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A B O U T  H E I

 v

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

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

• Competitively funds and oversees research projects;

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

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

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

HEI receives half of its core funds from the U.S. Environmental Protection Agency and half from
the worldwide motor vehicle industry. Other public and private organizations in the United States
and internationally periodically contribute to HEI programs. Support for the Public Health and Air
Pollution in Asia (PAPA) studies highlighted in this Communication included funding provided by
the U.S. Agency for International Development and the William and Flora Hewlett Foundation.

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

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

All project results and comments by the Health Review Committee are widely disseminated
through HEI’s Web site (www.healtheffects.org), printed reports, newsletters, and other publica-
tions, annual conferences, and presentations to legislative bodies and public agencies.
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Asia is currently experiencing rapid increases
in industrialization, urbanization, and vehicu-
larization. As a result, emission trends (e.g.,
energy, fuel, vehicle use), population trends
(e.g., degree of urbanization, urban popula-
tion growth, city size), health trends (e.g., age structure, background
disease rates), and other important factors (e.g., broad changes in regu-
latory approaches, improvements in control technology) will influence
the extent to which exposure to air pollution affects the health of the
Asian population over the next several decades. Because the effects on
air quality of recent, rapid development are clearly apparent in many of
Asia’s cities and industrial areas, government decision makers, the pri-
vate sector, and other local stakeholders are increasingly raising concerns
about the health impacts of urban air pollution. Major Asian cities, such
as Shanghai (China), Delhi (India), Ho Chi Minh City (Vietnam), and
Manila (Philippines), now experience annual average levels of respirable
particles [particulate matter ≤ 10 µm in aerodynamic diameter (PM10)]
in excess of the World Health Organization’s (WHO) newly revised
world air quality guideline of 50 µg/m3 (WHO 2006). 

The health impacts in the region are already estimated to be
substantial. The WHO (2002) estimated that urban air pollution
contributed to approximately 800,000 deaths and 6.4 million lost life-
years worldwide in 2000, with two-thirds of these losses occurring in
rapidly urbanizing countries of Asia. These estimates were made using
the results of U.S. studies of long-term exposure to air pollution
because such studies have not yet been conducted in the developing
countries of Asia, where health, health care, exposure to pollution, and
socioeconomic circumstances still differ markedly from the United
States. This contributes considerable uncertainty to these and other
recent estimates of health impacts of air pollution (Cohen et al. 2004). 

High-quality, credible science from locally relevant studies is
essential to address the substantial air pollution challenges in Asia.
Such studies will be critical in helping decision makers decide which
policies are most likely to result in public health benefits. Although
the number of published studies on the health effects of air pollution
in Asia has grown nearly exponentially over the past quarter century,
with > 400 reports in the peer-reviewed literature [Health Effects
Institute (HEI) 2008], few coordinated, multicity time-series studies
have been conducted comparable to the robust and consistent results
in the United States and Europe (Katsouyanni et al. 2001; Samet
et al. 2000). The Public Health and Air Pollution in Asia (PAPA)
studies in Hong Kong, Shanghai, and Wuhan, China, and Bangkok,
Thailand, published in this issue of Environmental Health Perspectives
(Kan et al. 2008; Qian et al. 2008; Vichit-Vadakan et al. 2008; Wong
et al. 2008a, 2008b), comprise the first coordinated multicity analyses
of air pollution and daily mortality in Asia. These studies, designed
and conducted by local investigators in concert with local air pollu-
tion and public health officials and international experts, explored key
aspects of the epidemiology of exposure to air pollution in each loca-
tion, providing additional insight about how factors such as weather
(particularly high temperatures) and social class might modify the air
pollution relative risk. Although clearly relevant to contemporary
Asian conditions, these results also have global relevance.

The studies were conducted using the same types of mortality
and air pollution data used in time-series studies throughout the
world, and with methodologic rigor that matches or exceeds that of
most published studies, including formal quality control in the form

of detailed stan-
dard operating
procedures for
data collection
and analysis, and

external quality assurance audits of the data overseen by the funding
organization. These studies also benefited from recent efforts to
strengthen and refine methods for the analysis of time-series data; as
a result they are on a par methodologically with the most recent U.S.
and European analyses (HEI 2003). 

These five studies provide a relatively consistent, if limited, pic-
ture of the acute mortality impact of current ambient particulate air
pollution in several large metropolitan areas in East and Southeast
Asia. Wong et al. (2008b) report that a 10-µg/m3 increase in PM10
level was associated with a 0.6% (95% confidence interval, 0.3–0.9)
increase in daily rates of all natural-cause mortality, estimates compa-
rable to or greater than those reported in U.S. and European multi-
city studies. Interestingly, these proportional increases in mortality
are seen at levels of exposure several times higher than those in most
large Western cities (mean levels, 51.6–141.8 µg/m3), and in each
city except Shanghai, the pattern of the exposure–response functions
appear linear over a fairly large range of ambient concentrations up
to and sometimes > 100 µg/m3. 

Although only four cities were studied, these results may begin to
allay concerns regarding the generalizability of the results of the sub-
stantial, but largely Western, literature on the effects of short-term
exposure to air pollution. The results, which are broadly consistent
with previous research (HEI 2004), suggest that neither genetic fac-
tors nor longer-term exposure to highly polluted air substantially
modify the effect of short-term exposure on daily mortality rates in
major cities in developing Asia. This provides support for the notion,
implicit in the approach taken in the WHO’s world air quality guide-
lines (Krzyzanowski and Cohen 2008), that incremental improve-
ments in air quality would be expected to improve health, even in
areas with relatively high ambient concentrations. 

Health impacts in cities in developing countries of Asia result
from exposures to a mixture of pollutants, particles, and gases, which
are derived in large measure from combustion sources (Harrison
2006; Wong et al. 2008b). This is, of course, no different from in
Europe and North America, but the specific sources and their propor-
tional contributions are different, with open burning of biomass and
solid waste materials, combustion of lower-quality fuels including
coal, and two- and three-wheeled vehicles contributing a larger share
in Asia. Time–activity patterns, building characteristics, and prox-
imity of susceptible populations to pollution sources also differ in
ways that may affect human exposure and health effects (Janssen and
Mehta 2006). Our current knowledge of these issues is rudimentary,
and additional research is clearly needed to inform effective and sus-
tainable control strategies. From past experience in the West and cur-
rent evidence in Asia, substantial increases in the combustion of fossil
fuels for power generation and transportation in developing Asia will
have important consequences for human health and environmental
quality in Asia and beyond. Effective approaches to pollution control
and reduction do exist, and investment in these approaches need not
necessarily impede economic growth. Therefore, developing countries
of Asia may be able to avoid increased environmental degradation and
associated health impacts while reducing poverty and providing

A 370 VOLUME 116 |NUMBER 9 |September 2008 • Environmental Health Perspectives

Asia: Changing Times and
Changing Problems
doi:10.1289/ehp.11856

Frank E. Speizer Aaron Cohen Sumi Mehta

Perspectives | Editorial

116N9_Editorial_send  9/18/08  1:19 PM  Page A 370

Reprinted with permission by the Health Effects Institute 1



Environmental Health Perspectives • VOLUME 116 |NUMBER 9 |September 2008 A 371

economic security for their populations (Center for Science and the
Environment 2006). 

Thirty million people currently live in the four cities studied, so
even the small proportional increases in daily mortality rates imply
large numbers of excess deaths. That said, air pollution is but one of
many factors that affect the health of people in developing Asia, and,
unfortunately, not even the most important one (Ezzati et al. 2002).
Nonetheless, the substantial health impacts of exposure to air pollu-
tion should be of concern to public health policy makers faced with
difficult decisions in transportation and energy policy. Given current
predictions of even more accelerated urbanization in the regions,
there will be an increasing need for more extensive monitoring of
urban air quality designed to support health effects studies and
impact assessments, and a corresponding need for more highly
trained professionals in air quality monitoring, exposure assessment,
and environmental epidemiology. 

Strategic planning for future research is also needed. Although our
ability to draw firm conclusions from results in four cities is limited,
the methods of Wong et al. (2008b) can be replicated in additional
cities across the regions. In some cases, nonmortality outcomes, such
as hospital admissions, may also be addressed, enabling policy makers
to better quantify the health impacts of air pollution. However, while
time-series studies such as the PAPA studies will continue to be
important potential drivers of environmental and public policy, addi-
tional study designs, such as cohort studies—similar to the U.S.
American Cancer Society (Pope et al. 2002) and Six Cities (Laden
et al. 2006) studies—are needed in Asian populations to estimate
effects of long-term exposure on annual average mortality and life
expectancy, the metrics that may be the most meaningful and policy
relevant to decision makers. These kinds of studies will require the
building of multidisciplinary teams of investigators, with adequate
long-term commitment of resources to work in collaboration with
governmental officials, their industrial counterparts, and local stake-
holders. The PAPA program is one model of how such resources can
be brought together to support such an effort. 

The views expressed in this paper are those of the authors and do not
necessarily reflect the views of the Health Effects Institute (HEI) or its spon-
sors; however, F.E.S is chairman of the HEI International Scientific
Oversight Committee that was responsible for guiding the conduct and
providing input to the investigators as needed.

The authors declare they have no competing financial interests. 
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Extreme temperatures are associated with
increased daily mortality in many regions of the
world (Patz and Khaliq 2002). Because human
activity is likely to increase overall global aver-
age temperatures, research efforts have focused
on the health effects of exposure to high tem-
peratures and heat waves in summer. In the
United States, increased mortality during high-
temperature days has been extensively investi-
gated. Semenza et al. (1996) reported that a
heat wave in Chicago, Illinois, in 1995 was
associated with an increase in the death rate
among socially isolated people who had no air
conditioning. In studies of multiple U.S. cities,
similar results were reported (Curriero et al.
2002). In Europe, excess mortality during
high-temperature days has also been noted.
Le Tertre et al. (2006) also reported an associa-
tion between the 2003 heat wave in France and
increases in all causes of mortality in nine
French cities. Stafoggia et al. (2006) explored
vulnerability to heat-related mortality in four
Italian cities: Bologna, Milan, Rome, and
Turin. The populations particularly vulnerable
to high summer temperatures were the elderly,
women, widows and widowers, those with par-
ticular medical conditions, and those in nursing
homes and health care facilities. 

Air pollution is also associated with
increased daily mortality (Pope 2000). A large
number of daily mortality time-series analyses

have provided sufficiently convincing evidence
that nonaccidental mortality, including cardio-
pulmonary mortality, is associated with ambi-
ent particulate matter (PM) exposure in the
United States (Ostro et al. 2007), Canada
(Burnett et al. 2000), Rome (Forastiere et al.
2007), China (Kan et al. 2007), Korea (Lee
et al. 2000), Greece (Katsouyanni et al. 1997),
and Chile (Cakmak et al. 2007). The estimated
effect is generally in the range of 1.0–8.0%
excess deaths per 50-µg/m3 increments in 24-hr
average concentrations of particulate matter
≤ 10 µm in aerodynamic diameter (PM10)
(Schwartz and Zanobetti 2000). 

Although the independent impacts of high
temperature and air pollution on daily mortal-
ity have been widely explored, few studies
have examined the interaction between high
temperature and air pollution (Samet et al.
1998). Investigating the effects of the synergy
between air pollution and high temperature
on mortality, although desirable, is difficult,
because a suitable study site is not easily avail-
able. The Chinese city of Wuhan, however,
provides an opportunity to examine these syn-
ergistic effects; it has been called an “oven”
city because of its extremely hot summers.
Previous studies in Wuhan (He et al. 1993;
Qian et al. 2004) have shown high air pollu-
tion levels, with concentration ranges wider
than those reported in the published literature

for other locations. Therefore, we tested the
hypothesis that temperature extremes modify
the mortality effects of air pollution. 

Methods
Study area and population. Wuhan is the
capital of Hubei Province, which is located in
the middle of the Yangzi River delta, at
29°58´–31°22´ north latitude and 113°41´–
115°05´ east longitude. Its population is
approximately 7.5 million people, of whom
approximately 4.5 million reside in nine
urban core districts within an area of
201 km2. Wuhan has a subtropical, humid,
monsoon climate with a distinct pattern of
four seasons. Its average daily temperature in
July is 37.2°C, and the maximum daily tem-
perature often exceeds 40°C. The major
industries in Wuhan include ferrous smelters,
chemical plants, power plants, and machinery
plants. The major sources of air pollution in
the city are motor vehicles and the burning of
coal for domestic cooking, heating, and
industrial processes. 

Data sources. Mortality data from 1 July
2000 to 30 June 2004 were obtained from the
Wuhan Centres for Disease Prevention and
Control (WCDC). The government requires
that a decedent’s family obtain a death certifi-
cate from a hospital or a local community
clinic to remove the deceased person from the
government-controlled household registration.
The local WCDC issues two copies of the
death certificate according to the certificate
from the hospital or the clinic. One copy is
submitted to the public safety department to
stop the decedent’s address registration, and
the other copy is used for the cremation. 

The WCDC electronically archives all
death certificates. In 1992, the WCDC
became the first center in China to standardize
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High Temperatures Enhanced Acute Mortality Effects of Ambient Particle
Pollution in the “Oven” City of Wuhan, China
Zhengmin Qian,1,2 Qingci He,3 Hung-Mo Lin,1,4 Lingli Kong,3 Christy M. Bentley,1 Wenshan Liu,5 and Dunjin Zhou6

1Department of Public Health Sciences, Pennsylvania State University College of Medicine, Hershey, Pennsylvania, USA; 2Geisinger
Center for Health Research, Danville, Pennsylvania, USA; 3Wuhan Academy of Environmental Science, Wuhan, China; 4Mount Sinai
School of Medicine, New York, NY, USA; 5Wuhan Environmental Monitoring Center, Wuhan, China; 6Wuhan Centres for Disease
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BACKGROUND: We investigated whether the effect of air pollution on daily mortality is enhanced by
high temperatures in Wuhan, China, using data from 2001 to 2004. Wuhan has been called an
“oven” city because of its hot summers. Approximately 4.5 million permanent residents live in the
201-km2 core area of the city. 

METHOD: We used a generalized additive model to analyze pollution, mortality, and covariate data.
The estimates of the interaction between high temperature and air pollution were obtained from
the main effects and pollutant–temperature interaction models. 

RESULTS: We observed effects of consistently and statistically significant interactions between par-
ticulate matter ≤ 10 µm (PM10) and temperature on daily nonaccidental (p = 0.014), cardiovascular
(p = 0.007), and cardiopulmonary (p = 0.014) mortality. The PM10 effects were strongest on
extremely high-temperature days (daily average temperature, 33.1°C), less strong on extremely low-
temperature days (2.2°C), and weakest on normal-temperature days (18.0°C). The estimates of the
mean percentage of change in daily mortality per 10-µg/m3 increase in PM10 concentrations at the
average of lags 0 and 1 day during hot temperature were 2.20% (95% confidence interval),
0.74–3.68) for nonaccidental, 3.28% (1.24–5.37) for cardiovascular, 2.35% (–0.03 to 4.78) for
stroke, 3.31% (–0.22 to 6.97) for cardiac, 1.15% (–3.54% to 6.07) for respiratory, and 3.02%
(1.03–5.04) for cardiopulmonary mortality. 

CONCLUSIONS: We found synergistic effects of PM10 and high temperatures on daily nonaccidental,
cardiovascular, and cardiopulmonary mortality in Wuhan. 

KEY WORDS: air pollution, China, health effect, mortality, temperature. Environ Health Perspect
116:1172–1178 (2008). doi:10.1289/ehp.10847 available via http://dx.doi.org/ [Online 9 July 2008]
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its system for mortality data collection. The
system’s requirements are as follows: a) mortal-
ity data must be validated four times per year;
b) death events collected from the WCDC
must conform with those collected from the
Wuhan Police Department; c) no data may be
missing from any death certificate; d) unclear
causes and diagnosis may not constitute > 2%
of deaths in urban districts; and e) a correct
coding rate of > 98% must be achieved for
cause-specific deaths. For deaths that occurred
before 1 January 2003, the International
Classification of Disease, Ninth Revision [ICD-9;
World Health Organization (WHO) 1978]
codes were applied; for deaths that occurred
after 31 December 2002, ICD-10 (WHO
1993) codes were applied. Total mortality was
divided into the following major causes: non-
accidental mortality (ICD-9 codes 1–799;
ICD-10 codes A00–R99), cardiovascular dis-
eases (ICD-9 codes 390–459; ICD-10 codes
I00–I99), stroke (ICD-9 codes 430–438;
ICD-10 codes I60–I69), cardiac diseases
(ICD-9 codes 390–398 and 410–429; ICD-10
codes I00–I09 and I20–I52), respiratory dis-
eases (ICD-9 codes 460–519; ICD-10 codes
J00–J98), and cardiopulmonary diseases
(ICD-9 codes 390–459 and 460–519; ICD-10
codes I00–I99 and ICD-10 J00–J98). The
Human Subject Protection Office of the
Penn State College of Medicine approved the
current study protocol. 

Pollution data were collected by the
Wuhan Environmental Monitoring Center
(WEMC) and certified by the U.S. Environ-
mental Protection Agency. Daily concentra-
tions of PM10, sulfur dioxide, nitrogen dioxide,
and ozone (8-hr mean concentrations,
1000–1800 hours) were collected for the study
period. The monitoring system strictly fol-
lowed the quality assurance/quality control
procedure set by the State Environmental
Protection Administration of China (1992).
Briefly, the WEMC conducts regularly sched-
uled performance audits and precision checks
on the air-monitoring equipment. Quarterly
performance audits are also conducted to assess
data accuracy. PM10 measurements were col-
lected using PM10 beta attenuation mass moni-
tors, (model 7001); SO2 measurements were
collected using an ultraviolet fluorescence SO2
analyzer (model 4108); NO2 measurements
were collected using a chemiluminescent NO2
analyzer (model 2108); and O3 measurements
were collected using an ultraviolet photometry
O3 analyzer (model 1008), all from Dasibi
Environmental Corporation (Glendale, CA,
USA). Meteorologic data were provided by the
Wuhan Meteorological Administration.

Statistical methods. We used quasi-
likelihood estimation within the context of the
generalized additive models (GAMs) to model
the natural logarithm of the expected daily
death counts as a function of the predictor

variables (Hastie and Tibshirani 1990). We
examined the effect estimates for each pollu-
tant at 0-, 1-, 2-, 3-, and 4-day lags, and at lag
0–1 day and lag 0–4 day average concentra-
tions prior to the death events. In general, the
largest pollutant effects were observed at the lag
0–1, where pollution concentrations were eval-
uated at the average of the day of death (lag 0)
and 1 day before death (lag 1). Therefore, for
purposes of this study we focused on the results
of the lag 0–1 model. All model analyses were
performed using R, version 2.5.0, using the
mgcv package, 1.3-24 (The R Foundation for
Statistical Computing 2007). 

There were two steps in the model build-
ing and fit: development of the best base
model (without a pollutant) and development
of the main model (with a pollutant). The lat-
ter was achieved by adding the air pollution
variable(s) to the final and best cause-specific
base model, assuming a linear relationship
between the logarithmic mortality count and
the air pollutant concentration. To obtain the
best base model, the GAM analyses were per-
formed covering two major areas. First, we
controlled for potential confounding of
yearly, seasonal, and subseasonal variations
and for other time-varying influences on mor-
tality. To begin, we included indicators for
days of the week to take into account the
change in traffic volume between workdays
and weekends. We then regressed the natural
logarithm of the daily death counts on a day
sequence to adjust for time trends using either
natural splines (ns) or penalized splines (ps).
Furthermore, visual inspection of the mortal-
ity time-series showed two peaks of death
counts over the two periods 28 July–3 August
2003 (sum03) and 1 December–31 December
2003 (win03). We added a factor variable for
the three periods (sum03, win03, and others)
and performed local smoothing by specifying
the “by” option for these three periods to con-
trol for the extreme peaks of death counts.
Second, we controlled for potential confound-
ing of relevant weather variables, which is
important during unusually high and low
temperatures in Wuhan. We controlled for
weather variables using a) indicator variables
for extremely hot days, cold days, and humid
days; and b) ns or ps for the temperature and
humidity, respectively. The extremely hot and
cold days were defined as those days on which
the highest or lowest daily average tempera-
tures were > 95th percentile or < 5th per-
centile of the 4 years of data, respectively
(Dockery et al. 1992). The 5th and 95th per-
centiles for temperature were 3.6 and
31.7°C.. Similarly, the extremely humid days
were those days with daily average relative
humidity > 95th percentile of the 4 years of
data. The goal in the previous two steps was
to obtain conservative estimates on the sub-
sequent pollution mortality associations. 

Taking into account the literature review
and the common protocol of the Health
Effects Institute’s program of the Public
Health and Air Pollution in Asia, we used four
competing approaches to determine the appro-
priate degrees of freedom (df) for the time and
weather in developing the best base model for
each cause-specific mortality model (Curriero
et al. 2002; Dominici et al. 2003). These
include two ns methods that used the fixed df,
the sequential ns method, and the ps method,
where the former three ns methods were para-
metric-based regression splines and always used
2 df and 3 df for the local smoothers for
sum03 and win03, respectively. For the two
fixed-df models, we considered 6 and 8 df/year
for time, 3 and 4 df for temperature, and 3 and
4 df for humidity over the entire 4-year study
period. For the sequential method, we started
with a reduced model (only days of week,
extreme weather indicators, and local smooth-
ing terms). We tried 3–8 df/year for the time
and then chose the df that had the smallest
sum of the absolute partial autocorrelation val-
ues over a 30-day lag period. Next we added
temperature to the above model using 2–4 df.
We repeated this process for relative humidity
after including temperature, time trend, days
of week, and extreme weather indicators. We
ran the ps model to select the optimal df for
overall time trend, local time intervals,
temperature, and relative humidity. We initial-
ized the df as 8 df/year for time, 3 df for
sum03, 3 df for win03, and 3 df for both tem-
perature and relative humidity. We observed
that the local smoothing df remains the same
or within 1–2 df differences from the dfs used
in the sequential method for various cause-
specific mortality. The criteria for selecting
the best-fitting model are as follows: a) the
absolute value of the partial autocorrelation
< 0.1 for all 30-day lags; and b) the smallest
sum of the absolute partial autocorrelation
values over a 30-day lag period. 

To address whether estimated effects are
valid and whether they are strongly influenced
by different model specifications during the
modeling process, we conducted a series of sen-
sitivity analyses in two areas. The first area con-
cerns different smoothing approaches for time,
temperature, and humidity. These included
a) alternating smoothing order in the sequen-
tial method from time, temperature, and
humidity to temperature, humidity, and time;
b) using fixed df for time, temperature, and
humidity (e.g., 6 df for time/year, 3 df for tem-
perature, and 3 df for humidity; and 8 df for
time/year, 4 df for temperature, and 4 df for
humidity); and c) using the ps approach. The
second area concerns model specifications,
where the best main models were fitted alterna-
tively by a) adding influenza epidemics;
b) adding an indicator for the period of
ICD-10 use; c) removing Wuhan, the most

Ambient air pollution and daily mortality
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industrialized district; d) removing extreme
temperature data; e) redefining extreme tem-
perature; and f ) adding the lag climate variable 

Last, we redefined the temperature groups
using different percentile cutoffs of the tem-
perature ranges (3rd, 7th, 10th, and 15th

percentiles) to determine whether the effects
observed using the 5th percentiles were
significantly changed. 

