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Chapter 1
Urgency to Assess the Health Impact 
of Ambient Air Pollution in China

Bo-Yi Yang, Yimin Liu, Li-Wen Hu, Xiao-Wen Zeng, and Guang-Hui Dong

Abstract As the world’s second-largest economy, China is going on suffering from 
environmental pollution, especially for ambient air pollution, which has become a 
major threat to public health; public awareness of the detrimental effects of air pol-
lution on health is increasing—particularly in relation to haze days. Considering the 
nonlinear relationship of ambient air pollution exposure and health impacts, and the 
differences in specific sources of air pollution with those in North America and 
Europe, conducting health impact assessments of ambient air pollution in China has 
thus become an urgent task for public health practitioners. Systematic review of the 
health effects of exposure to ambient air pollution from quantitative studies con-
ducted in Chinese could provide vital information for epidemiology-based health 
impact assessments and the implementation of a national environmental protection 
policy.

Keywords Ambient air pollution • Health impact • China

With the rapid economic development, China has become the world’s second- 
largest economy. However, behind this beautiful scene, environmental pollution 
induced by urbanization and industrialization has led to devastating health impacts 
in Chinese population [5]. According to the reports of the World Health Organization, 
the number of patients and deaths because of lungs, stomach, liver, and esophagus 
diseases accounted for 30%, 40%, 50%, and 50% of the global total, respectively 
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[22]. One culprit behind these figures is the deteriorating environmental pollution. 
According to an authoritative estimate made by the World Bank, the annual losses 
caused by environmental pollution amounted to about 10% of total gross domestic 
product (GDP) [17, 21].

Compared with the pollution condition of other environmental media, air pollu-
tion in China is becoming more and more serious and has aroused great attention for 
the frequent haze events in recent years [18, 19]. For example, results of the Global 
Burden of Diseases, Injuries, and Risk Factors Study 2010 [9] indicated that ambi-
ent air pollution has ranked as the fourth in terms of the age-standardized disability- 
adjusted life years (DALYs) rate in 2010 [18]. In 2014–2015, the total DALYs 
simply caused by particles with an aerodynamic diameter of ≤ 2.5 µm (PM2.5) and 
≤ 10 µm (PM10) in China was 7.2 and 20.66 million, and mortality and chronic 
bronchitis shared about 93% of the total DALYs for PM10 [16].

How dangerous is the ambient air pollution in China? It may be more vivid and 
meaningful to compare air pollution to cigarette smoking than just citing the num-
bers of yearly deaths. As shown in Fig. 1.1, we may have an idea of air pollution in 
terms of cigarettes equivalent based on the satellite monitoring data by applying 

Fig. 1.1 Map of air pollution and cigarette equivalence in East China (Cited from Berkeley Earth: 
http://berkeleyearth.org/air-pollution-and-cigarette-equivalence/)
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kriging interpolation to derive pollution maps for China [15]. For example, in 2015, 
the average PM2.5 in Beijing over the year was about 85 μg/m3, equivalent to about 
four cigarettes per day. The average value in the industrial city of Handan, about 
200 km south of Beijing, was about 120 μg/m3, equivalent to 5.5 cigarettes/day. 
When in Beijing the level rose to 550 μg/m3, it was equivalent to 25 cigarettes per 
day. In Harbin, the air pollution had reached the limit of the scale, 999 μg/m3. That 
would be equivalent to 45 cigarettes per day.

According to the rule of thumb, one cigarette per day is the rough equivalent of 
a PM2.5 level of 22 μg/m3; the EPA estimates that the average air pollution in the 
United States in 2013 was 9.0 μg/m3 indicating equivalent to 0.41 cigarettes per day 
for every person in the United States (Fig. 1.2). For Europe, air pollution is equiva-
lent in detrimental health effects to smoking 1.6 cigarettes per day. In China, the 
numbers are far worse; on bad days, the health effects of air pollution are compa-
rable to the harm done smoking two packs per day (40 cigarettes). Moreover, a 
recent peak reported in the city of Shenyang set a new record of 1,400 μg/m3, equiv-
alent to over three packs of cigarettes per day for every man, woman, and child 
living there.

It is well known that the relationship of air pollution with health effect is nonlin-
ear [4, 13, 14]. As shown in Fig. 1.3, at low pollution levels, we can find a greater 
rake ratio for the relationship of air pollution with health effects; however, at a high 
pollution level, the slope is becoming a little flat. For example, based on the data 
from a global analysis, it showed that dose–response relationships between air pol-
lution and chronic obstructive pulmonary disease (COPD) mortality are nonlinear, 
with mortality risks increasing rapidly at low PM2.5 levels (<100 μg/m3) and reach-
ing a plateau at higher levels (>300 μg/m3) [4]. This plateau level can be applied to 
the Chinese population with regard to air pollutant levels throughout China. So, it is 
not surprising that the results from the low air pollution levels are inconsistent with 
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the results from the high pollution levels. Although, many studies have assessed the 
effects of ambient air pollution on human health, most of these studies were from 
the developed countries where ambient air pollution levels were usually below 
40 μg/m3. Furthermore, the nonlinear relationship indicates that the associations 
from the developed countries may be not suitable for Chinese population.

With the transformation of traditional ideas that ambient air pollution and the 
associated health effects have typically been regarded as local or regional problems, 
with local or regional solutions, it is increasingly recognized that air quality in a 
given location can be substantially affected by atmospheric transport from distant 
sources, including sources from other continents [1, 6, 7, 10–12, 20], and this trans-
port of pollution indicates that health impacts of air pollution are not only a local 
issue [2, 3, 8, 23]. For example, recently, Zhang et  al. [24] estimated premature 
mortality caused by PM2.5 pollution as a result of atmospheric transport and the 
production and consumption of goods and services in different world regions. They 
found that, of the 3.45 million premature deaths related to PM2.5 pollution in 2007 
worldwide, about 12% (411,100 deaths) were related to air pollutants emitted in a 
region of the world other than that in which the death occurred, and about 22% 
(762,400 deaths) were associated with goods and services produced in one region 
for consumption in another. For example, PM2.5 pollution produced in China in 
2007 is linked to more than 64,800 premature deaths in regions other than China, 
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including more than 3,100 premature deaths in Western Europe and the United 
States. On the other hand, consumption in Western Europe and the United States is 
linked to more than 108,600 premature deaths in China.

Considering the above contents, and the fact that air pollution in China is mainly 
different from that in developed countries in terms of its magnitude, it will be very 
meaningful to show the health impact of air pollution in Chinese population. So, the 
aim of this book is to provide up-to-date review of the magnitude of adverse health 
effects of ambient air pollution in Chinese population. To the end, epidemiological 
evidence dating back to the 1990s, including data on mortality, morbidity, and hos-
pital utilization for all non-accidental causes, cardiovascular diseases, stroke, respi-
ratory diseases, mental health, and birth deficit caused by ambient PM10, PM2.5, 
sulfur dioxide, nitrogen dioxide, ozone, and carbon monoxide pollution in all age 
groups, was systematically assessed.
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Chapter 2
Characteristics of Major Air Pollutants 
in China

Lihong Ren, Wen Yang, and Zhipeng Bai

Abstract Following the rapid development of China’s economy, air pollution has 
become more and more serious. Air pollution in China presents complex pollution 
characterized by high PM2.5 and O3 concentration. This study presents an overview 
of the status of air quality and emission in China and discusses the temporal and 
spatial distribution of major pollutants (PM10, PM2.5, SO2, NOX, and O3). The results 
show that the reduced emissions have improved the air quality in China. However, 
the Chinese National Ambient Air Quality Standard (CNAAQS) for PM10 and PM2.5 
still be exceeded in many cities of China in 2015. A total of 77.5% (for PM2.5) and 
65.4% (for PM10) of the monitoring cities were found to be exceeded CNAAQS. The 
average annual O3 concentration was increasing during 2013–2015, and 16% of the 
total cities in 2015 did not meet the CNAAQS, indicating that O3 pollution should 
be paid more attention. For NO2 and SO2, the exceedances of CNAAQS are rare. 
PM2.5, PM10, and SO2 concentrations are higher in northern than in southern regions. 
High NO2 occurred in Beijing-Tianjin-Hebei and Yangtze River delta region. 
Secondary particles formation and motor vehicle exhaust were the main sources of 
PM2.5 in megacities. Dust was the main source for PM10. The formation of O3 is 
VOC-limited in urban areas of China and NOX-limited in nonurban areas.

Keywords Air pollutants • Pollution characteristics • Emission status • China
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2.1  Introduction

In recent years, China’s economy has developed rapidly, the process of urbanization 
and industrialization has been speeded up, and energy consumption has increased. 
The statistics shows that China’s gross domestic product (GDP) annual growth rate 
was 6.9–9.5% during 2011–2015 [17]. According to China Vehicle Environmental 
Management Annual Report, the vehicle population in 2015 was 279 million [13–
15]. Since the late 1970s, the total energy consumption has greatly increased from 
571 million tonnes of coal equivalence (Mtce) in 1978 to 4300 Mtce in 2015 [18]. 
Coal is the major fraction of energy consumption, accounting for 70% of China’s 
energy consumption. Coal burning is the major source of ambient sulfur dioxide 
(SO2), nitrogen oxides (NOX), and soot.

With the development of economy, regional complex air pollution (characterized 
as a complex status of ozone (O3) and fine particle (PM2.5)) is one of the major envi-
ronmental problems. Since 2013, heavy pollution events occurred frequently in 
China with 75% of cities and eight million people suffering from haze pollution, 
which constrains sustainable development of society and economy and threatens 
human health [8]. Air quality in China ranked the second to last in 180 countries, 
only better than Bangladesh [6].

Air pollutants can cause a variety of health problems. Exposure to high concen-
tration of particulate matters can increase mortality or morbidity; excessive O3 can 
cause breathing problems, trigger asthma, reduce lung function, and cause lung 
diseases; long-term and peak exposures to high NOX can increase symptoms of 
bronchitis in asthmatic children; and SO2 can affect the respiratory system and the 
functions of the lungs and causes irritation of the eyes [27]. The 1948 Donora smog 
caused by SO2 and its oxides killed 20 people and sickened 5911 people [4]. The 
1952 Los Angeles photochemical smog episode killed 400 people and a great many 
of people with red eyes, swollen throat, inflammation, and other respiratory diseases 
[23]. Therefore, it is both important and valuable to study the atmospheric pollution 
status and the variation characteristics of air pollution and its influential factors.

In this study, based on the data of air pollutants (PM10, PM2.5, SO2, NOX, and O3) 
obtained from the national air pollution monitoring network in China, we will pres-
ent an overview and analysis of air quality in China, analyze emission and pollution 
characteristics of major atmospheric pollutants, and then discuss temporal and spa-
tial distributions of these pollutants. The study results will provide basic informa-
tion for studying the health effects of air pollutants.

2.2  Chinese National Ambient Air Quality Standard

The Chinese National Ambient Air Quality Standard was issued firstly in 1982, 
when concentration limits for total suspended particulates (TSP), SO2, NO2, lead, 
and BaP were set. This standard was both strengthened and expanded in 1996. In 

L. Ren et al.
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2000, the standard was updated with less stringent limits for certain pollutants. In 
February 2012, China released a new ambient air quality standard, GB 3095-2012, 
which set limits for the first time on PM2.5 and Maxium daily 8-h ozone (Table 2.1). 
Meanwhile, the standard threshold of PM10 and oxynitride has also been tightened 
up.

Current air quality standards include two grades of limit values. Grade I stan-
dards apply to special regions such as national parks. Grade II standards apply to all 
other areas, including urban and industrial areas.

The 24-h and annual PM2.5 limit values are set at 75  μg/m3 and 35  μg/m3 
(Table 2.1). WHO AQG is stricter than the Chinese National Ambient Air Quality 
Standard. The recommended WHO AQG short-term (24-h) and long-term (annual 
average) values were 25 μg/m3 and 10 μg/m3 for PM2.5. The United States published 
the National Ambient Air Quality Standard for PM2.5 in 1997 (24-h average, 65µg/
m3; annual average, 15 μg/m3), but the Ministry of Environmental Protection of the 
People’s Republic of China did not published the National Ambient Air Quality 
Standard for PM2.5 until 2012.

The 24-h and annual PM10 limit values are set at 150 μg/m3 and 70 μg/m3. WHO 
AQG for PM10 is lower than the Chinese National Ambient Air Quality Standard 
(Table 2.1). The recommended WHO AQG short-term (24-h) and long-term (annual 
average) values were 50 μg/m3 and 20 μg/m3 for PM10.

The Chinese National Ambient Air Quality Standard (GB 3095-2012) set by the 
Ministry of Environmental Protection of the People’s Republic of China (MEP) for 
SO2, as well as WHO guideline, is shown in Table 2.1. The limit value for the annual 
and 24-h mean SO2 concentration are set at 60 μg/m3 and 150 μg/m3. Unlike the 
usual 24-h and annual mean levels, WHO recommends that SO2 follows a more 
stringent 10-min and 24-h intervals based on recommendations resulting from 
 epidemiological studies. The yearly guideline is not needed since the 24-h guideline 
would be sufficient in assuring low annual average level.

Table 2.1 Chinese National Ambient Air Quality Standard (GB 3095-2012) vs. WHO AQG

Pollutants Averaging time
Chinese AQC(μg/m3)
Grade I Grade II WHO AQG (μg/m3)

PM2.5 Annual 15 35 10
24-h 35 75 25

PM10 Annual 40 70 20
24-h 50 150 50

SO2 Annual 20 60 –
24-h 50 150 20
1-h 150 500 200

NO2 Annual 40 40 40
24-h 80 80 –
1-h 200 200 200

O3 Maximum daily 8-h 100 160 100
1-h 160 200

CO 24-h 4000 4000
1-h 10,000 10,000

2 Characteristics of Major Air Pollutants in China
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The limit value for the annual, 24-h, and 1-h mean NO2 concentrations is set at 
40 μg/m3, 80 μg/m3, and 200 μg/m3, respectively, which was identical to WHO 
AGQ. A maximum daily 8-h O3 mean concentration was set at 160 μg/m3 and 1-h 
mean was 200 μg/m3 in China. The WHO AQG for O3 is a daily maximum 8-h mean 
concentration of 100 μg/m3, as shown in Table 2.1. This recommended limit was 
reduced from the previous level of 120 μg/m3, based on recent conclusive associa-
tions between daily mortality and lower O3 concentrations [27].

2.3  Characteristics of Major Air Pollutants

2.3.1  Fine Particle (PM2.5)

2.3.1.1  Characteristics of PM2.5 Pollution

China is one of the countries worst hit by PM2.5 pollution. According to the global 
map of PM2.5 published by NASA [16], the PM2.5 pollution in north and east of 
China is the most serious, which was higher than that in India (Fig. 2.1). Recently, 
following the change of energy consumption structure, the pollution characteristics 
of particulate matters in China has changed from “coal smoke pollution” to “com-
plex pollution,” which is characterized by high PM2.5 and O3 concentration.

According to the report of the China air quality database, the CNAAQS limit 
value for PM2.5 was exceeded in many cities of China in 2015. PM2.5 has the highest 
percentage of exceedance among monitored pollutants. In 2015, the annual PM2.5 
concentrations in 338 cities were 11–125 μg/m3 with an average of 50 μg/m3, which 
was 0.43 times higher than the Chinese National Ambient Air Quality Standard 
(35 μg/m3). The exceedances occurred in 77.5% of the case in all the monitoring 

Fig. 2.1 Global satellite-derived map of PM2.5 averaged over 2001–2006 [16]

L. Ren et al.
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cities (Fig. 2.2). None of the cities were compliant with annual PM2.5 World Health 
Organization (WHO) air quality guideline (10 μg/m3). The proportion of the  number 
of days exceeded the Chinese National Ambient Air Quality Standard was about 
17.5% [13].

PM2.5 has obvious spatial and temporal distributions related to the patterns of 
source emissions, chemical reaction mechanism, regional transport, and other mete-
orological conditions (such as dry and wet deposition). Figure 2.3 shows the spatial 
distribution of PM2.5 in 2015 in China. As shown in Fig. 2.3, higher PM2.5 concentra-
tion is mainly concentrated in Beijing-Tianjin-Hebei region, the north and middle 
part of Shandong province, the south and middle part of Henan province, and most 
of Hubei province. Generally, PM2.5 annual concentration in the northern region was 
much higher than in the southern region. A number of studies have revealed that the 
higher concentrations in the northern region were related to the emissions from fos-
sil fuel combustion and biomass burning. The colder north burns much more coal 
for winter heating and has more heavy industry, which emits a large amount of 
particulate matter [5].

With respect to seasonal variation, PM2.5 has higher concentration in winter than 
that in other seasons and the lowest appeared in the summer (Fig. 2.4). The highest 
seasonal average concentrations were less than twice the lowest average values. 
Although the low temperature in the winter limited the secondary formation of par-
ticles, more frequent occurrences of the stagnant weather conditions caused the 
accumulation of atmospheric particles and high concentration episodes. Lower con-
centrations were observed in summer as particulate matters are washed out due to 
wet deposition.

Because many effective measures have been carried out to improve the air qual-
ity, PM2.5 annual concentration in China has decreasing trend according to observa-
tion data in the recent 3 years (see Fig. 2.5). The annual average of PM2.5 in 74 key 

Fig. 2.2 Percentage of cities at different PM2.5 concentration levels in 338 cities, 2015 (Data 
sources: MEP [13])

2 Characteristics of Major Air Pollutants in China
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cities was 72 μg/m3 in 2013, and it decreased to 55 μg/m3 in 2015. The government 
has taken measures and PM2.5 has decreased over the recent years; however, PM2.5 
in most Chinese cities is still far above the Chinese National Ambient Air Quality 
Standard (GB 3095-2012). In China, the PM2.5 has large portion of PM10 with 
50–85%.

Fig. 2.4 Monthly variations of PM2.5 in 2013, 2014, and 2015 (Data sources: National air pollu-
tion monitoring network in china)

Fig. 2.3 Spatial distribution of PM2.5 annual average concentrations in 2015 (Data sources: 
National air pollution monitoring network in China)

L. Ren et al.
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2.3.1.2  Chemical Composition and Source Apportionment of PM2.5

Particulate matter originated from both primary emission sources and reaction of 
precursor gases, such as sulfur dioxide (SO2), nitrogen oxides (NOX), ammonia 
(NH3), and volatile organic compounds (VOCs). The main precursor gases NH3, 
SO2, and NOx react in the atmosphere to form ammonium, sulfate, and nitrate com-
pounds. These compounds form new particles in the air or condense onto preexist-
ing ones and form so-called secondary inorganic aerosols. Figure  2.6 shows the 
chemical composition of PM2.5 in most cities of China. The chemical composition 
of PM2.5 is varied at different cities, which is related with pollution sources and 

Fig. 2.5 Annual variation 
trends of PM2.5 in 74 key 
cities in the recent 3 years 
(Data sources: MEP 
[11–13])

Fig. 2.6 PM2.5 speciation in China [1]

2 Characteristics of Major Air Pollutants in China
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meteorological conditions. In general, the crustal elements and organic matter are 
major species of PM2.5. Secondary particles, such as sulfate, nitrate, and ammonium 
salt, have higher fractions in the eastern cities. Yang et al. [30] and He et al. [5] also 
find secondary ions, organic carbons, and crustal material that are the main compo-
nents in urban and rural sites of China. This result indicated that there are more local 
formation/production and regional transport of the secondary aerosols in the eastern 
region, thus more intensive characteristic of “complex atmospheric pollution” com-
pared to the western region.

PM2.5 can be emitted directly from selected sources (primary PM), such as com-
bustion and industry, or generated by gas-to-particle conversion in the atmosphere 
(secondary PM). Figure 2.7 shows the major sources of PM2.5 in many Chinese cit-
ies. From it we can see that source contribution rates are varied in different cities. In 
generally, secondary particles formation and motor vehicle exhaust were the main 
sources of PM2.5 in megacities (such as Beijing, Wuhan, and Chongqing). PM2.5 in 
western cities (such as Xining) was influenced mainly by dust. The contribution of 
stationary sources, including coal combustion and industrial emissions, shows a 
downward trend from north to south. During the haze pollution events, a large frac-
tion of PM2.5 was secondary species, that is, secondary organic aerosol (SOA) and 
secondary inorganic aerosol (SIA, sulfate, nitrate, and ammonium). The contribu-
tion of primary particulate to PM2.5 was small [8].

Fig. 2.7 The major sources of PM2.5 in many Chinese cities [1]

L. Ren et al.
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2.3.2  Inhalable Particulate Matter (PM10)

2.3.2.1  Characteristics of PM10 Pollution

In China, PM10 remains an important pollutant. In 2015, PM10 concentrations at 
65.4% of the monitoring cities were found to be exceeded than the CNAAQS 
(Fig. 2.8). The annual PM10 concentrations in 338 cities were 24–357 μg/m3 with an 
average of 87 μg/m3, which exceeded the Chinese National Ambient Air Quality 
Standard (70 μg/m3). Days of daily concentrations exceeding the air standard was 
about 12.1% of all monitoring days.

Figure 2.9 shows the spatial distribution of PM10 in 2015. As shown in Fig. 2.9, 
PM10 annual concentration in the northern region was much higher than that in the 
southern region. The higher PM10 concentrations in the northern region were related 
to the influence of dust-sand.

The trends of PM10 in the recent 3 years in 74 key cities were calculated based on 
the officially reported data (Fig. 2.10). Although PM10 annual concentration also 
was decreasing trend, it was still far above the Chinese National Ambient Air 
Quality Standard (GB 3095-2012). The annual average of PM10 in 74 key cities was 
118 µg/m3 in 2013, and it decreased to 93 µg/m3 in 2015 which was about 33% 
higher than the Chinese grade II standards.

PM10 has also obvious seasonal variation, showing the concentrations in winter 
were higher than that in other seasons (Fig.  2.11). The highest concentrations 
appeared in December and January. Lower concentrations were observed in July 
and August, which was related with the frequency of rain.

Fig. 2.8 Percentage of cities at different PM10 concentration levels in 338 cities, 2015 (Data 
sources: MEP [13])

2 Characteristics of Major Air Pollutants in China
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2.3.2.2  Chemical Composition and Source Apportionment of PM10

Soil dust was the first abundant component for PM10 in most cities of China. And the 
secondary aerosol was the second important component. Carbonaceous matter has 
also important contribution to PM10 mass concentration [2, 21].

Fig. 2.9 Spatial distribution of PM10 annual average concentrations in 2015 (Data sources: 
National air pollution monitoring network in China)

Fig. 2.10 Annual variation 
tendency of PM10 in 74 key 
cities of China (Data 
sources: MEP [11–13])

L. Ren et al.
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Figure 2.12 shows the major sources of PM10 in some Chinese cities. It can be 
found that dust was the main source for PM10. Stationary source and mobile source 
also have important contribution to PM10 in the northern cities (such as Dalian, 
Shenyang, and Harbin).

2.3.3  Ozone (O3)

2.3.3.1  Characteristics of O3 Pollution

O3 is a strong oxidant, formed from the reactions of precursors (VOCs, NOX, and so 
on) and sunlight. The major health effect of O3 is its effect on the respiratory sys-
tems. O3 is the main component of photochemical smog. In 1974, the first photo-
chemical smog events in China appeared in the Xigu Industrial District of Lanzhou 
City. Photochemical smog events have also appeared in some suburban regions. 
Photochemical smog, high O3, and NOX concentrations have gradually emerged 
into China’s three city clusters (Beijing-Tianjin-Hebei region, the Yangtze River 
Delta, and Pearl River Delta).

Although O3 annual concentrations in the recent 3 years were lower than the 
CNAAQS, the average annual O3 concentrations were increasing during 2013–2015 
(as Fig. 2.13 shows), indicating that O3 pollution should be paid more attention. 
Year-to-year differences in the O3 levels are also induced by meteorological 
variations.

Fig. 2.11 Monthly variations of PM10 in 2013, 2014, and 2015 (Data sources: National air pollu-
tion monitoring network in china)

2 Characteristics of Major Air Pollutants in China
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Fig. 2.13 Annual variation 
tendency of O3 in 74 key 
cities of China (Data 
sources: MEP [11, 12, 13]

Fig. 2.12 The major sources of PM10 in many Chinese cities

In 2015, the 90% of O3 maximum daily 8-h mean concentrations in 338 cities 
were 62–203 μg/m3 with an average of 134 μg/m3. Sixteen percent of the total cities 
did not meet the CNAAQS (Fig. 2.14). Days of daily concentrations exceeding the 
air standard was about 4.6% of all monitoring days.

Differences in the distribution of O3 precursor emission sources and climatic 
conditions in Europe result in considerable regional differences in O3 concentra-
tions. Higher ozone concentrations are observed, in general, in summer months as it 
is formed by photochemical reactions of NOx and VOCs. Ozone concentrations tend 
to peak in early to midafternoon in areas where there is strong photochemical activ-
ity. The values indicate that ozone levels are within CNAAQS.

L. Ren et al.
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2.3.3.2  Sources and Formation of O3

VOCs and NOX emissions from motor vehicle were the major precursor gases of O3 
formation. Shao et al. [20] found that alkenes contribute a large fraction of VOC 
activity with 75%. The formation of O3 is VOC-limited in urban areas of China and 
NOX-limited in nonurban areas [7, 24, 31]. The influence of biogenic VOCs on O3 
formation was minor [19]. Heterogeneous NO2 could increase the concentration. 
The influence of the reaction of NO3 and N2O5 on O3 was unimportant [29]. CH4 and 
CO also play a role in O3 formation in certain environments. Tie et al. [24] reported 
that oxidation of CO contributed to 54% of the total O3 production in eastern region 
of China.

Both local formation and regional transport contributed to O3 concentrations. 
Wang et al. [25] reported that the contribution from regional transport was about 
17.8% of O3 concentration in PRD. Tang [22] found that 40% of O3 concentration 
in Beijing was from southern and southeastern regions.

Meteorological conditions have also a major influence on O3 formation. High O3 
concentration was related to the occurrence of high-pressure synoptic systems [28].

2.3.4  Sulfur Dioxide (SO2)

SO2 has greatly contributed to acid rain and has adverse effects on ecosystems and 
the respiratory system [26]. It is also the main precursor to formation of particulate 
matter.

Fig. 2.14 Percentage of cities at different O3 concentration levels in 338 cities, 2015 (Data source: 
MEP [13])

2 Characteristics of Major Air Pollutants in China
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Global SO2 emissions have been dramatically reduced from 121 Tg to 103 Tg 
during the period of 1990–2010. Figure 2.11 gives the emission trend of SO2 from 
2011 to 2015 in China. Following the emission control legislations, SO2 emissions 
have been decreasing dramatically. National emission of SO2 in 2011 was about 
22.17 Mt/year and it decreased to 18.59 Mt/year in 2015. In the period 2011–2015, 
SO2 emission decreased by 16% (Fig. 2.15).

SO2 is emitted primarily from fuels containing sulfur burning. The main anthro-
pogenic emissions of SO2 in China are derived from industrial sources (including 
power plant, domestic heating, and industrial production processes), and contribu-
tion from urban life source was little. As reported in “Annual Report of Environmental 
Statistics” [11], SO2 emission in 2014 was about 19.7 Mt, and the contribution of 
industrial source and urban life source was about 88% and 12%, respectively.

With respect to the spatial distribution of SO2 emission, Cao et al. (2010) found 
that the SO2 emission in Shandong province, Hebei province, and Shanxi province 
was the highest, which was related to large consumption of coal in these regions [3]. 
The SO2 emission in the western region (Qinghai, Xizang, and Gansu provinces) 
was relatively little.

In 2015, the annual SO2 concentrations in 338 cities were 3–87 μg/m3 with an 
average of 25 μg/m3. The average concentration was lower than the Chinese National 
Ambient Air Quality grade II standard (60 μg/m3). SO2 concentrations at 3.3% of 
the monitoring cities were found to exceed the CNAAQS (Fig. 2.16). Days of daily 
concentrations exceeding the air quality standard was about 0.7% of all monitoring 
days.

Figure 2.17 shows the spatial distribution of SO2 annual concentration in 2015. 
Maximum SO2 annual concentrations were found in northern regions, especially in 
North China and Inner Mongolia region. It may be related to coal heating in China. 
The SO2 concentration in southern regions was relatively lower.

Figure 2.18 shows the annual variation of SO2 concentrations in 74 key cities of 
China. It is clear that the average annual values for 74 key cities show a decline 
trend in the recent 3 years, and all annual SO2 concentrations stayed below the grade 
II standard value, indicating that the measures taken to control SO2 pollution were 
effective.

Fig. 2.15 Emission of SO2 
in China from 2011 to 
2015 (Data sources: MEP 
[9–13])

L. Ren et al.
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Fig. 2.16 Percentage of 
cities at different SO2 
concentration levels in 338 
cities, 2015 (Data sources 
source: MEP 11)

Fig. 2.17 Spatial distribution of SO2 annual average concentrations in 2015 (Data sources: 
National air pollution monitoring network in China)

SO2 shows the highest concentration in the winter and the lowest in the summer, 
which is due to the effects of emission sources and meteorological conditions. The 
energy structure was based on coal in China. Energy for heating is mainly coal in 
winter and these coals contain high-sulfur fraction over 0.5%, which cause the 
higher emission in winter. In addition, slow winds and shallow mixing layers occur 
more frequently in winter, trapping the pollutants near the surface and leading to 
high concentrations.

2 Characteristics of Major Air Pollutants in China
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2.3.5  Nitrogen Oxides (NOX)

Vehicle is the main contributor of NOX. Although the vehicle population increased 
by about 14.9% per year during 2007–2015  in China, the NOX emissions have 
decreased obviously by about 23% during 2011–2015. This indicated that the con-
trol measure for NOX was effective (Fig. 2.19).

In many developed counties, the main emission sources of NOX are mobile vehi-
cles. In the United States, 57.5% of NOX emission was from mobile sources, with 
fuel combustion and industrial processes only account for 24.2% and 8.4%, respec-
tively. However, in China, the main NOX emissions sources are industrial sources 
(including power plants and industrial production) and motor vehicles. As reported 
in the “Annual Report of Environmental Statistics” [11], NO2 emission in 2014 in 
China was about 20.8 Mt, and the emissions from industrial source accounted for 
67% and motor vehicle accounted for 30%. Urban life source only accounted for 
3%.

Emissions of NOX vary significantly by province owing to factors such as popu-
lation, energy sources, and economic base. In China, NO2 emission in Shandong 
province, Jiangsu province, Hebei province, and Guangdong province was the high-
est, which was related to large consumption of coal in these regions [9].

Figure 2.20 gives the annual variation tendency of NO2 in the recent 3 years. It 
can be observed that NO2 was decreasing during 2013–2015. The NO2 concentra-
tions in 2013 and 2014 were 44 μg/m3 and 42 μg/m3, respectively. It decreased to 
39 μg/m3 in 2015 and was lower than the CNAAQS grade II standard.

In 2015, the annual NO2 concentrations in 338 cities were 8–63 μg/m3 with an 
average of 30 μg/m3. The average of NO2 annual concentration did not exceeded the 
Chinese National Ambient Air Quality Standard and WHO AQG (40 μg/m3). NO2 
concentrations at 81.7% of the monitoring cities were found to be lower than the 
CNAAQS (Fig.  2.21), and only 19.3% of the monitoring cities exceeded the 
CNAAQS. The number of days with NO2 concentrations exceeding the CNAAQS 
occupied only 1.6% of all monitoring days.

Fig. 2.18 Annual variation 
tendency of SO2 in 74 key 
cities of China (Data 
sources: MEP [11–13])

L. Ren et al.
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Spatial distribution of NO2 showed that the concentration in northern regions 
was higher than that in southern regions (Fig.  2.22). The NO2 concentrations in 
North China, Pearl River Delta, and Urumqi City were the highest.

2.4  Conclusion

With the development of economy and industries, air pollution is getting more and 
more serious in China. Although reduced emissions have improved air quality in 
China, heavy pollution events occurred frequently.

PM2.5 was the major pollutant in China. Although PM2.5 annual concentration in 
China has decreasing trend, the CNAAQS limit value for PM2.5 exceeded in large 
parts of China. The exceedances occurred in 77.5% of the case in all the monitoring 
cities in 2015. Beijing-Tianjin-Hebei region, the north and middle part of Shandong 
province, the south and middle part of Henan province, and most of Hubei province 
have higher PM2.5 concentrations. The crustal elements and organic matter are major 
species of PM2.5. Secondary particles formation and motor vehicle exhaust were the 
main sources of PM2.5 in megacities.

Fig. 2.19 Emission of 
NOX in China from 2011 
to 2015 (Data sources: 
MEP [9–13])

Fig. 2.20 Annual variation 
tendency of NO2 in 74 key 
cities of China (Data 
sources: MEP [11–13])
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PM10 also is an important pollutant in China. In 2015, PM10 concentrations at 
65.4% of the monitoring cities were found to be exceeded the CNAAQS.  PM10 
annual concentration in the northern region was much higher than that in the south-
ern region, which related to the influence of dust on northern cities. Soil dust was 
the first abundant component for PM10 in most cities of China.

Fig. 2.22 Spatial distribution of NO2 annual average concentrations in 2015 (Data sources: 
National air pollution monitoring network in China)

Fig. 2.21 Percentage of 
cities at different NO2 
concentration levels in 338 
cities, 2015 (Data source: 
MEP [13])
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Although O3 annual concentrations in the recent 3 years were lower than the 
CNAAQS, the average annual O3 concentrations were increasing during 2013–2015. 
In 2015, the 90% of O3 maximum daily 8-h mean concentrations in 338 cities were 
62–203 μg/m3 with an average of 134 μg/m3. VOCs and NOX emissions from motor 
vehicle was the major precursor gases of O3 formation. The formation of O3 is VOC- 
limited in urban areas of China and NOX-limited in nonurban areas.

The average annual values of SO2 for 74 key cities shows a decline trend in the 
recent 3 years, and all annual SO2 concentrations stayed below the grade II standard 
value. NOX also has decreasing trend and it decreased to 39 μg/m3 in 2015, which 
was lower than the CNAAQS grade II standard. These results indicated that the 
measures taken to control SO2 and NOX pollution were effective.
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Chapter 3
Human Exposure Assessment for Air Pollution

Bin Han, Li-Wen Hu, and Zhipeng Bai

Abstract Assessment of human exposure to air pollution is a fundamental part of 
the more general process of health risk assessment. The measurement methods for 
exposure assessment now include personal exposure monitoring, indoor-outdoor 
sampling, mobile monitoring, and exposure assessment modeling (such as proxim-
ity models, interpolation model, air dispersion models, and land-use regression 
(LUR) models). Among these methods, personal exposure measurement is consid-
ered to be the most accurate method of pollutant exposure assessment until now, 
since it can better quantify observed differences and better reflect exposure among 
smaller groups of people at ground level. And since the great differences of geo-
graphical environment, source distribution, pollution characteristics, economic con-
ditions, and living habits, there is a wide range of differences between indoor, 
outdoor, and individual air pollution exposure in different regions of China. In gen-
eral, the indoor particles in most Chinese families comprise infiltrated outdoor par-
ticles, particles generated indoors, and a few secondary organic aerosol particles, 
and in most cases, outdoor particle pollution concentrations are a major contributor 
to indoor concentrations in China. Furthermore, since the time, energy, and expense 
are limited, it is difficult to measure the concentration of pollutants for each indi-
vidual. In recent years, obtaining the concentration of air pollutants by using a vari-
ety of exposure assessment models is becoming a main method which could solve 
the problem of the increasing number of individuals in epidemiology studies.
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3.1  Introduction

Assessment of human exposure to air pollution is a fundamental part of the more 
general process of health risk assessment, which is the process by which risk 
increase for human health on exposure to air-polluted substances can be estimated. 
The effects of a specific pollutant on health can be completely different depending 
whether exposure is acute or chronic or continuous or intermittent, so the assess-
ment of total air pollution exposure is essential and crucial for a proper determina-
tion of possible links between air pollution and health effects.

The human contact with a pollutant may occur through a variety of source, and 
to assess the total exposure, each source should be taken into account. Generally, 
three sources can be defined: outdoor, indoor, and workplace. In China, workplace 
environment is regulated separately and managed through industrial hygiene prac-
tices. In this circumstance, the microenvironment of air pollution always included 
two main sources to the public: indoor and outdoor.

Human exposure to air pollution may be evaluated by direct or indirect methods. 
Direct methods are carried out by personal exposure measurement, either with 
pumped or diffusive sampling, or by measurements of biological markers; we can 
also call it “personal exposure monitoring.” Indirect methods involve calculation of 
human exposure, by combination of concentrations at various locations and time 
spent by people in each specific environment, such as the indoor or outdoor.

In this chapter, we will describe the current state of air pollution assessment in 
China.

3.2  Principal Definition and Framework for Assessment 
of Human Exposure to Air Pollution

3.2.1  Exposure Science

Exposure science plays an important role in the development of epidemiology, toxi-
cology, and risk assessment. It provides critical information for protecting human 
and ecosystem health. It also can play an effective role in other fields, such as envi-
ronmental regulation and legislation and urban and ecosystem planning. Exposure 
science links human and ecologic behavior to environmental processes in such a 
way that the information generated can be used to mitigate or prevent future adverse 
effects.

In Fig. 3.1, the conceptual framework from pollution sources to final health out-
comes identifies and links the core elements of exposure science: sources of stress-
ors, environmental intensity (such as air pollutant concentrations), time activity and 
behavior, contact of stressors and receptors, and outcomes of contact.

Figure 3.2 shows the role of upstream human and natural factors in determining 
which stressors are mobilized and transported to key receptors. This figure indicates 
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the role of behavior of receptors and time in changing the contact that results from 
environmental intensities that affect exposure. It reveals both external and internal 
exposure; however, it still retains the concept that exposure is measured at certain 
borderline between receptor and emission source. In addition, the dose is the amount 
of certain material, which passes through or has some effects across the borderline 
to get into the contact with the target system, organ, or even cell and, then, produces 
a corresponding outcome. For example, a dose in a tissue (e.g., blood) can be used 
as an exposure to another tissue of blood perfusion. Figure 3.2 identifies the feed-
backs inherent in exposure science. For example, consider how the behavior of a 
patient or organism changes and affects exposure. The outcome may also influence 
the source, just as a person with an environment-mediated infectious disease 
becomes a source of water supply pathogens [33].

Source
Environmental
Concentration/

Condition

Exposure Dose Outcome

ReceptorStressor

Fig. 3.1 The classic environmental health conception [82]

Fig. 3.2 Core elements of exposure science [33]
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3.2.2  Air Pollution Exposure Assessment in Environmental 
Epidemiology

Human exposure to air pollutants is related with various health and nuisance effects. 
Acute biological effects include outcomes, such as an increase of existing disease 
(e.g., increased frequency and severity of asthma), acute respiratory system infec-
tions (e.g., increased respiratory disease ratio in children), transient pulmonary 
function, and allergic reactions. Chronic health outcomes include long-term decre-
ments in lung growth, chronic obstructive pulmonary disease (e.g., bronchitis), can-
cer, neurobehavioral changes, and heart disease. However, common effects of most 
population are nuisance effects. These are often acute, including harmful scents; 
eyes, nose, and throat irritation; and coughing, which is a symptomatic breathing 
response.

Air pollutants found in various occupational, industrial, residential, outdoor, and 
public access and transport microenvironments include extensive and complex 
chemicals in both gaseous and particulate phase. Ideally, air pollutants involving 
adverse health or nuisance effects will be identified, and an exposure assessment 
protocol will be designed. Often, the identification of the causes of the effect is 
confounded by air quality factors other than conventional air pollutants (such as 
temperature, humidity, noise, or lighting). In practice, however, exposure to a class 
of pollutants, source categories, or a proxy pollutant usually must be addressed 
when specific pollutants are not able to be recognized or easily measured [81].

3.2.3  Framework of Air Pollution Exposure Assessment

The pathways by which a person is exposed to specific environmental pollutants 
include inhalation, ingestion, and/or dermal absorption, which usually depend on 
the pollutants exposed to. Air pollution exposure can be regarded as the process of 
exposure to harmful substances in the air that can be inhaled into the organism. 
Based on the early framework proposed by Nieuwenhuijsen et al. [83], the basic 
process of air pollution exposure is shown in Fig. 3.3 [128].

In Fig. 3.3, air pollutants usually originate from outdoor and indoor pollution 
sources. If we try to accurately evaluate personal exposure, we should consider both 
environmental (outdoor background) and indoor exposure. Methods for evaluating 
individual exposure include personal monitoring, biological monitoring (e.g., bio-
markers), and environmental monitoring or modeling. The first two are commonly 
used to assess indoor exposure and environmental exposure, while the latter one is 
more widely used in separate environmental exposures.
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3.3  Exposure Measurement

3.3.1  Personal Exposure Monitoring

In theory, personal exposure to any certain air pollutant is defined as the concentra-
tion of the given air pollutant in inhaled air entering the nose or mouth. Practically, 
it is measured by sampling air pollutant with a personal exposure monitor (PEM) 
worn by a person and sampling from a point near the breathing zone (but not affected 
by exhaled breath).

There are many suitable measurement methods to monitoring air pollution; three 
examples are as follows:

1. Direct-Reading Devices
The concentration of air pollution can be determined with the use of portable direct- 
reading instruments. The advantages of this kind instrument are that they usually 
have data logging capabilities and can store data for many days. Direct calculation 
of concentrations with different averaging times and statistical analysis of the data 
can be implemented. The disadvantage is that the date may be less accurate for 
some specific air pollution.

2. Pumped or Passive Samplers
Sampling and analytical methods generally involve taking a sample of air and ana-
lyzing it subsequently in the laboratory. The air can be sampled by a sealable con-
tainer, made with inert materials, like glass bottles, plastic bags, or inertized stainless 
steel containers.

Direct methods

Biological Monitoring

Pharmacokinetic
modeling

Dose models

Personal Monitoring

Time-Activity Data

Indoor
Concentrations

Outdoor
Concentrations

Dispersion
Transformation

...
Deposition

Outdoor Sources:
Industrial

Commercial
Mobile

...
Natural.

Indoor Sources:
Cooking 
Heating

Building materials
...

Consumer products

Indirect methods

Exposure
Models

Personal
Exposure

Microenvironmental
Concentrations

Environmental
Monitoring/ modeling

Questionnaires/
Diaries

Infiltration
Deposition

...
Chemical reactions

Fig. 3.3 A framework of air pollution exposure and its possible assessment approaches [128]
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Otherwise, the airborne pollutants can be concentrated by drawing air with 
pumps through a collecting medium where they are captured. Typically, a known 
volume of air is pumped through a collector such as a filter (glass and quartz fiber 
filters, Teflon and polycarbonate membranes, etc.), a chemical solution, or an adsor-
bent bed for a known period of time. The performances of these samplers are influ-
enced mainly by airflow rate, contacting surface area, the presence of interfering 
compounds, breakthrough phenomena, and usually the temperature and humidity. 
Sampling and analytical methods are available for hundreds of pollutants.

As exposure evaluation of airborne particles is one of the main contents of the air 
pollution health effect study, we take the monitoring of particle matters as an exam-
ple here. Specifically, PEMs for particulate matter use measurement techniques 
similar to those employed for measuring ambient particulate matter.

