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

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

• Competitively funds and oversees research projects;

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

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

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

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

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

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

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

 

www.healtheffects.org

 

), printed reports, newsletters and 
other publications, annual conferences, and presentations to legislative bodies and public agencies.
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Research Report 157,

 

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

 

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

 

The HEI Statement

 

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

 

The Investigators’ Reports

 

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

 

The Critique

 

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

The two studies contained in Research Report 157 have gone through HEI’s rigorous review 
process. When an HEI-funded study is completed, the investigators submit a draft final report 
presenting the background and results of the study. This draft report is first examined by outside 
technical reviewers and a biostatistician. The report and the reviewers’ comments are then 
evaluated by members of the Health Review Committee, an independent panel of distinguished 
scientists who have no involvement in selecting or overseeing HEI studies. During the review 
process, the investigators have an opportunity to exchange comments with the Review 
Committee and, as necessary, to revise their report. The Critique reflects the information 
provided in the final version of the Investigators’ Reports.
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Coordinated Time-Series Studies in Asian Cities

 

Exposure to outdoor air pollution is associated with
short-term increases in daily mortality, higher rates of
hospital admissions, increases in emergency room uti-
lization, and exacerbation of chronic respiratory con-
ditions in many parts of the world (WHO 2002).
The World Health Organization estimates that air pol-
lution contributes to approximately 800,000 deaths and
4.6 million lost life-years annually (WHO 2002).

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

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

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

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

3. development of the scientific and technical
capacity of a network of Asian investigators,
including targeted opportunities for training in
epidemiology and related areas.

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

 

PAPA FIRST-WAVE STUDIES

 

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

 

3

 

) — and health data (mortality and morbid-
ity) in Asian cities. Thirty-two teams in eight Asian
countries responded to the RFIQ.

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

The PAPA program ultimately initiated four time-
series studies of the health effects of air pollution in
Bangkok, Hong Kong, Shanghai, and Wuhan. This was
the first set of coordinated time-series studies ever
undertaken in Asian cities and the first phase of an
effort by ISOC to conduct a series of studies in
Asian cities intended to deepen understanding of
air pollution effects in local populations and in-
form extrapolation from the extensive body of exist-
ing science.
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This “first wave” of PAPA studies comprised four
time-series studies:

•

 

“Estimating the Effects of Air Pollution on
Mortality in Bangkok, Thailand.”

 

 Dr. Nuntavarn
Vichit-Vadakan at Thammasat University in Thai-
land and her team proposed to examine the
effects of PM 

 

�

 

 10 µm in aerodynamic diameter
(PM

 

10

 

) and several gaseous pollutants — O

 

3

 

,
nitrogen dioxide (NO

 

2

 

), nitric oxide (NO), and
sulfur dioxide (SO

 

2

 

) — on daily mortality for the
years 1997 through 2003 and for all 50 districts
of Bangkok, which had a population of 10.4 mil-
lion in 2004.

•

 

“Interaction Between Air Pollution and Respira-
tory Viruses: Time-Series Study of Daily Mor-
tality and Hospital Admissions in Hong Kong.”

 

Dr. Chit-Ming Wong of the University of Hong
Kong and his team proposed to examine the
short-term effects of PM

 

10

 

, NO

 

2

 

, SO

 

2

 

, and O

 

3

 

on mortality and hospital admissions over the
period 1996 through 2002. The confounding and
modifying effects of influenza epidemics were also
to be assessed. The study included the whole
Hong Kong population of 6.8 million.

•

 

“A Time-Series Study of Ambient Air Pollution and
Daily Mortality in Shanghai, China.”

 

 Dr. Haidong
Kan from the Fudan University School of Public
Health in China and his team proposed to eval-
uate the association between mortality and major
air pollutants (PM

 

10

 

, SO

 

2

 

, NO

 

2

 

, and O

 

3

 

), using daily
data from 2001 through 2004. The target popula-
tion was all residents living in the urban area of
Shanghai, which covers nine districts and encom-
passes a population of more than 6 million.

•

 

“Association of Daily Mortality with Ambient
Air Pollution, and Effect Modification by Ex-
tremely High Temperature in Wuhan, China.”

 

 Dr.
Zhengmin Qian at the Pennsylvania State College
of Medicine in Hershey, Pennsylvania, and his team
proposed to determine whether daily variations in
ambient PM

 

10

 

, SO

 

2

 

, NO

 

2

 

, or O

 

3

 

 concentrations
in Wuhan (with 4.5 million permanent residents
in the nine urban core districts) from July 1, 2000,
through June 30, 2004, were associated with vari-
ations in daily mortality due to all natural causes
and daily cause-specific mortality.

These four studies were recently published together
as HEI Research Report 154, parts 1 through 4 (Kan
et al. 2010; Qian et al. 2010; Vichit-Vadakan et al. 2010;
Wong et al. 2010a).

 

A COORDINATED APPROACH 

 

TO ANALYSIS

 

Coordinated multicity studies currently provide the
most definitive epidemiologic evidence of the effects
of short-term exposure and, as a result, play a central
role in health impact assessment and environmental
policy. While robust and consistent results have been
observed in Europe and North America (Samet et al.
2000; Katsouyanni et al. 2001), few coordinated, multi-
city time-series studies have been conducted else-
where. The four PAPA studies conducted in China and
Thailand are the first coordinated multicity analyses of
air pollution and daily mortality in Asia.

The principal investigators developed a common
set of criteria for the inclusion and analysis of data in
each city; this common protocol was codified in a
“Protocol for Coordinated Time-Series Studies of
Daily Mortality in Asian Cities,” which is included at
the end of HEI Research Report 154. In addition, at
the end of the four studies, the investigators, led by
Dr. C.-M. Wong, undertook a combined analysis, in-
corporating data from all four cities. This combined
analysis is included in HEI Research Report 154 as
Part 5 (Wong et al. 2010b).

 

STUDIES IN INDIA

 

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

Proposed studies would utilize existing sources of
data to explore how daily death rates change in relation
to contemporaneous daily concentrations of air pollut-
ants, while correcting for other risk factors. Investigators
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were requested to submit information related to the
nature and availability of monitoring data for air pollu-
tion, including major air pollutants measured (e.g., PM,
O

 

3

 

, and CO) and visibility, as well as health data on
measures of mortality (and morbidity, where available).
In order to maximize the capabilities of researchers
from different disciplines, it was strongly recommended
that interdisciplinary teams of scientists apply together.

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

•

 

“Short-Term Effects of Air Pollution on Mor-
tality: Results from a Time-Series Analysis in
Chennai, India.”

 

 Dr. Kalpana Balakrishnan from Sri
Ramachandra Medical College and Research In-
stitute and her team explored the association
between air pollution and all-natural-cause mor-
tality in Chennai, a city in Southern India.

•

 

“Time-Series Study on Air Pollution and Mortal-
ity in Delhi.”

 

 Dr. Uma Rajarathnam at The Energy
and Resources Institute and her team explored the
association between air pollution and all-natural-
cause mortality in Delhi, the nation’s capital.

•

 

“A Time-Series Study on the Relation of Air
Pollution and Mortality in Ludhiana City, India.”

 

Dr. Rajesh Kumar of the Postgraduate Institute of
Medical Education and Research in Chandigarh
and his team proposed to explore the association
between air pollution and all-natural-cause mortal-
ity in Ludhiana, an industrial city in northern India.

Because of key differences in the availability and
completeness of data between the first four PAPA
studies and the Indian studies, the common protocol
developed for the first four studies was only partially
applicable for use in the Indian context. Indeed, the
Ludhiana study was terminated prematurely because
of substantial limitations and uncertainties in the data
that made it unclear whether an interpretable result
would be possible. Drs. Balakrishnan and Rajarathnam
and their coinvestigators developed city-specific ap-
proaches for using available air quality data to develop
daily estimates of exposure.

The PAPA studies in representative cities in Thai-
land, China, and India were funded in order to bridge
the gap between studies conducted in different locali-
ties with the goal of providing information to Asian
policy makers. The PAPA studies were designed and
conducted by local investigators in concert with local
air pollution and public health officials and interna-
tional experts. These studies explore key aspects of
the epidemiology of exposure to air pollution in each
location — issues of local as well as global relevance —
including the effects of exposure at high concentra-
tions and at high temperatures, the potential influence
of influenza epidemics on the relationship between air
pollution and health, and the ways in which social class
might modify risks associated with air pollution.
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H E I  S T A T E M E N T

 

This Statement, prepared by the Health Effects Institute, summarizes two research projects funded by HEI. The Chennai study was con-
ducted by Dr. Kalpana Balakrishnan at Sri Ramachandra University, Porur, Chennai, India, and colleagues. The Delhi Study was conducted by
Dr. Uma Rajarathnam at The Energy and Resources Institute, New Delhi, India, and colleagues. Research Report 157 contains both of the
detailed Investigators’ Reports and a Critique of the studies prepared by the Institute’s Health Review Committee.
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Air Pollution and Mortality in Two Indian Cities

 

BACKGROUND

 

Epidemiologic time-series studies have provided
useful information about the association between
short-term exposure to air pollution and health out-
comes in single geographic locations. However, it is
often challenging to compare results across locations
because of differences among the methods used to
collect and analyze the data. Recent multicity time-
series studies have been conducted in cities in Can-
ada, Europe, and the United States using similar
analytic approaches, but considerable uncertainties
remain regarding the extrapolation of this evidence
to developing countries, including large populations
in Asia that are exposed to relatively high concen-
trations of air pollution.

Given the extensive gaps in knowledge on the
health effects of air pollution in Asia, HEI funded
several coordinated time-series studies of air pollu-
tion and health in Asia under the Public Health and
Air Pollution in Asia (PAPA) Program. The purpose
of the program was to collect information that would
be relevant to local populations, with the added goal
of supporting capacity building in the region. After
a first wave of four studies in China and Thailand
was underway (research that was recently published
as HEI Research Report 154), HEI’s International
Scientific Oversight Committee selected three addi-
tional investigator teams to conduct time-series stud-
ies of air pollution and mortality in Indian cities:
Chennai, Delhi, and Ludhiana. The investigators co-
ordinated their approaches by adapting the common
protocol of the first-wave PAPA studies; differences
in data availability and completeness in the Indian
cities prompted the investigators to develop city-
specific approaches. Substantial deficiencies in the
available air pollution data in Ludhiana prevented
that study from being completed, although recently

those investigators estimated mortality risks using
visibility as a surrogate for air pollution in that city.

 

APPROACH

 

The investigator teams in Chennai and Delhi
conducted time-series studies on the relationship
between daily all-cause mortality and daily concen-
trations of particulate matter less than or equal to
10 µm in aerodynamic diameter (PM

 

10

 

) for the
period between January 1, 2002, and December 31,
2004. Mortality data were provided by local regis-
tries of births and deaths in each of the two cities
and were coded by trained medical professionals
to exclude deaths from non-natural causes. Pollut-
ant data for nitrogen dioxide (NO

 

2

 

), sulfur dioxide
(SO

 

2

 

), and PM

 

10

 

 were provided by the local govern-
ment agencies in each city and met local quality con-
trol and assurance standards. Investigators initially
followed an independent, standardized procedure to
ensure both the completeness and representative-
ness of the average daily exposure of the population.
Subsequently, the investigators developed alter-
native exposure models for their specific location
using a novel zonal approach in Chennai and cen-
tering techniques in Delhi. Gaseous pollutants were
included only in the Delhi analyses. Data from 5
and 10 air quality monitoring stations were in-
cluded in Chennai and Delhi, respectively.

The teams in Chennai and Delhi used a general-
ized additive modeling approach to obtain the excess
risk of daily mortality associated with daily in-
creases in pollutant concentrations. The investiga-
tors fitted quasi-Poisson regression models to the data
and carried out sensitivity analyses, such as the
inclusion of various degrees of freedom for model
parameters, different temperature lags, and alterna-
tive exposure models.
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RESULTS

 

Using the core zonal model, the Chennai inves-
tigators reported an increase in the relative risk
(RR) for nonaccidental, all-cause mortality of 1.004
(95% confidence interval [CI] = 1.002 to 1.007) per
10-µg/m

 

3

 

 increase in PM

 

10

 

 concentration on the
previous day. Alternative, nonzonal exposure series
using single- or multiple-monitor models did not
appreciably change the RR for mortality. Additional
sensitivity analyses of the core zonal model results
in Chennai showed that there was little variation in
RR between males and females, but that the RRs for
the age groups 5–44 years and 45–64 years were
slightly higher than for the younger or older age
groups. The RR for all-cause mortality associated
with PM

 

10

 

 was slightly lower at lag 0 (same day) than
at lag 1 (previous day) and was elevated at 2- or 3-
day lags. No change in RR was found with a 7-day
distributed lag for temperature and relative humidity
compared with the core model. Varying the degrees
of freedom for time, temperature, and relative humid-
ity, stratifying by season, or excluding outliers in the
exposure series did not appreciably change the RRs.

Using the core model with centered air quality
data, the Delhi investigators reported an increase in
the RR for nonaccidental, all-cause mortality of 1.0015
(95% CI = 1.0007 to 1.0023) per 10-µg/m

 

3

 

 increase
in PM

 

10

 

 concentration on the same day. The RR was
slightly lower at 1 to 3 day lags and slightly higher
at a cumulative lag of 0–1 days and when PM

 

10

 

 con-
centrations exceeding 400 µg/m

 

3

 

 were excluded
from the analysis. The investigators also reported an
increase in RR for daily mortality of 1.0084 (95% CI =
1.0029 to 1.014) associated with a 10-µg/m

 

3

 

 increase
in NO

 

2

 

 concentration; there was no evidence of an
association between SO

 

2

 

 concentration and mor-
tality. Using two- and three-pollutant models, the
RRs associated with PM

 

10

 

 and NO

 

2

 

 concentrations
were slightly attenuated.

Additional sensitivity analyses of the core model
results in Delhi showed that the RR associated with
PM

 

10

 

 was lower in males than females; the RR for
the age group 5–44 years was higher than for the
other age groups. There was considerable variability
in RRs associated with PM

 

10

 

 among individual mon-
itoring stations. However, the RRs for analyses that
included the data from all 10 stations were similar
to those for analyses that excluded the data from the
one station with continuous data (which reported
consistently higher pollutant concentrations). Using
different lags for temperature did not appreciably

change the RR, except for a decrease at longer cumu-
lative lags (0–7 or 8–14 days).

 

TECHNICAL EVALUATION

 

The two time-series studies of air pollution and
daily mortality in Chennai, India, and Delhi, India,
have provided useful additional information on air
pollution and health outcomes in developing coun-
tries. Results from Chennai (0.4% increase in risk
per 10-µg/m

 

3

 

 increase in PM

 

10

 

 concentration) and
Delhi (0.15% increase in risk per 10-µg/m

 

3

 

 increase
in PM

 

10

 

 concentration) suggest a generally similar
risk of mortality associated with PM

 

10

 

 exposure
compared with the first four PAPA studies, as well
as with multicity studies conducted in South Korea,
Japan, Europe, and North America. The association
of mortality with exposure to NO

 

2

 

 observed in Delhi
was also similar to values reported from other stud-
ies in Asia. The associations were fairly consistent
in spite of the fact that concentrations of criteria air
pollutants were substantially higher than those ob-
served in the United States and Europe.

In its independent assessment of the Chennai
study, the HEI Health Review Committee thought
that the investigators had applied an innovative
approach for exposure estimation in Chennai, as-
signing nearest ambient monitor values to each grid
cell in the 10 zones to address heterogeneity in
PM

 

10

 

 concentrations among monitors. Because the
results from the core zonal model and alternative
exposure series were fairly consistent, the Com-
mittee thought it would be unlikely that a different
approach to exposure estimation would have yielded
very different risk estimates, adding to confidence
in the risk estimates. However, the Committee iden-
tified several caveats regarding the zonal approach.
For example, the zonal model appears to ignore
missing data, which may lead to spurious jumps in
exposure estimates when data from one monitor are
missing for a period; there may be important spatio-
temporal variation even within zones; and monitors
are not weighted in proportion to the population,
because the population is unlikely to be uniformly
distributed across grids.

In its evaluation of the Chennai mortality data
analysis model, the Committee noted that the inves-
tigators used a relatively new, ambitious approach
to select degrees of freedom for smoothing of time
and meteorology covariates. This approach mini-
mizes PM

 

10

 

 coefficient variability and bias using a
resampling method. Whether this goal is achievable
is uncertain and is the topic of ongoing HEI-funded



 

Research Report 157

 

3

 

work by James M. Robins and colleagues. The Com-
mittee commented that the degrees of freedom se-
lected for temperature and relative humidity seemed
high, which may indicate that those variables are
strong predictors of pollution concentrations. The
Committee noted that it is not advisable to use dif-
ferent degrees of smoothing for individual monitors,
in particular because of the high amount of miss-
ing data at a given site. However, because the final
degrees of freedom were relatively similar across
the different approaches, it is unlikely that the
amount of temporal smoothing would substantially
affect the results.

In its assessment of the Delhi study, the Com-
mittee thought that the use of a centering approach
was appropriate for estimating exposure in the con-
text of missing data, although other approaches
could have been tried and compared. The Com-
mittee noted that there may have been residual con-
founding by weather in the main analyses. Recent
insights reveal that more complex distributed lag
models may be required to capture residual con-
founding by temperature effects in many cities. The
Committee thought the Delhi team had conducted a
limited but informative set of sensitivity analyses to
assess the effects on mortality risk estimates. As was
observed for Chennai, the results may be sensitive
to temperature lag. Risk estimates based on single-
monitor pollution data were sensitive to which
single monitor was included in the sensitivity anal-
yses, providing further support for averaging pol-
lutant data across multiple monitors to estimate
population exposure in the core model.

The Committee noted some unusual features of
the statistical models used by the Delhi team. The
degrees of freedom that describe the smoothness
of the mortality function against temperature, rela-
tive humidity, and PM

 

10

 

 in sensitivity analyses (for
the PM

 

10

 

–mortality curve) were specified per year.
However, the complexity of these curves (e.g., the
temperature–mortality curves) was unlikely to in-
crease over the duration of the study. Normal practice
is to select degrees of freedom as a function of the
number of years only for smooth functions of time.

 

DISCUSSION AND CONCLUSIONS

 

The broad general consistency of the results of
the two Indian studies described here and in other

Asian time-series studies of mortality with those in
Europe and North America is reassuring. It suggests
that the continued use of data from Western cohort
studies to estimate the Asian burden of disease at-
tributable to short-term exposure to air pollution is
defensible. However, developing Asia currently dif-
fers from the United States and Europe with regard
to energy use, air quality, and population health,
which are also dynamically changing. The Indian
studies highlight that regional differences in demo-
graphics (in particular, age structure and general
health status of the population) may affect health
outcomes of interest. Thus, estimates of the risk of
mortality associated with air pollution that are based
on even the most carefully executed U.S. studies
must be used with appropriate caveats.

Given the data limitations faced by the investi-
gator teams, they are to be commended for making
the most of limited resources. They have blazed a
trail for improved quality epidemiologic studies of
air pollution in India. However, considerable uncer-
tainties remain due to data limitations, potential
residual confounding, and potential methodologic
sensitivity, all of which will need to be revisited in
any future epidemiologic studies. As the investiga-
tors pointed out, data limitations prevented a num-
ber of more in-depth analyses standard in time-
series studies, for example, of specific causes of
death or — in Chennai — different pollutant models.
Such detailed analyses will only be possible once
more detailed, consistent air pollution monitoring
and health record collection are implemented.

The methodology applied in the PAPA time-
series studies can provide a stronger foundation for
further research in developing Asia. The lack of data
on air quality and mortality, especially cause-specific
mortality, remains a major impediment to conduct-
ing such studies in many parts of developing Asia.
As a result, major population centers in South and
Southeast Asia (India, Pakistan, Vietnam, Philippines,
Indonesia, and Malaysia) remain understudied —
although the two PAPA studies in India are starting
to fill in some of those gaps. Expanded, coordinated
multicity studies conducted across Asia could pro-
vide more definitive answers if they are designed
and analyzed consistently with the additional meth-
odologic improvements noted above and given rig-
orous quality control of air quality and health data.
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ABSTRACT

 

This report describes the results of a time-series analysis
of the effect of short-term exposure to particulate matter
with an aerodynamic diameter 

 

�

 

 10 µm (PM

 

10

 

*) on mor-
tality in metropolitan Chennai, India (formerly Madras).
This was one of three sites in India chosen by HEI as part
of its Public Health and Air Pollution in Asia (PAPA) ini-
tiative. The study involved integration and analysis of
retrospective data for the years 2002 through 2004. The
data were obtained from relevant government agencies in
charge of routine data collection.

Data on meteorologic confounders (including tempera-
ture, relative humidity, and dew point) were available on
all days of the study period. Data on mortality were also
available on all days, but information on cause-of-death
(including accidental deaths) could not be reliably ascer-
tained. Hence, only all-cause daily mortality was used as
the major outcome for the time-series analyses. Data on
PM

 

10

 

, nitrogen dioxide (NO

 

2

 

), and sulfur dioxide (SO

 

2

 

) were

limited to a much smaller number of days, but spanned the
full study period. Data limitations resulting from low sen-
sitivity of gaseous pollutant measurements led to using
only PM

 

10

 

 in the main analysis. Of the eight operational
ambient air quality monitor (AQM) stations in the city,
seven met the selection criteria set forth in the common
protocol developed for the three PAPA studies in India. In
addition, all raw data used in the analysis were subjected
to additional quality assurance (QA) and quality control
(QC) criteria to ensure the validity of the measurements.

Two salient features of the PM

 

10

 

 data set in Chennai
were a high percentage of missing readings and a low cor-
relation among daily data recorded by the AQMs. The lat-
ter resulted partly because each AQM had a small footprint
(approximate area over which the air pollutant measure-
ments recorded in the AQM are considered valid), and
partly because of differences in source profiles among the
10 zones within the city. The zones were defined by the
Chennai Corporation based on population density. Alter-
native exposure series were developed to control for these
data features. We first developed exposure series based on
data from single AQMs and multiple AQMs. Because nei-
ther was found to satisfactorily represent population expo-
sures, we subsequently developed an exposure series that
disaggregated pollutant data to individual zones within
the city boundary. The 

 

zonal series

 

, despite some uncer-
tainties, was found to best represent population exposures
among other available choices. The core model was thus a

 

zonal model

 

 developed using disaggregated mortality and
pollutant data from individual zones.

We used quasi-Poisson generalized additive models
(GAMs) with smooth functions of time, temperature, and
relative humidity modeled using penalized splines. The
degrees of freedom (

 

df

 

) for these confounders were selected
to maximize the precision with which the relative risk for

 

This Investigators’ Report is one part of Health Effects Institute Research
Report 157, which also includes a Critique by the Health Review Com-
mittee and an HEI Statement about the research project. Correspond-
ence concerning the Investigators’ Report may be addressed to Dr. Kalpana
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PM

 

10

 

 was estimated. This is a deviation from the tradi-
tional approaches to degrees of freedom selection, which
usually aim to optimize overall model fit. Our approach
led to the use of 8 

 

df

 

/year for time, 6 

 

df

 

/year for tempera-
ture, and 5 

 

df

 

/year for relative humidity.

The core model estimated a 0.44% (95% confidence
interval [CI] = 0.17 to 0.71) increase in daily all-cause mor-
tality per 10-µg/m

 

3

 

 increase in daily average PM

 

10

 

 concen-
trations. Extensive sensitivity analyses compared models
constructed using alternative exposure series and contri-
butions of model parameters to the core model with regard
to confounder degrees of freedom, alternative lags for expo-
sure and meteorologic confounders, inclusion of outliers,
seasonality, inclusion of multiple pollutants, and stratifi-
cation by sex and age. The sensitivity analyses showed
that our estimates were robust to a range of specifications
and were also comparable to estimates reported in previ-
ous time-series studies: PAPA, the National Morbidity,
Mortality, and Air Pollution Study (NMMAPS), Air Pollu-
tion and Health: A European Approach (APHEA), and Air
Pollution and Health: A European and North American
Approach (APHENA).

While the approaches developed in previous studies
served as the basis for our model development, the present
study has new refinements that have allowed us to address
specific data limitations (such as missing measurements
and small footprints of air pollution monitors). The meth-
ods developed in the study may allow better use of routine
data for time-series analysis in a broad range of settings
where similar exposure and data-related issues prevail. We
hope that the estimates derived in this study, although
somewhat tentative, will facilitate local environmental man-
agement initiatives and spur future studies.

 

INTRODUCTION

 

BACKGROUND

 

Systematic investigations conducted over several decades
provide convincing evidence that outdoor air pollution
affects human health in many ways. The World Health
Organization (WHO) and the American Thoracic Society
have identified a broad range of adverse health outcomes
that are specifically related to air pollution exposure (WHO
1987; American Thoracic Society 2000). Moreover, recent
toxicologic studies provide evidence of plausible biologic
mechanisms in support of such an association. Advances in
many disciplines — including clinical physiology, popula-
tion and molecular epidemiology, toxicology, environmental
genomics, and biostatistics—have made it possible to detect

fairly subtle health effects with a high degree of resolution.
Many recent reports such as those of HEI (2001, 2002), the
U.S. Environmental Protection Agency (2004), and WHO
(2005) support these observations.

Scientific advances in the field, however, have not been
concomitantly accompanied by efforts to reduce the bur-
den of disease attributable to outdoor air pollution in many
regions of the world. Outdoor air pollution is estimated to
account for approximately 800,000 deaths and 4.6 million
lost life-years worldwide (WHO 2002), with the burden
being unequally distributed across countries (e.g., nearly
two-thirds of the deaths occur in developing countries of
Asia). Moreover, the bulk of scientific literature providing
evidence for the health impacts of air pollution comes from
studies conducted in developed country settings within
North America and Western Europe. The differences be-
tween developed and developing countries in exposure
concentrations, the nature of pollutants, baseline health,
and determinants of susceptibility add uncertainties while
extrapolating exposure–response relationships across coun-
tries. This is further compounded by the limited technical
and administrative resources available for air quality man-
agement in developing countries. Thus, risk perception
and risk communication mechanisms are handicapped by
the lack of locally-derived relationships and methodologi-
cal understanding. This limits transferability across settings
and results in a gross lack of initiative for environmental
management in the communities that most need them.

HEI initiated the PAPA program, which is based on a
needs assessment, to generate scientific evidence within
Asia and build local capacity to implement and sustain air
quality management initiatives. This report summarizes
the results of the PAPA study conducted in Chennai, India.
The primary objective of the study was to develop models
to estimate the short-term health effects of selected crite-
ria air pollutants using a retrospective time-series design.
While previous studies conducted in the United States
and Europe (NMMAPS [Samet et al. 2000 a,b], APHEA
[Katsouyanni et al. 1996, 2001], and APHENA [Samoli et
al. 2008; Katsouyanni and Samet et al. 2009]) and the first
wave of PAPA studies (HEI Public Health and Air Pollu-
tion in Asia Program 2010) served as the basis for develop-
ing these models, several alternative approaches have been
developed to address the specific data challenges encoun-
tered by the authors in this setting.

 

RATIONALE FOR TIME-SERIES STUDIES IN INDIA

 

The HEI International Scientific Oversight Committee
(ISOC) study (2004) provides a comprehensive review and
meta-analysis of original epidemiologic studies of the health
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effects of outdoor air pollution conducted in Asia; it is
based on 138 papers published between 1980 and 2003.
Most of the studies were conducted in the East Asian coun-
tries of China, Hong Kong, South Korea, and Japan with a
few in India and Southeast Asia. They collectively exam-
ined the association of air pollutants with mortality, hospi-
tal admissions, respiratory symptoms, pulmonary function,
and adverse reproductive outcomes. Most (70%) were either
cross-sectional prevalence studies of chronic respiratory
symptoms and pulmonary function or were time-series
studies of the effects of short-term exposure on daily mor-
tality or hospital admissions. Although the estimated ef-
fects of the impact on mortality and morbidity from the
Asian studies are similar to those reported by early studies
in North America and Europe (Pope and Dockery 1999),
they do not reflect the wide diversity of Asian cities. The
review emphasizes the need to initiate studies that use a
common protocol, are spread across a representative spec-
trum of exposure settings, and include countries where
few studies have been carried out.

India, like other developing countries, can be seen from
a time-scale perspective as being somewhere in the middle
of the environmental health risk transition. Risks posed by
traditional environmental health hazards such as unsafe
food and drinking water, inadequate sanitation, infections
from animals and vectors, and poor housing compete with
risks posed by modern environmental health hazards such
as air pollution, chemical exposures, and traffic accidents.
In most cities, deteriorating outdoor air quality often has to
compete with a range of other risk factors for resource allo-
cation and risk mitigation. Although the available national
statistics on environmental quality in India clearly iden-
tify the need for addressing outdoor air pollution within
environmental management plans, few studies have per-
formed direct assessments of health impacts from local
environmental degradation. The critical missing piece is
usually the lack of good quality exposure data. Even when
available, the data are not easily linked with health data
sets on the same population within the same time frame.

Routine collection of environmental data has a relatively
short history in India. The State and Central Pollution Con-
trol Boards have been vested with a large share of this re-
sponsibility along with other national agencies such as the
National Environmental Engineering Research Institute.
The collection of these data is largely driven by the need to
document compliance with India’s National Ambient Air
Quality Standards (NAAQS; CPCB 2009), without explicit
requirements for modeling health impacts on the exposed
population. Few detailed exposure assessment, dispersion
modeling, or biologic monitoring exercises have been done.
Also, environmental epidemiologic studies have mostly fo-
cused on gathering cross-sectional prevalence information

on environmental health endpoints. The HEI ISOC study
(2004) presents a more detailed literature review of all
major Indian studies.