We used several approaches to investigate
the validity of the linearity assumption for each
air pollutant. First, we replaced the linear term

of the pollutant concentrations with a smooth
function with 3 df using ns. Both the likelihood
ratio test with 2 df (which compares the origi-
nal main model with the smoothed model) and
the visual inspection approach were used to
assess whether the smoothed exposure–response
curve resembles a straight line. Next, we per-
formed piecewise regression models by allowing
different slopes of pollutant concentrations
before and after a cutoff point. The cutoff
points of PM10 were tested from zero to
150 µg/m3 in 25-µg/m3 increments. The best
piecewise regression model was the one in
which the cutoff point minimized the general-
ized cross-validation value. In general, assuming
the linearity of air pollution effects on the loga-
rithm of mortality appears to be appropriate.

To investigate the synergetic effects
between air pollution and temperature, our

Qian et al.
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Table 1. Distributions of mean daily ambient air pollutants (μg/m3) and weather variables by temperaturea

in Wuhan, China, July 2001–June 2004.

Normal temperature Low temperature High temperature

Pollutant Days (n) Mean ± SD Days (n) Mean ± SD Days (n) Mean ± SD

PM10 1,312 145.7 ± 64.6 73 117.3 ± 49.5 73 96.3 ± 27.9
O3 1,265 87.4 ± 47.5 72 51.5 ± 24.5 49 91.9 ± 41.8
SO2 1,311 39.4 ± 25.4 73 50.3 ± 26.7 73 23.8 ± 10.2
NO2 1,311 52.9 ± 18.7 73 51.2 ± 17.8 73 32.5 ± 6.2
Daily mean temperature (°C) 1,315 18.0 ± 8.2 73 2.2 ± 1.3 73 33.1 ± 0.9
Daily mean relative humidity (%) 1,315 74.4 ± 12.4 73 75.3 ± 16.0 73 64.7 ± 5.6

aNormal temperature ≥ 5th percentile and ≤ 95th percentile of daily average temperatures during the 4-year study period;
low temperature < 5th percentile; high temperature > 95th percentile. 

Table 2. Correlations and trends in measured ambient air pollutants by temperature in Wuhan, China, July 2001–June 2004.

Range of Pearson correlation
No. of Range of mean values Coefficient of variation coefficients between Mean of daily means

Pollutant (μg/m3) monitoring stations between stations of daily mean (%) monitoring stations Mean Average annual changea

PM10

Normal temperature 5 116.9–166.1 44.3 0.83–0.97 145.7 –4.5
Low temperature 5 95.5–126.6 42.2 0.76–0.97 117.3 4.3
High temperature 5 72.7–118.6 28.9 0.50–0.93 96.3 –1.5

O3

Normal temperature 1 NA 54.3 NA 87.4 –2.8
Low temperature 1 NA 47.7 NA 51.5 4.6
High temperature 1 NA 45.5 NA 91.9 –3.0

SO2

Normal temperature 4 32.8–45.9 64.4 0.64–0.84 39.4 3.3
Low temperature 4 41.3–58.7 53.0 0.61–0.87 50.3 4.0
High temperature 4 17.4–28.1 42.9 0.27–0.78 23.8 2.6

NO2

Normal temperature 5 36.3–64.8 35.3 0.57–0.84 52.9 2.1
Low temperature 5 37.6–61.9 34.8 0.69–0.86 51.2 3.3
High temperature 5 22.3–43.2 19.1 0.11–0.66 32.5 1.3

NA, not applicable. 
aCalculated from a linear regression model. 

Table 3. Daily mortality in Wuhan, China, by cause of death and temperature, July 2001–June 2004.

Total no. No. of days Percentile
Underlying cause of death of deaths with no deaths Mean Variance Variance/mean Minimum Maximum 25th 50th 75th

Nonaccidental
Normal temperature 78,666 0 59.82 216.23 3.61 25 213 50 58 67
Low temperature 5,839 0 79.99 142.96 1.79 57 107 71 80 88
High temperature 4,626 0 63.37 562.10 8.87 40 156 51 56 68

Cardiovascular
Normal temperature 35,684 0 27.14 65.75 2.42 8 67 21 26 32
Low temperature 2,815 0 38.56 56.78 1.47 26 60 33 37 43
High temperature 2,124 0 29.10 194.73 6.69 11 94 22 26 32

Stroke
Normal temperature 22,544 0 17.14 31.24 1.82 4 43 13 17 21
Low temperature 1,713 0 23.47 25.97 1.11 14 35 20 23 27
High temperature 1,300 0 17.81 71.27 4.00 6 57 13 16 20

Cardiac
Normal temperature 10,634 2 8.09 12.09 1.50 0 22 6 8 10
Low temperature 898 0 12.30 16.88 1.37 3 23 9 12 15
High temperature 634 0 8.68 25.11 2.89 2 29 5 8 11

Respiratory
Normal temperature 8,894 9 6.76 32.14 4.75 0 125 4 6 8
Low temperature 894 0 12.25 15.86 1.29 5 25 9 13 15
High temperature 499 0 6.84 46.50 6.80 1 56 4 5 8

Cardiopulmonary
Normal temperature 44,578 0 33.90 137.88 4.07 11 185 26 32 39
Low temperature 3,709 0 50.81 87.88 1.73 33 78 44 50 56
High temperature 2,623 0 35.93 345.09 9.60 15 111 27 32 38
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main models were built to include additional
season indicators and two interaction terms
between a linear term of air pollution and an
indicator of either extreme high temperature or
extreme low temperature (the normal tempera-
ture serves as the reference). The effect esti-
mates were expressed using a percentage
change in the mean number of daily deaths per
10-µg/m3 increments in 24-hr mean concen-
trations of a pollutant (8-hr mean concentra-
tions for O3). The associated upper and lower
95% confidence limits by weather condition
were obtained by taking the exponential of the
upper and lower 95% confidence limits of the
estimated βs. The overall test of the interaction
effects between extreme high and low tempera-
tures and air pollution was performed using
the likelihood ratio test with 2 df. 

Results
The daily mean concentrations of PM10, SO2,
and NO2 were much lower during high-
temperature days than during low-temperature
and normal-temperature days (Table 1). The
8-hr mean concentrations of O3, as expected,
were highest during the high-temperature days.
There was great variation in the daily average
temperature (33.1°C vs. 2.2°C) but small
variation in the daily average relative humidity
among the three temperature groups. 

There were considerable variations in
mean daily levels of pollutants (Table 2). The
mean daily concentrations of SO2 and NO2
generally increased during the study period
across the three temperature groups. Despite
spatial variations in the daily mean concentra-
tions, which were mainly driven by the highest
PM10 and SO2 concentrations measured at the
Wugan station located near a smelter, we
found that the distributions of PM10 over dis-
tances were fairly homogeneous, as shown by
the high Pearson correlation coefficients
between measurements from the monitoring
stations (0.50–0.97). SO2 and NO2 were sim-
ilarly homogeneously distributed except dur-
ing the high-temperature days. 

We collected information on a total of
89,131 nonaccidental death cases. The daily
mean number of nonaccidental deaths was 61,
with a maximum of 213 and with a main con-
tribution of cardiopulmonary mortality (daily
mean of 35). The majority of individuals died
when they were ≥ 65 years of age (71.9%).
The mean age of nonaccidental deaths was
69 years, with a range of 0–106 years. Persons
≥ 65 years of age contributed to more than half
of the daily deaths for each of the underlying
causes of death. The percentage of deaths in
the 0–4 year age group was 1.5%. There were
only 11 no-death days, all with normal temper-
ature (Table 3). Each variance was greater than
the mean, indicating that the mortality data
followed the overdispersed Poisson distribu-
tions across the three temperature groups,

which warrant additional control for weather
and temporal trends in the data. 

We observed consistent associations
between daily mortality and PM10, NO2, and
SO2 (Qian et al. 2007a, 2007b). In general,
using different smoothing approaches did not
change the effect estimates significantly, nor
did using different model specifications. We
also observed a consistent interaction of PM10
with temperature (Table 4). The PM10 effects

were strongest on extremely high-temperature
days (daily average temperature, 33.1°C), less
strong on extremely low-temperature days
(2.2°C), and weakest on normal-temperature
days (18.0°C). The estimates of the mean per-
centage of change in daily mortality per
10-µg/m3 increase in PM10 concentrations at
the average of lags 0 and 1 day during high
temperature were 2.20% [95% confidence
interval (CI), 0.74–3.68] for nonaccidental;

Ambient air pollution and daily mortality
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Table 4. Estimates of the mean percentage of change (95% CI) in daily mortality per 10-μg/m3 increase in
pollutants by cause of death and temperature, lag 0–1 day, in Wuhan, China, July 2001–June 2004.

Temperature

Cause of death Normal Low High p-Value

Nonaccidental
PM10 0.36 (0.17 to 0.56) 0.62 (–0.09 to 1.34) 2.20 (0.74 to 3.68) 0.014
NO2 1.89 (1.22 to 2.57) 2.22 (0.16 to 4.32) 4.59 (–1.78 to 11.36) 0.613
SO2 1.10 (0.55 to 1.66) 1.74 (0.25 to 3.26) 2.56 (–2.11 to 7.45) 0.505
O3 0.19 (–0.15 to 0.54) 0.68 (–0.83 to 2.21) 1.41 (0.23 to 2.61) 0.049

Cardiovascular
PM10 0.39 (0.11 to 0.66) 0.72 (–0.25 to 1.70) 3.28 (1.24 to 5.37) 0.007
NO2 1.89 (0.95 to 2.84) 2.03 (–0.78 to 4.92) 5.23 (–3.71 to 15.00) 0.727
SO2 1.36 (0.57 to 2.15) 1.81 (–0.24 to 3.91) 0.35 (–6.18 to 7.32) 0.840
O3 –0.25 (–0.72 to 0.22) 0.09 (–1.94 to 2.15) 1.39 (–0.25 to 3.06) 0.092

Stroke
PM10 0.38 (0.06 to 0.70) 0.67 (–0.50 to 1.85) 2.35 (–0.03 to 4.78) 0.222
NO2 1.94 (0.82 to 3.06) 2.02 (–1.35 to 5.50) 4.42 (–5.96 to 15.95) 0.895
SO2 0.99 (0.06 to 1.92) 1.32 (–1.12 to 3.82) –0.26 (–8.01 to 8.14) 0.913
O3 –0.27 (–0.81 to 0.28) 0.57 (–1.91 to 3.10) 1.09 (–0.77 to 2.98) 0.275

Cardiac
PM10 0.32 (–0.14 to 0.79) 0.50 (–1.10 to 2.13) 3.31 (–0.22 to 6.97) 0.229
NO2 1.92 (0.31 to 3.55) 1.17 (–3.44 to 6.00) –0.31 (–14.58 to 16.35) 0.911
SO2 2.04 (0.70 to 3.39) 1.90 (–1.50 to 5.41) –1.99 (–12.65 to 9.98) 0.771
O3 –0.64 (–1.44 to 0.16) –0.04 (–3.39 to 3.42) 1.45 (–1.47 to 4.46) 0.332

Respiratory
PM10 0.80 (0.25 to 1.35) 1.07 (–0.76 to 2.95) 1.15 (–3.54 to 6.07) 0.931
NO2 3.64 (1.69 to 5.63) 3.17 (–2.13 to 8.75) 7.68 (–12.36 to 32.30) 0.896
SO2 1.84 (0.29 to 3.41) 2.84 (–0.99 to 6.82) 12.75 (–2.59 to 30.51) 0.253
O3 –0.06 (–1.09 to 0.99) 1.14 (–2.88 to 5.33) 2.98 (–0.79 to 6.90) 0.160

Cardiopulmonary
PM10 0.45 (0.19 to 0.70) 0.69 (–0.22 to 1.61) 3.02 (1.03 to 5.04) 0.014
NO2 2.13 (1.24 to 3.03) 1.98 (–0.65 to 4.68) 4.31 (–4.32 to 13.72) 0.852
SO2 1.28 (0.56 to 2.01) 1.43 (–0.46 to 3.36) 2.26 (–4.05 to 8.98) 0.930
O3 0.04 (–0.42 to 0.50) –0.01 (–1.89 to 1.92) 1.51 (–0.11 to 3.16) 0.123

Table 5. Estimates of the mean percentage of change (95% CI) in daily mortality per 10-μg/m3 increase in
PM10 concentration by cause of death, temperature, and age, lag 0–1 day, in Wuhan, China, July
2001–June 2004.

Cause of death, Temperature

age (years) Normal Low High p-Value

Nonaccidental
< 65 0.23 (–0.10 to 0.56) 1.78 (0.52 to 3.05) 2.34 (–0.09 to 4.83) 0.010
≥ 65 0.41 (0.18 to 0.64) 0.22 (–0.61 to 1.05) 2.14 (0.42 to 3.89) 0.071

Cardiovascular
< 65 0.17 (–0.40 to 0.73) 2.63 (0.67 to 4.63) 4.32 (0.10 to 8.71) 0.007
≥ 65 0.44 (0.14 to 0.74) 0.24 (–0.84 to 1.32) 3.03 (0.77 to 5.34) 0.043

Stroke
< 65 0.17 (–0.53 to 0.88) 2.85 (0.34 to 5.42) 4.54 (–0.79 to 10.16) 0.031
≥ 65 0.43 (0.07 to 0.79) 0.11 (–1.22 to 1.45) 1.83 (–0.83 to 4.57) 0.489

Cardiac
< 65 –0.04 (–1.07 to 1.01) 1.79 (–1.65 to 5.35) 2.71 (–4.58 to 10.56) 0.458
≥ 65 0.40 (–0.10 to 0.91) 0.19 (–1.55 to 1.95) 3.45 (–0.41 to 7.46) 0.292

Respiratory
< 65 –0.35 (–1.85 to 1.18) –1.13 (–6.33 to 4.35) –3.42 (–15.82 to 10.80) 0.856
≥ 65 0.93 (0.38 to 1.50) 1.30 (–0.57 to 3.20) 1.76 (–3.03 to 6.78) 0.852

Cardiopulmonary
< 65 0.07 (–0.47 to 0.61) 1.95 (0.04 to 3.90) 3.49 (–0.66 to 7.81) 0.040
≥ 65 0.53 (0.25 to 0.81) 0.43 (–0.57 to 1.44) 2.91 (0.74 to 5.12) 0.052
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3.28% (1.24–5.37) for cardiovascular; 2.35%
(–0.03 to 4.78) for stroke; 3.31% (–0.22 to
6.97) for cardiac; 1.15% (–3.54 to 6.07) for
respiratory; and 3.02% (1.03–5.04) for cardio-
pulmonary mortality. Interestingly, we did not
observe consistent stronger temperature effects

of modification for the majority of outcomes
in the elderly (Table 5). One possible explana-
tion might be that the elderly were more likely
to stay inside the house on hot days, avoiding
exposure to extreme temperature. For the
gaseous pollutants, the only interaction

observed was that of O3 on nonaccidental
mortality. We found that the estimated PM10
effects using the 5th percentile cutoff were gen-
erally similar to the effects estimated using the
3rd percentile (Figure 1). Except for respiratory
mortality, we observed that the estimated
PM10 effect decreased with increasing per-
centile on the high-temperature days. Figure 1
also shows that the relationship of daily mortal-
ity with temperature is U-shaped, which is con-
sistent with other studies (Gouveia et al. 2003). 

The estimated PM10 effects were attenu-
ated in the two pollutant models (Table 6).
For example, inclusion of NO2 in the model
substantially reduced the PM10 effect for non-
accidental mortality at normal temperature,
whereas the inclusion of SO2 had less influ-
ence. These relationships were also present at
low temperatures. Conversely, at high tempera-
tures, the inclusion of either NO2 or SO2 had
little influence on the association of PM10
with nonaccidental mortality. Although PM10
was correlated with both NO2 and SO2
(Table 7), the attenuation of the estimated
effects in two-pollutant models might not be
due simply to confounding, but rather an
indicator of the source-related component of
PM responsible for the adverse health effect.
The sources and composition of PM10, and
hence the toxicity, vary with temperature.
Thus, temperature may be serving as an indi-
cator of PM10 composition. The interaction of
O3 on nonaccidental mortality was attenuated
but remained significant after controlling for
PM10 and SO2 in the copollutant models
(Table 8). Because temperature was positively
correlated with O3 (r = 0.52), part of the
interaction between PM10 and high tempera-
ture might be due to O3. 

Discussion and Conclusion
We observed that high temperatures enhanced
PM10 mortality effects, even though PM10 daily
concentrations were lower on the extremely
high-temperature days than on the normal-
temperature and low-temperature days. 

The small number of previous relevant
studies reported conflicting results on this
interaction. Samet et al. (1998) found no sig-
nificant evidence that weather variables modi-
fied the pollution–mortality relationship.
However, Katsouyanni et al. (1993) found a
significant effect of the interaction between
SO2 and high temperature on total mortality
but no significant interactions between high
temperature and either smoke or O3. We
speculate that the following environmental
features are related to the significant synergis-
tic effects of PM10 and high temperature in
Wuhan. First, the maximum summer
temperature often exceeded 40°C and lasted
about 2 weeks. Wuhan’s special topography
causes narrow differences in daily high and
low temperatures. Even around midnight in

Qian et al.
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Figure 1. Cause-specific mortality plots for PM10 stratified by varying percentiles of temperature cutoff
points (3, 5, 7, 10, 15) at lag 0–1 day. Values shown are the mean percentage of change in daily mortality
per 10-μg/m3 increase in PM10 concentration and 95% CI. 
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Table 6. Copollutant regression estimates of the mean percentage of change (95% CI) in daily mortality per
10-μg/m3 increase in PM10 concentration by temperature, lag 0–1 day, in Wuhan, China, July 2001–June 2004.

Cause of death, Temperature

pollutant Normal Low High

Nonaccidental 
PM10 0.36 (0.17 to 0.56) 0.62 (–0.09 to 1.34) 2.20 (0.74 to 3.68)
PM10 + NO2 0.07 (–0.17 to 0.30) 0.24 (–0.49 to 0.97) 1.87 (0.42 to 3.35)
PM10 + SO2 0.27 (0.06 to 0.47) 0.45 (–0.27 to 1.17) 2.12 (0.67 to 3.60)
PM10 + O3 0.38 (0.18 to 0.58) 0.72 (0.00 to 1.44) 2.15 (0.55 to 3.77)

Cardiovascular 
PM10 0.39 (0.11 to 0.66) 0.72 (–0.25 to 1.70) 3.28 (1.24 to 5.37)
PM10 + NO2 0.11 (–0.23 to 0.45) 0.37 (–0.62 to 1.38) 3.00 (0.95 to 5.09)
PM10 + SO2 0.27 (–0.02 to 0.55) 0.50 (–0.47 to 1.49) 3.20 (1.16 to 5.29)
PM10 + O3 0.42 (0.15 to 0.70) 0.82 (–0.16 to 1.80) 3.71 (1.50 to 5.96)

Stroke
PM10 0.38 (0.06 to 0.70) 0.67 (–0.50 to 1.85) 2.35 (–0.03 to 4.78)
PM10 + NO2 0.09 (–0.31 to 0.49) 0.29 (–0.90 to 1.51) 2.05 (–0.34 to 4.49)
PM10 + SO2 0.31 (–0.03 to 0.64) 0.53 (–0.65 to 1.73) 2.31 (–0.07 to 4.74)
PM10 + O3 0.38 (0.05 to 0.71) 0.69 (–0.48 to 1.87) 2.77 (0.25 to 5.35)

Cardiac 
PM10 0.32 (–0.14 to 0.79) 0.50 (–1.10 to 2.13) 3.31 (–0.22 to 6.97)
PM10 + NO2 0.02 (–0.57 to 0.60) 0.12 (–1.53 to 1.80) 3.01 (–0.54 to 6.69)
PM10 + SO2 0.11 (–0.38 to 0.61) 0.14 (–1.48 to 1.78) 3.17 (–0.37 to 6.84)
PM10 + O3 0.41 (–0.06 to 0.89) 0.72 (–0.90 to 2.37) 4.92 (0.96 to 9.03)

Respiratory 
PM10 0.80 (0.25 to 1.35) 1.07 (–0.76 to 2.95) 1.15 (–3.54 to 6.07)
PM10 + NO2 0.30 (–0.39 to 0.99) 0.44 (–1.46 to 2.36) 0.63 (–4.07 to 5.55)
PM10 + SO2 0.64 (0.07 to 1.22) 0.80 (–1.05 to 2.69) 1.03 (–3.66 to 5.94)
PM10 + O3 0.84 (0.28 to 1.41) 1.11 (–0.73 to 2.99) 2.66 (–2.44 to 8.02)

Cardiopulmonary 
PM10 0.45 (0.19 to 0.70) 0.69 (–0.22 to 1.61) 3.02 (1.03 to 5.04)
PM10 + NO2 0.15 (–0.17 to 0.47) 0.33 (–0.61 to 1.27) 2.70 (0.72 to 4.73)
PM10 + SO2 0.34 (0.07 to 0.61) 0.50 (–0.42 to 1.43) 2.95 (0.96 to 4.97)
PM10 + O3 0.43 (0.17 to 0.70) 0.76 (–0.16 to 1.68) 3.32 (1.16 to 5.53)
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the summer, indoor air temperatures > 32°C
are not uncommon. Thus, the city residents
were exposed to high temperatures for longer
periods than residents of many other cities.
Second, few residences in Wuhan were built
with energy conservation in mind; a vast
amount of radiant energy can easily infiltrate
buildings and be absorbed, even when all
windows are closed. The temperature inside is
commonly comparable to the temperature in
the shade outside. In addition, air condition-
ers have seldom been used because of the high
cost of electricity. Third, the most commonly
used means for cooling are fans, which can be
effective in protecting against heat stress in
areas without extremely high temperatures.
However, with the temperatures in Wuhan,
the use of fans could contribute to heat stress
by exacerbating dehydration (Centers for
Disease Control and Prevention 1995).
Finally, approximately 4.5 million permanent
residents plus approximately 1 million tran-
sients live in the urban core districts with an
area of 201 km2. This high population den-
sity adds to the urban “heat island” effect,
which would make the temperature some-
what higher in the urban core areas than in
the suburban areas. 