But different from the ambient PM monitoring, PEMs must be worn by studying 
participants, so they must be quiet, compact, and battery operated. Because of these 
requirements, the type of pumps and the total sample volume that can be collected 
by the PEMS were limited. So generally, small sample volumes limit personal expo-
sure measurements to PM mass and a few elements detected by X-ray fluorescence 
(XRF). And in most studies, PM2.5 and PM10 have not been collected concurrently. 
The most used PEMs now rely on filter-based mass measurement of a particle size 
fraction (PM10 or PM2.5) with battery-operated pumps to integrate a 24- or 12-h 
period at flow rates of 2–4 L/min.

Sampling and analytical methods can also rely on passive sampling devices, thus 
avoiding the use of pumps. They are also called diffusive samplers, because the dif-
fusion of molecules in air is the driving force of the sampling process. In passive 
samplers, the target compounds migrate toward the absorbing/reacting medium by 
diffusing through a membrane.

Qualitative and quantitative analyses of the trapped air pollutants are usually 
performed by spectrophotometry, gas or liquid chromatography, mass spectrometry, 
and so on after extraction of the compounds by solvent desorption or by heating 
(thermal desorption). Take the PM as an example, the collected filters are first sub-
jected to gravimetric analysis and then to chemical analysis (such as sulfate, nitrate, 
chloride, ammonium, metals, elemental carbon/organic carbon (EC/OC), polycy-
clic aromatic hydrocarbons (PAHs), etc.)

Care should be taken to follow proper sampling protocol, such as that it must be 
aware of the limitations involved with the use of sampling instruments as well as the 
inadequacies of the chemical analysis techniques. For example, the measurements 
of PM may not be accurate if the sampling is conducted in wetter winter rather than 
the drier summer and there may be excessive loss of semi-volatiles if the sampling 
is conducted under very hot conditions (T > 35 °C). These might result in underes-
timate of the actual mass concentrations, and the error might further disturb the 
overall chemical mass balance.

3. Real-Time Monitoring
Modern technology has facilitated real-time monitoring of particulates and gases. 
Instrumental systems available for the real-time or semi-real-time measurement of 
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air pollutants increased considerably. For instance, optical particle counters (OPC), 
scanning mobility particle sizer (SMPS), tapered element oscillating microbalance 
(TEOM), ultrafine particle counters (UPC), etc., can measure the number of parti-
cles and/or real time their aerosol size distribution. In addition, portable gas chro-
matographs (GC) are now available to monitor volatile organic compounds (VOCs) 
and other key gaseous pollutants and can provide real-time information about their 
concentrations. In Table 3.1, there are some typologies of professional and accurate 
instruments available for real-time measuring of several properties of airborne 
particles.

Since people spend most of the time (70–90% of the total time) in the indoor 
environment (such as the family, the workplace, and so on), many exposure studies 
have shown that there would be significant differences among the concentrations of 
fixed monitoring sites and outdoor, indoor, and personal levels. Therefore, detail 
studying the personal exposure both from the indoor and outdoor environments and 
their relationships of air pollutants (components) can help to understand and correct 
the exposure error caused by human activities and air penetrating behavior and 
improve the authenticity and accuracy of the results of epidemiological studies.

Table 3.1 Real-time instrument for different purpose of particulate matter monitoring

Monitoring purpose Instrument References

Number of particles Optical particle counters (OPC) [62]
Condensation particle counters (CPC) [22]

Distribution of the aerodynamic size of 
particles

Scanning mobility particle sizers 
(SMPS)

[101]

Aerodynamic particle sizers (APS) [101]
Optical particle sizers (OPS) [20]
Differential mobility particle sizers 
(DMPS)

[57]

Particle mass concentration Tapered element oscillating 
microbalance (TEOM)

[87]

Beta attenuation mass monitor (BAM) [37]
Continuous aerosol mass monitor 
(CAMM)

[45]

Nephelometer [8]
Active surface area of the nanoparticles Nanoparticle surface area monitor 

(NSAM)
[100]

Black carbon (BC) Multiangle absorption photometer 
(MAAP)

[102]

Particulate soot absorption photometer 
(PSAP)

[102]

Number concentration of UFC ultrafine 
particles (UFP)

Ultrafine particle counters (UPC) [13]
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3.3.2  Indoor-Outdoor Sampling

At present, a large number of related studies made use of the air pollutant concentra-
tions from fixed monitoring sites to assess the relationship between air pollutants 
and health. However, in general, it has been found that population exposure might 
exceed the average urban concentration and is higher indoors than outdoors. In the 
case of PM2.5 and polychlorinated biphenyls (PCBs), it has been demonstrated that 
the average concentration indoors turns out to be high than the outdoor average 
ambient level in some studies [15, 73, 123]. Therefore, some recent studies have 
criticized outdoor/ambient concentration for being poor indicators of the actual per-
sonal exposure levels of the general population to ambient air pollutants. This is true 
since most of the people spend nearly 90% of their time indoors.

Meanwhile, personal exposure measurement, where pollution is measured using 
personal wearable devices, can better quantify observed differences and better 
reflect exposure among smaller groups of people at ground level. It is also consid-
ered to be the most accurate method of pollutant exposure assessment.

At present, this methodology is increasingly used but is still less common than 
scenario-based methods because of costs involved in their collection and because 
necessary data, measurement devices, and models are not available to provide inter-
polation of the health implications for all the situations and populations of interest 
with sufficient temporal and spatial specificity.

So in practical, overall considering neither the monitoring costs affordable nor 
technically feasible in epidemiology studies, it is better to collect and carefully ana-
lyze a small number of well-chosen samples taken at key locations to provide a 
reliable index of environmental conditions, such as the indoor and outdoor microen-
vironment. The results obtained by these samples could be used along with expo-
sure models and statistics to derive estimates on the exposure of the overall 
population, that is, the “microenvironmental” methods, which combined measure-
ments in important microenvironments (e.g., inside the residence (indoors) and out-
doors in the community) with data on time-activity patterns.

The measurement methods to monitoring indoor and outdoor air pollution were 
similar to the personal exposure monitoring, e.g., direct-reading devices, sampling 
and analytical methods with either pumped or passive sampling, and real-time mon-
itoring. There are also central site-based outdoor air monitoring stations.

In China, there were still needs of systematic study on indoor/outdoor and indi-
vidual exposure characteristics. Since the great differences of geographical environ-
ment, source distribution, pollution characteristics, economic conditions, and living 
habits, there is a wide range of differences between indoor, outdoor, and individual 
air pollution exposure in different regions of China. Take the children as an exam-
ple, there are 26.8% of Chinese children exposed to the indoor environment of using 
solid fuel cooking or heating; 13.6% of Chinese children take their main activities 
within the oil, petrochemical, and other industrial enterprises surrounding in the 
area of 1 km; and 14.6% of them take their main activities within the traffic arteries 
surrounding in the area of 50 m. These different environmental characteristics of 
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pollutants make the relationship between the indoor, outdoor, and individual air pol-
lution exposure quite significantly different in children of China compared with the 
other countries [77].

Therefore, to understand the relationship between indoor and outdoor particle 
concentration in China, there are three widely used parameters just as that in the 
other country, i.e., indoor/outdoor (I/O) ratio, penetration factor, and infiltration fac-
tor [21, 98].

 1. I/O ratio

I/O ratio directly represents the relationship between indoor and outdoor concen-
trations of pollutants, which is very easy to understand and widely used. I/O ratio is 
defined as:

 
I Oratio in

out

/ =
C

C  

where Cin and Cout are the indoor and outdoor pollutant’s concentration, 
respectively.

 2. Infiltration factor (Fin)

Fin represents the equilibrium fraction of ambient particles that penetrates indoors 
and remains suspended. It avoids the mixture with indoor particle sources. Fin isde-

fined as F
a Kin

aP
=

+ ′ , which based on the steady-state and zero indoor particle

emission rate as case of Eq. 3.1:
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(3.1)

where V is the volume of the room, t is time, a is the air exchange rate due to infiltra-
tion, P is the penetration factor, K is the particle deposition rate, and S  is the indoor 
particle emission rate. It should be noted that the resuspension of particles is 
neglected in this equation. All the parameters except V and a are a function of both 
time and particle size [21, 69].

When the mechanical ventilation system is used, the filter efficiency can affect 
Eq. 3.1. Thus the generalized definition of Fin can be expressed as:

 
C F C C

Sin in out= +
  

where CS˙ is the indoor particle concentration which is contributed by indoor 
sources.

 3. Penetration factor (P)

Penetration factor is defined as the fraction of particles in the infiltration air that 
passes through the building shell. It is the most relevant parameter for the  penetration 
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mechanism through cracks. The penetration factor could be calculated by experi-
ment data measured in both real buildings and laboratories. Here, we mainly intro-
duce some equations in real buildings such as:
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where Ci = Cin(t = 0) and Cf = Cin(t=). When there are no particle sources S =( )0  
such as the measurement was conducted at night, and the particle decay curve and 
air exchange rate could be determined, such as the studies by Tung et  al. [107], 
Thatcher et al. [106], and Chao et al. (2001)[19], then P can be calculated by:

 
P
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However, when indoor particle emissions cannot be avoided, the method devel-
oped by Long et al. [70] which is based on the linear regression approach can be 
used. After measuring the indoor and outdoor particle concentrations under 
different conditions, C

S
 can be obtained. Then, according to
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, a linear expression can be rewritten as:
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Based on this equation, after measuring air exchange rates under different condi-
tions, the penetration factor can be easily obtained.

In China, the degree of human exposure to indoor air pollutants has not yet been 
well characterized, as well as the relationship between indoor and outdoor. This is 
principally because indoor air contaminants arise from multiple sources and their 
concentration levels and constituents differ greatly from those found in outdoor air 
with temporal and spatial variations. Take the study in Tian, China, for example, Xu 
et al. [122] collected daily personal exposure, residential indoor/outdoor, and com-
munity central site PM filter samples in an elderly community during the non- 
heating and heating periods in 2009, and mass concentrations of the particulate 
compounds were estimated based on the chemical analysis results of particulate 
species. The results showed that the infiltration factors (Fin) of particulate com-
pounds were different during different seasons; in summer the Fin of PM10 is 0.74 ± 
0.31, while in winter the Fin of PM10 is 0.44 ± 0.22. And the PM mass observed 
during the heating period could be well represented through chemical mass recon-
struction. So to characterize the relationship of human exposure to indoor and out-
door air pollutants, a list of typical personal exposure, indoor air pollution, and 
outdoor/ambient air pollution monitoring studies in China is gathered in Table 3.2.
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Studying the personal, indoor, and outdoor relationships of air pollutants (com-
ponents) can help to understand and correct the exposure error caused by penetrat-
ing behavior and improve the authenticity and accuracy of the results of 
epidemiological studies in China. As studies showed in Table 3.2, in general, the 
indoor particles comprise infiltrated outdoor particles, particles generated indoors, 
and a few secondary organic aerosol (SOA) particles in most Chinese families, and 
in most cases, outdoor particle pollution concentrations are a major contributor to 
indoor concentrations, though the I/O ratio <1. Several studies have also found that 
outdoor-generated PM2.5 showed stronger relationships with indoor PM2.5 exposure. 
However, as indoor air pollution of particles was determined by many factors, such 
as the season, the building physics, heating, ventilation, and air conditioning system 
features, filter configurations, etc., more considerations and researches should be 
taken.

3.3.3  Mobile Monitoring

During the past decades, several air quality monitoring techniques were developed 
following the continuously improvements in air pollution researches, thus allowing 
the collection and the analysis of high-quality data. Nowadays, airborne PM is con-
stantly monitored by national environmental agencies, which have organized large 
network of monitoring. However, these monitoring sites and devices are typically 
stationary, large, sparsely deployed and expensive. Moreover, fixed stations are not 
sufficient to monitor adequately the air quality in large urban areas and cannot char-
acterize the spatial variations of air pollutants. Indeed, the concentration and chemi-
cal composition of PM in urban areas present considerable differences at a local 
scale depending on the emission sources, topography, and weather conditions [78]. 
The limited number of available monitoring stations installed in the urban areas 
affects the resolution of air pollution maps/forecast models that are based on datas-
ets generated by these devices [44, 55], which are also the only ones recognized by 
agencies and public institutions.

 For the reasons above, mobile air quality monitoring is attracting an increasingly 
growing interest [76, 88, 108]. With the advent of portable instruments providing 
high-time resolution and real-time data, the approach to air quality monitoring has 
deeply changed. A wide typology of professional and accurate instruments is now 
available for real-time measuring of several properties of airborne particles, such as 
OPC, SMPS, and CAMM, as shown in Table 3.1. These professional instruments 
have been used on different platforms (i.e., car, van, pedestrian, bicycle, tram, air-
ship) for mobile monitoring of the various properties of PM. In particular, mobile 
air quality monitoring is mainly carried out through motor vehicles that can be 
equipped with voluminous and moderately heavy instruments (e.g., [61, 65, 86, 
115, 118]). Table 3.3 summarized the main articles on mobile monitoring of PM.

However, there still exists some limitation on mobile monitoring. First, to derive 
time-representative pollutant maps associated to different traffic and meteorological 

3 Human Exposure Assessment for Air Pollution
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Table 3.3 Summary table of the main articles on mobile monitoring reporting information on the 
instrumentation, platform, and measured parameters

Study Platform Instrumentations
Measured 
parameters Objectives

Wang et al. 
(2009) [115]

Van Scanning 
mobility particle 
sizer – TSI DMA 
3081

Size distribution 
D = 15–673 nm

Verify the 
effectiveness of 
pollution control 
policies adopted 
for the 2008 
Beijing Olympic 
Games

Optical particle 
counter – 
GRIMM Dust 
Monitor 1.108

Size distribution 
D = 0.3–20 μm

Nanoparticle 
surface area 
monitor/TSI 3550

Active surface 
area

Multiangle 
absorption

Black carbon 
position

Photometer – 
Thermo Model 
5012

Zwack et al. 
(2011) [129]

Pedestrians TSI, P-Track 
8525

Ultrafine particles 
(UFP)

Discern 
contributions of 
traffic within 
street canyons by 
regression 
techniques

TSI, Dust Track 
820

PM2.5

Elen et al. 
(2013)[32]

Bicycle TSI, P-Track 
8525

UFP, PM1, PM2.5, 
PM10, TSP, BC

Mobile air 
quality

GRIMM Dust 
Monitor 1.108

Monitoring in 
small areas

AE51, AethLabs 
MicroAeth

Castellini 
et al. (2014) 
[16]

Cabin of urban 
metro system

Customized 
optical particle 
counter (OPC)

Size distribution 
(0.28–10 μm)

Monitoring air 
quality in urban 
environment

Frick and 
Hoppel 
(2000) [36]

Airship NRL 
DMA size 
spectrometer

PMS optical 
particle counter

Size distribution 
(0.005–0.6 μm)

Effect of ship’s 
exhaust on 
marine boundary 
layer

TSI condensation 
particle counter

Size distribution 
(0.25–23.5 μm)
Size distribution 
(>0.003 μm)

(continued)
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Table 3.3 (continued)

Study Platform Instrumentations
Measured 
parameters Objectives

Riley et al. 
(2106) [94]

Van TSI portable CPC 
(ethanol-based) 
model 3007

Particle number 
(PN) conc., 
10 nm–1 μm

Aircraft turbine 
emission

Hudda et al. 
(2014) [51]

AethLabs 
MicroAeth AE51 
model year 2010

BC

EcoChem PAH 
analyzer, model 
PAS 2000

Particle-bound 
polycyclic 
aromatic 
hydrocarbons 
(PB-PAH) and 
elemental carbon

Garmin 
GPSMAP 76CSx

Location, speed

2B Technologies 
Model 401-410

NOX

Aerodyne CAPS 
NO2 monitor

NO2

Chan et al. 
(2017) [18]

Three SCANIA 
43-seat tour buses

Air quality data 
was recorded 
using the Smart 
eHome Wireless 
Indoor Air 
Quality (IAQ) 
Monitoring 
System

The CO2 
concentrations 
and temperature 
conditions

CO2 
concentrations 
and temperature 
changes within 
high-passenger 
occupied tour 
buses

Wang et al. 
(2016) [117]

Vehicle Cavity Enhanced 
Differential 
Optical 
Absorption 
Spectroscopy 
(CE-DOAS) an 
on-vehicle, 
real-time system, 
consists of an 
Aethalometer, a 
vehicle exhaust 
analyzer and a 
portable global 
positioning 
system (GPS) 
device

BC The primary 
vehicular 
emissions and 
the ambient air 
quality

Hu et al. 
(2011) [52]

Vehicle Vehicular sensor 
networks (VSNs)

CO2 Equip fewer 
nodes on cars to 
achieve 
fine-grained 
monitoring

A Zig Bee-based 
prototype
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conditions, a large amount of data are required [86, 108]. The need for a high num-
ber of repeated measurements to assess the temporal and spatial variability of air 
pollutants has been recently raised by Peters et  al. [89]. However, the minimum 
number of measurements to get a reliable representation of the variability of pollut-
ants is not straightforward [109]. Essentially, the number of repeated measurements 
is a function of the desired spatial resolution [108]. An appropriate background cor-
rection of the final must be also considered [108].

Second, the chemical characterization of PM is another crucial issue and is man-
datory to identify the origin of specific components, i.e., their emission sources. 
Currently, the chemical features of airborne particles are determined with different 
analytical techniques able to perform major and trace elemental analysis and anion 
and cation speciation analysis, e.g., XRF, ICP-MS, PIXE, INAA, AAS, IC, and 
AC. Although instruments allowing real-time measurements of the chemical com-
position of PM have been developed and are currently available (e.g., ion trap mass 
spectrometer, aerosol chemical speciation monitor, thermal desorption chemical 
ionization mass spectrometry), at present they still cannot be easily extended to 
mobile platforms mainly due to their dimensions (e.g., [43, 90, 95, 103, 112, 125]).

Third limitations for the integration of these instruments are the low concentra-
tions of some chemical components in PM that would require long acquisition 
times. As an example, Voisin et al. [112] reported the application of thermal desorp-
tion chemical ionization mass spectrometry to the analysis of ammonium sulfate 
nanoparticles with a sensitivity to ambient mass concentration of 50 pg/m3 using an 
aerosol sampling flow of 8 L/min and a collection time of 10 min.

A major demand in PM mobile monitoring is the development of compact (i.e., suit-
able for different mobile platforms) and high-performance instruments for real- time 
chemical analysis. Still a critical issue is the sensitivity to aerosol mass concentration.

Currently, the real-time chemical characterization of aerosol allows a time reso-
lution of tens of minutes and a maximum sensitivity to aerosol concentration of tens 
of pg/m3 [29, 112].

3.4  Exposure Assessment Modeling

Exposure assessment is one of the important components in the assessment on 
health effects caused by air pollution. The inclusion of more individual samples 
may reduce the error of health assessment; however, the increase in the number of 
individuals brings in the monitoring problem. Since the time, energy, and expense 
are limited, it is difficult to measure the concentration of pollutants for each indi-
vidual. Therefore, it is the main method to obtain the concentration of air pollutants 
by using the exposure assessment model. In recent years, a variety of models have 
been developed by scientists around the world and gradually improved and devel-
oped. In this section, we introduced four common used exposure assessment models 
for reference and supply the applications of these models. For some other newly 
developed models, we use Sect. 4.5 “Other Models” to give brief introduction.
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3.4.1  Proximity Models

The proximity model represents one of the most basic approaches to distinguish air 
exposure within a city. This approach hypothesizes that the distances from the 
sources are related with health outcomes of population and explains the relationship 
between air pollution and health effects. The model is simple, is cost-effective, and 
can be run on GIS software.

The model was used in Europe, the United States, the United Kingdom, and 
Canada from 1997 to 2003 to assess the volume of traffic and the distance from the 
road in urban scale. In practice, different types of roads are often categorized and 
measured to differentiate traffic volumes. Janssen et al. [54] measured the concen-
trations of PM2.5, NO2, and benzene along 24 major roads inside and outside the 
school within the range of 400 m. Wyler et al. [120] calculated the hourly average 
traffic volume of the roads around the participant’s home based on the traffic list. 
Venn et al. [110] used traffic activity guidelines to measure the sum of road traffic 
per 1 km2. English et al. [34] used the traffic pollution emission model to estimate 
the exposure in different radii around the home.

In China, Deng et al. [30] showed children living close to the main road were 
more influenced by the exposure to air pollutants. Huang and Guo [49] reviewed the 
assessment methods of vehicle exhaust pollution exposure, and this model can be 
applied to assess the vehicle exhaust exposure.

Although the proximity approach provides a direct application for long-term 
exposure, there are still some limitations. The disadvantage is that it can only be 
judged qualitatively, but not quantitatively. The result is more susceptible to some 
cofounders, such as the impact of wind direction, terrain factors, and misclassifica-
tion [55].

3.4.2  Interpolation Model

The interpolation model is based on deterministic and stochastic geostatistical mod-
eling techniques. Contaminants will be distributed at the various monitoring sites in 
the study area. In general, estimates are also obtained in a grid, and the entire grid 
is distributed over the studying area, so that continuous contaminant concentrations 
can be obtained. In general, the kriging model is the most suitable interpolation 
method in the field of atmospheric pollution, and its best linear unbiased estimator 
can estimate the variables of any point [14].

The main advantage of this method is that the predicted value of the unknown 
point and the corresponding standard error (kriging difference) can be obtained at 
the same time. These standard errors make the prediction uncertainty of the unknown 
point be quantified, and the credibility of interpolation is low. The interpolation 
method relies on the continuous spatial distribution of data. Apart from the noise 
and error of data, spatial dependence includes two kinds of data, one is global data 
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such as global trend and the other is local distance [4, 14]. Other methods, such as 
Spline and IDW based on deterministic or geographic algorithms, allow reasonable 
estimation of pollutant concentrations at unknown points. These methods are easier 
to apply and are more suitable for monitoring areas with fewer outlets and larger 
distances.

In North America and Europe, there are already many differential applications in 
cities. Pikhart et al. [91] used geostatistics to estimate SO2 levels in small areas. 
Mulholland et al. [80] used the universal kriging method to analyze the temporal 
and spatial distribution of ozone in 20 counties of Atlanta. Abbey et al. [1] used the 
inverse distance weighting method to calculate the relative risk of exposure. The 
advantage of the interpolation method over the adjacent model is that it utilizes real 
contaminant measurement data to reliably quantify exposure level differences. 
Kriging is more problematic than other interpolation methods in that the local vari-
ability is greater and the choice is better, but regional marginal representation is still 
a problem. The ordinary kriging method assumes that there is no global change in 
the singularity of the data, also known as the static hypothesis [80]. Based on this 
assumption, the pollutant change at each point in the study area is based on the dis-
tance between two points and the direction of the line. Although this technique has 
been able to detect similar errors, an estimation error is generated if this assumption 
is violated [91]. The universal kriging is an expansion of ordinary kriging, incorpo-
rating trend functions to account for spatial variations in pollutants.

The disadvantage of the geostatistical difference is the availability of monitoring 
data. This model requires intensive monitoring network, according to research accu-
racy and pollutant change scale, the local pollutant emission source, the size of the 
estimated error, the topography of the area, and the main meteorological conditions 
of comprehensive judgment, the city area usually 10–100 monitoring points. In gen-
eral, government-monitoring sites are sparse, and the selected sites are susceptible 
to industrial or severe traffic pollution. Selecting a government-monitoring network 
would generally smooth the pollution level map more than the actual level, and a 
relatively small data point would have a relatively large estimation bias. This prob-
lem is particularly severe for pollutants such as NOx that are subject to large varia-
tions in small areas. If you seek more site data, it will come with high cost or short 
sampling time. So the researchers can only select one to two kinds of representative 
pollutants that are easy to monitor. Applying the geostatistical model requires a 
mastery of GIS and statistical software, such as ESRI’s ArcGIS model.

In China, there are similar studies, such as Fan et al. [35] and Meng and Ma [74]. 
However, their researches are limited to the introduction of methods and monitoring 
data processing, but no health effects were mentioned, which meant they didn’t 
combine pollutant data with health data together to get the relationship between air 
pollutants and health. In a recent study, to assess the benefits of the program “Air 
Pollution Prevention and Control Action Plan (Action Plan)” in Beijing-Tianjin- 
Hebei (BTH) Region, Chen et al. [26] estimated PM2.5 concentration on a grid with 
a spatial resolution of 1 × 1 km2 using Voronoi spatial interpolation method. And by 
combining with the exposure-response function between PM2.5 concentration and 
health endpoints based on Environmental Benefits Mapping and Analysis Program 
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(BenMAP), the economic loss is assessed, which provides scientific basis for imple-
mentation of air pollution control strategies. They also use this method to assess the 
population exposure to PM2.5 for mortality in China [27].

3.4.3  Air Dispersion Models

Diffusion models are generally based on the Gaussian equation, using emission 
sources, meteorological conditions, and topographic data to assess spatial exposure 
to air pollution [5, 7]. Data on emission, meteorological parameters, and topography 
were used to estimate spatial exposure of air pollution. In recent years, dispersion 
models have been applied together with GIS. The combination analyzes both infor-
mation from traditional monitoring systems and data concerning the population dis-
tribution in the studying area. With the supplement of data concerning the topography 
of the studying area, models of road networks, and traffic volume observation, a 
more realistic solution of the problem is formed [55].

Such models have been well used in many studies, such as Bartonova et al. [5] 
predicting TSP and NOx in 1999 and Bellander et  al. [7] and Nyberg et  al. [85] 
establishing a NOx prediction model. The establishment of a diffusion model 
requires the data of pollutants, meteorological conditions, and emission sources. 
Contaminant data, i.e., background data, are commonly used for routine monitoring 
of government-monitoring stations in the vicinity of the study area. Meteorological 
data generally include wind speed, wind direction, ambient temperature, solar irra-
diance, and atmospheric stability. Data of emission sources are generally grouped 
into two categories: one is human-made stationary sources such as domestic heating 
or plant emissions. Information on the emission factors (e.g., annual emissions, 
smoke height, diameter, temperature, vertical discharge velocity) of each source of 
pollution, as well as the type and location of the equipment, are collected [46]. With 
the improvement of the accuracy of the model, only simple update data are needed 
to predict the concentration of pollutant at the required time and place. Hruba et al. 
[46] established the US EPA’s long-term industrial source complex model with the 
data of 151 pollution sources and two residential areas in the Banska Bystrica area 
of the Slovakia center and estimated the distribution of airborne particulate con-
tamination by this model. The results of this model are used effectively in studies of 
air pollution in Europe and children’s respiratory health. Gualtieri and Tartaglia [38] 
estimated the concentration of air pollutants using the traffic volume of the road 
network, i.e., assessing the distribution of pollutants in typical road contaminated 
areas with the Gaussian model. From 1990 to 2000, a large number of studies using 
diffusion model combined with GIS assessed and predicted urban NOx, PM2.5, and 
SO2. Some domestic scholars also used the diffusion model to predict the concentra-
tion of urban air pollutants.

In China, Ma et al. [71] used the Gaussian point source diffusion model and the 
kriging interpolation model to analyze the spatial distribution of SO2 concentration 
in Lanzhou City. Both could reflect the spatial distribution of SO2 accurately but still 
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had a certain distance from the measured value. In addition, Yang et al. [124] applied 
the AERMOD diffusion model with the pollutant data of Shenyang. Meanwhile, the 
diffusion model also has some shortcomings: (1) the relatively complex data input, 
(2) the inaccurately estimated diffusion method, (3) more testing data for cross- 
validation, and (4) estimated errors due to temporal variation. Sampling interval 
difference would appear during the input of pollutant not related to traffic or signifi-
cantly related to diesel vehicles. In addition, point-and-surface emissions are gener-
ally reported with annual averages, whereas heavy-oil vehicles do not increase in 
hourly traffic. The hourly meteorological data will also bring the error. In addition, 
the overloaded data model program had higher requirement on GIS professional 
proficiency and computer performance. Therefore, it is not suitable for forecast in 
large areas, and the current application is relatively small. Huang and Guo [49] 
incorporated motor vehicle emissions data into the model to estimate the changes in 
motor vehicle tail gas over time and space, including motor vehicle emissions, the 
number of motor vehicles, the main type of each type standard emissions, motor 
vehicle speed, road network status, and other information.

In general, more studies applied diffusion model in China, compared with other 
models. However, these studies only focused on the methodologies and regional 
data validation but were insufficient on the population health data. Therefore, the 
interdisciplinary cooperation between environmental sciences and public health 
should be encouraged; thus we can both simulate the exposure level and estimate 
health effects of pollutants.

3.4.4  Land-Use Regression Models

The land-use regression model is based on the land-use and traffic information 
around the observed point to predict pollutants. The regression model is an effective 
way to evaluate the exposure assessment of traffic-related pollutants by using the 
pollutant concentration at one point as the dependent variable and the land-use data 
at that point as the independent variable. The land-use regression methodology tries 
to make prediction on the concentrations of certain pollutant at a given site based on 
surrounding geographic variables, such as land-use type, traffic characteristics, etc. 
More specifically, this method uses measured concentrations of certain pollutants at 
given location or monitoring site as the dependent variable (response variable) and 
geographic information within areas around location (we call them buffers) as the 
independent variables or predictors for measured concentrations [11, 12, 63]. The 
method entails the use of least-squares regression modeling to predict pollution 
surfaces based on pollution monitoring data and existing exogenous independent 
variables [55].

Briggs et al. [11] firstly used the land-use regression model to simulate small- 
scale changes in the Small Area Variations in Air Quality and Health (SAVIAH) 
study, to study the influence on children’s respiratory disease by long-term exposure 
at mean air pollution levels. As the study population included thousands of children, 
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sampling of air pollution at each location was less feasible. Thus, 80 sampling 
points were planned in each city to ensure sufficient sample density to build an 
effective model. The regression equation R2 (0.79–0.87) was obtained for the aver-
age annual NO2 concentration. Thereafter, the regression model was widely used, 
especially in Europe and North America, and most of the application were at large 
multi-city region, with a few at small-scale urban areas. Other studies have been 
used throughout the country, such as the Netherlands and the United Kingdom 
[104]. The ATMOSPHERE project simulated the concentration of pollutants at the 
scale of 1 × 1 km across Europe [9].

Land-use regression is based on the use of different monitoring data to build the 
model and usually in the large-scale study often used routine monitoring network 
data [2, 42]. Currently, only a handful of research used data from routine monitoring 
sites [6, 10, 11, 79, 96, 104]. For most urban studies, there are few regular monitor-
ing points and cannot meet the need of establishing a small-scale model of outdoor 
air change. Therefore, passive sampling methods were adopted to meet the required 
quantity. Madsen et al. [72] found that 40 monitoring sites and 80 monitoring sites 
had no significant effect on the model results, in Oslo urban study. Jerrett et al. [56] 
reported that the model established with 65 sites was similar to that with 94 sites. In 
general, linear regression is used to calculate the regression model, and the model 
residuals are independent. When there is no spatial autocorrelation, the general least 
squares is also used to establish the model [56, 72, 97]. If there is a correlation 
between the residuals of the land-use regression model [9], the generalized kriging 
model (the combination of linear regression and the regular kriging model) was 
combined. The current land-use regression model has been used to model the spatial 
distribution of NO2, NOx, PM2.5, EC in PM2.5, Soot, and VOCs. The interpretation of 
the model is usually around 60–70%. Compared with other methods, the land-use 
model has lower cost, but this method is limited to the areas with similar land use, 
weather, and traffic conditions. Therefore, only a few studies have been successfully 
applied when the model is applied to other areas with different land use and differ-
ent terrain. Briggs et  al. [12] successfully applied the model developed in 
Huddersfield at other times in the city, as well as three other UK cities. However, 
when applying the regression coefficients in Amsterdam in the study of Hamilton 
district in Canada, Briggs et al. [12] did not achieve the desired results, as no signifi-
cant spatial variability appeared near the roads and underestimation/overestimation 
existed in other areas. Even in regions with similar geographical conditions and 
traffic conditions, intensive monitoring data are still required. Therefore, land-use 
model is a type of semiquantitative model with empirical relation, which is different 
with the diffusion model, and the limitation in migrated application which makes it 
can only be applied in the vicinity of areas with similar variables.

In China, the application of LUR in the health assessment of environmental 
exposure is relatively late. In 2003, Zhang and Wang [127] used the evolution of 
land use and cover to conduct the spatial analysis and probe the impact of land use 
on regional atmospheric environment in Shanghai. Chen et al. [24] firstly developed 
a multiple linear land-use regression model through the NO2 and PM10 of conven-
tional monitoring in Tianjin and found that the R2 were 0.74 and 0.72 in heating 
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season and 0.61 and 0.49  in non-heating season for NO2 and PM10, respectively. 
After that, they also established the models of SO2, NO2, and PM10 and obtained the 
better predictive effect which indicated the R2 were 0.78, 0.89, and 0.84, respec-
tively [25]. Wu et  al. [119] combined the spatial-temporal prediction model and 
land-use information to predict the PM2.5 levels in Beijing and found that the tem-
poral variation of PM2.5 was greater than the spatial variation and the adjusted R2 
was 0.43–0.65. Recently, Meng et  al. [75] successfully established the land-use 
regression model for the NO2 concentrations in Shanghai from 2008 to 2011. The 
model showed that the R2 was 0.75 and superior to the results of kriging model and 
inverse distance weight model.

3.4.5  Other Models

Because LUR model is only used to single city or area, it is difficult to apply to the 
other cities or regions. Therefore, more scholars used the data from high-quality 
remote sensing satellites to improve the application of LUR in larger areas. Novotny 
et al. [84] combined the land-use information and NO2 concentrations of ground 
and satellite to predict the NO2 concentration of the entire United States. The pre-
diction accuracy was 30 m, and the correlation of predicted value with monitoring 
value can reach 0.78. And the model can be used to any sites which have sufficient 
road network and monitoring data of pollutants. Vienneau et al. [111] also used the 
monitoring data from more than 1,500 points and the satellite data of NO2 and 
PM2.5, and combined with the land-use information to predict the NO2 and PM10 
levels of the whole 100 m grid in Western Europe. The prediction model R2 for NO2 
and PM10 was increased by 0.05 and 0.11. Knibbs et  al. [60] also combined the 
satellite data and generalized estimating equation model to predict the concentra-
tions on a national scale of Australia. They found that the interpretations of annual 
and monthly NO2 were 81% and 76%, respectively.

In order to conduct long-term exposure studies of prospective cohorts, the 
spatial- temporal model was used to predict the temporal and spatial variations of 
pollutants. The principle of the model is that the regional pollutant concentrations 
are divided into several time and space domain according to local geographic infor-
mation data, meteorological data, and monitoring data of pollutants. The concentra-
tions of every domain vary with the space and time. In the context of fully 
consideration of various uncertain factors, the Bayesian function algorithm was 
used to obtain the concentration in the location of each object. The indoor concen-
trations could be calculated through the building characteristic and permeability 
parameter simulation. Then the exposure concentration of each subject was weighted 
based on the indoor and outdoor activity time [105]. In recent years, spatial- temporal 
model has been used in some studies [3, 59].
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Chapter 4
Ambient Air Pollution and Biomarkers 
of Health Effect

Di Yang, Xuan Yang, Furong Deng, and Xinbiao Guo

Abstract Recently, the air pollution situation of our country is very serious along 
with the development of urbanization and industrialization. Studies indicate that the 
exposure of air pollution can cause a rise of incidence and mortality of many dis-
eases, such as chronic obstructive pulmonary disease (COPD), asthma, myocardial 
infarction, and so on. However, there is now growing evidence showing that signifi-
cant air pollution exposures are associated with early biomarkers in various systems 
of the body. In order to better prevent and control the damage effect of air pollution, 
this article summarizes comprehensively epidemiological studies about the bad 
effects on the biomarkers of respiratory system, cardiovascular system, and genetic 
and epigenetic system exposure to ambient air pollution.

Keywords Air pollution • Inflammation • Oxidative stress • Genetic • Epigenetic

4.1  Introduction

It is well known that air pollutants can cause serious damage to the human body. Air 
pollutants are a complex mixture of particulate matter (PM) [125] and gases includ-
ing ozone (O3), nitrogen dioxide (NO2), sulfur dioxide(SO2) [21], polycyclic aro-
matic hydrocarbons (PAHs), and volatile organic compounds (VOCs). One group of 
PM was identified with aerodynamic diameter ≤2.5μm (PM2.5), with a characteristic 
of smaller molecular diameter and large surface areas absorbing many heavy men-
tal, and with the capability of entering the deeper respiratory tract and crossing the 
lung capillary network, leading to severe damage to various systems of the body. 
Recently, the air pollution situation of our country is very serious because of urban-
ization and modernization. Especially since January 2013, the incidence and scope 
of smog and haze in China gradually have increased greatly; the serious air 
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pollution of the Beijing-Tianjin-Hebei region spreads its effect to national land area 
of about 1/10 and affected population of more than 400 million. According to the 
Beijing Municipal Environmental Protection Bureau data, the concentration of 
PM2.5 in many monitoring stations exceeded 700  μg/m3 in Beijing during haze 
period.

Air pollutants are associated with numerous health effects and can cause a vari-
ety of diseases, including asthma, COPD [30], myocardial infarction [17], and so 
on, and can increase morbidity and mortality. The Global Burden of Diseases, 
Injuries, and Risk Factors Study 2010 indicated that PM2.5 induced 1.2 million early 
deaths and 25 million disability-adjusted life-years in China in 2010 [75].

We should have a clear understanding of the pathogenic mechanisms of pollut-
ants to better prevent and control the damage effects on the human body by air pol-
lutants. The commonly acknowledged ways include inflammation, oxidative stress, 
and genetic and epigenetic pathways. In this review, we attempt to summarize the 
bad effects on the biomarkers of respiratory system, cardiovascular system, and 
genetic and epigenetic system exposure to ambient air pollution from the epidemio-
logical studies in china.

4.2  Inflammation

Inflammation is one of the most critical mechanisms of the body disease caused by 
the exposure of air pollutants. As one of the most serious air pollutants, PM2.5, with 
a characteristic of smaller molecular diameter and capability of entering the deeper 
respiratory tract and absorbing on the cell surface, could induce the occurrence of 
inflammation through the stimulation of the transition metal and organic matter 
absorbed in its surface and increase inflammatory factor (interleukin, hydrogen sul-
fide (H2S)), leading to a further pathophysiological change, and then finally make 
the occurrence of diseases.

4.2.1  Inflammation-Related Biomarkers of Respiratory System 
Exposure to Ambient Air Pollution

4.2.1.1  Exhaled Nitric Oxide (eNO)

Nitric oxide (NO), as an important physiological transmitter, is involved in the 
occurrence and development of many diseases. The eNO of a normal person is an 
extremely small amount (<25 ppb) of metabolites of L-arginine with the effect of 
nitric oxide synthase (NOS) in the airway epithelial cell. Inducible nitric oxide syn-
thases (iNOS) induced by the pulmonary inflammation can promote the massive 
production of NO to make an anti-inflammatory effect. So, the change of the eNO 

D. Yang et al.



61

level can reflect the airway inflammatory response of the human body followed by 
the simulation of pollutants. As an effective noninvasive sampling method, eNO is 
the most commonly used indicator of respiratory inflammation in the epidemiologic 
study. Most studies show that the level of eNO of different subjects (the healthy or 
patients, children, or adults) increases to varying degrees with the increasing expo-
sure level of pollutants.

A panel study of 35 healthy college students as subjects found that an interquar-
tile range (IQR) increase in PM2.5 was associated with an increase in eNO of 11.3% 
(95% confidence interval (CI): 0.6%, 23.0%) [19]; the use of an air purifier can 
effectively decrease elevated eNO levels caused by air pollution; studies found that 
the mean PM2.5 concentration in rooms with a true air purifier was greatly reduced 
to 41.3 mg/m3, 57% lower than the concentration of the sham group, and eNO level 
was decreased significantly by 17.0% (95% CI: 3.6%, 32.5%) in geometric mean. 
In addition, some studies have drawn the opposite conclusion. A panel study of 75 
Fudan University healthy college students as subjects found that an interquartile 
range increase (0.3 mg/m3) of 2-h carbon monoxide (CO) exposure was associated 
with a decrease in eNO of 10.6% (95% CI: 6.3%, 14.9%) [140]. In two-pollutant 
model, the association remained when controlling for the concomitant exposure. 
Studies indicated that the effects of different pollutants on the level of eNO in the 
subjects may be different, and a further study is needed in the future.

There were studies which found that air pollution can also cause increased levels 
of eNO in patients with chronic obstructive pulmonary disease (COPD). A panel 
study of 23 COPD patients as subjects in Beijing found that interquartile range 
increases in PM2.5, a particulate matter with aerodynamic diameter ≤10 μm (PM10), 
and SO2 were associated with maximum increases in eNO of 13.6% (95% CI: 4.8%, 
23.2%), 9.2% (95% CI: 2.1%, 16.8%), and 34.2% (95% CI: 17.3%, 53.4%), respec-
tively [119]. A similar conclusion was reached in a study of 18 COPD patients that 
is an interquartile range increase in PM2.5 was associated with an increase in eNO of 
13.13% [84]. Some further studies found that the contribution of the different com-
ponents in PM2.5 is different. A panel study of 30 COPD patients as subjects found 
that interquartile range increases in PM2.5 at lag 1 day were associated with increases 
in eNO of 13.3%, and a further component analysis of PM2.5 found that interquartile 
range increases in four components of PM2.5 (organic carbon (OC), element carbon 
(EC), nitrate ions (NO3

−), and ammonium (NH4
+)) at lag 1 day were associated with 

increases in eNO of 16.93%, 8.97%, 18.26%, and 11.42%, respectively [18]. The 
above research results indicated that eNO can serve as an important biomarker of 
inflammation in patients with COPD after the exposure of air pollutants.

In addition, as the sensitive population, children without developed systems are 
even more susceptible to have an elevated level of eNO after the exposure of traffic- 
related air pollution. A panel study of 36 preschool children (28 healthy and 8 
asthma) as subjects found that interquartile range increases in PM2.5 and BC were 
associated with increases in eNO of 16.6% (95% CI:14.1%, 19.2%) and 18.7 (95% 
CI:15.0%, 22.5%), respectively [69]. In two-pollutant model, the association 
between black carbon (BC) and eNO became stronger after the adjustment of PM2.5. 
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There were no significant effects on the levels of eNO by BC and PM2.5 on the 
asthma children and the healthy children. All of the above studies indicated that air 
pollution had a serious effect on the children.

4.2.1.2  Exhaled Carbon Monoxide (eCO)

As an important cell messenger molecule, CO plays a key role in the human physi-
ological processes. With the occurrence of the inflammatory reaction and the action 
of the reduced coenzyme II  – nicotinamide adenine dinucleotide phosphate 
(NADPH) and cytochrome P450 reductase and molecular oxygen – heme oxygen-
ase (HO) catalyzes the degradation of heme to biliverdin, CO, and iron to play an 
anti-inflammatory, antioxidant effect together. In recent years, CO has been served 
as a marker of respiratory inflammation in many studies, and a cross-sectional study 
found that the odds ratios (OR) and 95% CI of airflow obstruction (forced expira-
tory volume in 1 s (FEV1)/forced vital capacity (FVC) ratio <0.7) for never smokers 
with eCO at the level of 7–14 ppm and >14 ppm, compared with those having eCO 
<7, were 1.38 (95% CI: 1.31, 1.45) and 1.65 (95% CI:1.52, 1.80), respectively 
[130].

