverse  by  the American Thoracic Society (2000)
(including mortality, respiratory symptoms, pulmonary
function, and adverse reproductive outcomes) (Table 11).
Several also examined biomarkers of exposure and inter-
mediate effects, including admission to the hospital. The
studies used a variety of designs (Table 12). Cross-sectional
studies (chiefly of respiratory symptoms and pulmonary
function) and time-series studies (including episode
studies) comprised nearly 70% of the total. 

We conducted a critical quantitative review of the time-
series studies of daily morbidity and mortality only, not of

Figure 15. Epidemiologic studies of air pollution in Asia published from
1980 to June 2003. Numbers in parentheses are total studies/time-series
studies conducted.

Figure 16. Number of publications of epidemiologic studies of air pollu-
tion in Asia by year. In 2003, published papers were collected only
through June.

Table 11. Health Outcomes in Epidemiologic Studies 
of Outdoor Air Pollution in Asia 1980–2003

Health Outcome
Number of 

Studies

Mortality 26
Hospital admissions, visits, discharges 17
Respiratory diseases, symptoms,
function, asthma

57

Biomarker 9
Pregnancy or birth outcomes 9
Lung cancer 10
Other 10

Total 138

Table 12. Designs Used in Epidemiologic Studies of Health 
Effects of Outdoor Air Pollution in Asia 1980–2003

Study Design Number of Studies

Cross section 48
Time seriesa 45
Cohort 14
Case control 8
Panel 7
Ecologic 9
Case crossover 3
Impact assessment 4

Total 138

a Includes episode studies.



45

HEI International Scientific Oversight Committee

Numbers of hospital visits for all respiratory conditions and
ambient concentrations of PM10 in Kuala Lumpur, Malaysia,
August–September 1997. Visit data were not available for some
days during each week. Data from Brauer 1997.

SIDEBAR 4. EFFECTS OF AIR POLLUTION FROM BIOMASS BURNING

The intentional burning of selected forest areas in Indonesia caused
massive forest fires that resulted in extremely high levels of particu-
late air pollution throughout Southeast Asia from roughly July to
December 1997 (Brauer and Hisham-Hashim 1998; Sastry 2002).
Although similar events had occurred in the region before (as well as
in Latin America), the so-called Southeast Asian Haze was largely
unprecedented in terms of the size and duration of the fires and
their effects on air quality. As much as 2% to 3% of Indonesia’s land
area may have been burned (Levine 1999); total particulate levels as
high as 930 µg/m3 were observed in neighboring Malaysia (Brauer
and Hisham-Hashim 1998). Only the advent of the monsoon season
finally quenched the fires. 

Studies of the health effects of this major air pollution episode
were conducted in several countries in the region, although reliable
estimates of preepisode rates of disease were lacking in some.
Increased hospital visits for respiratory disease were reported in
Malaysia (see figure) (WHO 1998; Brauer and Hisham-Hashim
1998), Singapore (Emmanuel 2000), and Indonesia (Aditama 2000).
Kunii and colleagues (2002) reported adverse effects on respiratory
function and self-reported respiratory symptoms. 

Perhaps the most detailed and sophisticated analysis was reported
by Sastry (2002), who evaluated the effects of the episode on mor-
tality in Kuala Lumpur, Malaysia. He reported that mortality from all
nontraumatic causes increased by approximately 19% for the entire
population after a high air pollution day (defined as a day where 24-
hour mean PM10 exceeded 210 µg/m3) after having controlled for
temperature, humidity, and long-term trends in population size and

mortality. Larger effects were estimated for older adults: 70%
increase in risk for adults 65 to 74 years. The increased mortality
associated with a high air pollution day persisted for days to weeks.

all 138 studies. On the basis of their reported results alone
(Appendices A–H), however, we found that most studies
conducted in Asia report estimates of increased risk or
prevalence associated with air pollution for a wide variety
of adverse health outcomes in adults and children (Amer-
ican Thoracic Society 2000). Given the wide diversity of
study designs and data sources, we did not attempt (with
the exception of the daily time-series studies) to assess the
quality of each of the individual studies in this Special
Report. In this initial review it was also not possible to
assess the likelihood that only, or predominantly, positive
studies had been published (ie, publication bias).

Effects of short-term and long-term exposure to outdoor
air pollution have been comprehensively assessed in few
Asian countries. The exception is China, where epidemio-
logic studies of both acute and chronic effects have been
conducted over the past 25 years. These studies, fre-
quently of populations exposed to very high levels of PM
and other pollutants, often estimate increased risk of car-
diovascular and respiratory disease associated with short-
term and long-term exposure (sidebar 5).

Time-series studies of the effects of short-term exposure
to air pollution, including studies of daily and monthly
morbidity and mortality and regional pollution episodes

(see time-series and episode studies in Appendices A–H),
comprised about one third (45/138) of all identified
studies. They have been conducted in 10 countries; most
in China (mainland China, Hong Kong, and Taipei,China)
and South Korea.

QUANTITATIVE ASSESSMENT OF DAILY 
TIME-SERIES STUDIES

Time-series studies have been conducted in a wide
range of cities and countries around the world using
broadly comparable methods of analysis and reporting of
results. The evidence they provide contributes to public-
policy decisions at national and international levels. The
contribution of the Asian literature to this international
body of evidence has not yet been critically evaluated.
Such an evaluation could enhance scientific under-
standing of the effects of short-term exposure and support
the development of sound public policy. 

This section presents results of the quantitative analysis
of the time-series studies of daily mortality and hospital
admissions. For this analysis we focus on a subset of the 45
Asian time-series and episode studies. First we review their
methodologic characteristics and quantitative results. Then
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SIDEBAR 5. AIR POLLUTION AND HEALTH EFFECTS IN MAINLAND CHINA

Historically, coal combustion has been a predominant source of air
pollution in large cities, but as the number of motor vehicles has
increased, motor-vehicle emissions contribute increasingly to urban
air pollution in many cities (Chen and Kan 2003). Although economic
development in China during the past decade has been remarkable,
emissions of SO2 and suspended particulate have remained relatively
stable, even decreased during the past several years (China State Envi-
ronmental Protection Administration 1990–1998). 

Ambient air pollution in China was severe in the 1980s. Annual mean
ambient levels of SO2 in Beijing were approximately 100 to 130 µg/m3

and TSP levels approximately 250 to 450 µg/m3 (WHO United Nations
Environment Programme 1992). In the late 1990s, annual mean levels of
TSP and SO2 were declining slowly in spite of rapid economic growth
(China State Environmental Protection Administration 1990–1998). For
example, from 1990 to 2000, annual gross domestic product in
Shanghai increased from 75,600 million to 455,100 million Chinese
yuan, whereas TSP levels decreased from 360 to 156 µg/m3 (a 67%
reduction) and SO2 levels decreased from 95 to 45 µg/m3 (a 53% reduc-
tion) (Shanghai Municipal Statistics Bureau 1991–1999). However, NOx
levels in ambient air increased from 65 to 90 µg/m3 due to fivefold
increase of total number of vehicles in Shanghai.

In areas where gas or hydroelectric power is not available, particu-
larly in small cities and the countryside, many people still use coal for
cooking and heating. Coal is generally burned in simple stoves that
often lack chimneys, resulting in TSP and SO2 concentrations indoors
that far exceed outdoor levels (as discussed elsewhere in this Special
Report).

Overview of Existing Studies

This Special Report has identified more than 30 studies of the health
effects of exposure to outdoor air pollution in mainland China pub-
lished between 1980 and 2003. These comprise chiefly time-series
studies of daily mortality and hospital admissions and cross-sectional
or follow-up studies of respiratory symptoms and pulmonary func-
tion. We provide a brief and selective discussion of this literature,
highlighting in particular some research that has been published only
in the Chinese-language literature. Our goal is to indicate the breadth
of the current literature.

Chinese scientists began studying problems related to air pollution
in the early 1950s. Studies conducted in Shenyang were primarily field
studies of severe air pollution due to industry emissions; TSP levels
sometimes reached nearly 1000 µg/m3. Later studies addressed the
distribution of pollutants over time and space, although the technical
know-how and monitoring equipment were limited. Since China
joined the United Nations Environment Programme Global Environ-
ment Monitoring System in the late 1980s, monitoring air pollutants
has become routine and reliable. Automatic, continuous air quality
monitoring is now available in many large cities. 

Today, studies of health endpoint and air pollution in China address
changes in morbidity and mortality from all causes and respiratory, car-
diovascular, and cerebrovascular disease, as well as the number of out-
patient and emergency room visits. Increase in respiratory and other
clinical symptoms and decrease in lung and immune functions are also
studied. Compared with air monitoring data, however, data on human
health effects are quite scarce. Scarcity of PM10 and PM2.5 data in most
cities further limits the interpretation of published studies. 

Lead levels in ambient air have been declining since leaded gasoline
was banned in 1997 in large Chinese cities. Unleaded gasoline became
available nationwide in 2000. Just one year later, average blood lead
levels in Shanghai children gradually decreased from 83 µg/dL to
80 µg/dL, and after two years, to 76 µg/dL (Yan et al 2002). 

Recently, interest has grown in the impact of air pollution on human
health and sustainable development, leading to quantitative assess-
ments and estimates of the economic impact of health effects. A
recent Shanghai study estimated a 1.6% loss in GDP due to health
effects of air pollution in 2000 (Kan and Chen 2002a,b). 

Epidemiologic Studies: Effect of Air Pollution 
on Mortality

Acute Effects The relation between air pollution and daily mor-
tality was examined in two Beijing residential areas (population
1,419,123) in 1989 (Gao et al 1993; Xu et al 1994) and again in 1991
(Dong et al 1995). In Beijing coal stoves were the major source of air
pollution, used for heating and cooking in 90% and 50% of households,
respectively. The effect of air pollution on total and cause-specific
mortality in Shenyang, the center of heavy industry in northeast
China, was studied in 1992 using time-series analysis (Xu et al 2000).
These studies, which describe increases in daily mortality associated
with exposure to various air pollutants, are reviewed and included in
the meta-analysis of time-series studies in this Special Report.

Acute health effects of short-term exposure to air pollution have
also been studied in Shanghai, which has grown tremendously in
recent years. These studies are mostly unpublished in the peer-
reviewed literature. They are summarized below. 

The relation between outdoor air pollution and daily mortality from
June 2000 to December 2001 was assessed using semiparametric gen-
eralized additive models (HD Kan and BH Chen, unpublished data). In
single-pollutant models, an increase of 10 µg/m3 of PM10, SO2, and
NO2 corresponded to relative risk estimates of 1.003 (95% CI
1.001,1.005), 1.014 (1.008,1.020), and 1.015 (1.008,1.022) for total
(nonaccidental) mortality. Cardiovascular and COPD mortality risk
estimates were associated more strongly than total mortality with
every pollutant. In multipollutant models, the association between SO2
and daily mortality was not affected by inclusion of other pollutants, but
such inclusion may have lessened PM10 and NO2 effects on mortality. 