The mechanism underlying the synergistic
effects of ambient particle pollution and
extremely high temperatures on daily mortal-
ity is not yet clear. Some potential explana-
tions have been proposed, especially for the
elderly (Easterling et al. 2000). Brunekreef and
Holgate (2002) hypothesized that air particles
increase the risk of cardiopulmonary mortality
through direct and indirect pathophysiologic
mechanisms, including pulmonary and sys-
temic inflammation, accelerated athero-
sclerosis, altered cardiac autonomic function,
and increase of inflammatory cytokines in the
heart. Many studies have addressed the mech-
anisms by which high temperature is associ-
ated with increased mortality. In animal
studies, Keatinge et al. (1986) observed dehy-
dration, increased intracranial and arterial
hypertension, endothelial cell damage, and
cerebral ischemia during the onset of heat

stroke in animals exposed to high tempera-
tures. In a clinical trial study, Gordon et al.
(1988) found that exposure to high tempera-
tures increased plasma viscosity and serum
cholesterol level. Tsai et al. (2003) suggested
that high temperature may help precipitate
coronary artery disease and cerebral infarction.
Flynn et al. (2005) observed that many of the
elderly who died in the heat wave in France
during the first 2 weeks of August 2003 were
dehydrated, hypernatremic, and hyperkalemic,
with evidence of renal failure (Vanhems et al.
2003). The investigators postulated that the
most probable causes of death during the heat
wave were thromboembolic disease and malig-
nant cardiac arrhythmias as well as heat-
induced sepsislike shock (Flynn et al. 2005). 

Our study has several limitations. First,
both ICD-9 and ICD-10 codes were used.
The change in ICD coding might produce
misclassification in cause-specific mortality.
To address this uncertainty, we examined
daily death counts between ICD-9 and
ICD-10 mortality data in 2002. We found
high concordance rates between the two-
coded mortality data, and the maximum
change in the estimated pollution mortality

effect was 0.09%. These results support our
contention that the change in the ICD coding
system did not significantly affect the associa-
tions identified in this study. Second, there
might be other important unknown and
unmeasured factors. For example, socio-
economic status can play an important role as
an effect modifier. Unfortunately, we do not
currently have data on hand to explore the
effects of these factors. Third, interpretation of
the effects of interaction between O3 and tem-
perature requires caution, because O3 data
were obtained from only one monitoring sta-
tion. The limited O3 data may also restrict our
ability to reach any reliable conclusion. Last,
measurement errors in exposure are clearly
applicable to this study. However, this meas-
urement error generally belongs to the
Berkson type and thus is nondifferential in
nature, which is likely to cause a bias toward
the null and lead to underestimated associa-
tions (Armstrong 1998). 

In conclusion, we found synergistic effects
between PM10 and extremely high tempera-
ture on daily mortality in this highly polluted
city. Further studies are needed to confirm
these findings. 

Ambient air pollution and daily mortality
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Table 7. Pearson correlations between daily meas-
urements of pollutants in Wuhan, China, stratified
by temperature, July 2001–June 2004.

Temperature, pollutant NO2 SO2 O3

Normal
PM10 0.72 0.59 0.06
NO2 0.75 0.04
SO2 0.01

Low
PM10 0.83 0.74 0.19
NO2 0.87 0.31
SO2 0.33

High
PM10 0.68 0.15 0.65
NO2 0.45 0.65
SO2 0.42

Table 8. Copollutant regression estimates of the mean percentage of change (95% CI) in daily mortality per
10-μg/m3 increase in O3 concentrations by temperature, lag 0–1 day mean, in Wuhan, China, July
2001–June 2004.

Cause of death, Temperature

pollutant Normal Low High

Nonaccidental
O3 0.19 (–0.15 to 0.54) 0.68 (–0.83 to 2.21) 1.41 (0.23 to 2.61)
O3 + PM10 0.16 (–0.18 to 0.50) 0.52 (–0.98 to 2.04) 1.20 (0.02 to 2.39)
O3 + NO2 0.02 (–0.33 to 0.36) 0.33 (–1.16 to 1.85) 1.10 (–0.07 to 2.29)
O3 + SO2 0.06 (–0.29 to 0.41) 0.38 (–1.12 to 1.90) 1.25 (0.07 to 2.44)

Cardiovascular
O3 –0.25 (–0.72 to 0.22) 0.09 (–1.94 to 2.15) 1.39 (–0.25 to 3.06)
O3 + PM10 –0.25 (–0.71 to 0.22) 0.00 (–2.01 to 2.06) 1.16 (–0.47 to 2.82)
O3 + NO2 –0.39 (–0.86 to 0.08) –0.20 (–2.22 to 1.85) 1.09 (–0.54 to 2.74)
O3 + SO2 –0.37 (–0.84 to 0.10) –0.21 (–2.23 to 1.85) 1.22 (–0.41 to 2.88)

Stroke
O3 –0.27 (–0.81 to 0.28) 0.57 (–1.91 to 3.10) 1.09 (–0.77 to 2.98)
O3 + PM10 –0.28 (–0.82 to 0.26) 0.48 (–1.99 to 3.01) 0.87 (–0.98 to 2.76)
O3 + NO2 –0.42 (–0.97 to 0.13) 0.27 (–2.19 to 2.80) 0.78 (–1.07 to 2.66)
O3 + SO2 –0.37 (–0.92 to 0.18) 0.37 (–2.11 to 2.90) 0.96 (–0.89 to 2.85)

Cardiac
O3 –0.64 (–1.44 to 0.16) –0.04 (–3.39 to 3.42) 1.45 (–1.47 to 4.46)
O3 + PM10 –0.61 (–1.41 to 0.19) –0.17 (–3.51 to 3.28) 1.26 (–1.66 to 4.27)
O3 + NO2 –0.77 (–1.57 to 0.04) –0.40 (–3.74 to 3.06) 1.16 (–1.76 to 4.16)
O3 + SO2 –0.82 (–1.62 to –0.01) –0.58 (–3.91 to 2.86) 1.20 (–1.71 to 4.19)

Respiratory
O3 –0.06 (–1.09 to 0.99) 1.14 (–2.88 to 5.33) 2.98 (–0.79 to 6.90)
O3 + PM10 –0.06 (–1.09 to 0.98) 0.84 (–3.16 to 5.02) 2.57 (–1.19 to 6.48)
O3 + NO2 –0.37 (–1.41 to 0.67) 0.53 (–3.48 to 4.71) 2.41 (–1.34 to 6.31)
O3 + SO2 –0.27 (–1.31 to 0.79) 0.65 (–3.37 to 4.83) 2.72 (–1.04 to 6.63)

Cardiopulmonary
O3 0.04 (–0.42 to 0.50) –0.01 (–1.89 to 1.92) 1.51 (–0.11 to 3.16)
O3 + PM10 –0.01 (–0.46 to 0.45) –0.22 (–2.10 to 1.69) 1.37 (–0.24 to 3.00)
O3 + NO2 –0.18 (–0.63 to 0.29) –0.45 (–2.32 to 1.46) 1.26 (–0.34 to 2.89)
O3 + SO2 –0.13 (–0.60 to 0.34) –0.38 (–2.26 to 1.54) 1.45 (–0.16 to 3.08)

Noncardiopulmonary
O3 0.22 (–0.22 to 0.66) 1.39 (–0.74 to 3.57) 0.50 (–1.01 to 2.02)
O3 + PM10 0.21 (–0.23 to 0.65) 1.26 (–0.87 to 3.42) 0.37 (–1.13 to 1.90)
O3 + NO2 0.09 (–0.35 to 0.54) 1.10 (–1.03 to 3.26) 0.30 (–1.20 to 1.82)
O3 + SO2 0.14 (–0.31 to 0.58) 1.12 (–1.01 to 3.29) 0.41 (–1.10 to 1.94)
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Compelling epidemiologic evidence indicates
that current ambient levels of airborne par-
ticulate matter (PM) in North American
and Western European (NAWE) cities are
associated with premature mortality and a
wide range of morbidity outcomes [U.S.
Environmental Protection Agency (EPA)
2004; World Health Organization (WHO)
2000]. Existing air pollution monitoring
information and recent exposure assessments
suggest that 6 to 10 million residents of
Bangkok, Thailand, are exposed to levels of
particulate matter with aerodynamic diameter
≤ 10 µm (PM10) that are as high as or higher
than those in NAWE cities. A recent review
of Asian cities, mostly in more developed
countries, suggests that PM may also be asso-
ciated with both mortality and morbidity
[Health Effects Institute (HEI) 2004].
However, PM chemical composition and rel-
evant population characteristics, such as activ-
ity patterns, background health status, and
other factors related to socioeconomic status,
may all contribute to differential risks in
developing countries such as Thailand. In
addition, studies of mortality and air pollu-
tion in cities like Bangkok, which have sea-
sonal patterns dramatically different from
those of NAWE, provide an opportunity to
assess the potentially confounding aspects of
seasonality. Bangkok’s climate is hot and

humid throughout the year, with 24-hr aver-
age temperatures almost always above 80°F.
Therefore, with the lack of a cold season, the
seasonal weather patterns are very different
from those observed in most previous studies.

The question remains whether residents
of cities in developing countries are adversely
affected by the existing levels of PM10 and
whether the impacts per unit are similar to
those experienced in developed Western
countries. Improvements in the mortality
data collection system and air monitoring
program in Bangkok provide an excellent
opportunity to examine the effects of PM10
and several gaseous pollutants on daily mor-
tality for the years 1997 through 2003.

Methods
Data. Our study period extended from 1999
through 2003. We obtained daily mortality
data from the Ministry of Public Health,
which currently uses the International
Classification of Diseases, 10th Revision (ICD-10)
to categorize cause of death (WHO 1992).
For all ages, we abstracted those with “non-
accidental” mortality (i.e., total mortality
minus accidents and homicides), respiratory-
specific mortality, cardiovascular-specific
mortality, and mortality for some additional
subcategories including ischemic heart dis-
ease, stroke, conduction disorders, respiratory

mortality for those < 1 year of age, lower res-
piratory infection (LRI) for those < 5 years of
age, chronic obstructive pulmonary disease
(COPD), asthma, and senility. The latter was
included as an end point because our prelimi-
nary analysis showed a relatively low number
of daily deaths from cardiovascular diseases
and a high number from senility. We specu-
lated that the high apparent mortality from
senility might have been the result of misla-
beling the cause of death from cardiovascular
diseases to senility, especially among the
elderly dying outside the hospitals. We also
classified nonaccidental mortality by various
age groups and by sex.

In Bangkok, five ambient and seven road-
side monitoring stations have been measuring
hourly ambient levels of PM10 since 1996;
ten stations measure hourly ambient nitrogen
dioxide, sulfure dioxide, and nitric oxide; and
eight stations measure hourly ambient ozone.
Because of road traffic congestion, we used
PM10 data from the five ambient monitoring
stations to represent general population expo-
sure. Based on the common protocol, days
with < 18 hourly readings were considered
missing. We calculated 24-hr averages for
NO2, NO (using the difference between NOx
and NO2), SO2, and PM10, with the require-
ment that at least 75% of 1-hr values be avail-
able on that particular day. For the 8-hr
average value of O3, at least six hourly values
from 0100 to 1800 hours had to be available,
because the maximum O3 levels always occur
during daylight. We calculated the daily con-
centrations for each pollutant in the analysis
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BACKGROUND: Air pollution data in Bangkok, Thailand, indicate that levels of particulate matter
with aerodynamic diameter ≤ 10 µm (PM10) are significantly higher than in most cities in North
America and Western Europe, where the health effects of PM10 are well documented. However, the
pollution mix, seasonality, and demographics are different from those in developed Western coun-
tries. It is important, therefore, to determine whether the large metropolitan area of Bangkok is
subject to similar effects of PM10.

OBJECTIVES: This study was designed to investigate the mortality risk from air pollution in
Bangkok, Thailand.

METHODS: The study period extended from 1999 to 2003, for which the Ministry of Public Health
provided the mortality data. Measures of air pollution were derived from air monitoring stations,
and information on temperature and relative humidity was obtained from the weather station in
central Bangkok. The statistical analysis followed the common protocol for the multicity PAPA
(Public Health and Air Pollution Project in Asia) project in using a natural cubic spline model with
smooths of time and weather.

RESULTS: The excess risk for non-accidental mortality was 1.3% [95% confidence interval (CI),
0.8–1.7] per 10 µg/m3 of PM10, with higher excess risks for cardiovascular and above age 65 mor-
tality of 1.9% (95% CI, 0.8–3.0) and 1.5% (95% CI, 0.9–2.1), respectively. In addition, the effects
from PM10 appear to be consistent in multipollutant models.

CONCLUSIONS: The results suggest strong associations between several different mortality outcomes
and PM10. In many cases, the effect estimates were higher than those typically reported in Western
industrialized nations.

KEY WORDS: air pollution, Bangkok, mortality, PM10, time series. Environ Health Perspect
116:1179–1182 (2008). doi:10.1289/ehp.10849 available via http://dx.doi.org/ [Online 9 July 2008]

116N9_Science_1172-1203_send  9/10/08  12:56 PM  Page 1179

Reprinted with permission by the Health Effects Institute 10



by taking the mean of all available monitoring
stations. We used only the stations that pro-
vided at least 75% completeness of the mea-
surements over the study period.

Daily weather data are available at two
locations (the airport and city center) and are
highly correlated (Ostro et al. 1999). There-
fore, we used data from the metropolitan
weather station in the center of Bangkok,
because there were no missing values. The
data obtained included average daily tempera-
ture and average daily relative humidity.

Statistical approach. To assess the short-
term effects of PM10 on daily mortality, we
followed a common protocol developed by
participants in the Public Health and Air
Pollution Project in Asia (PAPA project),
which included research teams representing
Bangkok and Hong Kong, Shanghai, and
Wuhan, China. We used Poisson regression,
conditional on several independent variables,
to control for temporal trends and meteoro-
logic conditions. For the basic model, we used
natural cubic spline models with smoothing
for time and weather, using R software (ver-
sion 2.5 with mgcv 1.3–24; R Development
Core Team 2007). The natural spline model
is a parametric approach that fits cubic func-
tions joined at knots, which are typically
placed evenly throughout the distribution of
the variable of concern, such as time. The
number of knots determines the overall
smoothness of the fit. We determined the
“best” core model for all nonaccidental cause
mortality, controlling for time trend, season-
ality, temperature, relative humidity, day of
week, and public holidays, before entering an
air pollutant into the model. In developing
the core model, all PAPA cities examined 4–6
degrees of freedom (df) per year for the

smoothing of time trend and 3 df for the
smoothing of same-day lag of daily mean
temperature and daily mean relative humid-
ity. Preliminary analysis indicated that models
with 4 or 5 df for time had mild autocorrela-
tion, which would bias the standard errors. In
contrast, a model with 6 df for the smoothing
of time and first- and second-order autocorre-
lation terms resulted in no remaining serial
correlation. Therefore, all subsequent models
used this specification, although the results
were very similar to those derived from the
model unadjusted for autocorrelation. Based
on the agreed-upon PAPA protocol, our core
model used a lag of zero and 1 day (lag01)
(i.e., the average of current day’s and previous
day’s values), but single-day lags up to 5 days
and moving averages of up to 5 days were also
examined.

We conducted several sensitivity analyses
to assess the impacts of different model speci-
fications in our results. This included models
with a) different lags of PM10, b) various sets
of degrees of freedom for time and weather,
c) different lags of temperature and relative
humidity, and d) penalized splines for time
and weather in place of natural splines. We
also fitted co-pollutant models assessing the
effects of PM10 with adjustment for gaseous
pollutants. An influenza epidemic could be a
potential confounder of the associations, a
possibility we assessed in the sensitivity analy-
sis. Unfortunately, daily death counts for
influenza in Bangkok were likely to be under-
reported, so we defined influenza epidemic
according to whether the weekly respiratory
mortality count was greater than the 90th
percentile of each year.

All results are presented in terms of the
excess risk (ER) per 10 µg/m3 of PM10, which
was calculated from the relative risk (RR) as
ER = (RR –1) × 100.

Results
Descriptive analysis. Table 1 summarizes the
daily mortality data in Bangkok from
1 January 1999 to 31 December 2003. There
was an average of 95 deaths per day from
nonaccidental mortality. About 8% and 14%
of the total consisted of mortality from respi-
ratory and cardiovascular diseases, respectively,

and about half of the total deaths were among
those ≥ 65 years of age. Males make up about
64% of the total mortality in Bangkok. This
may be attributable simply to the higher
numbers of males in the city, possibly because
of employment opportunities. We observed
slightly increasing trends without apparent
seasonal patterns in mortality data for
Bangkok, suggesting that trend and seasonal-
ity may not be the strong confounding factors
for the acute effects of PM10 on mortality.

Table 2 provides the statistical distribu-
tions of the air pollutants and weather data
used in this analysis, which were 100% com-
plete over the study period except for PM10,
which had 4 missing days. Mean PM10 was
52 µg/m3, with a maximum value of 169.2
µg/m3, higher than in most cities in NAWE.
We observed a high correlation between
PM10 and both NO2 (r = 0.78) and O3 (r =
0.59). The weather in Bangkok was generally
hot and humid. The median 24-hr tempera-
ture was 29.9°C and the median daily average
humidity was 73.1%.

Analytical results. Table 3 summarizes the
results of pollutant models per 10-µg/m3

increase in PM10 for various disease-specific
causes of mortality as well as age- and sex-
specific mortality using lag01. We observed
statistically significant associations with most
of the outcomes including nonaccidental and
cardiovascular mortality, and we observed a
positive but nonsignificant association for this
lag for respiratory mortality. The ER for
nonaccidental mortality was 1.3% [95% con-
fidence interval (CI), 0.8–1.7] for a 10-µg/m3

increase in PM10, with ER for cardiovascular
and respiratory mortality of 1.9% (95% CI,
0.8–3.0) and 1.0% (95% CI, –0.4 to 2.4),
respectively. With respect to subclassifications
of cardiovascular disease, many were associ-
ated with PM10, with mortality from stroke
demonstrating a particularly elevated risk.
Among the subgroups of respiratory mortal-
ity, we observed elevated excess risks for
young children, especially among infants with
respiratory causes, and asthma. Some of these
estimates had very wide CIs, likely due to the
small number of mortality counts for these
outcomes. As indicated above, we also exam-
ined death from senility and found an excess
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Table 1. Average daily mortality in Bangkok,
1 January 1999 to 31 December 2003.

Mortality ICD-10 codes Deaths/day ± SD

Nonaccidental A00–R99 95.0 ± 12.1
(age, years)

< 5 3.0 ± 1.8
4–44 29.0 ± 5.9
18–50 34.0 ± 6.4
45–64 27.0 ± 5.4
> 50 66.0 ± 9.9
≥ 65 45.0 ± 7.9
≥ 75 21.0 ± 5.2
Male 61.0 ± 8.9
Female 43.0 ± 7.6

Cardiovascular I00–I99 13.0 ± 4.3
Ischemic heart diseases I20–I25 4.0 ± 2.3
Stroke I60–I69 5.0 ± 2.5
Conduction disorder I44–I49 1.0 ± 0.5
Cardiovascular ≥ age 65 I00–I99 6.7 ± 3.0
Respiratory J00–J98 8.0 ± 3.1
Respiratory < age 1 J00–J98 0.1 ± 0.4
LRI < 5 years J10–J22 1.0 ± 0.4
COPD J40–J47 2.0 ± 1.0
Asthma J45–J46 1.2 ± 0.4
Respiratory > age 65 J00–J98 3.5 ± 2.0
Senility R54 14.0 ± 4.2

Table 2. Distribution of air pollutants and meteorology data in Bangkok, 1 January 1999 to 31 December
2003.

Pollutants Percentiles No. of
and meteorology Mean Min Max SD 5th 25th 50th 75th 95th days

PM10 (μg/m3) 52.1 21.3 169.2 20.1 29.6 38.9 46.8 59.9 93.2 1,822
SO2 (μg/m3) 13.2 1.5 61.2 4.8 7.1 10.1 12.5 15.6 21.0 1,826
NO2 (μg/m3) 44.7 15.8 139.6 17.3 24.4 31.7 39.7 54.8 79.3 1,826
O3 (μg/m3) 59.4 8.2 180.6 26.4 25.3 39.1 59.4 75.3 109.8 1,826
NO (μg/m3) 28.0 3.7 126.9 14.2 11.4 18.1 28.0 34.9 56.0 1,826
Temperature (ºC) 28.9 18.7 33.6 1.7 25.8 28.1 29.1 29.9 31.3 1,826
Relative humidity (%) 72.8 41.0 95.0 8.3 58.0 67.8 73.1 78.3 86.0 1,826

Max, maximum; Min, minimum.
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risk of 1.8% (95% CI, 0.7–2.8) which was
similar to that of cardiovascular at ≥ 65 years
of age.

Analysis of nonaccidental mortality by age
group indicated that the effects of PM10
increased with age, with the strongest effects
for ages ≥ 75 years. However, associations
were observed for all of the other age groups
and, as indicated above, for respiratory mor-
tality for children < 1 year of age. Our analy-
sis by sex demonstrated relatively similar
effects for males and females.

Table 4 summarizes the effects of differ-
ent lags of PM10 on several mortality out-
comes. For nonaccidental and ≥ 65 mortality,
of the single-day lags, unlagged PM10 pro-
vided the highest ER. For cardiovascular and
respiratory mortality, the highest ER was
observed for single-day lags of 1 and 3 days,
respectively. However, for all end points,
cumulative averages of 5 days of pollution
generated the highest risk estimates.

Table 5 summarizes the results of the sen-
sitivity analysis, with a focus on all-cause and
cardiovascular mortality. The table indicates
the effects on the ER for different df in the
smoothing of time, and for multipollutant
models. We examined models with 3 to 15 df
per year for time, and the results were gener-
ally insensitive to the number of df specified.
In addition, the inclusion of SO2, NO2, or
O3 in the model had either no effect or
slightly attenuated the estimated effect of
PM10. Finally, the results were generally
insensitive to different lags and df for smooth-
ing for temperature and humidity (however,
overall, a lag0 temperature and humidity
smooth term provided the best model fit,
based on the percent of the explained devia-
tion), use of penalized spline models, and
inclusion of a term for influenza epidemics.
In addition, the results for senility and for
cardiovascular together with senility were sim-
ilar and generally insensitive to the model
specifications indicated above.

Discussion
The results of our analysis of 5 years of data
from Bangkok, Thailand, indicate a statisti-
cally significant association between daily
mortality and daily concentrations of PM10.
For PM10, the effect estimates for nonacci-
dental, cardiovascular, respiratory, and age
≥ 65 (nonaccidental) mortality are generally
similar to (but in the high range) of those
found elsewhere (U.S. EPA 2004). A 10-
µg/m3 increase in lag01 PM10 was associated
with an excess risk in nonaccidental, cardio-
vascular, respiratory, and age ≥ 65 mortality
of 1.3, 1.9, 1.0, and 1.5%, respectively. These
estimates are generally similar to those
reported by Ostro et al. (1998, 1999) and
Vajanapoom et al. (2002) in studies of
Bangkok covering earlier years. However,

these studies largely used PM10 data estimated
from airport visibility rather than the direct
measurements of PM10 used here.