Coal burning is the main source of indoor air pollution, and the incomplete com-
bustion of coal can produce CO of which exposure (especially in rural areas) can 
induce the elevated level of eCO of resident. A cross-sectional study of 510,000 
residents as subjects found that the eCO levels of residents using coal as fuel were 
much higher than those using other fuels (natural gas and wood) in rural areas and 
urbans. The average levels of eCO of subjects using natural gas, wood, and coal as 
fuel were 20.4 ppm, 17.0 ppm, and 32.1 ppm, respectively [130]. There were other 
cross-sectional studies reaching a similar conclusion that the relative coefficient 
between the independent variable coal and wood fuel was 0.9 in the fuel type and 
health outcomes regression model and that the relative coefficient between the inde-
pendent variable coal stove and wood stove was 0.12 in the stove type and health 
outcomes regression model [86].

The exposure time of cooking stoves is an important factor influencing the level 
of eCO in the coal-burning exposure. A study found that a 30-min increase in daily 
exposure to cooking stoves was associated with a 1.04 ppm increase in exhaled CO 
(95% CI: 1.02, 1.06) [86]. Another study found that the eCO level of subjects sam-
pled in winter was higher than that sampled in any other season in rural areas, which 
may be related to the more times of cooking indoor in winter in rural areas [130]. 
The above studies show that environmental CO exposure is the main cause of ele-
vated level of eCO.
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4.2.1.3  Exhaled Hydrogen Sulfide (FeH2S)

Endogenous H2S, as a novel gas transmitter, may be involved in the pathophysiolog-
ical processes of COPD by regulating inflammatory responses. A previous study 
demonstrated that the sputum H2S levels in patients with acute COPD exacerbation 
were higher than those in patients with stable COPD, and sputum-to-serum H2S 
ratio was positively correlated with sputum neutrophils and levels of inflammatory 
biomarkers (interleukin-6 and interleukin-8) in sputum and serum. A panel study of 
23 COPD patients as subjects took FeH2S as an inflammatory biomarker of respira-
tory and obtained the hourly average concentrations of ambient air pollutants PM2.5, 
PM10, SO2, and NO2 from Beijing Municipal Environmental Monitoring Center, 
collecting repeated exhaled breath samples every 5–7  days simultaneously to 
explore the exposure-response relationship between pollutants and FeH2S [119]. 
The study found that the 24-h average concentration of PM2.5, PM10, and SO2 was 
correlated significantly with FeH2S and IQR increases in PM2.5 (76.5 μg/m3, 6-day), 
PM10 (75.0  μg/m3, 6-day), and SO2 (45.7  μg/m3, 7-day) were associated with 
increases in FeH2S of 11.4% (95% CI: 4.6%, 18.6%), 7.8% (95%CI:2.3%, 13.7%), 
and 18.1% (95% CI: 5.5%, 32.2%), respectively. Estimates are adjusted for tem-
perature, relative humidity, age, BMI, sex, long-term time trend, and day of the 
week. The results indicated that FeH2S can be used as an inflammatory marker in 
COPD patients.

4.2.1.4  Fractional Exhaled Nitrite and Nitrate (FeNO)

NO can be formed with the action of nitric oxide synthase (NOS) on substrate 
L-arginine in airway epithelial cells. Though NO is recognized as one of the mark-
ers of reactive airway inflammation, some researchers prefer to use fractional 
exhaled nitrite and nitrate, the ultimate metabolic products of NO, to represent the 
FeNO because of the high concentration of NO in the nasal cavity.

There are different degrees of increase in the level of the fractional exhaled nitrite 
in subjects along with the increasing level of air pollutants. A panel study of 125 
healthy adults as subjects in the 2008 Beijing Olympic Games during which the air 
quality was improved evidently found that exhaled breath condensate (EBC) nitrite 
was positively associated with almost all pollutants at one or more lags. Across the 
lags, the largest effect estimates per IQR increase in pollutant concentration were 
21.9% for PM2.5, 20.5% for SO2, 15.7% for CO, and 22.2% for NO2. A further 
analysis of the constituent of PM2.5 found that EBC nitrite was significantly associ-
ated with CO, EC, and sulfate radical (SO4

2−) [53].
There is a big difference between the lag time of ultrafine particle (UFP) and 

PM2.5 in the largest lag effect, and the effect of UFP on the EBC nitrite is bigger than 
PM2.5. Another research investigated the association between UFP and EBC nitrite 
using the same survey mentioned above and found that the largest percentage 
change in EBC nitrite associated with an interquartile range increase in UFPs at lag 
6 was 25.64 (95% CI: 16.12, 35.94) [38]. The difference in lag effect time indicated 
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that there was a big difference in the process of deposition, clearance, and transloca-
tion in the lung between UFP and PM2.5. Compared with PM2.5, UFPs appear to be 
cleared more slowly and retained longer within the lung after deposition. The effect 
of PM2.5 on the EBC nitrite was reduced in the double-pollutant model after 
 adjustment of other pollutants. However, the effect of UFP remained, indicating that 
the effect of UFP on the EBC nitrite was more remarkable.

4.2.2  Inflammation-Related Biomarkers of Cardiovascular 
System Exposure to Ambient Air Pollution

4.2.2.1  Count Changes of Different Types of Cells

The white cell, as the human body “guard,” can transform and cross the capillary 
wall to surround and phagocytize foreign materials when bacteria and viruses invade 
the organism. The count of white blood cells will be higher than normal, following 
the occurrence of inflammation. Red blood cell, a kind of cell with the largest num-
ber in the blood, is the most important media of delivering oxygen to the human 
body, the count of which will decrease obviously with the occurrence of massive 
hemorrhage and severe tissue damage.

Many studies proved that PM2.5 can trigger the inflammation reaction of the 
human body. However, some studies found that both the counts of the white blood 
cell and red blood cell decrease along with the increase of the concentration of 
PM2.5, the mechanism of which needs a further study. In order to investigate the 
exposure-response relationship, a study chose 107 male polices (exposure group) 
and 101 officers (control group) as subjects and monitored the personal exposure 
level of PM2.5 continuously for 24 h and then detected the plasma lymphocyte level 
by blood sampling at the end of the monitoring [136]. The results found that the 
24-h average concentration of PM2.5 (115.40 ± 46.25 μg/m3) of the exposure team is 
significantly higher than the control team (74.96 ± 41.13 μg/m3). On the contrary, 
the proportion of lymphocytes to white blood cells of the exposure team is signifi-
cantly lower than that of the control team in the plasma. Another study of 142 chil-
dren as subjects, exploring the effect of vehicle exhaust on the cellular immune 
function of children, drew the similar conclusion that the parameters of lymphocyte 
subpopulation (CD3+, CD4+, CD8+, CD4+/CD8+) of students in the heavy traffic 
pollution area is obviously lower than that of students in the low traffic pollution 
area [135].

A study exploring the relationship between the change of the white blood cell in 
the human body and the improvement in the Beijing Olympics found that the count 
of the white blood cell of subjects during the Olympics is significantly lower than 
that of subjects before the Olympics [59]. In addition, some study found that the 
24-h average concentration of PM2.5 was negatively related with the counts of sub-
jects in the 0–3 lag effects.
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4.2.2.2  Inflammatory Cytokine (Interleukin)

Cytokines are a kind of small molecular proteins with a biological activity and can 
be synthetized and secreted by immune cells and nonimmune cells (endothelial 
cells, epithelial cells) in response to a stimulus. Interleukins including interleukin 
(IL)-1, IL-6, IL-8, and IL-10 were important cytokines secreted by monocytes and 
lymphocytes and were the most common inflammation markers in the study.

Most studies found that air pollutants can induce elevated levels of IL-6 of sub-
jects. There was a study of 371 residents of some communities in Shanghai using 
portable monitor (the plastic tube was fixed onto the participants’ collar using a 
clamp) to record PM2.5 exposure from 8:00 am to 6:00 pm and detecting the IL-6 
level by blood sampling. The results found that the participants living within 50 m 
to the major road compared with those living more than 200 m away have 8.39 times 
higher IL-6 [58]. A cohort study, choosing 81 BC-exposed male workers (the expo-
sure group) and 104 non-exposed male workers (the control group), found that there 
was a significant difference in the mean concentration of IL-6 between the exposure 
group and the control group, which was 188.32 (95% CI: 46.13, 643.16) pg/mL and 
27.51 (95% CI: 2.16, 180.18) pg/mL, respectively [132].

However, there is no consistent conclusion of the effect of air pollutants on the 
IL-10 of subjects. A panel study of 35 type 2 diabetes patients in Shanghai, explor-
ing the exposure-response relationship between the inflammation marker- interleukin 
and air particulate matter, detected the IL-10 of subjects six times repeatedly and 
monitored the mass concentration of PM2.5 and PM10 and the number concentration 
with size distributions between 0.25 and 10 μm [107]. The results showed that the 
percentage increase in IL-10 associated with an IQR increase in 2-h average (par-
ticulate number concentration) PNC0.25–0.40 was 17% (95%CI: 2%, 32%); on the 
contrary, a panel study of 371 residents showed that the participants living within 
50 m to the major road compared with those living more than 200 m away have 2.54 
times lower IL-10. The above results indicated that the effects of air pollutants on 
IL-10 need a further study.

Some studies exploring the exposure-response relationship between IL-1β and 
IL-8 in the blood of subjects and BC found that the mean concentration of IL-1β in 
the exposure group and the control group were 11.88 (95% CI: 1.98, 38.08) pg/mL 
and 4.16 (95% CI: 0.00, 17.75) pg/mL, respectively [132]. The mean concentration 
of IL-8 in the exposure group and the control group were 1117.10 (95% CI: 369.36, 
373.82) pg/mL and 746.30 (95% CI: 163.55, 1879.01) pg/mL, respectively. In addi-
tion, the regression coefficients of independent variables of IL-1β and IL-8 were 
0.680 (95% CI: 0.412, 0.949) and 0.659 (95% CI: 0.459, 0.860) in the multiple 
regression model including age, sex, body mass index (BMI), smoking, alcohol 
drinking, and BC exposure. The above studies indicated that the BC particles can 
promote systemic inflammation.
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4.2.2.3  Other Inflammatory Cytokine

As an important cellular adhesion molecule, vascular cell adhesion molecule-1 
(VCAM-1) that can express with the action of cytokines including IL-1 and tumor 
necrosis factor (TNF) plays an important role in the process of activation of lym-
phocytes and inflammation. Though a commonly used biological marker, the con-
clusions from studies of the healthy and the patients are inconsistent. A panel study 
of 40 healthy college students in Beijing found that the mean concentration of PM2.5 
in the Suburban Period and Urban Periods decreased progressively; instead, 
VCAM-1 showed a higher median level in the Suburban Period. A further chemical 
constituent analysis found that an interquartile range increase in cadmium (Cd) was 
associated with a decrease in VCAM-1 of 2.7% (95%CI: 0.5%, 4.8%) [121]. 
However, a panel study of 35 type 2 diabetes patients found that the percentage 
increase in VCAM-1 associated with an IQR increase in 2-h average PNC0.25–0.40 was 
6% (95% CI: 3%, 10%) [107]. Those results indicated that the effect on the VCAM-1 
of the healthy and the patients may be different and need a further study.

C-reactive protein (CRP), an acute-phase protein, is produced when the body is 
under the invasion of germs or there is inflammation in the tissue. The conclusions 
from studies of the healthy and the patients are inconsistent. A panel study of 40 
healthy college students in Beijing found that the mean concentration of PM2.5 in the 
Suburban Period and two Urban Periods decreased progressively [117]. On the con-
trary, the mean concentration of CRP increased in the suburban period and two 
urban periods. A study exploring the effects of Beijing air pollution on cardiovascular- 
related blood parameters of occupational-exposed population (taxi driver) found 
that there was no statistical significance in terms of the CRP level of female in the 
study between spring and the less polluting autumn though the CRP level is higher 
in spring [113]. Instead, the result in man was opposite. However, there were studies 
showed positive results. A panel study of 35 type 2 diabetes patients found that the 
percentage increase in VCAM-1 associated with an IQR increase in 2-h average 
PNC0.25–0.40 was 20% (95% CI: 4%, 36%) [107]. Another study of 236 older people 
found that there was significantly a decrease in the median level of CRP in the sub-
jects between the period vehicle restrictions for the Olympics (3.1 mg/L) and the 
period before the Olympics (4.25 mg/L) [32].

As an important adhesion molecule mediating adhesion, intercellular adhesion 
molecule-1 (ICAM-1) plays a key role in the promotion of adhesion of inflamma-
tory sites, immune responses, and inflammatory responses, the concentration of 
which can increase along with the body inflammation. A panel study of 40 healthy 
college students in Beijing found that the mean concentration of PM2.5 in the sub-
urban period and two urban periods decreased progressively, and ICAM-1 showed 
higher median levels in the suburban period and two urban periods, with a concen-
tration of 157.7 ± 136.6, 128.5 ± 108.1, and 141.6 ± 102.6 ng/ml in the three peri-
ods, respectively [121]. A further chemical constituent analysis found that an 
interquartile range increase in Cd and potassium (K) was associated with an increase 
in ICAM-1 of 28.8% (95% CI: 7.3%, 54.6%) and 23.9% (95% CI: 1.6%, 51.2%), 
respectively.
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As an important inflammatory cytokine, tumor necrosis factor-α (TNF-α) that 
was mainly produced by mononuclear leucocyte and macrophage can induce the 
production of IL-6 and enhance the adhesion of neutrophils to vascular endothe-
lium. A panel study of 40 healthy college students in Beijing found that an inter-
quartile range increase in PM2.5 was associated with an increase in 7.06% (95% CI: 
2.97%, 11.31%) [117]. Another study of traffic polices and the Centers for Disease 
Control (CDC) staff found that the concentration of TNF-α was significantly higher 
in the traffic polices than that in the CDC staff, with concentration of 13.69 pg/ml 
and 8.31 pg/ml, respectively [73]. A cohort study drew a similar conclusion that the 
concentration of TNF-α of subjects in the exposure group (232.36 pg/mL) was sig-
nificantly higher than that in the control group (47.75 pg/mL). The regression coef-
ficient of the exposure of BC as independent variable was 1.772 (95% CI:1.436, 
2.109) in the regression model of TNF-α as dependent variable, indicating that air 
pollutants including particulate matter and BC had a good effect on the promotion 
of the production of TNF-α [132]. A further analysis found that 25 chemical con-
stituents of PM2.5 had a positive relationship with TNF-α. An interquartile range 
increase in zinc (Zn) at 5-day average was associated with an increase in TNF-α of 
12.50% (95% CI: 5.88%, 19.54%). The above results show that TNF-α is a reliable 
indicator of inflammation.

4.3  Oxidative Stress

Oxidative stress was defined as a process that the imbalance of oxidation system and 
antioxidant system caused by the metabolic disorders or excess of reactive oxygen 
species (ROS) along the harmful factors induces gene mutation, protein denatur-
ation, and lipid peroxidation and then leads to body damage and the physiological 
and biochemical dysfunction and metabolic dysfunction of cells. As a pathogenic 
mechanism of air pollutants, oxidative stress can make a contribution of the devel-
opment of many diseases.

4.3.1  Oxidative Stress-Related Biomarkers of Respiratory 
System Exposure to Ambient Air Pollution

4.3.1.1  Malondialdehyde in Exhaled Breath Condensate (EBC)

As a product of lipid peroxidation, malonyldialdehyde (MDA) has long been con-
sidered a marker of oxidative stress, the content of which can directly reflect the 
body oxidative stress. A panel study of 125 healthy college students in the Beijing 
Olympics measured MDA in exhaled breath condensate of subjects and found that 
the mean concentration of EBC MDA decreased by 24% significantly from the pre- 
Olympic to the during-Olympic period and increased by 39% significantly from the 
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during-Olympic period to the post-Olympic period and that the largest increases (in 
percentage) in EBC MDA associated with each IQR increases in pollutants which 
occurred at lag 4 for PM2.5, at lag 4 for SO2, at lag 5 for NO2, and at lag 0 for CO 
were 11%, 19%, 11%, and 10%, respectively [39]. Another study found there was 
no significantly relationship in the UFP and EBC MDA, indicating that EBC MDA 
is vulnerable to be effected by PM2.5 [38]. However, there was no statistical signifi-
cance of the relationship between PM2.5 and EBC MDA after the adjustment of SO2 
in the double model, indicating that there was an interaction between PM2.5 and SO2.

4.3.1.2  8-Hydroxydeoxyguanosine (8-OHdG) in Exhaled Breath 
Condensate

8-isoprostane is the major oxidative stress product in the lung from peroxidation of 
arachidonic acid catalyzed by free radicals in the body. A panel study of 125 healthy 
college students in the Beijing Olympics measured 8-OHdG in exhaled breath con-
densate of subjects and found that the mean concentration of 8-OHdG decreased to 
44% (% >detection limit 1.56 pg/ml) from 68% from the pre-Olympic to the during- 
Olympic period and increased to 74% from the during-Olympic period to the post- 
Olympic period and that there was an increased odds ratio of a high EBC 
8-isoprostanelevel (>75th percentile relative to, 75th percentile values) associated 
with each IQR increase in all pollutants including PM2.5, O3, NO2, and CO at mul-
tiple lags [38].

4.3.1.3  The pH of Exhaled Breath Condensate

The acidity or acid of exhaled breath condensate (pH) can reflect the pH balance of 
the surface of airway epithelial cells. The acidification of airway is related with the 
bronchoconstriction, ciliary dyskinesia, increase of mucus, and damage of airway. 
So the pH of exhaled breath condensate is considered as a biomarker of oxidative 
stress in the lung.

A panel study of 125 healthy college students found that there was a signifi-
cantincrease of 3.5% (95% CI: 2.2%, 4.9%) in EBC pH from the pre-Olympic to the 
during-Olympic period and a decrease of 4.8% (95% CI: 9.4%, 0.2%) in EBC pH 
from the during-Olympic period to the post-Olympic period. A further analysis 
showed that there was a positive relationship between UFP and EBC pH at lag 1 day 
effect, so as the PM2.5 and EBC pH at lag 0–5 day effect [38]. However, three was 
no statistical significance of the relationship between PM2.5, UFP, and EBC pH after 
the adjustment of SO2 in the double model, indicating that there was an interaction 
between PM2.5, UFP, and SO2.
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4.3.2  Oxidative Stress-Related Biomarkers of Cardiovascular 
System Exposure to Ambient Air Pollution

4.3.2.1  The Imbalance of Oxidation System and Antioxidant System

UFP and PM2. 5 whose surface has transition metals including iron, copper, zinc, and 
manganese, polycyclic aromatic hydrocarbons, and lipopolysaccharides have the 
property of active free radicals and simulate the body to produce ROS, leading to 
the imbalance of oxidation system and antioxidant system. The most common anti-
oxidants causing tissue damage include superoxide dismutase and glutathione per-
oxidase, which are also considered as the common markers of oxidative damage of 
body.

The panel study of 40 healthy college students measuring superoxide dismutase 
and glutathione peroxidase found that an IQR increase of 63.4 mg/m3 in PM2.5 was 
associated with an increase of 6.3% (95% CI: 0.6%, 12.4%) in extracellular super-
oxide dismutase (EC-SOD) and an increase of 5.5% (95% CI: 1.3%, 9.8%) in glu-
tathione peroxidase1 (GPX1) at 3-day moving average [120]. A further analysis of 
constituent showed that two negative ions (nitrate and chloride) and two metals 
(strontium and iron) were significantly associated with increases in both EC-SOD 
and GPX1 at 3-day moving average.

Another study of 371 subjects measuring superoxide dismutase and total antioxi-
dant capacity found that the participants living within 50 m to the major road com-
pared with those living more than 200  m away have 1.85 times higher total 
antioxidant capacity and 1.19 times higher superoxide dismutase [58]. In addition, 
the study of 170 traffic police (exposed group) and 108 healthy people (control 
group) as subjects showed that the activity of superoxide dismutase of the exposed 
group (89.58 ± 14.36) NU/ml was significantly lower than that in the control group 
(116.83 ± 20.78) NU/ml [128]. The above studies illustrated that the traffic-related 
air pollution can reduce the body’s antioxidant capacity and then promote the body’s 
levels of oxidative stress.

Some studies investigated the relationship between total superoxide dismutase 
(T-SOD) in the blood and benzene series of air pollutants apart from PM2.5. The 
study of 252 staffs in the gas stations found that the concentration of benzene, tolu-
ene, and ethylbenzene of the exposed group (fueling areas) was significantly higher 
than that in the control group (office area and supermarket area) and that the activity 
of T-SOD of the exposed group (42.59 ± 6.51) U/ml was significantly lower than 
that in the control group (49.46 ± 5.92) U/ml [98]. 

4.3.2.2  Protein Carbonyl

The carbonyl products will increase and the protein function will be loss or even be 
degraded after the side chain amino acids of protein are oxidized. So the content of 
carbonyl products can serve as a sensitive index of protein damage of oxidative 
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stress. The blinded crossover study of 17 atopic subjects measuring the content of 
protein carbonyl explored the combined effect of motor vehicle exhaust and gluta-
thione S-transferase T1 gene (GSTT1) or glutathione S-transferase M1 
gene(GSTM1), the main research of which was that the two groups exposed to 
diesel exhaust (DE) and filtered air by 4 weeks between exposures separately, the 
order of which was randomized and counterbalanced and then collected the plasma 
sample of subjects before exposure, 4 h post exposure, and 24  h post exposure 
[133]. The results showed that only with co-exposure to DE was there a significant 
increase in carbonyl content 4  h after exposure in the GSTT1 null individuals 
(0.89 ± 0.74 nmol/mg increase from baseline) compared to GSTT1 present indi-
viduals (0.65  ±  0.66  nmol/mg reduction from baseline), stating that there was a 
combined action of environment and genotype on the content of protein carbonyl of 
oxidative stress.

4.3.2.3  The Oxidation of Lipoprotein

Low-density lipoprotein (LDL) is a kind of lipoprotein containing abundant choles-
terol and cholesterol ester. The ROS produced along with the imbalance of oxida-
tion system and antioxidant system can oxidize LDL and change the particle 
composition. The oxidation of LDL is the critical step of the occurrence and devel-
opment of atherosclerosis (AS), so it is a common biomarker of oxidative damage.

The panel study of 40 healthy college students measured the plasma levels of 
oxidized low-density lipoprotein (ox-LDL) [122]. Daily PM2.5 mass samples were 
collected using SKC sampling systems and analyzed in the laboratory for 32 chemi-
cal constituents. The results showed that each IQR increase in PM2.5 at lag 1 day, 
there was a nonsignificant 1.6% (95% CI:0.9%, 4.2%) increase in ox-LDL (P < 0.10) 
and that the integral level of ox-LDL decreased when participants relocated to urban 
areas from suburban areas. Among the PM2.5 chemical constituents, chloride, stron-
tium, and iron showed significant positive associations, whereas secondary organic 
carbon (SOC) showed a significant inverse association with ox-LDL at 1 day. The 
results stated that both of PM2.5 and its chemical constituents were associated with 
the change of ox-LDL.

4.3.3  Oxidative Stress-Related Biomarkers of Other System 
Exposure to Ambient Air Pollution

Because of the characteristics of simple to get and sensitive, urine is also a common 
sampling to obtain biomarkers. The panel study of 125 healthy college students 
found that the mean concentration of urinary MDA decreased by 28% from the pre- 
Olympic to the during-Olympic period and increased by 55% from the during- 
Olympic period to the post-Olympic period. The largest increases in urinary MDA 
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per IQR increases associated with PM2.5 at lag 0, SO2 at lag 5, NO2 at lag 1, and CO 
at lag 0 were 15%, 9%, 13%, and 14%, respectively [38].

4.4  Genetic Biomarkers

The primary biomarkers used to study the genotoxic effects associated with air pol-
lution are 32P-postlabeling, comet assay, urinary 8-OHdG, chromosome aberrations, 
micronucleus (MN), and sister-chromatid exchange.

4.4.1  DNA Damage

The literature describes three primary assays used to evaluate DNA damage in air 
pollution-exposed subjects: 32P-postlabeling for DNA adducts, comet assay for 
DNA damage, and concentration of urinary 8-OHdG.

4.4.1.1  32P-Postlabeling

DNA adducts are considered as a marker for potential risk of genotoxic effects, 
which might lead to undesirable outcomes, such as cancer or birth defects. 
32P-postlabeling analysis is a highly sensitive method for the detection and measure-
ment of covalent carcinogen adducts, some oxidative DNA lesions, and other DNA 
modifications [87, 88]. It is suitable for detection of DNA adducts and oxidative 
lesions in epidemiological studies [34, 104].

One study monitored PAH exposure and DNA adduct in parents of children born 
with neural tube defects (NTDs) and their matched controls in Shanxi Province, 
China [78]. To test the hypothesis that parents of children born with a NTD would 
exhibit a biomarker of exposure at higher levels than the parents of a child with no 
visible birth defect, venous blood was collected from participants as soon as possi-
ble following the birth of the child. PAH concentrations in whole blood were quanti-
fied and the frequency of aromatic DNA adducts was measured by 32P-postlabeling 
in white blood cells (WBCs). Single nucleotide polymorphisms (SNPs) in phase II 
enzymes were also monitored in an attempt to identify sensitive receptors. The 
results confirmed significant differences in biomarkers between case and control 
participants. Both total and carcinogenic PAHs were significantly higher in blood 
from case mothers compared with control mothers, and the mother’s age-adjusted 
OR for having a child with NTD was 8.7 when their exposure to PAH concentration 
was above the median concentration. However, bulky DNA adducts exhibited a 
reversed trend and were significantly higher in both parents of control as compared 
with NTD cases. The results suggest that PAHs may be a contributing factor to the 
risk of NTDs and that the lack of a correlation with DNA adducts suggests a  possible 
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non-genotoxic mechanism. Besides, the author noted that the PAHs might be used 
to identify populations exposed to elevated concentrations of combustion 
by-products.

In the rural county of Xuanwei, Yunnan Province, in southwest China, lung can-
cer mortality rates are among the highest in China, owing to severe indoor air pol-
lution generated by the smoky coal combustion [15, 77]. An earlier study determined 
PAH-DNA adduct in brushing cells from fibrobronchoscopy in 30 cases with lung 
cancer in Xuanwei County and 10 controls in Kunming by 32P-postlabeling assay 
[127]. They found that PAH-DNA adduct levels in lung cancer patients of Xuanwei 
County were significantly higher than those in controls (P < 0.05). The author sug-
gested that air pollution caused by indoor coal-burning associated directly with the 
occurrence of lung cancer, and detection of DNA adduct could be used as an indica-
tor for its risk assessment in population.

4.4.1.2  The Comet Assay

The comet assay or single-cell gel electrophoresis was first described in 1984 by 
Östling and Johanson [83]. A few years later, the method was modified by increas-
ing the pH of electrophoresis to >13 and is the most widely used today. This assay 
is a sensitive and easy way to detect DNA damage and widely used in genetic toxic-
ity testing, environmental toxicity testing, and molecular epidemiology research 
[11, 74] and enables the detection of many kinds of DNA damage, including single- 
strand breaks and double-strand breaks.

In a more recent study, Chu et  al. explored the personal 24-h PM2.5 exposure 
levels and DNA damage levels of 328 subjects from Zhuhai, Wuhan, and Tianjin 
with different PM2.5 exposure levels, to explore whether PM2.5 exposure and genetic 
variants contribute to the alteration in DNA damage [22]. Their findings reveal that 
the DNA damage levels are consistent with the PM2.5 exposure levels of each cohort. 
Besides, genotyping was performed with 241,305 single nucleotide variants (SNVs), 
and they found that a total of 35 SNVs were consistently associated with DNA dam-
age levels among the three cohorts with pooled P values less than 1.00 × 10−3 after 
adjustment for age, gender, smoking status, and PM2.5 exposure levels, of which 18 
SNVs together with gender and PM2.5 exposure levels were independent factors 
contributing to DNA damage. There were three genes significantly associated with 
DNA damage levels (P < 0.01). Gene ontology (GO) analyses indicated that the 
identified variants were significantly enriched in DNA damage response pathway. 
The study highlights the importance of genetic variation as well as personal PM2.5 
exposure in modulating individual DNA damage levels. Another study of traffic 
policemen in Shenyang City found that the average concentration of PM2.5 in field 
policemen was significantly higher than that in non-field group and DNA damage in 
field policemen was significantly higher than those in non-field group [72]. They 
analyzed chemical composition of PM2.5 and found that toxic heavy metals, for 
example, manganese (Mn), zirconium (Zr), copper (Cu), and chromium (Cr), and 
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PAHs like anthracene, chrysene, and benzo (a) pyrene exist in the PM2.5  
they collected.

Traffic is also the most important source of PAHs in urban ambient air, and PAHs 
are ubiquitous constituents of urban airborne particles. One study recruited 91traffic 
conductors and 53 indoor office workers between May 2009 and June 2011 in Taipei 
City, Taiwan [52]. To assess the relations between personal exposure to PM2.5 and 
PAHs and the occurrence of DNA strand breaks, they collect breathing-zone par-
ticulate PAH samples and urine and blood samples after analyzing work shift of two 
consecutive days for 1-OHPG, 8-OHdG, and DNA strand breaks, respectively. They 
found that both urinary 8-OHdG levels and the occurrence of DNA strand breaks in 
traffic conductors were significantly higher than those in indoor office workers. 
There was a positive association between particulate PAHs levels and urinary 
1-OHPG (β = 0.056, P = 0.01). Besides, urinary 1-OHPG levels showed significant 
association with urinary 8-OHdG level (β = 0.101, P = 0.023). Their findings sug-
gest that exposure to fine particulates increases DNA damage, and exposure to par-
ticulate PAHs might contribute to the induction of oxidative DNA damages.

Recently, diesel engine exhaust (DEE) exposure was associated with the devel-
opment of lung cancer in a nested case-control study and in a cohort study [2, 95]. 
PAH is one of the most important carcinogenic components in DEE. To seek early 
and sensitive biomarkers for prediction of adverse health effects of DEE, one study 
analyzed the components of DEE particles and examined the genetic and oxidative 
damages in DEE-exposed workers [33]. In this study, 101 male diesel engine testing 
workers who were constantly exposed to DEE and 106 matched controls were 
enrolled, and the components of DEE were analyzed, including PM2.5, EC, NO2, 
SO2, and PAHs. They collected post-shift urine samples and analyzed for 
1-hydroxypyrere (1-OHP) as an internal exposure marker for DEE. They measured 
the levels of DNA strand breaks and oxidized purines by comet assay. They found 
higher levels of PM2.5, EC, NO2, SO2, and PAHs in the diesel engine testing work-
shop and significantly higher urinary 1-OHP concentrations in exposed subjects 
(P < 0.001). Compared with controls, the levels of parameters in comet assay were 
significantly higher in DEE-exposed workers (P < 0.001). The findings suggest that 
DEE exposure mainly induces DNA damage, which might be used as an early bio-
marker for risk assessment of DEE exposure.

The histone H2A variant H2AX is a key regulator of the DNA damage response. 
H2AX phosphorylation plays a central role in the response to damaged chromatin. 
One study collected 307 healthy urban residents in three cities, Zhuhai, Wuhan, and 
Tianjin, and detected the dust mass concentrations of PM2.5and measured the DNA 
damage levels by comet assay [100]. They found that the DNA damage levels 
increased along with PM2.5 exposure levels with mean percent tail DNA values 
being 1.36, 1.85, and 2.97, respectively. They also found that three functional SNPs 
were significantly associated with DNA damage levels (adjusted P = 0.002, 0.018, 
and 0.027, respectively). Significant interactions were observed between certain 
genetic polymorphisms and PM2.5-modulated DNA damage levels. Their finding 
suggested that genetic variations of H2AX might be associated with the DNA dam-
age levels in urban residents with different exposure to PM2.5.
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4.4.1.3  8-Hydroxy-Deoxyguanine

8-OHdG could be generated by oxidation of guanine or incorporated during replica-
tion or repair as oxidized nucleotides. It is reported that the level of urinary 8-OHdG 
could serve as a biomarker of early effects of exposure to PM, due to oxidative 
stress, genotoxicity, and carcinogenicity induced through ambient PM exposure 
[90]. Previous studies suggest that PM interacts with biological systems through 
generation of ROS from the surface of particles, organic chemicals, or transition 
metals [40, 90]. The spectrum of DNA-related oxidative products includes oxidized 
bases like 8-OHdG [23, 61].

One study evaluated 91 traffic conductors and 53 indoor office workers in Taipei 
City and found that urinary 8-OHdG levels and the occurrence of DNA strand 
breaks in traffic conductors significantly exceeded those in indoor office workers 
[52]. A more recent study investigated the genetic and oxidative damage in DEE- 
exposed workers and did not find significant differences between DEE-exposed 
workers and controls in regard to urinary 8-OHdG levels [33]. The reason for this 
discrepancy might be that the amount of urinary 8-OHdG involves the repair prod-
ucts of oxidized guanine in DNA and the cellular pool from the whole body.

Heavy metals and PAHs are predominating toxic constituents of particulate air 
pollution that may be related to the increased risk of cardiopulmonary events. One 
study investigated the oxidative stress induced by PAHs and quinone-structure 
chemicals in human exposed to heavy traffic volume [111]. They recruited two non-
smoking security guards who worked at a university campus gate near a heavily 
trafficked road and estimated personal exposures to 24 PAHs and anthraquinone 
(AnQ) in PM2.5 and collected the daily pre- and post-work shift spot urines to ana-
lyze the 8-OHdG. They found that the average urinary 8-OHdG level was increased 
more than three times after 8-h work shift than those before the work shift, and all 
the 24 PAHs and AnQ levels showed positive and significant association with the 
post-work urinary 8-OHdG levels. Their findings also suggest that PM2.5 was 
attributed to vehicular emission. Another study of children in Guangzhou City 
found that the children from the polluted area had high urinary levels of urinary 
monohydroxylated PAH metabolites [2-hydroxynaphthalene (2-OHN), 2-hydroxy-
fluorene (2-OHF), 2-, 3-, 4-, 9-hydroxyphenanthrene (2-, 3-, 4-, 9-OHPHE), and 
1- hydroxypyrene (1-OHP)]. Unexpectedly, the urinary 8-OHdG concentrations in 
the children from the traffic-polluted area were slightly higher than those in the 
nonpolluted area (20.87 ± 14.42 μmol/mol creatinine vs. 16.78 ± 13.30 μmol/mol 
creatinine). The findings suggest that the reason might be that the potential co- 
exposure of the children to other pollutants affects 8-OHdG concentrations besides 
PAHs.

One study investigated the effects of the toxic heavy metals [arsenic (As), Cd, Cr, 
nickel (Ni), and lead (Pb)], and their interactions with PAHs on oxidative stress 
among coke-oven workers [109]. One thousand three hundred thirty three male 
workers were recruited in this study. Urinary levels of As, Cd, Cr, Ni, Pb, PAH 
metabolites, 8-OHdG, and 8-iso-prostaglandin-F2α (8-iso-PGF2α) were deter-
mined, and multivariate linear regression models were used to analyze the effects of 
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these metals and their interactions with PAHs on 8-OHdG and 8-iso-PGF2α levels. 
It was found that urinary As and Ni showed marginal or significant positive linear 
dose-dependent effects on 8-OHdG, especially among smokers (β  =  0.103 and 
P = 0.073 and β = 0.110 and P = 0.002, respectively). Co-exposure to both high 
levels of PAHs and heavy metals renders the workers with the highest 8-OHdG and 
8-iso-PGF2α (all Pinteraction≤0.005). The finding suggested that interaction effects of 
heavy metals and PAHs could increase the oxidative stress.

The traditional Chinese style of cooking often involves stir-frying and deep- 
frying, in which oil is usually heated to a high temperature, and some mutagens and 
human carcinogens such as PAHs, heterocyclic aromatic amines, benzene, and 
formaldehyde are generated, which may induce DNA damage to the cells and 
increase susceptibility to lung cancer [20]. One study evaluated 61 Taiwanese male 
military cooks and 37 office soldiers as the reference group [64]. They collected 
urine samples pre-shift of the first weekday and post-shift of the fifth workday and 
measured airborne particulate PAHs in their subjects and concentrations of urinary 
1-OHP and urinary 8-OHdG. They found that the level of airborne particulate PAHs 
in kitchens was significantly higher than those in office areas. The urinary 1- OHP 
levels among military cooks increased significantly after cooking oil fume expo-
sure, and changes in the levels of 8-OHdG and isoprostane showed a significant 
relation to the changes in 1-OHP levels.

4.4.2  Chromosome Damage

4.4.2.1  The Frequency of Chromosome Aberrations

The frequency of chromosomal aberrations (CA) in peripheral blood lymphocytes 
has been applied for decades as a biomarker of the early effects of genotoxic car-
cinogens [1, 6, 80]. It is one of the oldest genotoxicity biomarkers, and it has been 
used relatively frequently to assess genotoxicity in traffic-exposed subjects [29]. A 
cohort study on traffic police in Hebi City, Henan Province, investigated CA for 
genotoxicity assessment of traffic-related air pollution [16]. A group of 45 traffic 
police and 30 office workers were recruited as the exposure group and control 
group, respectively. The study found that traffic police had significantly higher fre-
quencies of CA than their respective control group.

4.4.2.2  Micronucleus

An increased frequency of micronucleus (MN) is a marker of genotoxic events and 
manifestations of chromosomal instability. The MN methodology is simpler than 
CA analysis, and it has largely replaced CA assay for genotoxicity assessment. The 
MN assay can be used to detect both chromosome loss and chromosome breaks 
[36]. Since the MN test is not limited to metaphase cells and has the advantage of 
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allowing rapid screening of large numbers of cells, it is more suitable as a cytoge-
netic marker than studies involving sister-chromatid exchanges or CA [81].

A potential link between automobile exhaust and genotoxicity was investigated 
by a study conducted in Lanzhou City [138]. In this study, 78 traffic police working 
in the field and 57 household register police working was recruited, and their periph-
eral blood lymphocytes were collected for the frequencies of MN. Compared with 
the household register police, significant increases of MN were found from the traf-
fic police who is exposed to heavy automobile exhaust (P < 0.05, student’s t-test). A 
more recent study among rural and industrial female residents of Shenyang City 
found that the MN frequency of female residents was higher than their rural control 
group, suggesting that MN assays might be a sensitive indicator to air pollution- 
induced genotoxic effects in humans [56].

The indoor air pollution studies also have shown a link between cooking oil fume 
exposure and the increase of MN level. One study that evaluated 108 subjects 
engaged in catering trade in Guangzhou City found that the frequency of MN was 
significantly higher than their control group (P < 0.01) and that there was a positive 
correlation between the levels of MN and length of service (r = 0.301, P < 0.05) 
[126].

4.4.2.3  Sister-Chromatid Exchanges

Sister-chromatid exchange (SCE) is the process whereby, during DNA replication, 
two sister chromatids break and rejoin with one another, physically exchanging 
regions of the parental strands in the duplicated chromosomes [112]. The frequency 
of SCE appeared to increase with exposure to various genotoxic carcinogens.

Findings from traffic police study in Lanzhou City, mentioned before, found that 
the frequency of SCE in peripheral blood lymphocytes from the traffic police was 
significantly higher than that of the household register police [138]. The findings 
suggest that the frequency of SCE is suitable for measuring genotoxic effects of 
traffic-related air pollution. Another study on subjects exposed to inorganic arsenic 
from the burning of coal in unventilated indoor stoves, a well-known human car-
cinogen, found that the frequency of SCE was higher in the exposed groups com-
pared with the external control group [129]. The results suggested that long-term 
exposure may be associated with damage of chromosomes.

4.4.3  Other Biomarkers

4.4.3.1  Telomere Length

Telomeres are complexes of tandem repeats of DNA (5′-TTAGGG-3′) and protein 
that cap eukaryotic chromosomes and protect chromosome ends from degradation 
and fusion [5]. It has been reported that short telomeres trigger DNA damage 
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checkpoints, which mediate cellular senescence, and this process may be acceler-
ated by oxidative stress and inflammation [45, 105]. Telomerase, a cellular reverse 
transcriptase, plays a key role in telomere length (TL) homeostasis, and it uses an 
internal RNA moiety as a template for the synthesis of telomere repeats [55]. 
Therefore, TL maintenance is a dynamic process. Evidence is rapidly growing that 
TL may be affected by air pollution, since PM mass and its metal components have 
been shown to result in biological changes, including oxidative stress and chronic 
inflammation, two major determinants of TL.

A study of truck drivers in Beijing demonstrated a significant alteration of blood 
TL following both short-term and longer exposure to PM [48]. They investigated 
the relationship of personal and ambient PM exposure with blood TL in 60 truck 
drivers (highly exposed group) and 60 indoor workers (low exposed group). Personal 
PM2.5 and EC during work hours were measured to the study. Moreover, ambient 
PM10 data on the days of examination, as well as measurements recorded on the 
days leading up to the examinations, were used, allowing for testing both short- and 
long-term effects of PM exposure. They observed TL increase associated with per-
sonal PM2.5 (+5.2%, 95%CI: 1.5%, 9.1%; P = 0.007) and EC (+4.9%, 95%CI: 1.2%; 
8.8%; P  =  0.01) and ambient PM10 (+7.7%, 95%CI: 3.7%; 11.9%; P  <  0.001). 
However, the ambient PM10over the longer-term exposure was significantly associ-
ated with shorter TL (−9.9%, 95%CI: −17.6%, −1.5%; P = 0.02). The author sug-
gested that the observed TL alterations might participate in the biological pathways 
of short- and long-term PM effects. Another study of 25 women living in rural 
Sichuan Province found that women with high exposure to biomass smoke had 43% 
shorter TL (95% CI: −113%, 28%) than that of women with low exposure, though 
the results were not statistically significant [93].

Besides, some epidemiological studies focus on the association between air pol-
lution exposure and TL alteration among diabetes patients. A panel study was con-
ducted to investigate TL alteration among 35 type 2 diabetes patients in Shanghai 
with short-term size-fractionated PM (0.25–10 μm) and gaseous pollutant exposure 
[123]. They found positive but weak associations between various air pollutants and 
TL. Taken together, these studies suggest that exposure to PM may induce alteration 
of TL, which may be a potential biological mechanism for chronic diseases.

4.4.3.2  Mitochondrial DNA

The mitochondrion is the major ATP producer of the mammalian cell and plays a 
critical role in intracellular respiration and energy metabolism. Mitochondrial DNA 
(mtDNA) mutations are considered to be associated with a broad spectrum of clini-
cal manifestations, such as cardiac failure, diabetes, and dementia [106]. Compared 
to human nuclear DNA (nDNA), mtDNA lacks protective chromatin structure, his-
tones, and introns, with less efficient DNA repair systems [67]. Therefore, mtDNA 
appeared to be particularly vulnerable to ROS-induced damage and has a high 
mutation rate, resulting in both qualitative and quantitative changes [70]. Each 
human cell contains between several hundred and over a thousand mitochondria, 
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and each mitochondria carrying 2–10 copies of mtDNA.  MtDNA copy number 
(mtDNAcn) is correlated with the size and number of mitochondria [67]. It has been 
reported that the amount of mtDNA decreases in peripheral blood correlate with 
many clinical manifestations, including hypertension and diabetes mellitus [51, 68]. 
Evidence is rapidly growing that air pollution may affect mtDNAcn.