Case-crossover analysis of the same data estimated relative risks of
total mortality as 1.003 (95% CI 1.001,1.005), 1.016 (1.011,1.021), and
1.020 (1.012,1.027) for each 10 µg/m3 (48-hour moving average) of
PM10, SO2, and NO2. The association between air pollution and mor-
tality for COPD and cardiovascular diseases was stronger than that
for all causes of death combined (Kan and Chen 2003). 

A time-series study of acute effects of air pollution on diabetes and
stroke mortality was conducted in an urban district of Shanghai (pop-
ulation 700,000) from January 1 to December 31, 2001 (HD Kan,
unpublished data). Each 10 µg/m3 increase of PM10, SO2, and NO2
corresponded to 1.017 (95% CI 1.000,1.033), 1.029 (0.990,1.068), and
1.059 (1.000,1.118) relative risk estimates of mortality from diabetes.
Pollutant effects on mortality were greater for diabetics than nondia-
betics. Each 10 µg/m3 increase of PM10, SO2, and NO2 corresponded
to 1.008 (95% CI 1.000,1.016), 1.017 (0.998,1.036), and 1.029
(1.001,1.057) relative risk estimates of mortality from stroke. 
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The association between daily mortality and ambient PM2.5 levels in
two Shanghai districts in fall and winter 2000 and 2001 was studied using
time-series analysis. Relative risks associated with each 10 µg/m3

increase of PM2.5 for total mortality, cardiovascular mortality, and respi-
ratory mortality were 1.028 (95% CI 1.008,1.048), 1.02 (1.006,1.046),
and 1.035 (1.009,1.081) (HX Dai and WM Song, unpublished data).

Meta-analysis of data pooled from various Chinese cities indicates a
0.38% increase in mortality with each 10-µg/m3 PM10 increase (Kan
and Chen 2002a,b). This result is comparable to those from studies in
Europe and North America (which report a 0.4–1.0% increase in mor-
tality [Samet et al 2000b; Katsouyanni et al 2001; Stieb et al 2002).
After a recent revision, however, European and North American esti-
mates, while still indicating an increased risk, have now been reduced
(Health Effects Institute 2003). These relations might not persist if the
Chinese estimates were similarly revised.

Chronic Effects Several recent cross-sectional studies in large Chi-
nese cities have reported increased prevalence of respiratory symptoms
in adults associated with outdoor air pollution. Notably, the large four-
city study conducted by the EPA and the China State Environmental Pro-
tection Administration in the 1990s estimated the effects of outdoor air
pollution on respiratory health in adults (Zhang et al 1999) and elemen-
tary school children (Qian et al 2000; Zhang et al 2002). They found
associations with reduced lung function and increased respiratory symp-
toms in both adults and children (see Appendix A). 

Two studies were reported only in the Chinese-language literature. A
Shanghai study indicated that a 100 µg/m3 increase in TSP level was
associated with odds ratios for incidence of respiratory symptoms and
diseases from 1.13% to 1.59% (Ma and Hong 1992). A Chongqing study
reported an attributable risk of 20% for upper respiratory symptoms
from exposure to air pollution (Zhou et al 1996). The results of all of
these cross-sectional studies may in part represent chronic disease
caused by long-term exposure, but longitudinal studies are necessary
to definitively address this issue.

Several studies have used aggregate-level or ecologic analysis to esti-
mate the effects of long-term exposure (Appendix A). Two were
reported only in the Chinese language literature. The chronic effects of
air pollution on mortality were examined in Shenyang (Xu et al 1996b).
Annual daily TSP means in a high-pollution area, medium-pollution
area, and relatively low-pollution area (populations 151,300; 130,800;
and 156,500) were 518, 477, and 361 µg/m3; the means for SO2 were
235, 128, and 64 µg/m3. The areas differed significantly in rates of mor-
tality from all causes, COPD, cerebrovascular disease, cardiovascular
disease, cancer of all sites, and tuberculosis.

Jin and colleagues (1999) studied mortality in three districts of Benxi
(total population of 667,553) with different air pollution levels in 1993 and
1994. A major base of iron and steel industry in China surrounded by
mountains, Benxi was once one of the most polluted cities in China.
Annual daily mean TSP and SO2 concentrations varied from 290 to
620 µg/m3 and 160 to 240 µg/m3, respectively. With each 100 µg/m3

increase in TSP, mortality from all causes, COPD, cardiovascular dis-
ease, and cerebrovascular disease were estimated to increase by 8%
(95% CI of odds ratio = 1.02,1.14), 24% (1.04,1.44), 24% (1.08,1.41),
and 8% (1.00,1.15).

Lung Cancer

Lung cancer is a serious public health problem in China, due largely to
cigarette smoking among males and indoor air pollution exposure

among rural women from coal burning. But how it is affected by out-
door air pollution has not been studied extensively. Mortality from lung
cancer has increased significantly in cities and rural areas during the last
three decades. In the early 1970s, lung cancer mortality in urban areas
was 12.61 per 100,000 people (16.48 for males, 8.46 for females). It
increased to 27.50 per 100,000 people (38.08 for males, 16.16 for
females) in the early 1990s (Li et al 1997). 

A distinctive geographic gradient of lung cancer mortality has been
noted particularly among women residents: the higher the latitude of
the city of residence, the higher the lung cancer mortality (r = 0.69,
P < 0.01) (Xu et al 1986). An earlier national survey of 500,000 Chi-
nese showed that only 7% of women smoked tobacco, however, in
contrast to an alarming 61% of men older than 15 years. Unfortunately,
Chinese women appear to be smoking with increasing frequency, espe-
cially in urban areas.

The highest rates of female lung cancer have historically been found in
Xuanwei County, Yunnan Province, southwestern China. The ratio of
male to female lung cancer mortality in China is approximately 2:1.
Lung cancer mortality in Xuanwei County is eight times the national
average for women (25.3/100,000) and four times the national average
for men (27.7/100,000). Mumford and colleagues (1987) inferred that
domestic coal (called smoky coal) was probably a major determinant of
the geographic distribution of lung cancer in Xuanwei (a finding cor-
roborated by experiments in animals [Mumford et al 1990]). Lan and
colleagues (2002) recently confirmed the importance of smoky coal as
an etiologic factor for lung cancer. They demonstrated that risk of lung
cancer decreased markedly after installation of chimneys and attendant
reduction of indoor air pollution levels in Xuanwei homes.

Case-control studies conducted elsewhere in mainland China (Xu et
al 1989; Wu-Williams et al 1990) and Taipei,China (Ger et al 1993) fur-
ther implicate coal use as a risk factor for lung cancer. Another case-
control study in Shanghai, where most homes are unheated, reported
no association between coal use and lung cancer risk (Gao et al 1987).
Exposure to coal burning in preadult years spent in China was associ-
ated with lung cancer risk in a case-control study of women who had
emigrated to Los Angeles County (Wu et al 1985). 

Multidisciplinary studies of risk factors for lung cancer reached three
major conclusions: (1) smoky coal use is the most important risk
factor for lung cancer mortality among rural Chinese women (He et al
1991; Lan et al 1993). (2) Smoky coal emissions contain high concen-
trations of polycyclic aromatic hydrocarbons (PAHs). (3) Frequent
combustion of smoky coal indoors is associated with increased lung
cancer risk, as is the null genotype of glutathione S-transferase
(GSTM1-null), which does not allow the GSTM1 enzyme (involved in
detoxification of carcinogens) to be produced (Lan et al 2000). 

A Shenyang case-control study evaluated the role of outdoor air pol-
lution, chiefly from coal combustion, on lung cancer mortality (Xu et al
1989). Newly diagnosed cases of primary lung cancer (1249) among
residents aged 30 to 69 years were compiled from 1985 to 1987.
Although tobacco smoking was the dominant cause of lung cancer
among men, lung cancer risk and indoor air pollution were also associ-
ated with increased risk. Lung cancer risk was 50% to 70% higher
among those who spent most of their time in houses heated by coal
and used coal for cooking. A twofold increase in lung cancer risk was
observed among residents in the most smoky areas of the city and a
50% increase among those in somewhat or slightly smoky areas relative
to residents of cleaner areas.



48  

Health Effects of Outdoor Air Pollution in Asia

we consider studies of selected combinations of pollutants
and health outcomes, assess variation (heterogeneity) in the
direction and size of the estimated effects, and (where suf-
ficient estimates are available) calculate summary esti-
mates for comparison with other regions of the world. We
also evaluate the possibility that publication bias (eg, selec-
tive publication by journals of positive results) may have
influenced the results of the meta-analysis.

DATA ABSTRACTION

Study Selection 

The first step in the quantitative analysis of the time-
series studies was to identify which of the 45 daily time-
series studies were appropriate for inclusion in the anal-
ysis. We used the following criteria for selection: 

1. The study was based on at least one year of daily data.

2. The analysis included some attempt to control for
important confounding factors (such as season and
long-term trends).

3. The study reported sufficient information for the cal-
culation of a standard effect estimate for comparison
in the quantitative analysis. For this to be true, regres-
sion coefficients must have been reported. (A study
that reported only correlation coefficients would not
meet this criterion.) 

The 28 time-series studies that we selected for analysis
are described in Table 13 (and are shown in bold type in
Appendices A–H). The 16 remaining time-series and epi-
sode studies were not selected for a variety of reasons
(Table 14). For example, studies that did not use the day as
the unit of analysis (Tseng et al 1992) or that only pre-
sented seasonal analyses were excluded (Piver et al 1999).

Case-crossover studies (Lee and Schwartz 1999; Kan
and Chen 2003) and other studies that did not use time-
series or episode study designs were also excluded. They
are nonetheless important and are discussed below. 

Data Entry

For each selected study, we recorded data on a coding
sheet and entered them into Microsoft Access (version 2002;
Microsoft Corp, Redmond WA) in a two-level database. The
first level contained data related to the study as whole: title,
authors, journal name, volume, and page number; length of
the study period; year of study; continent and Asian
subregion in which study occurred; mean or median
pollution levels during the study period; and outcomes and
pollutants studied. The second level was specific to each
regression coefficient that quantified the change in a given

health outcome per unit change in a given pollutant. This
level was used to calculate effect estimates and their 95%
confidence intervals (CI) for the meta-analysis.

The studies reported relative risks, regression coeffi-
cients, or percent changes in the mean number of events
per day as measures of the association between pollutant
levels and health outcomes. In order to make results com-
parable across the studies, we used Microsoft Access que-
ries to convert estimates into a standard form: the percent
change in the mean number of daily events associated with
a 10 µg/m3 increase in pollutant level (or a 1 mg/m3

increase for CO), which we refer to as simply estimates.
When the logarithm of pollutant level was used to specify
exposure in the model, the estimates were calculated for a
10 µg/m3 increase about the mean/median pollutant level. 

