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Abstract Ambient air pollution in China has worsened following dramatic increases in industrialization,
automobile use and energy consumption. Particularly bothersome is the increase in the PM2.5 fraction of
pollutants. This fraction has been associated with increasing rates of cardio-respiratory disease in China and
elsewhere. Ambient pollutant levels have been described in many of China’s cities and are comparable to previous
levels in southern California. Lung cancer mortality in China has increased since the 1970s and has been higher in
men and in urban areas, the exact explanation for which has not been determined. The estimation of individual
risk for Chinese citizens living in areas of air pollution will require further research. Occupational cohort and case-
control designs each have unique attributes that could make them helpful to use in this setting. Other important
future research considerations include detailed exposure assessment and the possible use of biomarkers as a means
to better understand and manage the threat posed by air pollution in China.
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Introduction

This paper provides a brief overview of ambient air
pollution in China, discusses trends in China’s lung disease
mortality and comments on considerations for additional
research to manage the health component of the issue.
Since the mid-1980s China has undergone dramatic

increases in industrialization and urbanization. In 2007
China’s total industrial production was 62% that of the
United States, according to United Nations data. By 2011,
China’s industrial output was 120% that of the United
States. This pace of industrialization is unparalleled in
modern times and has involved dramatic changes in the use
of energy. As examples, consider the following: coal has
been the main source of energy in China and accounts for
roughly 50% of the world’s usage [1]. In 2000, China’s
energy consumption was 1.455 billion tons of standard
coal equivalent (SCE) [2]. By 2011, consumption
increased 123% to 3.48 billion tons of SCE. The industrial

sector consumption, which accounts for approximately
70% of the country’s total consumption, increased from
1.037 billion tons of SCE to 2.46 billion tons of SCE.
Accompanying these changes has been deterioration in
China’s air quality, particularly in large metropolitan areas
(Fig. 1).
Health problems that relate to air pollution have been

consistently described in western countries since the mid-
20th century. In 1948, air pollution in Donora, Pennsyl-
vania resulted in 20 deaths. In 1952, the so-called “London
Fog” resulted in pollution levels so high that visibility was
extremely limited and resulted in around 4000 deaths.
These two episodes also triggered legislation in their
respective countries that ultimately led to lower pollutant
levels and associated risks.
Internal combustion engines are main sources of SO2,

NOx, lead and particulate matter (PM) pollutants, some of
which can be reduced by using low sulfur and unleaded
fuel, catalytic converters and diesel particulate filter. The
increase in the number of vehicles can serve as an indicator
for an increase in these pollutants, especially particulate
matter of 2.5 µm or less in aerodynamic diameter (PM2.5).
In 2000, China had 16.08 million vehicles (8.53 million
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passenger vehicles and 7.16 million trucks). By 2012 the
number increased to 109.3 million vehicles (89.4 million
passenger vehicles and 18.95 million trucks). The increase
in new car sales corresponds to China’s rising gross
domestic product (GDP) [2]. Important to note is the
increased truck use, especially heavy-duty trucks that use
diesel fuel, most of them unequipped with diesel
particulate filers.
The combination of increased coal and automobile use

has resulted in noticeable effects on pollutants, including
carbon dioxide levels [3,4]. In addition, China has
experienced intermittent heavy haze over the last several
years [5] with elevated PM10 and PM2.5. The former
measurement is analogous to some US cities in the 1970s.
Estimates by theWorld Health Organization have indicated
that thousands of individuals could die prematurely in
China each year as a result of air pollution [6].
The major constituents of China’s air pollution have

been described [3,5,7]. Winter measurements have been
consistently higher than those during summer, often by a
factor of two or more. The sources of these pollutants have
also been identified and consist of coal burning power
plants, automobile use, bio-mass burning and other
industrial sources. Vanadium and barium are fuel additives
while lead, zinc, nickel and barium are produced by
gasoline and diesel engines. Silica, aluminum, calcium and
iron are also elements of diesel engine emissions [8]. The

ratio of key constituents has been helpful in the
identification of pollutant sources in 14 Chinese cities
[7]. For example, NO3/SO4 ratios reflect coal burning,
while automobile emissions are the major emitters of NOx