One of the earliest assessments of the health impacts of
air pollution in India was conducted by the World Bank
(1995). In that assessment the economic costs of environ-
mental degradation for several cities in India were esti-
mated. Economic costs associated with health impacts and
productivity impacts were calculated for several priority
areas that were identified under the National Environmen-
tal Action Program of the Indian government. The study
used exposure–response information from other countries.
Although the study estimated that the economic burden
from air pollution may amount to a staggering 4%–6% of
the national gross domestic product, it had little impact on
local policy. The lack of locally-derived exposure–response
functions was pointed out as a major impediment for accu-
rate assessment of health burdens that were attributable to
air pollution. A time-series study conducted in Delhi more
than a decade ago related total suspended particulate mat-
ter (TSP) concentrations to mortality (Cropper et al. 1997).
However, much has changed with respect to both air qual-
ity and mortality recordings in most Indian cities (e.g., TSP
is no longer considered a good marker for health effects
and is no longer routinely monitored). This provided the
most important justification for conducting a time-series
study of the health effects of air pollution in India (as such
studies have often served as catalysts for further detailed
studies) and led to the initiation of a coordinated set of time-
series studies in Chennai, Delhi, and Ludhiana, under the
HEI PAPA initiative. A first step in the conduct of these
three studies was to develop a common protocol (see Ap-
pendix B; available on the Web).

 

RATIONALE FOR STUDY IN CHENNAI

 

Chennai is the fourth largest metropolis in India and
the capital of the southern coastal state of Tamil Nadu. A
brief listing of relevant demographic variables and sources
related to air pollution is provided in Table 1. The topog-
raphy of the city is almost flat with mean ground level ris-
ing gradually to about 7 meters above mean sea level. Tem-
peratures range from around 21

 

�

 

C (between December and
February) to around 37

 

�

 

C (between March and September).
The city’s population of nearly 4.3 million people is spread
across an area of approximately 174 square kilometers,
with an additional 2.6 million people living just outside
the city in the Greater Chennai metropolitan area (Census
of India 2001).

Urban development in Chennai has been rapid over
the last two decades. Much of this has been the result of
initiatives supported by the World Bank and the Interna-
tional Development Association under the Madras Urban
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Development Projects and the Tamil Nadu Urban Develop-
ment Projects. Chennai was considered to be one of the
cleanest metropolitan cities in terms of air quality in the
early 1990s, but the situation has deteriorated significantly
since then. Despite a relatively high per capita annual in-
come of about $500 U.S. dollars (USD), as compared with
the national average of $330 USD, and a literacy rate of over
85%, the air quality in the city is well below international
air quality standards. Several factors may have contributed
to this: 1) increasing population density (24,321/km

 

2

 

) with
nearly a third of the population living in slums close to air
pollution hot spots; 2) increasing vehicular traffic (1.8 mil-
lion vehicles) and congestion; 3) a vehicle fleet with high-
polluting diesel and gasoline engines with nearly a third of
the gasoline engines being two-stroke; and 4) more than
939 hazardous industries (e.g., petrochemical, automotive,
and power plants) are located within the Greater Chennai
Metropolitan area.

The earliest efforts to address environmental health risks
within a sustainable development framework in Chennai
were initiated by the Sustainable Chennai project of the
United Nations Development Program. The project identi-
fied several strategies for urban growth and development
that would be compatible with environmental preserva-
tion. An exhaustive environmental profile was prepared
and several areas of environmental concern within the city
were identified, including identifying air pollution as a pri-
ority area for environmental management programs. More
recently, the same investigators have conducted compara-
tive risk assessments of environmental concerns at selected
municipalities within Chennai. These studies have shown
that the health and economic risks of PM

 

10

 

 exposure may
rank higher than risks of exposure to microbial or chemical
contaminants in water or to solid waste (Balakrishnan et
al. 2003; Balakrishnan and Parikh 2005), and that people

residing in industrial zones face nearly double the risk of
respiratory symptoms or illness compared with those liv-
ing in residential zones. These studies have also shown
that citywide monthly or yearly average air pollutant con-
centrations reported in national statistics are poor surro-
gates of exposure concentrations for the city’s population.
Several parts of the city, including the northernmost indus-
trial corridors, experience air pollutant concentrations that
are much higher than the city average, and temporal varia-
tions are poorly reflected in those summary statistics. Al-
though the city has a network of eight routine AQM sta-
tions (i.e., AQM stations for routine data collection) that
measure all criteria pollutants (including PM

 

10

 

, SO

 

2

 

, NO

 

2

 

,
and lead), the daily averages are either not consistently
available or easily accessible. Finally, the status of health
records in the public health departments and private hos-
pitals does not readily lend itself to establishing linkages
with the available environmental data. Health impact as-
sessments for air pollutants in Chennai have therefore been
limited to a few cross-sectional studies that have estab-
lished the baseline prevalence of a few health outcomes
related to air pollution (including respiratory symptoms
and prevalence of upper and lower respiratory tract ill-
nesses). Until now, data limitations precluded the design
and implementation of a time-series study.

However, Chennai presented a unique opportunity to
initiate a time-series study built on the groundwork laid out
by previous projects related to air pollution. Several govern-
ment representatives expressed the need for such a study
during numerous formal and informal meetings related to
previous projects. The Tamil Nadu Pollution Control Board
(TNPCB) was already involved in the implementation of
routine environmental monitoring schemes under the Na-
tional Environmental Protection Act. Sri Ramachandra
University, the primary institution conducting this study,
has had a long-standing collaborative association with state
agencies such as the TNPCB, the Chennai Metropolitan De-
velopment Authority (CMDA), and the Directorate of Pub-
lic Health. In addition to granting permission to conduct
this study, these agencies further extended their coopera-
tion by sharing the raw data along with available quality
control information. The team at Sri Ramachandra Uni-
versity was also supported by an ongoing collaborative
arrangement with the Department of Statistics at the Uni-
versity of Calcutta. Chennai represents one of nine cities
selected by the Ministry of Environment and Forests, Gov-
ernment of India, to create a national environmental health
profile; these studies are currently being conducted by the
same set of partners.

Thus, major factors in choosing Chennai city as the
location for this study include pressing environmental

 

Table 1.

 

Demographic Data for Chennai City

 

a

 

Total Male Female 

Age group (years)
0–4 299,356 151,721 147,635
5–44 2,288,225 1,166,698 1,121,527
45–64 686,927 359,005 327,918

 

�

 

 65 225,856 111,185 114,671
Total population 4,343,645 2,219,539 2,124,106

Literacy rate (%) 85.53 90.01 80.44

 

Population density

 

24,231/km

 

2

 

a

 

 Source: Census of India 2001.
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conditions, a good infrastructure for collection of second-
ary health and environmental data, adequate technical
capacities to conduct the proposed project, a favorable
administrative climate for data collection and implemen-
tation of potential study recommendations, and the avail-
ability of a committed and eager multidisciplinary core
group of investigators. The investigators trained through
this project will be able to transfer their skills and knowl-
edge to others to improve future studies.

 

STUDY OBJECTIVES

 

Specific objectives of the study are as follows:

1. describe the distribution of daily averages of criteria
air pollutant concentrations across all ambient AQM
stations located within the greater Chennai area over
a 3-year period from 2002 to 2004;

2. examine the patterns and quality of data from indi-
vidual monitors or combinations of monitors to estab-
lish criteria for inclusion or exclusion in alternative
exposure series;

3. create a single best exposure series that maximizes
the use of available data and adequately represents
population exposure;

4. retrieve and organize data on all-cause mortality over
the same period;

5. develop a common protocol (see Appendix B) for a
time-series analysis using the exposure and mortality
data sets for the three Indian PAPA study sites and
identify special requirements for the Chennai data set;

6. develop statistical models to estimate short-term im-
pacts of criteria air pollutants on all-cause mortality
in Chennai and conduct sensitivity analyses accord-
ing to criteria laid out in the common protocol; and

7. contribute to the pool of Indian and Asian studies
under the PAPA program for coordinated analysis and
meta-analysis.

 

METHODS

 

DATA COLLECTION FRAMEWORK

 

The Chennai metropolitan area is governed by two
administrative divisions, the Chennai Corporation and the
CMDA. Figure 1 shows the boundaries of areas under the
jurisdiction of the CMDA and the Chennai Corporation, and
locations of AQM stations, meteorologic stations, major
roads, and industrial plants. The Chennai Corporation

boundary encloses 10 municipal zones. Approximately 98%
of the births and deaths occurring within these 10 zones
are recorded by the Chennai Corporation office (according
to communications provided by the Vital Statistics Depart-
ment functioning under the Directorate of Public Health).
The CMDA boundary defines the Greater Chennai Metro-
politan area.

Most of the major industrial point sources that are
likely to contribute to criteria air pollutant exposures for
the greater Chennai area population are located outside the
Chennai Corporation boundary but within the CMDA
boundary. Several ambient AQMs and one of the two mete-
orologic stations are also located outside the Chennai Cor-
poration boundary but within the CMDA boundary. Most
major hospitals are located within the Chennai Corpora-
tion boundary.

Ambient air quality and meteorologic data were col-
lected from monitors within the CMDA boundary (as this
provided the largest coverage of available data for air pol-
lution exposures and meteorologic covariates); mortality
data were provided by the Chennai Corporation (as this
provided the single largest death registry for the residents
of Chennai). Ideally it would have been useful to collect
mortality data from the entire greater Chennai area (i.e.,
including the CMDA area); however, because deaths out-
side the Chennai Corporation boundary were recorded by
five different municipalities, logistic challenges precluded
collection of those data. Figure 2 shows the locations of
AQM stations relative to the average population density
across the city zones.

This study used retrospective data collected between Jan-
uary 2002 and December 2004 from three principal sources.
Air quality data were obtained from the TNPCB, which
operates ambient AQM network stations at eight locations
within the CMDA boundary. Data on daily all-cause mor-
tality were collected from the Chennai Corporation office,
which records all births and deaths within the Chennai Cor-
poration boundary at 10 zonal offices linked to a central
registry. Meteorologic data were collected from the India
Meteorological Office, which operates two stations within
the CMDA boundary.

 

AIR POLLUTION DATA

 

The TNPCB collects daily air quality data on week-
days from eight routine AQM stations in the greater Chen-
nai area and operates a continuous AQM station colo-
cated with one of these stations. Air quality monitoring is
conducted across all monitoring stations in the city at a
preset periodicity that spans the entire year. Air quality is
monitored either on designated days or on every third



 

12

 

Air Pollution Effects on Mortality in Chennai, India

Figure 1. Map of Chennai city showing the CMDA area, the Chennai Corporation area with its zone boundaries, and the locations of AQMs and meteoro-
logic stations. The continuous AQM is colocated with AQM 3. Source: Ms. Tata Consultancy Services for the Department of Environmental Health Engineer-
ing, Sri Ramachandra University, Chennai, India.

 

day, resulting in 100 to 120 observations per year per sta-
tion. It is not monitored on weekends and public holidays.
The data from each station are electronically compiled by
the TNPCB.

After obtaining the data, we considered analyzing 24-
hour averages of PM

 

10

 

, SO

 

2

 

, and NO

 

2

 

. However, the utility of
the SO

 

2

 

 and NO

 

2

 

 data was limited because low-resolution
wet-chemical methods were used to measure concentra-
tions of these gaseous pollutants. Therefore, only the PM

 

10

 

data were used to guide exposure series construction. The
core model was thus a single-pollutant model centered on
PM

 

10

 

; inclusion of the gaseous pollutant data was restricted
to subsequent sensitivity analyses.

 

AQMS

AQM Classification

 

AQMs operated by TNPCB are classified as industrial
(AQMs 1, 2, and 3), commercial (AQMs 4, 7, and 8) or res-
idential (AQMs 5 and 6) (see Table 2). These classifications
are based on land-use criteria set by the Central Pollution
Control Board (CPCB), which is the nodal government
agency in charge of the National Ambient Air Quality Mon-
itoring Programme in India. Accordingly, the criteria for
a residential AQM are: (1) it is located in an area where
the population density is greater than 4000 people per
square kilometer; (2) no industrial activities are within
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two kilometers of the AQM; and (3) the AQM is located more
than 100 meters away from streets with a vehicular density
greater than 500 vehicles per day. Commercial AQMs are
located in areas near roads (~ 10 m away) with at least
10,000 vehicles per day (as vehicular density increases,
the required distance from the road also increases). Indus-
trial AQMs are located in areas within a cluster of air-
polluting industries. In addition, city zone classifications
(residential, commercial, or industrial) are based on land-
use information. The classification of AQMs is not only
characterized by varying proximities to sources as described
above, but also reflects the general land-use pattern of the
zone in which it is sited. For example, AQM 4 is designated
a commercial AQM both because of its placement close to
highly trafficked roads, but also because it is in a commer-
cial zone characterized by high traffic densities. The spa-
tial scale of the AQMs is estimated by TNPCB to be at the

lower end of the range of an urban scale AQM (which
ranges from 4 to 100 km). AQMs are usually positioned on
the roofs of buildings with two to four floors. Tables 2 and
3 give details of the monitoring stations and the methods
as provided by the TNPCB. Aerial views of the AQM sta-
tions are in Appendix G (available on the Web).

 

AQM Selection Criteria

 

AQM stations included for analyses were first selected
on the basis of preset site selection criteria and data quality
criteria as outlined in the common protocol (see Appendix
B). Accordingly, sites were included if: (1) they were
located within the greater metropolitan city boundary as
defined by the Chennai Metropolitan Authority (see Figure
1 for general location and Figure 2 for location relative to
population density); (2) the sites were large enough to
ensure the availability of space for monitoring, were lo-
cated in flat space and were elevated at least 10 feet above
the ground; (3) were not curbside AQMs; and (4) were
located at least five meters upwind from building ex-
hausts, vents, or chimneys and at least two meters from
walls. Thus, AQM 8 was disqualified for the study because
it was a curbside AQM.

 

Data Quality Criteria

 

TNPCB provided the complete set of QA and QC informa-
tion available in their records for cross-verification by inves-
tigators. After the AQMs that met site-selection criteria
were selected, the raw data on QA and QC parameters
were manually abstracted from the field data cards that
had been maintained by the individual AQM stations. The
electronic data set was compared with the field data cards
for selection of valid data points as per protocols recom-
mended by the CPCB (described in Appendices C, D, and
E; available on the Web). The averaging period for individ-
ual data points in a day ranged from 4 to 8 hours in the
TNPCB data set.

Guidelines set forth in the common protocol were used
to select valid days. Accordingly, for PM

 

10

 

, days were
included in the analysis only if all three 8-hour shifts had
been monitored. For NO

 

2

 

 and SO

 

2

 

, days were included if at
least 75% of the total monitoring duration had been covered.
Application of QA and QC criteria resulted in the exclu-
sion of several periods (of two and sometimes up to four
months) from AQMs 6 and 7 (reported by TNPCB as being
due to frequent shifts in the AQM locations). The remain-
ing five AQMs (i.e., AQM 1–5) had valid data that were
available for the full three years. The core (zonal) model
developed in the study, by disaggregating exposures on the
basis of nearest available AQMs, utilized valid data from
all AQMs for all available periods within the three years.

Figure 2. Map of Chennai Corporation zones showing AQM locations rel-
ative to population density. Source: Ms. Tata Consultancy Services for the
Department of Environmental Health Engineering, Sri Ramachandra Uni-
versity, Chennai, India.
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Table 2.

 

Background Information for AQMs

AQM

Global
Positioning

System
Coordinates

Sampling Height
(feet) Site Classification

Monitoring Schedule
Days of Week,

Number of Days in Year 
2002/2003/2004

1 Manali 13

 

�

 

09.951N
80

 

�

 

15.502E
17 Industrial (suburban) Mon/Thu, 99/99/98

2 Thiruvattiyur 13

 

�

 

09.374N
80

 

�

 

18.122E
19 Industrial (suburban) Wed/Fri, 96/94/102

3 Kathivakkam 13

 

�

 

13.083N
80

 

�

 

19.218E
12 Industrial (suburban) Tue/Thu, 99/97/102

4 V. Nagar 13

 

�

 

06.345N
80

 

�

 

16.809E
10 Commercial (city) Weekdays, 177/93/95

5 A. Nagar 13

 

�

 

05.319N
80

 

�

 

10.515E
35 Residential (city) Weekdays, 173/104/101

6 Adyar 13

 

�

 

00.744N
80

 

�

 

14.665E
25 Residential (city) Weekdays, 176/98/97

7 T. Nagar 

 

13

 

�

 

02.074N

 

80

 

�

 

13.814E

 

25

 

Commercial (city)

 

Weekdays, 180/91/97

 

Table 3.

 

Air Quality Monitoring Techniques

 

a

 

Pollutants

PM

 

10

 

SO

 

2

 

NO

 

2

 

Equipment RDS Gaseous sampling unit 
attached to HVS/RDS 

Gaseous sampling unit 
attached to HVS/RDS 

Flow measuring device Pressure drop across 
orifice in the hopper 

Rotameters/Orifice 
Nanometers 

Rotameters/Orifice 
Nanometers 

Flow rate 0.8–1.3 m

 

3

 

/min 1 L/min 1 L/min 

Sampling period (over 24 hours) 8 hours 

 

�

 

 3 4 hours 

 

�

 

 6 4 hours 

 

�

 

 6

Sampling frequency Twice per week Twice per week Twice per week 

Analytical methods

 

b

 

Gravimetric West & Gaeke Jacobs & Hochheiser 

Minimum detection limit 1 µg/m

 

3

 

 0.04 µg/m

 

3

 

 0.03 µg/m

 

3

 

 

Minimum reporting value 10 µg/m

 

3

 

 6 µg/m

 

3

 

 3 µg/m

 

3

 

 

 

Maximum absorption wave length

 

NA 

 

560 nm 

 

550 nm 

 

a 

 

RDS indicates respirable dust sampler; HVS indicates high-volume sampler; NA indicates not applicable.

 

b

 

 Described in Appendices C, D, and E (available on the Web).
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Finally, data were also obtained from a continuous AQM
station that was colocated with AQM 3 and operated by
TNPCB. Parameters recorded at this station included read-
ings every half hour with 8-hour and 24-hour averages for
each of the three pollutants. The continuous AQM station
used a 

 

�

 

 gauge for PM

 

10

 

 measurements and chemilumines-
cence methods for gases, while all the other AQM stations
used an indigenous cyclone-based gravimetric method for
PM

 

10

 

 and wet chemical methods for gases. Data from the
continuous AQM station were used to serve as a broad
indicator of comparability of methods, because the avail-
ability of data from the continuous AQM station was lim-
ited to less than a year within the study period. Figure 3 is
a schematic diagram showing how the Chennai air pollu-
tion database was constructed.

Table 4 lists descriptive statistics for the air pollutant
data set for AQMs 1 through 5. Figure 4 provides time-
series plots of daily average PM

 

10

 

 concentrations at those
AQM sites with an overlay of a smooth function of time
over the full study period.

24-hour averages for PM

 

10

 

 consistently exceeded the
current NAAQS value (CPCB 2009) of 100 µg/m

 

3

 

 at AQM
stations located in industrial zones (AQMs 1–3), while

Figure 3. Schematic of air pollution data collection steps. SRMC indicates
Sri Ramachandra Medical College.

 

Table 4.

 

Summary Statistics for Pollutants

 

a

 

Pollutant/
Site

 

n

 

Mean
(µg/m

 

3

 

)
Median
(µg/m

 

3

 

) SD QD Minimum Maximum

PM

 

10 

 

AQM 1 280 108.0 107.55 27.48 18.85 39.6 218
AQM 2 288 95.9 94.3 26.02 17.55 35.9 183
AQM 3 293 90.7 89.9 25.5 18.0 35.0 195.8
AQM 4 360 110.7 101.0 47.23 23.40 32 417.0
AQM 5 376 71.73 67.0 33.42 16.37 15 317.0

NO

 

2

 

AQM 1 276 31.2 28.3 14.35 8.51 6.4 91.9
AQM 2 286 28.9 26.2 12.35 8.73 5.4 69.9
AQM 3 291 30.5 23.8 11.94 7.93 9.6 76.1
AQM 4 361 27.75 24.4 13.66 8.51 9.0 93.0
AQM 5 378 15.08 13.5 6.75 3.61 6.3 69.0

SO

 

2

 

AQM 1 276 24.4 22.3 11.53 6.76 5.1 77.9
AQM 2 286 23.6 21.6 11.48 6.22 4.3 66.1
AQM 3 291 28.4 23.5 16.11 9.55 3.8 102.3
AQM 4 361 5.86 5.0 2.49 1.60 4.0 18.0

 

AQM 5

 

378

 

4.76

 

4.0

 

1.94

 

0.40

 

3.6

 

25.6

 

a 

 

All pollutant concentrations are 24-hour averages. 

 

n

 

 indicates the number of days that each monitor had available data over the study period; SD indicates 
standard deviation; QD indicates quartile deviation.
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Figure 4. Time-series plots of daily PM10 concentrations at AQMs 1–5.

 

AQM stations in residential and commercial zones (AQMs
4 and 5) generally recorded 24-hour averages near that value.
24-hour averages for SO

 

2 frequently exceeded the current
NAAQS value of 80 µg/m3 at industrial stations and were
below that value at commercial and residential zone AQMs.
Nearly 60% of the values were clustered at the lower detec-
tion limit of 4 µg/m3. 24-hour averages for NO2 frequently
exceeded the current NAAQS value of 80 µg/m3 at indus-
trial stations; residential and commercial stations on average

remained below guideline values of 80 µg/m3, but the daily
averages varied greatly. Nearly 30% of the values were clus-
tered at the lower detection limit value of 4 µg/m3.

MORTALITY DATA

We had access to two data sets on mortality. The pri-
mary data set included all reported deaths provided by the
Chennai Corporation. A modified data set was provided by
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the National Cancer Institute in Chennai (NCI-Chennai).
The Chennai Corporation is responsible for compiling and
maintaining mortality data and vital statistics for the city
of Chennai. Birth and death registrars in the individual
zonal offices under the Chennai Corporation manually col-
lect the mortality data. This information is compiled elec-
tronically at the zonal offices. A computerized wide area
network reporting system links information between the
zonal offices and the electronic data processing cell at the
Chennai Corporation office. We used the electronic data-
base furnished by the Chennai Corporation as the primary
database. The NCI-Chennai database had death records of
all noninfant deaths for people who had lived within the
Chennai Corporation limits. NCI-Chennai collected these
data independently from the Chennai Corporation records
to create a cancer registry within the city. We linked the two
electronic databases provided by the Chennai Corporation

and NCI-Chennai to track discrepancies in a few data entry
fields. Subsequently, discrepancies were resolved by verifi-
cation against individual records available at the individ-
ual zonal offices. Only the following fields were identified
as useful after cross-verification: date-of-death, place-of-
death, place-of-residence, age, and sex. Cause-of-death infor-
mation was retrieved, but the data were not used because
the reliability was considered to be low. For example, fewer
than 160 deaths out of more than 100,000 deaths recorded
during the entire study period were reported as being due
to accidental causes, and only 60% had any information
on the cause of death. The mortality data used for analyses
thus refer to all-cause mortality in all results generated by
the study.

Deaths were registered according to the place at which the
death occurred. Deaths of those residing within but dying
outside the city limits were therefore not included in the
city records. Conversely, deaths of people who lived out-
side the Chennai Corporation limits but died at a major hos-
pital within the city were included. Therefore, all deaths
occurring within the Chennai Corporation boundaries (and
recorded at the Chennai Corporation office) were included
for analysis.

Daily all-cause mortality ranged from 60 to 229 deaths
in a year, with male mortality being consistently higher
than female mortality in most age groups. People 65 years
or older accounted for the greatest proportion of all deaths.
Figure 5 shows the data processing steps for mortality
data, and Table 5 shows the summary statistics of the mor-
tality data set; Figure 6 is a time-series plot of daily mortal-
ity, and Figure 7 shows time-series plots stratified by sex
and age.

Figure 5. Schematic of mortality data collection steps. ICD indicates Inter-
national Classification of Diseases; WAN indicates wide area network;
SRMC indicates Sri Ramachandra Medical College.

Table 5. Summary Statistics for Mortalitya

Mean Median SD QD Min Max 

Female 39.126 39 8.48 5.5 16 96
Male 57.762 57 11.15 7.0 25 133

Age (years)
0–4 4.895 4 3.31 1.5 0 21
5–44 21.067 20 6.28 3.5 5 109
45–64 26.308 26 6.45 4.0 10 64
� 65 43.763 43 9.93 6.0 19 90

Total 96.888 96 16.55 10.0 61 229

a Data are summarized for the 1096 days that had available data over the 
study period. SD indicates standard deviation; QD indicates quartile 
deviation; Min indicates minimum number; Max indicates maximum 
number.
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METEOROLOGIC DATA

Information on temperature, relative humidity, dew
point, wind speed, and wind direction was collected from
the Regional Meteorological Centre in Chennai. Two mete-
orologic monitoring stations, one at the Regional Meteoro-
logical Centre in Nungambakkam (monitor 9) and the other
at the airport in Meenambakkam (monitor 10), recorded
two daily measurements for each of the meteorologic pa-
rameters. We used the average of the daily morning read-
ings and of the daily evening readings from the two stations.
Data on barometric pressure were available but were not
abstracted from the records, so they could not be used in
subsequent analyses. Field data were entered on data cardsFigure 6. Time-series plot of daily total all-cause mortality in Chennai city.

Figure 7. Time-series plots of daily total all-cause mortality in Chennai city stratified by sex and age.
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and records were maintained as handwritten registers at the
Chennai Regional Meteorological office. This information
was abstracted manually into an electronic database to
serve as the primary meteorologic data set. Ten percent of
the data points were entered in duplicate to check for dis-
crepancies. Data processing steps used for meteorologic
data are shown in Figure 8.

Table 6 describes the meteorologic data set and Figure 9
provides the time-series plots for key meteorologic covari-
ates over the study period. Annual temperature ranged
from 23–48�C, relative humidity from 38%–98% and dew
point from 15.0–34.4�C. Wind direction and wind speed
data were also retrieved to determine their contributions to
spatial gradients in air pollution concentrations. Data on
actual visibility were not available because the meteoro-
logic records only provided categorized visibility (with
ranges of 1340–2300 m, 2300–4000 m, 4000–7500 m,
7500–12,000 m, and > 12,000 m). Limited variations could
be discerned using the categorical recordings. Morning

Figure 8. Schematic of meteorologic data collection steps. SRMC indicates
Sri Ramachandra Medical College.

Table 6. Summary Statistics for Meteorologic Parametersa

Variable Mean Median SD QD Min Max

Temperature (�C) 29.77 30.1 3.06 2.24 23.0 48.0

Relative 
humidity (%) 75.2 76.0 10.77 6.5 38.0 98.0

Dewpoint (�C) 23.49 23.4 2.85 1.65 15.0 34.4

Wind speed (km/hr) 8.76 8.2 5.82 5.2 0.0 25.0

a Data are summarized for the 1096 days that had available data over the 
study period. SD indicates standard deviation; QD indicates quartile 
deviation; Min indicates minimum number; Max indicates maximum 
number.

Figure 9. Time-series plots of meteorologic parameters.

visibility was greater than 12,000 m on nearly 700 days
and between 7500 m and 12,000 m on 380 days. Morning
visibility for 16 days was between 4000 m and 7500 m.
Evening visibility was consistently better, with nearly
1070 days having visibility greater than 12,000 m. Lack of
continuous data precluded further use of visibility data in
analyses (such as in imputing missing values in air pollut-
ant data series).

CONSTRUCTION OF ALTERNATIVE
EXPOSURE SERIES AND SELECTION 
OF A SINGLE BEST EXPOSURE SERIES 
FOR CORE MODEL DEVELOPMENT

Two salient features of our data, a high percentage of
missing readings and a low correlation among daily read-
ings recorded by various AQMs, precluded the use of the
daily mean of all AQM readings as a meaningful measure
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of population exposure. We elaborate on these features in
the remainder of this section and describe the rationale for
the construction of alternative exposure series and the
selection of a best available exposure series for core model
development. We also justify our approach through com-
parisons with approaches used in previous studies.

Missing Values

A significant number of AQM readings were missing.
As per the protocol of the CPCB, readings were to be taken
at three 8-hour intervals over a 24-hour period. Each site
was to be monitored at least twice per week, so that 100 to
120 monitoring days per year per AQM would be avail-
able. Table 7 shows the percentage of missing observations
for each AQM. In addition to missing days, whenever
AQMs were operated on designated days, some days of the
week were consistently missed. For example, readings for
AQM 1 were available for 83% of all Mondays but only
8% of all Tuesdays and 0% of all Wednesdays in the
period surveyed. Also, weekend data were virtually non-
existent and hence could not be included in any analysis.
Similarly, AQMs did not operate on festivals and public
holidays, which added approximately 10–15 missing days
per year.

AQM Correlation

Another important feature of the data is the low correla-
tion between most pairs of AQMs. Figures 10 to 13 show
the partial correlations between readings at individual
AQMs after eliminating the effect of temperature and rel-
ative humidity. A problem with computing correlations
is that these are based on a limited number of days on
which readings at both AQMs of a given pair have been
recorded (Table 8). For example, AQMs 1 and 2 have no
days in common, so it was not possible to estimate the cor-
relation between them. As an alternative we also plotted

Table 7. Percentage of Missing Observations at AQMs 
by Day-of-the-Week

AQM

1 2 3 4 5

Sunday 100 100 100 98 99 
Monday 17 100 100 58 49 
Tuesday 92 100 4 52 53 
Wednesday 100 7 100 54 48 
Thursday 12 100 8 58 58 
Friday 100 10 100 53 54 
Saturday 100 100 100 97 98

the time-smoothed PM10 readings to assess whether the
series corresponding to each AQM behaved similarly over
time (see Figure 4). Only the industrial AQMs (1–3) dis-
played similar movements. There was substantial heteroge-
neity among the other AQMs with respect to their average
PM10 concentration as well as to the extent and nature of
variation over time. A Bartlett test for equality of vari-
ances of the various AQMs suggested significant variabil-
ity in AQM readings (P = 2.2 � 10�16).