Previous studies in China on air pollution and mtDNA reported limited and 
inconsistent results. In Beijing Truck Driver Air Pollution Study, Hou et al. reported 
decreased blood mtDNAcn in association with increased exposure to element car-
bon (EC) and ambient PM10 exposure, suggesting that mtDNAcn may be influenced 
by particle exposure [49]. However, another study of 35 type 2 diabetes patients in 
Shanghai found no significant associations between air pollutants and mtDNAcn 
[123].

4.5  Epigenetic Biomarkers

Epigenetics investigates heritable changes in gene expression occurring without 
changes in DNA sequence. Growing evidence suggests links of environmental pol-
lutants with epigenetic variations, including changes in DNA methylation, histone 
modifications, and microRNAs.

4.5.1  DNA Methylation

Epidemiological studies and laboratory studies have consistently reported that 
ambient particulate mass and metal components have been linked to broad spectrum 
of cancer-related changes, including oxidative stress, chronic inflammation, and 
immunodeficiency. DNA methylation is a heritable trait that is essential for various 
biological processes and the development in higher organisms. In adult somatic tis-
sues, DNA methylation in the form of 5-methylcytosine (5mC) typically occurs at 
CpG dinucleotide sites, while non-CpG methylation is prevalent in embryonic stem 
cells [94].

Previous investigations focused on repeated element sequences from LINE-1and 
Alu families. One study recruited 120 male steel workers from Brescia, Milan, and 
Beijing to evaluate sensitivity of DNA methylation in differentially evolved LINE, 
Alu, and HERN subfamilies to different types of airborne pollutants [12]. They 
found that high-exposure group showed subfamily-specific methylation differences 
compared to low-exposure group. They also found subfamily-specific correlations 
of methylation with exposure levels, and the effects of the exposures on DNA meth-
ylation were dependent on the subfamily evolutionary age, with stronger effects on 
older LINEs from PM10 (P interaction = 0.003) and benzene (P interaction = 0.04), 
and on younger Alu from PM10 (P interaction = 0.02). The author suggested that the 
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evolutionary age of repetitive element subfamily determines differential susceptibil-
ity of DNA methylation to airborne pollutants.

In recent years, air pollutant-related effect on tandem repeats, a highly repre-
sented family of repetitive elements, has been evaluated. In Beijing truck driver air 
pollution study, methylation of three tandem repeats (SATα, NBL2, D4Z4) of blood 
samples from truck drivers and office workers were measured [43]. They found an 
interquartile increase in personal PM2.5 and ambient PM10 levels was associated with 
a significant covariate-adjusted decrease in SATα and methylation (−1.35% 5mC, 
P = 0.01 and −1.33% 5mC; P = 0.01, respectively), and ambient PM10 was nega-
tively correlated with NBL2 methylation in truck drivers (−1.38% 5mC, P = 0.03) 
but not in office workers (1.04% 5mC, P  =  0.13). The finding suggests that the 
association of PM exposure with hypomethylation of tandem repeats and tandem- 
repeat hypomethylation detection in blood samples might identify individuals with 
biological effects of PM exposure.

It has been reported that 5mC can be oxidized by the enzyme 10–11 transloca-
tion (TET) family to generate 5-hydroxymethylcytosine (5hmC) [103]. In contrast 
to 5mC, associated with gene repression, 5hmC appears to play a role in activating 
and/or maintaining gene expression [7, 85]. The formation of 5hmC, which can 
induce demethylation of DNA, may contribute to the dynamics of DNA methylation 
[79]. A recent study of 60 truck drivers and 60 office workers in Beijing has shown 
a link between PM10exposure and changes in blood 5hmC level [91]. In this study, 
PM10 was associated with increases in 5hmC of 26.1% in office workers (P = 0.004), 
20.2% in truck drivers (P  =  0.014), and 21.9% in all participants combined 
(P  < 0.001). However, 5hmC showed no correlations with personal measures of 
PM2.5 and elemental components (family-wise error rate (FWER)>0.05), and 5mC 
was not correlated with measures of PM10, PM2.5, and elemental components. The 
finding indicates the need to differentiate 5hmC and 5mC in air pollution studies of 
DNA methylation.

Mitochondria are more autonomous than any other mammalian organelle, with 
their own genome and mtDNA. It was demonstrated that mitochondrial activity is 
regulated by modifications of the epigenetic factors, which include DNA methyla-
tion. In a study of 40 male participants in Brescia, Milan, and Beijing, Byun et al. 
found association of mitochondrial MT-TF and MT-RNR1 DNA methylation with 
metal-rich PM1 exposure and mtDNA copy number, suggesting that locus-specific 
mtDNA methylation is correlated to PM exposure and mtDNA damage [13].

4.5.2  MicroRNAs

MicroRNAs (miRNAs) are single-stranded RNAs of 19–25 nucleotides in length, 
with a regulatory function on target mRNAs by binding to their 3′-UTRs [96]. 
MiRNAs are essential mediators of a wide range of biological processes, including 
cellular proliferation, apoptosis, and differentiation, and their dysfunction has been 
implicated in a broad spectrum of clinical manifestations, such as heart diseases, 
inflammations, and lung diseases [46, 82, 97].
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In Beijing Truck Driver Air Pollution Study, Hou et al. investigated associations 
of short-term personal PM2.5, EC, and ambient PM10 exposure with the miRNA 
profiles in peripheral blood samples from 60 truck drivers and 60 office workers. 
They observed associations of short-term ambient PM10 and EC exposure with the 
expression of human miRNAs. They also found an interesting association of short- 
term EC with differential expression of seven viral miRNAs. There are more than 
400 viral miRNAs discovered from DNA and RNA viruses, and some of which are 
detectable in profiles of RNA extracted from human cells [42]. Latent viruses have 
been found to regulate miRNAs of host cells or to encode their own miRNAs by 
host cell mechanisms [62]. The above data indicate that latent viral miRNAs are 
potential mediators of air pollution-associated health effects.

4.5.3  Histone Modification

Histones function both positively and negatively in the regulation of gene expres-
sion, which is governed by posttranslational modifications on specific amino acid 
residues on histones [26]. Modifications on histones include acetylation, phosphor-
ylation, methylation, and ubiquitination [63, 99], and they can be analyzed in differ-
ent ways. Mass spectrometry has been found to be useful for comparing the global 
levels of specific modifications and their combinations among different samples [8]. 
In addition, chromatin immunoprecipitation (ChIP), using an antibody directed 
against the site-specific modifications, has been applied to analyze the enrichments 
on specific genome loci [25].

Among histone modifications, histone 3 lysine 27 acetylation (H3K27ac) is a 
good marker with a putative role in separating active enhancers from their poised 
counterparts [28]. The relationships between PM exposure and histone modification 
status were investigated by a study of four Chinese individuals exposed to high or 
low PM2.5. In this study, individual histone modification profiles were compared 
between different exposure groups and the genome-wide chromatin immunopre-
cipitation sequencing (ChIP-Seq) data showed a comprehensive differential 
H3K27ac landscape across the individual genomes, which was associated with high 
PM2.5. Besides, a substantial number of these PM2.5-associated differential H3K27ac 
markers were found in genes involved in immune cell activation.

4.6  Other Air Pollution-Related Subclinical Biomarker

4.6.1  Cardiac Autonomic Function

Previous studies suggest that air pollution exposure may affect autonomic function, 
which includes altering sympathetic and parasympathetic output, possibly exerting 
an influence on the stability of atherosclerotic plaques and possibly decreasing HRV 
[24, 27, 92]. Heart rate variability (HRV) is a noninvasive and sensitive measure of 
cardiac autonomic function and has been frequently used to assess the cardiac 
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effects of environmental exposures. Reduction of HRV is thought to reflect cardiac 
autonomic imbalance and worsened cardiovascular prognosis [41].Analysis of HRV 
is classified into frequency and time domain analyses [102]. Epidemiological stud-
ies of both healthy subjects and patients with cardiovascular diseases have demon-
strated the link of air pollution with altered autonomic modulation.

Several studies of healthy adult subjects have conducted the relationship between 
PM2.5 exposure and cardiac autonomic modulation. For instance, one study evalu-
ated a panel of 11 young healthy taxi drivers in Beijing and noted association of 
marked changes in traffic-related PM2.5 exposure with altered cardiac autonomic 
function [116]. The study was conducted before, during, and after the Beijing 2008 
Olympic Games to investigate the effect of a wide range of PM exposure, since the 
unprecedented air pollution control actions focusing on control of traffic pollution 
throughout the Olympic Games temporarily resulted in marked decrease in the 
ambient PM air pollution in Beijing. They found that the standard deviation of 
normal- to-normal (SDNN) intervals decreased by 2.2% (95% CI: –3.8%, −0.6%) 
with an IQR (69.5 μg/m3) increase in the 30-min PM2.5 moving average, whereas the 
results for low-frequency (LF) and high-frequency (HF) powers were similar to 
those for SDNN. In the same panel, increasing temperature levels was associated 
with declines in standard deviation of normal-to-normal intervals over different 
temperature strata and increases in LF and LF/HF ratio in higher temperature range 
[115]. While some studies have not observed an association, another study of 125 
adults in Beijing conducted in pre-, during-, and post-Olympics periods did not find 
significant changes in HRV indices by period [131]. Additionally, a study of resi-
dents in Shanghai documented associations of the increase in personal PM2.5 expo-
sure with the decrease in LF and HF in subjects [124]. The reduction in LF and HF 
reflected the impairment of both sympathetic and parasympathetic nervous systems 
[14, 66].

However, a contrary conclusion from another panel study of 30 healthy elderly 
subjects in Beijing reported positive associations between indoor personal PM2.5 
concentrations and HRV frequency indices [57]. Similarly, a recent study of 371 
residents with different residential distance to major roads in Shanghai has showed 
that the residents living within 50 m to the major road compared with those living 
more than 200 m away have 1.15 times higher heart rate, 1.06 times lower LF, and 
1.05 times lower of HF, which indicate a contribution of long-term exposure to 
traffic-related air pollution to the development or exacerbation of autonomic 
 modulation impairment [58].Therefore, although air pollution exposure is demon-
strated to impair the cardiovascular system, the effects of air pollution on HRV 
remain unclear.

Some studies focus on the autonomic modulation impairment of air pollutant 
exposure to patients with cardiovascular diseases and diabetes mellitus. One study 
of 40 cardiovascular disease patients before and during the 2008 Beijing Olympics 
found a significant reduction in SDNN and LF in association with exposure to 
PM2.5, black carbon, and nitrogen dioxide but not for sulfur dioxide and zone [54]. 
Additionally, a study of 53 residents with type 2 diabetes or impaired glucose toler-
ance in Shanghai noted a significant reduction in SDNN associated with an increase 
in the number concentration of particles and particles of diameter 100–200  nm 
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[101]. They also observed a significant association of increased exposure to black 
carbon, sulfur dioxide, and nitrogen dioxide with HRV reductions. The above data 
suggest that underlying cardiovascular diseases and diabetes or impaired glucose 
tolerance may confer reduced autonomic function of heart due to air pollution expo-
sure. Hence, particle interventions to reduce individual exposure and protect sus-
ceptible persons are in urgent need. One study that evaluated 98 patients with 
coronary heart disease walking on a predefined route in central Beijing found that 
using highly efficient face mask was associated with decreased self-reported symp-
toms, reduced maximal ST segment depression, and reduced HRV indices [65]. 
However, heart rate was not influenced by mask use in this study.

4.6.2  Blood Pressure

There has been a growing body of evidence support that air pollution is capable of 
altering systemic hemodynamics. Short-term exposure has been demonstrated by 
several studies capable of altering hemodynamic effects, though the results of stud-
ies are inconstant. One study that evaluated 125 healthy young adults surrounding 
the 2008 Beijing Olympics found significant decreases in systolic blood pressure 
(SBP) from the pre-Olympics to the during-Olympics period and the levels of SBP 
reversed in the post-Olympics period [131]. However, changes in diastolic blood 
pressure (DBP) were not observed by period. It is important to note that there have 
been published studies that have not observed an association between air pollutant 
exposure and blood pressure. In another study of 201 Beijing residents conducted 
before, during, and after the Olympics, significant changes on blood pressure over 
the three periods were not observed, although there was an increase in DBP and 
reduction in pulse pressure among males during the Olympics [76]. The negative 
and inverse response results may result from variations in the susceptibility of the 
subjects evaluated.

Several studies have investigated long-term effects of air pollutant in the devel-
opment of high blood pressure and hypertension. One study of 24,845 Chinese 
adults in 11 districts of 3 northeastern Chinese cities from 2009 to 2010 found a 
significant relation among PM10, SO2, and O3 and the prevalence of hypertension 
[31]. Specifically, the OR for hypertension increased by 1.12 (95% CI: 1.08, 1.16) 
per 19 μg/m3 increase in PM10, 1.11 (95% CI, 1.04, 1.18) per 20 μg/m310 increase 
in SO2, and 1.13 (95% CI: 1.06, 1.20) per 22 μg/m3 increase in O3. They also found 
increases in SBP and DBP associated with an increase in O3, though these associa-
tions were only statistically in men. Consistent with this, the outcome of some other 
studies also found the adverse association between ambient air pollution and hyper-
tension and positive association with arterial SBP and DBP [134, 139]. Moreover, a 
panel study of 35 type 2 diabetes mellitus patients from urban community in 
Shanghai reported that the short-term association of size-fractionated PM and blood 
pressure strengthened with decreasing diameter of PM, suggesting size patterns of 
PM in elevating blood pressure [137].
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Air pollution-induced BP elevation may be prompted by the components of par-
ticle matters. One study investigated changes in BP associated with chemical con-
stituents of particulate air pollution during 460 repeated visits among a panel of 39 
university students before and after their natural relocation from a suburban campus 
to an urban campus with different air pollution levels and contents in Beijing [114]. 
The results of their study showed positive associations of a subset of PM2.5 constitu-
ents (organic carbon, elemental carbon, chloride ions, fluoride ions, nickel, zinc, 
magnesium, lead, and arsenic) with increase in SBP and DBP and negative associa-
tions of manganese, chromium, and molybdenum with SBP or DBP. Source appoint-
ment for ambient PM2.5 was performed in the same panel to evaluate the 
cardiopulmonary effects associated with source-specific PM2.5 concentrations, and 
results showed significant increases in DBP associated with PM2.5 from coal com-
bustion [118]. Moreover, findings from another study of 280 women in rural area of 
northwestern Yunnan Province where biomass fuels are commonly used show that 
PM2.5exposure from biomass combustion may be a risk factor for increased blood 
pressure and that black carbon from combustion emissions is more strongly associ-
ated with blood pressure than PM mass [3, 4].

4.6.3  Hemostatic Biomarkers

It has been postulated that one of the mechanism to explain the increased cardiore-
spiratory morbidity and mortality associated with air pollution is the elevation of 
blood coagulation [9]. Inhaled particles may activate platelets and promote throm-
bosis rapidly and directly, the process of which may be independent from the insti-
gation of systemic inflammatory responses [37, 60]. Growing evidence suggests 
that air pollution exposure, especially to PM, leads to elevated platelet activation 
and platelet aggregation.

One study evaluated 125 healthy young adults in Beijing before, during, and 
after the 2008 Beijing Olympics and found associations of changes in air pollution 
levels during the Beijing Olympics with acute changes in biomarkers of hemostasis 
[131]. Specifically, the findings show that circulatory levels of soluble CD40 ligand 
(sCD40L), soluble P-selectin, and von Willebrand factor (vWF) decreased 
 significantly from the pre-Olympics to the during-Olympics period and reversed 
from those in the during-Olympics period in the post-Olympics period. Furthermore, 
these biomarkers showed significant associations with multiple ambient pollutants, 
including PM2.5, SO2, and element carbon. In the same study, findings on the differ-
ent lag patterns of the associations of biomarkers for hemostasis with ultrafine par-
ticles to those with PM2.5 suggest that the ultrafine size fraction and the fine size 
fraction of PM2.5 are likely to affect PM-related pathophysiological pathways inde-
pendently [38]. Another study of 40 healthy college students before and after their 
natural relocation from suburban campus to unurban campus with changing air pol-
lution contents in Beijing found consistent positive associations between hemostatic 
biomarkers [fibrinogen, plasminogen activator inhibitor type 1(PAI-1), tissue-type 
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plasminogen activator (t-PA), and vWF], and PM2.5 chemical constituents, provid-
ing clues for the potential effects of PM2.5 chemical constituents on the cardiovascu-
lar pathophysiologic changes [117]. Besides, more recent evidence found 
associations of size-fractionated PM with elevated levels of fibrinogen, PAI-1, and 
vWF in 35 type 2 diabetic mellitus patients in Shanghai [107].

4.6.4  Metabolomics Biomarkers Related with Ambient Air 
Pollution

It has been demonstrated that metabolomics may be sensitive in detecting subtle 
changes in response to environmental challenges. One study evaluated metabolite 
marker of 35 male welders and 16 male office workers with well-characterized 
exposure to welding fume at a Taiwanese shipyard and found differences of metabo-
lite markers between welders and office workers by analysis of urinary metabolo-
mics profiles of the participants [108]. Specifically, it is reported that higher levels 
of glycine, taurine, betaine/TMAO, serine, S-sulfocysteine, hippurate, gluconate, 
creatinine, and acetone and lower levels of creatine were observed among welders. 
These metabolites are involved in multiple metabolic processes, including carbohy-
drate metabolism, amino acid metabolism, oxidation/reduction pathways, and urea 
metabolism. It has been demonstrated that welding fumes, containing complex toxi-
cants including heavy metals and ozone, can be viewed as oxidative pollutants and 
can produce adverse health effects on welders through increased oxidative stress 
[44]. Moreover, metabolomics analyses of urine samples collected from 566 healthy 
volunteers in Shanxi Province demonstrated that PAH exposure was correlated to its 
metabolic outcomes and that metabolites pertinent to amino acid, purine, lipid, and 
glucuronic acid metabolism were significantly changed with chronic environmental 
PAH exposure [110]. Specifically, in this study, dodecadienylcarnitine was found to 
be the only metabolite that showed significant linear dose-response relationship 
with urinary PAH metabolites among the subjects, hinting that urinary dodecadie-
nylcarnitine may be developed as a novel and sensitive biomarker for monitoring 
PAH-induced oxidative stress in the non-occupationally exposed population.

Additionally, several studies have investigated the adverse cardio-metabolic 
effects of air pollution. A recent study of 371 residents with different residential 
distance to major roads in Shanghai found that the residents living within 50 m to 
the major road compared with those living more than 200 m away have 1.95 times 
higher fasting insulin, 1.30 times higher homeostasis model assessment of insulin 
resistance (HOMA-IR), and 1.56 times higher low-density lipoprotein cholesterol, 
though the clear exposure-response relationship of PM2.5with the fasting glucose, 
cholesterol, and high-density lipoprotein was failed to be observed [58]. The find-
ings suggest that long-term exposure to traffic-related air pollutant may impair 
cardio- metabolism. Moreover, another study of 65 adults with metabolic syndrome 
and insulin resistance in the Beijing metropolitan area demonstrated that both black 
carbon and fine particulate matter were significantly associated with increases in 
HOMA-IR [10] (Table 4.1).
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Chapter 5
Air Pollution and Mortality in China

Hualiang Lin, Xiaojie Wang, Tao Liu, Xing Li, Jianpeng Xiao, Weilin Zeng, 
and Wenjun Ma

Abstract Ambient air pollution has been an important environmental issue in most 
areas of China. This chapter summarized the mortality effects of short-term and 
long-term exposures to various air pollutants among Chinese population. The litera-
ture review identified sufficient information to support significant short-term mor-
tality effects of various air pollutants from time series analyses and case-crossover 
studies, such as PM10, PM2.5, SO2, NO2, and O3. On the other hand, though the litera-
ture review suggested a positive effect of long-term exposure to air pollution on 
mortality and lung cancer risk, the evidence has been limited among Chinese popu-
lation, indicating that more studies, especially cohort studies, are warranted.

Keywords Air pollution • Mortality • Lung cancer • China

5.1  Introduction

Ambient air pollution has been an important environmental problem in urban areas 
of the world. Among all air pollutants, the most commonly monitored are particu-
late matter (PM) pollutants, sulfur dioxide (SO2), nitrogen dioxide (NO2), and ozone 
(O3). The World Health Organization (WHO) had reviewed the health effects of 
these air pollutants and recommended detailed concentration guidelines for both 
daily and yearly scales [56].

Both short-term and long-term exposures to ambient air pollution have been 
associated with increased morbidity and mortality, in particular, from cardiovascu-
lar and respiratory diseases [33, 34, 39, 41]. Compared with the short-term health 
effects, long-term exposure to air pollution usually poses more hazardous health 
impacts and has higher significance of public health [33, 40].
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Being the largest developing country, China has been facing some of the worst 
air quality in recent decades mainly due to its rapid economic development [27]. In 
January 2013, a hazardous dense haze covered 1.4 million km2 of China and affected 
more than 800 million people, subsequently causing unprecedented public concern 
about the health impacts of air pollution [29].

A great number of epidemiologic studies have linked the short-term exposures to 
ambient air pollution with various adverse health outcomes [1, 5, 14]. The National 
Morbidity, Mortality, and Air Pollution Study (NMMAPS), the Air Pollution and 
Health: A European Approach (APHEA), and the Public Health and Air Pollution in 
Asia (PAPA) studies are major examples in the USA, Europe, and Asia [44, 45, 52]. 
The dose-response functions of the health effects of air pollutants have been sum-
marized in a few countries [2, 3]. However, due to the differences in air pollution, 
characteristics of the population, the evidence from other countries may not be 
applied to Chinese population.

In China, a number of studies have been conducted in recent years [10, 11, 31], 
providing sufficient information to draw a whole picture of the short-term health 
effects of air pollution in China. While limited studies have been conducted to 
examine the long-term health effects of air pollution in China, such as the effects on 
mortality of cardiopulmonary diseases and lung cancer [8, 20], an overview to sum-
marize the long-term effects among Chinese population is also warranted [35].

In this chapter, we examined the short-term and long-term mortality effects of 
ambient air pollution (including five main air pollutants: PM10, PM2.5, NO2, SO2, 
and O3) in Chinese population including Mainland China, Hong Kong, Taiwan, and 
Macao.

5.2  Short-Term Mortality Effects

5.2.1  Overview of the Short-Term Mortality Effects of Various 
Air Pollutants

Daily time series study and cross-sectional study have been generally applied to 
quantify the short-term health effects of air pollution. Previous studies have reported 
that both methods could produce comparable effect estimates [23]. We thus over-
viewed the studies using both methods for this analysis.

One observation from the studies among Chinese population was that the air pol-
lution concentrations in most of the study areas under review were higher than the 
WHO’s Air Quality Guideline (AQG) [56], which needs to be emphasized in the air 
pollution controlling and management. The estimated pooled estimates from these 
studies were of public health significance for health impact assessment and impor-
tant for formulation of environmental pollution controlling measures in order to 
protect the public health.
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5.2.1.1  Short-Term Mortality Effects of PM10

A systematic literature search was conducted to find the relevant studies. After 
excluding studies from the same study area, a total of 17 studies reported the 
short- term association between ambient PM10 and mortality (Table  5.1). The 
reported daily mean concentrations ranged from 51.6 to 156 μg/m3.

Table 5.1 Summary of studies on the short-term mortality effects of PM10

Study Study area Study years
Mean 
concentration Disease ER (%) 95% CI

Kan (2016) Shanghai 2001–2004 102 Total 0.25 0.14–0.37
CVD 0.27 0.1–0.44
Resp 0.27 −0.01–0.56

Chen (2010) Anshan 2004–2006 110.9 Total 0.24 −0.03–0.51
CVD 0.67 0.29–1.04
Resp 0.21 −0.82–1.24

Yu (2012) Guangzhou 2006–2009 59.5 Total 0.96 0.1–1.82
CVD 1.79 1.11–2.47
Resp 0.93 0.03–1.83

Wong 
(2008a)

Hong Kong 1996–2002 51.6 Total 0.53 0.26–0.81
CVD 0.61 0.11–1.1
Resp 0.83 0.23–1.44

Wong 
(2008a)

Wuhan 2001–2004 141.8 Total 0.43 0.24–0.62
CVD 0.57 0.31–0.84
Resp 0.87 0.34–1.41

Chen (2012) Beijing 2007–2008 139 Total 0.18 0.09–0.27
Resp 0.24 −0.03–0.51
CVD 0.16 0.03–0.30

Chen (2012) Fuzhou 2004–2006 72 Total 0.64 0.19–1.09
Resp 0.67 −0.78–2.13
CVD 0.75 0.06–1.44

Chen (2012) Hangzhou 2002–2004 121 Total 0.33 0.06–0.60
Resp 0.68 0.08–1.28
CVD 0.11 −0.36–0.58

Chen (2012) Lanzhou 2004–2008 156 Total 0.01 −0.10–0.12
Chen (2012) Shenyang 2005–2008 114 Total 0.19 0.04–0.34

Resp 0.66 0.21–1.12
CVD 0.28 0.07–0.49

Chen (2012) Suzhou 2005–2008 90 Total 0.38 0.17–0.59
Resp 0.57 0.00–1.13
CVD 0.30 −0.04–0.64

Chen (2012) Taiyuan 2004–2008 132 Total 0.22 0.05–0.39
Resp 0.70 0.10–1.29
CVD 0.11 −0.18–0.39

(continued)

5 Air Pollution and Mortality in China



106

Most of the study cities reported statistically significant associations between 
PM10 and mortality. Our meta-analysis using a random-effect model estimated that 
the overall excess risk (ER) for all-cause mortality for each 10 μg/m3 increment in 
PM10 was 0.33% (95% CI: 0.26%, 0.40%); the pooled ER was 0.38% (95% CI: 
0.24%, 0.52%) for cardiovascular mortality and 0.48% (95% CI: 0.37%, 0.60%) for 
respiratory mortality. The estimates of our meta-analysis were consistent with one 
large multicity study in China [11] and one previous meta-analysis among Chinese 
population [35].

Heterogeneity was observed across the study areas. For example, small and non-
significant associations were observed in Anshan with an ER of 0.24% (95% CI: 
−0.03%, 0.51%) for all-cause mortality and in Urumqi with an ER of 0.10% (95% 
CI: −0.09%, 0.29%) [9], while a high effect was reported in Guangzhou (ER = 0.96%, 
95% CI: 0.10%, 1.82%) [60] and in Tianjin (ER = 0.76%, 95% CI: 0.45%, 1.07%) 
[11].

5.2.1.2  Short-Term Mortality Effects of PM2.5

Ambient PM2.5 has been only included in the China’s ambient air pollution monitor-
ing system since early 2013 [36], before which there were limited monitoring data 
on daily ambient PM2.5, and thus studies reporting the health effects of PM2.5 were 
scarce [26, 51]. Our review identified a total of 14 studies for short-term mortality 
effects of ambient PM2.5 after excluding the duplicated studies in the same city 
(Table 5.2). The daily mean concentrations of ambient PM2.5 varied among the study 
areas, ranging from 35.1 to 176.7 μg/m3.

Most of the study cities reported a statistically significant association between 
daily variation of PM2.5 and mortality (Table 5.2). The pooled excess risk of all- cause 

Table 5.1 (continued)

Study Study area Study years
Mean 
concentration Disease ER (%) 95% CI

Chen (2012) Tangshan 2006–2008 98 Total 0.11 −0.28–0.50
Resp 0.21 −0.83–1.25
CVD 0.54 −0.06–1.14

Chen (2012) Tianjin 2005–2008 101 Total 0.76 0.45–1.07
Resp 0.43 −0.86–1.72
CVD 0.92 0.52–1.32

Chen (2012) Urumqi 2006–2007 144 Total 0.10 −0.09–0.29
Resp 0.18 −0.34–0.69
CVD 0.18 −0.20–0.55

Chen (2012) Xi’an 2004–2008 132 Total 0.20 0.05–0.35
Resp 0.47 0.20–0.73
CVD 0.35 0.13–0.56

Ren (2007) Hangzhou 2002–2004 113 CVD 0.60 0.30–0.90
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Table 5.2 Summary of studies on the short-term mortality effects of PM2.5

Study Study area Study years
Mean 
concentration Disease ER (%) 95% CI

Qiu (2015) Hong Kong 2001–2011 37.5 CVD 2.50 2.10–2.90
Resp 0.80 0.40–1.20

Chen 
(2011)

Shanghai 2004–2008 55 Total 0.47 0.22–0.72
CVD 0.41 0.00–0.81
Resp 0.71 −0.05–1.47

Huang 
(2012)

Xi’an 2004–2008 176.7 CVD 0.27 0.08–0.46
Resp 0.19 −0.20–0.59
Total 2.29 0.83–3.76

Venners 
(2003)

Chongqing 1995 146.8 Total 1.00 0.93–1.07

Ma (2011) Shenyang 2006–2008 75 Total 0.49 0.19–0.79
CVD 0.53 0.09–0.97
Resp 0.97 0.01–1.94

Li (2016) Beijing 2005–2009 75 Total 0.67 0.25–0.83
CVD 1.37 0.51–1.71
Resp 0.67 0.25–0.83

Ge (2015) Suzhou 2010–2013 57.4 Resp 0.28 −0.23–0.78
Qian (2016) Ningbo 2011–2014 49 CVD 0.53 0.13–0.94
Lin (2016b) Dongguan 2013–2015 43.82 Total 1.69 0.80–2.60

CVD 2.76 1.55–3.99
Resp −0.67 −3.14–1.86

Lin (2016b) Foshan 2013–2015 45.89 Total 2.29 1.54–3.04
CVD 2.37 1.38–3.37
Resp 1.82 0.26–3.40

Lin (2016b) Guangzhou 2013–2015 47.89 Total 1.79 1.32–2.27
CVD 2.33 1.69–2.99
Resp 1.58 0.57–2.61

Lin (2016b) Jiangmen 2013–2015 45.43 Total 1.74 1.20–2.29
CVD 1.88 1.14–2.62
Resp 2.35 0.89–3.83

Lin (2016b) Shenzhen 2013–2015 35.14 Total 0.63 −0.65–1.93
CVD 1.12 −0.73–3.00
Resp 3.28 −0.40–7.10

Lin (2016b) Zhuhai 2013–2015 35.57 Total 1.09 −0.32–2.52
CVD 1.51 −0.62–3.69
Resp 0.93 −3.23–5.27
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mortality was 1.28% (95% CI: 0.78%, 1.79%) for all-cause mortality, 1.79% (95% 
CI: 1.22%, 2.36%) for cardiovascular mortality, and 0.96% (95% CI: 0.57%, 1.35%) 
for respiratory mortality. Our effect estimates were relatively larger compared with 
one previous meta-analysis among Chinese population [35], which reported an ER 
of 0.40% (95% CI: 0.22%, 0.59%) from all-cause mortality, 0.63% (95% CI: 0.35%, 
0.91%) for cardiovascular mortality, and 0.75% (95% CI: 01.39%, 1.11%) for respi-
ratory mortality; however, it was comparable with one recent multicity study in 
south China [31]. The underlying reasons for the inconsistency might be due to more 
studies were included in our analysis.

Varying magnitudes of the effect estimate were reported among various study 
areas. One of the earliest studies on mortality effects of PM2.5 was reported in 
Chongqing [51], which observed a negative and nonsignificant association; the 
 relative risk for each 100 μg/m3 increment in daily PM2.5 was 1.00 (95% CI: 0.93, 
1.07). In contrast, one Hong Kong study reported a high effect (ER = 1.86%, 95% 
CI: 0.85%, 2.88%) [42]. The differences across the study areas might be due to dif-
ferences in the characteristics of the environment, climate, as well as the chemical 
compositions of the particles among the different study areas [17].

5.2.1.3  Short-Term Mortality Effects of SO2

Our literature search identified a total of 17 individual effect estimates for the short- 
term mortality effects of SO2 (Table 5.3). Among the study area, the 24-h average 
concentrations varied, ranging from 4.8 to 79.3 μg/m3.

Statistically significant associations between SO2 and mortality were reported in 
most of the study cities. The pooled excess risk of all-cause mortality were 0.75% 
(95% CI: 0.47%, 1.02%), 0.83% (95% CI: 0.47%, 1.19%) for cardiovascular mor-
tality and 1.25% (95% CI: 0.78%, 1.73%) for respiratory mortality. Our results were 
similar with one large multicity study including 17 Chinese cities [10].

Significant heterogeneity was observed across the study areas. For example, one 
study in Beijing reported a nonsignificant association (ER  =  0.08%, 95% CI: 
−0.17%, 0.34%) [61]. On the other hand, a large effect was reported in Taiwan 
(ER = 4.30%, 95% CI: 1.80%, 9.80%) [30].

5.2.1.4  Short-Term Mortality Effects of NO2

A total of 18 individual effect estimates were identified by our literature search for 
the short-term mortality effects of NO2 (Table 5.4). Among the study area, the 24-h 
average concentrations of NO2 varied, ranging from 23.0 to 70.4 μg/m3.

Most of the study cities reported statistically significant associations between 
NO2 and mortality. The pooled excess risk of all-cause mortality were 1.37% (95% 
CI: 0.94%, 1.79%), 1.46% (95% CI: 1.09%, 1.83%) for cardiovascular mortality, 
and 1.74% (95% CI: 0.99%, 2.49%) for respiratory mortality.
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Table 5.3 Summary of studies on the short-term mortality effects of SO2

Study Study area Study years
Mean 
concentration Disease

ER 
(%) 95% CI

Wong 
(2008)

Hong Kong 1996–2002 17.8 Total 0.62 0.19–1.06
CVD 1.03 0.21–1.85
Resp 1.06 0.06–2.06

Chen 
(2012)

17 cities NA Total 0.75 0.47–1.02
Resp 1.25 0.78–1.73
CVD 0.83 0.47–1.19

Ou (2012) Hong Kong 1998 48.14 Total 0.52 −0.08–1.11
Lu (2015) Nanjing 2009–2013 35.4 Total 1.02 0.51–1.54
Zeng 
(2015)

Beijing 2007–2009 39.8 Total 0.08 −0.17–0.34
CVD 0.19 −0.16–0.55
Resp −0.05 −0.71–0.60

Zeng 
(2015)

Xi’an 2007–2009 51.6 Total 0.33 0.02–0.65
CVD 0.42 −0.10–0.96
Resp 0.00 −0.72–0.74

Zeng 
(2015)

Guangzhou 2007–2009 45.4 Total 0.52 0.06–0.99
CVD 0.51 −0.28–1.32
Resp 1.13 0.09–2.18

Zeng 
(2015)

Wuhan 2007–2009 50.5 Resp 3.10 0.74–5.53

Zeng 
(2015)

Six cities 2007–2009 NA Total 0.40 0.13–0.67
CVD 0.48 0.11–0.85
Resp 0.51 −0.11–1.15

Wong 
(2008)

Hong Kong 1996–2002 17.8 CVD 1.19 0.29–2.10
Resp 1.28 0.19–2.39

Wong 
(2008)

Shanghai 2001–2004 44.7 Total 0.95 0.62–1.28
CVD 0.91 0.42–1.41
Resp 1.37 0.51–2.23

Liang 
(2009)

Taiwan 1997–1999 4.81 Total 4.30 1.80–9.80
Resp 17.6 −0.20–38.40
CVD 8.70 2.50–15.10

Ge (2015) Tianjin 2008–2011 54 Total 0.46 0.05–0.86
CVD 0.73 0.02–1.44
Resp 1.52 0.17–2.88

Zhang 
(2011)

Lanzhou 2004–2007 56 Total 3.10 0.30–6.60

Zhang 
(2008)

Taiyuan 2004 79.34 CVD 1.20 −6.60–9.70

Ren (2007) Hangzhou 2002–2004 46 CVD 1.70 0.70–2.80
Zhu (2016) Wuhan 2002–2010 49.3 Total 1.22 0.77–1.67
Qian 
(2016)

Ningbo 2011–2014 17 CVD 1.73 0.87–2.60

Ye (2010) Hangzhou 2002–2004 50.8 CVD 0.50 −3.30–4.40
Zhang 
(2015)

Wuhan 2002–2010 71 CVD 1.65 0.28–3.08
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Table 5.4 Summary of studies on the short-term mortality effects of NO2

Study Study area Study years
Mean 
concentration Disease ER (%) 95% CI

Lu (2015) Nanjing 2009–2013 51.5 Total 1.15 0.67–1.63
Qiu (2015) Hong Kong 2001–2011 NA Total 2.80 2.10–2.90

Resp 1.30 0.90–1.80
Zeng (2015) Beijing 2007–2009 56.6 Total 0.32 −0.08–0.72

CVD 0.47 −0.09–1.04
Resp −0.15 −1.23–0.94

Zeng (2015) Tianjin 2007–2009 41.4 Total 0.62 −0.16–1.41
Zeng (2015) Xi’an 2007–2009 54 Total 0.80 −0.81–2.44

CVD 1.51 −0.78–3.86
Resp 0.98 −3.78–5.98

Zeng (2015) Shanghai 2007–2009 54.8 Total 0.46 0.05–0.87
CVD 0.51 −0.17–1.20
Resp 0.32 −0.64–1.30

Zeng (2015) Guangzhou 2007–2009 60.1 Total 1.38 0.83–1.94
Resp 2.66 1.42–3.90

Zeng (2015) Wuhan 2007–2009 45.2 Total 1.99 0.79–3.21
CVD 3.03 1.31–4.79
Resp 1.73 −1.65–5.24

Zeng (2015) Six cities 2007–2009 NA Total 0.81 0.35–1.28
CVD 1.03 0.40–1.66
Resp 0.94 −0.15–2.06

Tao (2012) Foshan 2006–2008 70.4 Total 1.87 1.40–2.35
CVD 2.35 1.59–3.13
Resp 1.60 0.60–2.61

Tao (2012) Zhuhai 2006–2008 38.1 Total 1.39 −0.09–2.89
CVD 2.22 −0.09–4.58
Resp 2.46 −1.59–6.67

Tao (2012) Zhongshan 2006–2008 48.4 Total 1.22 0.44–2.01
CVD 1.19 0.05–2.34
Resp 3.44 1.67–5.25

Tao (2012) Four cities 2006–2008 NA Total 1.95 1.62–2.29
CVD 2.12 1.58–2.65
Resp 3.48 2.73–4.23

Wong (2008) Hong Kong 1996–2002 58.7 CVD 1.23 0.64–1.82
Lin (2016) Guangzhou 2009–2011 44.1 CVD 1.98 0.54–3.44
Ge (2015) Tianjin 2008–2011 42 CVD 1.77 0.38–3.15

Resp 2.25 0.17–4.33
Zhang (2011) Lanzhou 2004–2007 47 Total 7.20 2.90–11.60
Zhang (2008) Taiyuan 2004 23.03 CVD 1.40 −3.80–6.80
Ren (2007) Hangzhou 2002–2004 53 CVD 2.00 0.90–3.20
Qian (2016) Ningbo 2011–2014 45 CVD 1.33 0.71–1.95
Ye (2010) Hangzhou 2002–2008 55.76 CVD −1.20 −5.10–2.90
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Varying effect sizes were observed across the study areas. For example, one 
study in Beijing reported a positive but nonsignificant association (ER = 0.32%, 
95% CI: −0.08%, 0.72%) [61]. On the other hand, a large effect was reported in 
Lanzhou (ER = 7.20%, 95% CI: 2.90%, 11.60%) [62].

5.2.1.5  Short-Term Mortality Effects of O3

A total of ten individual effect estimates were identified by our literature search for 
the short-term mortality effects of O3 (Table 5.5). Among the study area, the 24-h 
average concentrations of O3 varied, ranging from 17.2 to 85.7 μg/m3.

Most of the study cities reported statistically significant associations between O3 
and mortality. The pooled excess risk of all-cause mortality were 0.40% (95% CI: 
0.28%, 0.53%) for O3, 0.46% (95% CI: 0.20%, 0.73%) for cardiovascular mortality, 
and 0.41% (95% CI: 0.06%, 0.75%) for respiratory mortality.

We observed between-city heterogeneity in the short-term mortality effects of 
O3. For example, studies from Taiwan reported a negative but nonsignificant asso-
ciation between O3 and mortality (ER = −0.10%, 95% CI: −2.80%, 2.60%) [58]. 
Nonsignificant associations were also reported in Zhuhai, Wuhan, and Suzhou [48, 
52, 57], while a large positive association was reported in Guangzhou (ER = 0.64%, 
95% CI: 0.42%, 0.86%) [48].

Several mechanisms supported the short-term association between various air 
pollutants and mortality. For example, the ambient air pollution exposure has been 
associated with increased systemic inflammatory responses, plasma viscosity [38], 
changes in blood pressure [16], decreased heart rate variability [18], and increased 
cardiac arrhythmias [47]. When inhaled into the human body, some air pollutants 
have the ability to carry a large amount of toxic substance, including oxidant gas 
pollutants, organic compounds, and transition metals, which have been identified as 
generating pro-inflammatory response through the reactive oxygen species (ROS) 
[15].

5.2.2  Effect Modifiers of Short-Term Mortality Effects

Some studies have examined the effect modifiers of the short-term mortality effects 
of various air pollutants in order to identify the vulnerable subpopulations, such as 
sex, age, cause of death, etc. [31, 60].

One interesting observation for the mortality effects of particulate matter air pol-
lution was that the mortality effects for each 10 μg/m3 increase in daily air pollution 
were inversely associated with the annual average concentration of particulate pol-
lutions; similar finding has also been reported in one previous systematic review 
study [35]. This phenomenon might be partly explained by the different particle 
compositions among different study areas; it was possible that the particles in some 
cities were more toxic though the annual concentration was relatively low [11, 35]. 
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It was also possible that in areas with higher annual concentrations, the residents 
might be more adaptive to the impact of the exposure to the particulate pollution.

In general, age group was reported to be an important effect modifier; there was 
a larger mortality effect of air pollutants among older populations than younger 
populations. This finding has also been reported in some previous studies [4, 6, 21, 
43]. For example, Cakmak et  al. reported a twofold magnitude of the mortality 
effects of air pollution among the older population in seven Chilean urban areas [6]. 
The underlying mechanisms might be that the older persons were generally at poor 
health condition, usually had preexisting medical illnesses, and thus had reduced 
capacity to respond to the acute exposure to high level of air pollution, which 
increased their vulnerability [25, 31].