Excess risks from PM10 were observed for
many of the cardiovascular- and respiratory-
disease specific subclasses of mortality, with
particularly high risks related to respiratory
diseases for those < 1 year of age, asthma,
LRI, stroke, and senility. The similar magni-
tudes of the excess risks on cardiovascular age
≥ 65 years and senility suggested that the lat-
ter probably includes cardiovascular mortality
that has been incorrectly classified, especially
for the elderly dying outside of hospitals,
where the cause of death is often diagnosed as
senility by a nonphysician coroner. Analysis
by age indicated associations with PM10 for
all of the subgroups, and our examination of
lags indicated that multiday averages of 5 days
generated the largest effect estimates. In addi-
tion, many of the PM10 associations were
retained in multipollutant models. The results
of the sensitivity analyses indicate that our
core model was generally robust to choices of
model specifications, spline model used,

degrees of freedom of time smoothers, lags for
temperature, adjustment for autocorrelation,
and adjustment for influenza epidemics.

Generally our analysis of PM10 per 10
µg/m3 in Bangkok generated effect estimates
that are higher than most previously reported.
For example, our estimate for nonaccidental
mortality is 1.3% (95% CI, 0.8–1.7%). In
comparison, an analysis of 75 single-city time-
series analyses from around the world gener-
ated an estimate of 0.6% (95% CI, 0.5–0.7%)
(Anderson et al. 2005). A study of the 90
largest cities in the United States gave an esti-
mate of 0.2% (95% CI, 0.1–0.4%) (Dominici
et al. 2003), whereas a study of 29 European
cities yielded an estimate of 0.6% (95% CI,
0.4–0.7%) (Katsouyanni et al. 2003). A study
of 14 cities in the United States using a
case–crossover approach generated an estimate
of 0.35% (95% CI, 0.2–0.5%) (Schwartz
2004). A meta-analysis of Asian studies using
a random-effects estimate gave an estimate of
0.49% (95% CI, 0.23–0.76%) based on four
cities: Bangkok; Seoul and Inchon, South
Korea; and Hong Kong (HEI 2004). Thus, it
is clear that the results for Bangkok are at the
upper end of the range of estimates. It is also
significant that some high estimates have been
reported in other less-developed countries. For
example, a study in Mexico City reported an

Mortality effects of particulate matter in Bangkok
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Table 3. Percent ER in mortality (95% CI) for a
10-μg/m3 increase in lag01 PM10.

a

Mortality %ER (95% CI)

Cause-specific
Nonaccidental 1.3 (0.8 to 1.7)
Cardiovascular 1.9 (0.8 to 3.0)

Ischemic heart disease 1.5 (–0.4 to 3.5)
Stroke 2.3 (0.6 to 4.0)
Conduction disorders –0.3 (–5.9 to 5.6)
Cardiovascular ≥ age 65 1.8 (0.2 to 3.3)

Respiratory 1.0 (–0.4 to 2.4)
Respiratory ≤ age 1 14.6 (2.9 to 27.6)
LRI < age 5 7.7 (–3.6 to 20.3)
COPD 1.3 (–1.8 to 4.4)
Asthma 7.4 (1.1 to 14.1)
Respiratory ≥ age 65 1.3 (–0.8 to 3.3)

Senility 1.8 (0.7 to 2.8)
Age-specific for nonaccidental (years)

0–4 0.2 (–2.0 to 2.4)
5–44 0.9 (0.2 to 1.7)
18–50 1.2 (0.5 to 1.9)
45–64 1.1 (0.4 to 1.9)
≥ 50 1.4 (0.9 to 1.9)
≥ 65 1.5 (0.9 to 2.1)
≥ 75 2.2 (1.3 to 3.0)

Sex-specific for nonaccidental
Male 1.2 (0.7 to 1.7)
Female 1.3 (0.7 to 1.9)

aModel covariates include smooth of time with 6 df,
smooth of unlagged temperature and humidity with 3 df,
and day of week.

Table 4. Lag effects of PM10 for major causes of mortality [percent ER (95% CI)].

Lag days Nonaccidental Cardiovascular Respiratory Age ≥ 65 

Lag0 1.2 (0.8 to 1.6) 1.5 (0.5 to 2.6) 1.0 (–0.3 to 2.3) 1.5 (0.9 to 2.0)
Lag1 0.9 (0.6 to 1.3) 1.7 (0.7 to 2.7) 0.8 (–0.5 to 2.0) 1.1 (0.6 to 1.7)
Lag2 0.9 (0.5 to 1.3) 1.6 (0.6 to 2.6) 1.1 (–0.1 to 2.3) 1.1 (0.6 to 1.6)
Lag3 0.8 (0.4 to 1.2) 0.8 (–0.1 to 1.8) 1.3 (0.1 to 2.6) 1.2 (0.6 to 1.7)
Lag4 0.3 (–0.1 to 0.7) –0.1 (–1.1 to 0.9) 0.7 (–0.6 to 1.9) 0.7 (0.2 to 1.2)
0–1 mean 1.3 (0.8 to 1.7) 1.9 (0.8 to 3.0) 1.0 (–0.4 to 2.4) 1.5 (0.9 to 2.1)
0–4 mean 1.4 (0.9 to 1.9) 1.9 (0.6 to 3.2) 1.9 (1.2 to 2.6) 1.9 (1.2 to 2.6)

Table 5. Percent ER (95% CI) in mortality for a
10-μg/m3 increase in PM10 with alternative degrees
of freedom for smoothing of time and with adjust-
ment for gaseous pollutants.

Model specification %ER (95% CI)

Nonaccidental (df)
3 1.3 (0.9 to 1.8)
4 1.2 (0.8 to 1.7)
6 1.3 (0.8 to 1.7)
6, with SO2 1.2 (0.8 to 1.7)
6, with NO2 1.0 (0.2 to 1.8)
6, with O3 1.1 (0.6 to 1.7)
9 1.1 (0.7 to 1.6)
12 1.1 (0.6 to 1.5)
15 1.2 (0.7 to 1.6)

Cardiovascular (df)
3 1.8 (0.8 to 2.7)
4 1.6 (0.7 to 2.6)
6 1.7 (0.7 to 2.7)
6, with SO2 2.0 (0.9 to 3.3)
6, with NO2 2.3 (0.2 to 4.3)
6, with O3 1.8 (0.5 to 3.2)
9 1.7 (0.6 to 2.8)
12 1.8 (0.7 to 3.0)
15 2.2 (0.9 to 3.4)
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excess risk of 1.8% (95% CI, 0.9–2.7%),
whereas analysis of Santiago, Chile, found an
excess risk of 1.1% (95% CI, 0.9–1.4%)
(Castillejos et al. 2000; Ostro et al. 1996).

We can speculate on several possible rea-
sons for our findings, including a) differences
in particle chemistry in Bangkok; b) the prox-
imity of a large proportion of the population to
roads and traffic congestion; c) the likely high
penetration rates due to low prevalence of
home air conditioning in favor of open ventila-
tion between indoors and outdoors (Tsai et al.
2000); d) the greater duration of exposure due
to the amount of time spent outdoors, because
many Thais work and eat outdoors; e) factors
related to lower economic development and
socioeconomic status, such as lower back-
ground health status and use of health care,
and higher smoking rates and co-morbidity; f )
greater exposure to indoor sources such as
incense and cooking; and g) stochastic variabil-
ity. Because of several of these factors (although
only anecdotal in nature), it is likely that the
effective inhaled dose of any given concentra-
tion measured from a fixed site outdoor moni-
tor is greater in Bangkok than in Western
industrialized countries.

To date, few studies that relate mortality
to air pollution have been conducted in Asia.
Studies of daily mortality have been con-
ducted in Inchon (Hong et al. 1999), Seoul,
and Ulsan, South Korea (Kwon et al. 2001;
Lee and Schwartz 1999; Lee et al. 1999);
Shenyang, China (Xu et al. 2000); seven cities
in South Korea (Lee et al. 2000); and New
Delhi, India (Cropper et al. 1997). For the
most part, policy makers in Asia have had to
draw from studies conducted in North
America and Western Europe. Although it
may be reasonable to extrapolate the findings

from the NAWE region to other parts of the
world, our study also suggests that the per-
unit effects may be higher in certain develop-
ing countries. Additional studies undertaken
in developing countries in Asia and other
parts of the world can validate our findings
and help determine the factors that might
modify the effect estimate.

Finally, our analysis demonstrated an
association between air pollution and mortal-
ity in a region that would not be confounded
by cold weather and associated respiratory
infections. As such, it supports the likelihood
of a causal association in studies in NAWE,
which experience greater seasonality and
colder temperatures.
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Epidemiologic studies have reported associa-
tions of outdoor air pollution with daily mor-
tality and morbidity from cardiorespiratory
diseases (Goldberg et al. 2003). Multicity
analyses conducted in the United States,
Canada, and Europe provide further evidence
supporting coherence and plausibility of the
associations (Burnett et al. 2000; Dominici
et al. 2006; Katsouyanni et al. 1997, 2001;
Samet et al. 2000a). Recently, interest has
been focused on the possible modifying effect
of season (Peng et al. 2005; Touloumi et al.
2006; Zeka et al. 2006), preexisting health
status (Bateson and Schwartz 2004; Goldberg
et al. 2001; Katsouyanni et al. 2001), and
population demographic characteristics such
as sex and age (Atkinson et al. 2001; Bateson
and Schwartz 2004; Cakmak et al. 2006;
Katsouyanni et al. 2001) on the relation
between air pollution and daily mortality. It
is also hypothesized that the effects of air
pollution exposure on health are greater in
people with lower socioeconomic status (SES)
(O’Neill et al. 2003). However, prior findings
about the modifying effect of SES remain

inconsistent: some studies found evidence of
modification (Finkelstein et al. 2003; Jerrett
et al. 2004; Krewski et al. 2005; Zeka et al.
2006), but others did not (Bateson and
Schwartz 2004; Cakmak et al. 2006; Samet
et al. 2000b; Zanobetti and Schwartz 2000).
Moreover, most of these studies were con-
ducted in developed countries, and only a
small number of studies have been conducted
in Asia (Health Effects Institute 2004). The
need remains for studies of cities in developing
countries, where characteristics of outdoor air
pollution (e.g., air pollution level and mixture,
transport of pollutants), meteorological condi-
tions, and sociodemographic patterns may dif-
fer from those in North America and Europe. 

Better knowledge of these modifying fac-
tors will help in public policy making, risk
assessment, and standard setting, especially in
cities of developing countries with fewer
existing studies. In the present study, we con-
ducted a time-series analysis to examine the
modifying effect of season, sex, age, and edu-
cation on the association between outdoor air
pollutants [particulate matter < 10 µm in

diameter (PM10), sulfur dioxide, nitrogen
dioxide, and ozone] and daily mortality in
Shanghai, China. This study is a part of the
joint Public Health and Air Pollution in Asia
(PAPA) program supported by the Health
Effects Institute (HEI).

Materials and Methods
Data. Shanghai, the most populous city in
China, comprises urban/suburban districts and
counties, with a total area of 6,341 km2 and
had a population of 13.1 million by the end of
2004. Our study area was limited to the tradi-
tional nine urban districts of Shanghai
(289 km2). The target population includes all
permanent residents living in the area—
around 6.3 million in 2004. In the target
population, the male/female ratio was 100.9%,
and the elderly (> 65 years of age) accounted
for 11.9% of the total population.

Daily nonaccidental mortality data from
1 January 2001 to 31 December 2004 were
collected from the database of the Shanghai
Municipal Center of Disease Control and
Prevention (SMCDCP). Death certificates are
completed either by community doctors for
deaths at home or by hospital doctors for
deaths in hospitals. The information on the
certificates is then sent to the SMCDCP
through their internal computer network. In
Shanghai, all deaths must be reported to
appropriate authorities before cremation. The
database for 2001 and 2002–2004 was coded
according to the International Classification of
Diseases, Revision 9 [ICD-9; World Health
Organization (WHO) 1978] and Revision 10
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Season, Sex, Age, and Education as Modifiers of the Effects 
of Outdoor Air Pollution on Daily Mortality in Shanghai, China: 
The Public Health and Air Pollution in Asia (PAPA) Study
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BACKGROUND: Various factors can modify the health effects of outdoor air pollution. Prior findings
about modifiers are inconsistent, and most of these studies were conducted in developed countries. 

OBJECTIVES: We conducted a time-series analysis to examine the modifying effect of season, sex,
age, and education on the association between outdoor air pollutants [particulate matter < 10 µm
in aerodynamic diameter (PM10), sulfur dioxide, nitrogen dioxide, and ozone] and daily mortality
in Shanghai, China, using 4 years of daily data (2001–2004). 

METHODS: Using a natural spline model to analyze the data, we examined effects of air pollution
for the warm season (April–September) and cool season (October–March) separately. For total
mortality, we examined the association stratified by sex and age. Stratified analysis by educational
attainment was conducted for total, cardiovascular, and respiratory mortality. 

RESULTS: Outdoor air pollution was associated with mortality from all causes and from cardio-
respiratory diseases in Shanghai. An increase of 10 µg/m3 in a 2-day average concentration of
PM10, SO2, NO2, and O3 corresponds to increases in all-cause mortality of 0.25% [95% confi-
dence interval (CI), 0.14–0.37), 0.95% (95% CI, 0.62–1.28), 0.97% (95% CI, 0.66–1.27), and
0.31% (95% CI, 0.04–0.58), respectively. The effects of air pollutants were more evident in the
cool season than in the warm season, and females and the elderly were more vulnerable to outdoor
air pollution. Effects of air pollution were generally greater in residents with low educational attain-
ment (illiterate or primary school) compared with those with high educational attainment (middle
school or above). 

CONCLUSIONS: Season, sex, age, and education may modify the health effects of outdoor air pollu-
tion in Shanghai. These findings provide new information about the effects of modifiers on the
relationship between daily mortality and air pollution in developing countries and may have impli-
cations for local environmental and social policies.

KEY WORDS: air pollution, modifiers, mortality, time-series studies. Environ Health Perspect
116:1183–1188 (2008). doi:10.1289/ehp.10851 available via http://dx.doi.org/ [Online 9 July 2008]
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(ICD-10; WHO 1993), respectively. The
mortality data were classified into deaths due
to all nonaccidental causes (ICD-9 codes
< 800; ICD-10 codes A00–R99), cardio-
vascular diseases (ICD-9 codes 390–459;
ICD-10 codes I00–I99), and respiratory dis-
eases (ICD-9 codes 460–519; ICD-10 codes
J00–J98). The data were also classified by sex
and age (0–4, 5–44, 45–64, and ≥ 65 years)
for all-cause deaths. Educational attainment
has often been used as a surrogate indicator of
SES in time-series studies (Cakmak et al.
2006; Jerrett et al. 2004; Zanobetti and
Schwartz 2000; Zeka et al. 2006). We there-
fore classified all-cause, cardiovascular, and
respiratory deaths by educational attainment
(low, illiterate or primary school; high, middle
school or above). 

Daily air pollution data, including PM10,
SO2, NO2, and O3, were retrieved from the
database of the Shanghai Environmental
Monitoring Center, the government agency in
charge of collection of air pollution data in
Shanghai. The daily concentrations for each
pollutant were averaged from the available
monitoring results of six fixed-site stations in
the nine urban districts and covered by China
National Quality Control. These stations are
mandated to be located away from major
roads, industrial sources, buildings, or residen-
tial sources of emissions from the burning of
coal, waste, or oil; thus, our monitoring results
reflect the background urban air pollution
level in Shanghai rather than local sources
such as traffic or industrial combustion. 

We abstracted the daily 24-hr mean con-
centrations for PM10, SO2, and NO2, and
maximal 8-hr mean concentrations for O3.
The maximal 8-hr mean was used because the
WHO (2000) recommended that the 8-hr
mean reflects the most health-relevant exposure
to O3. For the calculation of both 24-hr mean
concentrations of PM10, SO2, and NO2, as
well as maximal 8-hr mean O3 concentrations,
at least 75% of the 1-hr values must have been
available on that particular day. 

To allow adjustment for the effect of
weather conditions on mortality, we obtained
daily mean temperature and humidity data
from the Shanghai Meteorological Bureau
database. The weather data were measured at
a single fixed-site station in the Xuhui District
of Shanghai.

All of the mortality, weather, and air pollu-
tion data were validated by an independent
auditing team assigned by the HEI. The team
checked a sample of the original death certifi-
cates and monitoring records and validated the
generation process of mortality, weather, and
air pollution data used for the time-series
analysis.

Statistical methods. Our statistical analysis
followed the Common Protocol of the PAPA
program. We used a generalized linear model

(GLM) with natural splines (ns) to analyze the
data. First, we built the basic models for vari-
ous mortality outcomes excluding the air pol-
lution variables. We incorporated the ns
functions of time and weather conditions,
which can accommodate nonlinear and non-
monotonic relationships of mortality with
time and weather variables, offering a flexible
modeling tool (Hastie and Tibshirani 1990).
We used the partial autocorrelation function
(PACF) to guide the selection of degrees of
freedom (df) for time trend (Katsouyanni
et al. 2001; Touloumi et al. 2004, 2006).
Specifically, we used 4–6 df per year for time
trend. When the absolute magnitude of the
PACF plot was < 0.1 for the first two lag days,
the basic model was regarded as adequate; if
this criterion was not met, autoregression terms
for lag up to 7 days were introduced to
improve the model. In this way, 4, 4, and 5 df
per year for time trend, as well as 3, 2, and 4
lag-day autoregression terms, were used in our
basic models for total, cardiovascular, and res-
piratory mortality, respectively. In addition, we
used 3 df (whole period of study) for tempera-
ture and humidity because this has been shown
to control well for their effects on mortality
(Dominici et al. 2006; Samet et al. 2000a).
Day of the week was included as a dummy
variable in the basic models. We examined
residuals of the basic models to determine
whether there were discernable patterns and
autocorrelation by means of residual plots
and PACF plots. After we established the
basic models, we introduced the pollutant
variables and analyzed their effects on mor-
tality outcomes. 

Briefly, we fit the following log-linear
GLM to obtain the estimated pollution log-
relative rate β in Shanghai:

logE(Yt) = βZt + DOW + ns(time, df) 
+ ns(temperature/humidity, 3) 
+ intercept, [1]

where E(Yt) represents the expected number
of deaths at day t; β represents the log-relative
rate of mortality associated with a unit
increase of air pollutants; Zt indicates the
pollutant concentrations at day t; DOW is
dummy variable for day of the week;
ns(time,df) is the ns function of calendar time;
and ns(temperature/humidity, 3) is the ns func-
tion for temperature and humidity with 3 df.
Current-day temperature and humidity (lag 0)
and 2-day moving average of air pollutant con-
centrations (lag 01) were used in our analyses. 

We assessed both total nonaccidental and
cause-specific mortality. We were able to strat-
ify by sex and age only for total mortality. We
analyzed effects of air pollution separately for
the warm season (April–September) and the
cool season (October–March) as well as for
the entire year (Peng et al. 2005; Touloumi
et al. 2006). The basic models of seasonal

analyses were different from those of whole-
period analyses, using various dfs for time
trend. Analyses by educational attainment
were conducted for total, cardiovascular, and
respiratory mortality. We tested the statistical
significance of differences between effect esti-
mates of the strata of a potential effect modi-
fier (e.g., the difference between females and
males) by calculating the 95% confidence
interval (CI) as

, [2]

where Q^
1and Q^

2 are the estimates for the two
categories, and SE^

1 and SE^2 are their respec-
tive SEs (Zeka et al. 2006). Regardless of sig-
nificance, we considered modification of
effect by a factor of ≥ 2 to be important and
worthy of attention (Zeka et al. 2006). 

As a sensitivity analysis, we also examined
the impact of model specifications such as lag
structure and df selection on the effects of air
pollutants (Welty and Zeger 2005). We did
not find substantial differences using alterna-
tive specifications.

All analyses were conducted in R, version
2.5.1, using the mgcv package (R Develop-
ment Core Team 2007). The results are pre-
sented as the percent change in daily mortality
per 10-µg/m3 increase of air pollutants. 

Results
Data description. From 2001 to 2004 (1,461
days), a total of 173,911 deaths (82,597
females and 91,314 males) were registered in
the study population. The percentages of total
deaths by age group were 0.3% for 0–4 years,
3.2% for 5–44 years, 13.0% for 45–64 years,
and 83.5% for ≥ 65 years. On average, there
were approximately 119 nonaccidental deaths
per day, including 44 from cardiovascular 
diseases and 14 from respiratory diseases
(Table 1). Cardiorespiratory disease accounted
for 49.1% of total nonaccidental deaths. 

During our study period, the mean daily
average concentrations of PM10, SO2,
NO2, and O3 were 102.0, 44.7, 66.6, and
63.4 µg/m3, respectively. There were two
missing value days for O3 and none for the
other three pollutants. The mean daily average
temperature and humidity were 17.7°C and
72.9%, respectively, reflecting the subtropical
climate in Shanghai. 

Generally, PM10, SO2, and NO2 were rel-
atively highly correlated with each other
(Pearson correlation coefficients ranged from
0.64 to 0.73). PM10/SO2/NO2 concentra-
tions were negatively correlated with tempera-
ture and humidity. Maximal 8-hr mean O3
was weakly correlated with PM10, SO2, and
NO2 (Pearson correlation coefficients ranged
from 0.01 to 0.19) and moderately correlated
with temperature level (Pearson correlation
coefficient, 0.48). 

ˆ ˆ . ˆ ˆQ Q SE SE1 2 1 21 96−( ) ± +
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Effects by season. In the whole-period
analyses, outdoor air pollution was associated
with mortality from all causes and from cardio-
pulmonary diseases in Shanghai (Table 2). An
increase of 10 µg/m3 of 2-day average concen-
trations of PM10, SO2, NO2, and O3 corre-
sponds to 0.25% (95% CI, 0.14–0.37), 0.95%
(95% CI, 0.62–1.28), 0.97% (95% CI,
0.66–1.27), and 0.31% (95% CI, 0.04–0.58)
increase of all-cause mortality, respectively. 

There were more deaths, higher concen-
trations of pollutants (except for O3, which
had higher concentrations in the warm sea-
son), and drier weather conditions in the cool
season than in the warm season (Table 1). 

The effect estimates of PM10 on total mor-
tality were similar in both seasons. Effect esti-
mates were approximately 2–3 times higher
for SO2 and NO2 in the cool season compared
with the warm season. The effect estimate of
O3 was significant in both cool and warm sea-
sons, and the magnitude of the O3-associated
increase in total mortality was approximately
5-fold higher in the cool season than in the
warm season. Between-season differences in
total mortality were significant for NO2 and
O3 but not for PM10 or SO2 (Table 2). 

For cardiovascular mortality, the effect
estimate of PM10 was similar in both seasons.
For SO2, NO2, and O3, the effect estimate in
the cool season were approximately 3–4 times
higher than in the warm season. Between-
season differences in cardiovascular mortality
were insignificant for all four pollutants. 