We examined possible reasons for the low correlations
before proceeding to construct the representative exposure
series. First, to address measurement errors we compared
the limited data set available from the continuous AQM
station that used a � gauge for PM10 measurements with its
colocated routine AQM station (AQM 3). Some residual
data quality concerns seem likely because the correlation
was modest (r = 0.76). However, given our limited abilities
to further validate instrumentation selection, we relied on
rigorous QA and QC checks to validate the precision with
which measurements were made. Because of the coopera-
tion extended by the TNPCB, all raw field data cards were
made available to investigators in addition to routine
checks made by CPCB. Based on the QA and QC consider-
ations described earlier, compliance to stated procedures
was high and there seemed little reason to believe that sys-
tematic errors in measurement across days or AQMs could
be responsible for low correlations between AQMs. Sec-
ond, contributions from changes in wind direction, which
would affect plumes from local sources, could not be reli-
ably assessed because only wind direction information was
available. Although low correlations persisted even after
adjustments for wind direction, no information could be
gathered on plume height in relation to sampler height.
Finally, we met with officials of the TNPCB and the CPCB
to ascertain the spatial scale for each AQM to see if small
AQM footprints together with differences in source profiles
may have been responsible for the lack of correlation and
movement over time.

Table 8. Percentage Overlap of Monitoring Days 
Across AQMs

AQM

1 2 3 4 5

1 100 0.0 37.0 16.4 34.7
2 0.0 100 0.0 33.1 13.8
3 37.0 0.0 100 17.4 34.7
4 16.4 33.1 17.4 100 6.1
5 34.7 13.8 34.7 6.1 100
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Figure 10. Pairwise scatter plots of PM10 (µg/m3) across monitors. N indicates the total number of overlapping observations during the study period; r indi-
cates the partial correlation coefficient adjusted for season and meteorologic parameters.
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Figure 11. Pairwise scatter plots of NO2 (µg/m3) across monitors. N indicates the total number of overlapping observations during the study period; r indi-
cates the partial correlation coefficient adjusted for season and meteorologic parameters.
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Figure 12. Pairwise scatter plots of SO2 (µg/m3) across monitors. N indicates the total number of overlapping observations during the study period; r indi-
cates the partial correlation coefficient adjusted for season and meteorologic parameters.
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Figure 13. Monitorwise scatter plots of pollutants for AQMs 1–5. N indicates the total number of overlapping observations during the study period; r indi-
cates the partial correlation coefficient adjusted for season and meteorologic parameters. All units are in µg/m3.

(Figure continues on next page)
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Spatial Scale of AQMs

According to information provided by TNPCB, the spa-
tial scale (footprint) for each AQM was estimated to be in
the range of 4–10 km. We were unable to find any docu-
mentation to support this estimation, but presume that
it may be available in official documentation validating
the setup of the ambient air quality network in the city.
TNPCB emphasized that the small footprint served as the
rationale for operating multiple AQMs within the city to
capture the spatial variations and gradients in air quality.
As described earlier, AQMs were located in zones with
assigned land-use classifications of residential, commer-
cial, or industrial. They were also placed at varying dis-
tances from pollutant sources to represent relative exposure
potentials for populations in that zone from alternative
sources. For example, populations in commercial zones
are expected to be most affected by traffic-related expo-
sures, populations in industrial zones are expected to be
most affected by industry-related exposures, and popula-
tions in residential zones are expected to experience only
background-level pollutant exposures.

In the absence of detailed emissions inventories for the
city, given the differences in types and strengths of sources
(such as industrial or vehicular), the pollutant concentra-
tions recorded across AQMs with small footprints (with
additional unknown contributions from dispersion-related
variables) could thus be expected to be uncorrelated. Most

nonindustrial AQMs were located more than 10 km from
each other (4–10 km being the estimated footprint), offer-
ing a possible explanation for the low correlations. Indus-
trial AQMs displayed good correlation, presumably because
of their close proximity to each other (5–10 km) and the sim-
ilarity in source types and strengths. Because the popula-
tion density was high across all zones of the city (Figure 2),
it became clear that more than one neighborhood-scale
AQM would be needed to adequately represent pollutant
exposure for the entire city population. None of the AQMs
used in this study could be excluded as they were likely to
represent specific typical exposures for significant propor-
tions of the population. In the next section we describe a
review of past approaches to combine AQMs and provide
justification for a modified approach to address the unique
challenges of the exposure data set described above.

Approaches Used in Previous Studies

While previous studies such as NMMAPS and APHENA
have used the daily average of AQM readings to measure
ambient PM exposure, the lack of correlation among
AQMs in Chennai suggests that the daily average of all
available AQM readings is not an appropriate measure of
ambient PM concentrations across the city. For example,
the average may increase sharply from one day to another
simply because a high reading is recorded at one AQM
rather than because of any real increase in the average PM
concentrations across the city. A regression of total mortal-
ity on such a daily average would lead to an underestimate
of the true risk ratio because fluctuations in the average con-
centration would be artifactual, depending on AQM avail-
ability, and would not be accompanied by any correspond-
ing change in mortality. We also did not use a centering
technique to combine the AQM readings. This technique
first centers nonmissing observations xij corresponding to
AQM i on day j by the annual AQM mean . The centered
data are then added to the annual mean of all AQMs  to
get the centered observations dij = xij �  + . The expo-
sure series is the daily average of all available dij. Effec-
tively, centering shifts the base of each AQM to the same
level . This is logical if there is not much variation
between mean pollutant concentrations of the individual
AQMs. The Chennai data show distinct variations among
AQM readings in residential, commercial, and industrial
zones. Ideally, statistical analysis should be based on mor-
tality data disaggregated by zone. An acceptable alterna-
tive could be to model AQM effects separately (either sin-
gly or severally) rather than by combining them into a
spurious level of concentration that may be quite distinct
from what is observed in different parts of the city. An
argument in favor of centering would be that because we
are primarily interested in a slope coefficient, a change of

_
xi _

x
_
xi

_
x

_
x

Figure 13 (Continued).
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base should not be of much concern. However, the pooled
data have an inflated variability owing to the between-
AQM differences. This is not a reflection of the true vari-
ability in the exposure concentrations (as given by each of
the within-AQM variabilities), but is simply induced by
the pooling of the data. The likely consequences would be
to get underestimates of the slopes, with smaller and some-
what spurious standard errors of estimates. The hetero-
geneity in the pooled data would be even more difficult to
explain if the within-AQM variability were not the same —
as was the case for Chennai.

While we recognize that approaches other than simple
averaging and centering (which for reasons described ear-
lier are not applicable to the Chennai data) may have been
used in individual studies, we did not see a parallel to the

limitations of our exposure data described in the literature.
We therefore have had to develop new methods which ad-
dress the specific features of our exposure data set.

Approaches Used in the Chennai Study

We developed several alternative approaches to address
heterogeneity among AQMs. First, we modeled AQM effects
separately instead of combining them (in the face of signif-
icant missing values) to avoid calculating a spurious level
of concentration that may have been quite distinct from
what was observed in different parts of the city. We used the
simplest approach, which was to create a separate expo-
sure series for each of the five AQMs with the most com-
plete data sets (i.e., AQMs 4 and 5 and the industrial
AQMs [1–3]). However, owing to the limited footprints of

Figure 14. Map of Chennai city superimposed by a grid with 0.5 km2 squares, showing the 10 zones and 8 AQMs. Source: Prepared by SRMC using base
maps for Chennai city provided by Ms. Tata Consultancy Services.
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Figure 15. Map of Chennai city showing the areas (#) allocated to AQMs 1,
2, 4, 5, 6, and 7. Source: Prepared by SRMC using base maps for Chennai
city provided by Ms. Tata Consultancy Services.

AQMs, none of the individual exposure series could be
expected to reflect average population exposures to pollut-
ants across the entire city. Moreover, the differences in the
behavior of the individual series over time imply that each
had a different correlation with total mortality. We then
developed a multiple-AQM model that included a separate
exposure series for each AQM in a single regression model.
Such a model would allow for a better fit. The low correla-
tions between pairs of AQMs would mean that the slope
coefficients corresponding to each AQM would not change
appreciably from the corresponding coefficient in the single-
AQM model. Although the multiple-AQM exposure series
attempted to address the issue of AQM heterogeneity, two
of the four nonindustrial AQMs (AQM 6 and 7) had many
missing and invalid data periods; therefore, the multiple-
AQM model for the most part was a two- or three-AQM
model. Considerable potential for exposure misclassifica-
tion could still be expected in the multiple-AQM model,
although misclassification may have been somewhat lower
compared with that of single-AQM models.

This reasoning led to the development of a zonal model
which disaggregates exposures and mortality at the level
of individual zones (administrative units defined by the
Chennai Corporation as per Figure 14). The zonal expo-
sure series, in our judgment, represents the best available
exposure series for creation of the core (zonal) model, as
explained in the next sections.

Creation of a Zonal Exposure Series for 
Core (Zonal) Model Development

Given the problems of poor inter-AQM correlation and
the small footprints of AQMs, we explored spatial model-
ing of the data by assigning deaths to the nearest available
AQM. However, a full-blown geostatistical analysis (Diggle
and Ribeiro 2007) of the data could not be conducted be-
cause residential address information was unavailable for
more than 70% of the recorded deaths. The only consis-
tently available information was the zone where a death
occurred because mortality was recorded by the individual
zonal offices according to the place of death. To fit a regres-
sion of zone-specific mortality on average daily exposure
within the same zone, we would then either need an AQM
in each zone (which was not available) or a derivation of
daily zone-specific average exposure through spatial inter-
polation. Spatial interpolation deals with evaluating work-
able estimates for exposure data for nonsampled locations
within a zone, based on data at sampled locations (i.e.,
AQM stations). The concentration at a nonsampled site
within a zone could be best described by the concentration
at the nearest sampled site. However, not all points in a
zone have the same nearest AQM. For example, in Figure
14, locations on or near the southern boundary of zone A

are closest to AQM 4, whereas locations on the northwest
boundary are closest to AQM 1. To address this we super-
imposed a grid with squares equal to 0.5 square kilometers
on the map in Figure 14. To each grid cell we then assigned
the exposure recorded at the AQM nearest to the cell’s cen-
troid. Using this inverse distance weighting approach, four
out of ten city zones were assigned to a single AQM (zones
C, D, H, J); four other zones had two nearest AQMs avail-
able (zones E, F, G, I); and two zones had three nearest
AQMs available (zones A and B) as shown in Figure 15.
Because the maximum distance between a grid cell and its
nearest available AQM was of the same order as the esti-
mated footprint of the AQMs (as a result of a network of
AQMs being available across the city), this offered the best
available approach to minimize exposure misclassifica-
tion for a grid (whenever a measurement on its assigned
AQM was available). Also, while the zone exposure on a
given day could still be driven by the availability of the
most influential AQMs, because mortality is aggregated and
assumed to be uniformly distributed within a zone, all
nearest AQMs could be assumed to provide a reasonable
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exposure assignment for the zone. For these reasons, we
believe the zonal series best represents population expo-
sure to pollutants and the core (zonal) model developed in
the study is thus based on the zonal exposure series.

In the next sections we describe only the core model in
detail to facilitate easy readability and provide details of all
other models constructed using alternative exposure series
(single- and multiple-AQM models) in Appendix F (avail-
able on the Web). We have included details of model com-
parisons in the sensitivity analyses and discussion sections.

STATISTICAL MODELS

The zonal model that allows disaggregation of expo-
sures and deaths by zone served as the core model for anal-
ysis. In addition, models created using alternative expo-
sure series were used in the sensitivity analyses.

CORE (ZONAL) MODEL SPECIFICATIONS

As mentioned earlier, a full blown geostatistical analy-
sis of the data could not be conducted because address
information was not consistently available. This means
that it was not possible to fit a fully disaggregated regres-
sion model that regresses individual deaths on individual
exposures. However, as mentioned earlier, because deaths
could be disaggregated by zones, we fitted a quasi-Poisson
model of the following form:

log(E[mortalityit]) = 
�0i + �1PMi(t�1) + f1(t) + f2(tempt) + f3(rht), (1)

where mortalityit is the all-cause mortality for zone i on day
t, �0i is the intercept for zone i and PMi(t�1) is the average
PM10 concentration for zone i on day t�1. The function
f1(t) accounts for any temporal variations in mortality not
explained by variations in daily PM10 concentrations or in
weather. For functions f2(tempt) and f3(rht), tempt and rht
are the average daily temperature and average daily rela-
tive humidity, respectively, on day t. Although mortalityit
is directly available from the observed data, we needed a
reasonable approximation for PMit. Because not all zones
have AQMs and not all points within a zone have a unique
nearest AQM, we superimposed a grid of 0.5 km2 squares
over all 10 zones within the Chennai Corporation bound-
ary (see Figure 14).

For a fixed zone, i, PMit is measured as the simple aver-
age of the readings from all grid cells (located in zone i on
day t [i.e., for a fixed zone i on a given day t]),

PMit = (2)
	k
Sit

PMitk

Ni
------------------------------

where Sit is the set of Ni grid cells with centroids located
in zone i for which a valid exposure is available on day t
(i.e., for which readings have been recorded at the nearest
AQM on the day). PMitk is the exposure assigned to cell k
in Sit. While an entire zone cannot always be assigned to
one unique AQM (see Figure 15), each cell in the grid is
sufficiently small for all points within the cell to have one
single nearest AQM (see Figure 14). For the sake of unique-
ness, we assigned to each grid cell the exposure recorded
at the AQM closest to its centroid.

To illustrate how the daily average PM10 concentration
over a zone is calculated, we will use zone B as an exam-
ple. As shown in Figure 16, the zone may be approximated
by a grid of 214 squares, each with an area of 0.5 km2. For
this set of squares, AQM 1 is the nearest available monitor
for 43 squares, AQM 5 is the nearest for 86 squares, AQM 4
is the nearest for 84 squares, and AQM 7 is the nearest for
1 square.

If on a particular day, readings have been recorded at all
four of those AQMs and are, for example, 85 µg/m3 (AQM 1),
74 µg/m3 (AQM 5), 95 µg/m3 (AQM 4) and 86 µg/m3 (AQM
7), the average PM10 concentration for zone B on this day
would be estimated as:

 = 84.6 µg/m3.

If, however, AQM readings were recorded only at AQMs
1 and 4 with the same readings as in the previous example,
the average PM10 concentration for zone B would then be
estimated as:

 = 91.6 µg/m3.

If none of the four AQM readings were recorded on a
particular day, the average PM10 zone B concentration
would be treated as a missing observation, and deaths from
zone B on the same day would be automatically excluded
from the analyses.

This approach implies that on days when data from all
AQMs representing a zone are available, the average zone
exposure would be adequately weighted by the proportion
of grids close to particular AQMs, and on days when none
of the grids in a zone have an available value they would
be excluded from the analysis. A limitation of this ap-
proach is that on days when data from at least one of the
AQMs influencing a zone are missing, there would be
some exposure misclassification. On such days, we ig-
nored all cells assigned to AQMs with missing data, and
instead used the average overall grid cells for which the
reading at the nearest AQM had been recorded. This effec-
tively replaced the grid cells that had missing readings
with the average value of grid cells for which readings

43 � 85 + 86 � 74 + 84 � 95 + 1 � 86
43 + 86 + 84 + 1

---------------------------------------------------------------------------------------------------

43 � 85 + 84 � 95
43 + 84

------------------------------------------------
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Figure 16. An example using zone B to illustrate how average PM10 concentration is calculated for a given day. The area of zone B is approximated by a
grid of 214 squares (0.5 km2 each). Source: Prepared by SRMC using base maps for Chennai city provided by Ms. Tata Consultancy Services.

had been recorded, or in terms of AQMs, substituted the
values of a weighted average of adjacent AQM readings for
a missing value. This leads to some misclassification but
we can assume that the degree of misclassification is small
if the spatial gradient in exposures is gradual. This was
true for Chennai, as can be seen from the map of average
grid-wise daily PM10 exposures based on available data
given in Figure 17. Further, as mentioned previously,
because the distribution of deaths is assumed to be uni-
form across a zone, all nearest AQMs can be assumed to
represent likely zonal exposures. Finally, since the zonal
model allows individual zones to be included or excluded
depending on AQM availability on each day, the data sets
for AQMs 6 and 7, despite having many missing observa-
tions, could be included for all valid periods (such as most

of 2003 and all of 2004). Also, industrial AQMs outside the
city boundary were included in case they were the closest
available AQM for select zones (or parts thereof).

Because data were missing for multiple days we only
considered a lag of one day in modeling the effect of PM10
on mortality (i.e., total daily mortality on day t is assumed
to be influenced by PM10 concentrations on day [t�1]). Fit-
ting distributed lag models to our data for a general lag of
order P > 1 is complicated by the high percentage of miss-
ing observations, as such models require that PM10 read-
ings are recorded for P + 1 consecutive days. By contrast,
including a single lag term can be accomplished by a shift
of the PM10 series. We have considered the effect of shifts
of size 2 and 3 in the section on sensitivity analysis.
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MODELS USED IN SENSITIVITY ANALYSES

The zonal exposure series used for core model develop-
ment evolved from an elaborate examination of alternative
exposure series created using data from single or multiple
AQMs. While the zonal series is likely the best choice among
available exposure series, we used models developed using
all alternative series in sensitivity analyses. Accordingly,
we developed:

• single-AQM models using available exposure data from

o AQM 4;

o AQM 5;

o the average of the industrial AQMs (because indus-
trial AQMs 1–3 displayed similar movements over
time and showed good correlations, we combined
their readings);

• multiple-AQM models using:

o available exposure data from both nonindustrial
monitors AQM 4 and AQM 5;

o available data from both nonindustrial monitors
AQM 4 and AQM 5 together with the averaged data
from the 3 industrial monitors (average of AQMs 1,
2, and 3); and

o available and imputed data (to fill in missing val-
ues) from both nonindustrial monitors AQM 4 and
AQM 5 together with the averaged data from the 3
industrial monitors (average of AQMs 1, 2, and 3).

We provide details of the models in Appendix F but dis-
cuss comparisons with the core model in the main sections
of this report.

SELECTION OF CONFOUNDER DEGREES 
OF FREEDOM

Given an exposure series {xt}, for the core or alternative
models (used in sensitivity analyses) we have used quasi-
Poisson GAMs of the form:

log(E[mortalityt]) = �0 + �xt + f1(t) + f2(tempt) + f3(rht), (3)

where mortalityt is the total number of all-cause mortality
on day t; xt is PM10 concentration on day t; tempt is the
average daily temperature on day t; and rht is the average
daily relative humidity on day t.

The function f1(t) accounts for any temporal varia-
tions in mortality not explained by variations in daily
PM10 concentrations or in weather. The effect of known
confounders such as temperature and relative humidity is
modeled through the functions f2(tempt) and f3(rht) where
tempt and rht are the average daily temperature and aver-
age daily relative humidity, respectively, on day t.

For each of the exposure series choices used, the func-
tions f1(t), f2(tempt), and f3(rht) are assumed to be smooth
and are modeled using penalized splines (Hastie and
Tibshirani 1990; Ruppert et al. 2003). The degrees of free-
dom for the smooth terms were selected based on the ap-
proach of Dominici and colleagues (2004). Many approaches
for selection of degrees of freedom have been discussed in
the smoothing literature and most suggest selection based
on optimization of a measure of goodness-of-fit such as the
generalized cross validation criterion (GCV; Wood 2004) or
the Akaike Information Criterion (Ruppert et al. 2003). We
used the method specified by Dominici and colleagues
(2004) because it recognizes that the objective of time-
series studies of air pollution and mortality is not to opti-
mize the predictive power of the model but to maximize the
precision with which the coefficient �1 is estimated. We
provide an algorithm for selection of degrees of freedom

Figure 17. Spatial gradients in PM10 concentration with AQM locations
(generated using annual averages assigned to each grid from the nearest
available AQMs for the study period). Source: Prepared by SRMC using
base maps for Chennai city provided by Ms. Tata Consultancy Services.
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for each smooth term based on the bootstrap technique
after an extensive consideration of the complications of
concurvity in such models. Concurvity is the curve equiv-
alent of multicollinearity and arises due to the dependence
of both exposure and mortality on the same covariates (i.e.,
temperature, relative humidity, and time).

To estimate the degrees of freedom for the time compo-
nent f1(•) in equation 3, the algorithm involved four steps.

1. Estimate the degrees of freedom,  which best predict
the exposure, xt as a function of t in the conventional
sense of minimizing the GCV.

2. Fit the model in equation 3 with xt and t on the right
side using degrees of freedom larger than  for f1(•).
We used d* = 3  degrees of freedom for f1(•). This
leads to an unbiased estimate of �1 but it will have a
large variance.

3. Perform a bootstrap analysis by generating values of
mortalityt from the model in equation 3 (again with
only xt and t on the right side) assuming d* degrees of
freedom for f1(•).

4. Fit the model using these generated values and as-
suming 1, 2, . . ., d* degrees of freedom for f1(•). Find
the bias and variance of each of the estimates and
choose that value d which leads to an unbiased esti-
mate with the smallest variance.

To get the degrees of freedom for the smooth terms cor-
responding to temperature and relative humidity, we re-
peated the above algorithm, substituting temperature or
relative humidity for time. Figure 18 illustrates the appli-
cation of the above approach and the selection of degrees
of freedom by optimizing square bias and variance of the
estimates. The zonal model does not permit direct appli-
cation of the procedure of Hastie and Tibshirani (1990)
because that procedure requires a single-exposure series.
Degrees of freedom were calculated separately for each con-
founder for each of the single-series models, and the max-
imum of these was used for the zonal model. Applying this
approach to the zonal series led to the selection of 8 df per
year for time, 6 df per year for temperature, and 5 df per
year for relative humidity. This choice was subsequently
applied in all models used for sensitivity analyses as well.

d̂

d̂
d̂

Figure 18. Confounder degrees of freedom selection by optimizing square
bias and variance of the estimated RR for PM10 following the method of
Dominici and colleagues (2004). USB indicates unconditional squared bias;
UV indicates unconditional variance.
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SENSITIVITY ANALYSES

Results from all models are presented together with other
results of sensitivity analyses in Table 10. The percentage
change per 10-µg/m3 increase in pollutant concentration
was estimated by multiplying the �-coefficient from the
regression model by 1000.

Results from the Alternative Models Exposure Series

Single-AQM Models The three single-AQM models esti-
mated a change in mortality per 10-µg/m3 increase in PM10
concentration for each of the three exposure series: AQM 4 =
0.43% (95% CI = 0.11 to 0.95); AQM 5 = 0.33% (95% CI =
�0.10 to 0.76); and the industrial AQM average = 0.30%
(95% CI = �0.11 to 0.71) (Table 10). The three models
explain 49.5% (AQM 4), 48.7% (AQM 5), and 43.8% (in-
dustrial AQM average) of the total deviance. The estimated
overdispersion parameters for the models are 1.40 (AQM 4),
1.54 (AQM 5), and 1.56 (industrial AQM average).

Multiple-AQM Models Using Available Data The mul-
tiple-AQM models did not find statistically significant evi-
dence of a differential effect of AQMs (P = 0.86). Therefore,
we pooled the individual � coefficients using a weighted
average of inverse variances to arrive at a common pooled
estimate. The two multiple-AQM models estimated a
0.39% (95% CI = 0.17 to 0.62) and 0.30% (95% CI = 0.10 to

RESULTS

CORE (ZONAL) MODEL

Detailed Results

Tables 9 and 10 provide details of the core (zonal)
model results. The model estimates a log mortality ratio of
0.00044 (95% CI = 0.00017 to 0.00071). This corresponds
to a 0.44% (95% CI = 0.17 to 0.71) increase in mortality per
10-µg/m3 increase in PM10 concentration.

The zonal model uses 8, 6, and 5 degrees of freedom per
year to adjust for confounding by time, temperature, and
relative humidity, respectively. The model explains 50%
of the total deviance. The estimated overdispersion param-
eter for the model is 1.25, which is lower than that for any
other model fitted to the data.

Residual Analysis

The studentized deviance residual from the core (zonal)
model was plotted against predicted mortality, PM10, time,
and temperature (Figure 19). Most residuals are scattered
around zero with no specific pattern. Though the points
beyond the upper and lower lines indicate the presence of
outliers, we have addressed this through outlier analysis
in the next section.

 

Table 9. Output of Core (Zonal) Modela

Parameters Estimate 95% CI P Value

1.7606474  1.705 to 1.815 < 2 � 10�16b

2 0.5807508  0.522 to 0.638 < 2 � 10�16b

3 0.8815847  0.826 to 0.936 < 2 � 10�16b

4 0.3389721  0.282 to 0.396 < 2 � 10�16b

5 0.9744544  0.919 to 1.029 < 2 � 10�16b

6 0.0195223 �0.042 to 0.081 0.53352
7 0.6474729  0.591 to 0.704 < 2 � 10�16b

8 0.4317842  0.374 to 0.489 < 2 � 10�16b

9 �0.0060403 �0.056 to 0.068 0.84957
10 0.3001306 �0.358 to �0.242 < 2 � 10�16b

0.0004414  0.00017 to 0.00071 0.00129c

f1 (time) df = 24 < 2 � 10�16b

f2 (temperature) df = 17 1.44 � 10�7b

f3 (relative humidity) df = 14 0.511

a  indicates the estimated general intercept; �i indicates the estimated zone-specific additions to the intercept;  indicates the estimated coefficient for PM10.
b Significant at P < 0.001.
c Significant at P < 0.01.

�̂
�̂
�̂
�̂

�̂
�̂
�̂
�̂

�̂
�̂
�̂

�̂ �̂
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Table 10. Estimated Effect of PM10 from Alternative Models and Sensitivity Analysis for the Core Zonal Modela

n

10-µg/m3 PM10 Increase Estimate 
of Over-

dispersion

Deviance
Explained

(%) P Value% Change (95% CI) RR (95% CI)

Core (Zonal) Model, Lag 1 742  0.44 (0.17 to 0.71) 1.004 (1.002 to 1.007) 1.25 50 0.001

Alternative Exposure Models

Single AQM
AQM 4 358  0.43 (0.11 to 0.95) 1.004 (1.001 to 1.008) 1.40 49.5 0.133
AQM 5 375  0.33 (�0.10 to 0.76) 1.003 (0.999 to 1.008) 1.54 48.7 0.007
Average Industrial 712  0.30 (�0.11 to 0.71) 1.003 (0.999 to 1.007) 1.56 43.8 0.153

Multiple AQMb

Without industrial AQMs 512  0.39 (0.17 to 0.62) 1.004 (1.002 to 1.006) 1.49 45.0 0.000
With industrial AQMs 731  0.30 (0.10 to 0.50) 1.003 (1.001 to 1.005) 1.66 45.1 0.002
With industrial AQMs + 

Imputed 1096  0.40 (0.20 to 0.60) 1.004 (1.002 to 1.006) 1.62 44.5 0.000

Sensitivity Analyses
Zonal model

Male 742  0.53 (0.13 to 0.93) 1.005 (1.001 to 1.0093) 1.12 30.0 0.012
Female 742  0.38 (0.03 to 0.73) 1.004 (1.0004 to 1.007) 1.18 39.9 0.025

Age (years)
0–4 742  0.17 (�0.42 to 1.78) 1.002 (0.986 to 1.018) 1.26 21.6 0.834
5–44 742  0.59 (0.01 to 1.17) 1.006 (1.0001 to 1.012) 1.14 41.9 0.042
45–64 742  0.65 (0.17 to 1.14) 1.007 (1.002 to 1.011) 1.08 25.8 0.007
� 65 742  0.31 (�0.05 to 0.70) 1.003 (0.999 to 1.007) 1.14 23.4 0.103

PM10 lag 0 743  0.30 (0.04 to 0.57) 1.003 (1.0003 to 1.006) 1.21 50.5 0.021
PM10 lag 2 741 �0.0005 (�0.28 to 0.28) 1.000 (0.997 to 1.003) 1.30 48.9 0.997
PM10 lag 3 740 �0.01 (�0.30 to 0.27) 1.000 (0.997 to 1.003) 1.31 48.7 0.943

Multiple-pollutant (NO2) 742  0.55 (0.24 to 0.86) 1.006 (1.002 to 1.009) 1.22 50.0 0.000
Distributed weather lag 742  0.37 (0.10 to 0.65) 1.004 (1.001 to 1.006) 1.21 50.8 0.008
Excluding outlier 742  0.46 (0.19 to 0.73) 1.005 (1.002 to 1.007) 1.21 50.1 0.000

Season
Mar–Aug 742  0.56 (0.21 to 0.92) 1.006 (1.002 to 1.009) 1.22 50.1 0.002
Sep–Feb 742  0.59 (0.23 to 0.96) 1.006 (1.002 to 1.010) 1.22 50.1 0.002

df (time, temp, RH)
(25, 20, 15) 742  0.47 (0.20 to 0.74) 1.005 (1.002 to 1.007) 1.21 50.1 0.001
(30, 25, 20) 742  0.45 (0.18 to 0.71) 1.004 (1.002 to 1.007) 1.21 50.4 0.001
(35, 30, 25) 742  0.38 (0.11 to 0.65) 1.004 (1.001 to 1.007) 1.20 50.8 0.007
(40, 35, 30) 742  0.38 (0.10 to 0.66) 1.004 (1.001 to 1.007) 1.20 51.1 0.007

a n indicates the number of days that had available data over the study period; RH indicates relative humidity. Unless otherwise specified, all RR are for 
PM10 of lag 1.

b Multiple-AQM models: Without industrial AQMs includes available exposure data from both nonindustrial monitors AQM 4 and AQM 5; With industrial 
AQMs adds averaged data from the 3 industrial monitors (AQMs 1, 2, and 3); With industrial AQMs + Imputed adds imputed data (to fill in missing values) 
from both nonindustrial monitors AQM 4 and AQM 5 together with the averaged imputed data from the 3 industrial monitors (AQMs 1, 2, and 3).