Table 5.5 Summary of studies on the short-term mortality effects of O3

Study Study area
Study 
years

Mean 
concentration Disease

ER 
(%) 95% CI

Yang 
(2004)

Taipei 1994–1998 17.2 Total −0.10 −2.80–2.60
Resp −0.90 −10.30–9.40

Tao (2012) Foshan 2006–2008 70.7 Total 0.36 −0.06–0.78
CVD 0.43 −0.25–1.12
Resp 0.46 −0.43–1.36

Tao (2012) Guangzhou 2006–2008 78.2 Total 0.64 0.42–0.86
CVD 0.98 0.61–1.35
Resp 0.89 0.38–1.41

Tao (2012) Zhuhai 2006–2008 85.5 Total 0.22 −0.36–0.81
CVD −0.08 −1.00–0.85
Resp 1.61 −0.05–3.30

Tao (2012) Zhongshan 2006–2008 85.7 Total 0.61 0.22–1.00
CVD 0.77 0.19–1.35
Resp 0.61 −0.32–1.55

Wong 
(2008)

Hong Kong 1996–2002 36.9 Total 0.27 0.00–0.53
CVD 0.45 −0.04–0.94
Resp 0.11 0.48–0.72

Wong 
(2008)

Wuhan 2001–2004 85.7 Total 0.29 −0.05–0.63
CVD −0.07 −0.53–0.39
Resp 0.12 −0.89–1.15

Wong 
(2008)

Shanghai 2001–2004 63.4 Total 0.31 0.04–0.58
CVD 0.38 −0.03–0.80
Resp 0.29 −0.04–1.03

Yang 
(2012)

Suzhou 2006–2008 57.7 Total 2.21 −0.18–4.59
CVD 4.47 1.43–7.51
Resp −1.85 −0.69–3.22

Liang 
(2009)

Taiwan 1997–1999 28.6 Total 4.50 −0.20–9.50
Resp 42.80 12.60–81.10
CVD −5.70 −13.80–3.10
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Some studies reported a larger mortality effect in males due to higher exposure 
associated with more outdoor activities, but some other studies also observed a 
stronger effect among females [31, 60]; the underlying reasons need to be further 
investigated. Higher effects were also reported among those with lower socioeco-
nomic status, such as lower education level [11, 31].

One important finding of this study was that the short-term mortality effects of 
PM2.5 were relatively larger than those of PM10, indicating that the particle size 
might be one important effect modifier of the health effects of particulate matter 
air pollution. This research question has been identified by the US National 
Research Council Committee on Research Priorities for Airborne Particulate 
Matter as one of the priority areas for future studies [37]. Similar findings have 
been reported in a few previous studies [12, 32]. Epidemiological and toxicologi-
cal studies suggest that smaller particles might be more harmful to human health 
than larger particles [46].

5.3  Long-Term Mortality Effects

5.3.1  Overview of the Long-Term Mortality Effects of Various 
Air Pollutants

Our literature search identified seven eligible studies on the long-term mortality 
effects of air pollution [8, 13, 20, 50, 53, 64, 65]. All these studies (Table 5.6) were 
cohort studies in terms of study design. Five studies were conducted in mainland 
China, one in Hong Kong, and one in Taiwan. Five studies examined the effects of 
PM10, two studies evaluated the effects of PM2.5, five studies evaluated the effects of 
SO2, four studies evaluated the effects of NO2, and only one study evaluated the 
effects of O3 [50].

In general, two methods were used for the long-term air pollution exposure 
assessment. Some studies assessed the air pollutant exposure using the annual aver-
age concentration of air pollution before the baseline survey by linking fixed-site 
monitoring data with the residential address of the participants [8, 13, 65]. The other 
approach assessed the air pollution exposure using the satellite-based estimates of 
air pollution concentration [54].

5.3.1.1  Long-Term Mortality Effects of Particulate Pollution

The meta-analysis pooling the long-term association between various air pollutants 
and mortality showed that PM10 was significantly associated with both cardiovascu-
lar and respiratory mortality, while the association with all-cause mortality was only 
marginally significant. For each 10 μg/m3 increase in ambient PM10, the overall rela-
tive risk (RR) was 1.34 (95% confidence interval (CI), 1.22, 1.46) for cardiovascular 
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Table 5.6 Summary of studies on the long-term mortality effects of various air pollutants

Study Study area
Study 
years Pollutants

Mean 
concentration Disease

RR 
(%) 95% CI

Dong 
(2012)

Shenyang 1998–
2009

PM10 154 Resp 1.67 1.60–1.74

Zhang 
(2011)

Shenyang 1998–
2009

PM10 154 CVD 1.55 1.51–1.60
All 1.53 1.50–1.56

Zhang 
(2014)

Tianjin, 
Shenyang, 
Taiyuan, 
Rizhao

1998–
2009

PM10 144 CVD 1.23 1.19–1.26

Chen 
(2016)

Tianjin, 
Shenyang, 
Taiyuan, 
Rizhao

1998–
2009

PM10 144.34 All 1.23 1.21–1.26

Zhou 
(2014)

National 1991–
2006

PM10 104 All 1.02 1.01–1.03
CVD 1.02 1.01–1.03
Resp 1.02 1.01–1.03

Wong 
(2015)

Hong Kong 1998–
2001

PM2.5 NA All 1.14 1.07–1.22
CVD 1.22 1.08–1.39
Resp 1.05 0.90–1.22

Tseng 
(2015)

Taiwan 1989–
2008

PM2.5 22.8–32.9 All 0.92 0.72–1.17
CVD 0.80 0.43–1.50

Dong 
(2012)

Shenyang 1998–
2009

SO2 63 Resp 1.04 0.97–1.12

Zhang 
(2011)

Shenyang 1998–
2009

SO2 63 CVD 0.96 0.92–1.01
All 0.95 0.92–0.99

Chen 
(2016)

Tianjin, 
Shenyang, 
Taiyuan, 
Rizhao

1998–
2009

SO2 66.9 All 1.03 1.01–1.05

Tseng 
(2015)

Taiwan 1989–
2008

SO2 NA CVD 0.91 0.67–1.25

Cao 
(2011)

National 1991–
2000

SO2 73 All 1.80 1.30–2.30
CVD 3.20 2.30–4.00
Resp 3.20 1.80–4.70

Dong 
(2012)

Shenyang 1998–
2009

NO2 46 Resp 2.97 2.69–3.27

Zhang 
(2011)

Shenyang 1998–
2009

NO2 46 CVD 2.46 2.31–2.63
All 2.45 2.34–2.58

Chen 
(2016)

Tianjin, 
Shenyang, 
Taiyuan, 
Rizhao

1998–
2009

NO2 40.66 All 0.89 0.86–0.92

Tseng 
(2015)

Taiwan 1989–
2008

NO2 NA CVD 0.99 0.95–1.04
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mortality and 1.55 (95% CI: 1.30, 1.83) for respiratory mortality, respectively. In 
the individual studies, we observed large variations, a small effect was observed in 
one national cohort with an RR of 1.016 (95% CI: 1.007, 1.026) [65], and a large 
association was reported with an RR of 1.53 (95% CI: 1.50, 1.56) in Shenyang [63].

Long-term exposure to ambient PM2.5 was significantly associated with all-cause 
and cardiovascular mortality, while the association with respiratory mortality was 
not statistically significant. Each 10 μg/m3 increase in ambient PM2.5 corresponded 
to an overall relative risk (RR) of 1.14 (95% CI, 1.09, 1.18) of all-cause mortality 
and 1.21 (95% CI: 1.13, 1.30) of cardiovascular mortality, respectively. Among the 
included studies, one study in Taiwan reported a negative but nonsignificant asso-
ciation between PM2.5 and mortality (RR = 0.92, 95% CI: 0.72, 1.17) [50]. And the 
study from Hong Kong reported a significant association (RR = 1.14, 95% CI: 1.07, 
1.22) [53].

5.3.1.2  Long-Term Mortality Effects of Gaseous Air Pollutants

This meta-analysis found that long-term exposure to ambient NO2 was significantly 
associated with cardiovascular and respiratory mortality rather than all-cause mor-
tality among Chinese population. The pooled RR for a 10 μg/m3 increase in ambient 
SO2 was 2.14 (95% CI: 1.57, 2.90) for cardiovascular mortality and 2.97 (95% CI: 
2.81, 3.14) for respiratory mortality, respectively. While, we did not find any signifi-
cant association between long-term exposure to ambient SO2 and mortality from all 
cause, cardiovascular and respiratory diseases.

Different magnitudes were observed for the mortality effects of   SO2 and NO2 
among the included studies. For example, for the effects of SO2, a negative associa-
tion was observed in Shenyang (RR = 0.95, 95% CI: 0.92, 0.99) [63], while a large 
positive effect was reported in a national cohort study (RR = 1.80, 95% CI: 1.30, 
2.30) [8].

The mechanisms by which long-term exposure to ambient air pollutants could 
increase the mortality risk were not well understood. Frampton and colleagues 
hypothesized that systemic inflammation and vasoconstriction with expression of 
leukocytes, endothelial adhesion molecules, oxidants, and interleukins can be 
induced by changes in vascular function due to long-term exposure to air pollutants 
[22]. Also, it has been suggested that air pollution induces a low-grade pulmonary 
inflammatory response and subsequent release of pro-inflammatory cytokines [64]. 
This may result in increased coagulability of the blood, triggering cardiovascular 
events in susceptible individuals [49].
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5.3.2  Effect Modifiers of the Long-Term Mortality Effects 
of Air Pollution

Among the included studies, a few examined the effect modifiers of the long-term 
mortality effects of air pollution [8], which provided important information to iden-
tify the vulnerable population in order to formulate specific intervention measures.

Age and sex were believed to be potential effect modifiers and have been exam-
ined in a few studies. However, the mortality effects were not found to be signifi-
cantly different between males and females [8, 63]. One Hong Kong study observed 
a larger effect among those aged between 65 and 71 years than those aged >71 years 
for the mortality effects of PM2.5, which might be due to the more outdoor activities 
among the old participant aged between 65 and 71 years [53]. However, a few other 
studies did not find significant effect modification of age [63].

The possible effect modification by body mass index was examined in three stud-
ies, one Hong Kong study found that obesity could increase the mortality effect of 
PM2.5 [53], one study found a significant effect modification with a higher effect of 
SO2 among overweight participants [8], and one study reported that obesity could 
enhance the respiratory mortality effect of air pollution [19].

One study demonstrated that occupational pollution exposure and the lack of 
physical activity could enhance the mortality effect of air pollution in seven north 
Chinese cities [63], while the other study did not find significant effect modification 
of education levels [65].

5.4  Long-Term Effects on Lung Cancer Mortality

Our literature search identified four studies examining the lung cancer mortality 
effects of long-term exposure to air pollution (Table 5.7). All the four studies were 
cohort studies in terms of the study design. For each air pollution, there were one or 
two studies.

Two studies reported the association between PM10 and lung cancer mortality 
[13, 65]. The study from four cities in north China showed a statistically significant 
association with a large RR of 1.65, while the study using national middle-aged 
Chinese men did not find statistically significant association. Only one study exam-
ined the association between PM2.5 and lung cancer mortality [54]; significant 
association was observed, especially for males (RR = 1.36, 95% CI: 1.05, 1.77); 
and no significant difference was observed between smokers and nonsmokers. This 
effect was relatively larger than that in one recent meta-analysis [24] and the esti-
mate by the World Health Organization [55]. It was possible that the WHO has 
underestimated the effects of ambient PM2.5 on lung cancer risk among Chinese 
population [55].

Two studies investigated the lung cancer effects of exposure to SO2, both of 
which reported a significant association [8, 13]. The study using a national cohort 
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reported an RR associated with each 10 μg/m3 increase in ambient SO2 of 1.04 (95% 
CI: 1.02, 1.06) [8], while the study from four north Chinese cities showed an RR of 
1.22 (95% CI: 1.16, 1.29) [13]. Only one study examined the effects of NO2 and 
found a negative association between long-term exposure to NO2 and lung cancer 
mortality [13].

The significant association between particulate pollution and lung cancer was 
within our expectation. One early cohort study showed that an increase of 10 μg/m3 
of total suspended particle corresponded to 1.1% (95% CI: 0.1%, 2.3%) increase of 
lung cancer mortality in China [7]. And one recent spatiotemporal analysis based on 
the National Cancer Registration of China from 1990 to 2009 revealed a significant 
association between PM2.5 and lung cancer incidence (RR = 1.05, 95% CI: 1.04, 
1.07 for men and 1.15, 95% CI: 1.12, 1.18 for women). Similar findings were also 
observed in the USA and Europe. For example, in the Harvard Six-City Study, one 
of the pioneer air pollution studies, Dockery et al. reported that each 10 ug/m3 eleva-
tion in long-term average PM2.5 concentration was associated with approximately 
8% increase in lung cancer mortality [40]. And one large study including 17 cohort 
studies based on nine European countries reported that the RR for per 5 μg/m3 
increase in PM2.5 was 1.18 (95% CI: 0.96, 1.46) and 1.22 (95% CI: 1.03, 1.45) for 
per 10 μg/m3 [8].

Two main biologic mechanisms have been proposed to explain the air pollution- 
associated lung cancer mortality. First, air pollution exposure can induce oxidative 
stress causing macrophages to release reactive oxygen species (ROS) that can dam-
age DNA, proteins, and lipids; the transition metals on the particle surface were 
capable of generating ROS through the Fenton reaction, or quinones in the particles 
that produce ROS through redox cycling. Second, an effect of inflammation is 
induced directly or indirectly by air pollution exposure, leading to the production of 
chemokines and cytokines to trigger angiogenesis and allowing epithelial invasion 
of metastatic tumor cells and then survival of the invading malignant cells in distant 
organs [28, 59].

Table 5.7 The long-term effect of ambient air pollution on lung cancer mortality in Chinese 
population

Air pollutants Study Study area Population RR 95% CI

PM10 Chen (2016) Tianjin, Shenyang, 
Taiyuan, Rizhao

Overall 1.65 1.53, 1.79

PM10 Zhou (2014) National Males 1.01 0.99, 1.03
PM2.5 Wong (2016) Hong Kong Overall 1.14 0.96, 1.36
PM2.5 Wong (2016) Hong Kong Males 1.36 1.05, 1.77
PM2.5 Wong (2016) Hong Kong Females 0.99 0.74, 1.27
SO2 Chen (2016) Tianjin, Shenyang, 

Taiyuan, Rizhao
Overall 1.22 1.16, 1.29

SO2 Cao (2011) National Overall 1.042 1.023, 1.062
NO2 Chen (2016) Tianjin, Shenyang, 

Taiyuan, Rizhao
Overall 0.837 0.746, 0.938
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5.5  Perspectives

Ambient air pollution has been a major public health concern in China alongside its 
rapid economic growth in recent decades. This chapter quantitatively estimated the 
overall short-term mortality effects of ambient air pollutants in Chinese population; 
the pooled associations were found to be statistically significant for various air pol-
lutants and mortality categories. For the long-term exposure, this study generally 
supported the link between ambient air pollution exposure and the risk of mortality 
from all cause and cardiovascular and respiratory diseases. And we summarized the 
results on the long-term effects on lung cancer mortality and we observed some 
evidence of positive association, particularly for PM pollution and SO2, but the find-
ing was not inclusive; more studies are warranted to further examine this research 
question.
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Chapter 6
Ambient Air Pollution and Morbidity 
in Chinese

Li-Wen Hu, Wayne R. Lawrence, Yimin Liu, Bo-Yi Yang, Xiao-Wen Zeng, 
Wen Chen, and Guang-Hui Dong

Abstract The rapid economic growth in China is coupled with a severe ambient air 
pollution, which poses a huge threat to human health and the sustainable develop-
ment of social economy. The rapid urbanization and industrialization over the last 
three decades have placed China as one of countries with the greatest disease burden 
in world. Notably, the prevalence rate of chronic noncommunicable diseases (CND), 
including respiratory diseases, CVD, and stroke, in 2010 reaches 16.9%. The con-
tinuous growth of the incidence of CND urgent needs for effective regulatory action 
for health protection. This study aims to evaluate the impact of rapid urbanization 
on status of ambient air pollution and associated adverse health effects on the inci-
dence and the burden of CND and risk assessment. Our findings would be greatly 
significant in the prediction of the risk of ambient air pollution on CND and for 
evidence-based policy making and risk management in China.
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6.1  Introduction

Numerous studies have documented that exposure to ambient air pollution leads to 
important adverse health effects resulting in increased morbidity and mortality and 
shortened life expectancy [3, 10, 11, 47, 58, 84]. The Global Burden of Diseases, 
Injuries, and Risk Factors Study 2015 [17] estimated the burden of disease attribut-
able to 79 risk factors in 195 countries from 1990 to 2015 and identified air pollu-
tion as a leading cause of global disease burden, especially in low-income and 
middle-income countries [17]. By using newer technologies for more accurate pol-
lution measurements, the WHO recently reported that exposure to air pollution 
resulted in an estimated seven million deaths each year, suggesting one in eight 
deaths worldwide in 2012 [28]. Furthermore, although air pollution has long been 
recognized as a risk factor in respiratory illness such as acute infections and chronic 
obstructive pulmonary disease (COPD), the WHO found heart disease and stroke 
were tied as the top causes of ambient pollution-related deaths, each accounting for 
40% of deaths from such exposure, and small proportions of the deaths attributable 
to ambient air pollution were caused by COPD (11%), lung cancer (6%), and acute 
lower respiratory tract infections in children (3%) although the respiratory system is 
the direct target organ for air pollution attack. However, we should carefully evalu-
ate these results for most of these studies were from the developed countries where 
ambient air pollution levels were usually below 40 μg/m3. In the higher-pollution 
areas, such as in China, we have evaluated the relationship of air pollution with 
respiratory disease and CVD, respectively, and found that the impact of air pollution 
on respiratory mortality [relative risk (RR) = 1.67; 95% confidence interval (CI): 
1.60–1.74] was much larger than that on CVD mortality (RR = 1.55; 95% CI: 1.51–
1.60) and cerebrovascular disease (RR  =  1.49; 95% CI: 1.45–1.53) [12, 85]. 
Therefore, compared with the results in populations from the Europe and America, 
there may be different characteristics of associations between ambient air pollution 
and health affects in Chinese. Furthermore, compared with the extreme event of 
“death,” it may be more likely to show the health effects of air pollution by using 
“morbidity” as an outcome. Therefore, the aim of this chapter will mostly focus on 
the links between ambient air pollution, not only particulate matter (PM) but also 
gases such as carbon monoxide, ozone, sulfur oxide, and nitrogen oxide, and health 
affect in Chinese.

Historically, two equivalent observations have connected poor air quality to 
human disease. One observation is the understanding that substances in inspired air 
can pose health risks, and the other is the view that increase industrialization at the 
global level has contributed to worsening air quality. For instance, urban planning 
experts, economists, and environmental scientists have vocalized and written about 
the effect of urban development, industrial growth, and income in the context of an 
“EKC” relationship (environmental Kuznets curve; “inverted U-shaped” curve), 
which predicates on the fact that as human activities associated with industry and 
urban growth elevate, an initial and sharp worsening in air quality ensues. 
Subsequently, as a society’s income levels inevitably increase, awareness,  regulation, 
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and increasing attitudes of environmental and social responsibility intervene and air 
quality standards improve [21].

Although ambient air quality has improved since the beginning of the twenty- 
first century, the levels of thoracic particles (less than 10 μm in diameter [PM10]) and 
SO2 are still much higher than the air quality guidance value from the 
WHO. Furthermore, China still relies heavily on coal consumption, which accounts 
for 64% of domestic energy consumption (worldwide average level 30%). 
Meanwhile, its rapid economic development has contributed to increased energy 
use and industrial waste associated with rising levels of air pollution (e.g., total 
yearly carbon dioxide emission increased from ~2000 billion kg in 1980 to ~5000 
billion kg in 2000) [86], thus threatening public health [63].The rapid growth in 
motor vehicle ownership and utilization has been accompanied by an associated 
increase in traffic-related air pollution and progressively worsens problems in urban 
areas of China. Consequently, the changes in economic structure resulted in urban 
air pollution in China to change from the coal combustion type to a compound air 
pollution type due to the concurrence of coal smoke and motor vehicle emission 
type [12].

Here, we focus on air pollutants and their effects on morbidity, including chronic 
respiratory diseases, CVD, stroke, obesity, hypertension, and so on, highlighting 
targets for interventions (particularly for at-risk populations) and recommendations 
to improve air quality.

6.2  Ambient Air Pollution and Respiratory Diseases

Chronic respiratory diseases represent a substantial health-care burden in China. 
The Global Burden of Diseases, Injuries, and Risk Factors Study reported that 
chronic obstructive pulmonary disease (COPD) and lung cancer are, respectively, 
the third and fourth most common causes of mortality in China, with 910,809 deaths 
attributed to COPD, 546,259 to lung cancer, 82,328 to interstitial lung disease and 
sarcoidosis, and 25,163 to asthma in 2013 [82, 91]. Lung cancer was a leading cause 
of disability-adjusted life years (DALYs) in China, and ambient air pollution ranked 
fourth in risk factors that contributed most to DALYs. Each 10 μg/m3 rise in fine 
PM, of any origin, has been linked to a 3.1% increase in risk of hospitalization and 
a 2.5% increase in mortality [19, 31]. Implementation of effective measures to mini-
mize pollutant emissions is needed and will lead to an improvement in respiratory 
health in China.

6 Ambient Air Pollution and Morbidity in Chinese
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6.2.1  Ambient Air Pollution and COPD

To investigate the effects of short-term exposure to traffic-related air pollution on 
airway oxidative stress and inflammation in COPD patients in Beijing city, a panel 
of 45 diagnosed COPD patients were recruited and followed with repeated mea-
surements of biomarkers reflecting airway oxidative stress and inflammation in 
exhaled breath condensate (EBC), including nitrate and nitrite, 8-isoprostane, inter-
leukin- 8, and acidity of EBC (pH), between September 5, 2014 and May 26, 2015. 
The results showed that the concentration of PM2.5, black carbon, and NO2 and 
number concentration of particles with diameter less than 100 nm (PNC100) and 
particles in size ranges between 100 and 200 nm (PNC100–200) during the first 
follow-up were 156.5 ±117.7, 10.7 ± 0.7, and 165.9 ± 66.0 μg/m3 and 397,521 ± 
96,712 and 79,421 ± 44,090 per cubic meter, respectively; the concentrations were 
67.9 ± 29.6, 3.4 ± 1.3, and 126.1 ± 10.9 μg/m3 and 295,682 ± 39,430 and 24,693 ± 
12,369 per cubic meter, respectively, during the second follow-up. In this COPD- 
patient panel, per interquartile range (IQR) increase in PNC100–200, the authors 
observed an increase of 65% (95% CI: 8–152%) in nitrate and nitrite in EBC reflect-
ing airway oxidative stress. For an IQR increase in PM2.5, black carbon, and 
PNC100–200, respective increases of 0.17 ng/ml (95% CI: 0.02–0.33), 0.12 ng/ml 
(95% CI: 0.01–0.24), and 0.13 ng/ml (95% CI: 0.02–0.24) in interleukin-8 in EBC 
reflecting airway inflammation were also observed. An IQR increase in ozone was 
also associated with a 0.24 (95% CI: 0.05–0.42) decrease in pH of EBC reflecting 
increased airway inflammation [6]. During 2009, Wang et  al. [70] used GIS to 
investigate the spatial association between ambient air pollution and acute exacer-
bations of COPD (AECOPD) hospitalizations in Jinan City and at residence. The 
study found concentrations of SO2, PM10, NO2, CO, O3, and AECOPD hospitaliza-
tion cases were statistical significant spatially clustered. The Z-score of SO2, PM10, 
CO, O3, and NO2 at residence is 15.88, 13.93, 12.60, 4.02, and 2.44, respectively. 
Additionally, while at the workplace, concentrations of PM10, SO2, O3, CO, and 
AECOPD hospitalization cases revealed statistical significant spatially clustered. 
The Z-score of PM10, SO2, O3, and CO at workplace is 11.39, 8.07, 6.10, and 5.08, 
respectively. After adjusting for potential confounders in the model, only PM10 con-
centrations at the workplace showed statistical significance, showing a 10 μg/m3 
increase of PM10 at workplace associated with a 7% (95% CI: [3.3%, 10%]) rise of 
hospitalizations due to AECOPD.

To assess associations between dust storms and emergency hospital admissions 
due to respiratory disease in Hong Kong, Tam et al. [60] collected the data on daily 
emergency admissions for respiratory diseases to major hospitals in Hong Kong and 
indices of air pollutants and meteorological variables from January 1998 to 
December 2002 from several government departments. Significant increases in 
emergency hospital admission due to COPD were found 2 days after dust storm 
episode, and the relative risk of PM10 for lag 2 days was 1.05 (95% CI: 1.01–1.09) 
per 10 μg/m3. In four-pollutant models of Hong Kong, the RR for COPD admission 
per 10 μg/m3 increase in ozone was 1.03 (95% CI: 1.02–1.04) and 1.01 (1.01–1.02) 
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per 10 μg/m3 increase in PM2.5 [27]. Air pollution has contributed to mortality asso-
ciated with COPD in Shanghai [26], despite a report documenting that each 0.4 ppm 
increase in carbon monoxide levels has been negatively correlated with COPD 
admissions (mean −1.8%; 95% CI: −3.1 to −0.4), with stronger effects following 
adjustment for nitrogen dioxide and PM2.5 levels [61]. Air pollution has caused 
long-lasting adverse effects on COPD mortality, which warrants closer follow-up in 
at-risk populations.

Although the way in which air pollutants modulate the underlying biological 
mechanisms remains unclear, perturbation of the coagulation balance is one of the 
potential mechanisms [56]. Based on the GIRD COPD Biobank Project, the Asian 
game cohort study was conducted in 36 COPD patients to estimate whether changes 
in measurements of D-dimer, blood marker of coagulation, were associated with 
changes in pollutant concentration, comparing for 51 intervention days (November 
1–December 21) in 2010 with the same calendar date of baseline years (2009 and 
2011) in Guangzhou city [87]. The results showed that daily PM10 reduced from the 
baseline period of 65.86–62.63 μg/m3 during the Asian Games period and daily NO2 
decreased from 51.33 to 42.63 μg/m3. SO2 and other weather variables did not sub-
stantially differ. Additionally, the authors did not observe statistically significant 
improvements in D-dimer levels by 9.86% from a pre-Asian game mean of 917 ng/
ml to a during-Asian game mean of 1007 ng/ml, platelet number by 11.66%, PH by 
−0.15%, PCO2 by −6.54%, and PO2 by −1.16%. During post-Asian game period, 
when pollutant concentrations were elevated, most outcomes approximated pre- 
Asian game levels, and comparable effects were also demonstrated in platelet num-
ber, D-dimer, and arterial blood gas, which provide evidence for the presence of a 
hypercoagulative state in systemic circulation in COPD patients. As the mechanism 
of air pollutants effect on COPD remains unknown, future studies will be needed to 
unravel the underlying mechanism.

6.2.2  Ambient Air Pollution and Hospital Admissions 
for Respiratory Diseases

To explore the association between PM2.5 pollution and hospital emergency room 
visits (ERVs) for total and cause-specific respiratory diseases in urban areas in 
Beijing, a total of 92,464 respiratory emergency visits were evaluated with PM2.5 
from January 1 to December 31, 2013, with the mean daily concentration of 102.1 
± 73.6 μg/m3. Every 10 μg/m3 increase in PM2.5 concentration at lag 0 was associ-
ated with a rise in ERV, as follows: 0.19% for upper respiratory tract infection 
(URTI) (95% CI: 0.04–0.35%), 0.34% for lower respiratory tract infection (LRTI) 
(95% CI: 0.14–0.53%), 0.23% for total respiratory disease (95% CI: 0.11–0.34%), 
and 1.46% for acute exacerbation of chronic obstructive pulmonary disease 
(AECOPD) (95% CI: 0.13–2.79%). The strongest association was identified 
between AECOPD and PM2.5 concentration at lags 0–3 (3.15%, 95% CI: 
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1.39–4.91%) [79]. Additionally, Wang et  al. [71] explored the concentration- 
response relationship between ambient concentration of PM2.5 and daily total hospi-
tal emergency room visits in Beijing during 2012 and 2013, with the annual average 
concentration of PM2.5 as 90.9 μg/m3. The results indicated that in every 10 μg/m3 
increase of concentration of ambient PM2.5, the corresponding excess risk of daily 
ERV was 0.25% (95% CI: 0.07–0.43) and the odd ratios was 1.16 (95% CI: 1.09–
1.22) for ERV with PM2.5 as the primary air pollutants during heavy polluted days. 
Ping [46] explored the influence of hazy weather on respiratory diseases and found 
that air quality index (AQI) of hazy weather had significantly positive association 
the number of patients with five kinds of respiratory diseases (bronchitis, bronchial 
asthma, upper respiratory infection, COPD, pneumonia) and different pollutants 
had distinct influences on various respiratory diseases, in which PM2.5 and SO2 had 
the closest association with each disease, whereas PM10 and CO were positively 
related with bronchial asthma, upper respiratory tract infection, COPD, and pneu-
monia (p < 0.01) but had no connection with bronchitis. However, O3 was in nega-
tive correlation with COPD and pneumonia. Leitte et al. [30] also analyzed the role 
of different particle size fractions with respect to respiratory health in Beijing, 
China, and found, in general, particles <50 nm were not positively associated with 
ERV, whereas particles 50–100 nm were adversely associated with respiratory ERV, 
both being fractions of ultrafine particles.

Even in the relative clean area, PM2.5 also can significantly increase the risk of 
outpatient visits for RD.  For example, a study conducted in Shenzhen of south 
China, where the annual average PM2.5 concentration was 40.2 μg/m3 (daily range 
7.2–137.1 μg/m3), reported that a 10 μg/m3 increase in day-before PM2.5 concentra-
tion was associated with a 1.81% (95% CI: 1.71–1.91%) ER of visits for respiratory 
disease [45]. A study from Ningbo, where the daily average concentration of SO2 
did not exceed the limit value of second class area, also found about 30% of total 
upper respiratory outpatients caused by SO2 pollution [75]. Qiu et  al. [50] con-
ducted this study to estimate the health effects of coarse PM (PMc: 2.5–10 μm aero-
dynamic diameter) on emergency hospital admissions for respiratory diseases in 
Hong Kong after controlling for PM2.5 and gaseous pollutants, and results showed 
that a 10.9 μg/m3(interquartile range) increase in the 4-day moving average concen-
tration of PMc was associated with a 1.94% (95% confidence interval: 1.24%, 
2.64%) increase in emergency hospital admissions for respiratory diseases that was 
attenuated but still significant after controlling for PM2.5. A recent study from 
Taiwan also evaluated the association between PMc and frequency of hospital 
admissions for respiratory diseases (RD) including COPD, asthma, and pneumonia 
[9]. Findings revealed increased rate of admissions for RD was significantly associ-
ated with higher coarse PM levels only on cool days (<25 °C), with a 10 μg/m3 
elevation in PM2.5–10 concentrations associated with a 3% (95% CI = 1–5%) increase 
in COPD admissions, 4% (95% CI = 1–7%) rise in asthma admissions, and 3% 
(95% CI = 2–4%) increase in pneumonia admissions. On warm days, no significant 
associations were found between coarse particle levels and frequency of hospital 
admissions for RD. The results from the two-pollutant models showed that PM2.5–10 
levels remained significantly correlated with higher rate of admissions even when 
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controlling for carbon monoxide, sulfur dioxide, nitrogen dioxide, or ozone on cool 
days. This indicated that higher levels of PM2.5–10 enhance the risk of hospital admis-
sions for RD on cool days. As shown in Fig. 6.1, there is a summary of some studies 
of ambient air pollution and COPD and respiratory diseases in China.

6.2.3  Ambient Air Pollution and Lung Function

Wu et al. [76] investigated the short-term respiratory effects (exhaled nitric oxide 
(FeNO) and exhaled hydrogen sulfide (FeH2S)) of ambient air pollution in a panel 
of 23 stable COPD patients in Beijing, China, from January to September 2014. The 
study found increases in interquartile range (IQR) in SO2 (45.7 μg/m3, 6-day), PM2.5 
(76.5 μg/m3, 5-day), and PM10 (75.0 μg/m3, 5-day) were all associated with maxi-
mum increases in FeNO of 34.2% (95% CI: 17.3%, 53.4%), 13.6% (95% CI: 4.8%, 
23.2%), and 9.2% (95% CI: 2.1%, 16.8%), respectively. Additionally, the same IQR 
increases in SO2 (7-day), PM2.5 (6-day), and PM10 (6-day) were associated with 

Fig. 6.1 Summary of studies of ambient air pollution and COPD and respiratory diseases
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maximum increases in FeH2S of 18.1% (95% CI: 5.5%, 32.2%), 11.4% (95% CI: 
4.6%, 18.6%), and 7.8% (95% CI: 2.3%, 13.7%), respectively (Fig. 6.2). Increasing 
levels of air pollutants were also associated with increased odds ratios for cough, 
sore throat, wheezing, sputum, and dyspnea. Ni et al. [43] investigated and com-
pared the effects of short-term exposure to outdoor particulate matter (PMout) and 
outdoor-originated equivalent personal PM (PMeq) on lung function in 33 doctor- 
diagnosed COPD patients in 2013–2014 in Beijing. PM2.5out (111.0 μg/m3, 5-day) 
and PM10out (112.0 μg/m3, 3-day) interquartile range increases were associated with 
a 3.3% (95% confidence interval [CI]: −5.8%, −0.8%) decrease and a 2.1% (95% 
CI: −3.9%, −0.3%) decline in forced vital capacity (FVC), respectively. Comparable 
results were found for forced expiratory volume in 1  s (FEV1). An interquartile 
range increase in PM2.5eq (45.3 μg/m3, 3-day), but not PM10eq, remained associated 
with a 1.7% (95% CI: −3.3%, −0.1%) decrease in FVC (Fig. 6.2).

Transport hub is an important part of urban comprehensive transportation sys-
tem. Traffic-related air pollution can reach high level because of difficulty of 
 diffusion and increase of emission in transport hub. Huang et al. [22] performed 

Fig. 6.2 Summary of studies of ambient air pollution and lung function
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randomized crossover study in 40 young healthy adults in Beijing. Each participant 
underwent 2 h exposure in a designated transport hub and, on a separate occasion, 
in an appointed park. Personal exposures to PM2.5, black carbon (BC), and carbon 
monoxide (CO) were measured. Forced expiratory volume in 1 s (FEV1) and peak 
expiratory flow (PEF) were assessed pre-, during, and post-exposure. The results 
showed that per 10 μg/m3 increment in PM2.5 was associated with −0.15 % (95 % 
CI: −0.28, −0.02  %) reduction in FEV1 during exposure 2  h. However, effects 
became attenuate after 2 h exposure. In Guangzhou city, south China, a panel study 
was conducted to assess health effects of PM2.5 on cardiopulmonary function. 
Results from the mixed-effect models showed that neither personal PM2.5 exposure 
nor ambient air pollution exposure based on air monitoring stations was related to 
cardiopulmonary function, except for a marginally significant association between 
ambient PM10 and MMEF (β = −0.147; p = 0.079) and personal PM10 and MMEF 
(β = −0.150; p = 0.072).

It is well known that the health impact of PM is not only associated with concen-
tration, size, and shape but also with the sources and components in PM [20, 52, 
65]. PM2.5 is composed of a vast number of chemical constituents, and there are 
increasing interests in exploring the potentially differentiated effects of various con-
stituents [5, 20, 52, 65]. Wu et al. [68] examined the cardiopulmonary health effects 
of fine particles (PM2.5) from different pollution sources in Beijing, China, among a 
panel of 40 healthy university students. The authors reported that seven PM2.5 
sources were identified as traffic emissions (12.0%), coal combustion (22.0%), sec-
ondary sulfate/nitrate (30.2%), metallurgical emission (0.4%), dust/soil (12.4%), 
industry (6.9%), and secondary organic aerosol (9.9%). PM2.5 from dust/soil and 
industry were significantly associated with decreases in evening PEF as well as 
morning and evening FEV1 at different exposure metrics. The significant reduction 
in evening PEF and morning and evening FEV1 associated with 5-day average PM2.5 
from dust/soil was consistent over different models. Also, the declines in evening 
PEF and evening FEV1 associated with PM2.5 from industry were also consistent 
over various models, excluding in the source-PM2.5 joint models. In particular, there 
were significant increases in morning and evening FEV1 associated with PM2.5 from 
metallurgical emission. However, these positive associations were not consistent in 
two-source or source-PM2.5 joint models. The same study group also examined the 
associations of 32 chemical constituents of PM2.5 with pulmonary function in a 
panel of 21 college students [69]. Four PM2.5 constituents (copper, cadmium, arse-
nic, and stannum) were found to be most consistently associated with the reductions 
in these pulmonary function measures. These findings provide clues for the respira-
tory effects of specific particulate chemical constituents in the context of air 
pollution.

To investigate the acute effects of PM2.5 constituents’ fractional exhaled nitric 
oxide (FeNO), a well-established biomarker on respiratory inflammation, Shi et al. 
[55] performed a longitudinal panel study among 33 healthy young adults in 
Shanghai, China from January 12 to February 6, 2015. A total of 234 effective mea-
surements of FeNO were obtained with a geometric mean of 13.1 ppb. PM2.5-FeNO 
associations were strongest at lags of 0–6 h and diminished at lags longer than 12 h. 
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An interquartile range increase in PM2.5 constituents NH4+, NO3−, K+, SO42−, and 
elemental carbon (EC) at lags of 0–6 h was significantly associated with elevations 
of FeNO by 12.3%, 11.3%, 11.1%, 9.6%, and 10.7%, respectively. After controlling 
for PM2.5 total mass and the collinearity, only EC remained the significant effects, 
indicating EC may be the primary component responsible for increased airway 
inflammation. Chen et al. [7] designed a time-series panel study in 28 patients to 
examine the effects of 10 major constituents of PM2.5 on lung function with repeated 
daily measurements from December 2012 to May 2013  in Shanghai, China. The 
cumulative decreases in morning FEV1, evening FEV1, morning PEF, and evening 
PEF associated with an interquartile range (35.8 μg/m3) increase in PM2.5 concentra-
tions were 33.49 (95% CI: 2.45, 54.53) mL, 16.80 (95% CI: 3.75, 29.86) mL, 4.48 
(95% CI: 2.30, 6.66) L/min, and 1.31 (95% CI: −0.85, 3.47) L/min, respectively. 
The associations of elemental carbon (EC) and nitrates with morning/evening FEV1 
and the associations of EC and sulfates with morning PEF were robust after control-
ling for PM2.5.

6.3  Ambient Air Pollution and Circulatory System Diseases

Cardiovascular diseases (CVDs) are actually among the main causes of death in the 
world [18, 38], causing more than 17 million deaths in 2008 [40]. They have a mul-
tifactorial etiology and, based on their clinical presentation, can be divided into 
chronic (i.e., heart failure and hypertension) and acute (i.e., acute myocardial infarc-
tion and arrhythmia) conditions. PM can cross the pulmonary epithelium into the 
circulation or interact with lung receptors (direct effects) to induce an acute cardio-
vascular response. The first evidence derives from studies of Nemmar [41, 42], 
which demonstrates that ultrafine particles and PM2.5 could translocate into the pul-
monary circulation and the systemic circulation. Given the continuous variability of 
air pollution, which is associated with the evolution of the technological progress, 
and individual movements through numerous microenvironments every day, it is not 
surprising that data from air pollution studies could be very variable. And as shown 
in Fig. 6.3, there is a summary of studies of ambient air pollution and CVDs in 
China.

6.3.1  Ambient Air Pollution, CVD, and Stroke

In order to examine whether the exposure to ambient air pollution was associated 
with the prevalence of stroke and CVDs among people living in a heavy industrial 
province of Northeast China, a large, well-characterized population-based cross- 
sectional study was conducted in 24,845 Chinese adults, ages 18–74 years old, from 
33 communities in the 11 districts of the 3 northeastern Chinese cities during 2009 
[13]. The 3-year average 24-h PM10 concentration was 123.1 μg/m3 (±14.6 μg/m3), 
the average 24-h SO2 concentration was 54.4 μg/m3 (±14.3 μg/m3), the average 24-h 
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NO2 concentration was 35.3 μg/m3 (±5.45 μg/m3), and the 8-h ozone (O3) concen-
tration was 49.4 μg/m3 (±14.1 μg/m3). After adjusting for other variables, PM10 
(adjusted OR = 1.16; 95% CI: 1.03–1.30) and SO2 (adjusted OR = 1.14; 95% CI: 
1.01–1.29) were significantly associated with stroke prevalence. Following stratifi-
cation by gender, the significant association between stroke prevalence and PM10 
(adjusted OR = 1.21; 95% CI: 1.05–1.41) and SO2 (adjusted OR = 1.19; 95% CI: 
1.01–1.40) was limited in men, but not in women. As for CVD, no significant asso-
ciations were found with air pollutants in men and in women. When further strati-
fied by BMI status, statistically significant interactions between exposure and 
obesity were observed for CVDs and stoke. The significant associations between 
annual pollutant concentrations and CVDs and stroke were greatest among obese 
participants (OR 1.15–1.47 for stroke, 1.33–1.59 for CVDs), less strong in over-
weight participants (OR 1.22–1.35 for stroke, 1.07–1.13 for CVDs), and weakest in 
normal-weight participants (OR ranged from 0.98 to 1.01 for stroke, 0.93 to 1.15 for 
CVDs). When stratified by gender, these interactions were statistically significant in 
women only [49].

Fig. 6.3 Summary of studies of ambient air pollution and CVDs
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The Study on Global Ageing and Adult Health, a prospective cohort in six low- 
and middle-income countries including China, has examined the effects of long- 
term exposure on stroke among 45,625 participants [33]. The odds of stroke were 
1.13 (95% CI, 1.04–1.22) for each 10 μg/m3 increase in PM2.5. This effect remained 
after adjustment for confounding factors including age, sex, smoking, and indoor air 
pollution (adjusted odds ratio = 1.12; 95% confidence interval, 1.04–1.21). Further 
stratified analyses suggested that participants with higher levels of physical activity 
had greater odds of stroke, whereas those with higher consumption of fruit and 
vegetables had lower odds of stroke. These effects remained robust in sensitivity 
analyses. We further estimated that 6.55% (95% confidence interval, 1.97–12.01%) 
of the stroke cases could be attributable to ambient PM2.5 in the study population.

6.3.2  Ambient Air Pollution and Hospital Admissions 
for Cardiovascular Diseases

To evaluate the association between ambient PM2.5 and daily hospital emergency 
room visits (ERVs) for cardiovascular diseases in Beijing, China, Su et  al. [57] 
obtained daily counts of cardiovascular ERV from the Peking University Third 
Hospital from January 2007 to December 2008 and, concurrently, data on PM2.5, 
PM10, nitrogen dioxide, and sulfur dioxide concentrations from monitoring net-
works and a fixed monitoring station. They observed adverse effects of PM2.5 on 
cardiovascular ERV and IQR increase (68 μg/m3) in PM2.5 were associated with an 
overall RR of 1.022 (95% CI: 0.990–1.057) obtained from PDL model. The greatest 
effects of PM2.5 on cardiovascular ERV were found at lag of 7 days; the respective 
estimate was 1.012 (95% CI: 1.002–1.022). The effects were strongest in spring and 
among females. Cerebrovascular and arrhythmia diseases revealed a greater asso-
ciation with PM2.5. They also found stronger PM effects for southern and stagnant 
air masses, and air pollution effects were modified in the period of Olympics.