For the smaller category of respiratory
mortality, the effect estimates of PM10, SO2,
and NO2 were significant only in the cool
season, and their between-season differences
were significant. The effect effect estimate of
O3 on respiratory mortality was insignificant
in either season. 

Effects by sex and age. The percent increase
associated with higher concentration levels of
air pollutants varied by sex or age group
(Table 3). The effect estimates of PM10 and
O3 among females were approximately twice
those among males, although their between-sex
differences were insignificant. The effect esti-
mates of SO2 and NO2 on total mortality in
females were slightly higher than in males. 

The number of deaths for residents under
5 years of age was very low and therefore was
excluded from our analysis. We did not
observe significant effects of air pollution in
residents 5–44 years of age or 45–64 years of
age. Among those ≥ 65 years of age, the effect
estimates of all four pollutants were signifi-
cant, and approximately 2–5 times higher
than among people 5–44 years of age or
45–64 years of age, although the between-age
differences among all three groups were
insignificant. 

Effects by education. Generally, residents
with low educational attainment (illiterate or

primary school) had a higher number of deaths
from air pollution–related effects than those
with high educational attainment (middle
school or above) (Table 4).

For total mortality, the effect estimates of
PM10, SO2, and NO2 were significant in both
education groups. The effect estimates of
these three pollutants were 1–2 times larger
among the low-education group compared
with the high-education group, although the
educational differences were significant only
for NO2 for total mortality. The effect esti-
mate of O3 of total mortality were similar and
insignificant in both groups. 

For cardiovascular mortality, the effect
estimates of PM10 and NO2 were significant
or marginally significant in both education

groups; the effect estimate of SO2 was signifi-
cant only in the low-education group; no sig-
nificant effect of O3 was seen in either group.
The effect estimates of all four pollutants were
1–2 times larger among the low-education
group compared with the high-education
group. The educational differences in cardio-
vascular mortality were not significant for any
pollutants. 

For respiratory mortality, the effect esti-
mates of PM10, SO2, and NO2 were signifi-
cant only among those with low education,
whereas the effect estimate of O3 on respira-
tory mortality was not significant in either
group. The effect estimates of PM10, SO2,
and NO2 were several times larger among the
low-education group compared with the

Modifiers of health effects of air pollution
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Table 1. Daily deaths, air pollutant concentrations, and weather conditions (mean ± SE) in Shanghai,
China, 2001–2004.

Warm season Cool season Entire period
(n = 729) (n = 732) (n = 1,461)

No. of daily deaths
Total (nonaccident) 106.1 ± 0.5 132.0 ± 0.8 119.0 ± 0.6
Cardiovascular 37.9 ± 0.3 50.5 ± 0.4 44.2 ± 0.3
Respiratory 11.4 ± 0.1 17.2 ± 0.3 14.3 ± 0.2

Air pollutant concentration (μg/m3)a

PM10 87.4 ± 1.8 116.7 ± 2.8 102.0 ± 1.7
SO2 39.4 ± 0.7 50.1 ± 1.0 44.7 ± 0.6
NO2 57.3 ± 0.7 76.0 ± 1.0 66.6 ± 0.7
O3 78.4 ± 1.5 48.3 ± 0.9 63.3 ± 1.0

Meteorological measures
Temperature (°C) 24.3 ± 0.2 11.2 ± 0.3 17.7 ± 0.2
Humidity (%) 75.1 ± 0.4 70.6 ± 0.5 72.9 ± 0.3

aTwenty-four-hour average for PM10, SO2, and NO2; 8-hr (1000–1800 hours) average for O3.

Table 2. Percent increase [mean (95% CI)] of mortality outcomes of Shanghai residents associated with
10-μg/m3 increase in air pollutant concentrations by season, 2001–2004.a

Mortality Pollutant Warm season Cool season Entire period

Total PM10 0.21 (0.09 to 0.33) 0.26 (0.22 to 0.30) 0.25 (0.14 to 0.37)
SO2 0.57 (–0.03 to 1.18) 1.10 (0.66 to 1.53) 0.95 (0.62 to 1.28)
NO2 0.46 (–0.07 to 0.98) 1.24 (0.84 to 1.64)* 0.97 (0.66 to 1.27)
O3 0.22 (0.03 to 0.41) 1.19 (0.56 to 1.83)* 0.31 (0.04 to 0.58)

Cardiovascular PM10 0.22 (–0.14 to 0.58) 0.25 (0.05 to 0.45) 0.27 (0.10 to 0.44)
SO2 0.31 (–0.65 to 1.29) 1.02 (0.40 to 1.65) 0.91 (0.42 to 1.41)
NO2 0.30 (–0.54 to 1.14) 1.26 (0.68 to 1.84) 1.01 (0.55 to 1.47)
O3 0.32 (–0.05 to 0.69) 1.42 (0.51 to 2.33) 0.38 (–0.03 to 0.80)

Respiratory PM10 –0.28 (–0.93 to 0.38) 0.58 (0.25 to 0.92)* 0.27 (–0.01 to 0.56)
SO2 –1.13 (–2.86 to 0.62) 2.47 (1.41 to 3.54)* 1.37 (0.51 to 2.23)
NO2 –1.37 (–2.86 to 0.15) 2.66 (1.67 to 3.65)* 1.22 (0.42 to 2.01)
O3 0.12 (–0.72 to 0.98) 0.94 (–0.60 to 2.50) 0.29 (–0.44 to 1.03)

aWe used current day temperature and humidity (lag 0) and 2-day moving average of air pollutant concentrations (lag 01), and
applied 3 df to temperature and humidity. *Significantly different from the warm season (p < 0.05).

Table 3. Percent increase [mean (95% CI)] in total mortality of Shanghai residents associated with a
10-μg/m3 increase in air pollutant concentrations by sex and age.a

Mean daily Pollutant
deaths (n) PM10 SO2 NO2 O3

Sex 
Female 56.5 0.33 (0.18 to 0.48) 1.06 (0.62 to 1.51) 1.10 (0.69 to 1.51) 0.40 (0.03 to 0.76)
Male 62.5 0.17 (0.03 to 0.32) 0.85 (0.43 to 1.28) 0.88 (0.49 to 1.28) 0.19 (–0.16 to 0.55)

Age (years)
5–44 3.7 0.04 (–0.52 to 0.59) 1.21 (–0.47 to 2.91) 0.52 (–1.01 to 2.08) –0.08 (–1.38 to 1.25)
45–64 15.5 0.17 (–0.11 to 0.45) 0.22 (–0.60 to 1.04) 0.64 (–0.11 to 1.40) 0.47 (–0.19 to 1.12)
≥ 65 99.6 0.26 (0.15 to 0.38) 1.01 (0.65 to 1.36) 1.01 (0.69 to 1.34) 0.32 (0.03 to 0.61)

aWe used current day temperature and humidity (lag 0) and 2-day moving average of air pollutant concentrations (lag 01),
and applied 3 df to temperature and humidity.
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high-education group. The educational
differences in respiratory mortality were not
significant for any pollutants.

Discussion
Although the associations between outdoor
air pollution and daily mortality have been
well established in developed countries, the
question of the potential modifiers remains
inconclusive. As the U.S. National Research
Council (1998) pointed out, it is important
to understand the characteristics of individu-
als who are at increased risk of adverse events
due to outdoor air pollution. Our results sug-
gest that season and individual sociodemo-
graphic factors (e.g., sex, age, SES) may
modify the health effects of air pollution in
Shanghai. Specifically, the association
between air pollution and daily mortality was
generally more evident for the cool season
than the warm season; females and the elderly
(≥ 65 years of age) appeared to be more vul-
nerable to air pollution than males and
younger people; and disadvantaged SES may
intensify the adverse health effects of outdoor
air pollution. 

Our finding of a stronger association
between air pollution and daily mortality in
the cool season is consistent with several prior
studies in Hong Kong (Wong et al. 1999,
2001) and Athens, Greece (Touloumi et al.
1996), but in contrast with others reporting
greater effects in the warm season (Anderson
et al. 1996; Bell et al. 2005; Nawrot et al.
2007). In Shanghai, the concentrations of
PM10, SO2, and NO2 were higher and more
variable in the cool season than in the warm
season (Table 1). Because these three pollu-
tants were highly correlated, greater effects
observed during the cool season may also be
due to other pollutants that were also at higher
levels during that season. In contrast, the O3
level was higher in the warm season than in
the cool season, and our exposure–response
relationship also revealed a flatter slope at
higher concentrations of O3 for both sexes
(data not shown). At higher concentrations,
the risks of death could be reduced because
vulnerable subjects may have died before the
concentration reached the maximum level
(Wong et al. 2001).

Exposure patterns may contribute to our
season-specific observation. During the warm
season, Shanghai residents tend to use air con-
ditioning more frequently because of the rela-
tively higher temperature and humidity, thus
reducing their exposure. For example, in a sur-
vey of 1,106 families in Shanghai, 32.7% of
the families never turn on air conditioners in
the winter compared with 3.7% in the summer
(Long et al. 2007). Heavy rain in the warm
season may reduce time outdoors, thus reduc-
ing personal exposure. In contrast, the cool
season in Shanghai is drier and less variable, so
people are more likely to go outdoors and
open the windows. Nevertheless, the fact that
a consistently significant health effect of air
pollution was observed only in the cool season
in two subtropical Asian cities [Shanghai (pre-
sent study) and Hong Kong (Wong et al.
1999, 2001)] suggests that the interaction of
air pollution exposure and season may vary by
location.

Unlike the gaseous pollutants, the con-
stituents of the complex mix of PM10 may vary
by season. Therefore, another potential expla-
nation for the seasonal difference in the effects
of PM10 is that the most toxic particles may
have a cool-season maximum in Shanghai. 

We found a greater effect of ambient air
pollution on total mortality in females than in
males. Results of prior studies on sex-specific
acute effects of outdoor air pollution were dis-
cordant. For example, Ito and Thurston
(1996) found the highest risk of mortality
related with air pollution exposure among
black women. Hong et al. (2002) found that
elderly women were most susceptible to the
adverse effects of PM10 on the risk of acute
mortality from stroke. However, Cakmak
et al. (2006) found that sex did not modify
the hospitalization risk of cardiac diseases due
to air pollution exposure. 

The reasons for our sex-specific observa-
tions are unclear and deserve further investiga-
tion. In Shanghai, females have a much lower
smoking rate than males (0.6% in females vs.
50.6% in males) (Xu 2005). One study sug-
gested that effects of air pollution may be
stronger in nonsmokers than in smokers
(Künzli et al. 2005). Oxidative and inflamma-
tory effects of smoking may dominate to such

an extent that the additional exposure to air
pollutants may not further enhance effects
along the same pathways in males. In addi-
tion, females have slightly greater airway reac-
tivity than males, as well as smaller airways
(Yunginger et al. 1992); therefore, dose–
response relations might be detected more eas-
ily in females than in males. Deposition of
particles in the lung varies by sex, with greater
lung deposition fractions of 1-µM particles in
all regions for females (Kim and Hu 1998;
Kohlhaufl et al. 1999). Sunyer et al. (2000)
suggested that differing particulate deposition
patterns between females and males may
partly explain the difference between the sexes.
Moreover, compared with males, females in
Shanghai had a lower education level (73.9%
in females vs. 41.0% in males); thus, lower
SES might contribute to the observed larger
effects of air pollution in females. 

As in a few other studies (Gouveia and
Fletcher 2000; Katsouyanni et al. 2001), we
found the elderly were most vulnerable to the
effects of air pollution. Low numbers of deaths
in the 0- to 4-year age group limited our
power to detect the effects of air pollution on
mortality, even if they exist. Two groups, the
elderly and the very young, are presumed to be
at greater risk for air pollution–related effects
(Gouveia and Fletcher 2000; Schwartz 2004).
For the elderly, preexisting respiratory or
cardiovascular conditions are more prevalent
than in younger age groups; thus, there is
some overlap between potentially susceptible
groups of older adults and people with heart
or lung diseases. 

It has long been known that SES can
affect health indicators such as mortality
(Mackenbach et al. 1997). Recently, studies
have started to examine the role of SES in
the vulnerability of subpopulations to out-
door air pollution, especially for particles
and O3, although the results remain incon-
sistent (O’Neill et al. 2003). For example,
Zeka et al. (2006) found that individual-
level education was inversely related to the
risk of mortality associated with PM10.
Another cohort study with small-area meas-
ures of SES in Hamilton, Ontario, Canada,
found important modification of the particle
effects by social class (Finkelstein et al. 2003;
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Table 4. Percent increase in number of deaths due to total, cardiovascular, and respiratory causes associated with a 10-μg/m3 increase in air pollutants by edu-
cational attainment.a

Educational Mean daily Pollutant
Mortality attainment deaths (n) PM10 SO2 NO2 O3

Total Low 67.3 0.33 (0.19 to 0.47) 1.19 (0.77 to 1.61) 1.27* (0.89 to 1.66) 0.26 (–0.09 to 0.60)
High 42.1 0.18 (0.01 to 0.36) 0.66 (0.16 to 1.17) 0.62 (0.15 to 1.09) 0.30 (–0.11 to 0.71)

Cardiovascular Low 27.8 0.30 (0.10 to 0.51) 1.08 (0.47 to 1.69) 1.15 (0.58 to 1.72) 0.39 (–0.13 to 0.90)
High 16.4 0.23 (–0.03 to 0.50) 0.57 (–0.20 to 1.35) 0.73 (0.01 to 1.45) 0.26 (–0.38 to 0.91)

Respiratory Low 8.9 0.36 (0.00 to 0.72) 1.54 (0.43 to 2.66) 1.59 (0.57 to 2.62) 0.20 (–0.74 to 1.16)
High 5.4 0.02 (–0.43 to 0.47) 0.73 (–0.61 to 2.09) 0.34 (–0.89 to 1.60) 0.27 (–0.86 to 1.41)

aWe used current day temperature and humidity (lag 0) and 2-day moving average of air pollutants concentrations (lag 01) and we applied 3 df to temperature and humidity. *Significantly
different from high educational attainment (p < 0.05).
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Jerrett et al. 2004). In contrast, Gouveia and
Fletcher (2000) observed a larger effect of air
pollution in areas of higher SES level; Bateson
and Schwartz (2004) found no indication
that susceptibility to air pollution varied by
group-level SES measures. In the present
study, using individual-level education as a
measure of SES, we found that residents with
low educational attainment were more sensi-
tive to air pollution exposure than those with
high educational attainment. Our results pro-
vide the first evidence in Mainland China
that lower SES may compose a risk factor for
air pollution–related health effects. 

SES factors such as educational attainment
may modify the health effects of outdoor air
pollution in several pathways. People with
lower SES may be more sensitive to air pollu-
tion–related health hazards because they have a
higher prevalence of preexisting diseases that
confer a greater risk of dying associated with air
pollution exposure, and they may also receive
inferior medical treatment for preexisting dis-
eases. Disadvantaged living conditions may
contribute to the modification effect; people
with lower SES may have more limited access
to fish, fresh fruits, and vegetables, resulting in
reduced intake of antioxidant polyunsaturated
fatty acids and vitamins that may protect
against adverse consequences of particle expo-
sure (Romieu et al. 2005). Additionally, expo-
sure patterns may contribute to effect
modification by SES. Persons with lower SES
are less likely to have air conditioning (Long
et al. 2007) and more likely to live near busy
roadways and have coexposures due to either
poor housing or occupation. For example, dis-
advantaged groups have been found to be
more highly exposed to some air pollutants
(Sexton et al. 1993). Scandinavian studies have
shown differential personal exposures to parti-
cles and other pollutants by education and
occupation (Rotko et al. 2000, 2001), and a
study in the U.S. Great Lakes region indicates
differences in exposure to gaseous pollutants by
occupation and education, minority status, and
income (Pellizzari et al. 1999). Finally, as
Jerrett et al. (2004) pointed out, persons with
lower education are less mobile and experience
less exposure measurement error, thereby
reducing bias toward the null.

The limitations of our analysis should be
noted. As in other studies in this field, we used
available outdoor monitoring data to represent
the population exposure to air pollutants. Our
assessment of weather conditions was derived
entirely from one monitoring station.
Measurement error may have substantial impli-
cations for interpreting epidemiologic studies
on air pollution, particularly for the time-series
design (Zeger et al. 2000). It is possible that
this type of error may introduce bias to the
results of our analysis; however, because of lack
of available information on personal exposure

to air pollutants, we could not quantify such a
bias. Compared with other studies in Europe
and North America, the data we collected were
limited in being only one city, in sample size,
and in duration. In addition, high correlation
between particulate matter and gaseous pollu-
tants in Shanghai limited our ability to separate
the independent effect for each pollutant. 

In summary, in this time-series analysis,
we found that outdoor air pollution was asso-
ciated with mortality from all causes and from
cardiopulmonary diseases in Shanghai during
2001–2004. Furthermore, our results suggest
that season and sociodemographic factors
(e.g., sex, age, SES) may modify the acute
health effects of air pollution. These findings
provide new information about the effects of
modifiers on the relationship between daily
mortality and air pollution in developing
countries and may have implications for local
environmental and social policies.
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Research

There is ample evidence that air pollution is a
health hazard both in developed (Samet et al.
2000) and developing countries [Health
Effects Institute (HEI) 2004]. Although all
individuals are exposed to some level of air
pollution, those who are already in poor
health (Bateson and Schwartz 2004; Sunyer
et al. 2000) and those who are socially disad-
vantaged (Forastiere et al. 2006; Jerrett et al.
2004; Neidell 2004) are most strongly
affected. Globalization has resulted in the
shifting of industries notorious for their pollu-
tion from wealthier to poorer areas, where
costs of production are cheaper and environ-
mental regulations are less stringent (Pulido
2000). Disparities in environmental health
hazards among countries have become greater.
In areas near sources of pollution, particularly
those with mixed residential and industrial
activity and an economically disadvantaged
population, residents are exposed to higher
levels of air pollution (Finkelstein et al. 2005).
This situation has aroused concerns about
social injustice, and governments have been
urged to take social inequality into account
when considering air quality interventions.
Studies in Europe and the United States have

indicated a link between air pollution and
poverty in terms of health impacts (Filleul
et al. 2004; Schwartz 2000; Zanobetti and
Schwartz 2000). In the Asia Pacific region,
where air pollution and the burden of poten-
tially avoidable morbidity and mortality are
increasing (HEI 2004), no study has exam-
ined the interaction between socioeconomic
status and pollution-related health outcomes.

The biologic mechanisms underlying the
health effects of air pollution can be explained
in terms of oxidative stress and immune sys-
tem damage after both long- and short-term
exposures. There are two main hypotheses
regarding the possible effect of the interac-
tions between air pollution and socioeco-
nomic status on health. First, people of lower
socioeconomic status are more likely to live
and work in places with more toxic pollution.
An alternative hypothesis is that because of
inadequate access to medical care, lack of
material resources, poorer nutrition, and
higher smoking prevalence, those of lower
socioeconomic status may be more suscepti-
ble to the adverse effects of air pollution than
those in higher socioeconomic groups
(O’Neill et al. 2003).

Health effects associated with socio-
economic factors can be assessed at both the
individual and neighborhood levels according
to an individual’s area of residence. The effect
modification of air pollution by socioeco-
nomic status measured at the individual level
has been demonstrated in several epidemio-
logic studies (Filleul et al. 2004; HEI 2000;
Krewski et al. 2005). However, the possible
modification of air pollution effects associated
with socioeconomic status, assessed at the
neighborhood level, has not been well stud-
ied, and findings are still controversial
(O’Neill et al. 2003). Whether residence in
socially deprived areas is a greater environ-
mental health hazard compared with resi-
dence in better-off areas is an important
public health issue, and the possible effects
need to be examined through appropriately
designed studies. 

Hong Kong is an affluent area in the Asia
Pacific region, but poverty is still a problem
among some subgroups of the population,
resulting in serious social inequity. Socially
deprived areas should be identified for addi-
tional community environmental protection
and health resource allocation. Socioeconomic
factors are usually multidimensional, and some
of them, such as low income and low educa-
tion, may be correlated with each other. Instead
of studying several factors individually, we used
a deprivation score at a specific community
planning unit level to estimate neighborhood
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BACKGROUND: Poverty is a major determinant of population health, but little is known about its
role in modifying air pollution effects. 

OBJECTIVES: We set out to examine whether people residing in socially deprived communities are at
higher mortality risk from ambient air pollution.

METHODS: This study included 209 tertiary planning units (TPUs), the smallest units for town
planning in the Special Administrative Region of Hong Kong, China. The socioeconomic status of
each TPU was measured by a social deprivation index (SDI) derived from the proportions of the
population with a) unemployment, b) monthly household income < US$250, c) no schooling at all,
d) one-person household, e) never-married status, and f ) subtenancy, from the 2001 Population
Census. TPUs were classified into three levels of SDI: low, middle, and high. We performed time-
series analysis with Poisson regression to examine the association between changes in daily concen-
trations of ambient air pollution and daily number of deaths in each SDI group for the period from
January 1996 to December 2002. We evaluated the differences in pollution effects between differ-
ent SDI groups using a case-only approach with logistic regression.

RESULTS: We found significant associations of nitrogen dioxide, sulfur dioxide, particulate matter
with aerodynamic diameter < 10 µm, and ozone with all nonaccidental and cardiovascular mortality
in areas of middle or high SDI (p < 0.05). Health outcomes, measured as all nonaccidental, cardio-
vascular, and respiratory mortality, in people residing in high SDI areas were more strongly associ-
ated with SO2 and NO2 compared with those in middle or low SDI areas.

CONCLUSIONS: Neighborhood socioeconomic deprivation increases mortality risks associated with
air pollution.

KEY WORDS: air pollution, case-only approach, deprivation, effect modification, Hong Kong, mortal-
ity, time-series analysis. Environ Health Perspect 116:1189–1194 (2008). doi:10.1289/ehp.10850
available via http://dx.doi.org/ [Online 9 July 2008]
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social deprivation for each of the subjects based
on geographic code of their residency at the
time of death, then assessed whether residents
in poorer areas were subject to greater risk of
mortality from ambient air pollution.

Materials and Methods
Tertiary planning units (TPUs). The TPU
system was devised by the Hong Kong
Planning Department for town planning pur-
poses. In 2001, the whole land area of Hong
Kong was divided into 276 TPUs. Our analy-
sis included all TPUs except for suburban
TPUs (n = 67) in the New Territories and
outer islands of Hong Kong, which are remote
and have population densities lower than the
lowest quartile (533/km2) of the whole terri-
tory. People residing in these sparsely popu-
lated areas account for about 1.5% of the total
population and are usually exposed to sources
and levels of air pollution different from those
in urban areas. Because air pollution exposure
measurements were based on data from moni-
toring stations located in urban areas, exclu-
sion of nonurban areas would reduce exposure
measurement errors. 