0.50) change in mortality per 10-µg/m3 increase in PM10
concentration, corresponding to exclusion and inclusion
of the industrial AQMs, respectively (Table 10). The two
models accounted for 45.0% and 45.1% of the deviance,
respectively. The estimated overdispersion parameters for
the models were 1.49 and 1.66, respectively.

Multiple-AQM Models Using Available and Imputed
Data The multiple-AQM model with imputed values for
missing days also did not find statistically significant
evidence of a differential effect of AQMs (P = 0.56).
Accordingly we pooled the individual � coefficients using
a weighted average of inverse variances to arrive at a
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common pooled estimate. The model estimated a 0.40%
(95% CI = 0.20 to 0.60) increase in mortality per 10-µg/m3

increase in PM10 concentration (Table 10).

Sensitivity Analyses for the Core Model

Confounder Degrees of Freedom To explore the robust-
ness of the relative risk (RR) to choice of confounder
degrees of freedom, a detailed sensitivity analysis was car-
ried out for the core model. The results are summarized in
Figure 20. The figure shows that with the variation in
degrees of freedom from 1 to 45 for time, 1 to 36 for tem-
perature and 1 to 24 for relative humidity, the estimates
of RR change slightly from 1.003 to 1.006. This exercise

supplemented the optimum choice of degrees of freedom
by following the procedure suggested by Dominici and
colleagues (2004).

Stratification by Sex and Age All analyses presented in
this report are based on total all-cause mortality in Chen-
nai, irrespective of sex or age. Table 10 presents sensitivity
of the RR to age- and sex-specific analyses. As before, there
was not much variation in the estimated RR, but we
observed a general increase in RR from 1.002 (for children
between 0 and 4 years) to 1.007 (for adults between 45 and
64 years). Analysis for the group of adults 65 years and
older finds an estimated RR of 1.003, but this is likely to be
unreliable because the sample size was small. There was

Figure 19. Studentized deviance residual plot against predicted mortality, PM10, time, and temperature for the core model.
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no significant difference in the RR for males (1.005) and
females (1.004).

Exposure Lag We have explored the sensitivity of the RR
estimate to the lag specification used for PM10 concentra-
tion. The results are presented in Table 10. The RR changes
from 1.004 (95% CI = 1.002 to 1.007) for the core (zonal)
model with its 1-day lag to 1.003 (95% CI = 1.0003 to
1.006) for a zero-lag model and is insignificant with 2- and
3-day lags. Another lag specification explored in sensitiv-
ity analysis was the lag model assumed for the meteoro-
logic confounders. A distributed lag model with a 7-day
lag for temperature and relative humidity was fitted, but
no appreciable change was found in the estimates.

Inclusion of Gaseous Pollutants A multiple-pollutant
model was fitted to the data with NO2 as another potential
confounder of the effect of PM10 concentration. The SO2
data were not considered reliable enough for inclusion,
because many of the values lie below the detection limit.

The RR for PM10 increased marginally from 1.004 to 1.006
after inclusion of NO2.

Season-Specific Analysis To examine the effect of sea-
son on mortality and to explore whether such seasonal
effect confounds PM10 concentration, a sensitivity analy-
sis was conducted by incorporating a seasonal effect and a
pollution � season interaction term in the core model.
Two seasons were assumed — one from September through
February and the other from March through August. The
season–exposure interaction was statistically insignificant.

Outliers As is typical of environmental exposures, each
of the exposure series is skewed to the right with several
outlying observations at the upper end of the exposure
scale. Estimates of relative risk typically are highly influ-
enced by such outliers in the sense that inclusion or exclu-
sion of these outliers can have a substantial impact on the
estimates. A naive means of assessing the influence of
these outliers is to compare the estimates before and after
deletion of the top x% of exposures. This is not the best
approach, for every high exposure is not necessarily an
outlier. Moreover, it is not clear how to generalize this
approach to the case where the data also contain informa-
tion on confounders, which in turn may have some outly-
ing values. Formal deletion diagnostics procedures have
been developed for several statistical models, and the stan-
dard approach is to consider the effect of deletion of each
individual in turn on parameter estimates and predicted
values. Therefore, we used the formal deletion diagnostic
techniques that have been developed for the generalized
linear model. While these diagnostics are not directly
applicable to the GAM, we could reduce our model to a
comparable generalized linear model by using a Poisson
link and natural splines with the same degrees of freedom
as the corresponding GAM. Figure 21 shows the output
obtained from these deletion diagnostics. The figure is a
so-called bubble plot of studentized DFFIT residuals plot-
ted against fitted values; the size of each bubble is propor-
tional to the corresponding exposure. Vertical reference
lines are drawn at two and three times the average fitted
value and horizontal reference lines are drawn at �2, 0,
and 2 for the studentized residual scale. Influential obser-
vations are those which lie outside these reference lines.
We have refitted the core zone specific time-series model
after dropping the influential values; the results are pre-
sented in Table 10. The results show that inclusion or
exclusion of outliers had a minor effect on estimated rela-
tive risk. The estimate of RR obtained through inclusion of
outliers is 1.004 while the estimate is 1.005 when outliers
have been excluded from the analysis.

Figure 20. Sensitivity analysis: Changes in the estimated RR for PM10 as a
result of varying confounder degrees of freedom.
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DOSE–RESPONSE

To test for evidence of nonlinearity we refitted our core
model as follows:

log(E[mortalityit]) = 
�0i + f(PMi(t�1)) + f1(t) + f2(tempt) + f3(rht), (4)

where mortalityit is the mortality for zone i on day t, �0i is
the intercept for zone i, f(PMi(t�1)) is the smooth function
of the average PM10 concentration for zone i on day t�1.
The function f1(t) accounts for any temporal variations
in mortality not explained by variations in daily PM10

concentrations or in weather. For functions f2(tempt) and
f3(rht), tempt and rht are the average daily temperature and
average daily relative humidity, respectively, on day t. The
estimated dose–response curve is shown in Figure 22A. A
curve based on 4 df minimizes the GCV. However, note
that the curve is linear over the major range of the data and
any nonlinearity is largely driven by a few outlying values
at the upper range of exposures. In Figure 22B, we have
plotted the results of refitting the dose–response curve
after deleting outlying PM10 concentrations (concentrations
which lie outside the 95% CI for the three-year annual
average PM10 concentration for the city); the refitted curve
is based on 1 df, which corresponds to the minimum GCV.
We conclude that there is no significant evidence for non-
linearity in the dose–response model.

Figure 23 shows the results of core and alternative
models and the accompanying sensitivity analyses for the
core model.

Figure 21. Bubble plot for detection of outliers and influential values for
the core (zonal) model.

Figure 22. Sensitivity analysis: Dose response curves for PM10 using ver-
sion 1.3-24 of the mgcv package in R and the estimated degrees of freedom
for each model. A) The estimated curve from the full data set (4 df ); B) The
estimated curve after deleting outlying exposures (1 df ). E(log mortality
ratio) indicates expectation of log mortality ratio.

Figure 23. A comparison of the estimated RR’s for PM10 obtained from the
core zonal model, alternative models, and sensitivity analyses. Ind. indi-
cates industrial AQMs; Ind. Avg. indicates average of the industrial AQMs;
Multi-pollutant (NO2) indicates multiple-pollutant model with inclusion of
NO2 as a confounder.
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zonal model measures the effect of increase in the
average PM10 concentrations on zone-specific mortal-
ity and provides an aggregated estimate for the whole
city. Given the differences in source strengths, types
of sources, dispersion potential, and the limited foot-
prints of the AQMs, it seems likely that the RRs from
the zonal model best represent the underlying rela-
tionship between citywide variation in PM10 level and
mortality (this is further corroborated by the smallest
width of 95% CIs and degree of overdispersion as
described later).

4. Width of 95% CI for the RR due to PM10 concentra-
tion: The single-AQM series corresponding to AQM 4,
AQM 5, and the industrial AQMs report widths of
0.007, 0.009, and 0.008 respectively for the 95% CI of
the RR. The 95% CI width is 0.004 for all multiple
AQM models. The core (zonal) model 95% CI width
is 0.005.

5. Degree of overdispersion: The single-AQM series cor-
responding to AQM 4, AQM 5, and the industrial AQM
average report overdispersion parameters of 1.40, 1.54,
and 1.56 respectively. The multiple-AQM models cor-
responding to exclusion or inclusion of the industrial
AQMs have overdispersion parameters of 1.49 and
1.66 respectively. The multiple-AQM model with im-
putation has an overdispersion parameter of 1.62. The
core (zonal) model has an overdispersion parameter
of 1.25.

6. Restrictiveness and plausibility of assumptions: The
various models compare as follows:

• Single-AQM models: Assumes that changes in a sin-
gle AQM can accurately represent changes in aver-
age pollutant concentrations across the city.

• Multiple-AQM model based on observed data: There
was no such restrictiveness, but the model formula-
tion was not parsimonious and interpretation of the
different � estimates can be difficult. Multicollinear-
ity can arise due to the presence of a large number
of indicator variables.

• Multiple-AQM model based on imputed data: Re-
quires the imputation model to have high predictive
power. At the same time, the high predictive power
of the model leads to a situation of high concur-
vity (Peng et al. 2006) and can lead to unidentifiable
� estimates.

• Zonal model: Assumes that the population is dis-
tributed within a zone in a homogeneous manner.
This assumption could be verified with high resolu-
tion zonal data on population density that were not
available for our study.

DISCUSSION

The various models may be compared as follows:

1. Utilizing a high percentage of the available exposure
and mortality data: Data from AQM 4, AQM 5, and
the industrial AQMs were recorded for 48%, 50%,
and 96% of all days in the study period. By compari-
son, the multiple-AQM models used pollutant con-
centration and mortality data for 69% and 98% of all
days in the study period, corresponding to exclusion
or inclusion of the industrial AQMs, respectively. The
zonal model used pollutant concentration and mortal-
ity data for 100% of the days in the study period.
Weekends and holidays have been ignored when cal-
culating the total number of days in the study period.
Thus the zonal model used all available data, but the
models that included industrial AQMs also utilized a
high percentage of the available data.

2. Estimated RR due to PM10 concentration: The RR
estimates for the single-AQM series corresponding to
AQM 4, AQM 5, and the industrial AQM average are
1.004, 1.003, and 1.003 respectively. The multiple-
AQM model based on AQM 4 and AQM 5 estimates
an RR of 1.004 while the model including the in-
dustrial AQM average estimates an RR of 1.003 for
AQM 4, AQM 5, and the industrial AQM average. The
multiple-AQM model with imputation of missing val-
ues estimates an RR of 1.004. None of the multiple AQM
models, however, found sufficient evidence to support
the hypothesis of a differential RR for each exposure
series. This does not imply that we have convincing
evidence that the RR’s are identical, rather that our
model does not have adequate statistical power to de-
tect a difference. In fact, this is corroborated by the RR
for AQM 4 being significant in all multiple-AQM mod-
els while the RR’s for AQM 5 and the industrial AQM
average are insignificant. This also explains the differ-
ence in the RR estimates for AQM 5 and the industrial
AQM average between the single- and multiple-AQM
models. The core (zonal) model finds a statistically
significant RR estimate of 1.004.

3. Interpretation of RR estimates: The RRs from the
single-AQM models measure the impact of changes in
PM10 recorded by AQM 4, AQM 5, and the industrial
AQM average on total all-cause mortality in Chennai.
The corresponding coefficients in the multiple-AQM
models have the same interpretation as those in the
single-AQM models. Owing to the low correlation
between AQMs, it can be expected that inclusion or
exclusion of another AQM will not serve as a con-
founder in the multiple-AQM model. The RR from the
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Based on all observations provided above, we believe
that the zonal model makes the best use of the limited data
that were available to the investigators. It utilizes all avail-
able data, affords the best possible assignment of exposure
and is based on a relatively strong underlying causal rela-
tionship reflected by a short 95% CI and low overdisper-
sion. A significant limitation of this approach has been the
inability to address: (1) the impact of bias resulting from
the high proportion of missing data at included AQMs, the
nonuniform availability of data from all AQMs on any
given day, and the assumption of a homogenous distribu-
tion of population within a zone; (2) the increased noise in
the exposure series created by dropping grid squares with
missing data from a zone’s daily mean; and (3) the mobility
of the population.

COMPARISON WITH PREVIOUS STUDIES IN ASIA

Chennai’s annual averages of less than 80 µg/m3 for
PM10 (Central Pollution Control Board 2006) were among
the lowest recorded in Indian cities but were higher than
what had been reported from most other Asian studies. On
the other hand, concentrations of SO2 and NO2 were con-
sistently well below guideline values (WHO 1999, WHO
2005). Many Asian studies report effects estimates for a
range of criteria air pollutants including PM10, PM2.5, SO2,
NO2, carbon monoxide, and ozone for a range of health
outcomes including all-cause and cause-specific mortality.
However, the present study was confined to estimates for
associations between PM10 and all-cause mortality, mostly
because cause-of-death data were not available and meth-
odological issues precluded inclusion of pollutant data for
gases. Although the statistical methods used in this study
were similar to what has been used in recent time-series
studies in Asia, the United States, and Europe, they have
gone beyond routine methods. In particular our methods
have customized approaches for settings that encounter data
challenges similar to what was experienced in this study.

The core model estimates a 0.44% (95% CI = 0.17 to
0.71) increase in mortality per 10-µg/m3 increase in daily
average PM10 concentrations. These effects estimates for
PM10 are very similar to the summary estimates obtained
from the Asian studies (summary effects estimates were
0.41% [95% CI = 0.25 to 0.56] and 0.49% [95% CI = 0.23
to 0.76] for fixed and random effects respectively from
four studies; HEI 2004). This is also in the range of esti-
mates found in the APHEA study of 29 European cities
(Katsouyanni et al. 2001) of a 0.6% increase in risk of mor-
tality and that of a 0.21% increase in risk of mortality
reported in revised estimates of the NMMAPS study in the
United States (Samet et al. 2000b). This is not surprising
given the similarity in exposure and perhaps baseline
demographic and health profiles. In Chennai the annual

averages for PM10 are at the lower end of what is found in
most large cities in India, at the upper end of APHEA and
NMMAPS cities, and is comparable with those of many
Asian cities. Chennai’s health and socioeconomic status
indicators are among the best for Indian cities and perhaps
reflect additional grounds for similarity to other cities where
such studies have been conducted (a formal comparative
analysis is being performed).

The dose–response relationship we observed for daily
average concentrations of PM10 is linear between 0 and
150 µg/m3 (the 95% upper confidence limit for the 3-year
average PM10 concentration). This is similar to what has been
reported in previous literature over the same concentration
range. Our study had too few observations above 150 µg/m3

to allow reliable prediction of the dose–response curve
beyond 150 µg/m3.

Some Asian studies have reported sensitivity analyses
that included age and sex stratifications, lag structures,
and multiple-pollutant models. For example, from 11 esti-
mates for PM10 and daily mortality in 4 cities, all estimates
showed an increased risk of mortality for all ages, with
the highest estimates for the age groups of � 50 years or
� 65 years (HEI ISOC 2004). In our analyses the mean esti-
mated relative risk was lower for females than for males,
although this effect was not pronounced. Age did not ap-
pear to have any consistent effect on the results, although
the risks for people 45 to 64 years and for people 65 years
and older generally tended to be the highest and the
most significant.

Few Asian studies have reported details of alternative
lag structures used, but they found that 1-day lags consis-
tently yielded the most significant estimates. Similarly, few
studies report results of multiple-pollutant models. In the
present study, inclusion of NO2 data in a multiple-pollutant
model slightly increased the coefficients for PM10, but not
significantly. Over 25% of NO2 values and up to 50% of
SO2 values in all stations were clustered around the lower
detection limit of 4 µg/m3. Single-pollutant models for
gases were therefore not feasible for reasons cited earlier.
Similarly, inclusion of cumulative averages was not feasi-
ble because of the large number of missing observations.

UNCERTAINTIES OF 
ENVIRONMENTAL MEASUREMENTS

Environmental characterization analyses have not often
been described in Asian studies. Lippmann and coworkers
(2000) describe three main contributions to environmental
measurement characterization errors with regard to site-to-
site variability, person-to-AQM variability, and analytic
and instrumentation errors.
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Site-to-Site Variability

We examined site-to-site temporal variability in great
detail because the lack of correlation between AQMs com-
bined with a high percentage of missing days for each
AQM posed the biggest challenges in creating represen-
tative exposure series that would result in the least amount
of exposure misclassification. Interestingly, the CPCB pro-
tocol required that AQMs be placed at sites that are likely
to differ in pollutant concentrations because of human
activity (such as industrial, commercial, and residential).
Also, to capture variations across city zones (and possibly
to identify local control strategies), the sampling height
was set much lower than the height recommended for true
background samplers. While they were labeled as urban
scale AQMs (with a range of 4–100 km), because they were
at the lower end of that range they functioned more as
neighborhood scale AQMs. Therefore, the variations found
among AQMs are to be expected owing to the design of the
monitoring network. The QA and QC information provided
by TNPCB excludes the possibility that systematic mea-
surement error across AQMs or days was responsible for
the observed lack of correlation. The small footprints of
the AQM stations combined with the differences in source
strengths are thus likely to be the primary reason for the
site-to-site variation.

Finally, because of the large percentage of missing values
against the backdrop of considerable spatial heterogeneity,
we refrained from averaging across AQMs or pooling avail-
able estimates into a single-exposure series. Our model
development was concerned with addressing both the site-
to-site variation and the missing data with consequent
minimization of exposure misclassification.

Person-to-AQM Variation

The limitations of the data set available for the study
and the nonavailability of detailed personal exposure data
precluded application of formal methods to assess contri-
butions from exposure measurement errors to the zonal
model (such as differentially being able to address classi-
cal and Berkson errors as demonstrated in Zeger et al.
2000). Preliminary results from previous studies carried out
by the same investigators in Chennai city (Balakrishnan
and Parikh 2005) indicate that the observed spatial hetero-
geneity in PM10 concentrations recorded by the ambient
AQM stations was mirrored in population exposure recon-
structions (performed through multiple microenvironmen-
tal measurements and time–activity assessments). Results
indicated that in general, industrial zone residents have
greater exposures to PM10 because of considerably higher
outdoor air pollution concentrations. The distribution of
other determinants (e.g., environmental tobacco smoke and

indoor solid fuel use) was not significantly different across
zones. The bulk of the personal exposures was accounted
for by commuting exposures that tended to be the highest
in industrial zones. This spatial gradient of outdoor ex-
posures across zones is also borne out in the pollutant
concentration maps, such as for PM10 in Figure 17, which
were generated using the annual averages assigned to each
grid from nearest available AQMs for the study period (see
Figure 16). The northernmost zones of the city are the clos-
est to major industries (see Figure 1) and have the highest
average pollutant concentrations when compared with
southern residential areas. While in general it is well rec-
ognized that no ambient AQM would adequately capture
personal exposures, because of the nature of the monitor-
ing protocols followed in Chennai and other studies in
India, the overwhelming site-to-site variability may have
worked in favor of a smaller person-to-AQM variation in
the zonal models. The 95% CI for the core (zonal) model is
also the smallest, suggesting that this method leads to the
most precise treatment of the data because it appears to
have a lower degree of exposure misclassification.

Analytic and Instrumentation Errors

Lack of hourly data and sensitivity of gas measurement
methods did not permit inclusion of gases in single- or
multiple-pollutant models with the exception of one site
for NO2 (AQM 4). We were provided access to the com-
plete set of QA and QC information related to sampling by
TNPCB. There was no difference in terms of the proce-
dures used among stations, and compliance with the stan-
dard operating procedures was nearly 100%. Thus, a high
degree of precision in estimates collected from each site is
expected. Since most sampling protocols used by TNPCB
and CPCB are either historical methods used by the U.S.
Environmental Protection Agency or are modified versions
of current methods, we attempted to compare the accuracy
of the measurements collected by the indigenous instru-
ments. Most studies in Asia have used �-ray absorption or
tapered element oscillating microbalance methods for mea-
suring PM10 and chemiluminescence methods for measur-
ing gases, while routine AQM stations in Chennai use
gravimetric methods and wet chemical methods for PM10
and gases respectively.

We also collected data from a continuous AQM station
that was colocated with the routine AQM station 3, and
had data available for a year within the period used in this
study. Pollutant concentrations recorded at the continuous
AQM station, which used a �-gauge method for PM10,
were generally higher than what was recorded at AQM 3,
and were modestly correlated (r = 0.76). That indicates
residual concerns about data quality. The continuous AQM
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station used chemiluminescence methods for gases, but the
available data on gaseous concentrations were too sparse
to allow comparisons with the AQM 3 data. For adminis-
trative reasons, it was not feasible to further examine the
contributions from differences in monitoring methods used
by CPCB in comparison with other international protocols.

UNCERTAINTIES IN MORTALITY DATA

Mortality data were made available electronically, a rare
practice in Indian cities (e.g., data were abstracted manu-
ally in Ludhiana, and parts of data were abstracted manually
in Delhi). Data entry checks had already been performed
by the Chennai Corporation. We further cross-checked 10%
of all entries against hard copies. The entries were also
subject to the HEI quality assurance audits and no prob-
lems were noted with respect to the fields of entry used for
analyses in this study (Appendix A). Secondly, the same
raw data (i.e., completed death registration forms) had been
independently abstracted into another electronic database
by NCI-Chennai. We merged the two databases and flagged
all discrepancies for verification against the raw data. A total
of 45 such entries were identified that required corrections
in fields that would be used in analyses. A high degree of
precision could thus be expected in the mortality data sets
similar to that of the pollutant data sets. Also, because
nearly 98% of all deaths occurring within the Chennai
municipal boundary were recorded (according to informa-
tion provided by the Vital Statistics department under the
Directorate of Public Health), uncertainties resulting from
unreported deaths are likely to be minimal.

Each zonal office of the Chennai Corporation recorded
and registered all deaths occurring within its zone. The
Chennai Corporation has a record of all deaths occurring
from all zones within the Chennai municipal boundaries.
Because the zonal offices did not consistently record the
place of residence on the death registration forms, it was
difficult to stratify mortality by residents versus nonresi-
dents of Chennai. The lack of information on permanent
addresses also precluded a full-blown geostatistical analy-
sis. The NCI-Chennai data set is limited to adults who are
Chennai residents. Comparisons of the two data sets indi-
cate that nearly 80% of the deaths recorded are from Chen-
nai residents. Given that Chennai is home to many major
medical facilities, including a large number of tertiary care
facilities, it is unlikely that a large percentage of Chennai
resident deaths occur outside the city, although we did not
attempt to estimate this.

Further, parts of the greater Chennai area that fall out-
side the Chennai Corporation limits, especially the north-
ernmost corridors, experience some of the highest expo-
sures, but we lacked the information required to assess

whether a large proportion of these deaths occurred within
the Chennai municipal boundaries or in large government
facilities located immediately outside the boundary. We
propose that future studies include deaths from all major
municipal offices in the greater Chennai area to compre-
hensively account for most deaths within the greater Chen-
nai area. The multiple-AQM and zonal models could be
further refined with these additional data.

Lacking cause-of-death information was a major limita-
tion of the mortality data set. This information would have
allowed not only the exclusion of accidental deaths but also
the examination of a range of cardiovascular and respiratory
outcomes and their relative impacts on different age groups.

CONCLUSIONS

The study has been an exploratory attempt to apply a set
of methods for time-series analyses that would most
closely describe the association between concentrations of
PM10 and all-cause mortality in Chennai city. This study
was based on retrospective data collected for the purpose
of routine monitoring. Abilities to inform health based in-
vestigations are limited considering the design, statistical
power, and level of detail available in the data sets. While
approaches developed in previous studies served as the
basis for model development, specific data limitations re-
quired the development of refinements that allowed the use
of routinely collected data to estimate the impacts of air
pollution on mortality with a reasonable level of precision.

We were able to complete the data processing steps for
the pollutant and mortality data as envisaged because of the
cooperation of the local agencies, including access to their
raw data. Although reliability was established for these
particular data sets, such cooperation may not always be
forthcoming in other settings. Also, considerable effort
was required for tracking relevant information, cleaning
up data sets, and data compilation. This may not be rou-
tinely feasible. There is thus a need to initiate steps to
structure the data collection and recording procedures in
ways that would make them more useful for environmen-
tal health professionals, both within the government and
in academic settings.

Development of a representative exposure series occu-
pied a central role in model development. Specifically, the
issues of missing data and small footprints of AQMs are
likely to be encountered in many other Indian cities as
well as in other developing countries. Until such time
when infrastructural investments allow the design of more
sophisticated monitoring mechanisms, the methods devel-
oped in this study may allow data currently being col-
lected to be used for baseline assessments in situations
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where similar exposure issues prevail. Informal discus-
sions about the results of the present study, held with
stakeholders in the State and Central Pollution Control
Boards (i.e., TNPCB and CPCB), indicate that there is inter-
est in using new methods to collect air pollution data in
select locations to facilitate data collection for future envi-
ronmental health studies.

Improved mortality data recording is recognized as
being necessary for many public health programs. There
are on-going efforts in Chennai to increase the complete-
ness of the data sets, especially with respect to the cause-
of-death fields. Although assessments of mortality impacts
are useful, morbidity data provide a much higher resolu-
tion for a range of early biologic effects of air pollution. At
present, morbidity data are poorly recorded in Chennai,
and it is virtually impossible to access routinely collected
morbidity data in electronic formats. This represents a seri-
ous challenge for the conduct of future follow-up studies.
The same can be said about meteorologic data. Improved
visibility data and electronic data sets that include hourly
readings would substantially enhance data usability. With
the increasing impetus on climate change issues, several
efforts are likely to be initiated in India to better capture
many meteorologic parameters. This may represent an op-
portunity to maximize the efficiency of utilizing routinely
collected data in time-series analyses as well as in other
environmental epidemiologic studies. However, risk com-
munication channels will need considerable strengthen-
ing, before environmental health is explicitly included in
the programs of these local agencies.

The effects estimates for PM10 are in the range of sum-
mary estimates obtained from the Asian, European, and
U.S. studies. However, without additional information on
source apportionment, emissions, and detailed informa-
tion on cause-of-death, it is difficult to judge comparability
between Chennai and the other cities, both with respect to
exposures and outcomes. This argues for the development
of such data sets locally, to guide future studies based on
retrospective data. Also, prospective studies such as those
using case–crossover designs may allow some of these
uncertainties to be addressed.

In conclusion, while we have attempted to extract the
maximum amount of information from the data sets avail-
able to us, future efforts with better ways to capture popu-
lation exposure to pollutants are needed before we can
develop a realistic picture of mortality associated with
PM10 and other criteria air pollutants. We hope that the
study methods will be useful for application in future
time-series analyses in other Indian cities, and that this
study, together with future studies, will catalyze policy
changes and contribute to the improvement of air quality
in India.
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APPENDIX A. HEI Quality Assurance Statement*

The conduct of this study was subjected to periodic,
independent audits by a team from Hoover Consultants.
This team consisted of auditors with experience in toxicol-
ogy, epidemiology and air quality data. The audits included
in-process monitoring of study activities for conformance
to the study protocols and examination of records and sup-
porting data. The dates of each audit are listed below with
the phase of the study examined.

December 5–6, 2005

Records from this study were obtained by the investiga-
tors from external groups and the audit did not extend
beyond these records to the original data sources. The 5-
and 10-month progress reports were included in the audit.
This study was conducted in accordance with two proto-
cols: an individual protocol that included the unique fea-
tures of the Chennai project and a combined protocol for
the coordinated time series analysis.

Dr. V.N. Rayudu of the TNPCB provided a tour of the air
sampling monitoring sites. The air quality data audit
focused on the National Ambient Air Quality Management
Network data from October through December 2004. Mete-
orologic data were available for 2004 at two stations, col-
lected by the study team by manual entry of records at the
Chennai office of the India Meteorological Department.
Electronic records were not checked against the original
records because the office could not be reached due to
local flooding. The data for visibility and relative humidity
were examined for their potential as an indicator of daily
particle concentrations.

Mortality data were obtained electronically from the
Corporation of Chennai. The audit compared the data

abstracted by the study team with the electronic file. A
total of 1923 mortality data points selected from two zones
were included in the audit. Variables included: date-of-
death, date-of-registration, age, gender, place-of-death, na-
tive place, religion, occupation, whether medical attention
was available, if the death was medically certified, cause-
of-death, antecedent causes, if the death was pregnancy-
related, and history of smoking and alcohol use. Recom-
mendations were presented for more standardized data
collection and cleaning procedures.

November 19, 2010

A draft titled unedited version for QA of the final study
report (and associated appendices) was examined for in-
ternal consistency and conformance with the study proto-
cols. No comments were noted and no report was provided
to HEI.

A written report of the December 2005 audit was pro-
vided to the Director of Science of the Health Effects Insti-
tute who transmitted these findings to the Principal Inves-
tigator. These quality assurance audits demonstrated that
the study was conducted by experienced professionals in
accordance with both study protocols. The final report
appears to be an accurate representation of the study.

B. Kristin Hoover
Hoover Consultants

APPENDICES AVAILABLE ON THE WEB

Appendices B–G contain supplemental material not
included in the printed report. They are available on the
HEI Web site http://pubs.healtheffects.org.

