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a b s t r a c t

Air pollution poses a critical threat to human health with ambient and household air pollution identified
as key health risks in India. While there are many studies investigating concentration, composition, and
health effects of air pollution, investigators are only beginning to focus on estimating or measuring
personal exposure. Further, the relevance of exposures studies from the developed countries in devel-
oping countries is uncertain. This review summarizes existing research on exposure to particulate matter
(PM) in India, identifies gaps and offers recommendations for future research. There are a limited
number of studies focused on exposure to PM and/or associated health effects in India, but it is evident
that levels of exposure are much higher than those reported in developed countries. Most studies have
focused on coarse aerosols, with a few studies on fine aerosols. Additionally, most studies have focused
on a handful of cities, and there are many unknowns in terms of ambient levels of PM as well as personal
exposure. Given the high mortality burden associated with air pollution exposure in India, a deeper
understanding of ambient pollutant levels as well as source strengths is crucial, both in urban and rural
areas. Further, the attention needs to expand beyond the handful large cities that have been studied in
detail.

& 2016 Elsevier Inc. All rights reserved.

1. Introduction

Air pollution is a global environmental burden, and has been
identified as a significant public health risk. Human exposure to
ambient (outdoor) air pollution (AAP) and household air pollution
(HAP) are important risk factors for morbidity and mortality,
particularly in the developing countries (Lim et al. 2012). Exposure
is a broadly used term that can be used to indicate both qualitative

and quantitative measures of a pollutant, and can be defined in
several ways, although the most generic definition takes into ac-
count the pollutant concentration and the amount of time an in-
dividual spends in contact with that pollutant (Moschandreas et al.
2002; Morawska et al. 2013). Various approaches for defining and
estimating exposure are discussed by Zartarian et al.(2004). Over
the last fifty years, a majority of the air pollution research efforts
have focused on characterization and speciation of ambient par-
ticulate matter (PM), and its sources. While ambient PM con-
centrations are an important contributor to personal exposure
(PE), they often do not correlate with, or are lower than levels of
air pollutants individuals are exposed to (Monn et al. 1997; Huang
et al. 2012).

Exposure to PM is a globally relevant topic because it has been
linked to a number of deleterious health outcomes. Recent work
has shown associations with exposures to generation of oxidative
stress, and particle toxicity can vary based on chemical con-
stituents (e.g. trace metals and polycyclic aromatic hydrocarbons
[PAHs]), which in turn, can trigger inflammation and oxidative
stress (Valavanidis et al. 2008; Shah et al. 2013; Kelly 2003). Ex-
posure to PM has been associated with morbidity and mortality
due to respiratory, cardiovascular and cerebrovascular diseases
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(Harrison and Yin 2000; Chen and Lippmann 2009; Raaschou-
Nielsen et al. 2016). In 2012, outdoor air pollution was classified as
a group 1 carcinogen (i.e. carcinogenic to humans) (Benbrahim-
Tallaa et al. 2012), and a recent World Health Organization (WHO)
estimate suggests that in the same year, more than seven million
premature deaths were due to air pollution exposure, with more
than 80% being in the Pacific and South Asian regions (WHO 2014).

Several studies have concluded that use of fixed outdoor
monitoring stations to estimate PE can lead to exposure mis-
classification (Huang et al. 2012; Dons et al. 2011; Koistinen et al.
2004), and as a result, the focus is rapidly shifting to direct char-
acterization and quantification of PE to various air pollutants. For
example, Hsu et al. (2012) reported personal PM exposures in the
United States to be higher than indoor levels and studies in Europe
have reported similar results (Broich et al. 2012; Johannesson et al.
2007). However, it is important to note that this may not be true in
developing countries where ambient pollution levels are often
very high. A recent global study on ambient PM concentrations
reported a twofold difference between average population
weighted PM2.5 (PM with aerodynamic diameter less than 2.5 mm)
concentrations in North America (12 mg/m3) and Asia (38 mg/m3)
with the highest levels of PM2.5-associated mortality in Asia due to
high population densities (Apte et al. 2015). Similarly, intake
fractions are also reported to be higher for Asian and Pacific
countries compared with developed countries (Apte et al. 2012).
Further, the population density levels in the developing countries
are higher, which can contribute to higher overall exposure levels.
A case in point is India where more than 50% of the population
lives in areas where ambient PM2.5 levels exceed the annual PM2.5

(40 mg/m3) Indian National Ambient Air Quality Standard (NAAQS)
and less than 0.01% of the population lives in areas that meet the
WHO PM2.5 guideline of 10 mg/m3 (Brauer et al. 2015). This is
in stark contrast to Europe, where only 10-14% of the population
lives in areas that exceed the European PM2.5 guideline value

(25 mg/m3) (EEA 2014).
Very little is known about exposure to air pollutants in devel-

oping countries in Asia, Africa and Latin America where commu-
nities are saddled with burgeoning population levels and face ra-
pid growth in urbanization and industrialization. There are several
factors that can affect the exposure to PM in developing countries.
First, there are several unique sources that are not found in de-
veloped countries (e.g. open waste burning, open cooking, use of
animal dung as a fuel, use of diesel generator sets), and these
sources have not been characterized well. Secondly, there are
sources such as solid fuel burning which are significant in terms of
indoor as well as ambient air pollution in developing countries,
but do not contribute much to exposures in developed countries.
Third, humans spend the largest proportion of their time in indoor
microenvironments in the developed countries (Ott 1995; Diapouli
et al. 2013) but this may not be true for developing countries. Fi-
nally, due to high poverty (especially energy poverty) levels and
lower quality of life, certain sections of the population have higher
susceptibility to negative health effects linked with air pollution.
Thus, there is a need for a concerted global effort to generate ex-
posure estimates for developing countries, yet most of our un-
derstand of health effects and air pollution are derived from
communities that are cleaner and more developed.

The Global Burden of Disease (GBD) study in 2010 was a sig-
nificant step forward in estimating exposures, and characterizing
health risks associated with exposure to air pollution. In India, the
GBD study identified both AAP and HAP as key risk factors in terms
of disease for the Indian population (Lim et al. 2012), and air
pollution, both AAP and HAP has been identified as one of the
critical social determinants of health in India (Cowling et al. 2014).
Nearly 100,000 premature deaths in India are linked to air pollu-
tion exposure (PHFI 2014) and in Delhi (Fig. 1) alone, between
7,350 and 16,200 premature deaths have been attributed to PM
exposure (Guttikunda and Goel 2013). For a rapidly developing

Fig. 1. Location of major Indian cities where indoor and/or personal exposure studies have been conducted, with results published in the literature.
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