but contain little SO2. As/Fe and Pb/Fe are both indicators
of ash produced by uncontrolled coal combustion. Most of
these values are noticeably higher in China compared with
other locations (Table 1).
Air pollution varies from city to city, depending on such

factors as the sources of the pollutants, geography, climate
and the type and size of particles. Particularly concerning is
the rapid increase in PM2.5 that has occurred since 2000
[5]. PM2.5 has known deleterious health effects including
increased risk for cardiovascular and respiratory disease
[5,10]. PM2.5 levels have been recorded in major Chinese
cities, with daily averages as high as 182 µg/m3 in some
locations [4,9,11–14]. From these data, it is clear that
PM2.5 levels are over four times higher than current daily
standards in the United States, expressed as an annual or
24 h average of 15 and 35 µg/m3 respectively.
The Air Quality Index, a composite index based on six

major pollutants: SO2, O3, NOx, CO, lead and particulate
matter (PM), is used by government agencies worldwide to
indicate the general pollution level in the atmosphere. Of
these six, SO2 and NOx, under the right humidity and
sunlight conditions, form submicron-sized aerosols and
PM that affect visibility the most. Lead and PM are larger

Fig. 1 Daytime air pollution, Xi’an, China (May, 2014).

Table 1 Comparison of PM2.5 chemical component ratios for the 14 Chinese cities with ratios from selected cities in Europe, Canada, Mexico, and
the United States [7]
Cities SO4/OC SO4/EC NO3/SO4 As/Fe Pb/Fe

14 Chinese cities 0.90�0.43 3.42�2.06 0.46�0.27 0.04�0.03 0.39�0.32

Europe 0.50 1.51 0.92 NA NA

Toronto, Canada 0.62 4.93 0.81 0.007 0.062

Mexico City, Mexico 0.32 0.71 0.45 0.006 0.068

Seattle, WA 0.45 1.13 0.43 0.015 0.099

NA, not available; OC, organic carbon; EC, elemental carbon.
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aerosol droplets or particles. Some of them are removed in
the upper respiratory tract and some are inhaled into the
lower regions of the lung where gas exchange occurs. Most
of the inhaled aerosol is exhaled, with only a small fraction
deposited inside the lung. Subsequent health effects are
typically the result of long-term exposures unless the
pollution level is extremely high.
Both Los Angeles and London have undergone

significant improvement in air pollutant levels as a result
of multi-faceted efforts that took place over several
decades [15]. In these circumstances, steps were taken to
ban open burning, control auto and industrial emissions
and reduce power plant emissions. The results have
demonstrated lowered NOx, volatile hydrocarbons, ozone
and carbon monoxide levels. It is important to note that the
time to improvement was prolonged (decades) and the
result of such factors as the development of required
technology, development and implementation of legisla-
tive initiatives and overcoming social/political opposition.
Nevertheless, dramatic changes have occurred in these
cities.
In 2013, the Chinese government released its first

National Action Plan on Air Pollution Prevention and
Control. This requires aggressive reduction of air pollution
particulates that, if successful, should help mitigate adverse
health effects. However, to achieve this air quality
improvement, a complex interaction of government,
industry and academia will be needed and may take
decades to lower pollutant levels, as was the case in
southern California. These circumstances suggest further
investigation of exposures and related health effects in
hopes of developing more refined exposure guidelines and
enhancing the ability to prevent further disease from
occurring.

Disease from air pollution

Based upon reports in the western literature and English
versions of reports from China, the focus of health research
from air pollution has been on the lungs and heart, tissue
with more direct exposure. Although the respiratory tract is
the main site where the body absorbs air pollutants, health
problems have been described in various ways. Adverse
health effects include increased hospital visits [13,14],
premature mortality [12,16], increased cardiovascular
disease [9,12,18,19], increased asthma [20], lung cancer
[21] and neurological conditions [22]. Many other disease
categories may have important associations with air
pollution (e.g., pregnancy, rheumatologic conditions,
mental health) but have not been extensively evaluated.
Pope et al. conducted a meta-analysis of cardio-vascular

mortality and exposure over a wide range of particulate
inhalation doses and found a nonlinear dose-response