Appendix B. Common Protocol for Time-Series Studies
of Daily Mortality in Indian Cities

Appendix C. Method for Determination of Respirable
Suspended Particulate Matter (RSPM) in the Ambient Air
(Gravimetric technique with high volume sampling)

Appendix D. Determination of Sulphur Dioxide in
Ambient Air (Improved West and Gaeke Method)

Appendix E. Determination of Nitrogen Dioxide in
Ambient Air (Jacob and Hochheiser Method)

Appendix F. Single and Multiple Monitor Models

Appendix G. Aerial View of AQM Locations* The QA Statement was edited for brevity.
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ABSTRACT

 

INTRODUCTION

 

Air pollution concentrations in most of the megacities
in India exceed the air quality guidelines recommended by
the World Health Organization and may adversely affect
human health in these cities. Particulate matter (PM*) is
the pollutant of concern in many Indian cities, particularly
in the capital city of Delhi. In recent years, several actions
have been taken to address the growing air pollution prob-
lem in Delhi and other Indian cities; however, few studies
have been designed to assess the health effects of air pollu-
tion in Indian cities. To bridge the gap in scientific knowl-
edge and add evidence to the ongoing studies in other
Asian cities, a retrospective time-series study on air pollu-
tion and mortality in Delhi was initiated under the HEI
Public Health and Air Pollution in Asia (PAPA) program.

 

APPROACH

 

The study used retrospective time-series data of air qual-
ity and of naturally-occurring deaths recorded in Delhi to
identify changes in the daily all-natural-cause mortality

rate that could be attributed to changes in air quality. The
3-year study period included the years 2002 through 2004.
The methodology involved: (1) collecting data on ambient
air quality for major pollutants from all monitoring stations
in Delhi; (2) collecting meteorologic data (temperature, hu-
midity, and visibility); (3) collecting daily mortality records
from the Registrar of Births and Deaths; (4) statistically
analyzing the data using the common protocol for Indian
PAPA studies, which included city-specific modifications.

 

RESULTS AND IMPLICATIONS

 

The study findings showed that increased concentrations
of PM with an aerodynamic diameter 

 

�

 

 10 µg/m

 

3

 

 (PM

 

10

 

)
and of nitrogen dioxide (NO

 

2

 

) were associated with in-
creased all-natural-cause mortality. It was found that every
10-µg/m

 

3

 

 change in PM

 

10

 

 was associated with only a 0.15%
increase in total all-natural-cause mortality. When NO

 

2

 

alone was considered in the model, daily all-natural-cause
mortality increased 0.84% for every 10-µg/m

 

3

 

 increase in
NO

 

2

 

 concentration.

No significant effect was observed for changes in sulfur
dioxide (SO

 

2

 

) concentrations. The study provides insight
into the link between air pollution and mortality in local
populations and contributes information to the existing
body of knowledge.

 

INTRODUCTION

 

The effects of air pollution on health have been estab-
lished by a number of epidemiologic studies in various
parts of the world. The main air pollutants, SO

 

2

 

, NO

 

2

 

, and
suspended particulate matter (SPM) have been associated
with both acute and chronic respiratory morbidity and mor-
tality (Bascom et al. 1996; Ackermann-Liebrich and Rapp
1999; Samet et al. 2000). Epidemiologic studies conducted
in North American cities showed that a 10-µg/m

 

3

 

 increase
in PM

 

10

 

 was associated with an increase in mortality of
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about 0.3% to 0.5% (Samet et al. 2000). Studies from
Europe support similar observations (Katsouyanni et al.
1997). These results play an important role in establishing
PM air quality standards in the European Union and the
United States. However, only a few such studies have been
done in Asia, and they were concentrated in developed
Asian cities. Because of the limitations of epidemiologic
studies, many Asian countries have used air quality guide-
lines recommended by the World Health Organization.
These guidelines are largely based on studies conducted in
western countries but are extrapolated to developing coun-
tries to establish their air quality standards. Asia differs
from western countries, both in the nature of air pollution
and in population characteristics. Some of the highest con-
centrations of outdoor air pollution in the world were
recorded in Asian cities.

Many cities in India are considered to be among the pol-
luted megacities of the world, which are inhabited by mil-
lions of people. In recent years, several actions have been
taken, mainly in the capital city of Delhi, to address the
growing air pollution problem in Indian cities that have
suffered for decades from declining air quality. However,
few studies have assessed the health effects of air pollution
in Indian cities. To bridge the gap in scientific knowledge
and add information to the ongoing studies in other Asian
cities, HEI initiated pollution and mortality studies in
Chennai, Delhi, and Ludhiana, under the PAPA project.
This report presents the methodology and results of this
research that explores the relationship between air pollu-
tion concentrations and daily all-natural-cause mortality
in Delhi, India between 2002 and 2004.

 

OBJECTIVES

 

Main objectives of the study were:

• assess the time-series data on air quality parameters
and all-natural-cause mortality to study the relation-
ship between air pollution (mainly PM

 

10

 

) and all-
natural-cause mortality in Delhi; and

• assess the daily change in all-natural-cause mortality
in relation to changes in air quality after controlling
for potential confounding variables.

 

STUDY DESIGN

 

In this study, retrospective data on air pollution and
meteorologic parameters for the city of Delhi were collected
and analyzed by following a common protocol with suit-
able modifications for the city of Delhi (Appendix B; avail-
able on the Web). The main components of the proposed
study were:

• collecting 24-hour average concentrations of criteria
air pollutants for the study period (2002–2004) across
the 10 locations being monitored by the Central Pollu-
tion Control Board (CPCB), the National Environmen-
tal Engineering Research Institute (NEERI), and The
Energy and Resources Institute (TERI);

• collecting information about the air quality monitor
(AQM) sites to evaluate the site-selection criteria and
to determine the suitable sampling locations that could
represent the population exposure in the city of Delhi;

• reviewing the monitoring protocols, and the quality
assurance (QA) and quality control (QC) procedures
for data harmonization;

• collecting meteorologic data;

• reviewing the common protocol in consultation with
other Indian investigators to harmonize the method-
ology for Indian cities;

• collecting mortality records from the Registrar of Births
and Deaths, Municipal Corporation of Delhi (MCD)
and from the New Delhi Municipal Council (NDMC),
then extracting records on natural deaths based on the
information available on the primary cause of death;

• statistically analyzing the data to determine if there is
a relationship between changes in daily all-natural-
cause mortality and daily air pollutant concentrations
after controlling for weather parameters.

 

DESCRIPTION OF STUDY AREA

 

The study was conducted in Delhi, the national capital
of India, located in northern India. It shares borders with
the states of Haryana and Uttar Pradesh. Delhi has a total
area of 1483 km

 

2

 

 and is 216 m above sea level. Of this total
area, 591.91 km

 

2

 

 is rural and 891.09 km

 

2

 

 is urban. Accord-
ing to the 2001 census, Delhi had a population of 13.78 mil-
lion with a growth rate of 3.81%. The corresponding pop-
ulation density was 9294 persons per km

 

2

 

, with a ratio of
821 women per 1000 men, and a literacy rate of 81.82%.

Delhi was considered to be a single district for the 1991
population census. In 1996, the Government of National
Capital Territory Delhi created 9 districts. So the 2001 pop-
ulation census for Delhi was based on these 9 districts. A
demographic profile of Delhi is presented in Table 1.

Three different agencies are responsible for recording
information on deaths occurring in Delhi. The MCD is
the largest municipal agency among the three, covering
1397.3 km

 

2

 

. The NDMC covers 42.7 km

 

2

 

, and the Delhi
Cantonment Board covers 43 km

 

2

 

. Of the total population,
the MCD comprises 97%; the NDMC and Delhi Canton-
ment Board comprise 2% and 1% respectively.
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Delhi has a semiarid climate with large temperature
differences between the summer (May–June) and the win-
ter (November–December). The temperature ranges from

 

�

 

0.6

 

�

 

C (30.9

 

�

 

F) during the winter to 47

 

�

 

C (117

 

�

 

F) dur-
ing the summer. The annual mean temperature is 25

 

�

 

C
(77

 

�

 

F). The average annual rainfall is approximately 714 mm
(28.1 inches), most of which occurs during the monsoon
season (July–August).

The high concentration of air pollution in the city is a
major environmental problem. Major sources of air pollu-
tion include vehicular emissions, industrial pollution,
burning organic material (e.g., wood, crop residues, dung
cake), and background sources such as dust that is blown in
from the desert during dry summer days. Urbanization and
economic growth in the last two decades has resulted in an
increased number of vehicles on the roads. Most vehicles
in the city run on gasoline and most of these are two-
wheeled vehicles with highly polluting 2-stroke engines.

During this study, the PM

 

10

 

 concentration exceeded the
national ambient air quality standard (NAAQS) for most of
the monitored periods. The annual mean PM

 

10

 

 concentra-
tion reached 170 µg/m

 

3

 

 in 2003, which is almost three
times higher than the NAAQS of 60 µg/m

 

3

 

 for residential
areas (Central Pollution Control Board, 2003).

Available air quality data suggest that PM pollution is
of concern in Delhi. However, the characterization and
sources of PM pollution have not been studied in detail.
CPCB has performed limited monitoring of PM with an
aerodynamic diameter 

 

�

 

 2.5 µg/m

 

3

 

 (PM

 

2.5

 

) at different
locations in Delhi (Figure 1). The results indicate that the
PM

 

2.5

 

/PM

 

10

 

 ratio varies from 48% during the summer to
59% during the winter (Badwar and Patak 2007). Few

PM

 

10

 

 samples were analyzed for organic carbon and ele-
mental carbon. In samples from two residential areas (AQMs
5 and 10), the ratios of organic carbon to elemental carbon
were greater than 2, indicating that nonvehicular sources
such as burning organic material contribute to PM

 

10

 

 con-
centrations. At all AQM sites, lower carbonaceous frac-
tions were observed in the summer months compared with
the winter months. This suggests that natural dust from
dry desert winds contributes to the high PM concentra-
tions in the summer.

 

METHODS

 

DATA COLLECTION

Air Quality Data

 

Ambient air quality is being monitored for the criteria
air pollutants PM

 

10

 

, SO

 

2

 

, and NO

 

2

 

 at 10 AQM locations
(see Figure 1). CPCB directly operates six AQM sites under
the National Air Quality Monitoring Program (NAMP);
NEERI operates three AQM sites on behalf of the CPCB as
part of the network under the NAMP, and TERI operates
one AQM site. Table 2 lists the monitoring agency and
reporting organization for each AQM site.

All AQM sites are located in urban areas and typically
cover major land-use categories: residential, industrial, and
commercial. AQMs 1, 2, 3, 5, 6, 7, and 10 are located in res-
idential areas. AQMs 4, 8, and 9 are located in industrial
areas. AQM 1 represents a business and cultural complex
with many offices and restaurants. It is located on Lodi
road along with residential colonies, schools, government

 

Table 1.

 

2001 Demographic Profile of Delhi

 

a

 

Districts

Population Females/1000 Males

Rural Urban Total Rural Urban Total

Northwest 263,487 2,583,908 2,847,395 806 822 820
North 46,586 733,202 779,788 812 827 826
Northeast 141,528 1,622,184 1,763,712 850 851 851
East 18,123 1,430,647 1,448,770 809 845 845
West 85,304 2,034,337 2,119,641 763 833 830

Southwest 223,688 1,525,804 1,749,492 822 778 783
South 184,499 2,073,868 2,258,367 776 799 797
Central — 644,005 644,005 — 843 843
New Delhi — 171,806 171,806 — 791 791

 

Total

 

963,215

 

12,819,761

 

13,782,976

 

806

 

822

 

821

 

a 

 

Source: Government of National Capital Territory of Delhi 2002.



 

50

 

Time-Series Study on Air Pollution and Mortality in Delhi

 

offices, and commercial sites. In Delhi, mixed land-use
patterns are common (i.e., commercial activities and small-
scale industry operations prevail in residential areas). Com-
mercial activities are especially predominant in the area
covered by AQM 3. The existing AQM stations are not
evenly distributed throughout the city. AQMs 1, 2, 5, and 6
are located within 10 km of each other. Population density
and economic status also varied among AQM sites. For
example, AQM 3 is in a densely populated location. Con-
sidering the geographic and demographic variations, the
pollution exposure of this large population could not be
represented by any single AQM.

At all 10 monitoring sites, the sampling equipment is
placed on a flat surface that is elevated 3 to 20 meters
above the ground. According to the common protocol (Ap-
pendix B; available on the Web), they are supposed to be
located 5 meters upwind from the building exhaust and
2 meters from the walls. Institutes and organizations in-
volved in the air quality monitoring program in Delhi and
other Indian cities follow common measurement tech-
niques (shown in Table 3) recommended by the Bureau
of Indian Standards or the CPCB. Standard operating
procedures for measuring PM

 

10

 

, SO

 

2

 

, and NO

 

2

 

 are given
in Appendices B–D (available on the Web). In all these

Figure 1. Map of Delhi showing AQM sites. Source: Survey of India.

 

Table 2.

 

AQM Sites in Delhi

AQM Site Location Type
Monitoring

Agency
Reporting
Agency

1 India Habitat Center South Delhi Residential TERI TERI
2 Sarojini-Nagar South Delhi Residential NEERI CPCB
3 Town Hall Central North Delhi Mixed NEERI CPCB
4 Mayapuri West Delhi Industrial NEERI CPCB
5 Nizamuddin Southeast Residential CPCB CPCB

6 Siri Fort South Residential CPCB CPCB
7 Janakpuri Southwest Residential CPCB CPCB
8 Shahzada Bagh Northwest Industrial CPCB CPCB
9 Shahdara Northeast Industrial CPCB CPCB

 

10 Ashok Vihar

 

North-northwest

 

Residential

 

CPCB 

 

CPCB 
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locations, AQM readings are taken at three 8-hour inter-
vals over a 24-hour period, and the values are averaged
and reported as 24-hour averages. Based on the field visits
and information collected from the monitoring agencies,
the site selection criteria have been evaluated. Details of
AQM sites in Delhi are given in Appendix H (available on
the Web).

The monitoring frequency varies among AQM stations.
At AQM 1, air quality is monitored daily. Monitoring at
AQMs 2–10 follows the NAMP criteria of 108 monitoring
days per year. However, the days of the week for which
monitoring is to be done are not fixed. The investigators
noticed that monitoring at these nine locations was per-
formed on weekdays with no particular frequency. There-
fore, air quality data on weekends and holidays from 9 of
the 10 AQM sites were not available for the study.

 

Sampling and Measurement Techniques

 

Sampling PM

 

10

 

involved collecting PM

 

10

 

 on preweighed glass fiber paper
placed in a high-volume air sampler with a cyclone-based
separator for separating large particles. The PM

 

10

 

 was mea-
sured using gravimetric analysis. Wet chemical methods
were followed for analyses of the gaseous pollutants (SO

 

2

 

and NO

 

2

 

). These gaseous pollutants were absorbed in suit-
able media and then analyzed colorimetrically.

 

Air Quality Data Collection and AQM Site Visits

 

Daily
average air quality data for SPM, PM

 

10

 

, SO

 

2

 

, and NO

 

2

 

 from
the 10 AQM sites were collected from CPCB and TERI in
an electronic format. Sample data recording forms and
information about data handling procedure were also col-
lected. The CPCB follows QA and QC procedures to vali-
date the data and remove outliers.

 

QA and QC

 

The CPCB collects data from the network
of AQM sites in Delhi and ensures quality through analyt-
ical procedures. In 1997, the CPCB established a calibra-
tion laboratory with assistance from the German Technical
Cooperation Agency. It was used to ensure uniformity in
the analytical procedure and the quality of data. The labo-
ratory was also used to train State Board officials in QC
and QA techniques.

The program employed a 

 

static injection system

 

, which
carried out a 

 

ring test

 

 for gaseous pollutants such as SO

 

2

 

and NO

 

2

 

. In 1999, four rounds of interlaboratory exercises
were undertaken involving different state pollution con-
trol boards and pollution control committees, including
the CPCB.

 

CPCB Initiatives to Ensure Data Quality

 

Recognizing the
need to improve the quality of data, the CPCB has initiated
several measures. These are:

 

Table 3.

 

Air Quality Monitoring Techniques

 

a

 

Pollutants

SPM PM

 

10

 

SO

 

2

 

NO

 

2

 

Equipment HVS RDS Gaseous sampling
unit attached
to HVS/RDS

Gaseous sampling
unit attached
to HVS/RDS 

Flow measuring
device

Pressure drop
across orifice
in the hopper

Pressure drop 
across orifice
in the hopper

Rotameters/orifice
nanometers

Rotameters/orifice
nanometers

Flow rate 0.8–1.3 m

 

3

 

/min 0.8–1.3 m

 

3

 

/min 1 L/min 1 L/min 

Sampling period (over 
24 hours)

8 hours 

 

�

 

 3 8 hours 

 

�

 

 3 4 hours 

 

�

 

 6 4 hours 

 

�

 

 6

Sampling frequency Twice per week Twice per week Twice per week Twice per week

Analytical method

 

b

 

Gravimetric Gravimetric West & Gaeke Jacobs & Hochheiser

Minimum detection limit 1 µg/m

 

3

 

1 µg/m

 

3

 

0.04 µg/mL 0.03 µg/mL

Minimum reporting value 10 µg/m

 

3

 

10 µg/m

 

3

 

6 µg/m

 

3

 

3 µg/m

 

3

 

Maximum absorption

 

wavelength

 

NA

 

NA

 

560 nm

 

550 nm

 

a

 

 HVS indicates high-volume sampler; RDS indicates respirable dust sampler; NA indicates not applicable.

 

b

 

 Described in Appendices C, D, and E (available on the Web).
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1. periodic inspection of the AQM site and laboratory;

2. organizing a training program on ambient air quality
monitoring for field and laboratory staff of various
monitoring agencies;

3. analytical QC exercises using a ring test facility given
regularly every year at CPCB, in which various moni-
toring agencies, including TERI and NEERI, have par-
ticipated;

4. review meetings held at CPCB Zonal Offices to dis-
cuss data problems and deficiencies with the moni-
toring agencies;

5. software training program for data management was
conducted for monitoring agencies;

6. days with a monitoring period less than 16 hours are
not considered when calculating the daily average; and

7. systematic data entry checks for data validation.

 

Data Processing

 

The CPCB follows a standard QA proce-
dure for validating air quality data. We performed data en-
try crosschecking and descriptive analysis to check for data
entry errors, completeness, and outliers. We then brought
any queries or doubts about the CPCB air quality data to
the attention of the CPCB officials for their verification.

 

Limitations of Air Quality Data

 

Existing AQM locations
are all in urban areas; background air pollution data from
rural areas were not available.

Air quality data for the nine stations operated under
NAMP were available for fewer than 100 days per year.
The criteria for the exact days of monitoring in these loca-
tions were not fixed. Monitoring was not done on week-
ends or on holidays.

The wet chemical method used for gaseous pollutant sam-
pling is obsolete. With this method, the absorption efficiency
of gases varies with temperature and sampling flow rate.

 

Meteorologic Data

 

Meteorologic data of the Safdarjung station in New Delhi
were collected from the India Meteorological Department.
The meteorologic parameters for collecting these data are:

• daily maximum and minimum temperature (in 

 

�

 

C);

• daily total rainfall (in mm);

• daily minimum and maximum relative humidity (in
%); and

• visibility — eight observations per day at 3-hour inter-
vals (in meters).

The printed data provided by the India Meteorological
Department were entered onto an electronic spreadsheet.
An independent research assistant verified the accuracy of
the data entries.

 

Mortality Data

 

In Delhi three different administrative agencies (i.e.,
MCD, NDMC, and Delhi Cantonment) are responsible for
recording information on deaths occurring in Delhi. About
73% of total deaths are registered by the MCD office, about
25% by the NDMC office, and less than 2% by the Delhi
Cantonment. The Delhi Cantonment area is under the juris-
diction of the Indian Army; mortality records from this
area are not available for research studies.

As per the Delhi Registration of Births & Deaths Rules,
1999 (effective January 1, 2000), all births, still births, and
deaths must be reported within 21 days of occurrence to
the registrar or subregistrar of the local area. For deaths
occurring in institutions (i.e., deaths in hospitals, health
centers, maternity homes, nursing homes, jails, hostels, or
similar institutions), the person in charge of the institution
is responsible for reporting deaths to the registrar in the
respective area. Information from police records is also
reported to the NDMC and MCD. If a death occurs at home,
the head of the household (the head being the person so
recognized by the household) is responsible for reporting
the death. If the head is not present at the time of death,
responsibility falls first to the nearest relative of the head,
and then to the oldest adult present in the house. About
55% of reported deaths are reported by institutions; about
45% are reported by household members.

At the time of this study, the medical certification of
cause-of-death in Delhi was confined to the deaths occur-
ring in the hospitals, nursing homes, and other private
institutions. For various reasons, cause-of-death was not
reported for the domiciliary deaths.

Information on deaths in the NDMC and MCD jurisdic-
tions is recorded on mortality report forms and submitted
to the registrar of their respective areas. The form has a
legal section containing personal information and a sta-
tistical section with information such as age, sex, place-
of-death, and cause-of-death. Mortality reports from the
NDMC were collected and entered in the VITAL database
(created in Visual Fox Pro software), and were maintained
by the NDMC. After data entry, records were transferred to
an electronic spreadsheet and brought to TERI.

MCD mortality data for the first part of the study period
(years 2002 and 2003) were obtained in an electronic for-
mat. In 2004, MCD introduced an online mortality registra-
tion system, in which all hospitals register mortality data
directly to an online database. Data for domiciliary deaths
were entered into the online system through the respective
MCD local centers. MCD mortality data for the year 2004
were downloaded from their website (

 

www.mcdonline.gov.
in/

 

). The data have been cross-checked for duplicate en-
tries, missing information, and misclassification. Details of
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mortality data collection and cleaning up data sets are pre-
sented in Appendix I (available on the Web).

 

Limitations of Mortality Data

 

Births and deaths are reg-
istered at the place of the event rather than at the place of
residence. Delhi, being a capital city, has a large number
of major hospitals that provide medical care to patients
from neighboring cities. For example, the population of
the NDMC area is only about 2% of the total population
in Delhi, but approximately 25% of all deaths recorded in
Delhi are from the NDMC. This makes it difficult to mea-
sure the true population exposure.

• Despite several initiatives, mortality cases are under-
reported, especially for deaths of infants, children,
and women.

• Medical certification of cause-of-death in Delhi is
confined to institutional deaths only.

 

DATA ANALYSIS

Descriptive Analyses

 

Air quality data collected from the nine AQM locations
operated under the NAMP by CPCB and the AQM 1 data
obtained from TERI were further analyzed for:

• summary statistics of pollutants;

• correlations of individual pollutants from various AQM
sites and correlations between various pollutants; and

• time-series analysis of pollutants.

Similarly, descriptive and trend analyses were done for
weather parameters and mortality data.

 

Core Model for Mortality

 

We have followed the common protocol to develop the
core model for analysis (Appendix B; available on the
Web). Quasi-Poisson regressions were used to develop
models to study the effect of air pollutants on all-natural-
cause mortality, the health outcome. Models were devel-
oped by adopting a generalized additive model (GAM)
with penalized spline smoothers in R (from the mgcv pack-
age, version 1.3-24).

The air quality data obtained from CPCB and TERI for
the 10 AQM sites were considered for developing suitable
exposure series. As discussed earlier, one of the major lim-
itations of the air quality data set was the large amount of
missing data. Among the 10 AQM stations, only AQM 1
met the data completeness criteria (i.e., data available for
more than 350 days per year). Other AQM stations recorded
data for fewer than 100 days per year. It was also noted that
AQM 1 values were higher compared with those of other

AQM stations. This would cause simple averages to be
unduly influenced by AQM 1 values. To address these lim-
itations, we used the centering approach described by Wong
and colleagues (2001). Outliers for each AQM location
were removed. Nonmissing daily concentration data were
first centered for each AQM station (i.e., individual daily
concentrations 

 

X

 

ij

 

 were subtracted by an annual station
mean 

 

Xi for each day j). The centered data from all stations
were then combined and added to the annual mean of all
stations X to form X�ij as shown in the following formula:

X�ij = (Xij � Xi + X) (1)

The daily exposure concentration of individual pollutants
was computed by taking the mean centered individual pol-
lutant X�ij over all stations.

Mortality data collected from NDMC and MCD were
aggregated to get records of all-cause mortality in Delhi.
This accounted for about 98% of all-cause mortality that
occurred in Delhi—mortality records from the Cantonment
area were not available. Due to the limitations associated
with cause-of-death coding, analysis was limited to deaths
from all natural causes. Ambiguity in non-natural death
reporting was considered to be minimal as the majority of
such deaths (e.g., from accidents or fire) were recorded by
institutions or were registered in police records. The core
model accounted for time variation and for the weather
parameters temperature (temp) and relative humidity (rh)
as follows:

log(E[mortality]) = � + �(pollutant) + s(time) +
s(temp) + s(rh) + 	 � DOW (2)

where pollutant refers to daily average ambient air pollutant
level, s denotes the smooth function of the covariate (time,
temp, rh), and 	 is the vector of the regression coefficient
associated with indicator variables for day-of-week (DOW).

Both penalized and natural spline models have been ex-
amined in this study. The penalized spline model is a flex-
ible, nonparametric approach using cubic splines and a term
that penalizes the curvature of the smoothing function
(Wood 2000). The natural spline model is a parametric ap-
proach that fits piece-wise polynomial functions joined at
knots, which typically are evenly placed throughout the dis-
tribution of the variable. The function is constrained to be
continuous at each knot (Ruppert et al. 2003). The number
of knots used determines the overall smoothness of the data.

We conducted preliminary analyses with different de-
grees of freedom (df ) (3–15 df/year) for the time variable.
For temperature and relative humidity, we used 3 df/year.
The criteria for choosing a core model were: minimum
partial autocorrelation function (PACF) of the residuals, low
generalized cross validation score, high deviance explained,
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low-scale estimate, and statistical significance of the esti-
mate. Overdispersion in the core model was further ad-
justed by reducing the PACF value to less than one using the
autoregression function. After stabilizing the core model
with autoregression, pollutants (PM10, NO2, SO2) were
introduced separately in the model to study the associa-
tion between individual pollutants and daily all-natural-
cause mortality. Technical details of the best core model
are given in Appendix J (available on the Web). Pollutant
effects on lags of 0 to 3 days and the cumulative average of
lag 0–1 day were considered in the data analysis. We also
considered two-pollutant models, using PM10 and one of
the gaseous pollutants (either SO2 or NO2) and a multi-
pollutant model using PM10, SO2, and NO2 together.

Sensitivity Analyses

Detailed analyses were conducted to investigate sensi-
tivity of the model with:

1. various degrees of freedom using natural spline
smoothers;

2. 3–15 df/year for the time variable;

3. different exposure series using pollutant values of in-
dividual AQM locations, the average of all AQM sta-
tions excluding AQM 1, the average of all 10 AQM
stations without centering; and

4. differing lag days to control for the confounding effect
of temperature. Five sets of temperature lag days (i.e.,
lag 1, lag 2, lag 3, the cumulative average of lag 0–7,
and the cumulative average of lag 8–14) were used with
pollutant exposure for the current day in the sensi-
tivity analyses.

Final results are expressed as the percentage change in
daily all-natural-cause mortality per 10-µg/m3 increase in pol-
lutant concentration. The percentage change per 10-µg/m3

increase in pollutant concentration was estimated by multi-
plying the �-coefficient from the regression model by 1000.

For each pollutant concentration in the core model, a
concentration–response curve was developed by introduc-
ing mortality as a smooth function with 3 df/year.

RESULTS

AIR QUALITY DATA

Table 4 shows the summary statistics of PM10, NO2 and
SO2 parameters recorded at the AQM sites during 2002 to
2004. Among these, only AQM 1 had data for more than
350 days/year. The other 9 AQM stations had data for
fewer than 100 days/year (less than 30%).

As shown in Table 4, mean PM10 concentration recorded
at various AQM stations ranged from 124 to 266 µg/m3.
Figure 2 shows a box plot of PM10 concentration at the
10 AQM locations. PM10 concentrations were highest at
AQM 1.

Table 4. Summary Statistics for Air Quality Data from 
10 AQM Sites in Delhia

Pollutant/
Site

Min
(µg/m3)

Max
(µg/m3)

Mean
(µg/m3)

Median
(µg/m3)

SD
(µg/m3)

Valid
n

PM10
AQM 1 20 1566 266 238 166 1094
AQM 2 33 582 161 136 103 282
AQM 3 9 626 182 156 120 287
AQM 4 31 689 213 185 133 176
AQM 5 29 416 131 123 58 229

AQM 6 20 382 124 113 66 205
AQM 7 29 402 144 132 69 201
AQM 8 35 441 156 140 69 173
AQM 9 18 371 140 129 65 207
AQM 10 16 482 138 122 77 189

Average 30 1015 221 204 116 1096

NO2
AQM 1 7 159 58 56 19 1094
AQM 2 10 130 47 44 21 286
AQM 3 16 158 57 53 27 285
AQM 4 11 129 51 47 24 176
AQM 5 21 61 43 43 7 224

AQM 6 9 54 32 31 8 223
AQM 7 12 61 41 42 8 196
AQM 8 17 102 40 38 11 211
AQM 9 15 65 36 35 10 208
AQM 10 10 60 33 32 11 199

Average 7 159 50 48 15 1094

SO2
AQM 1 6 30 8 7 3 1094
AQM 2 4 16 7 6 3 287
AQM 3 4 55 11 9 7 287
AQM 4 4 33 12 11 7 176
AQM 5 5 25 12 12 3 224

AQM 6 4 16 9 9 3 224
AQM 7 4 22 12 11 3 196
AQM 8 4 23 9 9 3 210
AQM 9 5 57 12 11 6 208
AQM 10 4 34 8 7 4 200

Average 4 26 9 9 3 1094

a Min indicates minimum concentration; Max indicates maximum 
concentration; SD indicates standard deviation; Valid n indicates the 
number of data points that met the QA/QC criteria.
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Mean NO2 concentration recorded at various AQM sta-
tions ranged from 32 to 58 µg/m3. Annual average NO2
concentrations at AQMs 1 and 3 were close to the NAAQS
of 60 µg/m3 for residential areas. As shown in Figure 3,
median NO2 concentrations were high at AQMs 1 and 3.