Measures of social deprivation. The
Census and Statistics Department of Hong
Kong conducts a population census every
10 years and a by-census every intermediate
5 years. TPUs are the smallest units in the
population census report. The 2001 census
report contains 44 statistics of the Hong Kong
population measured at TPU level. We per-
formed factor analysis on 18 socioeconomic
and demographic variables related to social
deprivation available in this population census
database. Six factors accounting for 69% of

the variation were extracted from principal-
component analysis. Based on the distribution
of factor loadings, we chose six variables to
describe the conditions of social deprivation
for each TPU: the proportions of the popula-
tion with a) unemployment, b ) monthly
household income < US$250, c) no schooling
at all, d ) one-person household, e) never-
married status, and f ) subtenancy. Each of
these six variables had significant factor load-
ing for a specific principal factor, and all of
them are deemed to be representative indica-
tors of social disadvantage in the published lit-
erature and in the setting of the Hong Kong
population. The first four conditions are more
or less related to a lack of material resources.
Being unmarried in Chinese society would
have been regarded previously as undesirable
in a social and family context. In Hong Kong,
people who cannot afford to rent a whole flat
may rent a part (usually a small room) of a flat
from another tenant. The six selected variables
in this study are similar to those used in other
well-known social deprivation indices in other
countries such as Index of Local Conditions
(Department of Environment 1994) and the
Jarman (Jarman 1983), and Townsend
(Benach et al. 2001; Payne et al. 1996;
Townsend et al. 1988) indices. For example,
the “unemployment proportion” is similar to
“unemployment rate”; “subtenancy” is similar
to “not owner-occupier households”; “never
married” is a dimension similar to “lone par-
ent household”; “one-person household”
could indicate partly “lone pensioner”; and
“no school” is broadly similar to “low sec-
ondary education attainment” (Benach et al.
2001; Payne et al. 1996).

The social deprivation index (SDI) for each
TPU was calculated by taking the average of
these six selected variables. A detailed descrip-
tion of the development of SDI is given in one
of our previous studies (Wong et al. 1999),
which showed that each of these six measures
was correlated with standard mortality rate at
TPU level and mortality was high in TPUs
with high SDI. Based on tertiles of SDI, all
TPUs were classified into one of three SDI
groups: low (less than the lowest tertile of
SDI), middle (the lowest tertile to the middle
tertile), and high (greater than the highest ter-
tile). Table 1 shows a summary of basic charac-
teristics for the 209 urban TPUs by SDI level.

Health outcomes. The Census and Statistics
Department of Hong Kong provided mortality
data for all registered deaths from January 1996
to December 2002, including age, sex, date of
death, TPU of residence, and the code of
underlying cause of death, which is classified
according to the International Classification of
Diseases, 9th Revision (ICD-9), 1996–1999 and
10th Revision (ICD-10), 2000–2002 (World
Health Organization 1977, 1992). For each
SDI group, we aggregated daily numbers of
deaths due to all nonaccidental causes (ICD-9
codes 001-799; ICD-10 codes A00-T99, Z00-
Z99), cardiovascular (ICD-9 390-459; ICD-10
I00-I99) and respiratory (ICD-9 460-519;
ICD-10 J00-J98) diseases, respectively. 

Air pollution and meteorologic data.
Hourly concentrations of nitrogen dioxide, sul-
fur dioxide, particulate matter with aero-
dynamic diameter < 10 µm (PM10), and ozone
were derived from eight fixed-site general moni-
toring stations operated by the Environmental
Protection Department (HK EPD 2007). The
measurement methods for NO2, SO2, PM10,
and O3 were chemiluminescence, fluorescence,
tapered element oscillating microbalance, and
ultraviolet absorption, respectively. NO2, SO2,
and O3 were also measured by differential opti-
cal absorption spectroscopy in some monitor-
ing stations. Daily concentrations of air
pollutants for each monitoring station were
taken to be the average of the 24-hr concentra-
tions of NO2, SO2, and PM10 and of 8-hr
(0100–1800 hours) concentrations of O3.
Daily concentrations of air pollutants for the
whole territory of Hong Kong were evaluated
by averaging the daily concentrations across all
monitoring stations using the method of cen-
tering (Wong et al. 2001). In calculating the
daily data there should be at least 75% 1-hr
values of that particular day, and for each mon-
itoring station there should be at least 75% of
daily data complete for the whole study period.
Meteorologic data, including daily temperature
and relative humidity, were provided by the
Hong Kong Observatory (2007).

Statistical methods. We used generalized
linear modeling to obtain the most adequate
core models for each health outcome. We used

Wong et al.
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Table 1. Summary statistics for TPUs by three levels of social deprivation, air pollution, and meteorologic
variables for whole territories. 

Variable Min 1st Quartile Median 3rd Quartile Max Mean SD

Population size (× 10,000)
Low SDI 0.40 1.19 2.32 5.75 18.99 4.22 4.19
Middle SDI 0.12 1.05 4.86 7.11 20.36 5.25 4.86
High SDI 0.11 0.76 1.42 2.52 8.63 2.07 1.99

Area (km2)
Low SDI 0.13 0.83 1.82 4.54 14.08 3.33 3.45
Middle SDI 0.13 0.81 1.62 3.05 35.61 3.43 6.37
High SDI 0.06 0.38 0.79 2.43 16.30 2.56 4.00

Population density (× 10,000/km2)
Low SDI 0.09 0.55 1.68 3.80 16.75 2.49 2.76
Middle SDI 0.04 0.46 3.06 6.40 15.48 4.23 4.03
High SDI 0.05 0.28 2.52 6.02 17.95 3.75 4.14

Mortality (daily count)
Low SDI 5.0 16.0 19.0 23.0 46.0 19.3 5.3
Middle SDI 13.0 31.0 36.0 42.0 66.0 36.2 8.0
High SDI 3.0 13.0 17.0 21.0 40.0 17.4 5.4

Air pollutants (μg/m3)
NO2 10.1 45.1 56.3 69.6 168.0 58.7 20.0
SO2 1.8 9.6 14.7 22.1 109.4 17.8 12.1
PM10 13.5 31.8 45.5 66.7 188.5 51.6 25.3
O3 –8.2 19.2 31.7 50.8 196.6 36.9 23.0

Temperature (°C) 6.9 19.8 24.7 27.8 33.8 23.7 4.9
Relative humidity (%) 27.0 74.0 79.0 84.0 97.0 77.9 10.0

Abbreviations: Max, maximum; Min, minimum.
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Poisson regression with quasi-likelihood
method to model mortality and hospital
admission counts with adjustment for over-
dispersion (McCullagh and Nelder 1989). To
control for systematic variation over time, we
introduced a trend and seasonality term and
dummy variables for day of the week and pub-
lic holidays. Other covariates considered and
adjusted for were daily mean temperature and
relative humidity. The trend and seasonality
term was defined by fitting a natural smooth-
ing spline with 4–6 degrees of freedom (dfs)
per year. Additional smoothing splines with
3 dfs were included to adjust for the effects of
temperature and 3 dfs to adjust for relative
humidity. The choice of the number of dfs for
each smoothing function was made on the
basis of observed autocorrelations for the
residuals using partial autocorrelation function
plots. Partial autocorrelation coefficient (Hastie
and Tibshirani 1990) of |ρ| < 0.1 for the first
2 lag days was used as a criterion for a mini-
mally adequate model. Randomness of residuals
and autoregressive terms were also considered
in selecting the most appropriate models. If the
above criteria were met, the variable for the air
pollutant concentrations was entered into the
core model for assessment of percentage excess
risk (ER) per 10-µg/m3 increase of an air pollu-
tant at single lag 0–4 days and at average lag 0
and lag 1 day. We performed Poisson regres-
sion analysis and assessed the ER for each level
of social deprivation in the data set stratified by
level of social deprivation. All analyses under
Poisson regression were performed using the
statistical software package R version 2.5.1
(R Development Core team 2006) with mgcv
package version 1.3-25. 

In addition, we used a case-only approach
in a combined data set to assess potential inter-
action between social deprivation level and
ambient air pollution on mortality. The case-
only approach with logistic regression was
originally proposed for studying the gene–
environment interaction and has been widely
used in this field of study (Fallin et al. 2003;
Fracanzani et al. 2005). Armstrong (2003) has
pointed out that this method can be extended
for evaluating the interaction between time-
varying variables and individual factors.
Subsequently, Schwartz (2005) gave a more
detailed description of this method and applied
it to examine whether medical conditions mod-
ify the mortality effects of extreme temperature.
We used this method recently to examine the
effect modification of air pollution by individ-
ual smoking status and physical activity (Wong
et al. 2007a, 2007b). In the present study, we
assume that the risk of dying associated with
temporary increase in air pollution level is modi-
fied by residence in different social deprivation
areas. For example, people who died on days
with high levels of air pollution would be more
likely to reside in a high SDI area than those

who died on days with low levels of air pollu-
tion, and therefore the air pollution level at the
date of death could be a predictor of neighbor-
hood SDI level of the deceased using logistic
regression. The difference in relative risk of
mortality associated with air pollution between
SDI levels was calculated based on the relation-
ship between SDI and the levels of ambient air
pollution using multinomial logistic regression.
Furthermore, an ordinal logit model was fitted
to determine whether there was a trend in the
health effects of air pollution increasing from
low to middle and then to high SDI levels.

Results
Figure 1 shows the geographic variations in
social deprivation in the whole of Hong Kong
excluding suburban areas. Most of the areas
with high SDI levels were in the northern ter-
ritories bordering mainland China and in the

outer islands. There were also a few highly
deprived areas in the inner city. 

Health outcomes and covariates. Our study
included a total of 215,240 nonaccidental
deaths (males: 120,262; females: 94,978) from
1996 to 2002, with an average of 30,749 deaths
per year. Summary statistics were compiled for
daily counts of deaths from nonaccidental
causes and from cardiovascular and respiratory
diseases as well as daily meteorologic conditions
and concentrations of the four air pollutants
under study (Table 1). On each day there were,
on average, 19, 36, and 17 deaths from non-
accidental causes in the TPUs among low,
middle, and high SDI levels, respectively.

Effects of air pollution for all areas. In all
areas, for nonaccidental and subcategory car-
diovascular causes of mortality, the biggest
single-day associations with all air pollutants
occurred at either lag 0 or lag 1 day (Tables 2

Deprivation and association with air pollution mortality 
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Figure 1. SDI in three levels for Hong Kong, 2001, excluding suburban areas. 
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Table 2. Excess risk (%) of nonaccidental mortality per 10-μg/m3 increase in pollutant concentration by
three levels of social deprivation at lag 0, 1, 2, 3, and 4 days.

Low SDI Middle SDI High SDI All areas
Lag ER (95% CI) ER (95% CI) ER (95% CI) ER (95% CI)

NO2 0 0.55 (0.00 to 1.11) 1.07 (0.65 to 1.50) 0.53 (–0.06 to 1.13) 0.75 (0.45 to 1.06)
1 0.40 (–0.15 to 0.95) 1.04 (0.61 to 1.46) 1.07 (0.48 to 1.66) 0.79 (0.49 to 1.10)
2 0.16 (–0.37 to 0.70) 0.62 (0.21 to 1.04) 0.52 (–0.05 to 1.10) 0.37 (0.07 to 0.67)
3 0.29 (–0.24 to 0.82) 0.39 (–0.03 to 0.80) 0.12 (–0.45 to 0.70) 0.20 (–0.10 to 0.50)
4 –0.30 (–0.82 to 0.24) 0.12 (–0.29 to 0.53) –0.22 (–0.79 to 0.36) –0.12 (–0.41 to 0.18)

SO2 0 0.64 (–0.16 to 1.44) 0.76 (0.14 to 1.38) 0.81 (–0.05 to 1.68) 0.68 (0.24 to 1.12)
1 0.21 (–0.57 to 1.00) 0.62 (0.02 to 1.23) 1.44 (0.60 to 2.29) 0.62 (0.19 to 1.06)
2 0.23 (–0.53 to 1.01) 0.34 (–0.26 to 0.93) 0.33 (–0.50 to 1.17) 0.20 (–0.23 to 0.63)
3 0.15 (–0.61 to 0.92) 0.14 (–0.45 to 0.74) –0.45 (–1.28 to 0.38) –0.10 (–0.53 to 0.32)
4 –0.70 (–1.46 to 0.07) 0.18 (–0.41 to 0.77) –0.55 (–1.38 to 0.28) –0.24 (–0.66 to 0.18)

PM10 0 0.37 (–0.10 to 0.84) 0.70 (0.34 to 1.07) 0.22 (–0.29 to 0.73) 0.45 (0.19 to 0.72)
1 0.40 (–0.04 to 0.84) 0.48 (0.14 to 0.82) 0.46 (–0.01 to 0.94) 0.40 (0.15 to 0.64)
2 0.14 (–0.28 to 0.57) 0.35 (0.02 to 0.68) 0.29 (–0.17 to 0.75) 0.22 (–0.02 to 0.45)
3 –0.12 (–0.55 to 0.30) 0.18 (–0.14 to 0.51) –0.05 (–0.51 to 0.40) 0.00 (–0.24 to 0.23)
4 –0.14 (–0.56 to 0.28) 0.17 (–0.16 to 0.50) –0.06 (–0.51 to 0.40) 0.03 (–0.20 to 0.26)

O3 0 –0.20 (–0.73 to 0.34) 0.41 (0.00 to 0.82) 0.53 (–0.04 to 1.11) 0.23 (–0.07 to 0.52)
1 0.22 (–0.26 to 0.70) 0.46 (0.09 to 0.83) 0.02 (–0.49 to 0.54) 0.27 (0.00 to 0.53)
2 0.20 (–0.25 to 0.65) 0.23 (–0.12 to 0.58) 0.19 (–0.30 to 0.68) 0.18 (–0.07 to 0.43)
3 0.00 (–0.44 to 0.45) 0.21 (–0.14 to 0.55) 0.18 (–0.30 to 0.66) 0.13 (–0.11 to 0.38)
4 –0.17 (–0.60 to 0.27) 0.04 (–0.29 to 0.38) –0.03 (–0.50 to 0.45) –0.02 (–0.27 to 0.22)
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and 3), but for subcategory respiratory mor-
tality, they occurred at lag 2 day except with
SO2, which occurred at lag 0 day (Table 4).
There were statistically significant (p < 0.05)
ERs for all the pollutants except O3 on all the
three mortality outcomes. 

Separate effects of air pollution for each
SDI group. The lag patterns of ER were com-
parable in the high, middle, and low SDI
groups (Table 2). At average 0–1 lag—that is,
with average pollutant concentration meas-
ured in the lag 0–1 day period—for NO2 and
SO2, the point estimates of ER were higher in
the middle SDI than in the low SDI group,
except for SO2 for cardiovascular mortality,
and were the highest in the high SDI group,
except for NO2 for nonaccidental mortality
(Figure 2). At average 0–1 lag, for PM10 and
O3 the point estimates of ER were higher in
the middle SDI than in the low SDI group
(data not shown). Those in the high SDI
group were higher than in the low SDI group
(except the effect of PM10 on nonaccidental
mortality). For respiratory mortality, at aver-
age 0–1 lag, for NO2 and SO2 the point esti-
mates of ER increased from low to high SDI
groups (Figures 2 and 3), with ER increasing
from 0.76 to 1.44% for NO2 (Figure 2), and
from 0.90 to 2.27% for SO2 (Figure 3).
However, for PM10 and O3, the point esti-
mates of ER varied from low to high SDI
groups by only a small magnitude (0.82 to
0.70% for PM10; 0.23 to 0.0% for O3) (data
not shown). 

Differences in effects of air pollution
between SDI groups. The biggest difference in
ER between SDI groups generally occurred at
lag 1 day (data not shown). For nonaccidental
mortality and for the subcategory cardiovascu-
lar mortality, the ER due to NO2 and SO2 at
lag 1 day was significantly higher (p < 0.05) in
the high SDI group than in the middle or low
SDI groups; and the trends from low to high
SDI groups were significant (p < 0.05) (data
not shown). At the average 0–1 lag of a pollu-
tant per 10 µg/m3, significantly (p < 0.05)
greater ER for nonaccidental mortality,
between high and middle SDI groups [change
in ER 1.15%; 95% confidence interval (CI)
0.06–2.26] and between high and low (change
in ER 1.38%; 95% CI, 0.13–2.63) SDI
groups were shown (Table 5). Significant
trend (change in ER 0.45%; 95% CI,
0.03–0.87) with change between middle and
low or between high and middle SDI groups
were found for an increase in concentrations
of SO2, but not in concentrations of the other
pollutants, although the differences in ER
were in the same direction as that for SO2. For
effects on cardiovascular mortality, significant
increases (p < 0.05) in ER were found for SO2
(between high and middle SDI groups) and
for NO2 (between high and low SDI groups);
and significant trend (p < 0.05) was found for
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Table 3. Excess risk (%) of cardiovascular mortality per 10-μg/m3 increase in pollutant concentration by
three levels of social deprivation at lag 0, 1, 2, 3, and 4 days.

Low SDI Middle SDI High SDI All areas
Lag ER (95% CI) ER (95% CI) ER (95% CI) ER (95% CI)

NO2 0 0.82 (–0.25 to 1.90) 1.24 (0.45 to 2.03) 1.45 (0.37 to 2.53) 1.17 (0.61 to 1.73)
1 0.76 (–0.30 to 1.83) 1.00 (0.22 to 1.78) 2.14 (1.07 to 3.21) 1.08 (0.53 to 1.64)
2 0.34 (–0.70 to 1.39) 0.85 (0.08 to 1.61) 0.95 (–0.09 to 2.00) 0.53 (–0.02 to 1.08)
3 0.27 (–0.76 to 1.31) 0.46 (–0.30 to 1.23) –0.28 (–1.32 to 0.77) 0.09 (–0.45 to 0.63)
4 –0.51 (–1.54 to 0.52) 0.08 (–0.67 to 0.84) 0.02 (–1.01 to 1.06) –0.13 (–0.66 to 0.41)

SO2 0 1.10 (–0.45 to 2.68) 0.71 (–0.44 to 1.87) 1.85 (0.28 to 3.44) 1.03 (0.21 to 1.85)
1 0.89 (–0.64 to 2.44) 0.30 (–0.83 to 1.45) 2.88 (1.35 to 4.43) 0.93 (0.13 to 1.74)
2 0.38 (–1.12 to 1.90) 0.36 (–0.75 to 1.48) 1.28 (–0.22 to 2.81) 0.42 (–0.37 to 1.21)
3 0.26 (–1.23 to 1.77) 0.25 (–0.85 to 1.37) 0.06 (–1.45 to 1.58) 0.10 (–0.69 to 0.89)
4 –0.75 (–2.24 to 0.76) –0.27 (–1.36 to 0.85) 0.66 (–0.84 to 2.19) –0.21 (–1.00 to 0.58)

PM10 0 0.14 (–0.77 to 1.06) 0.66 (0.00 to 1.34) 0.83 (–0.08 to 1.75) 0.52 (0.05 to 1.00)
1 0.64 (–0.21 to 1.49) 0.49 (–0.13 to 1.12) 0.89 (0.04 to 1.75) 0.58 (0.14 to 1.03)
2 0.24 (–0.58 to 1.07) 0.80 (0.20 to 1.40) 0.12 (–0.70 to 0.95) 0.43 (0.00 to 0.86)
3 –0.27 (–1.09 to 0.55) 0.65 (0.06 to 1.25) –0.09 (–0.91 to 0.73) 0.14 (–0.28 to 0.57)
4 0.01 (–0.80 to 0.83) 0.52 (–0.07 to 1.12) 0.04 (–0.77 to 0.86) 0.23 (–0.20 to 0.65)

O3 0 0.23 (–0.81 to 1.29) 0.57 (–0.19 to 1.35) 0.66 (–0.39 to 1.72) 0.42 (–0.12 to 0.97)
1 0.41 (–0.53 to 1.35) 0.65 (–0.04 to 1.34) 0.23 (–0.71 to 1.18) 0.45 (–0.04 to 0.94)
2 0.51 (–0.37 to 1.40) 0.52 (–0.13 to 1.17) 0.23 (–0.66 to 1.13) 0.38 (–0.08 to 0.84)
3 0.51 (–0.35 to 1.39) 0.55 (–0.09 to 1.19) –0.17 (–1.04 to 0.71) 0.28 (–0.17 to 0.74)
4 –0.29 (–1.15 to 0.58) 0.02 (–0.61 to 0.66) –0.51 (–1.37 to 0.37) –0.23 (–0.68 to 0.22)

Table 4. Excess risk (%) of respiratory mortality per 10-μg/m3 increase in pollutant concentration by three
levels of social deprivation at lag 0, 1, 2, 3, and 4 days.

Low SDI Middle SDI High SDI All areas
Lag ER (95% CI) ER (95% CI) ER (95% CI) ER (95% CI)

NO2 0 1.02 (–0.31 to 2.36) 0.76 (–0.20 to 1.72) 0.97 (–0.34 to 2.30) 0.88 (0.19 to 1.58)
1 0.16 (–1.16 to 1.49) 1.07 (0.13 to 2.03) 1.26 (–0.04 to 2.57) 0.90 (0.22 to 1.60)
2 –0.05 (–1.34 to 1.26) 1.02 (0.10 to 1.96) 1.62 (0.35 to 2.91) 0.92 (0.25 to 1.60)
3 0.13 (–1.16 to 1.43) 0.94 (0.02 to 1.87) 0.95 (–0.32 to 2.23) 0.75 (0.08 to 1.42)
4 –0.53 (–1.81 to 0.77) 0.51 (–0.40 to 1.44) –0.30 (–1.56 to 0.98) 0.05 (–0.62 to 0.72)

SO2 0 1.21 (–0.70 to 3.16) 0.57 (–0.80 to 1.95) 1.84 (–0.04 to 3.76) 1.06 (0.06 to 2.06)
1 0.06 (–1.83 to 1.98) 1.33 (–0.01 to 2.68) 1.32 (–0.53 to 3.20) 1.02 (0.04 to 2.01)
2 0.45 (–1.40 to 2.33) 1.01 (–0.31 to 2.34) 1.47 (–0.34 to 3.32) 0.99 (0.03 to 1.96)
3 0.32 (–1.53 to 2.20) 1.30 (–0.01 to 2.62) –0.67 (–2.48 to 1.18) 0.56 (–0.40 to 1.52)
4 –1.36 (–3.21 to 0.53) 0.77 (–0.54 to 2.10) –1.05 (–2.87 to 0.81) –0.21 (–1.17 to 0.76)

PM10 0 0.69 (–0.44 to 1.82) 0.31 (–0.50 to 1.13) 0.27 (–0.85 to 1.40) 0.39 (–0.20 to 0.99)
1 0.55 (–0.50 to 1.61) 0.77 (0.01 to 1.53) 0.72 (–0.32 to 1.78) 0.70 (0.15 to 1.26)
2 0.36 (–0.66 to 1.39) 0.85 (0.12 to 1.59) 1.46 (0.45 to 2.47) 0.89 (0.36 to 1.42)
3 –0.24 (–1.25 to 0.78) 0.66 (–0.07 to 1.39) 0.70 (–0.30 to 1.71) 0.45 (–0.08 to 0.98)
4 –0.17 (–1.17 to 0.85) 0.69 (–0.03 to 1.42) 0.48 (–0.52 to 1.48) 0.43 (–0.10 to 0.96)

O3 0 –0.22 (–1.50 to 1.07) 0.02 (–0.90 to 0.94) 0.60 (–0.66 to 1.88) 0.11 (–0.55 to 0.79)
1 0.46 (–0.68 to 1.61) 0.26 (–0.56 to 1.09) –0.51 (–1.65 to 0.64) 0.11 (–0.48 to 0.72)
2 –0.01 (–1.09 to 1.09) 0.50 (–0.28 to 1.28) 0.42 (–0.65 to 1.51) 0.36 (–0.21 to 0.93)
3 –0.31 (–1.38 to 0.77) 0.24 (–0.52 to 1.01) 0.55 (–0.50 to 1.62) 0.19 (–0.37 to 0.75)
4 –0.01 (–1.06 to 1.06) 0.04 (–0.71 to 0.80) 0.88 (–0.16 to 1.93) 0.25 (–0.30 to 0.80)

Figure 2. ER of mortality from nonaccidental,
cardiovascular, and respiratory per 10-μg/m3

increase in NO2 concentration by three levels [low
(L), middle (M), and high (H)] of social deprivation
at average 0–1 lag day. Error bars indicate 95% CIs
of estimates of ER. 
*p < 0.05. 
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Figure 3. ER of mortality from nonaccidental, car-
diovascular, and respiratory per 10 μg/m3 increase
in SO2 concentration by three levels [low (L), mid-
dle (M), and high (H)] of social deprivation at aver-
age 0–1 lag day. Error bars indicate 95% CIs of
estimates of ER. 
*p < 0.05. 
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NO2. The magnitude of the difference and
trend between SDI groups in effects of all pol-
lutants on respiratory mortality were similar to
those on all nonaccidental mortality but were
statistically not significant (p > 0.05). 