relationship [19]. The dose-response curve had a sharply
increasing trend at low doses followed by a much slower
increase at higher doses. Insight from this nonlinear dose-
response relationship suggests that a minor reduction in
exposure may not lead to significant health benefits.
Rather, a large reduction in exposures may be needed to
obtain meaningful reductions in cardiovascular disease and
mortality.
Many types of particulates may result in disease of the

lungs. Toxicology studies have shown that the inflamma-
tory responses in the lung as the result of inhaling low
solubility, low-toxicity ultrafine particles and fine particles
are proportional to deposited surface area [23–25].
Exposures to smaller particulates like PM2.5 have been
less studied but insights have been obtained. The United
States EPA states that, “evidence is sufficient to conclude
that a causal relationship is likely to exist between long-
term exposure to PM2.5 and respiratory effects” [10].
Others also suggest health effects occur from long-term
exposure [26]. Decreased lung function, increased respira-
tory symptoms and asthma development are all findings in
studies that assessed PM2.5 exposure. Short-term expo-
sures to high PM2.5 levels in China, which are more
common in urban areas, have been associated with
increased hospitalizations and emergency department
visits [4,11–14,27]. Studies of healthy volunteers that
involved controlled exposures to ambient particles like
diesel exhaust, suggest that pulmonary inflammation
occurs as a result of oxidative stress on alveolar
macrophages and bronchial epithelium [28]. Air pollutants
may also trigger an obstructive airways abnormality,
or chronic obstructive pulmonary disease (COPD)
[12,29,30]. Because exposures are usually a mixture of
different types and sizes of particulates, it is difficult to
determine whether a specific PM2.5 fraction is responsible
for a unique health effect or whether the effect is from other
fractions in combination. It has also been difficult to
determine the specific role of smoking in air pollution
studies. In countries, including China, high smoking rates
undoubtedly play a role in disease formation. Information
regarding PM2.5 toxicity also stems from occupational
environments where exposure measurements are more
frequently gathered, often in response to government
compliance needs. The aluminum industry is one example
where ischemic heart disease has been associated with
PM2.5 exposure [31].
An important mechanism by which air pollution causes

lung injury is through the inflammatory response.
Immunoglobulin levels, T cell regulation and neutrophil
counts have all been impacted by air pollution [32].
Children may be particularly vulnerable to pollutants as
their lungs are still growing and may be more subject to
abnormal development, function and infection [20,32].
Asthma and increased hospital admissions in children are
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related to air pollution [32,33]. An increased rate for
cardiovascular mortality in China [27] and elsewhere [16],
a likely reflection of pollution effects on the elderly.
The pathogenesis of lung cancer and fine particulate

exposure has been linked to DNA adducts and DNA
damage [34–36]. An extensive review has identified DNA
adducts, chromosomal aberrations, 1-hydroxypyrene,
nucleobase oxidative damage and methylation as sus-
pected markers of lung cancer associated with particulate
exposure [37].
There are early biomarkers of disease that could be

helpful in identifying individuals at risk for these particle-
related lung diseases. Biomarkers may play an important
role in the prevention of disease progression if they can be
identified early enough in the presence of exposure and
prior to the occurrence of disease. A number of biomarkers
are under investigation currently for this purpose and
include C-reactive protein, fibrinogen, leukocyte counts
and platelet counts [3]. There is a lung-specific biomarker
that has been used in research involving the prediction of
COPD mortality. This is known as CCSP (club-cell
specific protein) and represents the degree of injury to
the bronchial epithelial lining [30]. This could be another
candidate that could be helpful in biomarker research,
although it requires the collection of bronchial washings
obtained by bronchoscopy, thus limiting its utility in larger
studies.