The mean SO2 concentration of various AQM stations
ranged from 7 to 12 µg/m3 (see Table 4). Median SO2 con-
centrations at the 10 AQM locations were within 20 µg/m3

of each other with very little variation among locations
(Table 4, Figure 4).

Time-series plots of PM10 concentration at AQMs 1–10
(Figure 5) reveal yearly bimodal distribution in PM10 con-
centration; the NAAQS 24-hour average standard for resi-
dential areas is 100 µg/m3. One increase occurred during
the summer months of May and June and the other dur-
ing the winter months of November and December. Dust
storms are common in May and June; dust may have con-
tributed to the high PM10 concentrations recorded during
those months. Many festivals (Dassera, Diwali and Christ-
mas) are celebrated during November and December. Vehic-
ular traffic increases during these festivals. Diwali, one of
the main Hindu festivals, is celebrated with large numbers of
firecrackers; the pollution concentrations were very high
during Diwali; PM10 concentrations as high as 1200 µg/m3

were recorded. During the rainy season (July through Sep-
tember) the PM10 concentrations were much lower. Though
there was considerable variation in the mean PM10 con-
centration across the AQM stations in Delhi, all sites had
reasonably similar trends in daily PM10 concentrations.

Time-series plots of NO2 at the 10 AQM locations are
shown in Figure 6. Daily average NO2 values recorded at
AQMs 5–10 were below the NAAQS 24-hour average stan-
dard for residential areas (80 µg/m3). At other locations the
daily average NO2 concentration exceeded the standard for
only a few days per year.

Time-series plots of SO2 concentration at the 10 AQM
locations are shown in Figure 7. 24-hour average SO2
concentration for most of the monitoring days at all AQM

Figure 2. Box plot of PM10 concentration at the 10 AQM sites. The bottom
and top of the box show the 25th and 75th percentiles. The middle line of
the box represents the median. The ends of the I-bar represent the mini-
mum and maximum PM10 concentrations. Small circles represent outliers
and * represents extreme values.

Figure 3. Box plot of NO2 concentration at the 10 AQM sites. The bottom
and top of the box show the 25th and 75th percentiles. The middle line of
the box represents the median. The ends of the I-bar represent the mini-
mum and maximum PM10 concentrations. Small circles represent outliers
and * represents extreme values.

Figure 4. Box plot of SO2 concentration at the 10 AQM sites. The bottom
and top of the box show the 25th and 75th percentiles. The middle line of
the box represents the median. The ends of the I-bar represent the mini-
mum and maximum PM10 concentrations. Small circles represent outliers
and * represents extreme values.
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Figure 5. Time-series plots of PM10 concentration at the 10 AQM sites and the all-station average. The line at 100 µg/m3 indicates the NAAQS 24-hour
average standard for residential areas.
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Figure 5 (Continued).
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Figure 6. Time-series plots of NO2 at the 10 AQM sites and the all-station average. The line at 80 µg/m3 indicates the NAAQS 24-hour average standard for
residential areas.
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Figure 6 (Continued).
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Figure 7. Time-series plots of SO2 concentration at the 10 AQM sites and the all-station average. Concentrations were well within the NAAQS 24-hour
average standard of 80 µg/m3 for residential areas.
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Figure 7 (Continued).
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sites was well within the NAAQS 24-hour average stan-
dard for residential areas (80 µg/m3).

Pairwise Pearson correlation coefficients for all available
pairs for each of the air pollution parameters for all avail-
able days are shown in Table 5. Spatial correlations differed
among various AQM locations. PM10 correlation varied

from moderate (0.3–0.7) to high (> 0.7). PM10 was not
strongly correlated with either NO2 or SO2 at most stations
(Figure 8). The all-station average PM10 showed moderate
to high correlation with individual AQM stations (Table 5).
This indicates that sources other than vehicular emissions
also contributed to PM10 pollution in Delhi.

 

Table 5. Pairwise Pearson Correlation Coefficients for the 10 AQM Sites by Pollutanta

Pollutant/
Site

AQM

Average1 2 3 4 5 6 7 8 9 10

PM10
AQM 1 1.000  
AQM 2 0.537 1.000  
AQM 3 0.522 0.892 1.000  
AQM 4 0.515 0.867 0.847 1.000  
AQM 5 0.588 0.626 0.585 0.563 1.000  

AQM 6 0.441 0.652 0.605 0.655 — 1.000  
AQM 7 0.478 0.352 0.359 0.408 �0.545 — 1.000  
AQM 8 0.478 0.614 0.573 0.582 0.550 — — 1.000  
AQM 9 0.513 0.650 0.622 0.627 0.459 — 0.396 — 1.000  
AQM 10 0.390 0.402 0.317 0.144 0.996 0.514 — — — 1.000  

Average 0.866 0.857 0.845 0.751 0.690 0.721 0.653 0.734 0.704 0.611 1.000

NO2
AQM 1 1.000  
AQM 2 0.518 1.000  
AQM 3 0.596 0.876 1.000  
AQM 4 0.473 0.887 0.839 1.000  
AQM 5 0.087 0.002 0.054 �0.127 1.000  

AQM 6 0.209 0.333 0.302 0.313 — 1.000  
AQM 7 0.168 0.019 0.061 0.187 �0.446 — 1.000  
AQM 8 0.182 0.241 0.316 0.289 0.377 — — 1.000  
AQM 9 0.163 0.281 0.441 0.568 0.078 — 0.510 1.000 1.000  
AQM 10 0.181 0.166 0.183 0.158 — 0.392 — — — 1.000  

Average 0.760 0.878 0.912 0.877 0.306 0.514 0.320 0.523 0.446 0.480 1.000

SO2
AQM 1 1.000  
AQM 2 0.217 1.000  
AQM 3 0.228 0.568 1.000  
AQM 4 0.029 0.417 0.668 1.000  
AQM 5 0.013 0.143 0.332 0.007 1.000  

AQM 6 �0.029 �0.080 0.114 0.427 — 1.000  
AQM 7 0.058 0.143 0.195 0.196 �0.128 — 1.000  
AQM 8 0.028 0.017 0.091 �0.001 0.227 — — 1.000  
AQM 9 0.126 0.106 0.388 0.338 0.097 — 0.188 1.000 1.000  
AQM 10 0.234 0.405 0.408 0.199 — �0.152 — — — 1.000  

Average 0.648 0.629 0.853 0.800 0.477 0.352 0.485 0.510 0.723 0.625 1.000

a — indicates not available.
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Figure 8. Correlations between PM10 concentration and NO2 or SO2 concentrations at AQMs 1–3, 5, 8–10, and the all-station average.

(Figure continues on next page)
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Figure 8 (Continued).



65

U. Rajarathnam et al.

Summary statistics of meteorologic parameters are shown
in Table 6. Average daily minimum relative humidity
ranged from 8% to 98% for 2002, from 6% to 94% for 2003,
and from 5% to 93% for 2004. Average daily maximum rel-
ative humidity ranged from 24% to 100% for 2002, 27% to
100% for 2003, and 37% to 100% for 2004. Time-series
plots of average temperature and average relative humid-
ity are shown in Figure 9. Minimum temperature in Delhi
went as low as 3.5�C during the winters. In the summers
the maximum temperature recorded was 45�C to 46�C
(Table 6).

Average daily visibility is shown in Table 6. Visibility
varied throughout the day. In 2002 the visibility recorded
at 5:30 am ranged from 10 to 3000 meters, at 5:30 pm it
ranged from 500 to 5000 meters, and at 8:30 pm it ranged
from 300 to 3000 meters. In 2003 visibility ranged from 10
to 3000 meters at 5:30 am, 400 to 5000 meters at 5:30 pm,
and 400 to 3000 meters at 8:30 pm. In 2004 visibility ranged
from 20 to 4000 meters at 5:30 am, 200 to 6000 meters at
5:30 pm, and 200 to 4000 meters at 8:30 pm.

Total annual rainfall for years 2002, 2003, 2004 was
566 mm, 1166 mm, and 574 mm, respectively. The number
of rainy days for each of those years was 49, 76, and 48

with average rainfall on those days being 11.5 mm, 15.3 mm,
and 11.9 mm respectively.

MORTALITY DATA

Descriptive statistics for the mortality data are given in
Table 7. Total daily all-natural-cause mortality varied from
126 to 368 with an average of 222 deaths per day. The age
distribution reveals that about 65% of mean total deaths in
Delhi occurred before the age of 65. The mean number of
deaths for females was lower than that for males (38% vs.
62%). Time-series plots of daily all-natural-cause mortality
from the NDMC and the MCD with a total for Delhi are
shown in Figure 10.

 

Table 6. Summary Statistics of Meteorologic Dataa

Year/
Daily
Values

Daily Average

Visibility
(m)

Min
RH
(%)

Max
RH
(%)

Min
Temp
(�C)

Max
Temp 
(�C)

2002
Mean 2439 39.7 80.5 19.5 32.2
Median 2583 37.0 87.0 21.0 33.4
Min 298 8.0 24.0 4.4 14.8
Max 4000 98.0 100.0 32.0 46.0

2003
Mean 1931 42.9 81.9 19.0 30.9
Median 2000 39.0 89.0 20.0 32.7
Min 211 6.0 27.0 3.5 11.2
Max 3250 94.0 100.0 35.0 45.6

2004
Mean 2339 39.8 80.5 19.4 31.9
Median 2500 37.0 84.0 20.8 33.4
Min 178 5.0 37.0 3.7 12.4
Max 5688 93.0 100.0 33.6 44.5

a Min indicates average daily minimum; Max indicates average daily 
maximum; RH indicates relative humidity; Temp indicates temperature.

Figure 9. Time-series plots of daily average temperature and daily relative
humidity.

Table 7. Descriptive Statistics for All-Natural-Cause 
Mortality Dataa

Min Max Mean Median SD

Total daily mortality 126 368 222 219 33
Female 40 142 85 83 15
Male 77 244 139 137 21

Age (years)
0–4 5 39 19 18 6
5–44 28 102 64 64 11
45–64 23 125 61 60 12

 65 28 158 76 74 28

a Min indicates minimum value; Max indicates maximum value; SD 
indicates standard deviation.
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MODEL OUTPUT

Figure 11 shows the GAM plot for smoothing of all-
natural-cause mortality over the covariates temperature,
time, and relative humidity. As shown in Figures 12 and
13, noise in the core model was reduced after autoregres-
sion. The results of the GAM analysis using the core model
specifications are presented in Table 8. The effect of PM10
was found to be significant with a 0.15% increase in daily
all-natural-cause mortality for every 10-µg/m3 increase in
PM10 concentration. NO2 also had a positive and signifi-
cant effect on all-natural-cause mortality with a 0.84%

increase in mortality for every 10-µg/m3 increase in NO2
concentration. The effect for SO2 was negative but not sig-
nificant. The effect of PM10 on all-natural-cause mortality
increased to 0.17% when high PM10 concentration values
(
 400 µg/m3) were removed.

The effect of PM10 on all-natural-cause mortality de-
creased for lag days 1, 2, and 3 compared with the core
model (lag 0). However the cumulative mean of PM10 for
lag days 0 and 1 had a greater effect on all-natural-cause
mortality (0.17% for every 10-µg/m3 increase in PM10 con-
centration) than did PM10 for lag 1 day (about 0.12% for

Figure 10. Time-series plots of daily all-natural-cause mortality for each of the two agencies (NDMC and MCD) and for the agencies combined (Total).
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Figure 11. GAM model plot for smoothing of all-natural-cause mortality over time, temperature, and relative humidity.

Figure 12. Residual and PACF plot of the core model before autoregression. Note that the y-axes of Figures 12 and 13 differ in scale.
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Table 8. Results of GAM Analyses Using Core Specifications

Model Parameters
�

Coefficient

Change in Mortality
per 10-µg/m3 Increase in
Pollutant Concentration

% (95% CI) P Value

Core model Intercept  5.392 0.000a

Core model + PM10 PM10  0.00015  0.15 (0.07 to 0.23) 0.0007a

Core model + PM10 < 400 µg/m3 PM10  0.00017  0.17 (0.09 to 0.25) 0.0030a

Core model + PM10, lag 1 day PM10, lag 1  0.00012  0.12 (0.04 to 0.20) 0.005a

Core model + PM10, lag 2 day PM10, lag 2  0.00012  0.12 (0.04 to 0.20) 0.003a

Core model + PM10, lag 3 day PM10, lag 3  0.00009  0.09 (0.01 to 0.17) 0.029a

Core model + PM10, lag 0–1b PM10, lag 0–1b  0.00017  0.17 (0.09 to 0.25) 0.000a

Core model + NO2 NO2  0.00084  0.84 (0.29 to 1.4) 0.00271a

Core model + SO2 SO2 �0.0014 �1.4 (�3.56 to 0.76) 0.261

Core model + PM10 + NO2 PM10  0.00012  0.12 (0.03 to 0.21) 0.0072a

NO2  0.00065  0.65 (0.04 to 1.26) 0.088

Core model + PM10 + SO2 PM10  0.00015  0.15 (0.07 to 0.23) 0.000a

SO2 �0.0017 �1.7 (�4.2 to 0.85) 0.37

Core model + PM10 + NO2 + SO2 PM10  0.00009  0.091 (0.012 to 0.17) 0.035a

NO2  0.0008  0.8 (0.21 to 1.4) 0.011a

SO2 �0.00215 �2.1 (�4.7 to 0.45) 0.094

a Significant at P < 0.05.
b Lag 0–1 is the cumulative mean of lags 0 and 1.

Figure 13. Residual and PACF plot of the core model after autoregression. Note that the y-axes of Figures 12 and 13 differ in scale.
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every 10-µg/m3 increase in PM10 concentration). When more
than one pollutant was considered in the model (PM10 +
NO2 or PM10 + NO2 + SO2), the effect was slightly reduced
compared with a model that included PM10 only. The
dose–response curves for PM10 and for NO2 show curvi-
linear relationships with the linear component at lower
concentrations and a slight flattening (lower slope) at
higher concentrations (Figure 14).

Analysis by different age groups (Table 9) reveals that
the maximum effect occurred in the 15–44 age group.

SENSITIVITY ANALYSES

Various degrees of freedom (3–15 df/year) using natu-
ral spline smoothers were tried in GAM analysis. Percent-
age change in the mean number of daily all-natural-cause

Figure 14. Dose–response curves for PM10 and NO2 concentrations.

Table 9. Summary of Model Results by Sex and Age 
Groups for Increases in PM10

Population
Subgroup

�
Coefficient

Change in Daily 
All-Natural-Cause

Mortality per 10-µg/m3 

PM10 Increase
% (95% CI) P Value

Female 0.00017 0.17 (0.06 to 0.28) 0.0011a

Male 0.00009 0.09 (�0.008 to 0.19) 0.226

Age (years)
0–4 0.000077 0.077 (�0.02 to 0.18) 0.340
5–44 0.00015 0.15 (0.05 to 0.25) 0.0039a

45–64 0.00011 0.11 (0.02 to 0.20) 0.036a


 65 0.000098 0.098 (�0.06 to 0.26) 0.056

a Significant at P < 0.05.

Figure 15. Percentage change in daily all-natural-cause mortality, with
95% CIs, for each 10-µg/m3 PM10 increase using natural spline smoothers
and various degrees of freedom.

mortality with 95% confidence intervals (CI) is shown in
Figure 15. The overall effect was low with few degrees of
freedom (3–4 df/year), and there was a marginal decline
with degrees of freedom above nine per year.
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GAM output of PM10 values for individual AQM loca-
tions are given in Table 10. The percentage change in daily
all-natural-cause mortality for each 10-µg/m3 increase in
PM10 concentration at individual AQM locations ranged
from �0.29 to 0.47. The percentage changes at AQMs 6, 7,
8, and 10 were negative but not significant. None of the
individual AQM station values can be considered to be a
true representation of population exposure. All could have
been influenced by local sources of air pollutants. In addi-
tion, AQMs 2–10 have a large number of missing values.
Because the average of all AQMs shows moderate to high
correlation with individual AQM stations (Table 5), it is
considered to be a good representation of population expo-
sure. It shows an increase of 0.12% all-natural-cause mor-
tality for each 10-µg/m3 increase in PM10 concentration.
When AQM 1 values (which were consistently higher than
values at other stations) were removed and average expo-
sure values were estimated using the nine CPCB AQM
values, the overall estimate increased marginally.

Table 11 summarizes the results of the model with one
to three day lag periods for temperature. The table reveals
that there is not much change in the overall effect when
short duration lag effects of temperature (i.e., one to three
days) were considered in the model.

DISCUSSION

STUDY RESULTS

Results of the present study reveal that the effect of
PM10, while statistically significant, is small when com-
pared with the results of other studies (Table 12). This is
even lower than the 0.23% change in daily all-natural-
cause mortality with a 10-µg/m3 SPM increase in Delhi
during 1991 to 1994 that was reported by Cropper and col-
leagues (1997).

There are many plausible explanations for this small
effect. One such explanation is the variation in the nature
of PM. PM toxicity depends on the size and chemical char-
acteristics of the particles. Though source characterization
of PM in Delhi is not studied in detail, reports from a few
studies indicate that the contribution from road dust or PM
from natural sources, both of which may be less toxic than
PM from vehicles or industrial sources, could be as high as
40% (Energy Sector Management Assistance Program 2004).
Since late 1990, the government has taken various actions
to control air pollution, including relocating industries from
Delhi, tightening vehicular emission standards, and shift-
ing to cleaner fuels (e.g., compressed natural gas). These
actions have helped to arrest the growing air pollution
problem in Delhi. There could also be changes in chemical
characteristics of PM that have not been studied. The small
effect of PM10 could have also been affected by changes in

Table 10. Percentage Change in Daily All-Natural-Cause 
Mortality per 10-µg/m3 PM10 Increase by AQM Site

Site

Change in Daily 
All-Natural-Cause

Mortality per 
10-µg/m3 PM10 

Increase (%) P Value

AQM 1 0.14 0.0001a

AQM 2 0.22 0.0184a

AQM 3 0.38 0.000a

AQM 4 0.26 0.0017a

AQM 5 0.31 0.0494a

AQM 6 �0.12 0.460
AQM 7 �0.29 0.0512
AQM 8 �0.011 0.945
AQM 9 0.47 0.0009a

AQM 10 �0.06 0.638

All-station average
(10 AQMs) 0.12 0.00004a

Average of 9 AQMs
(excluding AQM 1) 0.15 0.00006a

a Significant at P < 0.05.

Table 11. Percentage Change in Daily All-Natural-Cause 
Mortality per 10-µg/m3 PM10 Increase for the Effect of 
Temperature with Various Lagged Days

Lag Period for
Temperature

Change in Daily 
All-Natural-Cause

Mortality per 
10-µg/m3 PM10 

Increase (%) P Value

1 Day 0.14 0.0007a

2 Days 0.13 0.0017a

3 Days 0.13 0.0014a

Cumulative average 
of lag 1 and 2 days 0.13 0.021a

Cumulative average 
of lag 0–7 days 0.10 0.059

Cumulative average
of lag 8–14 days 0.09 0.04a

a Significant at P < 0.05.
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the demographic characteristics of the city. In the present
study, about 65% of the deaths in Delhi occurred in people
under the age of 65. The Delhi population may be more
susceptible to other risk factors such as cardiovascular dis-
ease, possibly because of dietary patterns or nutritional
status, waterborne diseases, or other factors.

Analysis by different age groups (Table 9) reveals that
the maximum effect occurred in the 15–44 age group. Sim-
ilar findings have been reported in an earlier study in Delhi
(Cropper et al. 1997). This implies that in the 15–44 age
group, more life years are lost per person due to air pollu-
tion than in younger or older age groups.

STUDY LIMITATIONS

The present study is one of very few studies undertaken
in India that attempted to measure the short-term effect of
air pollution on mortality. However the study has follow-
ing limitations:

• Regular measurement of air quality was limited to
urban areas and to criteria pollutants, namely PM (SPM,
PM10), SO2, and NO2. Neither the nature nor the chem-
ical composition of the PM pollution was determined.

• Though air quality was monitored at 10 AQM sites, 9
of the sites had large numbers of missing data. This
also influenced the overall average pollutant concen-
trations used in the exposure series.

• Despite the efforts taken through centering tech-
niques to minimize the influence of missing data,

exposure measurement errors were likely. Assuming
such measurement errors were less differential with
respect to the population at risk, the overall estimates
were likely to be biased downward.

• The influence of possible geographic confounding
factors could not be studied owing to unmeasured
spatially-varying factors.

• Because of the limitations associated with overall
cause-of-death coding, analyses were limited to all-
cause natural deaths. Disease-specific outcomes could
not be studied.

• Underreporting the mortality data was also expected,
particularly for infants, children, and women.

CONCLUSIONS

Findings from this study in Delhi are broadly in agree-
ment with those of previous studies that found positive
associations between daily changes in all-natural-cause
mortality and PM10 air pollution. The magnitude of the
effect was small but statistically significant after control-
ling for meteorologic parameters and time trends. The rel-
atively smaller effect of PM pollution on all-natural-cause
mortality, compared with that in other studies, could be
due to chemical characteristics of PM and its associated
toxicity. Differences in demographic characteristics and
life style might also alter the susceptibility to air pollution.
The coefficients determined in the present study may be
more suitable for measuring the economic effect of air pol-
lution in the cities of developing countries that have high
air pollutant concentrations. The study provides insight
into the link between air pollution and all-natural-cause
mortality in local populations and contributes information
to the existing body of knowledge.

ACKNOWLEDGMENTS

We gratefully acknowledge Dr. B. Sengupta (Member Sec-
retary), Dr. Naresh Badwar, and Dr. Makijani of the CPCB
for their active cooperation and support in air quality data
collection. We thank Dr. Ramesh Kumar, NDMC, for his sup-
port in mortality data collection. We gratefully acknowledge
the technical support provided by the HEI staff members
and the International Scientific Oversight Committee mem-
bers of HEI. We also acknowledge Dr. Kalpana Balakrishnan,
and Mr. Santanu Ghosh of Sri Ramachandra Medical Col-
lege for their support. We thank Dr. R.K. Pachauri (Director
General of TERI) for his encouragement and support. We
acknowledge Ms. Beena, Mr. Ritesh Jha, and Mr. Shenoy
Mooken for their secretarial assistance.

Table 12. Comparison of Present Study Results with the 
Results from Other Studies

Location

Change in Daily 
All-Natural-Cause

Mortality per 
10-µg/m3

Particulate
Increase (%)

Particulate
Measured Source

Birmingham,
Alabama, 
USA

0.6 PM10 Schwartz 1993

29 European
cities

0.41a PM10 Katsouyanni
et al. 2001

Bangkok, 
Thailand

0.8 PM10 Ostro et al.
1999

Delhi, India 0.2 SPM Cropper et al.
1997

Delhi, India 0.114 PM10 Present study

a Fixed effects estimate.
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APPENDIX A. HEI Quality Assurance Statement*

The conduct of this study was subjected to periodic, in-
dependent audits by a team from Hoover Consultants. This
team consisted of auditors with experience in toxicology,
epidemiology and air quality data. The audits included in-
process monitoring of study activities for conformance to
the study protocols and examination of records and sup-
porting data. The dates of each audit are listed below with
the phase of the study examined.

December 8–9, 2005

Records from this study were obtained by the investi-
gators from external groups and the audit did not extend
beyond these records to the original data sources. The 5-
and 10-month progress reports were included in the audit.
This study was conducted in accordance with two proto-
cols: an individual protocol that included the unique fea-
tures of the New Delhi project and a combined protocol for
the coordinated time-series analysis.

Mortality data were collected by the Municipal Corpo-
ration of Delhi (MCD) for approximately 97% of the total
population of 13.78 million. The New Delhi Municipal
Corporation (NDMC) collected 2% and the remaining 1%
was collected by the Delhi Cantonment under the control

* The QA Statement was edited for brevity.
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of the military (excluded from study). The audit team com-
pared hard copy death information against electronic files.
In addition, Dr. Ramesh Kumar, Chief Medical Officer for
the Community Health Administration of the New Delhi
Municipal Council (NDMC) met with the audit team at
TERI to discuss procedures that NDMC follows in the col-
lection of mortality data. Dr. Kumar provided the audit
team with a tour of the NDMC office and explained proce-
dures for data obtained from reporting family members,
entry into the computer system and archival of hard copies.
The audit team was able to audit data sets from both MCD
and NDMC and audited the electronic files against hard
copy. Data from 270 deaths were audited for registration
number, date-of-death, date-of-registration, name, father or
husband’s name, address-of-deceased, gender, age, place-
of-death, living place-of-deceased, district, religion, occu-
pation, whether medical attention was obtained, if the death
was certified, cause-of-death, if the death was pregnancy-
related, and history of alcohol and tobacco use.

Data from the India Habitat Center observatory (i.e.,
AQM 1) are generated and processed at TERI and were
available to the audit team for review, from hand-written
initial record through electronic data-reduction spread-
sheet to tabulated 24-hour averages. Data for the other sites
were obtained by the investigators as electronic files of sum-
mary 24-hour averages. All 24-hour averages at the India
Habitat Center during 2003 for PM10, SO2, and NO2 were
audited against values from the data-reduction spread-
sheet, and all spreadsheet values for 16 of these days were
audited against the original hand-written initial record.

TERI investigators obtained hard-copy meteorological
records for the Safdarjung Airport (VIP airport) from the
India Meteorological Department. The data, for daily max-
imum and minimum temperature and relative humidity,
daily total rainfall, and visual range observations every
three hours, were entered in electronic spreadsheets that
were independently verified by a TERI research assistant.
The audit team merged visual range and relative humidity
data from the electronic files with the pollutant data, and
examined the empirical dependence of visual range on rel-
ative humidity and PM10 concentrations. The consistency
with theoretical expectations of these wholly independent
measurements supports the quality of both data sets.

July 28, 2010

A “cleaned, but unedited draft” of the final study report
was examined for internal consistency and conformance
with the study protocols. Comments were provided to HEI
via e-mail.

A written report of the December 2005 audit was pro-
vided to the Director of Science of the Health Effects Insti-
tute who transmitted these findings to the Principal Inves-
tigator. These quality assurance audits demonstrated that
the study was conducted by experienced professionals in
accordance with both study protocols. The final report ap-
pears to be an accurate representation of the study.

B. Kristin Hoover
Hoover Consultants

APPENDICES AVAILABLE ON THE WEB

Appendices B–E and H–J contain supplemental material
not included in the printed report. They are available on
the HEI Web site http://pubs.healtheffects.org.

Appendix B. Common Protocol for Time-Series Studies
of Daily Mortality in Indian Cities

Appendix C. Method for Determination of Respirable
Suspended Particulate Matter (RSPM) in the Ambient Air
(Gravimetric technique with high volume sampling)

Appendix D. Determination of Sulphur Dioxide in
Ambient Air (Improved West and Gaeke Method)

Appendix E. Determination of Nitrogen Dioxide in
Ambient Air (Jacob and Hochheiser Method)

Appendices F and G are associated with the Chennai
portion of this HEI Report.

Appendix H. Details of Air Quality Monitoring Loca-
tions in Delhi

Appendix I. Mortality Data Registration System in Delhi

Appendix J. Technical Summary
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ABBREVIATIONS AND OTHER TERMS

APHEA Air Pollution and Health: A European 
Approach

AQM air quality monitor

CI confidence interval

CPCB Central Pollution Control Board

df degrees of freedom

ER excess risk

DOW day-of-the-week

GAM generalized additive model

ISOC International Scientific Oversight Committee

MCD Municipal Corporation of Delhi

NAAQS National Ambient Air Quality Standard

NAMP National Air Quality Monitoring Program

NDMC New Delhi Municipal Council

NEERI National Environmental Engineering 
Research Institute

NMMAPS National Morbidity, Mortality, and Air 
Pollution Study

NO2 nitrogen dioxide

PACF partial autocorrelation function

PAPA Public Health and Air Pollution in Asia

PM particulate matter

PM2.5 PM with an aerodynamic diameter � 2.5 µm/m3

PM10 PM with an aerodynamic diameter � 10 µm/m3

QA quality assurance

QC quality control

RR relative risk

SO2 sulfur dioxide

SPM suspended particulate matter

TERI The Energy and Resources Institute

WHO World Health Organization
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, K. Balakrishnan et al. (Part 1)
and U. Rajarathnam et al. (Part 2)

 

INTRODUCTION

 

Epidemiologic time-series studies are commonly used
to evaluate the short-term effects of ambient air pollution
on public health (e.g., HEI 2003; Pope and Dockery 2006).
The time-series approach relies upon day-to-day variations
to estimate the association between short-term exposure to
air pollutant concentrations and mortality or morbidity,
such as hospital admissions for respiratory and cardio-
vascular diseases. Time-series studies have provided use-
ful information about the association between air pollution
and health outcomes in single geographic locations, but it
is often challenging to compare results across locations
because of differences among the methods used to collect
and analyze the data. Recent multicity time-series studies
have been conducted in cities of Canada, Europe, and the
United States using similar analytic approaches (Samet et
al. 2000; Katsouyanni et al. 2001, 2009; Dominici et al.
2003). Those studies have considerably strengthened the
evidence for the association between short-term increases
in concentrations of particulate matter (PM*) and mortal-
ity, and have contributed to the scientific basis for setting
regulatory standards for air pollutants in the United States
and elsewhere.