Discussion
In Hong Kong, we found that air pollution
mortality effects for SO2 were stronger in high
compared with low SDI areas. Some previous
studies in Hong Kong (Wong et al. 2001,
2002a) and Mainland China (Kan and Chen
2003; Venners et al. 2003; Xu et al. 1994,
1995) showed the gaseous pollutants NO2 and
SO2 had stronger effects on morbidity and
mortality compared with particulate air pollu-
tion in contrast to the findings in the United
States (Samet et al. 2000). In this study, in
addition to SO2 we found those residing in
high SDI areas had higher ERs of death also
associated with NO2, particularly for cardiovas-
cular disease, than those in low SDI areas. A
possible explanation is that socially deprived
subgroups are more likely to have poorer health
care and nutrition and other increased health
risks, resulting in increased susceptibility to the
adverse effects of air pollution. A meta-analysis
of short-term health effects of air pollution
(SO2, NO2, CO, PM10, and O3) in eight
Italian cities showed that the ERs for hospital
admission were modified by deprivation score
and by NO2/PM10 ratio (Biggeri et al. 2005).
Another explanation is that those residing in
higher SDI areas may be exposed to higher lev-
els of NO2 and SO2. A study in the Hamilton
Census Metropolitan Area, Canada (Finkelstein
et al. 2005), showed that subjects in the more
deprived neighborhoods were exposed to higher
levels of ambient particulates and gaseous pollu-
tants. At least some of the observed social gradi-
ents associated with circulatory mortality arise
from inequalities in environmental factors in
terms of exposure to background and traffic-
related pollutants. In Hong Kong, the daily lev-
els of PM10 with correlations (r) between the
eight monitoring stations ranged from 0.9 to
1.0 and annual average concentration from 42
to 55 µg/m3, indicating the homogeneity of
PM10 exposure between SDI areas. However,

the corresponding levels for NO2 ranged from
45 to 67 µg/m3 (r = 0.5–0.9), and 8–16 µg/m3

for SO2 (r = 0.4–0.8). The difference in the lev-
els of NO2 and SO2 across geographic areas
may partly explain the significant differences in
their effects between SDI areas. On the other
hand, in Hong Kong a large proportion of
ambient air pollution is attributable to pollu-
tion emissions from road traffic (Wong et al.
2002b). Many deprived areas are located in the
inner city on multiple busy traffic routes. Most
of the population live next to roads and are
affected by street canyon effects commonly
formed by continuous building blocks in Hong
Kong (Chan and Kwok 2000). In another
study, high exposure to carbon monoxide was
found to have a significant effect on asthma
admissions for children 1–18 years of age, and
the effect was greater for children with lower
socioeconomic status (Neidell 2004). 

In six regions of São Paulo City, Brazil,
PM10 effects on daily respiratory deaths at the
region level were negatively correlated with
both the percentage of people with college edu-
cation and high family income and were posi-
tively associated with the percentage of people
living in slums, suggesting that social depriva-
tion represents an effect modifier of the associa-
tion between air pollution and respiratory
deaths (Martins et al. 2004). In the city of
Hamilton, Ontario, Canada, which was divided
into five zones based on proximity to fixed-site
air pollution monitors, SO2 and coefficient of
haze (as a measure of particulate pollution) were
associated with increased mortality, and the
effects were higher among those zones with
lower socioeconomic characteristics, lower edu-
cational attainment, and higher manufacturing
employment (Jerrett et al. 2004). 

There are several limitations to our study.
First, we are aware that the SDI we defined
may not reflect the whole profile of deprivation,
although all of the information available from
the census is included in the computation.
Second, there may be heterogeneity within
areas having the same SDI levels that have not
been accounted for. However, we classified SDI
levels into three broad categories, which should
help reduce misclassification of deprivation.

Third, population-level exposures using average
concentrations from a limited number of air
pollution monitors as a proxy for each individ-
ual may be subject to some measurement
errors, and consequently we cannot determine
whether the increased pollution-related mortal-
ity risk in high SDI areas is due mainly to
greater pollutant exposure or increased biologic
susceptibility. However, the population density
in Hong Kong is very high (about 6,200/km2),
and the daily air pollution levels among eight
monitoring stations included in the study were
highly correlated. This justifies our use of the
average air pollution concentrations over all
monitoring stations as daily concentrations for
the whole territory. The aggregated daily con-
centrations derived for the whole of Hong
Kong should be at least as reliable as measure-
ments used in other daily time-series air pollu-
tion studies. In this study, we used PM10 to
assess the effect of particulate pollution, because
the measurements of PM2.5 were not available
in all the stations under study during the period
of the study. However, based on the available
data from two stations, the Spearman correla-
tion coefficient between daily levels of the two
measures was 0.89, and PM2.5 constituted a
high proportion of PM10 (around 70%); there-
fore, it is unlikely that estimates using the two
measures would differ to a great extent in Hong
Kong. Unlike specific gaseous pollutants that
are comparable from place to place, the potency
of PM10 will depend on the composition of the
particulates, which may vary greatly in different
geographic locations. The comparability of air
pollution studies on health effects of particu-
lates may be related more to specific subspecies
than the particle size measured. Finally, the
mechanisms underlying why some population
groups with high SDI experienced higher
adverse effects of air pollution are still unclear,
and research on specific protective interventions
is needed.

Conclusions
This study provides evidence that neighborhood
socioeconomic status plays a role in the associa-
tion between ambient air pollution and mortal-
ity. Residence in areas of high social deprivation
may increase the mortality risks associated with
air pollution. These findings should promote
discussion among scientists, policy makers, and
the public about social inequities in health when
considering environmental protection and man-
agement in the context of economic, urban, and
infrastructural development. 
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Time-series studies of daily mortality in
several Asian cities can contribute significantly
to the world’s literature on the health effects
of air pollution. First, they provide direct evi-
dence of air pollution effects in areas for
which there are few studies. Second, because
they involve different exposure conditions and
populations, mortality studies of Asian cities
can shed light on factors that may modify the
effects of air pollution on health. In addition,
multicity collaborative studies conducted
within Asia, especially when analyzed using a
common protocol, can generate more robust
air pollution effect estimates for the region
than those from individual studies and pro-
vide relevant and supportable estimates of the
local impacts of environmental conditions for
decision makers. Finally, they can determine
the appropriateness of applying the results of
health effects of air pollution studies con-
ducted in North America and Western
Europe to regions where few studies, if any,
have been conducted.

Recent reviews (Anderson et al. 2004;
Ostro 2004) suggest that proportional
increases in daily mortality per 10-µg/m3

increase in PM10 (particulate matter ≤ 10 µm
in aerodynamic diameter) are generally simi-
lar among North American and Western
European regions and the few developing

countries where studies have been undertaken.
However, the relatively few studies that have
been conducted in Asia are not geographically
representative and have used different method-
ologies, making it difficult to compare results
in Asian cities with each other or with the
broader literature. In addition, the worldwide
data have not been appropriately analyzed for
real differences in the magnitude of the effects
of short-term exposure and the possible rea-
sons for such differences, such as sources of air
pollution or population characteristics.

Efforts to bring the world’s data together
for such analyses are under way with funding
from the Health Effects Institute (HEI) in
the PAPA (Public Health and Air Pollution
in Asia) project and the APHENA (Air
Pollution and Health: A European and
North American Approach) project. These
efforts can provide important insights to the
time-series literature in terms of variability in
air pollution, climate, population, and city
characteristics involved.

The first phase of the PAPA study was car-
ried out using data from Bangkok, Thailand,
from 1999 to 2003, Hong Kong, China, from
1996 to 2002, and Shanghai and Wuhan,
China, both from 2001 to 2004 (Figure 1)
(HEI 2008). A common protocol (available
from the authors) for the design and analysis of

data from multiple Asian cities and a manage-
ment framework to conduct the coordinated
analysis were established. These were designed
to provide a basis for combining estimates and
for isolating important independent factors
that might explain effect modification in the
city-specific estimates. It is anticipated that the
results will not only contribute to the inter-
national scientific discussion on the conduct
and interpretation of time-series studies of the
health effects of air pollution but will also
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BACKGROUND AND OBJECTIVES: Although the deleterious effects of air pollution from fossil fuel
combustion have been demonstrated in many Western nations, fewer studies have been conducted
in Asia. The Public Health and Air Pollution in Asia (PAPA) project assessed the effects of short-
term exposure to air pollution on daily mortality in Bangkok, Thailand, and in three cities in
China: Hong Kong, Shanghai, and Wuhan.

METHODS: Poisson regression models incorporating natural spline smoothing functions were used
to adjust for seasonality and other time-varying covariates that might confound the association
between air pollution and mortality. Effect estimates were determined for each city and then for the
cities combined using a random effects method.

RESULTS: In individual cities, associations were detected between most of the pollutants [nitrogen
dioxide, sulfur dioxide, particulate matter ≤ 10 µm in aerodynamic diameter (PM10), and ozone] and
most health outcomes under study (i.e., all natural-cause, cardiovascular, and respiratory mortality).
The city-combined effects of the four pollutants tended to be equal or greater than those identified
in studies conducted in Western industrial nations. In addition, residents of Asian cities are likely to
have higher exposures to air pollution than those in Western industrial nations because they spend
more time outdoors and less time in air conditioning.

CONCLUSIONS: Although the social and environmental conditions may be quite different, it is rea-
sonable to apply estimates derived from previous health effect of air pollution studies in the West
to Asia. 

KEY WORDS: air pollution, Bangkok, Hong Kong, mortality, Shanghai, time-series analysis, Wuhan.
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stimulate the development of routine systems
for recording daily deaths and hospital admis-
sions for time-series analysis.

Materials and Methods
Mortality data. We focused on mortality from
all natural causes in all ages, ≥ 65 years, and
≥ 75 years, and for cardiovascular and respira-
tory disease at all ages. The International
Classification of Disease, Ninth Revision
[ICD-9; World Health Organization (WHO)
1977] and Tenth Revision (ICD-10; WHO
1992) rubrics of the health outcomes were as
follows: all natural causes, ICD-9 codes
001–799 or ICD-10 codes A00–R99; cardio-
vascular, ICD-9 codes 390–459 or ICD-10
codes I00–I99; and respiratory, ICD-9 codes
460–519 or ICD-10 codes J00–J98.

The sources of health data were the
Ministry of Public Health, Bangkok; the
Census and Statistics Department, Hong
Kong; the Shanghai Municipal Center of
Disease Control and Prevention, Shanghai;
and the Wuhan Centre for Disease Prevention
and Control, Wuhan.

Air pollutant and meteorological data.
Air quality indicators included nitrogen diox-
ide, sulfur dioxide, PM10, and ozone. For
NO2, SO2, and PM10, daily data were 24-hr

averages and an 8-hr average was used for O3
(1000–1800 hours). Each city maintains
several fixed-site air monitoring stations—
dispersed throughout the metropolitan
areas—that met the quality assurance and
quality control procedures of local govern-
ments. The air pollutant concentrations were
measured in Bangkok by the Pollution
Control Department, Ministry of Natural
Resources and Environment (n = 10 air
monitoring stations); in Hong Kong by the
Environmental Protection Department
(n = 8); in Shanghai by the Shanghai
Environmental Monitoring Center (n = 6);
and in Wuhan by the Wuhan Environmental
Monitoring Center (n = 6). The measurement
methods for NO2, SO2, and O3 were similar
for the four cities based on chemilumines-
cence, fluorescence, and ultraviolet absorp-
tion, respectively, whereas for PM10, the
Chinese cities used tapered element oscillating
microbalance and Bangkok used beta gauge
monitors.

The calculation of 24-hr average concen-
trations of NO2, SO2, and PM10, and 8-hr
average concentrations of O3 required at least
75% of the 1-hr values on that particular day.
If > 25% of the daily values were missing for
the whole period of analysis, the entire station

was not included for that particular pollutant.
Missing data were not imputed.

Statistical analysis. The analytical meth-
ods were developed and adopted by all four
teams in a common protocol. The protocol
includes the specifications for selection of
monitoring stations, as well as quality assur-
ance and quality control procedures for data
collection and for health outcomes and air
pollutants to be included in the analysis.
Generalized linear modeling was used to
model daily health outcomes, with natural
spline smoothers (Burnett et al. 2004; Wood
2006) for filtering out seasonal patterns and
long-term trends in daily mortality, as well as
temperature and relative humidity. We also
included an adjustment for the day of the
week and dichotomous variables relevant to
individual cities if available, such as public
holidays (Hong Kong) and extreme weather
conditions (Wuhan). In an attempt to mini-
mize autocorrelation, which would bias the
standard errors, the aim of the core model
was for partial autocorrelation function plots
to have coefficients in absolute values < 0.1
for the first 2 lag days. Randomness of residu-
als was also considered in selecting the most
appropriate models. If these criteria were not
met, other methods were used to reduce auto-
correlation, such as the inclusion of explana-
tory variables to model influenza epidemics
and the addition of autoregression terms. If
there were special periods with extra varia-
tions for which the core model could not
account, an additional spline smoother was
included. Air pollutant concentrations were
entered into the core model to assess the
health effects of specific pollutants. Exposure
at the current day (lag 0), a 2-day average of
lag 0 and lag 1 days (lag 0–1), and a 5-day
average of lag 0 to lag 4 days (lag 0–4) were
examined. For each pollutant, the excess risk
of mortality with the 95% confidence interval
(CI) per 10-µg/m3 increase in average concen-
tration at lag 0–1 was calculated. However, for
brevity’s sake, point estimates with p-values
could be used to describe sets of effects.

Because several differences were observed
in effect estimates among cities, we conducted
additional sensitivity analyses to attempt to
explain these differences and to determine the
robustness of the initial findings. We focused
on PM10, given the wealth of worldwide find-
ings of effects from this pollutant, and used the
average concentration of lag 0–1 days. In these
analyses we aimed to explore the impact of the
following: higher concentrations of PM10 that
might be dominated by the coarse fraction and
therefore have differential toxicity; monitors
that might be overly affected by proximity to
traffic; effects of different seasonality patterns
among the cities; different controls for temper-
ature; and different ways in aggregating daily
concentration data and differences in spline

Wong et al.
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Table 1. Summary statistics of daily mortality counts.

Mean ± SD Minimum, maximum
Bangkok Hong Kong Shanghai Wuhan Bangkok Hong Kong Shanghai Wuhan

All natural causes
All ages 94.8 ± 12.1 84.2 ± 12.8 119.0 ± 22.5 61.0 ± 15.8 29, 147 48, 135 51, 198 25, 213
≥ 65 years 34.3 ± 6.7 65.4 ± 11.6 99.6 ± 20.6 43.8 ± 13.4 13, 63 34, 113 46, 175 18, 159
≥ 75 years 21.3 ± 5.2 43.6 ± 9.5 71.5 ± 16.7 25.7 ± 9.5 6, 50 17, 82 33, 129 6, 106

Cardiovascular 13.4 ± 4.3 23.8 ± 6.5 44.2 ± 11.0 27.8 ± 8.8 1, 28 6, 54 11, 85 8, 94
Respiratory 8.1 ± 3.1 16.2 ± 5.2 14.3 ± 6.4 7.0 ± 5.8 1, 20 3, 34 3, 45 0, 125

Study period: Bangkok, 1999–2003; Hong Kong, 1996–2002; and Shanghai and Wuhan, both 2001–2004. 

Figure 1. Bangkok, Hong Kong, Shanghai, and Wuhan. Numbers in parentheses indicate the number of
monitoring stations used in each city. 
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models. We regarded a change of excess risk
> 20% from that of the analysis as an indica-
tion of sensitive results. Specifically, the sensi-
tivity analysis included the following items:
• Exclude the daily concentration of PM10

> 95th percentile
• Exclude the daily concentration of PM10

> 75th percentile
• Exclude the daily concentration of PM10

> 180 µg/m3

• Exclude monitoring stations with high traffic
sources (highest nitric oxide/nitrogen oxides
ratio)

• Assess warm season effect with dummy
variables of seasons in the core model

• Add temperature at average lag 1–2 days or
3–7 days into the model

• Use a centered daily concentration of PM10
(Wong et al. 2001)

• Use natural spline with degrees of freedom
(df) of time trend per year, temperature, and
humidity fixed at 8, 4, and 4, respectively

• Use penalized spline instead of natural spline.
Combined estimates of excess risk of mor-

tality and their standard errors were calculated
using a random-effects model. Estimates were
weighted by the inverse of the sum of within-
and between-study variance.

Concentration–response curves for the
effect of each pollutant on each mortality out-
come in the four cities were plotted. We
applied a natural spline smoother with 3 df on
the pollutant term. We assessed nonlinearity
by testing the change of deviance between a
nonlinear pollutant (smoothed) model with
3 df and linear pollutant (unsmoothed) model
with 1 df.

The main analyses and the combined
analysis were performed using R, version
2.5.1 (R Development Core Team 2007). We
also used mgcv, a package in R.

Results
Table 1 summarizes the mortality data for the
four cities, and Table 2 summarizes the pollu-
tion and meteorological variables. The daily
mortality counts for all natural causes at all
ages for each city showed more marked sea-
sonal variations in the cities farther north.
Shanghai (mean daily deaths, 119; population,
7.0 million) and Bangkok (95; 6.8 million)
had higher daily numbers of deaths than Hong
Kong (84; 6.7 million) and Wuhan (61;

4.2 million). The ratios for causes of death due
to cardiovascular disease relative to respiratory
disease were the highest in Wuhan (4:1) fol-
lowed by Shanghai (3:1), Bangkok (2:1), and
Hong Kong (1.5:1). The proportion of total
cardiorespiratory mortality was also the highest
in Wuhan (57%) followed by Shanghai (49%),
Hong Kong (48%), and Bangkok (23%)
[Table 1; Supplemental Material, Table 1
(available online at http://www.ehponline.
org/members/2008/11257/suppl.pdf)]. Deaths
occurring at ≥ 65 years of age were less fre-
quent in Bangkok (36%) than in the three
Chinese cities (72–84%).

As indicated in Table 2 and Figure 2,
Wuhan showed the highest concentrations of
PM10 and O3, whereas Shanghai had the
highest concentrations of NO2 and SO2. The
latter was probably due to the significant local
contribution of power plants in Shanghai’s
metropolitan area. To provide an indication of
the relative magnitude of the pollution con-
centrations in these four large Asian cities, we
compared them to the 20 largest cities in the

United States using data from 1987 to 1994
from the National Morbidity, Mortality, and
Air Pollution Study (NMMAPS) (Samet et al.
2000). Generally, in the PAPA cities, the con-
centrations of PM10 and SO2 were much
higher than those reported in the United
States (PM10 means of 52–142 µg/m3 in the
cities of the PAPA study vs. 33 µg/m3 in
NMMAPS, and SO2 means of 13–45 µg/m3

vs. 14 µg/m3); comparisons of NO2 and O3
showed a fairly similar pattern.

We demonstrated the adequacy of the core
models with partial autocorrelation function
plots of the residuals in the previous 2 days, all
within |0.1| [Supplemental Material, Figure 1
(available online at http://www.ehponline.org/
members/2008/11257/suppl.pdf)].

In individual cities, for all natural causes at
all ages (Table 3) the percentage of excess risk
per 10-µg/m3 associated with NO2 ranged
from 0.90 to 1.97 (all p-values ≤ 0.001); with
SO2, from 0.87 to 1.61 (all p-values ≤ 0.05);
with PM10, from 0.26 to 1.25 (all p-values
≤ 0.001); and with O3, from 0.31 to 0.63 (all

Public health and air pollution association
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Table 2. Summary statistics of air pollutant concentrations and meteorological conditions.

Mean Median IQR Minimum, maximum
Hong Hong Hong Hong

Bangkok Kong Shanghai Wuhan Bangkok Kong Shanghai Wuhan Bangkok Kong Shanghai Wuhan Bangkok Kong Shanghai Wuhan

NO2 (μg/m3) 44.7 58.7 66.6 51.8 39.7 56.4 62.5 47.2 23.1 24.4 29.0 24.0 15.8, 139.6 10.3, 167.5 13.6, 253.7 19.2, 127.4
SO2 (μg/m3) 13.2 17.8 44.7 39.2 12.5 14.7 40.0 32.5 5.5 12.6 28.7 30.8 1.5, 61.2 1.4, 109.3 8.4, 183.3 5.3, 187.8
PM10 (μg/m3) 52.0 51.6 102.0 141.8 46.8 45.5 84.0 130.2 20.9 34.9 72.0 80.2 21.3, 169.2 13.7, 189.0 14.0, 566.8 24.8, 477.8
O3 (μg/m3) 59.4 36.7 63.4 85.7 54.4 31.5 56.1 81.8 36.2 31.6 45.1 67.4 8.2, 180.6 0.7, 195.0 5.3, 251.3 1.0, 258.5
Temperature (°C) 28.9 23.7 17.7 17.9 29.1 24.7 18.3 18.5 1.8 8.0 14.4 16.3 18.7, 33.6 6.9, 33.8 –2.4, 34.0 –2.5, 35.8
RH (%) 72.8 77.9 72.9 74.0 73.0 79 73.5 74.0 10.8 10.0 15.5 19.0 41.0, 95.0 27, 97.0 33.0, 97.0 35.0, 99.0

Abbreviations: IQR, interquartile range; RH, relative humidity. NO2, SO2, and PM10 are expressed as 24-hr averages, and O3 is an 8-hr average.