Lag Selection 

The short-term relations between air pollution and
health effects are complex and are not wholly captured by
regression techniques that are generally employed. The
number of hospital admissions or deaths on any one day is
likely to have been affected by exposure to air pollution on
the same day and a number of previous days. Also, air pol-
lution on a particular day is likely to affect health on a
number of subsequent days. In time-series analyses, the
cumulative effects of several days of prior exposure are
sometimes investigated by averaging exposure over two or
more previous days. More recently, distributed-lag models
have been used to estimate the independent contribution
to health outcomes on a given day of exposure of each of
several previous days. Both analytic approaches tend to
estimate larger effects than analyses based on single-day
lags (Samet et al 2000b; Zanobetti et al 2002), although
single-day lags are used far more commonly.

Investigators vary in which lag (single, cumulative or
distributed) they choose to analyze and present in publica-
tions. They may systematically choose results that indicate
larger or smaller effects. Particularly in studies with low
statistical power, the play of chance (random error) will
lead to a wider scatter of estimates from which to choose.
This fact has led some analysts to test or report a relatively
restricted range of lagged estimates. Many studies report
one or more single-day models, but these are not generally
chosen or presented in a consistent way. For this reason,
we could not select a particular lag a priori (eg, one day
prior to the health event) without having to remove studies
from the analysis. We therefore adopted the following
approach for selecting a lag for analysis. 

First, we focused our selection on single-pollutant
rather than multipollutant models. Single-pollutant anal-
yses are reported in virtually all studies. The pollutants
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included in multipollutant models frequently differ
among studies; therefore their results are more difficult to
compare. However, when only results from multipollutant
models were given, the results from the model with the
most pollutants were selected and recorded. This act sim-
plified the abstraction of data from papers in which many
combinations of pollutants were examined.

Using this approach, we identified selected lags from
the results presented in the papers. If only one lagged esti-
mate was presented (either because only one was analyzed
or only one was reported in the paper), this estimate was
recorded in the Access database for the outcome–pollutant
pair. If more than one lag measure was presented, we
selected one for meta-analysis according to the following
algorithm:

1. The lag that the author focused on or stated a priori,

2. The lag that was the most statistically significant (pos-
itive or negative), or 

3. The lag with the largest effect estimate (positive or
negative).

Results for lag 0 and lag 1 were also recorded (if dif-
ferent than results for the selected lag). When available,
results for a cumulative lag (mean of pollution measures
over two or more days) chosen by the same selection cri-
teria were also recorded. 

In order to assess the sensitivity of the findings to our
selection approaches, we examined in more detail those
papers that provided estimates for the effects of TSP, SO2,
and PM10 on all-cause mortality. These studies were
selected because they provided the greatest number of esti-
mates. We recorded the lag selected for meta-analysis,
whether it was selected by authors or by us, the range of
lags studied, and the range of lags reported in the papers.
We anticipated conducting an alternative meta-analysis
using an a priori lag selection (lag 0 or lag 1) to compare
results with those obtained using the selected lag. 

For TSP, four studies provided data (Table 15); all
results were author selected. Although other lags were
analyzed by the investigators, no other results were
quoted. For SO2, 10 studies provided estimates. Five of the

Table 14. Epidemiologic Time-Series Studies Excluded from the Meta-Analysis

Excluded Study Location Reason for Exclusion

Aditama 2000 Indonesia Episode studya

Bladen 1983 Bombay, India Only correlation coefficient estimates presented

Chang et al 2003a Beijing, China Study came to our attention too late to be included

Chang et al 2003b Beijing, China Study came to our attention too late to be included

Dong et al 1996 Beijing, China Data for < 1 year

Emmanuel 2000 Singapore Episode studya

Hedley et al 2002 Hong Kong, China Monthly, not daily, mortality rate

Knöbel et al 1995 Taipei,China Insufficient information for calculating regression estimates 
of percent change in daily rates

Pande et al 2002 Delhi, India Insufficient information for calculating regression estimates 
of percent change in daily rates

Piver et al 1999 Japan Summer season (July–August) only

Sastry 2002 Multiple cities, Malaysia Episode studya

Sawaguchi et al 1997 47 prefectures, Japan Insufficient information for calculating regression estimates 
of percent change in daily rates

Shimizu et al 2001 Yokohama, Japan Insufficient information for calculating regression estimates 
of percent change in daily rates

Tan et al 2000 Singapore Episode studya

Tanaka et al 1998 Japan Insufficient information for calculating regression estimates 
of percent change in daily rates

Tseng and Li 1990 Hong Kong, China Seasonal, not daily, asthma rates

Tseng et al 1992 Hong Kong, China Quarterly, not daily, asthma rates

a Episode studies were excluded because they focus on air pollution episodes, not daily exposure to air pollution.
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ten did not report other results, although four of these five
analyzed other lags (Table 16). Three studies analyzed and
presented results for more than one lag. In two of the three
studies, we chose the selected lag. For PM10 and all-cause
mortality all selected results were author selected and in
two of the five studies providing data results from other
lags were presented (Table 17). 

We concluded from our review of these studies that the
data in the published papers were insufficient for con-
ducting extensive sensitivity analyses of our approach to
lag selection. We considered the procedure that we
adopted to select lags for the quantitative meta-analysis
the best available, considering both the need to obtain an
estimate from each study and to use estimates that are
likely to fit the model best. 

Tables 15 through 17 also summarize the multipollutant
models reported in these papers. Some studies did not
analyze multipollutant models; others conducted series of
two-pollutant models, often with the purpose of assessing
the robustness of the pollutant of interest to the inclusion

of other pollutants into the models. In most cases,
reporting of results from multipollutant models was lim-
ited. This limitation precluded undertaking a detailed
meta-analytic assessment of the results of single-pollutant
versus multipollutant models. 

Multicity Studies 

Several studies presented meta-analyses of results from
multiple locations together with summary estimates. If
such studies used previously published data, we recorded
only the summary estimates. If previously unpublished
city-specific results were presented, we recorded those as
well as summary estimates.

META-ANALYSIS METHODS

Multiple Studies of a Single City 

A number of studies were conducted in the same city,
with varying degrees of overlap in the years studied. Some
studies were by the same investigators; others were not.

Table 15. Details of Models Fit for TSP in the 28 Time-Series Studies: Lagged and Multipollutant Modelsa

Study Citation,
Location

Selected 
Lag

Selected
By

Other Lags 
Analyzed by 

Authors

Other Lags 
Reported 

by Authors Comments
Multipollutant

Models

Xu et al 1994b

Beijing
Unreported Authors Unreported NAc No indication 

that other lags 
were considered

See Table 16

Xu et al 2000
Shenyang

Mean of 
0,1,2,3

Authors Yes but not 
specified

None 0–3 selected by 
authors on basis 
of “biological 
plausibility and 
significance of 
effect”

See Table 16

Cropper et al 1997
Delhi

2 Authors 0,1,2,3 None Other lags may 
also have been 
analyzed (not 
clear from text)

TSP and SO2 analyzed 
jointly. Only results for 
TSP given from these 
models. No quantitative 
results for SO2 reported 
as negative associations 
for most mortality 
endpoints

Lee et al 2000
7 Korean Cities

Mean of 
0,1

Authors 0,1,2,3,4 plus 
various 
unspecified 
combinations 
(means) 

None Mean of 0,1 
selected by 
authors on basis 
of “preliminary 
explorations”

See Table 16

a Meta-analysis includes only single-pollutant models.

b Authors analyzed ln(TSP).

c Not applicable.
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We recorded all results from all studies. However, when cal-
culating summary estimates across cities, we used the most
recent estimate for each city on the basis that it would be the
most likely to reflect current analytic techniques and recent
pollution levels. By not including several estimates from
one city in the meta-analysis, we avoided weighting that
city disproportionately at the cost of losing informative esti-
mates. Because this approach is debatable, we compared the
summary estimate it obtained for TSP and all-cause mor-
tality with the summary estimate obtained by using all
available results for the various cities. 

Computation of Summary Estimates 

For pollutant–outcome pairs for which there were four
or more estimates, we computed summary estimates of the

percent change and their 95% CIs using a fixed-effects
model (with inverse variance weighting) and a random-
effects model (using the method of DerSimonian and Laird
[1986]). Both summary estimates are presented in forest
plots. We tested the study-specific estimates for evidence of
differences in result size or direction (heterogeneity) using
the �2 test for heterogeneity. Because of the relatively low
power of this test to detect such differences, we chose a P
value of 0.2 to indicate evidence of heterogeneity.

Investigation of Publication Bias 

The meta-analysis used results published in peer-reviewed
journals. These may not represent all available evidence
because some relevant reports may be published in other for-
mats or not published at all. The lack of representation of

Table 17.  Details of Models Fit for PM10 in the 28 Time-Series Studies: Lagged and Multipollutant Modelsa

Study 
Citation.
Location

Selected
Lag

Selected
By

Other Lags 
Analyzed by 

Authors

Other Lags 
Reported by 

Authors Comments
Multipollutant 

Models

Wong et al 
2001b
Hong Kong

1 Authors 0,1,2,3 None Authors selected lag on 
basis of modified version 
of AIC. Some comment 
on pattern of results 
across lags

See Table 16

Ostro et al 
1999
Bangkok

3 Authors 0,1,2,3,  3-day 
&  5-day 
moving 
mean

0,1,2, 
3-day &
5-day  
mean

Lag 3 and 5-day average 
referred to; single day 
preferred to cumulative

None reported 

Kwon et al 
2001
Seoul

Unreported Authors Unreported NAb See Table 16

Hong et al 
1999b
Inchon

1 Reviewers 0,1,2,3,4,
5, 6 + 
multiple-day 
means

0–4 Authors quote 0–4 
results in text and refer 
to significant lag 1 result. 
We chose lag 1 because 
single-day lags are 
preferred in protocol 
(to averages) 

See Table 16

Hong et al 
1999a
Inchon

0–4 Authors 0,1,2,3,4,
5,6 + 
multiple-day 
means

None Series of two-
pollutant models for 
PM10 and 1 of NO2, 
SO2, O3, and CO 
analyzed. Signifi-
cance of results 
described but no 
estimates given 

a Meta-analysis includes only single-pollutant models.

b Not applicable.
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these reports could affect our findings: publication bias
refers to the tendency for findings that support a particular
hypothesis (in this case, that air pollution has an adverse
effect) to be published preferentially in peer-reviewed
journals (Sterling 1959; Mahoney 1977; Simes 1986; Begg
and Berlin 1989; Dickersin 1997). Publication bias can
have two consequences. First, it could lead to a false con-
clusion regarding the degree of support in the literature for
an association between air pollution and a health outcome.
Second, the size of a true association could be estimated
inaccurately.