However, considerable uncertainties remain regarding
the extrapolation of this evidence to developing countries,
including large populations in Asia. High concentrations
of air pollution continue to be observed in the rapidly
growing economies of China and India, with many loca-
tions exceeding the World Health Organization (WHO) air
quality guidelines (Bell et al. 2004; Gurjar et al. 2004;
WHO 2006). The composition of the air pollution mixture
can differ dramatically between Asia and other geographic
regions and vary among cities within Asia due to substan-
tial differences in pollution sources. For example, cities in
Asia have been shown to experience unique patterns of
traditional and modern sources of exposure (HEI Inter-
national Scientific Oversight Committee 2004; 2010). Fur-
thermore, public health impacts from air pollution can be
magnified in population-dense megacities (Gurjar et al.
2008), particularly in developing countries in Asia where
various other demographic factors and disease patterns
interact with air pollution to influence population health
(Cohen et al. 2004). The distinct and diverse cities in Asia
and the relative lack of local studies call for greater atten-
tion to these areas, as described in the Preface to this report.

Given the extensive gaps in knowledge on the health
effects of air pollution in Asia, HEI funded several coordi-
nated time-series studies of air pollution and health in
Asia under the Public Health and Air Pollution in Asia
(PAPA) Program to collect information that would be rele-
vant to local populations, with the added goal of supporting
capacity building in the region. After a first wave of four
studies in China and Thailand was underway (see Preface),
HEI’s International Scientific Oversight Committee (ISOC)
selected three additional investigator teams to conduct time-
series studies of air pollution and mortality in Indian cit-
ies: Chennai, Delhi, and Ludhiana. The investigators coor-
dinated their approaches by adapting the common protocol
of the first wave PAPA studies; differences in data avail-
ability and completeness in the Indian cities prompted the
investigators to develop city-specific approaches.

Although substantial deficiencies in the available air pol-
lution data in Ludhiana prevented the study from being
completed in that city, ISOC commends the Ludhiana team
for their efforts in assessing the available health outcomes

 

Dr. Balakrishnan’s 1-year study, “Developing exposure-response functions
for air pollutants from time-series analyses — A pilot exercise in Chennai,
India,” began in July 2005. Total expenditures were $65,700. The draft
Investigators’ Report from Balakrishnan and colleagues was received for
review in September 2007. A revised report was received in June 2008. A
second revised report, received in January 2009, was accepted for publica-
tion in May 2009.

Dr. Rajarathnam’s 1-year study, “Time series study on air pollution and mor-
tality in Delhi,” began in July 2005. Total expenditures were $63,029. The
draft Investigators’ Report from Rajarathnam and colleagues was received
for review in September 2007. A revised report was received in June 2008.
A second revised report, received in December 2008, was accepted for pub-
lication in May 2009.

During the review process, the HEI Health Review Committee and the in-
vestigators had the opportunity to exchange comments and to clarify issues
in the Investigators’ Report and in the Review Committee’s Critique. These
documents have not been reviewed by public or private party institutions,
including those that support the Health Effects Institute; therefore, they
may not reflect the views of these parties, and no endorsements by them
should be inferred.

* A list of abbreviations and other terms appears at the end of each Investi-
gators’ Report.



 

76

 

Critique of Time-Series Studies in Chennai and Delhi

 

and air pollution data and for their contributions to the
workshops and communications that coordinated the study
design among the Indian teams. (In a recent publication,
the team estimated mortality risks in Ludhiana using visi-
bility as a surrogate for air pollution [Kumar et al. 2010].)
The investigators of the studies in Chennai and Delhi
aimed to use the most consistent methods possible (given
the data constraints) that would allow for a comparison of
the relative risks (RR) of mortality for these cities and the
exploration of potential sources of variation in the results.

 

BACKGROUND

 

Previous assessments of the available time-series studies
conducted in Asia have found the results of the Asian lit-
erature to be mostly consistent with the wider scientific
literature on air pollution and health, and the statistical
methods used were comparable to studies conducted in
other regions (HEI ISOC 2004; 2010). More than 50 Asian
time-series studies on mortality have been published be-
tween 1980 and 2007, including three multicity studies in
Korea, Japan, and China and Thailand (Lee et al. 2000;
Omori et al. 2003; Wong et al. 2008). Nearly all of those
Asian studies revealed significant positive associations be-
tween air pollution and mortality from respiratory disease,
cardiovascular disease, or other causes (HEI ISOC 2010).

However, some differences in the robustness of the as-
sociation between mortality and specific pollutants (i.e.,
PM 

 

�

 

 10 µm in aerodynamic diameter [PM

 

10

 

] and nitrogen
dioxide [NO

 

2

 

]) were observed with the inclusion of other
pollutants between the coordinated first wave PAPA stud-
ies in Bangkok, Hong Kong, Shanghai, and Wuhan (Wong
et al. 2010b) and two North American and European stud-
ies: the National Morbidity, Mortality, and Air Pollution
Study (NMMAPS) and Air Pollution and Health: A Euro-
pean Approach (APHEA) (Samet et al. 2000; Katsouyanni
et al. 2001; Dominici et al. 2003). Given these remaining
uncertainties and the under-representation of Southeast
Asia and South Asia in the Asian literature on air pollu-
tion and health, additional time-series investigations in
those regions are needed to inform the local authorities as
well as add to the global body of evidence on air pollution
and health.

Information on specific pollution sources, demograph-
ics, and other variables in developing countries of Asia
indicates that air pollution affects mortality in this region
similarly as in other regions, but that there may be unde-
fined distinct air pollution-associated risks and burden of
disease (HEI ISOC 2010). Concentrations of PM and other
major pollutants frequently exceed WHO air quality guide-
lines by substantial margins in Delhi, Chennai, and other

Indian cities that have one million inhabitants or more.
Delhi is one of the world’s megacities with a population of
15.9 million (in 2007) and is expected to be the third larg-
est urban agglomeration by 2015, after Tokyo and Mumbai;
Chennai has an estimated 7.5 million people (in 2006).

Several studies in India have evaluated the effects of
air pollution on respiratory function and disease, cardiac
disease, blood lead concentrations, and eye irritation, as
summarized in the Public Health and Air Pollution in
Asia– Science Access on the Net database (Health Effects
Institute 2008). At the time the current studies started, there
was only one time-series study that directly estimated the
effect of exposure to air pollution on mortality (Cropper et
al. 1997), although there were other studies that estimated
mortality impacts based on information from other locations
(Srivastava and Kumar 2002; Joseph et al. 2003; Parikh and
Hadker 2003; Mukhopadhyay and Forssell 2005).

Cropper and colleagues (1997) used 1991–1994 data col-
lected in Delhi; they found positive, significant associations
between PM and mortality in the 5- to 64-year age group of
Delhi residents who died from nontraumatic causes as
well as from specific respiratory and cardiovascular com-
plications: the excess risk (ER) of mortality associated with
a 10-µg/m

 

3

 

 increase in suspended particulate matter was
0.23 ± 0.1. While the effects estimates were small com-
pared with studies in other countries, the investigators
inferred that Delhi may have a greater number of years of
life lost because of higher mortality rates in younger age
groups (15–44 years), based on the age distribution in India
at the time. They and other investigators have suggested
that reliance on existing concentration–response func-
tions obtained in populations of developed countries may
therefore underestimate the impact of air pollution on pop-
ulation health in developing regions (Cropper et al. 1997;
Joseph et al. 2003).

In fact, WHO estimates of deaths and years of life lost
suggest that developing countries of Asia face the greatest
burden from air pollution worldwide (Ezzati et al. 2002;
Cohen et al. 2004). In addition to different distributions of
mortality rates across age groups, health status may also
differ among Asian populations and those in developed
countries. Also, differences in the prevalence of cardiovas-
cular, respiratory, and other diseases exist among popula-
tions of East Asia, South Asia, and Southeast Asia, de-
pending on the status of countries’ transition toward a
more western model (HEI ISOC 2010). There are differ-
ences in rates of tobacco smoking and indoor burning of
solid fuels that may affect the adult risk of tuberculosis
and the childhood risk of morbidity and mortality related
to bronchiolitis and pneumonia (also known as acute lower
respiratory infection). There is a significant contribution of
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cardiovascular disease to deaths in India; the population
has a high prevalence of hypertension, hypercholesterole-
mia, dyslipidemia, high glycemic diet, abdominal obesity,
and smoking (HEI ISOC 2010).

Outdoor air pollution in India can be traced to a mixture
of traditional and modern sources. It is mostly restricted to
urban areas, where mobile sources are a major contributor
of emissions, and to areas with industrial emissions and
power generating facilities (which are mostly coal-based
with small amounts of natural gas and oil). A recent com-
prehensive source apportionment of PM 

 

�

 

 2.5 µm in aero-
dynamic diameter (PM

 

2.5

 

) mass for several Indian cities
found that fossil fuel combustion contributed between 21%
and 57% of PM

 

2.5

 

 mass in Delhi, Mumbai, Kolkata, and
Chandigarh, whereas biomass combustion contributed 7%–
20% in those cities (Chowdhury et al. 2007). On the other
hand, biomass contributed a much higher percentage (80%)
of black carbon emitted in rural areas of India, affecting a
large segment of the population (Gupta et al. 2001).

National and local authorities have been addressing these
issues by setting national ambient air quality standards
(Critique Table 1) and promoting targeted actions to reduce
emissions, such as the use of compressed natural gas and
replacing two-stroke with cleaner four-stroke engines to
power two- and three-wheeled vehicles, and requirements
that new vehicles meet increasingly enhanced auto emis-
sions standards (currently equivalent to EURO 4 standards
in the major cities). India’s Central Pollution Control Board
(CPCB) is targeting 17 major cities for pollution control

(CPCB 2006). However, economic growth may overwhelm
the introduction of controls and worsen emissions trends;
for example, the number of vehicles (including a large pro-
portion of two-wheeled vehicles) is expected to rise from
5 million in 2005 to 250 million in 2025 (Asian Develop-
ment Bank 2006). Whereas emissions from biomass burn-
ing in Asia seem to be stabilizing, combustion of fossil
fuels such as coal are on the rise (HEI ISOC 2010).

Considerable challenges remain in conducting epidemi-
ologic assessments of air pollution in Asia owing to data
availability and quality, among other factors (HEI ISOC
2010). Widespread deficiencies in the available environ-
mental data and the status of health records from public
health departments and private hospitals preclude the reg-
ular conduct of such studies. Although some progress has
been made to monitor ambient air pollution in selected
Asian cities, many environmental agencies lack adequate
technical and administrative resources and are under-
staffed. This has resulted in substantial reliance of Asian
air quality decisions on health impact assessments from
other regions. This is of particular concern for rapidly
developing economies, such as India’s, that have distinct
population and pollution characteristics. Thus, the cur-
rent studies in Chennai and Delhi provide welcome addi-
tional information about air pollution and health in local
Indian populations. As research efforts in India continue,
additional results will become available; for example,
two cohort studies of long-term effects of exposure to in-
door and outdoor air pollution were initiated recently (see
Balakrishnan et al. 2011).

 

STUDY AIMS

 

The investigator teams in Chennai and Delhi conducted
time-series studies on the relationship between daily all-
cause mortality and daily concentrations of PM

 

10

 

 for the
period between January 1, 2002, and December 31, 2004.
The India studies did not focus on cause-specific causes of
death (e.g., deaths related to respiratory or cardiovascular
disease) owing to concerns about the completeness and
accuracy of cause-of-death coding. To the extent possible,
the investigators followed the PAPA Common Protocol for
Coordinated Time-Series Studies of Daily Mortality in Asian
Cities (Wong et al. 2010b) with some modifications re-
quired because of limitations in the mortality and pollutant
monitoring data in Chennai and Delhi. The main features
of the common protocol used in the Indian studies were:

Mortality data were provided by local registries of births
and deaths in each of the two cities and were coded by
trained medical professionals using the WHO’s Interna-
tional Classification of Diseases, 10th revision, to exclude

 

Critique Table 1.

 

National Ambient Air Quality Standards 
in India

 

a

 

Pollutant

Time
weighted
average

Industrial,
Residential,
Rural, Other

Ecologically
Sensitive

WHO
Guideline

PM

 

10 

 

Annual 60 60 20
24-hour 100 100 50

PM

 

2.5

 

Annual 40 40 10
24-hour 60 60 25

NO

 

2

 

Annual 40 30 40
24-hour 80 80 100

 

b

 

SO

 

2

 

Annual 50 20 —
24-hour 80 80 20

Ozone 8-hour 100 100 100

 

1-hour

 

180

 

180

 

—

 

a 

 

Data are µg/m

 

3

 

. (Sources: Central Pollution Control Board 2009; World 
Health Organization 2006.) — indicates concentration not specified.

 

b 

 

The concentration was measured using a 1-hour averaging time.
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deaths from non-natural causes, such as accidents, trauma,
or suicide.

Pollutant data for NO

 

2

 

, SO

 

2

 

, and PM

 

10

 

 were provided by
the local government agencies in each city and met local
quality control and assurance standards. Exposure metrics
used for NO

 

2

 

, SO

 

2

 

, and PM

 

10

 

 were 24-hour average con-
centrations. Investigators initially followed an independent,
standardized procedure with regard to ensuring both the
completeness and representativeness of the average daily
exposure of the population. Because of data limitations, the
investigators subsequently developed alternative exposure
models for their specific location: a novel 

 

zonal

 

 approach
in Chennai and centering techniques in Delhi. Gaseous
pollutants were included only in the Delhi analyses.

A generalized additive modeling approach was used to
obtain the ER of daily mortality associated with daily
increases in pollutant concentrations. The investigators fit-
ted quasi-Poisson regression models to the data and car-
ried out sensitivity analyses, such as the inclusion of vari-
ous degrees of freedom (

 

df

 

) for model parameters, different
temperature lags, and alternative exposure models.

 

TECHNICAL SUMMARY OF PART 1: CHENNAI

 

STUDY OBJECTIVES

 

The primary objective of this study was to develop
models for estimating the association between short-term
exposure to criteria air pollutants and daily mortality in
Chennai, India, using a time-series approach. The study
had the following specific objectives:

1. describe the distribution of daily averages of criteria
air pollutant concentrations across all ambient air
quality monitoring (AQM) stations located within the
greater Chennai area over a 3-year period from 2002
to 2004;

2. examine the patterns and quality of data from indi-
vidual monitors or combinations of monitors to estab-
lish criteria for inclusion or exclusion in alternative
exposure series;

3. create a single best exposure series that maximizes
the use of available data and adequately represents
population exposure;

4. retrieve and organize data on all-cause mortality over
the same period;

5. develop a common protocol for a time-series analysis
using the exposure and mortality data sets for the three
Indian PAPA study sites and identify special require-
ments for the Chennai data set;

6. develop statistical models to estimate short-term im-
pacts of criteria air pollutants on mortality in Chennai
and conduct sensitivity analyses according to criteria
laid out in the common protocol; and

7. contribute to the pool of Indian and Asian studies
under the PAPA program for coordinated analysis and
meta-analysis.

 

METHODS

Data Collection

 

Air quality data for 2002–2004 were obtained from the
eight stations in the Chennai AQM network operated rou-
tinely by the Tamil Nadu State Pollution Control Board.
Each station monitors PM

 

10

 

, NO

 

2

 

, and SO

 

2

 

 concentrations
for an average of 100–140 days per year, either on desig-
nated days or every third day, excluding weekends and
public holidays. Using preset criteria, the investigators
excluded one monitor that was located curbside and below
the specified height requirement. Of the seven remaining
stations, five had valid data available for the full three-year
period. Thus the investigators used data from three subur-
ban 

 

industrial

 

 monitors (AQM 1–3) and two urban moni-
tors (

 

commercial

 

: AQM 4, and 

 

residential

 

: AQM 5).

PM

 

10

 

 was measured gravimetrically in 8-hour periods
for 24 hours, twice per week. Readings were included only
if there were valid data for all three 8-hour periods. NO

 

2

 

and SO

 

2

 

 were measured using a wet chemistry method in
4-hour periods for 24 hours, twice per week. Additional air
quality data were obtained from a continuous AQM station
that was colocated with AQM 3. Data included 30-minute
readings and 8- and 24-hour averages for PM

 

10

 

 (using a

 

�

 

-gauge), NO

 

2

 

, and SO

 

2

 

 (using chemiluminescence). Be-
cause data were available from the continuous station for
less than one year, they were used only to evaluate the com-
parability of the measuring techniques. Meteorologic data
on temperature, dew point, relative humidity, wind speed
and direction, visibility, and rainfall for 2002–2004 were ob-
tained from the Regional Meteorological Center in Chennai.

Mortality data for 2002–2004 were obtained from the
Chennai Corporation and the National Cancer Institute in
Chennai (NCI-Chennai). The Chennai Corporation maintains
an electronic database of deaths registered across 10 zonal
offices (administrative units) within the city, which served
as the primary data source. The NCI-Chennai database pro-
vided additional information for the noninfant deaths.
Records were obtained for all deaths that took place within
the Chennai Corporation boundary, including residents of
Chennai as well as residents from outside the boundary
who died at one of the major hospitals, for example. With
a population of 6 million, an average 60 to 100 deaths were
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recorded every day. After cross-verification of the data sets,
the investigators retrieved information on age, sex, residence,
date-of-death, place-of-death, and specific cause-of-death.

Air quality and mortality data sets were cleaned accord-
ing to Quality Assurance / Quality Control (QA/QC) proce-
dures set forth in the common protocol for Indian PAPA
investigators.

 

Development of a Zonal Model of Exposure for PM

 

10

 

After examining the monitoring schedule at each site
and heterogeneity between monitors, the investigators
found large spatial variations among pollutant concentra-
tions in residential, commercial, and industrial areas. A high
percentage of missing values and low correlation among
monitor readings for daily PM

 

10

 

 averages prompted the
investigators to forgo using the daily average of monitor
readings or centering techniques routinely used in time-
series studies, and to construct an alternative exposure
series. Because of the low resolution of the analytic method
for gaseous pollutants, the construction of the exposure
series was based on PM

 

10

 

 data. NO

 

2

 

 and SO

 

2

 

 data were
used only in sensitivity analyses (described later).

Several alternative exposure series were created. The first
three were single series for the entire city: (1) single-monitor
models based on observed data only; (2) multiple-monitor
models based on observed data only; and (3) multiple-
monitor models based on observed data and imputation of
missing data. However, because of spatial variability of
exposure series within the city, the primary analyses were
carried out using a fourth approach, (4) a 

 

core zonal model

 

which estimated exposure at the level of 10 individual zones.
Daily concentrations for each zone were based on averag-
ing concentrations over the 0.5 

 

�

 

 0.5 km grid squares
within zones, with grid concentrations derived as inverse
distance weighted means of pollutant concentrations re-
corded at one or more of the nearest available monitors.

 

Statistical Analyses

 

The investigators broadly followed the common protocol
(Appendix B; available on the Web) to construct general-
ized additive quasi-Poisson models with spline smoothing
functions. The analyses were restricted to all-cause mortal-
ity, allowing for time trends and controlling for potential
confounding by same-day temperature and relative humid-
ity. In a development going beyond the common protocol,
degrees of freedom were chosen using a procedure sug-
gested by Dominici and colleagues (2004).

Two sets of sensitivity analyses were conducted. First,
performance of the core zonal model was compared with
the alternative, nonzonal exposure models using data
from AQMs 4 and 5 and the average of the three industrial

monitors (AQMs 1, 2, and 3). Some analyses were done
with inclusion or exclusion of the industrial monitors.
Each of these analyses selected degrees of freedom sepa-
rately, using the Dominici approach described above. Sec-
ond, the investigators conducted sensitivity analyses of
the core zonal model by varying the degrees of freedom for
time, temperature and relative humidity; considering dif-
ferent pollution exposure lags (1 to 3 days); assessing strat-
ification by sex, age, or season; considering inclusion of
gaseous pollutants; and removing outliers in the exposure
series. Finally, the investigators assessed linearity of the
concentration–response curves.

 

TECHNICAL SUMMARY OF PART 2: DELHI

 

STUDY OBJECTIVES

 

The primary objective of this study was to develop
models for estimating the association between short-term
exposure to criteria air pollutants and daily mortality in
Delhi, India, using a time-series approach. The study had
the following study objectives:

1. collect ambient air quality data for major criteria pol-
lutants (i.e., PM

 

10

 

, SO

 

2

 

, and NO

 

2

 

) for all monitored
stations over a 3-year period (2002–2004) and ana-
lyze the trend in conjunction with daily changes in
weather condition;

2. collect death certificates from the Registrar of Births
and Deaths, Municipal Corporation of Delhi (MCD)
and New Delhi Municipal Council (NDMC), and code
the primary cause of death as per the International
classification system;

3. statistically analyze the data for: (a) changes in daily
deaths (total deaths excluding death due to accidents)
associated with changes in daily air quality levels,
and (b) changes in age-specific death due to cardiores-
piratory disease associated with changes in daily air
quality levels.

 

METHODS

Data Collection

 

Air quality data for 2002–2004 were obtained from 9
AQM stations operated by the CPCB and one station oper-
ated by The Energy and Resources Institute (TERI). Each
station monitors PM

 

10

 

, NO

 

2

 

, and SO

 

2

 

 concentrations twice
per week for an average of fewer than 100 days per year,
except for the station operated by TERI, which collects data
on a daily basis. The days in the week that are monitored
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vary and no measurements are made on weekends and
public holidays. All stations are located in urban areas:
seven are in residential areas (AQMs 1, 2, 5–7, and 10),
three are in industrial areas (AQMs 4, 8, and 9), and one is
in an area with mixed commercial and residential use
(AQM 3). Measurement methods were identical to those in
Chennai. All data were corrected for outlying values. Daily
averages for temperature, rainfall, relative humidity, and
visibility for 2002–2004 were obtained from the Indian
Meteorological Department.

Approximately 900,000 deaths per year are registered in
Delhi by three different administrative agencies — MCD,
NDMC, and Delhi Cantonment (military). Data from the
cantonment were not available but comprised less than
2% of the deaths. NDMC data (about 25% of deaths) were
not in electronic format and were entered into spreadsheets
by trained field staff. Each death certificate was screened
and the cause of death was coded according to the Interna-
tional Classification of Diseases. After cross-verification of
the data for duplicate entries, missing information, and
misclassification, the investigators retrieved information
on age, sex, place-of-death, and cause-of-death. Due to lim-
itations with the cause-of-death coding, statistical analyses
were limited to deaths from all natural causes.

 

Development of a Core Model of Exposure

 

The investigators noted a high percentage of missing
values for the CPCB monitors and high readings for daily
pollutant averages at AQM 1 (operated by TERI) compared
with the other monitors. This led the investigators to con-
struct an alternative exposure series, instead of using the
daily average of monitor readings. The investigators used a
data centering approach described by Wong and colleagues
(2001); they removed outliers at each monitoring location
and then 

 

centered

 

 each daily concentration by subtracting
the annual mean for that station and adding the annual
mean of all stations.

 

Statistical Analyses

 

The investigators followed the common protocol (Ap-
pendix B; available on the Web), to construct generalized
additive models with penalized spline smoothing functions
to control for confounding. The analyses were restricted to
all-cause mortality, allowing for time trends and control-
ling for potential confounding by temperature and relative
humidity. Preliminary quasi-Poisson regression analyses
were done with 3 to 15 

 

df

 

 for the time variable and 3 

 

df

 

for temperature and relative humidity. The investigators
selected the core model based on criteria for autocorrela-
tion, the extent to which deviance was explained, over-
dispersion, and other statistical criteria. The investigators

considered single-, two-, and three-pollutant models for
PM

 

10

 

, NO

 

2

 

, and SO

 

2

 

, and considered the effects of pollut-
ants on mortality lagged at 0 to 3 days, as well as using a
2-day average of 0- and 1-day lags.

Sensitivity analyses were conducted with various degrees
of freedom using natural spline smoothing functions and
different lags for temperature (1–3 days and cumulative
averages of 0–7 days and 8–14 days). Additional analyses
were conducted using different exposure series with pol-
lutant values of individual monitoring locations, the aver-
age of 9 monitoring stations (excluding AQM 1), and the
average of 10 monitoring stations without the centering
technique. Finally, the investigators assessed concentration–
response curves by introducing mortality as a smooth func-
tion with 3 

 

df

 

 for the pollutant concentration.

 

SUMMARY OF KEY RESULTS

 

AIR QUALITY

Chennai

 

A summary of air quality and meteorologic data for the
five Chennai AQM stations is presented in Critique Table 2.
The investigators reported that the concentrations of PM

 

10

 

and NO

 

2

 

 measured at the industrial and commercial AQM
stations were often above the annual national standards;
the same was true for SO

 

2

 

 concentrations at industrial (but
not commercial) stations. Concentrations at residential
monitors were generally at or below the standards for resi-
dential areas. The investigators reported that nearly 30%
of the NO

 

2

 

 and 60% of the SO

 

2

 

 measurements were around
the detection limit of 4 µg/m

 

3

 

. They therefore focused their
main statistical analyses on PM

 

10

 

; NO

 

2

 

 data were used in
sensitivity analyses only.

 

Delhi

 

A summary of air quality and meteorologic data for the
10 Delhi AQM stations is presented in Critique Table 2.
The investigators noted spatial and seasonal variation in
pollutant concentrations. Average PM

 

10

 

 and NO

 

2

 

 concentra-
tions at AQM 1 and 3 were higher than at the other stations,
driving up the average concentration across all monitors
(Part 2 Investigators’ Report Figures 2 and 3). The investi-
gators noted that PM

 

10

 

 concentrations were high in May and
June owing to dust storms, and in November and Decem-
ber owing to holiday fireworks (e.g., a peak PM

 

10

 

 level of
1200 µg/m

 

3

 

 was observed during the festival of Diwali).
During the rainy season (July through September) PM con-
centrations are generally low. The investigators reported
that in residential areas, NO

 

2

 

 concentrations occasionally
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exceeded the national standard but that SO

 

2

 

 concentra-
tions were well within the standard. Correlations among
monitoring stations were moderate to high for PM

 

10

 

 but
low for NO

 

2

 

 and SO

 

2

 

 (Part 2 Investigators’ Report Table 5).
Correlations between PM

 

10

 

 and either NO

 

2

 

 or SO

 

2

 

 at indi-
vidual monitors were low as well (Part 2 Investigators’
Report Figure 8).

 

MORTALITY RISK

Chennai

 

Using the core zonal model, the investigators reported
an increase in the RR for nonaccidental, all-cause mortal-
ity of 1.004 (95% confidence interval [CI] = 1.002–1.007)
per 10-µg/m

 

3

 

 increase in PM

 

10

 

 concentration on the previ-
ous day (Part 1 Investigators’ Report Table 10). Alternative,
nonzonal exposure series using single- or multiple-monitor
models did not appreciably change the RR for mortality.

Additional sensitivity analyses of the core zonal model
results showed that there was not much variation in RR
between males and females, but that the RRs for the age
groups 5–44 years and 45–64 years were slightly higher
than for the younger or older age groups. The RR for all-
cause mortality associated with PM

 

10

 

 was slightly lower at
lag 0 (same day) than at lag 1 (previous day), and was ele-
vated at 2- or 3-day lags. No change in RR was found with
a 7-day distributed lag for temperature and relative humid-
ity compared with the core model (details for the distrib-
uted lag model were not specified). Varying the degrees
of freedom for time, temperature, and relative humidity,
stratifying by season, or excluding outliers in the exposure

series did not appreciably change the RRs (Part 1 Investiga-
tors’ Report Table 10).

 

Delhi

 

Using the core model with centered air quality data, the
investigators reported an increase in the RR for nonacci-
dental, all-cause mortality of 1.0015 (95% CI = 1.0007–
1.0023) per 10-µg/m

 

3

 

 increase in PM

 

10

 

 concentration on
the same day (Part 2 Investigators’ Report Table 8). The RR
was slightly lower at 1 to 3 day lags and slightly higher at
a cumulative lag of 0–1 days and when PM

 

10

 

 concentra-
tions exceeding 400 µg/m

 

3

 

 were excluded from the analy-
sis. The investigators also reported an increase in RR for
daily mortality of 1.0084 (95% CI = 1.0029–1.014) associ-
ated with a 10-µg/m

 

3

 

 increase in NO2 concentration; there
was no evidence of an association between SO2 concentra-
tion and mortality. Using two- and three-pollutant models,
the RRs associated with PM10 and NO2 concentrations
were slightly attenuated.

Additional sensitivity analyses of the core model showed
that the RR associated with PM10 was lower in males than
females; the RR for the age group 5–44 years was higher
than for the other age groups (Part 2 Investigators’ Report
Table 9). There was considerable variability in RRs associ-
ated with PM10 among individual monitoring stations,
although using all ten stations, the one station operated by
TERI (which reported consistently higher PM concentra-
tions), or the nine stations other than the station operated
by TERI gave similar RRs (Part 2 Investigators’ Report
Table 10). Using natural spline smoothing functions for the
pollutant effect, RRs were lowest for the smallest number

Critique Table 2. Average 24-Hour Pollutant Concentrations, Temperature, and Relative Humidity in Chennai and Delhia

Pollutant City Mean Median SD Minimum Maximum

PM10 (µg/m3) Chennai 95.4 91.9 31.9 25.1 266.2
Delhi 221 204 116 30 1015

NO2 (µg/m3) Chennai 26.7 23.2 11.8 7.3 80.0
Delhi 50 48 15 7 159

SO2 (µg/m3) Chennai 17.4 15.3 8.71 4.2 56.0
Delhi 9 9 3 4 26

Temp (�C) Chennai 29.8 30.1 3.1 23.0 40.0
Delhi 25.5 26.9 — 3.9 45.4

RH (%) Chennai 75.2 76.0 10.8 44.0 98.0
Delhi 60.9 62.2 — 6.3 100

a Based on valid measurements observed at 5 AQM stations in Chennai and 10 AQM stations in Delhi during 2002–2004. Pollutant concentrations are the 
average of all AQM stations in each location and thus reflect both spatial and temporal variability. SD indicates standard deviation; Temp indicates 
temperature; RH indicates relative humidity; — indicates data not provided.
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of degrees of freedom (df = 3) and also lower for the largest
numbers of degrees of freedom (Part 2 Investigators’ Report
Figure 15). Using different lags for temperature did not ap-
preciably change the RR, except at longer cumulative lags
(0–7 or 8–14 days; Part 2 Investigators’ Report Table 11).