Epidemiologic designs in the study of
air pollution

There are multiple types of air pollution epidemiology
studies that are potentially available to better understand
the associated health problems. The best study approach
depends on which questions are asked, which populations
are available for study, what health data resources are
available, and the quality and accessibility of exposure/
pollutant information. The goal is to understand health
endpoints as a function of air pollutant exposure. This
exposure-disease relationship, once defined, can theoreti-
cally be utilized to predict and prevent diseases from
occurring and to refine exposure guidelines.
Most epidemiologic studies of air pollution and health

effects to date have taken place at the population level with
the use of ambient air pollution levels as the exposure of
interest. These have focused on cardiovascular disease,
asthma and lung cancer, although recent studies have
included cognition [22]. Some have included a hierarchal
approach using population and individual data to get at
confounding issues. For example, a component of the
MESA study assessed various air contaminants in six cities
across the United States and evaluated cardiovascular
disease in these same cities [17]. A small number of
individuals also participated in personal monitoring.

Although some studies have used geocoded ambient
measurements with monitoring stations this approach
assumes that all members of a geocode have similar
exposures and may be prone to exposure misclassification.
An alternative design approach is to study the effect of

air pollution using the individual as the unit of study. This
approach may occur in several different designs, each with
its own strengths and weaknesses [29,39,40]. In these
designs, individual disease measurement and individual
exposure measurement are used to assess the exposure-
disease association. Studies of this type potentially allow
increased accuracy and precision in measurement, as there
is a greater opportunity to control for factors (e.g.,
smoking) that may influence outcomes and conclusions.
Two important designs that utilize individual exposure and
health information are the cohort and case-control studies.
In the cohort design, a group of individuals is often

identified because of a common exposure environment. In
the United States and Western Europe, the workplace has
been a focal point for this design. The work group (cohort)
may be followed into the future (prospective cohort
approach) or can be identified at a point in the past and
followed to the present (retrospective cohort approach).
Each individual in the cohort has an estimate made of
exposure(s) during the time of the study. In workplace
studies, exposure measurements are often available
through the employer, where the measurement of air
contaminants may have been obtained for government
compliance reasons. These measurements may include
sampling of the air in which an individual works and/or
measurements of the immediate breathing zone of a
worker. Occupational cohort studies are excellent ways
to assess common diseases in terms of morbidity and
mortality rates since there is typically a way to completely
enumerate the number of cases (numerator of the rate) as
well as the total number of workers (denominator).
However, they are not particularly good at evaluating
more uncommon conditions. Also, if the cohort is too
large, it is not practical to have detailed exposure
information on each worker [29,39,40]. However, they
may lack information on important confounding variables
like smoking, making them less helpful.
In the case-control design, exposures of interest are

compared to a group of cases and a “control” group, which
is similar in as many ways to the “case” group, except for
not having the disease of interest [40]. This approach has
more efficiency than cohort studies, since the cases are
already in existence and may be identified from data
sources like cancer registries. Case-control studies are
generally suited for the study of rare diseases, where the
cohort study may not be practical. In some instances, a
case-control study may be complicated by cases occurring
after a worker leaves the work setting. In other cases,
exposure information may be limited or absent in the
workplace, creating the possibility of exposure misclassi-
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fication. Both case-control and cohort designs are used to
study occupational groups, where the complete enumera-
tion of workers is possible, the length of employment is
available, and the job and exposure information has often
been gathered. Population-based case-control studies are
more complicated to conduct, as the exposure of interest
may be difficult to quantify and where comparable control
groups may be difficult to find. Case-control studies may
also be limited by information on confounding. This is
particularly true when the disease in question is highly
fatal, and the information on confounding is not directly
available from the cases.
In the cross-sectional design, individual data on disease

status and exposure are captured at one point in time. This
is the simplest, but also the weakest design in terms of
assessing an exposure-disease relationship [40]. Typically,
in a screening study, a group of participating individuals
fills out a questionnaire that provides occupational,
medical and smoking information and undergoes clinical
testing (chest X-rays, laboratory tests, etc.). Cross sectional
studies have inherent limitations due to collecting data at
just one point in time. They are prone to participation bias,
meaning either the healthiest or the sickest individuals may
be more likely to participate. It may be possible to
overcome this shortcoming by collecting information at
multiple points in time to create an interval where events
may be captured.
The time-series approach may be used as a way to

study population mortality or morbidity outcomes over
specified time intervals in combination with ambient
exposure levels over the same intervals. This design is
useful for understanding whether a change in disease
frequency is related to changes in ambient exposures [29].
When exposures measurements are not limited to the
individual studied, there may be a potential for exposure
misclassification since there is typically individual
variation in how exposures occur. The tendency is for this
type of error to be random (non-differential misclassifica-
tion) but it is possible for error in this setting to occur in a
systematic way, concentrating an effect (differential
misclassification).