Time-series studies of routine health data might be sub-
ject to publication bias for particular reasons. One is that
the data are relatively cheap to obtain and analyze, so that
authors (having invested relatively little effort to conduct
the analysis) may be less inclined to publish findings
thought to be uninteresting or to contradict the prevailing
scientific consensus. Another reason is that the analytic
techniques used in time-series studies affect the results to
some extent; analysts may choose the techniques that give
the results that they think are most plausible. Finally, as
discussed above, time-series studies have the potential to
generate a large number of results for various outcomes,
pollutants, and lags; the author’s prior beliefs may affect
the choice of which results to present.

Until recently, little attention has been paid to this pos-
sible source of bias in the air pollution literature
(Anderson et al 2004; Peacock et al 2004). Publication bias
is mitigated in planned multicity studies (such as APHEA
and NMMAPS) that commit to publishing results from all
locations and that may adopt an a priori lag specification. 

Methods of detecting publication bias exist, but they are
not without problems. One method is the funnel plot, in
which estimates are plotted against their standard error. If
the data lack publication bias, the resulting scatter should
be symmetric like a funnel (Light and Pillemer 1984).
Apparent asymmetry in the funnel plot can be verified by
regressing the estimates on the inverse of the standard
error (Egger et al 1997). 

We investigated the estimates for TSP and SO2 and all-
cause mortality for evidence of publication bias because
these pollutants had sufficient estimates for a meaningful
analysis (10 and 11 respectively). Tests for asymmetry (the
Begg and Egger tests) were supplemented by funnel plots.
Finally, a procedure known as trim and fill was applied to
further assess asymmetry (Duval and Tweedie 2000). The
trim-and-fill technique also adjusts for asymmetry and
provides a revised meta-analysis estimate. 

STATISTICAL METHODS OF ASIAN 
TIME-SERIES STUDIES

The statistical methods used in the 28 Asian daily time-
series studies are essentially the same as the contemporary
methods for regression analysis of longitudinal data used
in the United States, Europe, and elsewhere. Many anal-
yses in the selected studies were conducted in collabora-
tion with researchers from (or with research experience in)
the United States or Europe. Many other analyses were
based on protocols developed outside of Asia (eg, methods
used in APHEA or APHEA 2). 

Detailed review of the 28 studies indicates that all but a
few used Poisson regression analysis. Approximately half
of those utilized generalized additive models (GAMs) to
estimate associations of health effects with air pollution
(while controlling for long-term time trends, seasonality,
and weather variables using flexible nonparametric
smoothing). Under certain conditions, this modeling
approach may understate statistical uncertainty and pro-
vide possibly biased estimates of pollution effects (Health
Effects Institute 2003). 

Several factors suggest that estimation bias from the use
of GAMs in these studies is small, however. First, the
problem of estimation bias is greater for models with large
numbers of smooth functions that are highly flexible
(having many degrees of freedom). The 28 studies gener-
ally included only a few smooth functions with fewer
degrees of freedom. Second, results from the studies that
used GAMs were similar to those reported in the studies
that used alternative fully parametric Poisson regression
models. Third, one study (Kwon et al 2001) employed a
case-crossover analysis in addition to the GAM Poisson
regression approach; both analyses yielded similar esti-
mates of pollution effects. For these Asian studies as well
as for recent studies in the United States and western
Europe (Health Effects Institute 2003), however, additional
analysis using alternative modeling approaches is needed
to fully address the extent of estimation bias.

Regarding other modeling choices, the 28 studies were
not unique. Those using GAMs typically used nonpara-
metric smoothing of time, temperature, and humidity to
control for long-term time trends, seasonality, and weather.
Other studies controlled for seasonality and weather
through various alternative parametric approaches (trigono-
metric functions of time, temperature, and humidity; sea-
sonal dummy variables and quintile dummies for
temperature and humidity; or simple linear functions of
temperature and humidity and stratification by season). 

Nearly all 28 studies evaluated lag structure by simply
including concurrent-day pollution, various single-day
lags, or lagged moving averages and by selecting lags on
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the basis of statistical significance. Similarly, multiple pol-
lutants were nearly always evaluated by comparing effect
estimates across various single-pollutant models or by
adding pollutants into the models.

The 28 Asian time-series studies have two main meth-
odologic limitations, however. First, in most of them, only
very limited sensitivity analysis was conducted (or
reported). Second, as with most studies worldwide, the
time-series studies from Asia mostly used data from a
single city or a few neighboring cities. A well-designed
multicity study of representative Asian cities is lacking.
This lack limits opportunities to more rigorously explore
effect modification of copollutants, the shape of exposure–
response functions, and longer lag structures and the
extent of harvesting.

RESULTS

Study Characteristics

Geographic Distribution Most of the selected daily time-
series studies were conducted in South Korea (11), followed
by mainland China (6) and Hong Kong (6). India, Japan, Sin-
gapore, Taipei,China, and Thailand each contributed one
study. All 28 studies are summarized in Table 13 (and
Appendices A–H, where they are listed in bold type).

Health Outcomes A range of health outcomes were
studied. We grouped them into three broad categories:
mortality, hospital admissions, and community care (Table
18). Among studies of mortality, the most common out-
come (13 studies) was mortality from all causes (excluding
accidents), followed by mortality from all respiratory dis-
ease (7) and cardiovascular disease (8). A smaller group of
mortality studies examined more specific causes of cardio-
vascular and respiratory mortality, such as stroke and
COPD.

Studies of hospital admissions (including emergency
room admissions but not visits) covered a range of respira-
tory and cardiovascular diagnoses, the most common
single diagnosis being asthma (4 studies) and IHD (3).

Studies of community care were fewer; outcomes in
those studies included emergency transport (1 study),
emergency room visit (1), primary care consultation (2)
and school absence (1). 

The various age groups studied are listed in Table 19.
Mortality studies tended to include either people of all
ages (21 studies) or people 65 years and older (8), the
group in which most deaths occur. However, in some
Asian countries and cities infant mortality is substantial.
In some of these locations, researchers have been able to

study the association between air pollution and mortality
in infants and children. Hospital admissions tend to be
subdivided by age to reflect the relative importance of
admissions in younger age groups and the fact that some
conditions (such as asthma) differ clinically between
young and older patients.

Pollutants Most pollutants studied in North America and
Europe were represented in the 28 selected studies, with the
exception of black smoke (which is measured using reflec-
tance and is measured almost exclusively in Europe). For
the other pollutants, the number of studies reporting data
was: SO2 (24), O3 (19), NO2 (16), PM10 (15), TSP (11), and
CO (11) (Table 13). Only one study reported PM2.5 data
(measured gravimetrically). Some studies reporting PM10
data did not give the method of measurement, but those that
did cited �-ray absorption or tapered element oscillating
microbalance (TEOM) methods, not gravimetric methods.
Averaging times for O3 varied: 24-hour and maximum
8-hour and 1-hour running means were used. 

Figure 17 presents long-term average levels of daily
mean PM and gaseous pollutant concentrations reported
in the 28 time-series studies. Most studies used data from
the late 1980s through the mid 1990s and reported annual
average levels. Two studies reported seasonal average con-
centrations as well (Wong et al 2001a,b). Some studies
(conducted in multiple cities) reported the long-term
average levels averaged across cities (Lee et al 1999; Cho et
al 2000). For PM10 and NO2, the reported levels exceeded
current guidelines (EPA 1997; WHO 1999). For other pol-
lutants, notably SO2, they did not (WHO 1999). Most of the
Chinese studies were conducted in the early 1990s when
SO2 and TSP levels (due largely to coal combustion) were
high. These levels have declined since 1998 (China State
Environmental Protection Administration 2002). O3 was
only studied in the relatively more developed cities (ie,
Hong Kong, South Korean cities, and Taipei,China).

Effect Estimates

Effect estimates for the main pollutant–outcome pairs
from the 28 time-series studies are summarized in forest
plots (Figures 18–45). The estimates are presented as the
percent change in the mean number of daily deaths or hos-
pital admissions per 10 µg/m3 increase in mean pollutant
level (or 1 mg/m3 for CO) and the associated 95% CI,
which indicates the precision of the estimate. 

For each pollutant, estimates are plotted separately for
daily all-cause mortality, daily respiratory mortality, daily
cardiovascular mortality, daily respiratory hospital admis-
sions, and (if available) daily cardiovascular hospital
admissions. Within these broad groups, all diagnoses for
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Table 18. Outcome and Diagnosis by Pollutant in 28 Asian Daily Time-Series Studies

Number of Studies by Pollutant

Outcome/Diagnosis
Total Number

of Studies TSP PM10 PM2.5 SO2 NO2 CO O3

Mortality
All cause 13 7 6 1 11 5 4 7
All respiratory 7 1 5 5 4 2 4
Bronchitis 1 1 1
Cancers 3 2 3

Cardiac 1 1 1
Cardiovascular 8 3 5 6 4 2 4
Cerebrovascular 2 2 2 2 1 2
COPD 3 2 1 3 1 1

IHD 1 1 1 1 1
Pneumonia and influenza 1 1 1 1 1
Pulmonary 1 1 1
Ischemic stroke 1 1 1 1 1 1

Hospital Admissions
All respiratory 3 1 2 3 3 1 3
Asthma 4 4 4 2 1 3
Cardiac 1 1 1 1 1
Cardiovascular 2 1 1 1 2
Cerebrovascular 2 1 1 1 2

COPD 1 1 1 1 1
Dysrhythmias 1 1
Heart failure 2 1 1 1 2
IHD 3 2 2 2 3
Pneumonia 1 1 1 1 1

Community Care
Emergency transport

Acute MI 1 1 1 1 1 1
Angina pectoris 1 1 1 1 1 1
Asthma 1 1 1 1 1 1
Bronchitis 1 1 1 1 1 1

Chronic bronchitis 1 1 1 1 1 1
Heart failure 1 1 1 1 1 1
Hypertension 1 1 1 1 1 1
Pneumonia 1 1 1 1 1 1

Emergency room visit
Asthma 1 1 1 1

Consultation with general practitioner
Lower respiratory 1 1 1 1 1 1

Primary care
All 1 1 1
Internal medicine 1 1 1
Nonsurgery 1 1 1

Other 1 1 1
Pediatrics 1 1 1
Surgery 1 1 1

School-related absences 1 1 1 1 1 1
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Figure 17. Reported annual average concentrations of ambient pollutants in Asian cities. Study citations are given on the x-axis; study locations and
years during which data were collected are given above each bar.
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which estimates were available are plotted. Each estimate
is labeled by first author name, study location, publication
year, specific cause of death or admissions, age group (in
years), and averaging time (for O3).

Summary estimates are shown at the bottom of some of
these figures. These estimates were calculated by random-
effects and fixed-effects models when four or more studies
provided estimates for individual pollutant–outcome
pairs. They are discussed in the next section.