Liu et al. [36] investigated whether daily changes in number or mass concentra-
tions of accurately size-segregated particles in the range of 3–10 μm are associated 
with daily cardiovascular emergency room visits in Beijing, China. The study 
observed delayed associations between number concentration of ultrafine particles 
and cardiovascular emergency room visits primarily from lag 4 to lag 10, generally 
contributed by 10–30 nm and 30–50 nm particles. An IQR (9040/cm3) increase in 
11-day average number concentration of ultrafine particles was associated with a 
7.2% (1.1–13.7%) increase in total and a 7.9% (0.5–15.9%) rise in severe cardiovas-
cular emergency room visits. The delayed effects of particulate mass concentration 
were small. In regard to immediate effects, 2-day average number concentration of 
Aitken mode (30–100 nm) particles had the strongest effects. An IQR (2269/cm3) 
rise in 2-day average number concentration of 30–50 nm particles led to a 2.4% 
(−1.5 to 6.5%) increase in total and a 1.7% (−2.9 to 6.5%) increase in severe car-
diovascular emergency room visits. The immediate effects of mass concentration 
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came mainly from 1000 to 2500  nm particles. An IQR (11.7 μg/m3) increase in 
2-day average mass concentration of 1000–2500 nm particles led to approximately 
2.4% (0.4–4.4%) increase in total and a 1.7% (−0.8–4.2%) increase in severe car-
diovascular emergency room visits. The lagged effect curves of number and mass 
concentrations of 100–300 nm particles or 300–1000 nm particles were comparable 
indicating that using particulate number or mass concentrations seemed not to affect 
the cardiovascular effect (of particles within one size fraction). The effects of num-
ber concentration of ultrafine particles, sub-micrometer particles (3–1000 nm), and 
10–30 nm particles were substantially higher in winter when compared with sum-
mer (reuse with permission from Liu et al. [36]).

Recently, Xu et al. [80] reported that the daily mean PM2.5 concentration was 
102.1 μg/m3, ranging from 6.7 to 508.5 μg/m3. Per 10 μg/m3 increase in PM2.5 was 
associated with a 0.14% (95% CI: 0.01–0.27%) increase in cardiovascular ERVs at 
lag 3. Cumulative delayed estimates were greatest at lag 0–5 (0.30%, 95% CI: 0.09–
0.52%). The estimates of percentage change in daily ERVs per 10 μg/m3 increase in 
PM2.5 were 0.56% (95% CI: 0.16–0.95%) for ischemic heart disease (IHD) at lag 
0–1, 0.81% (95% CI: 0.05–1.57%) for heart rhythm disturbances (HRD) at lag 0–1, 
and 1.21% (95% CI: 0.27–2.15%) for heart failure (HF) at lag 0, respectively. The 
effects of PM2.5 on IHD ERVs during high-temperature days (>11.01 °C) were sig-
nificantly higher than that on low-temperature days (≤11.01 °C) at lag 0, lag 0–1, 
lag 0–3, and lag 0–5 (P < 0.05). Recently, a case-crossover study examined how 
PM2.5 from Asian dust storms (ADS) affects the number of emergency room (ER) 
admissions for cardiovascular diseases (CVDs) [37]. The data indicated that PM2.5 
concentration from ADS was highly correlated with ER visits for CVDs, with the 
OR increased by 2.92 (95% CI: 1.22–5.08) per 10 μg/m3.

In western China, Ma et al. [39] investigated the short-term effects of air pollut-
ants (PM10, SO2, and NO2) on daily cardiovascular admissions from March 1 to May 
31 during 2007 to 2011  in Lanzhou, a heavily polluted city in western China. 
Significant associations were found between air pollutants and hospital admissions 
for cardiovascular diseases both on dust event days and non-dust event days in 
spring. Air pollutants had lag effects on different age and gender groups. Relative 
risks (RRs) and their 95% confidence intervals (CIs) associated with a 10 μg/m3 
increase were 1.14 (1.04–1.26) on lag 1 for PM10, 1.31 (1.21–1.51) on lag 01 for 
SO2, and 1.96 (1.49–2.57) on lag 02 for NO2 on dust days. Stronger effects of air 
pollutants were observed for females and the elderly (≥60 years).

Weather factors such as temperature, season, and relative humidity (RH) may 
modify the effects of pollution. Qiu et al. [51] conducted a study to examine the 
effects of air pollution on emergency ischemic heart disease (IHD) hospital admis-
sions that varied across seasons and RH levels and to explore the possible joint 
modification of weather factors on pollution effects. An increase in the harmful 
effects of air pollution in cool season and on low humidity days was detected. 
During the cool and dry season, a 10  μg/m3 increment of lag 3 exposure was 
 associated with an increase of emergency IHD admissions by 1.82% (95% CI: 
1.24–2.40%), 3.89% (95% CI: 3.08–4.70%), and 2.19% (95% CI: 1.33–3.06%) for 
particles with an aerodynamic diameter of less than 10 μm (PM10), nitrogen dioxide 
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(NO2), and ozone (O3), respectively. The effects of pollutants declined greatly and 
were no longer statistically significant in warm and humid season.

In Hong Kong, during 1994 and 1995, a retrospective ecological study was per-
formed to investigate short-term effects of concentrations of pollutants in ambient 
air on hospital admissions for cardiovascular and respiratory diseases [74]. Relative 
risk (RR) on admissions for respiratory disease for the four pollutants ranged from 
1.013 (for SO2) to 1.022 (for O3), and for admissions for cardiovascular disease, 
from 1.006 (for PM10) to 1.016 (for SO2). Those aged > or = 65 years were at higher 
risk. Interestingly, an inversed relationship has been reported between air pollution 
and stroke. By using the data of daily air pollution concentrations and emergency 
hospital admission data from January 2004 to December 2011  in Hong Kong, a 
time-series study was conducted to examine the short-term association of ambient 
CO with emergency stroke hospitalizations [62]. Negative associations were 
observed between ambient CO concentrations and emergency hospital admissions 
for stroke. Previous 1–3  day cumulative exposure to CO was associated with a 
−2.0% (95% CI, −3.3% to −0.7%) reduction in stroke admissions per IQR incre-
ment in CO concentration (0.3 ppm). Similar results were found when using 1-h 
maximum concentration of CO as exposure indicator. The negative association was 
stronger compared to co-pollutant adjustment for either NO2 or PM2–5. The elderly 
and females appeared to be more sensitive to ambient CO exposure. Negative asso-
ciation tended to be greater in cool season, suggesting some acute protective effects 
of CO exposure against stroke onsets.

6.3.3  Ambient Air Pollution and Hypertension

As the major risk factor for cardiovascular disease (CVD) and other vascular dis-
eases [29, 48, 73], high blood pressure (BP) and hypertension have been identified 
as the most important causes of disability and the leading risks for death in the 
world, causing an estimated 7.5 million deaths per year (13% of all deaths) [72]. To 
investigate the association between residential long-term exposure to air pollution 
and BP and hypertension, 33 communities study recruited 24,845 Chinese adults in 
11 districts of 3 northeastern cities from 2009 to 2010 [14] (Fig. 6.4). High ambient 
pollution levels were observed in the 11 study districts. The arithmetic means of 
PM10, SO2, NO2, and O3 were 123.1, 54.4, 35.3, and 49.4 μg/m3, respectively. These 
mean concentrations presented a wide variation in district gradient for PM10 (93–
145 μg/m3), SO2 (36–78 μg/m3), NO2 (27–45 μg/m3), and O3 (27–71 μg/m3). Results 
revealed that the odds ratio (OR) for hypertension elevated by 1.12 (95% confidence 
interval [CI], 1.08–1.16) per 19 μg/m3 increase in PM10, 1.11 (95% CI, 1.04–1.18) 
per 20 μg/m3 increase in SO2, and 1.13 (95% CI, 1.06–1.20) per 22 μg/m3 increase 
in O3. Estimated increases in mean systolic and diastolic BP were 0.87 mmHg (95% 
CI: 0.48–1.27) and 0.32 mmHg (95% CI: 0.08–0.56) per 19 μg/m3 interquartile rise 
in PM10, 0.80 mmHg (95% CI: 0.46–1.14) and 0.31 mmHg (95% CI: 0.10–0.51) per 
20 μg/m3 interquartile increase in SO2, and 0.73 mmHg (95% CI: 0.35–1.11) and 
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0.37  mmHg (95% CI: 0.14–0.61) per 22  μg/m3 interquartile increase in O3. 
Additionally, these associations were statistically significant only in men. 
Furthermore, the authors also evaluated whether obesity modified the association 
between ambient air pollution and increased blood pressure and hypertension in 
adults [89]. For all participants, significant interactions between being overweight 
and obese with PM10 or O3 (P < 0.001) were observed. However, when stratified by 
gender, these relationships were only obtained in males. Among men, the effects of 
air pollutants on hypertension were strongest in obese subjects (OR ranged from 
1.27 to 1.49), less strong in overweight subjects (OR ranged from 1.09 to 1.24), and 
weakest in normal-weight subjects (OR ranged from 1.08 to 1.10). Among women, 
none of the pollutants were found to be associated with prevalence of hypertension 
within any subgroup. As for arterial BP, for all subjects, each of the ambient air pol-
lutants, except for NO2, was significantly associated with higher SBP and DBP 
levels and increasing BMI; this association was especially seen in SBP. When strati-
fied by gender, these significant relationships were also limited to men [89]. Lin 
et al. [34] recently also examined long-term association between ambient PM2.5 and 
hypertension and blood pressure by interviewing 12,665 participants aged 50 years 
and older and measuring their blood pressures. Annual average PM2.5 concentra-
tions were estimated for each community using satellite data. For each 10 μg/m3 
increase in ambient PM2.5, the adjusted odds ratio of hypertension was 1.14 (95% 
confidence interval, 1.07–1.22). Stratified analyses found that overweight and obe-
sity could enhance the association and consumption of fruit was associated with 
lower risk. The authors further estimated that 11.75% (95% confidence interval, 
5.82–18.53%) of the hypertension cases (corresponding to 914, 95% confidence 
interval, 453–1442 cases) could be attributable to ambient PM2.5 in the study popu-
lation (Fig. 6.4). Findings suggest that long-term exposure to ambient PM2.5 might 
be an important risk factor of hypertension and is responsible for significant hyper-
tension burden in adults in China.

Fig. 6.4 Summary of studies of ambient air pollution and hypertension
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Based on a nationally representative survey (13,975 participants), a research 
group from Fudan University explored the associations of long-term exposure to 
PM2.5 with hypertension prevalence and blood pressure (BP) in China [35] (Fig. 6.4). 
The long-term average exposure to PM2.5 for all subjects during the study period 
(June 2011–March 2012) was estimated by a satellite-based model with a spatial 
resolution of 10 × 10 km. The results showed that the annual mean exposure to 
PM2.5 for all participants was 72.8 μg/m3 on average. An interquartile range increase 
(IQR, 41.7 μg/m3) in PM2.5 was associated with higher prevalence of hypertension 
with an odds ratio of 1.11 [95% confidence interval (CI): 1.05, 1.17]. Systolic BP 
increased by 0.60 mmHg (95% CI: 0.05, 1.15) per an IQR increase in PM2.5. The 
effects of PM2.5 on hypertension prevalence were stronger among middle-aged, 
obese, and urban participants.

The use of ambient air pollution data obtained from central air monitoring sta-
tions as surrogates for participants’ exposures to outdoor air pollutants in previous 
studies may have introduced bias in the estimation of exposure-response associa-
tions. Individual exposure measurement, where pollution is measured using per-
sonal wearable devices (as relatively to utilizing aggregate environmental 
measurements from monitoring stations), can better quantify observed differences 
and better reflect exposure among smaller groups of people at ground level. Some 
consider this to be the most accurate method of pollutant exposure assessment [54, 
64]. In addition, a growing number of panel studies on short-term air pollution 
exposures have assessed personal exposure based on ambient air concentrations 
measured at fixed stations within 3 km or even less than 1 km of their movement, 
such as community concentrations [83, 90]. Recently a panel study was conducted 
in 30 young adults from Guangzhou, China, to assess the effects of personal PM2.5 
exposure on blood pressure. The results showed that the 8-h mean concentration of 
personal PM2.5 exposure was 65.09 ± 22.18 μg/m3, which was 24.34 μg/m3 higher 
than the ambient concentrations over the same period (p < 0.05); however they were 
strongly correlated (Spearman’s r = 0.937, p < 0.01). Separate mixed-effect models 
for ambient and personal exposure were fitted to estimate their association with 
cardiopulmonary outcomes. Both models indicated PM2.5 exposure was not related 
to cardiopulmonary function. However, the mean daily 8-h NO2 exposure was sig-
nificantly associated with an elevation in heart rate and blood pressure. In the per-
sonal PM2.5 exposure model, a 10 μg/m3 increase in NO2 led to an increase of 6.7 
beats/minute in heart rate and an increase of 6.5 mmHg and 4.4 mmHg elevation in 
systolic blood pressure and diastolic blood pressure, respectively.

To evaluate the association between combustion-related air pollution with ambu-
latory blood pressure and autonomic function during February to July 2012, per-
sonal black carbon was determined for five consecutive days using microaethalometers 
in patients with metabolic syndrome in Beijing, China [88]. Mean (SD) of personal 
black carbon and fine particulate matter during 24 h was 4.66 (2.89) and 64.2 (36.9) 
μg/m3. Additionally, exposure to high levels of black carbon in the previous hours 
was associated significantly with adverse cardiovascular responses. One-unit 
increase in personal black carbon during the previous 10 h was associated with ele-
vated systolic blood pressure of 0.53  mmHg and diastolic blood pressure of 
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0.37  mmHg (95% confidence interval, 0.17–0.89 and 0.10–0.65  mmHg, respec-
tively), a percentage change in low frequency-to-high frequency ratio of 5.11, and 
mean interbeat interval of −0.06 (95% confidence interval, 0.62–9.60 and −0.11 to 
−0.01, respectively). Also, an unpublished longitudinal panel study with 6 repeated 
visits in 28 urban residents in Shanghai, China, was conducted from May 27 to July 
5, 2014. One hundred sixty-eight pairs of effective BP measurements were obtained 
during the study period. An interquartile range increase of PM2.5 (19.1 μg/m3) was 
associated with increments of 1.90  mmHg (95% CI: 0.66, 3.13) in systolic BP, 
0.68 mmHg (95%CI: −0.02, 1.37) in diastolic BP, and 1.23 mmHg (95% CI: 0.19, 
2.29) in pulse pressure. Some constituents of PM2.5, including organic carbon, ele-
mental carbon, nitrate, and ammonium, were robustly associated with BP after con-
trolling for total PM2.5 mass and accounting for the multicollinearity.

Wu et  al. [68] examined the cardiopulmonary health effects of fine particles 
(PM2.5) from different pollution sources in Beijing, China, among a panel of 40 
healthy university students. Significant increases in both SBP and DBP were associ-
ated with PM2.5 from dust/soil, industry, and coal combustion at different exposure 
metrics, among which the associations between DBP and PM2.5 from coal combus-
tion were most constant. Authors additionally found significant decrease in all three 
BP variables associated with 1–2-day average PM2.5 from metallurgical emission. 
Among these associations, the elevated DBP was associated with 1-day average 
PM2.5 from coal combustion and declines in SBP and DBP associated with 1-day 
average PM2.5 from metallurgical emission were consistent over different models.

Both low temperature and high air pollution have been associated with an 
increased risk of cardiovascular events. Wu et  al. [67] evaluate the interaction 
between ambient temperatures with air pollution in blood pressure in healthy 
adults in Beijing, China, in 2010–2011. Findings revealed significant interactions 
between temperature and traffic-related air pollutants (particulate matter with an 
aerodynamic diameter ≤2.5  μm, organic carbon, elemental carbon, and nitrogen 
dioxide) on BP (P  <  0.05 for all interaction tests). The estimated rises in SBP and 
DBP were 4.9 mmHg [95% confidence interval (CI) 2.9–6.8] and 3.7 mmHg (95% 
CI: 2.3–5.1) at high elemental carbon level (≥median) and were −1.3 mmHg (95% 
CI: −6.3 to 3.6) and 0.7 mmHg (95% CI: −2.8 to 4.2) at low elemental carbon level 
(<median) per 10 °C decline in daily minimum temperature. This indicated low 
temperature and high air pollution might act synergistically to increase BP in 
healthy adults (Fig. 6.5).

6.3.4  Ambient Air Pollution and Prehypertension

As a new category of blood pressure (BP) classification according to the Seventh 
Report of the Joint National Committee, prehypertension has aroused people’s great 
concern in recent years due to its associations with increased incidence of cardio-
vascular disease. The 33 communities Chinese Health Study reported that, follow-
ing covariate adjustment, an increased prevalence rate of prehypertension was found 

6 Ambient Air Pollution and Morbidity in Chinese



140

to be significantly associated with an interquartile range (IQR) of PM10 (OR, 1.20; 
95% CI, 1.12–1.28), SO2 (OR, 1.14; 95% CI, 1.00–1.28), NO2 (OR, 1.21; 95% CI, 
1.07–1.36), and O3 (OR, 1.16; 95% CI, 1.02–1.32). However, stratified analysis by 
sex showed that these relationships were only obtained in women, not in men. The 
corresponding P values for interaction of sex with PM10, SO2, NO2, and O3 were 
<0.001, 0.012, 0.217, and 0.026, respectively. When further stratified by age of the 
subjects, the graded relationship between air pollutants and prehypertension per-
sisted. The ORs for prehypertension were 1.08–1.16  in subjects aged ≤35 years, 
1.11–1.17 in subjects aged 35–55 years, and 1.23–1.27 in subjects aged ≥55 years. 
The P values for the interaction of age and all four air pollutants were <0.001. 
Subgroup analysis by BP classification was further performed, using all eligible 
subjects inclusive of those with hypertension [14]. The results showed that all four 
air pollutants were significantly associated with SBP levels in participants with pre-
hypertension; however, only SO2 showed a significant association in hypertensive 

Fig. 6.5 Summary of studies of ambient air pollution and arterial blood pressure (mmHg)
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patients. Similarly, significant associations of PM10, SO2, and O3 with DBP were 
found in participants with prehypertension, but not in people with hypertension. 
Further sensitivity analyses by excluding the hypertensive participants on the anti-
hypertensive treatment showed that the estimated changes in SBP and DBP were 
not materially changed. These results indicate that in comparison to hypertension, 
exposure to long-term ambient air pollutants may have greater effects on the devel-
opment of prehypertension and that the effects on the increases in arterial BPs may 
be more evident among individuals with prehypertension. Authors also further ana-
lyzed the data to test whether overweight/obesity modifies the association between 
long-term exposure to ambient air pollution and prehypertension among Chinese 
adults. The associations of PM10, SO2, NO2, and O3 with prehypertension were sig-
nificant among overweight/obese subjects (odds ratios (ORs): 1.61–1.90), but not 
among normal-weight subjects (ORs: 0.97–1.06). PM10, SO2, and O3 were signifi-
cantly associated with systolic blood pressure (SBP), and magnitudes of these asso-
ciations were higher among overweight/obese adults (increases in SBP per 
interquartile range (IQR) of air pollutants: 2.24–3.48  mmHg) than those among 
normal-weight adults (increases in SBP per IQR of air pollutants: 0.16–0.37 mmHg). 
For diastolic blood pressure (DBP), significant associations were only obtained in 
overweight/obese participants (increases in DBP per IQR of air pollutants: 0.92–
1.27  mmHg). Further stratified analyses showed that all these interactions were 
stronger in females and older individuals.

6.4  Ambient Air Pollution and Metabolic Disease

Experimental evidence has revealed that ambient particle (PM2.5) exposure is capa-
ble of inducing metabolic abnormalities and obesity in nonhuman subjects (rodents) 
[78]. In a rodent model [66], we observed that breathing Beijing’s highly polluted 
air resulted in weight gain and cardiorespiratory and metabolic dysfunction. 
Compared to rats exposed to filtered air, those exposed to unfiltered Beijing air were 
significantly heavier at the end of pregnancy. At 8 weeks old, the offspring prena-
tally and postnatally exposed to unfiltered air were heavier than those exposed to 
filtered air were. Among both rat dams and their offspring, following continuous 
exposure to unfiltered air, we observed pronounced histologic indication for both 
perivascular and peribronchial inflammation in the lungs, dyslipidemia, elevated 
tissue and systemic oxidative stress, and an enhanced proinflammatory status of 
epididymal fat. Findings suggest that TLR2-/TLR4-dependent inflammatory activa-
tion and lipid oxidation in the lung can spill over systemically, resulting in meta-
bolic dysfunction and weight gain.

The 33 communities study reported that, after adjusting for confounding factors, 
significant associations were observed between concentrations of air pollutants and 
prevalence of obesity. When analysis was stratified by sex, the associations remained 
significant only in women. Among women, an increased prevalence of obesity was 
associated with an interquartile range increase in PM10 (19 μg/m3; ORs = 1.18; 95% 
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CI: 1.06–1.32), NO2 (9 μg/m3; ORs = 1.24; 95% CI: 1.09–1.41), and O3 (22 μg/m3; 
ORs  =  1.14; 95% CI: 1.01–1.30). Additionally, the associations were strongest 
among older participants [32]. Based on the same population, the authors also eval-
uated the ambient air pollution with diabetes prevalence, and glucose homeostasis 
markers including fasting and 2-h glucose and insulin levels, the homeostasis model 
of assessment for insulin resistance index (HOMA-IR), and the homeostasis model 
of assessment for beta-cell function (HOMA-B) were used as indicators of glucose 
homeostasis. An interquartile range increase in PM10, SO2, NO2, and O3 corresponds 
to a 1.20- (95% confidence interval (CI): 1.12–1.28), 1.12 (95% CI: 1.04–1.21), 
1.22- (95% CI: 1.12–1.33), and 1.14-fold (95% CI: 1.05–1.25) increased risk of 
diabetes mellitus, respectively. The corresponding changes in fasting glucose, 2-h 
glucose, fasting insulin, 2-h insulin, HOMA-IR, and HOMA-B were 0.04–
0.09 mmol/L, 0.13–0.19 mmol/L, 0.16–0.54 μU/L, 1.43–2.74 μU/L, 0.05–0.24, and 
−8.11 to −3.62, respectively, for an interquartile range increase of the pollutants. 
Stratified analyses revealed that the effects were greater in males and the young.

Sun et  al. [59] used a Poisson time-series model to examine the association 
between 17 chemical components of PM10 and daily emergency hospital admissions 
for T2DM among residents aged 65 years or above from January 1998 to December 
2007 in Hong Kong. In the single-pollutant models, PM10 components associated 
with T2DM admissions include elemental carbon, organic carbon, nitrate, and 
nickel. The ER% estimates per IQR increment at lag 0–1 for these four components 
were 3.79% (1.63, 5.95), 3.74% (0.83, 6.64), 4.58% (2.17, 6.99), and 1.91% (0.43, 
3.38), respectively. In Wuhan city, Xiao et al. [77] explored the short- and long-term 
effects of air pollution on eight blood lipid markers among elderly hypertension 
patients with or without type 2 diabetes (T2D). The authors observed that in an 
exposure time of 7 days or longer, blood lipid markers were slightly affected by 
poor air quality. However, the results were unable to predict whether atherosclerosis 
would be promoted or inhibited by poorer air condition. Changes in blood lipid 
markers of hypertension among patients with or without T2D were near the same, 
but no blood lipid markers had an opposite trend between the two populations. Air 
quality index was associated with changes to blood lipid markers to some degree in 
a population of hypertension among patients with or without T2D.

6.5  Ambient Air Pollution and Infection Diseases

To date, most studies have focused on the effects of PM on cardiovascular and respi-
ratory disease [1, 2]. However, studies in recent years have also reported associa-
tions between PM and infectious diseases (e.g., influenza, hemorrhagic fever with 
renal syndrome, and hand, foot, and mouth disease)[16, 22, 25]. For example, a 
study from Korea was performed to investigate the relationship between the inci-
dence of national notifiable infectious diseases (NNIDs) and meteorological factors, 
air pollution levels, and hospital resources [25], and results showed that of the 34 
NNIDs, malaria showed the most significant correlation with concentration of 
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nitrogen dioxide (r = −0.884, p < 0.01). Inhalation transports PM deep into the lung 
and virus attached to particles may invade the lower part of respiratory tract directly 
and thus enhance the induction of infections [53].

PM2.5 is easily absorbed into the lungs and is considered to be the primary cause 
of the recent hazy weather in China. Researchers have explained that PM2.5 contains 
toxic chemicals and microparticles that attach to pathogenic microorganisms. When 
people are exposed to haze, PM2.5 can penetrate deeply into the lungs through the 
respiratory tract due to its small size, thus decreasing the resistance of lung tissue to 
pathogenic microorganisms and thereby increasing the risk of respiratory disease 
[15]. Dr. Hongzhou Lu (deputy director of the Shanghai Public Health Clinical 
Center for H7N9 bird flu) has declared that the hazy conditions increase the risk of 
respiratory infection, including H7N9, but do not directly result in the proliferation 
of viruses [44]. Likewise, data from the Chinese Center for Disease Control and 
Prevention did not show severe acute respiratory syndrome or influenza virus out-
breaks in the Chinese population during 2013, the worst year of haze in more than 
half a century in China [44]. Despite the fact that haze-associated respiratory infec-
tion is not as serious as severe acute respiratory syndrome, a wide range, long dura-
tion, and high frequency of haze occurrence, coupled with its long-term effects, will 
bring new challenges to the Chinese medical community in the future.

During the severe smog event in Beijing, Cao et al. [4] employed metagenomic 
methods to analyze the microbial composition of Beijing’s PM pollutants, and the 
results showed that with sufficient sequencing depth, airborne microbes including 
bacteria, fungi, archaea, and dsDNA viruses could be identified at the species level. 
This suggests that most of the inhalable microorganisms were soil associated and 
nonpathogenic to human. However, the sequences of several respiratory microbial 
allergens and pathogens were identified, and their relative abundance appeared to 
have grown with increased concentrations of PM pollution. A recent study exam-
ined the relationships between short-term exposure to ambient particles with aero-
dynamic diameter ≤2.5 μm (PM2.5) and measles incidence in China [8]. Data on 
daily numbers of new measles cases and concentrations of ambient PM2.5 were col-
lected from 21 cities in China during October 2013 and December 2014. Poisson 
regression was used to examine city-specific associations of PM2.5 and measles, 
with a constrained distributed lag model, after adjusting for seasonality, day of the 
week, and weather conditions. A 10 μg/m3 increase in PM2.5 at lag 1 day, lag 2 day, 
and lag 3 day was significantly associated with increased measles incidence [rela-
tive risk (RR) and 95% confidence interval (CI) were 1.010 (1.003, 1.018), 1.010 
(1.003, 1.016), and 1.006 (1.000, 1.012), respectively]. The cumulative relative risk 
of measles associated with PM2.5 at lag 1–3 days was 1.029 (95% CI: 1.010, 1.048). 
Stratified analyses by meteorological factors showed that the PM2.5 and measles 
associations were stronger on days with high temperature, low humidity, and high 
wind speed. This study provides new evidence that measles incidence is associated 
with exposure to ambient PM2.5 in China.

Ye et al. [81] investigated whether the rotavirus infection rate in children is asso-
ciated with temperature and air pollutants in Hangzhou, China. This study applied a 
distributed lag nonlinear model (DLNM) to assess the effects of daily meteorologi-
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cal data and air pollutants on the rotavirus-positive rate among outpatient children. 
The average concentrations of PM2.5 was 53.9 μg/m3 and PM10 was 80.6 μg/m3 in 
Hangzhou in 2015. The highest RR of rotavirus infection occurred at lag 1–1.5 days 
after the increase in the concentration of these pollutants, and the RR increased 
gradually with the increase in concentration, and the cumulative RR caused by the 
cumulative effect was 2.5 and 2.2, respectively. Huang L et al. [23] performed a 
study in China to quantify the effects of air pollution on influenza-like illness in 
Nanjing, China, from January 1, 2013 to December 31, 2013. The average concen-
trations of PM2.5, PM10, and NO2 were 77.37 μg/m3, 135.20 μg/m3, and 55.80 μg/m3, 
respectively. An interquartile range increase in PM2.5 concentration was associated 
with a 2.99% (95% confidence interval (CI): 1.64%, 4.36%) increase in daily 
influenza- like cases on the same day. However, the corresponding increase in NO2 
was associated with a 3.77% (95% CI: 2.01%, 5.56%) rise in daily cases. People 
ages 0–4  years were found to be significantly vulnerable to PM10 and NO2; 
5–14 years of age were significantly susceptible to PM2.5 and PM10; and 15–24 years 
of age were significantly susceptible to all the analyzed air pollutants. Air pollution 
effects tended to be null or negative for patients over the age of 25 years, which 
might be due to the small number of influenza-like cases in this age group.

Feng et al. [16] has quantified the impact of PM2.5 on the risk of influenza-like 
illness (ILI) in Beijing China. Daily PM2.5, meteorological factors, and influenza- 
like illness (ILI) counts during January 1, 2008, to December 31, 2014, were 
retrieved. Findings suggest a strong positive relationship between PM2.5 and ILI risk 
during the flu season (October to April) (p-value < 0.001), after adjusting for the 
effects of ambient daily temperature and humidity, month, and year, whereas no 
significant association was identified during non-flu season (May to September) 
(p-value  =  0.174). A short-term delayed effect of PM2.5 was also identified with 
2-day moving average (current day to the previous day) of PM2.5 yielding the great-
est predictive power. Moreover, PM2.5 was strongly associated with ILI risk across 
all age groups (p-value < 0.001) during flu season, where the effects was most pro-
nounced among adults (age 25–59), followed by young adults (age 15–24), school 
children (age 5–14), and elderly (age 60+). The effect of PM2.5 was least pronounced 
for children under 5 years of age (age <5). In contrast, Huang R et al. [24] evaluated 
the impacts of temperature, humidity, and air pollution, particularly levels of PM10, 
on the incidence of hand, foot, and mouth diseases (HFMD) in a city in Eastern 
China in the period from January 2012 to December 2014. PM10 level showed no 
relationship to the incidence of HFMD.

The increasing number of cases of respiratory infection, especially skyrocketing 
cases of human infection with avian influenza A H7N9 virus during January 2014, 
forced the Chinese Center for Disease Control and Prevention as well as medical 
institutions to prepare to actively meet the challenge [44]. The National Health and 
Family Planning Committee plans to collect firsthand data through the establish-
ment of the National Haze Health Effects Monitoring Network to find strategies and 
administrate policy in the future. The Environmental Protection Department is also 
actively setting more stringent industry standards to control the sources of haze.
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Although masks can reduce inhalation of harmful substances and the incidence 
of haze-related respiratory diseases, haze governance and improving air quality are 
effective means to reduce the attack rate of haze-related respiratory diseases.

6.6  Summary

We describe the associated health effects of ambient air pollution in Chinese. 
According to our knowledge, this is the first comprehensive review of the health 
effects of ambient air pollution in China from morbidity perspectives, and we hope 
this paper will provide evidence for the further development and implementation of 
ambient air pollution policies in China. Knowledge of the human health effects of 
this activity would offer a valuable rationale for policy makers to implement 
community- based intervention approaches to reduce personal and population 
exposure.

Although the exposure-response relationship has been build based on lots 
population- based investigation, much remains unclear regarding which pollutants 
account for most of the health effects and specific signaling pathways responsible 
for eliciting exacerbation of chronic diseases. How coarse particles from smoky 
coal interact with major pollutants in eliciting oncogenesis warrants investigation, 
as do the mechanisms underlying induction of exacerbation by components such as 
heavy metals, PAHs, aldehydes, and other chemicals originating from traffic and 
coal burning.

China is a vast geographical territory with contrasting climatic characteristics 
that influence the components and concentrations of air pollutants. Exploration of 
heterogeneous adverse effects of air pollution would benefit health-care providers in 
individual regions. Stricter regulations are needed to improve air quality in highly 
polluted regions such as Northeast China. Evaluation of health responses to air pol-
lution in northern versus southern China, and in Han Chinese versus other ethnic 
groups, would unravel the mechanisms and predictors of differential adverse effects 
in different geographic regions and ethnic groups. Most available data have been 
derived from studies in developed countries where upper limits of pollution have 
been relatively low (50 μg/m3 for PM10) compared with Chinese levels and exclu-
sively in white populations. Data examining dose-response relationships at high 
pollutant levels would be valuable for policy makers to tailor environmental protec-
tion regulations in individual regions. Well-designed studies should determine 
whether extreme air pollution is oncogenic or solely irritating to the airways. After 
all, economic development should not be at the expense of people’s health.
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Chapter 7
Air Pollution and Children’s Health 
in Chinese

Wei-Wei Lin, Zan-Xiong Chen, Min-Li Kong, Yan-Qi Xie, 
and Xiao-Wen Zeng

Abstract Children can be considered as a high-risk population to environmental 
stress since some of the organ systems including the immune system and respiratory 
system are still in development during childhood. During childhood, the impact of 
environmental pollutants exposure may program child growth and development that 
have long-term consequences on later health and disease risk. Considering the rapid 
economic growth in recent decades in China, the impact of ambient air pollution on 
children health causes concerns. Therefore, we aimed to review the current epidemio-
logical evidence on the effects of air pollution exposure on adverse health outcome, 
including respiratory diseases, lung function, high blood pressure, cognitive disorder, 
and obesity in childhood in China. We believe that the findings summarized in our 
review demonstrate an unequivocal relationship between air pollutants exposure and 
Chinese children health and these results have large public health influences.

Keywords  Ambient air pollution • Children • Chinese

7.1  Introduction

Children can be considered as a high-risk population to environmental stress since 
some of the organ systems including the immune system and respiratory system are 
still in development during childhood. Their physical activity, such as spending 
longer time outdoors, and their closer proximity to traffic exhaust emission sources 

W.-W. Lin • X.-W. Zeng (*) 
Guangzhou Key Laboratory of Environmental Pollution and Health Risk Assessment, 
Department of Preventive Medicine, School of Public Health, Sun Yat-sen University,  
74 Zhongshan 2nd Road, Yuexiu District, Guangzhou 510080, Guangdong, China
e-mail: zxw63@mail.sysu.edu.cn; zengxw123@163.com 

Z.-X. Chen • M.-L. Kong • Y.-Q. Xie 
Maternal and Children’s Health Hospital of Maoming City, 192, Renmin South Road, 
Maonan District, Maoming, Guangdong Province 525000, China

mailto:zxw63@mail.sysu.edu.cn
mailto:zengxw123@163.com


154

compared with adults might add to their vulnerability toward hypertensive effects of 
air pollution. Environmental exposures may lead to an impaired organ development 
resulting in long-term complications and disease in later life. There are approxi-
mately 223.2 million children aged 0–14 years in China [58]. The rapid growth of 
population, urbanization, and industry which encouraged an enormous increase in 
transportation activity and energy consumption has caused serious air pollution 
problem in China. Despite a growing body of literature suggesting that ambient air 
pollution exposure may play a role in etiology of children diseases, such as asthma 
and lung function disorder, information on the association of air pollution exposure 
and children adverse health outcome in China is still limited. Therefore, this chapter 
aims to summarize current epidemiological evidence on the effects of air pollution 
exposure on adverse health outcome, such as respiratory diseases, lung function, 
high blood pressure, cognitive disorder, and obesity in childhood in China.

7.2  Association Between Air Pollution and Respiratory 
Diseases and Symptoms in Children

Respiratory diseases, such as pneumonia, bronchitis, asthma, wheeze, runny nose, 
and sore throat, are the most common cause of mortality and morbidity in children 
all over the world, especially in young children. The state of children’s respiratory 
health is determined by the interaction of environmental factors and genetic suscep-
tibility. A growing body of evidence has indicated that occurrence or severity of 
respiratory diseases is associated with the concentration of air pollutants, one of the 
environmental risk factors. Not only are children with low lung function more sus-
ceptible to short-term manifestations, but also poor lung development in young chil-
dren has long-term clinical symptoms with implications for lifelong respiratory 
problems. The aim of this section is to evaluate the epidemiological studies that 
have addressed the hypothesis whether ambient air pollution, one of the environ-
mental toxicants, increases the risk of respiratory diseases in children in China in 
the past decade (2006–2016).

7.2.1  Lung Growth and Development

The lung is a rather complex heterogeneous structure providing the body with oxy-
gen and removing carbon dioxide. Development of the lung includes two phrases, 
lung growth (structure development) and lung maturation (functional development). 
Lung growth can be influenced by physical, environmental, hormonal, and genetic 
factors. Lung functional development is primarily a biochemical process and is 
regulated by various hormones, growth factors, and transcriptional factors [36]. In 
comparison with other organs, the development of the lung plays a special role. The 
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milestones of development of the human lung can be divided into five stages: 
embryonic,  pseudoglandular,  canalicular,  saccular,  and  alveolar  (Fig.  7.1)  [37]. 
During the embryonic stage, the lung begins to develop as an outgrowth of the ven-
tral wall  of  the primitive  foregut  to  form endodermal buds  [37]. The respiratory 
diverticulum appears around 32 days after fertilization [35]. The pseudoglandular 
stage predominates from 7 to 17 weeks of gestation. At this stage,  the entire air- 
conducting bronchial tree up to the terminal bronchioli are completed, but further 
growth and cellular differentiation continues until early adulthood [76]. Canalicular 
stage includes two important steps: one is the differentiation of type I and type II 
pneumocytes and the other is the formation of the alveolar capillary barrier [36]. 
The chief characteristic of this stage is the formation of the acinar structures which 
comprise the respiratory bronchioles, alveolar ducts, and primitive alveoli; with the 
detection of surfactant protein in this stage, a primary gas-exchange platform is 
established [36]. In the subsequent saccular stage and alveolar stage, the airways are 
progressive branching and finally develop to alveolar spaces capable of gas 
exchange, and the surfactant system reaches maturity by about 36 weeks in the last 
trimester. The alveolar cells remain proliferation, and their number continues to 
increase after birth.

The lung growth commences in the embryonic period and extends through the 
fetal period up to birth and even afterward. Therefore, environmental toxicants that 
are able to cross the placenta or interfere with the developmental program during 
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Fig. 7.1 Principal stages of lung development in humans. Diagrammatic representations of the 
timeline and developmental organization of the trachea, primary bronchi, intrapulmonary bronchi, 
and acinus in the mammalian respiratory system (Source: Kajekar [37])
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any of the lung growth stages may influence the lung function and increase the risk 
of respiratory diseases in later life.

7.2.2  Air Pollutants that Influence Respiratory Health

Respiratory tract, a principal interface between air and the organism, is extremely 
vulnerable to the harmful effects of air pollutants. WHO estimated that air pollution 
kills 600,000 children under 5 years per year [77]. Not only is air pollution related 
to diseases that kill but also to poor health condition and high morbidity among 
children. Particulate matter is a mixture of solid and liquid particles suspended in 
air. Respiratory manifestations to PM are linked with upper airways illness and 
lower respiratory illness, including cough, phlegm, decreased lung function, exac-
erbation of asthma, increased incidence of bronchitis and respiratory infection, and 
increased inflammatory response in respiratory system [65, 47]. Ozone is a power-
ful oxidant formed by the action of sunlight on nitrogen oxides and hydrocarbons, 
both of which are mainly originated from industry and motor vehicles in urban 
areas. Once inhaled into the respiratory tract, ozone can cause peroxidation of lip-
ids, produce reactive oxygen species and ozonation products, accelerate pulmonary 
inflammation,  and  further  cause  injury  to  the  respiratory  system  [37]. Nitrogen 
dioxide is the product of the combustion of fossil fuels from motor vehicles, heat-
ing, and power generation; it is a common indoor air pollutant. Nitrogen dioxide has 
been linked to increase the prevalence of acute and chronic respiratory diseases, 
reduce lung function, and exacerbate asthma, especially in children [48].

7.2.3  Epidemiological Studies in China: Air Pollution 
and Respiratory Diseases

There has been an emerging literature in China indicating that air pollution includ-
ing  particulate matter  (PM),  nitrogen  dioxide  (NO2),  ozone  (O3), sulfur dioxide 
(SO2), and black carbon has adverse effects on children’s respiratory health in the 
past decade.

Three districts in Hong Kong with pollution levels ranging from “low” to “mod-
erate”  to  “high” were  studied  around  a  4-month period,  including 2203 primary 
school children [24]. The authors defined the low-pollution district (LPD), moderate- 
pollution district (MPD), and high-pollution district (HPD) by the levels of PM10 
over the previous 10 years in Hong Kong. The annual means for PM10, NO2, and 
SO2 in the HPD in the past 12 months previous to the studied year were 8.7 μg/m3, 
12.7 μg/m3, and 6.8 μg/m3 higher than in the LPD, respectively, whereas the annual 
mean concentration of O3 in the HPD was 10.8 μg/m3 lower than in the LPD. Only 
Chinese students aged 8–10 from the elementary schools located within 1 km from 
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the fixed air monitoring station were recruited in this cross-sectional study. Among 
girls, compared to those in the LPD, the odds ratios for cough at night were 1.65 
(95% CI: 1.08–2.52) in the MPD and 1.81 (95% CI: 1.17–2.78) in the HPD; and the 
odds ratios of phlegm without colds were significantly higher in the HPD (OR = 3.84) 
than  in  the LPD.  In  boys,  only marginal  significance was  reached  for wheezing 
symptoms,  phlegm without  colds,  and  asthma  in  the HPD. Although  this  study 
examined chronic effects of air pollution on children’s respiratory morbidities based 
on 10-year air pollution monitoring data, limited to the cross-sectional study design, 
this study could not establish the temporal order of cause and effect and was not 
able to separate the effects of individual exposures.

Black carbon is operationally defined as light-absorbing carbonaceous aerosol 
measured by an optical instrument in climate science community. In urban area, 
road traffic is a major source of black carbon. A time series analyses from Shanghai 
linked the concentration of black carbon to childhood asthma admission [30]. Daily 
asthma admissions from 2007 to 2012 were considered in the study. Black carbon, 
PM2.5, NO2, and SO2 were the air pollutants evaluated. Black carbon and PM2.5 were 
the main factors of interest, while NO2 and SO2 were treated only as potential con-
founders. The effects of black carbon were stronger and robust than those of PM2.5 
in both single-pollutant and multi-pollutant models. Take the single-pollutant 
model, for example, an inter-quartile range (2.49 μg/m3) increase in black carbon 
was associated with 7% (95% CI: 5–8%) increase in asthma admission with a maxi-
mum lag of 3 days in the distributed lag model. In this study, the authors also ana-
lyzed the effects of black carbon by age. The relative risks for asthma admission in 
5- to 14-year-old children were higher than those of younger children (0–4 years 
old). The authors attributed these differences to the differences in physiology and 
anatomy since asthma-like symptoms (e.g., cough and wheeze) in children under 5 
eventually disappear with their ages increase. The study indicated that black carbon 
might serve as an additional air quality indicator in China.