Exposure assessment issues in air
pollution studies

The indoor residential and work microenvironments are
maybe important contributors to an individual’s personal
exposure to airborne contaminants. Although the relation-
ship between exposure and disease might be better
investigated using personal exposures that account for
individual exposures in various micro-environments, this
is rarely done. Study designs that account for personal
exposures (e.g., case-control or cohort studies) typically
are occupational in nature and may be considerably more

time and resource intensive, particularly if multiple
exposures are involved. The ideal approach requires the
assessment of exposures in indoor residential and work-
place exposures in addition to outdoor exposures and each
of these micro-environments presents its own challenges in
assessing exposures.
Another important consideration is selection of the

metric used to assess exposure. While the gravimetric
measure of PM2.5 has been used most commonly for
regulatory and population-based epidemiological pur-
poses, several other metrics have been proposed. Since
the three main PM sources in China, vehicular exhaust,
power plant emissions and biomass burning are combus-
tion-related, we would expect particles less than 1 µm in
aerodynamic diameter to predominate. Using PM1.0 as a
metric would exclude some of the non-combustion related
aerosols and would be a more source-specific metric. Pui
hypothesized that PM1.0 may give a more realistic
indication of air pollution, may be better correlated with
health effects and may be better used for targeted pollution
reduction methods that focus on automobile and industrial
emissions [5].
The above exposure metrics are all time-averaged over

24 or 48 h. However, PM levels are known to exhibit
significant short-term variability and a systematic assess-
ment of short-term variability in indoor and outdoor values
requires suitable real-time PM monitors, both mass-based
and surface area or number-based. These short-term
variations may be relevant to health. Michaels has
hypothesized that short-term excursions may potentially
explain some of the excess mortality and morbidity
attributed to ambient PM [41,42].

Epidemiologic data from China

In China, general rates of overall cancer incidence and
mortality and specifically lung cancer incidence and
mortality in urban and rural areas have been reported
from 2006 to 2010 (Tables 2 and 3) [43–47]. New cancer
cases have been increasing since 2006, corresponding to
the increase in number of registries reporting. Four of these
five years of reports also suggest an increase in lung cancer
incidence and mortality in men vs. women and in urban vs.
rural areas. The fifth year (2010) is lower than the others
but is somewhat difficult to use in comparison, as the
covered lives are substantially larger. Although consistent
with urban areas having greater degrees of pollution, the
exact explanation for this finding is not known. It is known
that different parts of China have different configurations
of air contaminants. Lung cancer mortality appears to have
increased. In the 1970s, mortality from lung cancer was
reported to be 5.7/100 000, changing to 17.2/100 000 in the
1990s [48]. Today’s rates are increased from the 1990s.
Exposure to cigarette smoke and indoor air contaminants
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may play a role in these findings, but no definitive
explanation is available at this time.

Knowledge gaps and direction for
additional research

To better understand the health risks of PM2.5 and other
atmospheric pollutants we need to better understand which
individuals are at highest risk. If this were known, efforts
could be focused on minimizing future exposure in these
individuals, with hopes of preventing further disease
incidence and progression. The type of information
required to enhance our understanding of individual risk
begins with the use of the most appropriate study design.
Although the population-based studies have identified the
putative diseases of interest, individual-based exposure
and health end point studies are required to refine the
estimates of individual risk. Cohort and case-control
studies are the best studies by which to obtain this
information. They offer a key advantage in being able to
assess disease after an exposure has occurred, compared to
a cross-sectional study where this may be obscured. The
study of mortality and morbidity as the endpoint of
interest, along with individual exposure in these studies,
could be a helpful step to further understanding air
pollution in China. Studies have been conducted in other
settings looking at individual health end points [49] or

individual exposure monitoring [50]. But, ambient expo-
sure estimates have predominated the air pollution
literature.
The investigation of an occupational cohort may be