PM10 The method by which PM10 was measured is given
in Table 13. The �-ray absorption method was used in
Bangkok and most Seoul studies, the TEOM method in
Hong Kong, the gravimetric method in Chongqing. Mea-
surement methods were not reported in one Seoul study
and the studies in Inchon, Taipei,China, and Tokyo. 

Eleven estimates for PM10 and daily mortality were
reported from four cities: Bangkok, Seoul, Inchon, and
Hong Kong (Figure 18). All estimates indicated increased
risk for mortality at all ages. Similar findings were
observed for analyses restricted to age groups of 50+ and
65+ years. Two estimates were for children alone; both
estimated increased risk, but the Bangkok estimate was

lower and less precise. Two studies included both children
and adults (Bangkok 6–49 years; Seoul, 2–64 years). 

The ranking of estimates by age was inconsistent. In
Bangkok, estimates for the three age groups analyzed (0–6,
6–49, 50+ years) did not differ greatly. In Seoul (Ha et al
2003), however, the highest estimate was for the 0–1 age
group, followed by those for the 65+ and 2–64 age groups,
which were similar.

Nine reports of daily respiratory deaths were available
from the same four cities (Figure 19). All estimates indicated
an increased risk. Two estimates for mortality from specific
diagnoses (pneumonia and influenza, COPD) from Hong
Kong were positive and also similar in size to estimates for
mortality from all respiratory causes. One study (in Seoul)
compared different age groups; estimates were much higher
in the 0–1 year age group than the other groups. 

The same four cities were the source of estimates of
PM10 and daily cardiovascular deaths (Figure 20). Risk for
all cardiovascular deaths from three cities was elevated;
the estimates varied in size and precision. The two esti-
mates from Hong Kong from different investigators were
very similar, as were the two estimates for cerebrovascular
deaths (Hong Kong and Seoul). Risk of mortality from IHD
in Hong Kong was also elevated (1.3%; 95% CI 0.10,2.51).

Estimates for PM10 and respiratory hospital admissions
were calculated for only two cities (Figure 21). Three sep-
arate studies in Hong Kong investigated the association
between PM10 and respiratory hospital admissions for all
respiratory diseases combined and for cause-specific
admissions (asthma, COPD, and pneumonia). The only
other city with a result for respiratory admissions was
Seoul (asthma admissions). Each of the Hong Kong studies
reported roughly the same increase in risk of hospital
admissions for all respiratory causes.

Only two studies, both from Hong Kong, reported posi-
tive estimates in all cardiovascular hospital admissions
per unit increase in PM10 (Figure 22). 

PM2.5 Only one small study (Venners et al 2003) reported
estimates for PM2.5 and daily mortality. The study included
data for only a single year. It was conducted in Chongqing,
China, where the mean ambient concentration of PM2.5
during the study period was 147 µg/m3 (measured gravimet-
rically). Results were reported for both PM2.5 and SO2, mea-
sured for 213 and 365 days, respectively. The authors
observed no association of PM2.5 levels at any lag (0–5 days)
with all-cause mortality (relative risk for lag 1 = 0.98 per 100
µg/m3 [95% CI 0.91,1.04]). SO2 was, however, associated
with an increased risk of all-cause mortality relative risk for
lag 1 = 1.03 per 100 µg/m3 [95% CI 0.0.98,1.08]). 

Table 19. Age Classification in the 28 Asian Daily 
Time-Series Studies

Age Group (years) Number of Studies

All Ages
0+ 21

Children
Age not specified 2
0–1 1
0–4 2
0–5 1
0–14 3
3–12 1
5–14 1

Children Plus Adults
2–64 1
5–64 1
6–49 1
0–64 1
15–44 1
15–64 2
45–64 1

Older Adults
50+ 1
65+ 8
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Figure 19. PM10 and Respiratory Mortality

Figure 21. PM10 and Respiratory Hospital Admissions Figure 22. PM10 and Cardiovascular Hospital Admissions

Figure 20. PM10 and Cardiovascular
Mortality

Figures 18–22. Percent change in mean number of daily deaths or hospital admissions per 10 µg/m3 increase in 24-hour mean PM10 level. Note differ-
ences among x-axis scales. Y-axis labels give study information in the following sequence (as needed): first author name, study location, publication year,
specific cause of death or admission, and age group (years). * Included in calculation of summary estimates.

Figure 18. PM10 and All-Cause Mortality
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TSP We identified 21 estimates for TSP and all-cause
mortality from 10 cities (Figure 23). Most were positive but
measured with poor precision. For Delhi and one Beijing
study (Gao et al 1993), the data were divided by age group.
The age-specific relative risks in Delhi appeared to be
increased to the approximately the same degree, although
the effects in the 5–65 age group were not estimated as pre-
cisely as in the youngest (0–4) and oldest (65+) age groups.
The increase in mortality for the youngest (0–4) age group
was slightly higher than that in the oldest (65+) age group.
(A similar pattern was observed for PM10 and all-cause
mortality in Seoul.) In the Beijing study, risk of mortality
was increased only for people 65 years or older. The esti-
mate for people younger than 65 years was negative but
was estimated imprecisely.

Five estimates for a range of respiratory mortality sub-
groups were reported from three cities (Figure 24). All esti-
mates were positive (approximately 0.5% to 2%). The
studies are too few to infer differences among diagnoses. 

Most reported estimates for cardiovascular mortality
were similarly positive (Figure 25). The estimates range
from about 0.3% to 2% with varying degrees of precision.
The study in Beijing estimated no change in risk.

Three studies provided estimates of increased risk of
hospital admissions for respiratory causes, all approxi-
mately 0.3% (Figure 26). No results were reported for TSP
and cardiovascular hospital admissions. 

Figure 25. TSP and Cardiovascular Mortality Figure 26. TSP and Respiratory Hospital Admissions

Figures 23–26. Percent change in mean number of daily deaths or hospital admissions per 10 µg/m3 increase in 24-hour mean TSP level. Note differ-
ences among x-axis scales. Y-axis labels give study information in the following sequence (as needed): first author name, study location, publication year,
specific cause of death or admission, and age group (years). * Included in calculation of summary estimates.

Figure 24. TSP and Respiratory Mortality

Figure 23. TSP and All-Cause Mortality
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NO2 All studies of NO2 used a 24-hour averaging time.
Seven estimates were reported for NO2 and mortality from
three cities: all were positive with varying degrees of pre-
cision (Figure 27). The studies of mortality at all ages esti-
mate 1% to 2% increases in daily mortality, with the Hong
Kong and Seoul studies providing lower but more precise
estimates than those for Inchon. One study from Seoul (Ha
et al 2003) reported age-specific relative risks: the highest
risk was in the 65+ age group followed by the 2–64 age
group. The 0–1 age group showed little evidence of
increased mortality, although the estimate was imprecise. 

Eight estimates for NO2 and respiratory mortality were
reported from three cities (Figure 28). All estimates were
positive except an extremely imprecise estimate for the 0–1
age group from Seoul. In Hong Kong, estimates for all-ages
respiratory mortality were similar in studies by two different
sets of investigators. In addition, the relative risks for some
diagnostic subgroups (pneumonia and influenza, COPD)
were similar to the estimates for all respiratory causes. 

The same three cities yielded a total of seven estimates
for cardiovascular mortality or subgroups thereof (Figure
29). For all cardiovascular causes the risks were elevated
in both Hong Kong and Inchon to roughly the same extent,
but the Inchon estimates were quite imprecise. The results
for cerebrovascular mortality differed: risk was increased
in Seoul but not in Hong Kong.

Figure 28. NO2 and Respiratory Mortality

Figure 29. NO2 and Cardiovascular Mortality

Figure 27. NO2 and All-Cause Mortality

Figures 27–31. Percent change in mean number of daily deaths or hospital admissions per 10 µg/m3 increase in 24-hour mean NO2 level. Note differences
among x-axis scales. Y-axis labels give study information in the following sequence (as needed): first author name, study location, publication year, specific
cause of death or admission, and age group (years).                                                                                                                                                           (Continued)
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Fourteen estimates were available for NO2 and respira-
tory admissions, but all were from multiple studies of a
variety of diagnosis and age subgroups in Hong Kong and
four cities in South Korea (Figure 30). Of the four estimates
for all respiratory diagnoses for all ages, estimates for Hong
Kong and Ulsan were positive whereas those for Suwon and
Daejeon were not. In Hong Kong, all age-specific estimates
(0–4, 5–64, 65+ years) for all respiratory causes were posi-
tive and of similar size, as were the all-ages estimates for
various subdiagnoses (asthma, pneumonia, COPD). The
Hong Kong study estimated increased risk of asthma admis-
sions in people of 0–14 years but not 15–64 years. 

Seven estimates for NO2 and cardiovascular admissions
were available, all from Hong Kong (Figure 31). All were
positive. The results for IHD from two different studies
were similar. For one study (Wong et al 1999b), diagnostic
subgroups could be compared: estimates for cerebrovas-
cular and IHD were similar, but the estimate for heart
failure was much higher.

O3 A total of 19 studies reported results for year-round
O3 but variation in the averaging times used complicated
our meta-analysis. Six studies used 1 hour, nine studies
used 8 hours, three studies used 24 hours, and one did not
specify averaging time (Table 13). Concentrations for 1-
hour, 8-hour, and 24-hour averaging times are usually
closely correlated, which means that any of the three
could be used when investigating an association with
adverse health effects. But simply combining studies that
differed in their averaging time would not be appropriate
for a quantitative meta-analysis. We were not sufficiently
confident of the consistency of the relation among aver-
aging times across cities to adjust for comparability. 

Results for all-cause mortality were available for Hong
Kong and a number of South Korean cities (Figure 32) on
the basis of three different averaging times. The seven
results for mortality at all ages differed, but the most precise
South Korean studies and the Hong Kong study indicated
little or no elevation in risk. One estimate from a meta-anal-
ysis of seven South Korean cities estimated no increased
risk for year-round daily exposure (Lee et al 2000). In one
study, estimates for three age groups were presented (Ha et
al 2003); adults older than 65 years were at increased risk,
although people aged 2–64 years were not. 

Eight results for respiratory mortality and O3 were avail-
able for Hong Kong, Inchon, and Seoul (Figure 33). Most
estimates for all respiratory causes were 1% to 3%. For car-
diovascular mortality, eight results were available from the
same cities (Figure 34). Two studies from Hong Kong (Wong
et al 2002b; Wong et al 2001b) found no increased risk for
all cardiovascular causes, but one (Wong et al 2002b) found

Figure 30. NO2 and Respiratory Hospital Admissions

Figure 31. NO2 and Cardiovascular Hospital Admissions

Figures 27–31 (continued). Percent change in mean number of daily
deaths or hospital admissions per 10 µg/m3 increase in 24-hour mean
NO2 level. Note differences among x-axis scales. Y-axis labels give study
information in the following sequence (as needed): first author name,
study location, publication year, specific cause of death or admission, and
age group (years).
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increased risk of IHD mortality. No association with cere-
brovascular mortality was reported for Hong Kong, but an
increased risk was observed in Seoul.