A large study [44, 49] in 25 districts of 7 cities in Northeast China specifically 
examined the effects of outdoor and indoor air pollution on asthma and asthma- 
related symptoms in 23,326 6- to 13-year-old children. Outdoor air pollutants such 
as PM10, SO2, NO2, and O3 were available from municipal air pollution monitoring 
stations over 3 years during 2006–2008. Questionnaire-based reports of respiratory 
symptoms, mostly asthma and asthma-related symptoms, were collected from par-
ents of recruited children. The study found that exposures to PM10, SO2, NO2, and 
O3 were associated with significant increases in doctor-diagnosed asthma, current 
asthma, persistent cough, and persistent phlegm, although current wheeze was not 
fully confirmed. However, the significant results for asthma and asthma-related 
symptoms must be considered with caution as uncontrolled confounding (e.g., tem-
perature and relative humidity) may have occurred in this study. To examine whether 
gender may modify the effects of air pollution on respiratory diseases, odds ratios 
of respiratory illness in males and females were calculated separately, but most of 
the effects did not differ between genders. Nevertheless, an earlier study [15] by the 
same group revealed a different picture about the gender difference in the same 
studied population. This previous study aimed to investigate the association between 
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exposure to PM10, SO2, NO2, O3, and CO and respiratory diseases and also to evalu-
ate whether allergic predisposition and gender modified these associations. They 
found that boys without an allergic predisposition may be more vulnerable to air 
pollution, whereas girls with an allergic predisposition may be more susceptible. 
The authors thought the differences might be due to the gender-specific behavior 
and physiology and high prevalence of non-allergic type of asthma in girls.

Another study [60] in the Northeast China investigated the effects of exposures 
to outdoor total suspended particles (TSP), NO2, and SO2 on respiratory symptoms 
in 11,860 3- to 12-year-old children. The study considered persistent cough, persis-
tent phlegm, current wheeze, and current asthma to be the main outcomes of inter-
est. Six cities of Liaoning Province and three districts with different levels of air 
pollution within each city were selected. Outdoor levels of TSP, NO2, and SO2 in 
this region have historically been among the most polluted cities in China and often 
exceeded the National Standard of China and WHO guidelines during the research 
period  [60]. Positive associations were found with the prevalence of persistent 
cough, persistent phlegm, and current asthma. The strength of this study is the wide 
concentration gradients in the air pollutants, which provided an opportunity to 
assess the adverse health effects of air pollution within a wide pollution range, while 
limitations include the cross-sectional design and unavailable data of indoor air pol-
lution exposure.

Evaluation of the health impacts of air pollution on children requires a balanced 
and comprehensive risk estimate in terms of both indoor and outdoor exposures. A 
study [82] in the city of Taiyuan, Shanxi Province, investigated the influence of both 
indoor and outdoor air pollution on the asthmatic symptoms in ten elementary 
schools in December 2004. The outcomes, including cumulative asthma, wheeze or 
whistling in the chest, daytime/nocturnal attacks of breathlessness, furry pet or pol-
len allergy, as well as respiratory infection, were studied cross-sectionally in 1993 
pupils aged 11–15. Indoor SO2, NO2, O3, and formaldehyde concentrations over a 
7-day continuous period were measured in selected classrooms, and a 7-day average 
of outdoor air pollution levels was measured by diffusion samplers. As Taiyuan city 
is a heavily polluted, coal-burning city, outdoor air pollution levels were two or 
three times higher than indoor air in the studied period. Wheeze or daytime or noc-
turnal  attacks  of  breathlessness,  after  adjusted  for  several  potential  confounding 
factors, were positively associated with exposure to SO2, NO2, or formaldehyde. 
Again, it is noteworthy that the cross-sectional design has the limitation of drawing 
firm conclusions based on causal relationships.

In the past decade, there has been increasing evidence in China to suggest that 
high concentrations of air pollution have adverse effects on children’s respiratory 
system. Children’s respiratory systems are in the process of developing and grow-
ing, making them especially susceptible to high concentration of air pollution. The 
air pollution concentrations in those studies, especially the PM2.5 concentration, are 
usually higher than WHO standards, resulting in increasing risks of chronic cough, 
phlegm, asthma, wheeze, and respiratory infection in children. However, most of 
the studies are cross-sectional or time series studies. The inherent weakness of the 
study design limits the possibility of drawing a convincing causal relationship.
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7.3  Association Between Air Pollution and Lung Function 
in Children

Lung function is of interest as a marker of respiratory health in studies which exam-
ine the relationship between air pollution exposure and children’s health. Spirometric 
measures –  like  forced vital  capacity  (FVC), peak expiratory flow  (PEF),  forced 
expiratory flow between the 25th and 75th percentile of FVC (FEF25–75), and forced 
expiratory flow at 75% of FVC (FEF75) – have been recognized as a predictor of 
cardiorespiratory morbidity and mortality [70]. Of additional concern, reduced lung 
function is characterized by significant health disparities, with low socioeconomic 
status  children  having  low  levels  of  pulmonary  function  [28]. A large-scale 
population- based cross-sectional study in Shanghai recently found strong socioeco-
nomic disparities in lung function which widened with increasing age [22]. Although 
the subjects were only restricted to adult population, the study did indicate that, like 
many other countries, socioeconomic status was a critical risk factor for reduced 
lung function in China. In trying to understand the potential mechanism underlying 
the relationship between socioeconomic status and lung function, patterns of dis-
parities may be informative. Environmental factors are among those patterns that 
contribute  to  disparities  in  lung  function  reduction.  In  2016,  based  on  Data 
Integration Model for Air Quality (DIMAQ), the World Health Organization (WHO) 
estimated that annual median concentration of PM2.5 in urban area of China was 
59 μg/m3, whereas the concentration reduced to 54 μg/m3 while including the rural 
areas [78]. The spatial-temporal variation of PM2.5 was found to be correlated with 
socioeconomic factors; high concentrations of PM2.5 were concentrated in regions 
with high populations, high gross domestic product (GDP), and rapid urban expan-
sion areas in China [45]. People of low socioeconomic status are usually dispropor-
tionate affected by high exposures in home and neighborhood. Disparities in health 
outcomes from those hazardous exposures have led to extensive investigation into 
the relationship between environmental factors and adverse health outcomes, 
including lung function reduction. This section focuses on the effects of air pollu-
tion on lung function in Chinese children.

7.3.1  Identification of Evidence

In China, spirometry testing of children is widely used while evaluating the effects 
of ambient air pollution on children’s health. In 2009, Liu and Zhang [51] collected 
research articles in relation to air pollution and children’s lung function published 
from 1985 to 2006 and conducted a systematic review, focusing on FVC, FEV1, and 
maximal mid-expiratory  flow  rate  (MMEF). This  review  provides  an  interesting 
overview. The authors considered 11 cross-sectional studies covering 7 cities and 
10,394 7- to 14-year-old children. Summary estimates of the effects of TSP, SO2, 
and NOx on FVC, FEV1, and MMEF were reported. The review indicated that FVC 
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and EFV1 had no effect for NOx but significant negative associations with both TSP 
and SO2, whereas MMEF had a statistically significant effect only for NOx. The 
review suggested that TSP and SO2 are mainly related to the decline of big airway 
function, while NOx  is mainly  related  to small airway  function  [51]. In order to 
avoid an overlap with this previous review, we only considered relative studies pub-
lished between 2006 and 2015 and included in Web of Science or PubMed database. 
Our search strategy and selection criteria included the key words “air pollution,” 
“lung function,” “children,” and “China/Chinese.” Evidences for the effects of air 
pollutants on lung function growth and decline are summarized below.

7.3.2  Cross-Sectional Studies in Chinese Children

Research is abundant in the children’s health literature on how air pollution adversely 
affects lung function growth. One of the most ambitious cohort studies is the 
Southern California Children’s Health Study (CHS) study. This study found a nega-
tive, dose-dependent association between outdoor air pollution exposure and lower 
levels of FEV1 and that changes in air pollution exposure resulted in remarkable 
changes in lung function growth [1, 25]. As noted above, the levels of the air pollu-
tion in the CHS study were relatively low, where annual PM10 concentration varied 
from 15  to 66 μg/m3 and annual O3  concentration varied  from 30  to 71 ppb  [1]. 
However, children living in China have been exposed to much higher levels of air 
pollution.  For  example,  annual  average  of  PM10  ranged  from  59  (Shenzhen)  to 
180 μg/m3  (Beijing)  in some mega cities of China [9]. Although there have been 
many important findings from western countries with low levels of air pollution, 
whether the impact of air pollution on lung function in children living in highly pol-
luted areas is similar is unclear. Unresolved scientific issues dealing with the effects 
of higher levels of air pollution on lung function must be recognized.

Many recent cross-sectional studies have examined the relationship between 
long-term exposure to air pollution and lung function of children in China. Most of 
these studies assumed that air pollution exposure could be captured by measure-
ments from one single station which usually monitored several pollutants. This kind 
of studies has several advantages: routinely collected data of multiple air pollutants 
and inexpensive, quick and easy to perform. As a result, the number of lung function 
and air pollutant parameters of interest can easily be in hundreds of thousands, lead-
ing to great statistics power to examine the association between lung function and 
air pollutants. Limitations of this kind of studies include difficult to identify specific 
causal pollutant among multiple highly correlated air pollutants, lack of personal 
exposure, and an assumption that air pollution concentration monitored by one sin-
gle station can be generalized to all population in that area.

A cross-sectional  study based on 14  communities  in Taiwan  [41] on children 
aged 12–13 years found that CO, NOx, NO2, and NO were significantly associated 
with FVC and FEV1 in children, suggesting chronic adverse effects of traffic-related 
air pollutants on pulmonary function. The effects of air pollutants on lung function 
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for boys were greater than for girls. The relationship of socioeconomic status and 
lung function was also examined in this study – children with high parental educa-
tion level were associated with better lung function [41].

A  later published  study  [10] in Taipei city used data from a large respiratory 
health survey conducted  in 12-  to 16-year-old children (n = 2919)  in five school 
districts. PM10, SO2, CO, NO2, and O3 were based on five monitoring sites in close 
proximity to the children’s schools (within 2 km). Air pollutant concentrations of 
0-day,  1-day,  and  2-day  before  the  spirometry  testing  were  linked  to  the  lung 
responses in children. The study found that short-term exposure to O3 and PM10 was 
associated with reducing FVC and FEV1 and CO and SO2 exposure had a strong 
1-day lag effect on FVC and FEV1 [10]. However, the study only considered the air 
pollution exposure in school, and this might underestimate the real exposure level 
and the adverse impacts on lung function.

The effect of long-term exposure to air pollution on lung function has also been 
investigated  in Hong Kong. Gao  et  al.  [23]  have  compared  FEV1,  FEF25–75, and 
FEF75 of 2060 children aged 8- to 10-year-old among high, moderate, and low out-
door pollutant areas in the year 2004. The annual mean concentration of PM10 in the 
high-pollution  area was  nearly  8 μg/m3 than in the other two areas. This cross- 
sectional study found that boys in the high-pollution district had significantly 
reduced lung function than those in the low- and moderate-pollution districts and 
the adverse effects among girls were not significant [23].

Although from these cross-sectional studies there is increasing evidence for 
health effects of air pollutants on children’s lung growth, the age ranges of the 
recruited children are rather narrow, and very few studies have addressed the ques-
tion of whether air pollution causes different damage to lung function of children of 
different ages. An important contribution to addressing this concern was made by 
Chen et al. [11]. They examined the association between ambient air pollution and 
lung function in 1494 non-asthma children of 6–15 years old in 24 communities of 
Taiwan. Using a pollutant-age interaction term in the regression model, the study 
found that sub-chronic (2 months) PM2.5 exposure has stronger effects on lung func-
tion in smaller school children (aged 6–10 years) than those in older children (aged 
11–15 years). In the full sample, sub-chronic exposure to PM2.5 is more important 
than acute exposure (1-day lag) in causing adverse effects on the lung. For the health 
effects of O3 exposure, acute exposure affected small airway function, while sub- 
chronic exposure affected lung capacity [11]. Another study including a wide range 
of ages of children was conducted by Zeng et al. [81] in seven northeastern cities of 
Liaoning Province. This study also reported significantly larger decrements in lung 
function among children due to long-term exposure to high concentration of air pol-
lution. A summary of the results of cross-sectional studies on lung function is given 
in Table 7.1. These cross-sectional studies with community-level exposures suggest 
that air pollution in general affect lung capacity and lung function growth in chil-
dren. However, the temporal order of cause and effect cannot be established because 
of the cross-sectional study design. Cohort studies with a long follow-up period are 
needed to provide better insight on the relationship between air pollution and lung 
function in children.
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7.3.3  Cohort Studies in Chinese Children

Cohort studies and panel studies provide a number of advantages for examining the 
relationship between air pollution exposure and lung function in children. This kind 
of longitudinal studies with repeated measurements of children’s lung function over 
several days, months, or years provides both acute and chronic effects of air pollu-
tion on lung function growth and offers a convincible causal relation between expo-
sure to ambient air pollutants and lung response in children. Nevertheless, cohort 
studies that focused on health effects of air pollution were extremely limited. To 
date, only a handful of cohort studies have been conducted in Chinese children.

In four large Chinese cities of Chongqing, Guangzhou, Lanzhou, and Wuhan, 
Roy and colleagues assessed the relationship between ambient particulate matter 
exposure and lung function growth among 3273 children aged 6–12 years old [67]. 
The concentration range of PM in the study was 95–232 μg/m3, that is, 2–10 times 
higher than other studies with similar designs which conducted in the United States 
[25],  Mexico  [66],  and Austria  [29]. These four Chinese cities provide a good 
opportunity to examine the effect of PM exposure on lung function growth at rela-
tively high-pollution levels. The study found that long-term exposure to high levels 
of particulate matter was associated with deficits in lung function and decreased 
development of lung function and PM2.5 had a stronger effect than PM10 on lung 
function growth [67]. Compared to children living in relatively low levels of air pol-
lution [25, 29, 66], this study found a more modest effect of 0.7 ml/year decrease in 
FEV1 growth with per 10 μg/m3 increase in PM10.

In Shenyang which is located in the northeast of China, Kasamatsu and col-
leagues evaluated the subacute effects of winter air pollution on lung function in 
children aged 8–10 years old [38]. The study included winter heating season, and 
the levels of TSP, PM7, and PM2.1 were high at the immediate end of heating season 
and low before the heating season. After adjusting for age and height, FVC, FEV1.0, 
PEF, and FEF75 were significantly lower during the immediate end of heating sea-
son than those before the heating season. Over a four-time lung function measure-
ments from 2001 to 2002, the investigators found that PM had a subacute effect on 
pulmonary function in children and the effects of PM7 and PM2.1 were stronger than 
TSP [38].

In Taiwan, Hwang and colleagues focused on the effects of long-term exposure 
to  traffic-related pollutants  (such as NO2, O3, CO, and PM2.5) on deficits of lung 
function growth  in children [31]. Exposure was assessed individually by relating 
daily averaged concentration of air pollutants to the residential address of children 
using  the  geographical  information  system  (GIS). After  adjustment  for  subject- 
specific covariates, deficits in lung function growth were significantly associated 
with PM2.5 and O3. The estimated effects were stronger for boys than girls. One of 
the explanations from the authors is that boys might have more extensive outdoor 
exposure and are more easily affected by air pollutants [31].

A summary of the results of cohort studies on lung function in Chinese children 
is given in Table 7.1.
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A consistent association between long-term exposure to high level of air pollu-
tion and deficits of lung function growth and development was found in those 
recently published cohort studies in China. PM exposure seems to be an important 
pollutant surrogate in urban area, with the effects of gaseous pollutants less consis-
tent than those of PM. However, knowledge of which PM components are respon-
sible  for  lung  function  reduction  is  unclear.  Future  studies  should  implement  to 
address the issue in order to better understand the contribution of PM components 
and their effects on lung function development in children.

7.4  Association Between Air Pollution and Hypertension 
in Children

Childhood high blood pressure (BP) is a well-established risk factor for hyperten-
sion and cardiovascular disease (CVD) in later life [40]. In the past few decades, 
there is mounting evidence linking air pollution and BP among adults, especially for 
particulate matter (PM) [4, 26]. Despite these studies among adults, little research 
has accrued on the linkages between air pollution and BP in children [26]. In this 
section, we aim to summarize evidence linking air pollution exposure (short term 
and long term) and BP among children in China.

7.4.1  Short-Term Exposure and Hypertension

A recent meta-analysis demonstrates that a 10 g/m3 increase in fine particulate mat-
ter (PM2.5, mean diameter <2.5 μm) leads to a 2.5% elevation in risk for myocardial 
infarctions  over  the  following  few  days  [57]. So far, only five published papers 
concerning the correlation between ambient air pollution exposure and BP in chil-
dren, though limited, provide mixed results [3, 8, 64, 71]. Among these studies, only 
one investigation was conducted in China [80].

A cross-sectional study, the Seven Northeastern Cities (SNEC) study, was con-
ducted from April 2012 to June 2013 [80]. Seven cities (Shenyang, Dalian, Anshan, 
Fushun, Benxi, Liaoyang, and Dandong) were selected based on their mean air pol-
lution  level  data  recorded  between  2009  and  2011. A  total  of  9354  participants 
(5–17 years old) were  recruited  from 48  schools  (24  elementary  schools  and 24 
middle schools) in seven cities and had their BP measurements. Air pollutant level 
including PM10, SO2, NO2, and O3 at short-term exposure, 1–5 days preceding BP 
measurement in each district, was collected from local air monitoring station. 
During the study period, daily ambient PM10  concentrations  were  108.8  μg/m3, 
which  exceeded  the  50  μg/m3 Grade I level set forth by the Chinese National 
Ambient Air Quality Standards. Results showed that there was no significant asso-
ciation between SO2 and NO2 and elevated BP in children but an association between 
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elevated BP and an increased IQR for PM10 and O3 was found. Each IQR increase 
in PM10 (ranged from 42.7 to 50.0 μg/m3) and O3 (ranged from 48.3 to 53.0 μg/m3) 
during day 1 through day 5 of exposure was associated with an increasing of ele-
vated BP in children, and associations were more significant for O3 (odds ratio, ORs 
ranged from 2.59 to 2.85 for 1–5 day mean). Both SBP and DBP tended to increase 
consistently with the levels of PM10 averaged over the 1–5 days before BP examina-
tion. Elevated PM10 and O3 were more clearly linked to increase SBP in the model. 
For  example,  in  the  single-pollutant  model,  an  IQR  increase  in  ambient  PM10 
(47.4 μg/m3) and O3 (51.4 μg/m3) in the previous 5-day mean exposure predicted an 
increase  in SBP of 2.07 mmHg  (95% CI,  1.71–2.44)  and 3.29 mmHg  (95% CI, 
2.86–3.72), respectively.

The findings from the SNEC study [80] have established consistent finding with 
other two studies that short-term ambient air pollutant exposure correlates with 
elevated BP in children [8, 71]. A cross-sectional study (n = 179) out of Pakistan 
found  a  higher  SBP  (115.9  mmHg,  95%  CI:  114.0–117.9  mmHg)  and  DBP 
(66.4 mmHg, 95% CI: 64.4–68.4 mmHg) in 10-year-old children (8–12 years old) 
living in areas with heavy traffic air pollution (mean daily value of PM2.5: 183.0 μg/
m3) than in children living in areas with less traffic air pollution (mean daily value 
of PM2.5: 28.5 μg/m3) [71]. However, conclusions from other two studies are incon-
sistent with results reported from Zeng et al. [80]. For example, in the PIMA study, 
a birth cohort consisting of 1432 children 12 years of age in the Netherlands evalu-
ated that long-term exposure not short-term exposure may increase diastolic blood 
pressure  in children  [3]. The inconsistent findings from these five available pub-
lished studies may likely be due to different methodological design in investigation, 
including different geographical regions (North America, Europe, and Asia), expo-
sure concentration (low and high exposure levels), BP measurement devices (auto 
device and mercury sphygmomanometer), as well as population characteristics.

7.4.2  Long-Term Exposure and Hypertension

Some epidemiological evidences have conferred that higher risks occur in longer- 
term air pollutants exposure than short-term exposure [6]. Compared with the effect 
of short-term air pollution exposure on BP in children, the linkage between long- 
term exposure and BP in children is less unknown. In a systematic Medline search, 
there are only three investigations regarding the long-term effect of ambient air 
pollution exposure on children BP from China [16, 18], Germany [44, 49], and the 
Netherlands [3].

In the SNEC study, Dong et al. [16, 18] collected the level of PM10, SO2, NO2, 
and O3 from 2009 to 2012 in the air monitoring station. In the 24 districts investi-
gated, the mean annual PM10 levels and SO2 levels exceeded WHO guidelines in 
100% and 95.8% of all districts, respectively. The authors observed significant asso-
ciations between elevated BP and four pollutants. The OR of elevated BP was 1.68 
(95% CI:  1.53–1.86),  1.33  (95% CI:  1.21–1.47),  1.12  (95% CI:  1.10–1.13),  and 

7 Air Pollution and Children’s Health in Chinese



168

1.64  (95%  CI:  1.48–1.82)  with  an  IQR  increasing  of  PM10  (30.6  μg/m3), SO2 
(23.4 μg/m3), NO2 (13.0 μg/m3), and O3 (46.3 μg/m3), respectively [16, 18].

In the two studies conducted in China [16, 18] and the Netherlands [3], results 
suggest that long-term exposure to PM10 [16, 18] and PM2.5 [3] was associated with 
higher  SBP  in  children.  However,  Liu  et  al.  [44, 49] investigated associations 
between land-use regression modeled long-term traffic-related air pollution and BP 
in 2368 children aged 10 years from Germany, finding air pollution was not consis-
tently associated with BP.

7.4.3  Biological Mechanisms

A pro-hypertensive response mediated by air pollution is a hypothesized pathway 
that  links air pollution and hypertension [5]. In the most recent review, Giorgini 
et al.  [26] proposed the possible mechanistic pathways linking air pollution and 
cardiovascular system. The interacting pathways include autonomic nervous sys-
tem imbalance [63], endogenous proinflammatory response [2], and vascular endo-
thelium  impair  [68, 69]. Mechanistic evidence supports that air pollutants can 
mediate increase of BP driven by increased arterial vasoconstrictor responsiveness 
due to endothelial dysfunction, oxidative stress, and inflammation [26]. Endothelial 
dysfunction may contribute to increased systemic vascular resistance, thus leading 
to the development of hypertension, probably due to impaired endothelium- 
dependent vasodilatation [13]. In addition, oxidative and inflammation play central 
role in the pathogenesis of endothelial dysfunction, therefore affecting hemody-
namic  responses  [26]. Experimental studies have demonstrated that exposure to 
PM and O3 promotes vascular dysfunction and oxidative stress, producing signifi-
cant inflammation and injury to epithelial cells and inducing elevated atherogenesis 
[6, 12].

7.4.4  Other Modifiers

Except for the most relevant hypertension risk factors, like smoking, diabetes, BMI, 
and physical activity, some studies have showed that other confounding factors may 
modify the effect of air pollution on hypertension. Breastfeeding is associated with 
a lowering of later blood pressure in children [55]. In the SNEC study, Dong et al. 
[16, 18] showed higher ORs for hypertension in non-breastfeeding children com-
pared with breastfeeding children, with statistically significant interactions between 
breastfeeding and PM10  (P  =  0.016), O3  (P  <  0.001), CO  (P  =  0.055),  and NO2 
(P = 0.080). If the association is causal, the wider promotion of breastfeeding is a 
potential component of the public health strategy to reduce the risk of childhood 
hypertension induced by air pollution. In the same investigated children population, 
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Dong et al. [19] also assessed the effect modification by obesity on the association 
between exposure and BP in the SNEC study. The association between air pollution 
exposure and hypertension was consistently larger for overweight/obese children 
than for children with normal weight, with ORs for hypertension ranging from 1.16 
per 46.3 μg/m3 for O3 (95% CI, 1.12–1.20) to 2.91 per 30.6 μg/m3 for PM10 (95% CI, 
2.32–3.64). The estimated increases in mean systolic and diastolic BP ranged from 
0.57 mmHg (95% CI, 0.36–0.78) and 0.63 mmHg (95% CI, 0.46–0.81) per 46.3 μg/
m3 for O3 to 4.04 mmHg (95% CI, 3.00–5.09) and 2.02 mmHg (95% CI, 1.14–2.89) 
per 23.4 μg/m3 for SO2. Results indicated that obesity may be substantially associ-
ated with the susceptibility to children hypertension related to ambient air 
pollution.

Several studies have shown that BP tends to increase with decreasing ambient 
temperature in both normotensive and hypertensive populations [42]. However, the 
evidence of adverse impacts of ambient temperature on children’s BP is rare. Li 
et al. [43] analyzed the association of long-term ambient temperature exposure on 
BP in 71,763 children from the Chinese National Survey on Students’ Construction 
and Health (CHNSCH) in 2010. In this study, data of annual ambient temperature 
and air pollutants were collected in 30 cities. Results showed that low ambient tem-
perature was negatively  associated with  increasing BP  in  children. For  example, 
when the temperature went down from 20.4 to 9.6 °C, SBP can get the largest altera-
tion of increasing 9.0 mmHg, suggesting that the potential adverse effect of tem-
perature on children BP should be considered in the public health policy [43].

7.5  Association Between Air Pollution and Cognitive 
Function in Children

Cognitive function refers to an individual’s attention, memory, language, percep-
tion, awareness, decision-making, and problem solving. It is a collective term for 
high-order mental action which in practice is mainly inferred from behavior [14]. 
Environment plays an important role in shaping cognitive development from the 
newborn period through adolescence. Air pollution, one of the noxious environmen-
tal factors, has been associated with increases in mortality and morbidity of respira-
tory and cardiovascular diseases [65].

7.5.1  Epidemiological Studies on Air Pollution and Cognitive 
Function

China has become known for its serious air pollution problem as a result of rapid 
growth of economics, industry, urbanization, population, and transportation activ-
ity, which led to a significant increase in related pollutant emissions. A key question 
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is whether current air pollution situation in China is related with cognitive develop-
ment in children.

Children rather than adults are vulnerable to toxic air pollutants because, on a 
body weight basis, their respiratory rate, external exposures, and time for outdoor 
activity are markedly higher. Studies examining cognitive function at specific points 
in time have assessed the effects of air pollution on neurobehavioral functions in 
Chinese children. Wang et al. [74] specifically sought to identify the potential effects 
of traffic-related air pollution in Quanzhou, Fujian Province, which is located in the 
southeast of China. They selected two primary schools with different levels of NO2 
and PM10 and traffic density: one was located in the polluted area, and the other was 
in the clear area. The average monthly concentrations of NO2 and PM10 in the clear 
area were 7 μg/m3 and 68 μg/m3, respectively, while in the polluted area, the concen-
trations were 22 μg/m3 and 80 μg/m3. The results indicated that children living in the 
polluted  area  showed  poor  performance  on  Line  Discrimination  (LDT),  Visual 
Retention (VRT), Visual Simple Reaction Time with preferred hand (VSRT-Prh), 
Visual Simple Reaction Time with non-preferred hand (VSRT-Nprh), Continuous 
Performance  (CPT),  Digit  Erase  (DET),  Digit  Symbol  (DSB),  Pursuit  Aiming 
(PAT), and Sign Register  (SRT). Of  these nine outcomes,  six achieved statistical 
significance: VSRT-Prh, VSRT-Nprh, CPT, DSB, PAT, and SRT. This  study  sug-
gested that urban school-aged children with chronic low-level exposure to traffic- 
related air pollution might have a deficit in cognitive development. The strength of 
this study is the use of both computerized and manual neurobehavioral testing that 
made it possible to increase the sample size, while limitations include the cross- 
sectional design and the absence of seasonal variation of the air pollutants.

Environmental exposure factors interact frequently. Perera et al. [62] specifically 
studied the interaction between prenatal exposures to PAHs and environmental 
tobacco smoke (ETS) and their relationship with intelligence quotient (IQ) in chil-
dren aged 5 in the city of Tongliang in Chongqing, China. A coal-fired power plant 
was the primary source of PAHs in the air. For the period of the study, PAH expo-
sure was measured by DNA adducts in umbilical cord blood, and the IQ testing was 
measured by Wechsler Preschool and Primary Scale of Intelligence (Shanghai ver-
sion). This study did not find significant associations of PAHs exposure with full 
scale and verbal IQ scores in children. However, the effect of PAHs on IQ became 
statistically significant when interaction with ETS was considered. Their results 
indicated that prenatally exposure to PAHs in combination with ETS might have 
adverse impact on cognitive function in children in their early life.

Findings from developed countries with relative low levels of air pollution also 
suggest that air pollution might be associated with cognitive function development 
in children [21, 50, 72]. A Spanish birth cohort of 210 children that observed nitro-
gen  dioxide  (NO2) association with cognitive development was suggestive that 
traffic- related air pollution may have adverse effect on neurodevelopment on in chil-
dren, even at low exposure level [21].

A cohort study [72] in the United States investigated the effects of black carbon 
on cognitive function assessed by the Wide Range Assessment of Memory and 
Learning (WRAML) and the Kaufman Brief Intelligence Test (K-BIT). There was 
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a significant negative association between long-term exposure to black carbon and 
cognitive test scores. The mean annual black carbon concentration was 0.56 μg/m3, 
and each 0.4 μg/m3 increase in black carbon was associated with a small but signifi-
cant decrease in the matrices (−4.0%) and composite intelligence quotient (−3.4%) 
scores of the K-BII and the visual subscale (−5.4%) and general index (−3.9%) of 
the WRAML.

Another cohort study [61] in New York City investigated the influence of prena-
tal exposure to airborne polycyclic aromatic hydrocarbons (PAHs) on child mental 
and psychomotor development. Significant difference in the mental development 
index at age 3 was observed between pregnant women with the less and the highly 
PAH exposure levels. Furthermore, the odds ratio for cognitive development delay 
in children with high prenatal PAHs exposure versus those with less prenatal expo-
sure was 2.89 (95% CI, 1.33–6.25).

Given the increasing researches on neurotoxic effects of air pollution, it is impor-
tant to identify the dosimetry characteristics of air pollution which determines its 
toxicity, for example, the physicochemical properties of particulate matter that 
include mass, size, number, surface area, and chemical composition, and it is also 
important to determine the potential contribution of air pollution to neurodevelop-
ment in children.

7.5.2  Biological Considerations

The possible mechanism involved in the development of cardiopulmonary diseases 
has been thoroughly investigated. One mechanistic possibility of how particulate 
matter  (PM)  interacts  with  cardiovascular  system may  relate  to  extrapulmonary 
translocation. There is emerging evidence indicating that inhaled nanoparticles may 
translocate  from  respiratory  tract  via  olfactory  pathways  [52, 65]. The olfactory 
nerve terminates in the olfactory bulb which is located within the head. That means 
the transport of air pollution along the olfactory not only provides information on 
potential mechanistic pathways that link exposure with cerebrovascular diseases but 
also offers a route for delivery to the brain.

There have been relevant toxicology studies using animals that have found oxi-
dant and inflammatory effects of air pollution on neural tissue. For example, Elder 
et al. [20] have reported that in rat that intranasal instillation of manganese (Mn) 
oxide ultrafine particles (UFPs; diameters <100 nm) for 6–12 days results in signifi-
cant increases of Mn in the brain, especially the olfactory bulb region. Calderon- 
Garciduenas  et  al.  [7] reported that exposures to high level of air pollution 
exacerbated  brain  inflammation  in  dogs. Kleinman  et  al.  [39] demonstrated that 
exposure to concentrated ambient particles significantly increased the levels of 
inflammatory markers in apolipoprotein E null mice.

Despite the suggestive evidence that exposure to traffic-related and coal-related 
air pollutants might have caused neurodevelopmental or neurobehavioral deficit in 
Chinese children, it is not easy to draw a strong conclusion because relatively few 
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studies have been conducted. The interactions of air pollutants, the complexity of 
neurodevelopment process, changes in the vulnerability of children at different 
ages, and practical limitations to current research indicate that more studies are 
needed to better understand the role of the air pollutants in cognitive function in 
children in China.

7.6  Association Between Air Pollution and Obesity 
in Children

Obesity is one of the growing concerns of public health officials worldwide. 
Substantial epidemiological research has accrued demonstrating that obesity is a 
major  risk  factor  for many chronic diseases  including cardiovascular  and meta-
bolic diseases. A systematic review in The Lancet showed that prevalence of over-
weight and obesity increased substantially in children and adolescents in developing 
countries  (12.9%  in  boys  and  13.4%  in  girls)  in  2013  [59]. The prevalence of 
obesity  in Chinese  children  increased  significantly  from  6.1%  to  13.1% during 
1993–2009 [46]. While genetic and metabolic susceptibilities exist, growing evi-
dence suggests that environmental factors, such as maternal smoking, secondhand 
smoking, and traffic pollution, may contribute to obesity development in childhood 
[32, 33, 54, 56].

7.6.1  Air Pollution Exposure and Obesity

There are few epidemiological studies that have investigated specifically whether 
air pollution contributes to obesity formation in childhood. In China, only three 
published papers concerned the association of air pollution and obesity in children 
which were from the Seven Northeastern Cities (SNEC) study [16, 18]. However, 
only one paper directly investigated the relationship between air pollution exposure 
and children obesity, whereas the other two publications assessed obesity as a modi-
fier in the association between air pollution and health outcome.

On the basis of  the annual air pollution  level  from 2006  to 2008, seven cities 
from Liaoning Province in Northeast China were selected, including Shenyang, 
Dalian, Anshan, Fushun, Benxi, Liaoyang, and Yingkou. There were 25 districts in 
total. One elementary school and two kindergartens were randomly selected from 
each district in April 2009. Every school was within 1 km from the nearest air moni-
toring site which provided the air pollution data. A total of 30,056 children (mean 
age: 8.4 ± 2.7 years old)  from 25 elementary schools and 50 kindergartens were 
recruited and completed the questionnaire. The authors used the 3-year average 
concentration of the 25 districts for PM10 (124.2 ± 24.1 μg/m3), SO2 (17.6 ± 5.9 ppb), 
NO2 (19.5 ± 4.0 ppb), and O3 (27.4 ± 8.1 ppb) as air pollution level. Results showed 
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that the overall prevalence rates of obesity and overweight were 14.1% and 12.3%, 
respectively. The increased prevalence of obesity was significantly associated with 
an IQR increasing of PM10 (ORs = 1.19; 95% CI: 1.11–1.26), SO2 (ORs = 1.11; 95% 
CI: 1.03–1.20), NO2 (ORs = 1.13; 95% CI: 1.04–1.22), and O3 (ORs = 1.14; 95% 
CI: 1.04–1.24), respectively. Study suggests that air pollution is positively associ-
ated with an increased likelihood of obesity or overweight in children [16, 18].

In another two publications, the authors reported obesity as a modifier in the 
association between air pollution and health outcome, such as hypertension and 
respiratory health effects [17, 19]. In the first report among 30,056 children in the 
SNEC study, overweight and obesity were significantly more common among boys 
(14.4%  overweight,  18.2%  obese)  than  among  girls  (10.3%  overweight,  9.9% 
obese) [17]. The authors observed that that overweight/obesity enhanced respiratory 
health effects of air pollution in the study children, with odds ratios (ORs) ranging 
from 1.17 per μg/m3 for PM10 on wheeze (95% confidence interval (CI): 1.01, 1.36) 
to 1.50 per 10 μg/m3 for NO2 on phlegm (95% CI: 1.21, 1.87) and cough (95% CI: 
1.24, 1.81). In another paper from the SNEC study conducted in 2013, the studied 
population was smaller than the previous one which consisted of 9354 children 
[19]. The authors investigated the effect modification by obesity on the association 
between exposure and blood pressure in Chinese children. The overweight and 
obese children accounted for 16% (n = 1460) and 17% (1571) among 9567 children, 
respectively  [19]. Consistent with  the  previous  study  [17], higher overweight or 
obese rate was found in males. Results showed that obesity amplifies the association 
of long-term air pollution exposure with blood pressure and hypertension in Chinese 
children. The ORs  for  hypertension  ranged  from 1.16  per  IQR  increasing  of O3 
(95% CI = 1.12, 1.20) to 2.91 per IQR increasing of PM10 (95% CI = 2.32, 3.64). 
The estimated increases in mean systolic and diastolic blood pressure ranged from 
0.57 mmHg (95% CI = 0.36, 0.78) and 0.63 mmHg (95% CI = 0.46, 0.81) with per 
IQR increasing for O3 to 4.04 mmHg (95% CI = 3.00, 5.09) and 2.02 mmHg (95% 
CI = 1.14, 2.89) with per IQR increasing for SO2. In a rodent model, Wei et al. [75] 
found  that  prenatally  and  postnatally  exposed  to  Beijing’s  highly  polluted  air 
resulted in weight gain and metabolic dysfunction in offspring, indicating that air 
pollution may be a contributing factor to weight gain and several related health 
issues.

In the limited epidemiological studies investigating association between ambient 
air pollution and children obesity, traffic-related air pollution is the most studied 
scenario. A longitudinal study assesses the obesity (using body mass index, BMI in 
kg/m2) at the end of the childhood growth period in a large cohort of children 
(n = 3318) living in Southern California in relation to residential traffic exposure 
around the home [33]. The finding showed that traffic density was positively associ-
ated with attained BMI in children at age 18, suggesting traffic was a major risk 
factor for the development of obesity in children. In other publications, Jerrett et al. 
[34] investigated whether traffic-related air pollution was positively associated with 
growth in BMI (kg/m2) in children aged 5–11 years (n = 4550) in Southern California 
in a prospective cohort. Children were enrolled while attending kindergarten and 
first grade and followed for 4 years. In their results, traffic pollution was positively 
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associated with growth in BMI, with a 13.6% increase in annual BMI growth when 
comparing the lowest to the highest tenth percentile of air pollution exposure, which 
resulted  in  an  increase of nearly 0.4 BMI units on attained BMI at  age 10  [34]. 
Consistent with this result, McConnell et al. [56] found that near-roadway pollution 
exposure contributes to development of childhood obesity in a longitudinal cohort 
study – Southern California Children’s Health Study – over an 8-year  follow-up 
(n = 3318). Among children without a history of secondhand smoking exposure, 
attained BMI was 0.80 kg/m2 higher (95% CI: 0.27–1.32) in children exposure to 
high near-roadway pollution exposure compared with children with near-roadway 
pollution exposure below the median [56].

7.6.2  Biological Mechanisms

Emerging evidence from experiments on rodent suggests that PM2.5 exposure 
induces vascular insulin resistance and inflammation triggered by a mechanism 
involving adipose tissue inflammation and oxidative stress [73, 79]. Xu et al. [79] 
have evaluated the role of oxidative stress pathway in the association between early- 
life exposure to PM2.5 and adiposity, inflammation, and metabolic parameters. Using 
genetically modified mice p47phox−/− deficient in the cytosolic subunit of the nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase, Xu et al. [79] found that 
NAD(P)H oxidase-derived reactive oxygen species may contribute to the obesity, 
insulin resistance, and inflammation respond to the early-life exposure to PM2.5. 
Suppression of vascular insulin signaling by PM2.5 may accelerate the progression 
to systemic insulin resistance [27]. In another experimental study, the authors also 
found that PM2.5 exposure exaggerated insulin resistance and visceral inflammation/
adiposity [73]. Several signaling abnormalities characteristic of insulin resistance 
were observed, including decreased Akt and endothelial nitric oxide synthase phos-
phorylation in the endothelium and increased protein kinase C expression. Consistent 
with the previous study, Wei et al. [75] observed pronounced histologic evidence for 
both perivascular and peribronchial inflammation in the lungs, increased tissue and 
systemic oxidative stress, dyslipidemia, and an enhanced proinflammatory status of 
epididymal fat. Results suggest that TLR2-/TLR4-dependent inflammatory activa-
tion and lipid oxidation in the lung can spill over systemically, leading to metabolic 
dysfunction and weight gain. Zou [83] proposed the hypothesized mechanism of 
insulin resistance and adipocyte hypertrophy in mice exposed to PM2.5 (Fig. 7.2). 
Further investigation is needed to understand the mechanisms underlying the effect 
of air pollution on obesity.
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7.7  Summary

Children are at particulate risk for air pollution because the intrauterine, perinatal, 
and childhood periods provide susceptibility windows during which air pollution 
may influence organ development and maturation. In this chapter, we reviewed cur-
rent epidemiological evidence on the effects of air pollution exposure on children 
health in China. Results provide broader evidence whereby air pollution can pro-
mote adverse health responses in children. We believe that the findings summarized 
in our review demonstrate an unequivocal relationship between air pollutants expo-
sure and children health outcome and these results have large public health influ-
ences. Therefore, control of air pollutants and initiation of efforts to protect children 
from heavy air pollution exposure in China should be a priority.
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pocyte size and numbers, can in turn feedback to the vasculature compounding the deleterious 
phenotype (Quoted from Zou [83])
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Chapter 8
The Associations Between Air Pollution 
and Adverse Pregnancy Outcomes in China

Yafei Tan, Rong Yang, Jinzhu Zhao, Zhongqiang Cao, Yawen Chen, 
and Bin Zhang

Abstract Research on the potential impact of air pollution on the human’s health 
has increased rapidly in recent years. Several studies have suggested that exposure 
to air pollutants during period of pregnancy which is a crucial time point of mother- 
fetus development may have long-term and serious impact on adverse pregnancy 
outcomes. There is lack of review to evaluate the existed epidemiologic evidence on 
the associations between air pollutants and adverse pregnancy outcomes in China, 
so we conducted a review to explore the current epidemiological evidence on the 
effects of air pollutants to pregnancy outcomes and possible mechanisms during the 
pregnancy process. We used keywords to systematically search all the English and 
Chinese literatures on studies that were conducted in China. Exposure to air pollut-
ants during pregnancy had shown there were harmful effects for different birth out-
comes: preterm birth, low birth weight, stillbirth, birth defects, infertility, and 
macrosomia fetus. Results on the effects of air pollutants on adverse pregnancy 
outcomes are small and inconsistent because they vary in their design and method-
ology. The existed available evidence is compatible with either a small negative 
effect of air pollutants on pregnancy outcomes or with no effect; therefore, further 
studies are needed to confirm and quantify the possible associations and potential 
biologic mechanisms between air pollutants and pregnancy outcomes.
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8.1  Introduction

Epidemiological evidence showed that air pollution has a certain impact on people’s 
health [99]. Previous studies have focused on the effects of air pollution on adult 
mortality and morbidity of various diseases, but recently there are more and more 
studies on the impact of air pollution on pregnancy outcomes in China [5, 12, 74]. 
Adverse pregnancy outcomes refer to all pathological pregnancy and childbirth 
complications, including preterm birth, spontaneous abortion, fetal death, low birth 
weight, macrosomia fetus, congenital anomalies, stillbirth, and other adverse out-
comes [54]. Previous studies which showed the associations between air pollutants, 
such as particulate matter (PM10 and PM2.5), sulfur dioxide (SO2), nitrogen oxide 
(NOx), carbon monoxide (CO), and ozone (O3), and preterm birth, fetal death, low 
birth weight, macrosomia fetus, and congenital defects were mainly based on 
assessment of excess mortality numbers associated with air pollutant exposures, 
such as the monographical study on ambient air pollution and adverse pregnancy 
outcomes in Wuhan, China, which mainly focused on the relationships between air 
pollutants and adverse pregnancy outcomes, and the details would be discussed 
below [49, 105, 106]. Although more and more researchers have paid attention to 
the associations of air pollution and adverse pregnancy outcomes in recent years, 
the conclusions are unable to agree on which is right. In this paper, we will review 
studies on the relationship between main pollutants in the atmosphere and adverse 
pregnancy outcomes in China.