helpful, providing that exposure measurements are avail-
able within the workforce and these exposures parallel
those in the general population. The more similar the
workplace exposure to the ambient environment, the more
easily inference can be made to the general population. A
major advantage in studying the workforce is that, at least
in western countries, it is usually possible to track each
employee as they enter and leave the workforce, making it
possible to obtain a complete enumeration of the work-
force along with the amount of time worked. The resulting
disease rate can then be readily determined. This is in
opposition to the more complicated task of assessing
communities where people are routinely moving in and
out, with subsequent uncertain estimates in disease rates.
In some circumstances, understanding exposure may be
obtained through the use of on-site personal and area
exposure measurements. If a workplace process has been
stable, it may be possible to use these measures to estimate
past exposure. This requires information on what job tasks
workers performed and for how long. The subsequent
exposure estimate is expressed as a cumulative exposure.
The cumulative exposure metric is an accepted technique
often used in epidemiologic investigations of dust-related
lung disease, because of its biological relevance. Within

Table 2 Cancer incidence and mortality in China, 2006–2010
Year Population sizea Crude incidence Total incidence Total mortalityb

2006 [43] 59 567 322 273/100 000 163 013 104 662

2007 [44] 59 809 313 276/100 000 165 171 105 416

2008 [45] 66 138 784 299/100 000 197 838 122 136

2009 [46] 85 470 522 285/100 000 214 366 137 462

2010 [47] 158 403 248 235/100 000 3 293 029 1 956 622c

aCancer registries covered lives; size is a reflection of urban and rural-based cancer registries reporting.
bRefers to deaths from all cancers.
cEstimated number projected to entire country.

Table 3 Lung cancer mortality by gender in urban and rural areasa

Year Overallb Urban menb Urban womenb Rural menb Rural womenb

2006 [43] 44.15 63.44 30.84 46.19 19.59

2007 [44] 45.50 65.71 33.05 46.51 NA

2008 [45] 46.07 65.62 31.66 50.79 20.18

2009 [46] 45.57 67.61 28.39 48.58 22.56

2010 [47] 37.00 56.72
41.04c

27.04
17.31c

43.26
38.09c

19.56
15.64c

aRates are a reflection of urban and rural-based cancer registries reporting.
bCrude cancer mortality is presented as an unadjusted rate (cases/100 000).
cTop number represents non-age adjusted rate; bottom number represents age-adjusted rate standardized to China population in 2000.
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the occupational setting it is typical to have a range of
exposures and durations, making internal comparisons
possible.
There may also be disadvantages of studying workers.

Individuals who work are typically healthier than those not
working. The latter group also contributes to rates of
disease in the comparison population. This may result in
lower rates of disease in working groups, an occurrence
known as the “healthy worker effect.” If present, it may
provide the false assurance that workers are unaffected by
exposures that they encounter. Exposures in some work
settings may be dramatic. This could overwhelm the ability
to detect additional work-related diseases, which could be
masked by a large exposure. This is an unusual problem in
community exposure assessment. Studies of workers do
not address the exposure-disease relationships in non-
working ages, the very young and the elderly, groups that
could be more vulnerable to pollutants. The length of time
a cohort works will vary by the type of job and industry.
The exposure time will likewise vary. The follow-up of
cohorts with short work durations is complicated as these
individuals could have multiple exposures in multiple
industries over time, complicating the exposure-disease
relationship.
In addition to the proper design and exposure metric, the

use of biomarkers and traditional measures of disease
identification will be required to better understand
exposure-related diseases. The use of biomarkers is limited
by their relative novelty in air pollution research. The ideal
biomarker for air pollutants has not been clarified as of yet.
As genetic information becomes more available, gene-
environment interaction studies will have potential future
use in China and elsewhere, in combination with
biomarkers and other disease endpoints.

Conclusions

China’s air pollution has been increasing and has been
associated with population-based disease. It is likely that
this problem does not have a short-term solution and will
require further study of exposed individuals. Existing data
suggest higher disease rates in men and in urban areas, the
exact explanation for which is lacking. Cohort and case-
control investigations have unique attributes that could
make them desirable to use in this setting. Other important
considerations include detailed exposure assessment and
the use of biomarkers as a means to better understand and
manage the threat posed by air pollution in China.
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