Studies from Hong Kong and various South Korean cities
provided 13 estimates for respiratory hospital admissions
in various age groups (Figure 35). All estimates were posi-
tive, although the Hong Kong estimates (based on 8-hour
averages) were almost twofold higher than most estimates
from individual South Korean cities (calculated using
24-hour averages). 

The only estimates for cardiovascular admissions were
from two different investigations in Hong Kong using similar
time series of hospital admissions data (Figure 36). Most
results for cardiovascular causes, variously defined, indi-
cated increased risk of hospital admissions. The two studies
examined various subcategories of cardiovascular admis-
sions; their estimates agreed reasonably well. Both found
somewhat larger elevations in admission risk for heart
failure than other subcategories. Neither found evidence of
increased risk of admission for cerebrovascular disease. 

Figure 32. O3 and All-Cause Mortality Figure 33. O3 and Respiratory Mortality Figure 34. O3 and Cardiovascular Mortality

Figure 35. O3 and Respiratory Hospital 
Admissions

Figure 36. O3 and Cardiovascular Hospital 
Admissions

Figures 32–36. Percent change in mean
number of daily deaths or hospital
admissions per 10 µg/m3 increase in 24-
hour mean O3 level. Note differences
among x-axis scales. Y-axis labels give
study information in the following
sequence (as needed): first author name,
study location, publication year, spe-
cific cause of death or admission, age
group (years), and averaging time. 
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SO2 We obtained 22 estimates of the effect of SO2 on
daily all-cause mortality from 12 cities (Figure 37). All but
three were for people of all ages or 65 years or older. All
but one indicated an increased risk with varying degrees
of precision. The most precise estimates from mainland
China, Hong Kong, and South Korea estimated increases
of 1% or less. One study from Seoul reported relative risks
by age (Ha et al 2003). The largest estimate was for the 0–1

age group; even the low end of its 95% CI (1.46) was high
compared with other estimates. 

A total of 13 estimates for respiratory mortality
(including various subcategories like COPD and bron-
chitis) were available from six cities (Figure 38). Most
were positive. Estimates for all respiratory causes were
similar for mainland China, Hong Kong, and Seoul.

Figure 38. SO2 and Respiratory MortalityFigure 37. SO2 and All-Cause Mortality

Figures 37–41. Percent change in mean number of daily deaths or hospital admissions per 10 µg/m3 increase in 24-hour mean SO2 level. Note differences
among x-axis scales. Y-axis labels give study information in the following sequence (as needed): first author name, study location, publication year, spe-
cific cause of death or admission, and age group (years). * Included in calculation of summary estimates.
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Studies from six cities provided 11 estimates for cardiovas-
cular mortality or various subdiagnoses (Figure 39). All esti-
mates for all cardiovascular causes and IHD were positive;
the most precise were approximately 2% (in both Hong Kong
and Chongqing). As with NO2, estimates for cerebrovascular
deaths were positive in the two South Korean studies but not
in Hong Kong (Wong et al 2002b).

There were 14 estimates for respiratory admissions from
Hong Kong and four South Korean cities (Figure 40), 10 of
which showed an increase in respiratory admissions associ-
ated with SO2. Risk of admissions for all respiratory causes
was elevated in Hong Kong but not in three South Korean
cities, although asthma admissions in children 0–14 years
were elevated in both Seoul and Hong Kong. Fewer estimates
were available for cardiovascular admissions; all were from
two Hong Kong studies (Figure 41). The studies estimated an
approximate 2% increase in cardiovascular (Wong et al
1999b) and cardiac (Wong et al 2002a) admissions at all ages.
Risk of cerebrovascular admissions were reduced.

Figure 40. SO2 and Respiratory Hospital Admissions

Figure 41. SO2 and Cardiovascular Hospital Admissions

Figure 39. SO2 and Cardiovascular Mortality
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CO Only two cities in South Korea reported estimates for
all-age, all-cause mortality (Figure 42). Increased risk of
mortality was observed in both Seoul and in the largest
study in Inchon, although the estimate for Seoul was much
higher. In Seoul, the estimates were presented for three age
groups. The largest increase was observed in the 65+ age
group, but comparison with other age groups is limited
because the individual estimates were imprecise. Even
fewer estimates were available for respiratory and cardio-
vascular mortality. These were positive for all respiratory
but not for all cardiovascular causes (Figures 43–44). 

Studies in three South Korean cities provided varying
estimates of increased risk of respiratory hospital admis-
sions (Figure 45). No estimates were available for cardio-
vascular admissions and CO.

Summary Estimates

Summary estimates were calculated when four or more
studies provided estimates for individual pollutant–
outcome pairs. They are given in Table 20.

Mortality Only four estimates were available for the
effect of exposure to PM10 on daily all-cause, all-age mor-
tality in different cities. The fixed-effects and random-
effects estimates (and 95% CIs) were 0.41% (0.25,0.56) and
0.49% (0.23,0.76) increase in risk of mortality for each
10 µg/m3 of PM10. Estimates for cause-specific mortality
were too few to permit calculation of summary estimates. 

In total, 14 results for TSP and all-cause mortality were
available from 11 separate cities. Ten studies estimated the
effect of exposure to TSP on daily all-cause, all-age mor-
tality. The estimates show little evidence of heterogeneity
when inspected visually (Figure 23) or tested statistically
(�2 test; P = 0.55). The fixed-effects and random-effects
summary estimates (per 10 µg/m3) are equal: 0.20% (95%
CI 0.14,0.26). The relatively symmetric distribution of
study results and results of their analysis using the Begg
test (P = 0.53) provide no evidence of publication bias.
Estimates for cause-specific mortality were too few to
permit calculation of summary estimates. 

The 0.20% summary estimates were calculated from 10
individual estimates, one per city. One city, however, pro-
vided four estimates from which one (the most recent) was

Figure 42. CO and All-Cause Mortality

Figure 43. CO and Respiratory Mortality

Figure 44. CO and Cardiovascular Mortality

Figure 45. CO and Respiratory Hospital Admissions

Figures 42–45. Percent change in mean number of daily deaths or hospital admissions per 1 mg/m3 increase in 24-hour mean CO level. Note differences
among x-axis scales. Y-axis labels give study information in the following sequence (as needed): first author name, study location, publication year, specific
cause of death or admission, and age group (years).
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chosen. To test the sensitivity of the summary estimate to
this approach, we compared it with a summary estimate cal-
culated using all four individual estimates from that city.
The latter calculation gave a random-effects summary esti-
mate of 0.22% (95% CI 0.14,0.30) for a 10 µg/m3 increase in
TSP. The compared summary estimates are very similar. We
thus concluded that using one estimate per city was suffi-
ciently unbiased and that, furthermore, little precision is
gained by using all estimates available per city. 

Eleven studies estimated the effect of exposure to SO2
on daily all-cause, all-age mortality (Figure 37). The esti-
mates appear somewhat more heterogeneous than those
for TSP; when tested statistically (�2 test; P < 0.001), they
show evidence of heterogeneity. The random-effects sum-
mary estimate (per 10 µg/m3) is 0.52% (95% CI 0.30,0.74).
The asymmetric distribution of study results (Figure 46)
and results of their analysis using the Begg test (P = 0.06)
suggest that some degree of publication bias is present for
studies of SO2 and daily mortality. A similar analysis
found no evidence of publication bias for the studies of
TSP and daily mortality (Figure 47).

Hospital Admissions Four estimates of the effect of pol-
lutants on respiratory admissions were available for SO2
and NO2. The NO2 estimates were highly heterogeneous

Table 20. Summary of Estimates of Percent Changea in Health Outcomesb

Outcome Pollutant
Number of
Estimates Heterogeneityc

Fixed-Effects 
Estimate 
(95% CI)

Random-Effects 
Estimate
(95% CI)

Publication 
Bias Testd

Multicity Study 
Summary Estimates

(95% CI)

All-Cause Mortality

PM10 4 0.14 0.41 
(0.25,0.56)

0.49 (0.23,0.76) APHEA 2e 0.6 (0.4,0.8)
NMMAPSf 0.41 (0.29,0.53)

TSP 10 0.55 0.20 
(0.14,0.26)

0.20
(0.14,0.26)

0.53

SO2 11 < 0.001 0.35 
(0.26,0.45)

0.52
(0.30,0.74)

0.03 APHEA 1g 0.40 (0.3,0.5)

Respiratory Admissions

NO2 4 < 0.001 0.28
(0.09,0.47)

0.95
(�0.05,1.94)

SO2 4 0.03 0.07
(�0.28,0.41)

0.16
(�0.46,0.77)

a Per 10 µg/m3 increase in ambient pollutant concentration.

b Calculated when four or more studies provided estimates for individual pollutant–outcome pairs.

c P value from �2 test. (P values < 0.05 were considered statistically significant.)

d P value from the Begg test. The test was not conducted for those pollutant–outcome pairs with too few estimates. (P values < 0.05 were considered 
statistically significant.)

e 29 European cities (Katsouyanni et al 2001).

f 90 US cities (Samet et al 2000b).

g 12 European cities (Katsouyanni et al 1997).

Figure 46. Analysis of publication bias in summary estimates of SO2 and
all-cause mortality. Circles are actual estimate data; diamonds are hypothet-
ical results required to achieve symmetry. Solid line, at relative risk = 1.00,
indicates no association. Long-dashed line shows the unadjusted summary
estimate; short-dashed line shows the adjusted summary estimate.
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(�2 test; P < 0.001), but the random-effects estimate of
0.95% (95% CI �0.05,1.94) was high but imprecise. The
estimates for SO2 were heterogeneous (�2 test; P = 0.03)
and the random-effects estimate was 0.16% (95% CI
�0.46,0.77). 

Analysis of Publication Bias

No evidence of asymmetry was found for TSP. This result
leads to the conclusion that the summary estimate for TSP is
unlikely to be subject to publication bias. Evidence for asym-
metry was found for SO2, however. Both the parametric
Egger test and the nonparametric, less powerful Begg test
indicated asymmetry, as did the funnel plot (Figure 46). The
trim-and-fill technique indicated that four more studies
were required to make the funnel plot symmetric. The
adjusted summary estimate (based on 15 studies) was 1.003
(95% CI 1.001,1.006), compared with the unadjusted sum-
mary estimate of 1.005 (95% CI 1.003,1.007). 

This finding suggests the impact that publication bias
can have on summary estimates, given the assumptions of
the trim-and-fill analysis. The summary estimates may
change, but the overall suggestion of a positive association
between pollutant and health outcome will not. This con-
clusion is to some degree expected, given earlier discus-
sions of this issue (Greenland 1998).