HEALTH REVIEW COMMITTEE EVALUATION

The two time-series studies of air pollution and daily
mortality in Chennai, India, and Delhi, India, have provided
useful additional information on air pollution and health
outcomes in developing countries. Previously, only one
other time-series study of all-cause mortality and air pollu-
tion had been conducted in India (Cropper et al. 1997).
Results from Chennai and Delhi suggest a generally similar
risk of mortality associated with PM exposure compared
with the first four PAPA studies, as well as with multicity
studies conducted in South Korea, Japan, Europe, and
North America (Critique Table 3). The association of mor-
tality with exposure to NO2 observed in Delhi was also sim-
ilar to values reported from other studies in Asia (Wong
et al. 2010b; HEI ISOC 2010). The associations were fairly

consistent in spite of the fact that concentrations of criteria
air pollutants were substantially higher than those observed
in the United States and Europe (HEI ISOC 2004, 2010;
Wong et al. 2010b); for example, PM10 concentrations in
Chennai, Delhi, and elsewhere in Asia frequently exceed
national ambient air quality standards and WHO air qual-
ity guidelines.

The investigator teams (including the team of the third
study in Ludhiana) invested considerable effort to estab-
lish air quality and mortality data sets, verify the data, and
develop a common protocol for their statistical analyses.
This protocol was adapted from the common protocol that
had been developed for the first wave PAPA studies in
Bangkok, Hong Kong, Shanghai, and Wuhan (Wong et al.
2010b). All three teams encountered substantial difficul-
ties in terms of data quality, most importantly the fact that
there were many missing values at AQM stations and a lack
of reliable information on specific causes of deaths. Given
substantial limitations and uncertainties in the Ludhiana
data, it was not clear that an interpretable result using air
quality data would be possible; the study was not com-
pleted. In Chennai and Delhi, the investigator teams fo-
cused their analyses on all-cause mortality and developed

Critique Table 3. Percent Excess Risk of All-Natural-Cause Mortality Associated With a 10-µg/m3 Increase in PM 
Concentration Among Selected Cities in Asia, Europe, and North Americaa

Pollutant
% Excess Risk of 

Mortality (95% CI) Lag Reference

Single Cities
Chennai PM10 0.4 (0.2 to 0.7) 1 day Balakrishnan et al. (this report)
Delhi PM10 0.15 (0.07 to 0.23) 0–1 day Rajarathnam et al. (this report)
Delhi SPM 0.23 (0.1)b 2 days Cropper et al. 1997
Ludhiana Visibilityc 0.7 (0.1 to 1.2) 1 day Kumar et al. 2010

Bangkok PM10 1.25 (0.82 to 1.69) 0–1 day Wong et al. 2010b
Hong Kong PM10 0.53 (0.26 to 0.81) 0–1 day Wong et al. 2010b  
Shanghai PM10 0.26 (0.14 to 0.37) 0–1 day Wong et al. 2010b  
Wuhan PM10 0.43 (0.24 to 0.62) 0–1 day Wong et al. 2010b  

Multiple Cities
4 Asian cities PM10 0.55 (0.26 to 0.85) 0–1 day Wong et al. 2010b  
7 South Korean cities SPM 0.17 (0.08 to 0.26) 0–1 day Lee et al. 2000
13 Japanese cities SPM 0.49 (0.38 to 0.60) 0 days Omori et al. 2003
Meta-analysis of 82 Asian studies Various 0.27 (0.12 to 0.42) Various HEI ISOC 2010

12 Canadian cities PM10 0.86 (0.32 to 1.4) 1 day Katsouyanni et al. 2009
32 European cities PM10 0.33 (0.22 to 0.44) 1 day Katsouyanni et al. 2009
89 U.S. cities PM10 0.29 (0.18 to 0.4) 1 day Katsouyanni et al. 2009

a SPM indicates suspended particulate matter.
b The value is the standard deviation.
c Because of the extent of missing data, the investigators used reduction of visibility by 1000 meters as a surrogate for air pollution.
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city-specific exposure series, using a novel zonal approach
and a centering technique, respectively. The remaining sec-
tions of this critique evaluate the specific approaches used
in each study and conclude with a general discussion of
common issues.

EVALUATION OF THE CHENNAI STUDY

Balakrishnan and colleagues concluded that their find-
ings for the effect of PM10 on daily mortality in Chennai
were in the range reported by other time-series studies in
Asia, Europe, and North America (Critique Table 3). They
also concluded that as a result of data inadequacies (i.e.,
lack of data on concentrations of PM2.5 and gaseous pollut-
ants, specific causes of death) it remained difficult to apply
more sophisticated time-series approaches.

In its independent assessment of the study, the HEI
Health Review Committee thought that the investigators
had applied an innovative approach for exposure estima-
tion in Chennai, assigning nearest ambient monitor values
to each grid cell in the 10 zones to address heterogeneity
in PM10 concentrations among monitors. The investigators
were thoughtful in their handling of exposure data and
related scientific issues, and conducted a good set of sen-
sitivity analyses. Because the results from the core zonal
model and alternative exposure series were fairly consis-
tent, the Committee thought it would be unlikely that a dif-
ferent approach to exposure estimation would have yielded
very different risk estimates, adding to confidence in the
risk estimates. However, the Committee identified several
caveats regarding the zonal approach.

• When data from one or more monitors are missing, the
zonal approach appears to ignore missing data. Thus,
the final time series may include spurious jumps in a
zone’s exposure estimate when data from one of two
monitors contributing to a zone’s concentration are
missing for a period.

• The investigators observed poor correlation among
measurements at different sites and large differences
among monitors in seasonal trends and other varia-
tions over time, which raises the likelihood that
there may be important spatiotemporal variation, even
within zones. The availability of data from only a few
monitoring locations makes it virtually impossible to
understand and correct for sources of spatio-temporal
variation.

• The monitor footprint may be different than the 5–
10 km radius assumed by the investigators. Monitors
located in close proximity to specific sources, such
as the industrial monitors located to the north, may
have footprints that are much smaller than 5–10 km,

whereas others may have larger footprints. Further
analysis is needed to justify what size footprint is
appropriate. Treating monitors as having similar foot-
prints introduces additional uncertainty in the expo-
sure estimates.

• The zonal approach does not strictly impose a “weight-
ing of monitors in proportion to the population,” as
stated by the investigators, but rather in proportion to
the number of area grids, unless the population is uni-
formly distributed across grids.

The Committee noted that the five monitors selected for
inclusion in the core model were located in the central-
western and northern areas of the city, leaving no direct
monitoring coverage of the southern neighborhoods in
the model. It could have been useful to use a centering
approach as an alternative sensitivity analysis, to provide
further understanding of the effect of different exposure
approximations on the results.

In its evaluation of the mortality data analysis model,
the Committee noted that the investigators used a relatively
new, ambitious approach to select degrees of freedom for
smoothing of time and meteorology covariates. This ap-
proach seeks to minimize PM10 coefficient variability and
bias using a resampling method. Whether this goal is
achievable is uncertain and is the topic of ongoing HEI-
funded work by Robins and colleagues (2010). The Com-
mittee commented that the degrees of freedom selected for
temperature and relative humidity seemed high, which may
indicate that those variables are strong predictors of pollu-
tion concentrations. The Committee noted that it is not
advisable to use different degrees of smoothing for individ-
ual monitors, in particular because of the high amount of
missing data at a given site; instead it would be more ap-
propriate to apply the degrees of freedom from the model
based on all monitors to all sensitivity analyses consider-
ing exposure metric. However, because the degrees of free-
dom were relatively similar across the different approaches
(see Appendix F; available on the Web), it is unlikely that
the amount of temporal smoothing would substantially af-
fect the results. Further, the Committee thought that using
the scale of overdispersion as a measure of goodness-of-fit
may not be an optimal approach when comparing models
fit to aggregated and zonally disaggregated data, because the
mean counts, and hence expected random variation, differ
greatly. The investigators did not include an indicator for
day-of-week in their analyses, which may be an additional
source of uncertainty given the day-of-week patterns in
missing data.

The inclusion of a fairly large number of sensitivity anal-
yses was a strength of the study, and broadly gave assur-
ance that the primary measure of association of mortality
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with PM10 was robust to several potential sources of bias.
In particular, the robustness of the pollution coefficient to
degrees of freedom in the smoothing terms was reassuring.
However, the investigation of robustness to temperature
effects beyond lag 0 was partial. Temperature has been
widely observed to have effects on mortality beyond lag 0
(the temperature lag considered in the core model), and
the sensitivity analyses only considered an unspecified
distributed lag model over 7 days. If the distributed lag
model merely replaced the smooth function of lag 0 tem-
perature with the mean temperature over lags 0–6 days,
this would be only a partial exploration of residual con-
founding by temperature.

EVALUATION OF THE DELHI STUDY

Rajarathnam and colleagues concluded that the changes
in mortality associated with short-term exposure to PM10
concentrations in Delhi were in agreement with other
time-series studies of air pollution and mortality in Asian
cities and elsewhere (Critique Table 3). They noted that the
magnitude of the effect of air pollution on daily mortality
was small but statistically significant after controlling for
meteorologic parameters and time trends.

In its independent assessment of the study, the HEI
Health Review Committee thought that the use of a center-
ing approach was appropriate for estimating exposure in
the context of missing data. However, during the initial
review stages the Committee expressed concern about the
apparent dominance of the only monitoring station that
had continuous data and also showed consistently higher
PM10 concentrations compared with other stations. That
station may not have been representative of population
exposures because it was perhaps influenced by industrial
sources and may have biased the results. The investigators
responded to the Committee’s feedback by calculating risk
estimates based on 9 versus 10 monitors; excluding the
monitor with continuous data appeared to slightly
increase the mortality risk estimate. The similarity of the
risk estimate of this series with the risk estimate of the
series using 10 monitors was reassuring.

The Committee noted that there may have been residual
confounding by weather in the main analyses. In their sen-
sitivity analyses of the ER associated with PM10, the inves-
tigators replaced the core model smooth function based on
lag 0 temperature with smooth functions based on alterna-
tive single-day lags or means over multiple-day lag inter-
vals. However, recent insights suggest that more complex
distributed lag models may be required to capture temper-
ature effects in many cities (Anderson and Bell 2009). The
sensitivity analyses with alternative temperature terms
considered in Delhi showed moderate impacts on both the

risk estimates and their standard errors. For example,
using temperature mean over lags 0–7 days, the investiga-
tors reported a smaller ER of 0.10 with P = 0.059 (Part 2
Investigators’ Report Table 11); back-calculating a stan-
dard error yields a 95% CI of about 0.0 to 0.20, which is
wider than the CI reported for the core model (0.15; 95%
CI = 0.07 to 0.23).

The mortality data also had limitations; as noted by the
investigators, not all noninstitutional or domiciliary
deaths may have been captured. They encountered addi-
tional difficulties in terms of missing entries, multiple
entries, misclassification in coding of death, and lacking
addresses of deceased persons. However, the large number
of daily deaths in Delhi may have offset the loss of statisti-
cal power due to missing exposure data.

The investigators conducted a limited but informative
set of sensitivity analyses to assess the effects on mortality
risk estimates, including the effect of varying time lags,
varying confounder models, single- and multiple-pollutant
models, age groups, and increasing the temperature lags.
For example, changing the degrees of freedom for the
smooth function of time from 3 to 15 per year — and using
natural splines rather than penalized splines—showed that
the highest ERs of mortality occurred at 8 df (Part 2 Inves-
tigators’ Report Figure 15). The ER declined with degrees
of freedom below and above 8; the percent increase in risk
ranged from about 0.05 to 0.10, indicating sensitivity to the
stringency of time control. The results may also be sensi-
tive to temperature lag, as has been discussed for Chennai.
Risk estimates based on single-monitor pollution data were
sensitive to which single monitor was included in the sen-
sitivity analyses, providing further support for averaging
pollutant data across multiple monitors to estimate popu-
lation exposure in the core model.

The Committee noted some unusual features of the sta-
tistical models used. In the core model, the initial rather
than final “effective” degrees of freedom were those speci-
fied by the authors (8 df/year for time, 3 df/year for temper-
ature and humidity; see Appendix J, available on the
Web). Given that the investigators used a penalized rather
than a fixed degree of freedom spline (by specifying the
default “fx = F” option in the s function in the R package
mgcv), the effective degrees of freedom may have been less
than these.

In addition, the Committee noted that the degrees of
freedom that describe the smoothness of the mortality
function against temperature, relative humidity, and PM in
sensitivity analyses (for the PM-mortality curve) were spec-
ified per year. However, the complexity of these curves
(e.g., the temperature-mortality curves) was not expected
to increase over the duration of the study. Normal practice
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is to select degrees of freedom as a function of the number
of years only for smooth functions of time. The impact of
this specification is likely to be small, given that the splines
were penalized.

GENERAL DISCUSSION

One of the important observations from these and other
Asian studies is that the ER of all-cause mortality that was
associated with an increase of 10 µg/m3 is fairly compara-
ble to the mortality risk observed in Europe and North
America, even though average annual pollutant concentra-
tions in Asia are much higher and there are notable differ-
ences in demographics, source mixtures, public health sta-
tus, and other factors.

Mortality Trends in Asia

Mortality counts in India reported in these two PAPA
studies reflect regional patterns found across countries in
East Asia, Southeast Asia, and South Asia. For example, in
India relatively high mortality was observed in people
45 years and younger (Critique Table 4). The percentages
of daily deaths of children under the age of 5 were higher
in Chennai (4.9%) and Delhi (8.6%) than those observed in
the first wave PAPA studies in Bangkok (2.9%; Vichit-
Vadakan et al. 2010), Hong Kong (0.7%; Wong et al. 2010a),
Shanghai (0.3%; Kan et al. 2010), and Wuhan (1.5%; Qian
et al. 2010). The proportion of daily deaths in people
65 years and older was 45% in Chennai and 34% in Delhi,
which was comparable to Bangkok (36%) but consider-
ably lower than in Hong Kong (77%), Shanghai (84%),
and Wuhan (72%) (Wong et al. 2010b). The proportionally
higher mortality in younger age groups in India suggests
that even moderate efforts to improve air quality could

have substantial benefits in terms of life expectancy and
general health of the working population and associated
economic benefits.

The proportions of daily mortality counts for females in
both Chennai and Delhi were considerably lower than for
males. A similarly higher proportion of male deaths (64%)
was reported in Bangkok (Vichit-Vadakan et al. 2010) but
not in Shanghai (52.5%; Kan et al. 2010) or Wuhan (55.5%;
Qian et al. 2010). The investigators proposed two possible
explanations: a higher proportion of males in cities related
to jobs and other factors, and deaths of females often being
underreported. It remains unclear how the mortality rates
differ by sex among the age groups. A recent report by
WHO (2009) observed that men between the ages of 15 and
60 have much higher risks of dying than women in the
same age category in every region of the world, mainly
because of injuries (including violence and conflict) and
higher levels of heart disease, factors that may also have
contributed to the rates observed in Chennai and Delhi.

Because of the different mortality rates among age groups,
the investigators stratified the risk estimates by the age
groups listed in Critique Table 4. The ER estimates in Delhi
were fairly similar for ages 5–44 (ER = 0.15; 95% CI = 0.05
to 0.25), 45–64 (0.11; 0.02 to 0.20), and � 65 (0.10; �0.06
to 0.26). While the estimates in Chennai were generally
higher, the patterns across age groups were also fairly sim-
ilar: ages 5–44 (0.59; 0.01 to 1.2), ages 45–64 (0.65; 0.2 to
1.1), and ages � 65 (0.31; 0.0 to 0.7).

Other studies have focused more specifically on the old-
est age groups (i.e., � 65 and � 75). Vichit-Vadakan and
colleagues (2010) reported ER estimates associated with a
10-µg/m3 increase in PM10 that were also fairly similar
across their age groupings of 5–44 (ER = 0.9; 95% CI = 0.2
to 1.7), 45–64 (1.1; 0.4 to 1.9), and � 65 (1.5; 0.5 to 2.1);

Critique Table 4. Daily All-Natural-Cause Mortality in Chennai and Delhi by Sex and Age Group for the Period 
2002–2004a

Chennai Delhi

Mean ± SD % Minimum Maximum Mean ± SD % Minimum Maximum

Total 96.8 ± 16.6 100 61 229 222 ± 33 100 126 368

Female 39.1 ± 8.5 40.4 16 96 85 ± 15 38.3 40 142
Male 57.7 ± 11.2 59.6 25 133 139 ± 21 62.6 77 244

0–4 4.8 ± 3.3 4.9 0 21 19 ± 6 8.6 5 39
5–44 21.1 ± 6.3 21.8 5 109 64 ± 11 28.8 28 102
45–64 26.3 ± 6.4 27.5 10 64 61 ± 12 27.5 23 125
� 65 43.7 ± 9.9 45.1 19 90 76 ± 24 34.2 28 158

a SD indicates standard deviation.
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however, the highest ER was observed for individuals
75 years and older (2.2; 1.3 to 3.0). Kan and colleagues
(2010) reported no associations between exposure to PM10
or other pollutants and mortality in Shanghai for the age
groups 5–44 (0.04; �0.52 to 0.59) and 45–64 (0.17; �0.11
to 0.45); their ER estimates were highest for the age group
� 65, but still consistent with the estimates they obtained
in the other groups (0.26; 0.15 to 0.38). Risk estimates ob-
served in other studies for age groups � 65 and � 75 have
been consistently higher than for younger age groups (e.g.,
Katsouyanni et al. 2009; Wong et al. 2010b), which is
clearly different from the findings in the two Indian cities
and, to some extent, Bangkok and Shanghai. In these other
studies the risk estimates in the oldest age groups are mainly
associated with deaths due to cardiovascular and cerebro-
vascular disease (Katsouyanni et al. 2009; Wong et al. 2010b).

Because there were no reliable daily data on specific
causes of deaths that could be used in the Indian studies,
one can only speculate on the underlying causes of death
in the various age groups and how they may have been
affected by exposure to air pollution. Country-specific data
compiled by WHO (2008) on causes of death for three age
groups (0–14, 15–59, and � 60) indicate that the age-
specific percentages of deaths from cardiovascular disease
are very similar in India, China, and the United States
(Critique Table 5), as are deaths from injuries for ages 15–59
and � 60. However, compared with China and the United
States, India has higher percentages of deaths from com-
municable diseases, including respiratory infections for all
age groups as well as diarrheal diseases for ages 0–14 and
tuberculosis for ages 15–59.

Evaluation of the Methods

As discussed above, the two Indian studies were more
limited in scope than the first wave PAPA studies owing
to limitations of the mortality and pollutant data sets. A
detailed general evaluation of the common protocol of
the first wave PAPA studies is provided in the Integrated
Discussion accompanying the combined analyses of time
series in Bangkok, Hong Kong, Shanghai, and Wuhan (Wong
et al. 2010b). Here, we provide an overview of the main
discussion points and indicate differences between the
first wave PAPA studies and the two Indian studies.

Air Monitoring and Exposure Estimation Features that
were considered important for the first wave PAPA studies
were: (1) correlation analyses to identify local sources and
decide on exclusion of specific monitors; (2) calculating
average monitor concentrations to arrive at an average pop-
ulation exposure (instead of relying on a single monitor);
and (3) sensitivity analyses using a centering approach or
including certain sets of monitors to evaluate sensitivity of
the modeling to different exposure estimates. A recom-
mendation was made for future studies to add colocated
monitors to provide additional quality control of the air
quality measurements.

These observations and recommendations apply equally
to the Indian studies. However, an important difference is
that the first wave PAPA studies had access to more com-
plete monitoring data than did the studies in Chennai and
Delhi. As described above, the large amount of missing
data and poor correlation among monitors, especially in

Critique Table 5. Percentage Estimated Deaths by Cause and Age Group in India, China, and the United Statesa

Cause of Death

0–14 years 15–59 years � 60 years

China India U.S. China India U.S. China India U.S.

Population (� 106) 291 373 62 879 661 185 141 82 48

Communicable diseases
Diarrheal 9.0 17.3 0.1 0.1 0.7 0.1 0.1 0.8 0.2
Malaria 0 0.3 0 0 0.2 0 0 0 0
Respiratory (infections) 8.9 14.9 1.7 1.3 4.7 1.1 2.5 10.5 2.9
Tuberculosis 0.2 0.3 0 3.9 7.1 0 2.0 1.8 0

Total 65.7 86.1 46.1 9.6 29.1 6.8 5.2 18.2 5.3

Noncommunicable diseases
Cardiovascular 0.7 1.2 3.2 19.6 21.1 23.0 43.3 43.7 40.6
Respiratory (asthma, COPD) 0.4 0.4 1.7 5.2 6.5 3.0 22.2 12.3 8.1

Total 17.4 8.3 36.3 63.2 47.0 69.1 91.0 76.9 92.0

Injuries 16.8 5.6 17.6 27.2 23.9 24.1 3.8 4.9 2.6

a Source: WHO 2008.
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Chennai, prompted the Indian teams to develop alternative
exposure metrics. Interestingly, effect estimates were more
sensitive to individual monitors in Delhi than in Chennai.
Because of preset selection criteria and data limitations,
only 5 monitors (of which 3 were averaged) contributed
data to the Chennai analyses as opposed to 10 monitors in
Delhi. In Chennai, all monitors were located in central-
western and northern areas of the city, without coverage of
southern areas in the model. In Delhi, some monitors were
located in relatively close proximity to each other, but it
remains unclear if their pollutant concentrations showed
higher correlations. Other factors that may have affected
the exposure estimations are the type of neighborhoods
in which monitors were located (e.g., industrial versus
residential) and possibly also monitor-specific patterns in
missing data.

In both cities, it would have been helpful to have more
detailed information about the possible sources affecting
individual monitors, including their proximity to major
roads. Another difference was that the Indian studies did
not have information on ozone, and the information on
NO2 and SO2 concentrations was limited to the extent that
they could not be included in the Chennai study.

Time Series Modeling Using natural cubic splines as a
smooth function of time was considered a reasonable choice
for the first wave PAPA studies. However, the constraint
that the time-smooth had to have 4–6 df per year was con-
sidered too restrictive because it may not have completely
controlled for temporal confounding, and the data-driven
approach to choosing degrees of freedom was considered
somewhat problematic. A more stringent approach to con-
trol confounding by temperature was also advised, in par-
ticular considering distributed lag effects (at least in sen-
sitivity analyses). Detailed recommendations for future
studies based on these experiences are listed in the Sum-
mary and Conclusions section below.

There are some notable differences with the Indian stud-
ies, however. The Delhi and Chennai teams used differ-
ent approaches, as noted above, but both ended with a
maximum of 8 df/year in their core models (given that the
smooth functions were penalized the effective degrees of
freedom may have been smaller), and both reported sensitiv-
ity analyses with other choices (up to 15 df/year in Delhi
and 40 df/year in Chennai). The Committee was uncon-
vinced that any approach to degrees of freedom selection
could guarantee optimal control for confounding; however,
the use of 8 df/year is close to values used in some impor-
tant benchmark studies (e.g., NMMAPS, which used 7 df ).
In addition, the sensitivity analyses revealed relatively little
impact to the degree of smoothing.

As noted in the evaluation of each study above, the Com-
mittee considered the Indian studies’ investigation of sen-
sitivity to alternative temperature lags a step in the right
direction, but it remains uncertain whether the powerful
and sometimes complex distributed lag associations of tem-
perature with mortality have been controlled in these anal-
yses. Other aspects of weather, for example rainfall, might
also be important uncontrolled confounders in these cities.

The Committee also queries the way that degrees of free-
dom were specified for temperature and relative humidity.
As noted in the evaluation of the Delhi study, specifying
degrees of freedom of the time smooth based on a “per
year” index is sensible and standard procedure. However,
doing the same for temperature and humidity (as reported
for both Chennai and Delhi) is unusual and yields an
exceptionally large number of degrees of freedom (e.g., 6 �
3 = 18 for temperature in Chennai). However, since the
smoothed functions were penalized in the core models,
the effective degrees of freedom in the temperature and rel-
ative humidity smooth functions are most likely much
smaller than the maximum number.

Concentration–Response Curve The assumption of a
linear concentration–response curve is common in air
pollution time-series studies. Results from the first wave
PAPA studies suggest generally linear and increasing pat-
terns across all four cities and pollutants, with some excep-
tions (e.g., ozone in Shanghai). Sensitivity analyses did not
suggest a presence of thresholds or any other clear evi-
dence against a linear concentration–response relation-
ship. However, considering the high concentrations of pol-
lutants, it would be interesting to know whether there may
be a leveling off of the concentration–response relation-
ship at very high PM concentrations. The results from the
first wave PAPA studies were not indicative of such lev-
eling off, but are compatible with it.

This comment also broadly applies to the two Indian
studies. The PM10 concentration–response curve for Delhi
(Part 2 Investigators’ Report Figure 14) showed suggestive
evidence for leveling off at concentrations above 400 µg/m3

and was compatible with leveling off at concentrations
above 200 µg/m3. The concentration–response curve in
Chennai (Part 1 Investigators’ Report Figure 22) is either
consistent with a linear fit (for the dataset that excludes
the highest PM concentrations), or shows a dip around
250 µg/m3, above which the curve resumes a steady in-
crease. However, the confidence intervals are wide, the
data above 200 µg/m3 are limited, and the realized degree
of smoothing in these two pairs of curves is uncertain.
Therefore, the observed functional form in the Chennai
curve should not be over-interpreted.
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SUMMARY AND CONCLUSIONS

The two time-series studies of air pollution and daily
mortality in Chennai, India, and Delhi, India, have pro-
vided useful additional information on air pollution and
health outcomes in developing countries. Results from
Chennai (0.4% increase in risk per 10-µg/m3 increase in
PM10 concentration) and Delhi (0.15% increase in risk per
10-µg/m3 increase in PM10 concentration) suggest a gener-
ally similar risk of mortality associated with PM10 expo-
sure compared with the first four PAPA studies, as well as
with multicity studies conducted in South Korea, Japan,
Europe, and North America.

The broad general consistency of the results of the two
Indian studies described here and in other Asian time-
series studies of mortality with those in Europe and North
America is reassuring. It suggests that the continued use of
data from Western cohort studies to estimate the Asian
burden of disease attributable to short-term exposure to air
pollution is defensible. However, developing Asia currently
differs from the United States and Europe with regard to
energy use, air quality, and population health, which are
also dynamically changing. The Indian studies highlight
that regional differences in demographics (in particular,
age structure and general health status of the population)
may affect health outcomes of interest. Thus, estimates of
the risk of mortality associated with air pollution that are
based on even the most carefully executed U.S. studies
must be used with appropriate caveats.

Given the data limitations faced by the investigator teams,
they are to be commended for making the most of limited
resources. They have blazed a trail for improved quality
epidemiological studies of air pollution in India. However,
considerable uncertainties remain due to data limitations,
potential residual confounding, and potential methodolog-
ical sensitivity, all of which will need to be revisited in any
future epidemiological studies. As the investigators pointed
out, data limitations prevented a number of more in-depth
analyses standard in time-series studies, for example, of
specific causes of death or — in Chennai — different pol-
lutant models. Such detailed analyses will only be pos-
sible once more detailed, consistent air pollution monitor-
ing and health record collection are implemented.

Based on the experience from the first wave PAPA studies
and these two Indian studies, the Committee has made the
following recommendations for future studies:

• The analysis strategy should avoid reliance on identi-
fication of an optimal confounder model, since no such
strategy can guarantee against residual confounding.
Instead, the protocol should specify an a priori pri-
mary analysis, supplement this with a comprehensive

set of analyses of sensitivity to model construction, and
ensure inclusion in models of known determinants of
fluctuations in mortality.

• Extensive analyses of sensitivity to confounder con-
trol should be undertaken. These are often overlooked
for second order investigations, such as putative ef-
fect modification, concentration–response modeling,
or multipollutant models.

• Weather is often a powerful determinant of mortality at
lags extending well beyond zero and is associated with
pollution. As such, it is a strong potential confounder
and needs careful modeling, including consideration of
distributed lag models, in main and sensitivity analyses.

• Assessment of concentration–response relationships,
as was done in these studies, should be included as
part of the sensitivity analyses.

• The use of zonal exposure series in cities that exhibit
poorly correlated concentration series among differ-
ent monitors is worth further investigation. Potentially
important data features and methodological limitations
remain to be explored, however, in particular because
poor correlation among available monitors suggests
high spatiotemporal variability, which may be con-
siderable even within zones.

• Investigators should strive for complete transparency
in their reporting. One step in this direction is to clearly
present the statistical models that were fitted to the
data, for example by including annotated R code in an
appendix, as was done in part by these investigators.

The methodology applied in the PAPA time-series stud-
ies can provide a stronger foundation for further research
in developing Asia. The PAPA studies have added to a
growing number of time-series studies across Asia (HEI
ISOC 2010). These studies have been consistent in show-
ing increases in daily mortality associated with short-term
exposure to measured air pollutants, but have been con-
ducted largely in China and South Korea. The lack of data
on air quality and mortality, especially cause-specific mor-
tality, remain major impediments to conducting such stud-
ies in many parts of developing Asia. As a result, major
population centers in South and Southeast Asia (India,
Pakistan, Vietnam, Philippines, Indonesia, and Malaysia)
remain understudied — although the two PAPA studies in
India and two additional HEI-funded studies in Vietnam
are starting to fill in some of those gaps. Expanded, coor-
dinated multicity studies conducted across Asia could
provide more definitive answers if they are designed and
analyzed consistently with the additional methodologic
improvements noted above and given rigorous quality con-
trol of air quality and health data.
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