Figure 2. Box plots of the air pollutants for the four cities. Boxes indicate the interquartile range (25th per-
centile–75th percentile); lines within boxes indicate medians; whiskers and circles below boxes represent
minimum values; and circles above boxes indicate maximum values. 
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p-values ≤ 0.05), but the effect in Wuhan was
not significant. The excess risk showed trends
of increasing risk with increasing age for all
four pollutants. The trends for the age-specific
effects were the strongest in Bangkok, less
strong in Hong Kong and Wuhan, but absent
in Shanghai (Figure 3). For all four pollutants,
the excess risk in Bangkok was higher than
those in the three Chinese cities. When the
pollutant concentrations were expressed as the
interquartile range (IQR; i.e., 75th per-
centile–25th percentile), Bangkok estimates
were comparable to those of the three Chinese
cities, particularly in all ages. Within cities, the
effect estimates of different pollutants were also
comparable to each other (data not shown).

In all cities, there was heterogeneity in
effect estimates for NO2 and PM10 on all
natural-cause mortality and for PM10 on
cardiovascular mortality (Table 3). For all
natural-cause mortality, the combined random
effects excess risk were 1.23, 1.00, 0.55, and
0.38% for NO2, SO2, PM10, and O3, respec-
tively (all p-values ≤ 0.05). The results for
cardiovascular mortality (Table 3) followed a
generally similar pattern, with the highest
excess risk per 10-µg/m3 in Bangkok for PM10
and O3, and in Wuhan for NO2 and SO2. All
of the cities demonstrated significant associa-
tions for each pollutant except SO2 in
Bangkok and O3 in Wuhan, whereas all of the
combined estimates were statistically signifi-
cant. A similar pattern was shown for respira-
tory mortality, for which the highest estimates
were found in Wuhan for NO2 and SO2 and
in Bangkok for PM10 and O3. All the random
effects estimates were statistically significant at
the 5% level except for O3.

For the lag effects in the three Chinese
cities, with a few exceptions, the average lag
0–1 days usually generated the highest excess
risk. However, for Bangkok the longer cumu-
lative average of lag 0–4 days generated the
highest excess risk for all of the pollutants
except SO2. For the combined estimates,
effects at the lag 0–1 days showed the highest

excess risk, except O3, for which the effect at
lag 0–4 days was the greatest (data not shown).

Sensitivity analyses for PM10 showed that,
in general, the results were fairly robust for
various concentrations, monitors, specifica-
tions for temperature, methods of aggregating
daily data, df used in the smoothers, and alter-
native spline models. In all cases, the effect
estimates were statistically significant. In all
cities, the effect estimates for PM10 were sensi-
tive to exclusion of the higher concentrations.
For the Chinese cities, this increased the excess
risk > 20% for PM10, but in Bangkok the
effect estimate decreased, with the excess risk
changing from 1.25% to 0.73% per 10-µg/m3

increase in average concentration of lag
0–1 days (Table 4). Examination of the warm
season (which varied for each city) resulted in
significant increases in effect estimates for
Bangkok and Wuhan but decreases in Hong
Kong and, to a lesser extent, in Shanghai

(excess risk changed from 0.26% to 0.24%).
Adjusting for temperature through use of
longer-term cumulative averages tended to
decrease the PM10 effect.

The smoothed concentration-response
(CR) relationship, between all natural-cause
mortality and concentration of each pollu-
tant, appeared to be positive. Most CR curves
showed linear relationships over the IQR of
the concentrations (Figure 4). At all ages, tests
for nonlinearity for the entire curve showed
that linearity could not be rejected at the 5%
level for most of the associations between air
pollution and mortality (data not shown).

Discussion
Review of PAPA project results. In the city-
specific main effects for the five main health
outcomes under study, there were variations
in effect estimates between cities. For NO2
the estimates were similar in magnitude and

Wong et al.
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Table 3. Excess risk (ER; %) of mortality (95% CI) for a 10-μg/m3 increase in the average concentration of lag 0–1 days by main effect estimates of individual cities
and combined random effects.

Random effects Random effects
Bangkok Hong Kong Shanghai Wuhan (4 cities) (3 Chinese cities)

Pollutant ER 95% CI ER 95% CI ER 95% CI ER 95% CI ER 95% CI ER 95% CI

All natural causes NO2 1.41 0.89 to 1.95 0.90 0.58 to 1.23 0.97 0.66 to 1.27 1.97 1.31 to 2.63 1.23 0.84 to 1.62* 1.19 0.71 to 1.66*
(all ages) SO2 1.61 0.08 to 3.16 0.87 0.38 to 1.36 0.95 0.62 to 1.28 1.19 0.65 to 1.74 1.00 0.75 to 1.24 0.98 0.74 to 1.23

PM10 1.25 0.82 to 1.69 0.53 0.26 to 0.81 0.26 0.14 to 0.37 0.43 0.24 to 0.62 0.55 0.26 to 0.85# 0.37 0.21 to 0.54
O3 0.63 0.30 to 0.95 0.32 0.01 to 0.62 0.31 0.04 to 0.58 0.29 –0.05 to 0.63 0.38 0.23 to 0.53 0.31 0.13 to 0.48

Cardiovascular NO2 1.78 0.47 to 3.10 1.23 0.64 to 1.82 1.01 0.55 to 1.47 2.12 1.18 to 3.06 1.36 0.89 to 1.82 1.32 0.79 to 1.86
SO2 0.77 –2.98 to 4.67 1.19 0.29 to 2.10 0.91 0.42 to 1.41 1.47 0.70 to 2.25 1.09 0.71 to 1.47 1.09 0.72 to 1.47

PM10 1.90 0.80 to 3.01 0.61 0.11 to 1.10 0.27 0.10 to 0.44 0.57 0.31 to 0.84 0.58 0.22 to 0.93** 0.44 0.19 to 0.68
O3 0.82 0.03 to 1.63 0.62 0.06 to 1.19 0.38 –0.03 to 0.80 –0.07 –0.53 to 0.39 0.37 0.01 to 0.73 0.29 –0.09 to 0.68

Respiratory NO2 1.05 –0.60 to 2.72 1.15 0.42 to 1.88 1.22 0.42 to 2.01 3.68 1.77 to 5.63 1.48 0.68 to 2.28 1.63 0.62 to 2.64*
SO2 1.66 –3.09 to 6.64 1.28 0.19 to 2.39 1.37 0.51 to 2.23 2.11 0.60 to 3.65 1.47 0.85 to 2.08 1.46 0.84 to 2.08

PM10 1.01 –0.36 to 2.40 0.83 0.23 to 1.44 0.27 –0.01 to 0.56 0.87 0.34 to 1.41 0.62 0.22 to 1.02 0.60 0.16 to 1.04
O3 0.89 –0.10 to 1.90 0.22 –0.46 to 0.91 0.29 –0.44 to 1.03 0.12 –0.89 to 1.15 0.34 –0.07 to 0.75 0.23 –0.22 to 0.68

p-Values (homogeneity test): *0.01 < p ≤ 0.05; **0.001 < p ≤ 0.01; and #p ≤ 0.001.

Figure 3. Excess risk (%) of mortality [point estimates (95% CIs)] for a 10-μg/m3 increase in average
concentration of lag 0–1 days for three age groups.
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precision for Bangkok and Wuhan, and for
Hong Kong and Shanghai. The effects for
Bangkok and Wuhan were higher but less
precise (as reflected by a wider 95% CI) than
for Shanghai and Hong Kong. For SO2 the
estimates for Bangkok were higher but less
precise than for the three Chinese cities. For
PM10 the estimates in the three Chinese cities
were very similar, but estimates were higher
and less precise in Bangkok. For O3 the effect
estimates and the precision among the four
cities were similar, although estimates in
Bangkok were higher. However, when
expressed by IQR increase in concentrations,
the effect estimates for each pollutant were
similar in the four cities.

In the combined four-city analysis, the
excess risks per 10-µg/m3 increase in NO2 were
2–3 times greater than those derived from the
APHEA (Air Pollution and Health: A
European Approach) project (Samoli et al.
2006) for mortality at all ages due to all natural
causes, cardiovascular disease, and respiratory
disease (1.23% vs. 0.3%, 1.36% vs. 0.4%, and
1.48% vs. 0.38%, respectively). For SO2, the
estimate (random effects) of 1.00% for mortal-
ity due to all natural causes derived from the
present study was higher than the 0.52% previ-
ously reported from the other Asian cities stud-
ied (HEI 2004) and higher than the 0.40%
from the APHEA project (Katsouyani et al.
1997) [Supplemental Material, Table 2 (avail-
able online at http://www.ehponline.org/
members/2008/11257/suppl.pdf)]. For PM10,
the excess risk of 0.55% for all natural causes
of death at all ages was comparable to 0.49%
from all Asian cities (HEI 2004), 0.5% from
NMMAPS (Samet et al. 2000), and 0.6%
from the APHEA project (Anderson et al.
2004). A meta-analysis of Chinese studies
found that each 10-µg/m3 increase in PM10
concentration was significantly associated with
0.3% increase in all natural-cause mortality,
0.4% increase in cardiovascular mortality, and
0.6% increase in respiratory mortality (Aunan
and Pan 2004). For O3, the estimate from the
present study was significant and higher than

that from APHEA (Anderson et al. 2004) and
NMMAPS (Bell et al. 2004) for all natural
causes (0.38 vs. 0.20 and 0.26, respectively)
and similar for cardiovascular causes (0.37 vs.
0.4 and 0.32); however, the estimates for respi-
ratory disease (0.34 vs. –0.1 and 0.32%) were
similar to those of the NMMAPS, but negative
and statistically not significant (p > 0.05) in
APHEA [Supplemental Material, Table 2).

Review of estimates from previous Asian
studies. For NO2, we found few time-series
studies, and these were mainly from South
Korea (Hong et al. 1999) and Hong Kong
(Wong et al. 2001). The variation of effects
was large compared with other pollutants for
all natural-cause mortality, respiratory mortal-
ity, and cardiovascular mortality. For SO2,
most time-series studies in China showed sig-
nificant association with all natural-cause mor-
tality, even at levels below the current WHO
Air Quality Guideline (Chen et al. 2004;
WHO 2005). A review of Asian studies (HEI
2004) also found that SO2 was associated with
all natural-cause mortality either from random-
effects models or fixed-effects models. For
PM10, although fewer time-series studies were
published from Asia than from other regions,
most studies found a significant association
with all natural-cause mortality, but only respi-
ratory and cardiovascular mortality were exam-
ined in Bangkok (Ostro et al. 1999). However,
significant associations with respiratory and
cardiovascular mortality were not found in
Seoul, Korea (Hong et al. 1999), or Hong
Kong studies (Wong et al. 2001). For O3 stud-
ies using different time-average concentrations
such as 1, 8, and 24 hr, the estimates varied
greatly between studies (HEI 2004).

In the four individual cities included in the
PAPA project, consistent with other studies for
Asia, air pollution effects were found in each
city and for all the disease-specific outcomes
under consideration. The results provide
important information on air pollution–related
health effects in Asia, especially for areas
known to have high exposures but are under-
represented in the literature.

Robustness of the results. Our sensitivity
analyses indicated that most of the PM10 effect
estimates did not deviate from the main analy-
sis > 20%. The PM10 effect estimates were
insensitive to different methods adopted, the
use of higher df, and the replacement of the
smoothing function by the penalized spline.
However, across the four cities, additional
adjustment for the average temperature at
3–7 lag days showed that the estimates for
effects of PM10 were attenuated, indicating
possible residual confounding due to uncon-
trolled lag effects of temperature. Studies
(Schwartz et al. 2004; Medina-Ramón and
Schwartz 2007) show that different cumulative
lag days of temperature have effects on both
morbidity and mortality estimates. However,
in the present study, current day temperature
was specified a priori in the core model and
was determined to be sufficient to adjust for
temperature effects at the beginning of the
study. On the other hand, we found high cor-
relations between temperatures at each lag
1–7 days and at the current day, which suggest
problems of multicollinearity if we make fur-
ther adjustment to these lag temperature effects
in the model of the main analysis.

Scientific issues derived from PAPA study
results. For all natural-cause, cardiovascular,
and respiratory mortality, the effect estimates of
PM10 and O3 are relatively similar among the
three Chinese cities. However, there are some
differences in the PM10 effect estimates in that
Shanghai is consistently lower, by almost half,
than Hong Kong and Wuhan. These differ-
ences in effect estimates may be related to dif-
ferences in the location of the monitoring
stations and differences in the actual ambient
levels of exposure of the population.

Estimates for PM10 in Bangkok were
higher, and the effect estimates much higher,
than those of the three Chinese cities (1.25 vs.
0.26–0.53; 1.90 vs. 0.27–0.61; and 1.01 vs.
0.27–0.87). The reasons might be related to
consistently higher temperature, a population
that spends a longer time outdoors, and less
availablity and use of air conditioning in

Public health and air pollution association
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Table 4. Excess risk (ER; %) of mortality (95% CI) for a 10-μg/m3 increase in the average concentration of lag 0–1 days by sensitivity analysis for PM10 effects with
variation in concentration levels, stations, seasons and methods.

ER Random effect (4 cities) Random effect (3 Chinese cities)

All natural causes, all ages Bangkok Hong Kong Shanghai Wuhan ER 95% CI p-Value ER 95% CI p-Value

Main analysis 1.25 0.53 0.26 0.43 0.55 0.26–0.85 # 0.37 0.21–0.54 NS
Omit PM10 > 95 percentile 0.82a 0.75a 0.28 0.52a 0.53 0.27–0.78 * 0.47a 0.21–0.73 *
Omit PM10 > 75 percentile 0.73a 0.89a 0.36a 0.70a 0.53 0.29–0.78 NS 0.55a 0.24–0.85 NS
Omit PM10 > 180 μg/m3 1.25 0.54 0.22 0.73a 0.65 0.24–1.06 # 0.46a 0.15–0.76 *
Omit stations with high traffic source 1.18 0.54 0.25 0.45 0.55 0.26–0.85 # 0.38 0.20–0.57 NS
Warm season defined by simple dichotomous variables 2.16a 0.37a 0.24 0.81a 0.86a 0.11–1.60 # 0.43 0.10–0.76 NS
Add temperature at lag 1–2 days 1.06 0.43 0.23 0.48 0.51 0.23–0.79 # 0.36 0.18–0.53 NS
Add temperature at lag 3–7 days 0.96a 0.36a 0.15a 0.34a 0.35a 0.14–0.57 ** 0.25a 0.10–0.40 NS
Daily PM10 defined by centering 1.20 0.53 0.26 0.42 0.54 0.26–0.82 # 0.37 0.21–0.53 NS
Natural spline with (8, 4, 4) df 1.23 0.54 0.28 0.38 0.54 0.26–0.81 # 0.36 0.23–0.49 NS
Penalized spline 1.20 0.48 0.28 0.39 0.52 0.26–0.77 # 0.34 0.23–0.45 NS

NS, not significant. 
aER changed > 20% from the main analysis. p-Values (homogeneity test): *0.01 < p ≤ 0.05; **0.001 < p ≤ 0.01; #p ≤ 0.001.
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Bangkok than in the other cities (Ostro et al.
1999). With relatively higher mortality due to
infectious diseases [Supplemental Material,
Table 1 (available online at http://www.
ehponline.org/members/2008/11257/suppl.
pdf)] and with more deaths at younger ages, it
is also likely that the Bangkok population is
exposed to a larger number of other risk factors
and may be more susceptible to the risks associ-
ated with air pollution. Tsai et al. (2000)
reported that exposure levels for indoor and
outdoor particulates in shopping areas were
underestimated by the ambient monitoring sta-
tions in Bangkok, and therefore that the excess
risk per air pollutant concentration would
be higher than if it were a well-calibrated

measurement. The higher ratio of PM2.5 (PM
≤ 2.5 µm in aerodynamic diameter) to PM10
may suggest that the proportion of smaller par-
ticles in the PM10 composition in Bangkok is
more important and might be more strongly
related to adverse health effects than in the
other cities (Jinsart et al. 2002).

In all the three Chinese cities, the maxi-
mum effects always occurred at lag 0–1 days,
except for O3 in Shanghai, where maximum
effects were recorded at longer lags. The lag
pattern is consistent with other reports in
demonstrating a maximum at lag 1 day for
most pollutants (Samoli et al. 2005, 2006).
However, for O3, the effect estimates are maxi-
mal at longer lags, showing that the pattern is

also consistent with the literature (Goldberg
et al. 2001; Wong et al. 2001). The lag pat-
terns of SO2 and O3 in Bangkok are consistent
with those of the three Chinese cities; however,
the Bangkok lag patterns for NO2 and PM10,
with greater effects at longer lags, are different
from those of the three Chinese cities. For the
traffic-related pollutants NO2 and PM10, the
effects appear to be stronger, and they also
seem to last longer in Bangkok than in the
three Chinese cities.

In all cities in the PAPA study, the effects of
air pollution are stronger for cardiopulmonary
causes than for all natural causes. This is consis-
tent with results from most North American
and Western European studies (Anderson et al.

Wong et al.
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Figure 4. CR curves for all natural-cause mortality at all ages in all four cities for the average concentration of lag 0–1 days for NO2 (A), SO2 (B), PM10 (C), and O3 (D).
The thin vertical lines represent the IQR of pollutant concentrations. The thick lines represent the WHO guidelines (WHO 2005) of 40 μg/m3 for 1-year averaging time
for NO2 (A), 20 μg/m3 for 24-hr averaging time for SO2 (B), 20 μg/m3 for 1-year averaging time for PM10 (C), and 100 μg/m3 for daily maximum 8-hr mean for O3 (D).
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2004; Samet et al. 2000) and supports the
validity of the estimates from the present study.
In addition, the effects of the four single pollu-
tants appear to be stronger at older ages than at
younger ages, particularly in Bangkok, which
may have a more susceptible population than
the three Chinese cities. The stronger effects at
older ages for these pollutants support the
validity of our estimates.

As expected, the exclusion of high levels of
PM10 concentrations from the analysis affects
the effect estimates. In the present study, con-
sistent with the literature from North America
and Western Europe, exclusion of PM10 con-
centrations greater than the 75th or 95th per-
centile produces larger estimates in all three
Chinese cities. These results suggest that the
CR curves might be curvilinear, with the slope
less steep at higher concentrations. We cannot
explain the opposite findings noted in
Bangkok; however, they may be related to the
exclusion of readings from one monitor
located in a region with both high particulate
levels and a fairly susceptible population.

The health effects estimates during the
warm season are higher than those with all sea-
sons combined in both Bangkok (excess risk
2.16 vs. 1.25%) and Wuhan (0.81 vs. 0.43%),
but those in Hong Kong (0.37 vs. 0.53%) and
Shanghai (0.24 vs. 0.26%) were similar or
lower. These observations support the hypoth-
esis that the populations in Bangkok and
Wuhan, which are less affluent than the other
two cities, may be more exposed and suscepti-
ble because of less use of air conditioning in
summer; this may also explain the generally
higher air pollution effects observed in
Bangkok and Wuhan than in the other two
cities (Long et al. 2007). The lower effect in
Hong Kong may also be explained by air mass
movements and southerly winds prevalent in
the summer. In Wuhan the higher effect may
be due to extremely high temperatures in sum-
mer. There may also be synergistic effects
between PM10 and extremely high tempera-
tures on mortality. Nevertheless, further study
will be important in understanding how results
derived from hotter climates could be extrapo-
lated to cooler climates. 

Understanding the shapes of the CR curves
is important for environmental public health
policy decision making and setting of air qual-
ity standards. Comparison across geographic
regions is also important in demonstrating
causality and how effects estimated from one
location can be generalized to others. The CR
curves for PM10 effects on all natural-cause
mortality derived from the present study
clearly show that the relationship is linear with-
out a threshold in most of the cities studied,
although some nonlinear relationships appear
in Shanghai. Thus our estimates are consistent
with a linear model without threshold, a find-
ing in most North American and Western

European studies (Daniels et al. 2000; Pope
and Dockery 2006; Samoli et al. 2005). The
CR relation of a pollutant would be affected by
the method used, the susceptibility of the pop-
ulation being investigated, the toxicity of the
pollutant, and the weather and social condi-
tions with which the pollutant may interact.

In the present study, effect estimates for
PM10 are comparable, whereas those for
gaseous pollutants, particularly for NO2, are
higher than those in the West. One postula-
tion for the higher effect estimates may be
related to their correlation with particulate
pollutant [correlation between PM10 and NO2
ranging from 0.71 to 0.85; Supplemental
Material, Table 3 (available online at http://
www.ehponline.org/members/2008/11257/
suppl.pdf)]. However for the three Chinese
cities, the estimates for effects of NO2 remain
robust after adjustment for PM10 (Supple-
mental Material, Figure 2A); whereas those of
the PM10 effects were attenuated (Supple-
mental Material, Figure 2B). But for Bangkok,
the change in effect estimates for the two pol-
lutants after adjustment for the other as a
copollutant are opposite of those for the three
Chinese cities. Thus in Asian cities, the
observed effects of gaseous pollutants may not
necessarily be related to their covariation with
a particulate pollutant. Further research is
needed to clarify the effects of copollutants.

Limitations. Among the major limitations
of our study was the difference in monitoring
locations among the cities. In densely popu-
lated cities such as Hong Kong and Shanghai,
the monitors tend to be close to major road-
ways, whereas in Bangkok and Wuhan the
monitors are located farther from major pollu-
tant sources. Thus, it is difficult to determine
the true effects and to compare our results both
within the PAPA cities and with previous stud-
ies. In addition, the specific components of
particulate responsible for the observed health
effects have not been elucidated. Such identifi-
cation will aid in targeting and prioritizing
future pollution control efforts. Also, informa-
tion about potential effect modifiers (e.g., time
spent outdoors, use of air conditioning, resi-
dential distance to roadways, housing construc-
tion, comorbidity in the population) varied in
its availability and quality among the cities,
making it difficult to explain quantitative dif-
ferences among the PAPA cities.

Conclusion
Effects of particulate pollutants in Asian cities
are similar to or greater than those observed in
most North American and Western European
cities in spite of large differences in concentra-
tions; similarly, effects of gaseous pollutants
in Asian cities are as high or higher. The
methodology adopted and developed in the
PAPA study could be used for other countries
preparing to conduct air pollution studies. In

addition, results from PAPA studies can be
used in Asian and other cities for health
impact assessment. Finally, further efforts are
needed to understand the socioeconomic and
demographic factors that might modify the
effects of air pollution.
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