SIZE OF ESTIMATES IN ASIAN STUDIES

In addition to summary estimates calculated as part of
the meta-analysis, Table 20 reports some summary esti-
mates from multicity studies carried out in Europe and the
United States. Recent discoveries about statistical mod-
eling have led to some revision of these estimates (Health
Effects Institute 2003), but because the analysis methods
used in the Asian studies are more similar to those used in
the original multicity analyses, only the original multicity
estimates are given.

For PM10 and daily all-cause mortality, the Asian
random-effects estimate of 0.49% based on four cities is
close to that of 0.6% found in the European study of 29
cities (Katsouyanni et al 2001) and that of 0.41% reported
in the US study of the 90 largest cities (part of NMMAPS;
Samet et al 2000b). 

The estimate of 0.51% for SO2 and daily all-cause mortality
in 11 Asian cities is similar to the 0.40% reported in the APHEA
study from 12 European cities (Katsouyanni et al 1997).

Studies that compare estimates from single-city studies
are generally less persuasive than those that compare sum-
mary estimates, but one such study should be mentioned:
a study of air pollution and daily hospital admissions in
Hong Kong and London, in which investigators in each

city collaborated to ensure an identical statistical
approach (the APHEA 2 protocol) (Wong et al 2002a). 

Wong and colleagues found similar annual mean levels
of NO2, O3, and SO2 in the two cities. In contrast, PM10
levels were almost twice as high in Hong Kong (52 µg/m3)
than in London (29 µg/m3). O3 levels were higher in the
winter in Hong Kong and in the summer in London. This
result might be explained the lower humidity in the cool
season in Hong Kong and in the warm season in London.

Respiratory admissions among people 65 years and
older were increased in both cities in association with
daily levels of PM10, NO2, SO2, and O3. However, the
single-day lag pattern (0–3 days) differed: associations
tended to be present at earlier lags in Hong Kong and at
later lags in London (Figure 48). These results illustrate
that although associations were found in both cities, their
comparison was sensitive to the choice of lag. The very dif-
ferent primary-care systems in Hong Kong and London
might explain this sensitivity.

Positive associations were observed for cardiac admis-
sions (of people of all ages) and mean levels of PM10, NO2,
and SO2. In contrast to the associations with respiratory
admissions, however, the lag-specific patterns tended to be
similar in both cities (Figure 49).

In Hong Kong, associations between respiratory admis-
sions and each of the four pollutants studied tended to be
robust to the inclusion of a second pollutant. Notable
exceptions were the reduction in PM10 and SO2 estimates
when NO2 was included in the analysis. This finding was
not repeated in the London data. For cardiac admissions in
Hong Kong, the addition of NO2 and SO2 to the models
reduced the associations with PM10, NO2, and SO2. O3 was
not associated with cardiac admissions. These results were
largely replicated in the London analysis. 

Figure 47. Analysis of publication bias in summary estimates of TSP
and all-cause mortality. Circles are actual estimate data. Solid line,
shown at relative risk = 1.000, indicates no association. Dashed line
shows the unadjusted summary estimate.
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Figure 48. Relative risks for 10 µg/m3 increase in pollutant level for respiratory admissions (65+ years) in single lagged days. Pollutant
averaging times are given in parentheses. Data from Wong et al 2002a.

Figure 49. Relative risks for 10 µg/m3 increase in pollutant level for cardiac admissions (all ages) in single lagged days. Pollutant aver-
aging times are given in parentheses. Data from Wong et al 2002a.
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Associations between short-term pollutant exposures
and health in Hong Kong and London were quite similar.
Because the two cities differ widely in climate, seasonality,
population health status and health care, and lifestyle,
these results strengthen the argument that the associations
are causal rather than due to unknown or uncontrolled
confounding factors. 

The results also provide some support for extrapolating
epidemiologic findings from studies in the West to those in
Asia. Such extrapolation must be done carefully, however.
Current knowledge about factors that may modify the
effects of short-term exposure to air pollution is limited
(Samet et al 2000b; Katsouyanni et al 2001), and choosing
statistical models is uncertain (Health Effects Institute
2003). It is worth noting that the largest increases in hos-
pital admissions were observed in the cool season in Hong
Kong and in the warm season in London, highlighting the
possible differences in epidemiology of the health effects
of air pollution between Asia and the West.

DISCUSSION OF META-ANALYSIS

Some limitations can be expected to affect our findings.
The two independent searches of the published literature
may have failed to find some publications in the local Asian
literature. Two Chinese papers that were recently brought to
our attention by colleagues (Chang et al 2003a,b) were not
identified in searches of the major computerized databases.
To avoid this problem in the future, additional methods of
identifying papers should be used, including targeted
searches of the local peer-reviewed literature.

Relevant results may never have been published or pub-
lished only partially. This is especially likely to be true for
results of time-series studies. Our analyses revealed some
evidence of publication bias for SO2 and all-cause mor-
tality but not for TSP and all-cause mortality. We were only
able to test selected results because, in most cases, studies
were too few for informative analysis. 

The cities of South and Southeast Asia were for the most
part unrepresented in this literature. Although results in
these regions might be similar to those in East Asia, the
levels and composition of air pollution, source types, and
factors related to population health and socioeconomic
development might result in differences in the health
effects of short-term exposure to outdoor air pollution.

The meta-analysis results suggest that the various
measures of particles (TSP, PM10, PM2.5) are generally
positively associated with mortality and hospital
admissions. Quantifying these associations was difficult,
however, because different measures of particles were used
among studies. In addition, studies that measured PM10

used different techniques (eg, TEOM, � gauge). TSP was the
most frequently reported metric of particles, but many
countries now instead report PM10, a more accurate
measure of respirable particles. In Europe, the relation
between TSP and PM10 has been estimated to be PM10 =
TSP � 0.55 (Katsouyanni et al 1997). Using this scaling
factor, the summary random-effects estimate for TSP
(0.22%) is equivalent to a PM10 effect of 0.4%. This estimate
is very close to the summary estimate for PM10 (0.49%). 

Fine particles (PM2.5) are a better measure than TSP or
PM10 of particles that result from combustion, but only
one study reported results for this metric. The summary
estimate for PM10 and daily mortality (0.49%), although
based on only four cities, was similar to that obtained in
the much larger APHEA and NMMAPS multicity studies
(0.6% and 0.51%, respectively). The summary estimates
for SO2 were also similar to those reported by APHEA.

Most estimates for NO2 were from Hong Kong and Seoul,
two cities in which motor-vehicle traffic is a major source of
pollution. Because NO2 tends to correlate well with other
vehicle emissions (such as particles), multipollutant models
might provide additional insight. For instance, hospital
admissions in Hong Kong were strongly associated with
NO2 in two-pollutant models including PM10.

Estimation of the effects of short-term O3 exposure was
limited by variation in averaging times, and the evidence
for an association between O3 and daily mortality was not
consistent.  Another limitation was that all studies
reported estimates for the entire year. Western studies that
include season-specific analyses of O3 report the strongest
effects in the warmest seasons (eg, Samet et al 2000b). 

The largest number of estimates were available for SO2.
This pollutant was consistently, positively associated with
mortality (both respiratory and cardiovascular) in the
Asian studies as well as in European studies. This associa-
tion was not as apparent for respiratory and cardiovascular
admissions, however.

Many pollutant–outcome relations showed consider-
able heterogeneity. Heterogeneity can result from noncom-
parability in the quality of data or the methods of analysis.
For example, errors in measurement of exposure among
cities can produce the appearance of differences in effects
where none truly exist (Samet et al 2000a). Heterogeneity
can also reflect real differences in the magnitude of the
effect estimate (called effect modification). 

Effect modification can be related to factors such as differ-
ences in underlying population vulnerability to air pollution
or differences in toxicity of the air pollution mixture in dif-
ferent cities. The small number of studies and lack of data on
possible effect-modifying factors precluded a detailed evalu-
ation of effect modification in the Asian literature, but the



73

HEI International Scientific Oversight Committee

results of large multicity US and European studies (Samet
et al 2000b, Katsouyanni, et al 2001) and recent meta-anal-
yses of the broader literature (Levy et al 2000) suggest that
such factors exist. 

O’Neill and colleagues (2003) recently reviewed the evi-
dence for effect modification related to economic depriva-
tion. They noted that several time-series studies in the
United States, Europe, and Latin America have frequently
reported larger relative effects in the poorest subpopula-
tions. This finding may be of particular relevance in Asia,
where extreme poverty is prevalent in major cities. 

We found two studies of short-term associations
between air pollution and health that use the case-cross-
over design. Lee and Schwartz (1999) reported evidence
from Seoul of adverse associations between daily mortality
and SO2. Reported associations with O3 and TSP were less
convincing, however. Effect estimates were also sensitive
to the control strategy that was employed. Kan and Chen
(2003) used a bidirectional control strategy and reported
associations of daily mortality and PM10, SO2, and NO2 in

Shanghai. Both studies therefore reinforce the conclusions
from time-series studies of daily data in the same cities:
adverse pollutant–outcome associations are present. 

In the non-Asian literature, studies of outcomes besides
mortality and hospital or emergency room admissions are
uncommon (except in studies based on short-term obser-
vation of panels). In contrast, the Asian literature contains
few panel studies but relatively numerous studies of out-
comes in the primary-care setting. Such studies are impor-
tant in that they contribute to a more comprehensive body
of evidence for assessing causality and provide a basis for
health-impact assessments that are more comprehensive
than those based on mortality and hospitalizations alone.
Outcomes in the Asian studies included emergency visits
(Pande et al 2002) and emergency transports (Ye et al 2001)
to the hospital, primary-care visits to a community hos-
pital (Xu et al 1995; Hwang and Chan 2002), consultation
with a general practitioner (Hwang and Chan 2002), and
school absence (Park et al 2002).
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Summary and Conclusions

Recent estimates of the impact of outdoor air pollution,
based largely on results of epidemiologic studies con-
ducted in the United States and extrapolated to Asia, sug-
gest that outdoor air pollution in Asian cities is having
significant negative impact on public health (Cohen et al
2004). Whatever conclusions may be drawn from such esti-
mates with regard to public policy, few would disagree that
future health-impact assessments for the region would ben-
efit if based on results of studies in Asian cities. This basis
is important in part because current environmental and
social conditions in Asia differ demonstrably from those in
the developed West and are changing dramatically. 

In this Special Report, we have described and summa-
rized the current epidemiologic evidence from studies of
outdoor air pollution conducted in Asia in the context of
levels and trends in development, air quality, and health.
We have then examined in detail a subset of these studies:
time-series studies that estimate the effect of short-term
exposure to air pollution on daily mortality and hospital
admissions for cardiovascular and respiratory disease.
Finally, we have identified gaps in current knowledge that
could be addressed with additional research. 

HEALTH EFFECTS OF SHORT-TERM EXPOSURE 
IN ASIAN CITIES

The Asian air pollution epidemiology literature is
larger than we had expected. We identified more than 130
studies published in the peer-reviewed literature between
1980 and 2003, most published over the past decade. This
number may well be an underestimate, because we may
have failed to identify some papers published only in
local peer-reviewed literature. Asian investigators may
also encounter difficulties in publishing their work in
Western journals, so some research may simply go unre-
ported (Gibbs 1995). And although some countries are
well-represented in the literature, others are not. The
majority of studies have been conducted in the more-
developed countries of East Asia with relatively few
studies conducted in South, Southeast, and Western Asia,
where rapid urban growth is accompanied by extremely
high levels of air pollution. 

Although we did not conduct a critical, quantitative
review of the entire Asian literature, it seems to be similar

in many respects to the broader air pollution epidemiology
literature: its recent growth, the health endpoints it
addresses, and the relative frequency of certain study
designs. Like in the broader literature, a number of time-
series studies of acute effects of short-term exposures and
cross-sectional studies of respiratory health effects have been
conducted. The latter studies report estimated effects of
exposure to PM that are qualitatively similar to those in the
broader literature (eg, Pope and Dockery 1999), although
they need to be reviewed in more detail and may not accu-
rately represent the health effects of exposure across the
entire region. Even more than in the broader literature, a pau-
city of longitudinal studies of chronic effects of long-term
exposure exists in Asia. Indeed, no studies of Asian popula-
tions describe the effects of long-term exposure on mortality
from nonmalignant cardiovascular and respiratory disease. 

We reviewed the time-series studies of acute effects of
short-term exposure in some detail. A sizeable body of
good-quality time-series studies already exists in Asia,
although the overwhelming majority published to date
have been conducted in China (including Hong Kong and
Taipei,China) and South Korea. In these studies, increased
daily morbidity and mortality are associated with PM and
various gaseous pollutants. The existing studies do not yet
represent the full range of Asian settings, but when esti-
mates from individual studies are combined into summary
estimates they resemble results from more extensive, coor-
dinated multicity studies conducted recently in Europe
and North America (at least for PM10 and SO2). Any quan-
titative review of the published studies is necessarily lim-
ited, however,  because they vary considerably in
presentation of their results. They also frequently include
multiple studies of the same city. 

The Asian literature contains a number of important
studies of community-level health outcomes that were too
few for combined analysis but nonetheless may be impor-
tant for understanding causal relations and conducting
health-impact assessments. The literature also contained
analyses of mortality in infancy and childhood; further
work in this area is needed to examine the effects of air
pollution on vulnerable subpopulations. 

The apparent similarities between Asian and Western
results are noteworthy and in some ways surprising. On the
one hand, we have found the not unexpected evidence of
effects of short-term exposure to outdoor air pollution in



76  

Health Effects of Outdoor Air Pollution in Asia

Asian cities at high levels. The acute toxicity of short-term
exposure to high air pollution concentrations has been
appreciated since the mid 20th century, and recent multicity
studies in Europe and North America have identified such
effects at even lower concentrations. On the other hand,
we also had good reason to expect that aspects of the rela-
tion between exposure to air pollution and health might
differ, possibly with important implications for both scien-
tific understanding and policy decisions. Differences in
the age structures, health status, and lifestyle between
Asian and Western populations might well be expected to
alter susceptibility to air pollution. And the air pollution
mixture itself, and its associated toxicity, might also be
expected to be reflected in the results of the epidemiologic
studies. The studies that have been reported to date do not
show such differences, however. Future combined anal-
yses of studies in a more fully representative range of
Asian cities will help strengthen what conclusions can be
drawn about the similarity of Asian results and those from
the rest of the world.

GAPS IN CURRENT KNOWLEDGE 

Gathering evidence from a wider range of Asian cities
and using a more systematic approach to analyze and
report results will help us learn more about the health
effects of air pollution in Asia and how it compares to
other regions of the world. The following gaps in current
knowledge could be addressed in future research. 

• How are short-term exposures to outdoor air pollution
related to daily morbidity and mortality across Asia?
Are effects of similar magnitude seen in India, Indone-
sia, Vietnam, Malaysia, and the Philippines and in
China, Hong Kong, and South Korea? Differences in
the relative prevalence of urban air pollution sources
(such as open burning) and urban poverty may modify
the effects of exposure. Studies of comparable design,
analyzed consistently and conducted across the
region, will provide more definitive answers.

• Does the nature of the air pollution mixture affect the
magnitude of observed health effects? Air pollution
sources in developing Asian cities differ from those in
the West, so the resulting urban air pollution mixture
may differ as well. Detailed studies of the composition
of air pollution and of the relative contribution of var-
ious sources have not yet been conducted extensively
in Asia. Without such studies, epidemiologists have a
difficult time assessing the relative effects of different
pollution mixtures or specific pollution sources or
even interpreting patterns of variation. 

• What is the shape of air pollution concentration–
response function over the range of ambient air pollu-
tion observed across Asia? The shape of the PM con-
centration–response function for daily mortality has
been described in large multicity studies in the United
States over a range of concentrations lower than that
observed in many Asian cities. The shape of that func-
tion at higher concentrations has not been as exten-
sively studied. A set of coordinated studies is needed
to span the observed range of ambient concentrations
in cities across Asia so that the results can be com-
pared reliably. 

• Are the same subpopulations susceptible to effects of
air pollution in Asia and the West? Quantitatively
similar estimates of relative increases in all-cause
mortality may mask different patterns of susceptibil-
ity. Death at younger ages (due to acute respiratory
infections, tuberculosis, or acute respiratory syn-
drome, for example) may play a larger role in Asia
than in the West. Given the relatively larger propor-
tion of younger age groups in Asian populations, the
answer to this question has important implications for
health-impact assessment of air pollution in Asia. In
addition, although the prevalence of chronic cardio-
vascular and respiratory diseases is increasing in
urban Asian populations, susceptibility to the effects
of air pollution among those with chronic disease may
be modified by diet or other factors, even among older
people. As demographic and health patterns emerge,
studies are needed that (at a minimum) estimate
effects on morbidity and mortality by age and, prefer-
ably, by cause over time.

• What role does indoor air pollution play in the health
effects of outdoor air pollution? The magnitude and
prevalence of exposure to indoor air pollution is high
in Asian cities, especially among the poor. We need to
understand better how air pollution from indoor
sources contributes to levels of outdoor air pollution
and how indoor exposure to air pollution from indoor
sources affects risk estimates for outdoor air pollution.
Coordinated measurements of exposure and coordi-
nated epidemiologic studies will be needed to address
these questions.

• What role does poverty play in the health effects of air
pollution? Limited evidence, largely from studies in
Europe and North America, suggests that economic dep-
rivation increases the risk of morbidity and mortality
related to air pollution. One reason may be the higher
air pollution exposures that people with lower socio-
economic status experience. But increased susceptibil-
ity can also be affected by factors related to
socioeconomic status, such as health, nutritional status,
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and access to medical services. Studies of these issues
have not yet been conducted in Asia, where extreme
poverty is more prevalent and results of the Western
studies cannot be simply extrapolated. Studies in Asia
that examine the effect of exposure on morbidity and
mortality from diseases associated with poverty (such
as acute respiratory infections in children and tubercu-
losis) and studies that estimate effects of exposure in
different socioeconomic strata are needed.

• What are the effects of long-term exposure to air pollu-
tion? Health impact assessments of air pollution (such
as the WHO Comparative Risk Assessment; WHO
2002) and cost–benefit analysis of air pollution con-
trol measures rely primarily on estimates of how expo-
sure affects the incidence of and mortality from
chronic cardiovascular and respiratory diseases.
These estimates can only be provided by long-term
observation of large study populations; time-series
studies of daily effects will not suffice. To date, long-
term studies have only been conducted in the United
States and Europe. Extrapolation of their results raises
some uncertainties. A detailed quantitative review of
the larger Asian literature (including cross-sectional
studies of chronic respiratory disease) may better

inform extrapolations, but ultimately only long-term
Asian studies will provide the most direct evidence. 

SUMMARY

The current literature provides substantial information
on the effects of outdoor air pollution on the health of
Asia’s people, information that can serve today as a
resource for important Asian decisions. For the subset of
cities that has been studied most closely, this Special
Report indicates that short-term exposure to air pollution
is associated with increases in daily mortality and mor-
bidity. In the limited comparisons that can be made at this
stage, these estimated effects are similar to those found in
Western countries. Important gaps in the range of Asian
settings studied and in the types of studies remain to be
addressed in order to fully inform public policy decisions.
Publication of this Special Report and subsequent funding
of a targeted program of research in Asia aims to improve
substantially our understanding of the problems posed by
air pollution in Asia and to develop the capacity of Asian
scientists to conduct additional scientific research toward
their solution. 
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Abbreviations and Other Terms

acute MI acute myocardial infarction

AIC Akaike information criterion

ALRI acute lower respiratory infection

APHEA Air Pollution and Health: 
A European Approach

BaP benzo[a]pyrene

CBVD cerebrovascular disease

CH3 methane

CHD coronary heart disease

CI confidence interval

CO carbon monoxide

CO2 carbon dioxide

COPD chronic obstructive 
pulmonary disease

CRA comparative risk assessment

CVD cardiovascular disease

DALY disability-adjusted life year

EPA Environmental Protection 
Agency (US)

ER emergency room

FEV1 forced expiratory volume in 1 second

FVC forced vital capacity

GAM generalized additive model

GDP gross domestic product

HC hydrocarbon

HKAQO Hong Kong Air Quality Objective

IHD ischemic heart disease

ISAAC International Study of Asthma 
and Allergies in Children

LPG liquefied petroleum gas

MMEF maximal mid expiratory flow

NAAQS National Ambient Air Quality 
Standards (China)

NMHC nonmethane hydrocarbon

NMMAPS National Morbidity and Mortality Air 
Pollution Study (US)

NO nitric oxide

NO2 nitrogen dioxide

NOx nitrogen oxides

O3 ozone

Ox photochemical oxidants

PAH polycyclic aromatic hydrocarbon

PAPA Public Health and Air Pollution 
in Asia

PEF peak expiratory flow

PM particulate matter

PM10 PM less than 10 µm in aerodynamic 
diameter

PM10–2.5 PM 10–2.5 µm 
in aerodynamic diameter

PM2.5 PM less than 2.5 µm 
in aerodynamic diameter

PMN polymorphonuclear leukocyte

PSI pollutants standard index

RespD respiratory disease

RSP respirable suspended particulates

SO2 sulfur dioxide

SO4
2� sulfate

SOx sulfur oxides

SP suspended particles

TEOM tapered element 
oscillating microbalance

THC total hydrocarbons

TSP total suspended particles 
(equivalent to suspended PM)

WBC white blood cells

WHO World Health Organization
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