8.2  The Relationships Between Various Components of Air 
Pollutants and Adverse Pregnancy Outcomes

8.2.1  Air Pollution and the Risk of Preterm Birth

Preterm birth (PTB), defined as childbirth occurring before 37 completed weeks of 
gestation, has long-term adverse consequences for neonatal development and can 
lead to poor growth. According to World Health Organization (WHO) report in 
2013, PTB is the main cause of newborn deaths, and among surviving infants, it is 
the second leading cause of death in children under 5 years (behind pneumonia) 
[96].Unfortunately, many local clinical and community have failed at reducing 
PTB, and rates of PTB are increasing in developing countries and even in some 
developed countries [4], but the underlying causes are still poorly understood. 
Multiple factors have been shown to be associated with PTB, including socioeco-
nomic status, race, genetic influences, medical conditions, mental disorders, envi-
ronmental exposures, and others [84]. Air pollution, which is one important part of 
environmental pollution, is recognized as one of the risk factors for numerous dis-
eases. An increasing number of studies have estimated the association between air 
pollution and pregnancy outcomes; especially, a significant and relatively recent 
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effort has been made to link environmental air pollution exposures with PTB [47]. 
A large number of epidemiologic studies estimated the association between air pol-
lution and PTB, but the results were inconsistent.

A study from Beijing followed all registered pregnant women who lived in 
Beijing in 1988. Information for both mothers and infants and daily air pollution 
data were obtained independently. This study included 25,370 pregnant women. 
The authors reported that there was a significant dose-dependent association 
between gestational age and SO2 and maternal SO2 exposure was associated with 
PTB with an adjusted OR of 1.21 (95% CI, 1.01–1.46), and similar result was found 
in this study between PM10 and PTB (OR, 1.10; 95% CI, 1.01–1.20) (Table 8.1) 
[100]. A time series analysis from Shanghai suggested a significant effect of out-
door air pollution only with 8-week exposure before delivery [49]. A case-crossover 
study which included 52,488 pregnant women was conducted in Taiyuan to assess 
the association of air pollution and PTB with their birth surveillance system and 
data from environmental monitoring station; the results showed that the stronger 
effect of short time for PM10 on PTB were 5 days lag, the cumulative effect were 
6 days lag, and the ORs of PTB were 1.17(95% CI, 1.06–1.29) and 1.24(95% CI, 
1.12–1.37), respectively, with each 50-ug/m3 increase; the short effect of SO2 expo-
sure on PTB also lagged 7 days (OR, 1.35; 95% CI, 1.12–1.62) and accumulative 
effect lagged 8 days (OR, 2.20; 95% CI, 1.52–3.20) [107]. A case-control study in 
Guangzhou was conducted to explore the relationships of air pollutants and PTB, 
pregnant women who delivered at 28–36  weeks during 2006–2008; the results 
showed that the second trimester of pregnancy for NO2 exposure was associated 
with decreased risk of PTB (OR, 0.99; 95% CI, 0.99–1.00), and the third trimester 
for NO2 exposure was associated with increased risk of PTB (OR, 1.01; 95% CI, 
1.00–1.01), as well as the third trimester of pregnancy for SO2 exposure (OR, 1.00; 
95% CI, 1.00–1.01) [82]. Lai and his two colleagues systematically searched the 
studies from China including Mainland China, Hong Kong, and Taiwan on adverse 
health effect due to air pollution in 2012. From 1989 to 2010, the annual mean con-
centrations ranged 44–156 μg/m3 for PM10, 23–70 μg/m3 for NO2, 14–213 μg/m3 for 
SO2, and 34–86 μg/m3 for O3. For PTB, just one study from Shanghai reported that 
sub- chronic exposure (8-week average) to the PM10, NO2, SO2, and O3 corresponded 
to RR of preterm births of 1.0442 (95% CI, 1.0160–1.0725), 1.0543 (95% CI, 
1.0178–1.0908), 1.1189 (95% CI, 1.0669–1.1709), and 1.0463 (95% CI, 1.0035–
1.0891), respectively [55]. The other study which was conducted in Taiwan recruited 
all women who had first-parity singleton live births who lived in a zone along the 
Zhongshan Freeway in Taiwan during 1992–1997 (N = 6251). The zone was defined 
as areas 1500 m wide on either side of the freeway. The prevalence of deliveries of 
preterm birth infants was significantly higher among mothers who lived within 
500 m of the freeway than those who resided 500–1500 m from the freeway. After 
controlling for several confounders, the adjusted odds ratio was 1.30 (95% CI, 
1.03–1.65) for delivery of preterm infants born to mothers who lived within 500 m 
of the freeway. Similar to the above study results, Europe and the United States 
studies showed that air pollutants were associated with PTB [7, 10, 56, 65].

8 The Associations Between Air Pollution and Adverse Pregnancy Outcomes in China
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A population-based study conducted recently in Wuhan, China, for a cohort of 
95,911 live, single births during a 2-year period from 2011 to 2013 found that 3%, 
2%, 15%, and 5% increases in risk of PTB with each 5-ug/m3 increase in PM2.5 and 
PM10 concentrations, 100-ug/m3 increase in CO concentrations, and 10-ug/m3 
increase in O3 concentrations, respectively. There was negligible evidence for asso-
ciations for SO2 and NO2. The strongest effect for PTB was found in the second 
trimester for PM2.5, PM10, and CO, but for SO2 it was in the first trimester, second 
month, and third month. For NO2, it was in the first trimester and second month and 
for O3, the third trimester. The first trimester and the third trimester are important for 
fetal development, but it is difficult to assure which gestational duration is relevant 
vulnerable exposure window. Most previous published literatures investigated the 
relationships between air pollution and PTB; some studies showed that the first tri-
mester had greater effects, but others showed the exposure during the second tri-
mester was associated with an increased risk of PTB, and other studies suggest that 
the third trimester was the role exposure window for PTB. So it is challenging to 
determine which pregnancy period is sensitive to air pollution exposure for 
PTB. Considering that the toxic influence of air pollutants may have an accumu-
lated effect on fetal growth and development, maybe it is appropriate to study the 
effects of air pollutants on PTB for the exposure of the entire pregnancy.

In conclusion, heterogeneity between studies varied widely between pollutants 
and PTB. Three reasons can explain the inconsistent results. Firstly, methodological 
differences between studies can partially play a role for the heterogeneity; secondly, 
it is clear that PTB resulted from complicated factors including biological, physical, 
psychological, and social factors, and the role of these risk factors may modify the 
association between air pollution and PTB; it is obvious that the effect of these fac-
tors on PTB varied among different population; thirdly, air is a mixture of pollut-
ants, the majority of gas pollutants are well correlated among themselves, and this 
high collinearity may make it difficult to identify which pollutant is more harmful. 
The study on the association between air pollution exposure and PTB may provide 
some reference for the control of air pollution and reduction of PTB occurrence. 
Given the number of studies that have found significant relationship between mater-
nal air pollution exposures during pregnancy and risk of PTB, the epidemiological 
findings supported that air pollution contributes to women’s risk for PTB. The effect 
of air pollution on PTB varied due to the specific air pollutants and different gesta-
tional age. Future studies are needed to determine an appropriate measure of time of 
assessment, and an accurate measurement of air pollution exposure is needed.

8.2.2  Air Pollutants and the Risk of Low Birth Weight

Low birth weight (LBW), which is the one of the major adverse pregnancy out-
comes, is defined as a birth weight of a liveborn infant of 2499 g or less by the WHO 
[46]. A report by the WHO in 2015 shows that about 20 million newborn babies are 
born with less than 2500  g of body weight per year, accounting for 15.5% of 
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 newborns in the world, and the rate of LBW infants in developing countries (16.5%) 
is more than twice as high as in developed countries (7%) [56]. There are many fac-
tors associated with the occurrence of LBW, such as maternal age, education level, 
living habits and so on, fog and haze events which frequently occurred in recent 
years, and the effect of air pollutant exposure on low birth weight during the perina-
tal period, which have attracted more and more attention [16, 21]. However, the 
current study on the associations between air pollutant exposure and LBW in China 
is still rare except for several small-scale researches [46].

A study was conducted in Beijing based on 50,874 live births delivered between 
January 1, 2006, and December 31, 2010, at the Beijing Haidian Maternal and Child 
Health Hospital [43]. Daily average levels of air pollutants for the same period were 
obtained from the Beijing Municipal Environmental Monitoring Center, and the 
monthly average concentrations of NO2 and PM10 were 58.07  ug/m3 (23.00–
83.00 ug/m3) and 134.72 ug/m3 (69.00–264.00 ug/m3). Their results showed that 
exposure to high concentration of NO2 in the third trimester predicted lower birth 
weights, with each 10-unit increment (per 10 ug/m3) in NO2 concentration associ-
ated with a 13.78 g (95 % CI, −21.12 to 6.43; p < 0.001) reduction in birth weight, 
but no significant association was found between PM10 exposure and birth weight, 
with or without adjustment for the concentration of other pollutants [43].The simi-
lar cohort study which covered 74,671 first-parity live births with gestational age 
37–44 weeks was conducted in Beijing during 1988–1991 to explore the associa-
tions between SO2 and total suspended particulates (TSP) and low birth weight [95]. 
Wang’s results showed that the risk of LBW increased by 11% (95% CI, 1.06–1.16) 
per 100-ug/m3 increase in S02 and 10% (95% CI, 1.05–1.14) per 100-u/m3 increase 
in TSP, and the estimated reduction in birth weight was 7.3 g and 6.9 g per 100-ug/
m3 increase in SO2 and TSP, respectively.

Similar results were obtained from the study which was conducted in Shanghai 
[77], the study sample was based on the official Shanghai birth registry system from 
2008 to 2012, and the concentrations of air pollutants were from the records of the 
Shanghai Environmental Monitoring Center from 2007 to 2012. Their results 
revealed that the mean concentration of PM10 increase per 10 ug/m3 in the first tri-
mester would reduce 4.3 g of baby’s birth weight, and the reduction in birth weight 
was 7.6 g and 6.0 g per 100-ug/m3 increase in SO2 and NO2 [77]. Fan’s study which 
was based on hospital records in Hainan province during 2000–2010 showed that 
PM10 exposure was significant associated with low birth weight; however, there was 
no significant association found between NO2 and SO2 exposure and low birth 
weight [26]. A recent meta-analysis reported that PM2.5 was significantly associated 
with low birth weight [60]. However, Zhang’s study [107] which was conducted in 
Taiyuan city found that there was no significant association between PM10 and SO2 
exposure during pregnancy and low birth weight. The details of studies can be seen 
in Table 8.2.

From above, exposure to air pollutants during pregnancy is closely related to the 
occurrence of LBW, and there are significant differences in exposure to different air 
pollutants and different stages of pregnancy in different studies; however, some 
studies also show that air pollutant exposure are not significantly associated with 
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low birth weight. This may be due to pollution source, pollutant concentration in 
different regions, different individual exposure caused by pregnancy, as well as the 
research design and statistical methods; further, researches are needed to determine 
the potential relationships.

8.2.3  Air Pollutants and the Risk of Fetal Death and Stillbirth

Fetal death is defined as a death occurring after 20  weeks’ gestation. Stillbirth, 
which is a kind of fetal death, is defined by the WHO as a child born with no signs 
of life during delivery [66]. Fetal death and stillbirth are common complications of 
pregnant women. There are about 2.65 million cases of fetal death and stillbirth 
each year in the world [6]. Although the majority of dead fetus can be delivered 
naturally in 2 or 3 weeks, it is possible to increase mothers’ risk of disseminated 
intravascular coagulation, placenta adhesion, intrauterine infection, and postpartum 
retained placenta. Fetal death and stillbirth are not only seriously harmful to preg-
nant women’s physical and mental health, but also bring economic burden to their 
families and the country, especially for low-income families. Evidence showed that 
exposure to air pollution has been associated with fetal death or stillbirth.

8.2.3.1  The Relationships Between Particulate Matter (PM) and Fetal 
Death and Stillbirth

Some researchers have conducted research on the relationship between PM and 
fetal death in China, and most of studies’ results showed that PM exposure was 
associated with fetal death. Hou et al. [39, 41] (Table 8.3) preliminarily explored the 
relationships of air pollutants and fetal death in Tianjin city, which is located in the 
north of China. They collected fetal death cases from 15 comprehensive hospitals 
and obstetrics and gynecology hospitals which are located in six districts of Tianjin 
city during January 2002 to August 2007 and obtained the concentration data of air 
pollutants in the six districts of Tianjin city from the environmental monitoring 
center in the same period. The results showed that air pollution in heating period in 
Tianjin was more serious than that in non-heating period, and the proportion of fetal 
death in heating period was relatively higher than that in non-heating period, and the 
variations of PM10 and TSP pollution level were consistent with the variation of fetal 
death. After adjusting for pregnant women’s age and pregnancy times, they found 
that high concentration of TSP (TSP ≧ 0.996 mg/m3) exposure may increase the risk 
of fetal death (OR, 1.40; 95% CI, 1.06–1.86), but they did not find that PM10 expo-
sure during pregnancy was associated with fetal death [40]. Hou’s another study 
(Hou et al. 2009) found that the concentration of BaP-DNA adduct in the peripheral 
blood of the mother who had fetal death was significantly higher than those who had 
normal pregnancy. Compared with women who had a level of BaP-DNA adduct less 
than 1.8 in the peripheral blood, the risk of fetal death was significantly increased 

Y. Tan et al.
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when the peripheral blood adduct level was above 5.5 (OR, 47.22; 95% CI, 6.06–
367.73). BaP is one of the components of PM2.5, which means that PM2.5 may be a 
risk factor for fetal death. Besides, Yang et al. [103] conducted case-control study 
based on hospital and found that the blood plumbum levels of pregnant women in 
fetal death group and control group were 87.17 ± 28.98 μg/L and 59.51 ± 13.63 μg/L, 
respectively, and the difference was statistically significant. Because heavy metal 
was an important component of PM2.5, Yang’s study suggested that PM2.5 might be 
related to fetal death. Zhang et al. [107] collected the concentration of air pollutants 
from environment monitoring points and women’s pregnancy outcome data in the 
same period to explore the relationship between different stages of embryonic 
development and air pollutant exposure in Taiyuan city. After adjusting the potential 
confounding factors, the results show that PM10 was the high-risk factor of occur-
rence of fetal death. In late pregnancy (seventh to ninth months), the concentration 
of PM10 in the air increased per 100 μg/m3; the OR value of fetal death and stillbirth 
was 1.66 (95% CI: 1.26–2.19), which was in accordance with previous study [97], 
but they did not found PM10 in 3 months before pregnancy, and 1–6 months after 
pregnancy was associated with fetal death. Hwang et al. [45] conducted a population- 
based case-control study from 1 January 2001 to 31 December 2007  in Taiwan 
based on the Taiwanese Birth Registry that comprised 1,510,064 registered single-
ton births. They found that a 10-μg/m3 increase in PM10 were weekly associated 
with stillbirth overall during the first (adjusted OR, 1.02; 95% CI, 1.00–1.05) and 
second month (adjusted OR, 1.02; 95% CI, 1.00–1.04).

From above, the components of PM exposure are closely related to the occur-
rence of fetal death or stillbirth. Meanwhile, their results also suggest that PM expo-
sure during pregnancy is harmful to pregnant women and fetuses. Due to the 
diversity and harmfulness of components of PM, we should pay much more atten-
tion to it and further prevent the occurrence of adverse pregnancy outcome.

8.2.3.2  The Relationships Between Carbon Monoxide (CO) and Fetal 
Death and Stillbirth

In China, there are several studies exploring the relationship between CO exposure 
and fetal death and stillbirth, but their results on the relationship between CO expo-
sure and stillbirth were not consistent. Zou et al. [113] conducted a monographic 
study to explore the relationships of CO exposure and fetal death in Tianjin city by 
a retrospective case-control study. They collected fetal death cases from 15 compre-
hensive hospitals and obstetrics and gynecology hospitals which are located in six 
districts of Tianjin city during January 2001 to August 2007 and randomly selected 
the control group according to age group. After adjusting for confounding factors, 
the results showed that CO was a risk factor for the occurrence of fetal death (OR, 
1.19; 95% CI, 1.01–1.39). For different CO concentration exposures, pregnant 
women exposed to medium concentration groups were 1.61 times (OR, 1.61; 95% 
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CI, 1.03–2.52) as high as that in the low exposure group in the first month of preg-
nancy, and pregnant women in the high concentration exposure group were 1.66 
times (OR, 1.66; 95% CI, 1.06–2.61) of the low exposure group. These results 
above showed that pregnant women who are exposed to medium and high concen-
trations of CO in the first month after pregnancy would increase the possibility of 
the occurrence of fetal death. Moreover, Hwang et al. [45] carried out a case-control 
study in 2011 in Taiwan to explore the relationship between a 100-ppb increase in 
CO during different pregnancy and stillbirth. But the results showed that there was 
no significant relationship between CO exposure and stillbirth. From the results of 
the above case-control study, there is no unified conclusion on the causal relation-
ship between CO exposure and stillbirths; more comprehensive research are needed 
to explore the causal relationships in the future.

8.2.3.3  The Relationships Between Carbon Monoxide (SO2) and Fetal 
Death and Stillbirth

Hou [42] conducted a retrospective case-control’s study on the relationship between 
air pollution and fetal death in Tianjin, and 959 fetal losses and 959 normal intra-
uterine pregnancies were recruited. Hou’s study showed that pregnant women with 
SO2 exposure during the month of pregnancy and first month after pregnancy were 
significantly associated with fetal death; OR values were 12.33 (95% CI, 2.18–
69.59) and 17.46 (95% CI, 3.01–101.24), respectively. Wang [94] conducted the 
specific study to explore the relationship between different SO2 exposure levels in 
periconceptional period and fetal death in Tianjin City. The results showed that SO2 
was associated with the occurrence of fetal death. For different SO2 concentration 
exposure, pregnant women exposed to medium concentration groups were 1.36 
times (OR, 1.36; 95% CI, 1.08–1.70) as high as that in the low exposure group in 
the first month of pregnancy, and pregnant women in the high concentration expo-
sure group were 1.88 times (OR, 1.88; 95% CI, 1.44–2.44) of the low exposure 
group. Hwang et al. [45] also explored the relationship between a 1-ppb increase in 
SO2 during different pregnancy and stillbirth. They got the conclusion that a 1-ppb 
increase in SO2 during the first trimester was significantly associated with stillbirth 
among all births (adjusted OR, 1.02; 95% CI, 1.00–1.04), but stratified estimates 
indicated that the association was present only among preterm births (adjusted OR, 
1.04; 95% CI, 1.01–1.07). The results of these studies support the maternal SO2 
exposure can increase the risk of fetal death or stillbirth that occurred and that early 
pregnancy is the most susceptible stage. But Zhang’s study [107] which was con-
ducted in Taiyuan city found that SO2 exposure was not associated with stillbirth. 
Although there is no consensus on the relationship between SO2 exposure and still-
birth, it indicates that SO2 may be a potential pollutant to maternal health.

8 The Associations Between Air Pollution and Adverse Pregnancy Outcomes in China
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8.2.3.4  The Relationships Between Nitrogen Oxide (NOx) and Fetal Death 
and Stillbirth

Similarly, there was seldom special research on the relationship between NOx and 
stillbirth, and the conclusions were not uniform. Hou’s study [42] on the relation-
ship between air pollution and fetal death in Tianjin showed that pregnant women 
with NO2 exposure during the first and second month before pregnancy were signifi-
cantly associated with fetal death; OR values were 152.05 (95% CI, 1.83–12,663.36) 
and 98.35 (95% CI, 2.96–3264.98), respectively. But in Hwang’s study [45] which 
was conducted in Taiwan, we did not found that NO2 exposure was associated with 
stillbirth. Some foreign researches showed that NO2 exposure was closely related to 
stillbirths. Green’s study [31] showed that a 10-ppb increase in NO2 (OR, 1.08; 95% 
CI, 1.03, 1.13) during the entire pregnancy was associated with stillbirth, and NO2 
(RR, 1.03; 95% CI, 1.02–1.03) was also associated with stillbirth in the last third of 
pregnancy in Spain. Faiz et al. [24] conducted a study to explore the relationship 
between NO2 exposure and stillbirth in New Jersey and found that a 10-ppb increase 
in NO2 exposure in the first trimester could increase the risk of stillbirth. From the 
above, we can conclude that NO2 exposure is associated with fetal death and still-
birth, but their causal relationship needs to be evaluated in the future.

8.2.3.5  The Relationships Between Ozone (O3) and Fetal Death 
and Stillbirth

The study on relationship between O3 exposure and stillbirth was rare and the rela-
tionship was not clear. In Hwang’s population-based case-control study [45] which 
was conducted in Taiwan in 2011, they explored the association of O3 exposure for 
each month of pregnancy, each trimester, and the whole pregnancy to elaborate the 
relevant gestational period for stillbirth. The results showed O3 exposure was not 
related with stillbirth in their cohort study regardless of the timing of exposure or 
preterm versus term birth status. However, Green’s study [31] which was conducted 
in California in 2014 found that a 10-ppb increase in O3 exposure during the third 
trimester was significantly associated with stillbirth (OR, 1.03; 95% CI, 1.01–1.05), 
but neither the entire pregnancy exposure nor the exposures in the other two trimes-
ters were still significant. Similarly, Arroyo’s time series study [2] showed that O3 
had a statistically significant effect on stillbirth in the first trimester of pregnancy 
(RR, 1.16; 95% CI, 1.15–1.16). Although several foreign studies showed that O3 
exposure was associated with stillbirth, the relationship between O3 exposure and 
stillbirth was not fully explored in China. A monographic study on the relationship 
between O3 exposure and fetal death and stillbirth will be needed in the future.

From the above studies, air pollutants are closely related to fetal death and still-
birth; these conclusions are just based on a few case-control studies. In China, a 
monographic study on the relationship between air pollutants and fetal death and 
stillbirths are rare, especially for NOx and O3; thus, in order to better know about the 
relationship and pathogenesis between air pollutant exposure and fetal death and 
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stillbirths and provide theoretical basis for the prevention and reduce the occurrence 
of fetal death and stillbirths, a longitudinal study on the relationship between air 
pollutants and fetal death should be carried out in the future.

8.2.4  Air Pollutant and Risk of Birth Defects

Common pollutants have been shown to be associated with the risk of preterm birth 
(PTB), low birth weight (LBW), and infant mortality [98, 105, 106]. However, few 
studies have explored the association between air pollution exposure during preg-
nancy and risk of congenital anomalies [93].

Congenital anomalies are considered as a main risk factor of stillbirth and neo-
natal and infant mortality. Worldwide, 3.2 million disabilities every year and an 
estimated 10% of deaths in children below 5 years old are caused by congenital 
anomalies [14]. In the United States, about 3% of births are associated with a birth 
defect [37]. In China, the incidence of congenital malformations is 5.6%, with about 
900,000 new birth defect cases each year [104]. The precise etiology of most con-
genital anomalies is suggested to be multifactorial, with environmental exposures 
such as air pollution suspected to have a role [79]. The potential impact of environ-
mental exposures to congenital anomalies has been recently reviewed [14, 93].

8.2.4.1  The Relationships Between Air Pollutants and Congenital Heart 
Defects (CHDs)

Congenital heart defects (CHDs) are the most common severe congenital anomalies 
and are the leading cause of infant mortality due to congenital anomalies [1]. A 
recent meta-analysis reported that NO2 was significantly associated with coarctation 
of the aorta [14]. Another meta-analysis that combined results from four studies 
reported associations between tetralogy of Fallot (TF) and NO2 exposure and 
between coarctation of the aorta and SO2 exposure [93]. However, the summary risk 
estimates were based on a small number of four studies, and few specific types of 
CHDs were explored. Compared to those literatures published in the Europe and 
United States, a very limited study has been published on the association between 
CHDs and ambient air pollution in Asia.

Zhang [105] (Table 8.4) conducted a cohort study with a total of 105,988 live- 
born infants, stillbirths, and fetal deaths. They included all pregnant women who 
lived in the urban district of Wuhan during pregnancy over the 2-year period from 
10 June 2011 to 9 June 2013. For each study participant, they assigned 1-week and 
1-month averages of ambient air pollution exposure based on air pollution concen-
tration obtained from the nearest exposure monitor to the living residence of moth-
ers during their early pregnancy period. They observed an increased risk of CHDs, 
particularly ventricular septal defect (VSD), with increasing PM2.5 exposure. 
Using 1-week averages, they found significant monotonically increasing associa-

8 The Associations Between Air Pollution and Adverse Pregnancy Outcomes in China
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tions between the risk of VSD and PM2.5 exposure during weeks 7–10 of pregnancy, 
with adjusted OR ranging from 1.11 to 1.17 (95 % CI, 1.02–1.20, 1.03–1.22, 1.05–
1.24, and 1.08–1.26 separately) per 10-μg/m3 change of PM2.5 concentration; sig-
nificant associations had not been found between PM10 and CHD and 
VSD. Epidemiological evidence linking to CHDs and maternal PM2.5 exposure is 
still inconsistent and limited. The California study explored the odds of CHDs dur-
ing the first 2  months of pregnancy and reported positive associations between 
transposition of the great arteries and PM2.5, but opposed relationships between pul-
monary valve stenosis and PM2.5 [72].

The Wuhan study [106] also observed increasing associations between CHDs 
overall, VSD, and TF individually and O3 exposure. The results are consistent to 
other studies that have explored the associations between CHDs and ozone expo-
sure. The Southern California study demonstrated a higher risk of valve defects and 
aortic artery in relation to increasing O3 exposure during the second month of preg-
nancy [80]. Similarly, the Northeast England study reported an increased risk of 
congenital malformations of tricuspid valve and pulmonary with exposure after lim-
iting to participants living within 16 kilometers of a monitor [17].

The Lanzhou cohort study [50] investigated 8969 singleton live births in China 
during 2010–2012. Using inverse distance weighting method, maternal exposures 
to PM10, NO2, and SO2 were estimated as a combination of monitoring concentra-
tion for time spent in a work location and at home. They found significant positive 
associations between patent ductus arteriosus (PDA) and PM10 exposure during the 
first trimester, second trimester, and the entire pregnancy (first trimester OR, 3.96; 
95% CI, 1.36–11.53; second trimester OR, 3.59; 95% CI, 1.57–8.22; entire preg-
nancy OR, 2.09; 95% CI, 1.21–3.62) and associations with NO2 of the second tri-
mester and the entire pregnancy (second trimester OR, 1.92; 95% CI, 1.11–3.34; 
entire pregnancy OR, 2.32; 95% Cl, 1.14–4.71). They also found positive associa-
tions between PM10 exposure and congenital malformations of cardiac septa in the 
second trimester and the entire pregnancy and SO2 exposures with the entire 
pregnancy.

Liu [61] conducted a hospital-based case-control study in Fuzhou China during 
2007–2013. Using a monitor-based inverse distance weighting method, the expo-
sure was assigned 10-day or 1-month averages of daily PM10 during early preg-
nancy. They enrolled a total of 662 live birth and 3972 live birth controls. Their 
results showed that PM10 exposure was positively related with the risks of atrial 
septal defect (adjusted ORs ranging from 1.29 to 2.17), patent ductus arteriosus 
(aORs, 1.54, 1.63; 95% CIs, 1.17–2.23, 1.06–3.24), overall fetal cardiovascular 
malformations (aOR, 1.28; 95% CI, 1.03–1.61), VSD (aOR, 1.19; 95% CI, 1.00–
1.43), and tetralogy of Fallot (aOR, 1.44; 95% CI, 1.01–2.19) in the various observed 
periods scaled by 10 days or 1 month in the first and second trimester. The strongest 
significant associations were found for PM10 exposure in the second quartile. No 
correlations of PM10 levels with CHDs in the other time periods of gestation were 
observed.
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8.2.4.2  The Relationships Between Air Pollutants and Oral Cleft

Oral cleft is common but has received less attention than congenital heart defects in 
studies of air pollution research. Some previous epidemiologic studies have linked 
oral clefts with ambient air pollution, but the evidence is inconsistent.

The Hong Kong study [15] explored the possible correlation between the risk of 
oral clefts and NO, NO2, SO2, and O3. The authors tabulated 48,804 births with 59 
cleft examples occurring in Hong Kong from 2002 to 2009. And they found that the 
incidence of oral clefts is inversely correlated with NOx at around 8 weeks postcon-
ception, particularly for cleft lip (CL). The Taiwan study [44] created a case-control 
study that examined 721,289 Taiwanese newborns from 2001 to 2003. They col-
lected 653 cases of cleft lip (CL) and/or cleft palate (CP) and 6530 controls. This 
study explored the associations between exposure to SO2, NOx, O3, CO, and PM10 
and the risk of clefts during the first trimester of pregnancy. The authors found that 
exposure to O3, but not the other pollutants, was associated with an increased cleft 
lip with cleft palate risk.

The Wuhan cohort study observed an increased risk of oral cleft with increasing 
PM2.5 exposure in the most susceptible time periods in pregnancy. In contrast, higher 
CO exposure was associated with decreased odds of cleft palate of the third month 
of the pregnancy. A meta-analysis confirmed the association of ozone exposure and 
risk of oral cleft (OR,1.08;95%CI,1.01-1.16). NOx was consistently associated with 
decreased risk of cleft palate and cleft lip with or without palate [78].

It is possible that inconsistent findings for risk of congenital heart defect and oral 
cleft and air pollution exposure across studies may be at least partially due to differ-
ences in the pollution concentration and range of pollution experienced in different 
countries. The measurement error in air pollution exposure assessment that was too 
great is another possibility of inconsistent findings. The previous studies generally 
use pure spatial modeling [14], pure temporal approaches [32], the nearest monitor 
approach, or spatiotemporal modeling [85], which all can cause measurement error 
for the distance between the monitor and the subject. Using the estimated date of 
conception may cause exposure misclassification of timing 14 days from the last 
menstrual period (LMP), because women may not recall LMP date accurately, and 
the LMP may be unreliable. Using residential information for the mother at the time 
of birth rather than during the first trimester may also raise exposure misclassifica-
tion of timing. There would be exposure misclassification if local pollution sources 
existed, such as construction, traffic, or other spatially distributed risk factors. 
Measurement error would also be different for each air pollutants, as the patterns of 
their spatial distribution vary quite widely, and it may be caused by not considering 
the time spent in different microenvironments [8].

Y. Tan et al.
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8.2.5  Air Pollution and the Risk of Infertility

Air pollution may have an impact on adverse reproductive outcomes in both humans 
and animals, resulting in infertility, abnormality, and spontaneous abortion. Evidence 
showed that exposure to air pollution has been linked to infertility [13, 27, 71].

Infertility is a complex disorder that is comprised of female factors (tubal, cervi-
cal, uterine, endometriosis, ovarian, hormonal), male factors (based on semen 
parameters), and other unexplained causes. The definition of infertility recom-
mended by the World Health Organization (WHO) is that a non-contracepting cou-
ple who attempts conception for at least 1 year without success [73]. The incidence 
of infertility has been increasing in industrial countries from 7–8% in 1960 to 
20–35% nowadays [90]. In China, the infertility rate is about 17.13 % [51]. Besides 
gene and congenital disease, environment and behavior could also lead to male and 
female infertility. Increasing infertility rate is a top priority for the WHO [87]. In 
addition, the impact of air pollution on infertility has attracted more and more atten-
tion worldwide.

As we know, there were two studies that analyzed the impact of air pollution on 
sterility or fertility rates in Spain [71] and USA [64], respectively. Three studies 
have reported a significant detrimental effect of high concentrations of air pollutants 
on clinical pregnancy rates and implantation rates [59, 76, 88]. However, topics 
above were not conducted in China, and there were studies only about the relation-
ship between air pollution and spontaneous abortion and semen quality in Chinese 
population.

8.2.5.1  The Relationships Between Air Pollutants and Spontaneous 
Abortion

Liu carried out a survey among 200 early spontaneous abortions and 200 controls 
matched by age. Through investigating their state of living environment, they found 
that living nearly factories less than 500 m with air pollution was associated with 
risk of early spontaneous abortion, with an odds ratio of 4.58 and 95% CI of 1.69–
12.39 [62]. Hou et al. studied the effects of air pollutant (SO2, NO2, PM10, and total 
suspended particulates (TSP)) exposure on fetal loss. They collected 959 cases and 
959 normal pregnancies within 14  weeks of pregnancy as controls in Nanjing, 
China. The data based on hospital records and national pollution monitor station 
records were collected. In their study, the mean monthly variation of the pollution 
level of SO2, TSP, NO2, and PM10 during the study period was higher in winter and 
spring (heating period) and lower in summer and autumn. The ratios of fetal loss 
were 2.04% during the heating period and 1.96% during the non-heating period. 
Besides, their results suggested that fetal loss within 14 weeks was associated with 
higher exposure to SO2 (OR, 19.76; 95 % CI, 2.34–166.71), NO2 (OR, 107.60; 95 % 
CI, 2.55–4544.61), and TSP (OR, 2.04; 95 % CI, 1.01–4.13) in their first month of 
pregnancy. However, no association has been found in any period of pregnancy for 
PM10 exposure [42].
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Faiz et al. [25] and Mohorovic et al. [68] reported a significant increased risk of 
miscarriage in the general population with exposure to high levels of NO2, SO2, and 
products of coal combustion, respectively. However, Green et al. [30] did not found 
that there was statistically significant association between maximum annual average 
traffic within 50 m and increased risk of miscarriage in the general population.

8.2.5.2  The Relationships Between Air Pollutants and Semen Quality

Zhou et al. conducted a cross-sectional study in urban and rural areas of Chongqing, 
the largest of the four direct-controlled municipalities in China [111]. A group of 
1346 healthy and eligible volunteers finally agreed to and completed all steps in the 
study. Sperm motion analysis was performed using a computer-aided semen analy-
sis system (CASAS). CASAS outcomes included curvilinear velocity (VCL), 
straight-line velocity (VSL), average path velocity (VAP), beat cross frequency 
(BCF), and amplitude of lateral head displacement (ALH). Outdoor PM10, SO2, and 
NO2 concentrations were collected from six ambient air quality monitoring stations 
in the studied districts or from counties that belonged to the national air pollutant 
detection network in 2007. Through their analysis, they found that the spatial distri-
butions of PM10, SO2, and NO2 were significantly higher in urban areas than that in 
rural areas. Further, they observed better male semen quality in the rural area of 
Chongqing than in the urban area, especially for sperm morphology and CASAS 
kinetic parameters. In addition, the outdoor exposure concentrations for PM10, SO2, 
and NO2 were found to be significantly and negatively associated with a normal 
sperm morphology percentage (−0.212, −0.378, −0.381, respectively, p < 0.001). 
In contrast to the other parameters, the PM10 were positively associated with sperm 
concentration (0.075, p = 0.031). Nevertheless, they did not observe any statistically 
significant associations in the regression analysis between the air pollutants of SO2 
and NO2 and routine semen quality parameters (sperm volume, sperm concentra-
tion, progressive motility, and total sperm motility). Vehicular exhaust is considered 
in great part responsible for the reproductive effects related to air pollutants. Zhang 
et al. [110] investigated the effects of motor tail gas on semen motility and the activ-
ity of succinate dehydrogenase (SDH) in 35 traffic policemen and 30 male teachers. 
They found that semen motility was decreased, and the activity of SDH was inhib-
ited in traffic policemen with higher blood lead compared to male teachers. De Rosa 
et  al. [18] evaluated semen quality in men exposure to traffic and observed that 
nitrogen oxide and Pb adversely affected semen quality.

The results above were in accordance with researches aboard. Selevan et al. [86] 
reported that periods of elevated air pollutants in Teolice, Czech Republic, were 
significantly associated with quality of semen, including proportionately fewer 
motile sperm, less sperm with normal morphology or normal head shape, and pro-
portionately more sperm with abnormal chromatin. Calogero et al. [9] studied the 
effects of environment car exhaust pollution on human sperm. Their results showed 
that car exhaust exposure has a significantly genotoxic effect on human 
spermatozoa.

Y. Tan et al.
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There is relatively little epidemiological data on this issue. In contrast, there are 
more experimental data available regarding the effect of pollutants on fertility in 
experimental mammals. These highlight the biological plausibility of the observed 
fertility decline in humans in relation to air pollution, which may operate through 
various mechanisms. Yan explored the effects of long-term exposure to PM2.5 from 
automobile exhaust on the reproductive function of Sprague-Dawley rats. The rats 
in PM2.5-exposed groups showed significantly disordered histological structure of 
the seminiferous tubules, reduced sperm count in the testicular lumen, some exfoli-
ated secondary spermatocytes, downregulated Connexin 43 expression in the testis, 
and damaged blood-testis barrier [102]. Hong suggested that diesel exhaust parti-
cles could damage ovarian structure and function and make oocyte mitochondria 
vacuolization [38]. Veras et al. [92] pointed to endocrine disruption as the mecha-
nism of action, by altering the normal function of the neuroendocrine-gonadal axis 
and producing hormonal imbalance. This study by Veras suggested that PM 
decreased the number of antral follicles, which can cause premature ovarian failure. 
Several studies have reported a deleterious effect of air pollution on sperm morphol-
ogy [28], concentration [34], and motility [35]. Another possibility is damage, 
including immune-mediated injury, during critical stages of embryo development, 
where direct transfer of pollutants through the placenta leads to irreversible damage 
of dividing cells, potentially resulting in miscarriage [75]. In this regard, women 
exposed to CO in air pollution during pregnancy have been found to have increased 
levels of carboxyhemoglobin and circulating nucleated red blood cells, both of 
which are markers of fetal hypoxia [112]. Other investigators have also described a 
disruption of the normal pattern of segregation of the first two cell lines and troph-
ectoderm [48]. Finally, changes in the vascular compartment or uterine environment 
in relation to air pollution before pregnancy have been reported in women who have 
miscarriage [92].

In summary, although there is a lack of studies about the impact of air pollution 
on infertility in China, air pollution indeed is an increased risk of human infertility. 
Further prospective researches are extremely essential, covering the effects of 
chronic exposures and short-term exposures of different air pollutants on infertility 
in Chinese population and using a better characterization of exposure models. 
Besides, there is a need for the implementation of control programs to reduce par-
ticulate and other pollutant emissions. Furthermore, it is necessary to strengthen 
education about pregnancy healthcare among childbearing-age women and to 
reduce exposure to air pollution.

In addition, there are rarely data addressing the relationship between air pollu-
tion and the risk of macrosomia (defining of birth weight more than 4000 g). A 
cohort study on whether high levels of air pollutant concentration are related to 
increased risk of fetus macrosomia was conducted in Wuhan, China, during 10 
June 2011 to 9 June 2013. The exposure was estimated based on daily average 
concentrations of pollutants estimated using the data from the nine closest moni-
tors in Wuhan, China. Logistic regressions were performed to explore the relation-
ships between exposure to each of the pollutants during different pregnancy periods 
(first, second, and third trimesters) and macrosomia while controlling for key 
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covariates (maternal age, gestational age, maternal baseline body mass index, 
weight gain during pregnancy, parity, maternal education, tobacco use, passive 
smoke, seasons of conception, infant sex). After controlling for some key covari-
ates, we found 5.8% (OR, 1.058; 95% CI, 1.028, 1.089) and 8.3% (OR, 1.083; 95% 
CI, 1.046, 1.121) increase in risk of macrosomia with each 10-μg/m3 increase in 
PM10 concentrations in the first trimester and the third trimester; 13% (OR, 1.127; 
95% CI, 1.072, 1.184), 17% (OR, 1.173; 95% CI, 1.118, 1.231) and 6% (OR, 
1.060; 95% CI, 1.004, 1.118) increase in risk of macrosomia with each 10-μg/m3 
increase in NO during the first, second, and third trimester; and 3% (OR, 1.026; 
95% CI, 1.007, 1.044) and 6% (OR, 1.056; 95% CI, 1.034, 1.079) increase in risk 
of macrosomia with each 10-μg/m3 increase in O3 concentrations in the first and 
third trimester (Table 8.5).

The findings of the preliminary study suggest an association between air pollut-
ants (e.g., PM10, NO, O3) and macrosomia in different exposure windows. The 
study could not elucidate the exact biological mechanism based on the present 
data, given that more and more studies demonstrated that gestational diabetes mel-
litus (GDM) is independently associated with macrosomia with an adjusted odds 
ratio (adjusted OR) of 1.71 (95% CI, 1.52–1.94) [36]. Several animal studies sug-
gested that exposure to air pollution may induce profound metabolic effects 
through oxidative stress. In particular, PM2.5 exposure was associated with glucose 
intolerance, decrease insulin sensitivity, and altered hepatic glucose and lipid 
metabolism [63, 101, 109]. Hence, the authors postulate that air pollutants might 
increase the risk of macrosomia by increasing insulin resistance or other biological 
process associated with adipose metabolism. However, more toxicological studies 
and prospective cohort studies with improved exposure assessments are needed to 
establish causality related to specific pollutants and increasing risk of 
macrosomia.

Table 8.5 Adjusted ORs and 95% CIs for macrosomia attributable to maternal exposure to 
pollutants during the first, second, and third trimester of pregnancy in Wuhan, China, 2010–2013 
(Data not published yet)

Variates
First trimester Second trimester Third trimester
aOR 95%CI aOR 95%CI aOR 95%CI

PM10 1.058 (1.028) (1.089) 1.026 (0.996) (1.057) 1.083 (1.046) (1.121)
SO2 0.919 (0.875) (0.965) 0.965 (0.922) (1.010) 1.007 (0.943) (1.075)
NO 1.127 (1.072) (1.184) 1.173 (1.118) (1.231) 1.060 (1.004) (1.118)
NO2 0.960 (0.915) (1.008) 0.895 (0.853) (0.940) 1.000 (0.946) (1.057)
CO 0.742 (0.551) (1.001) 1.010 (0.784) (1.300) 1.125 (0.861) (1.470)
O3 1.026 (1.007) (1.044) 1.019 (0.999) (1.039) 1.056 (1.034) (1.079)
PM2.5 0.982 (0.957) (1.007) 0.987 (0.966) (1.008) 0.966 (0.943) (0.990)

aOR adjusted odds ratio, all logistic modes were adjusted by maternal age, history of diabetes, 
gestational age, gravidity, parity, weight gain during gestation, season of conception, smoking and 
passive smoking, infant sex, etc.
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8.3  Mechanisms of Adverse Pregnancy Outcomes Caused 
by Air Pollution

Although the biologic mechanisms by which ambient air pollutants may affect fetal 
outcomes have not been fully explored, there are several mechanisms that have been 
proposed to explain associations between air pollutants and adverse pregnancy 
outcomes.

8.3.1  Mechanisms of Particular Matter (PM) on Adverse 
Pregnancy Outcomes

The aerodynamic diameter of particulate matter can decide its deposition in the 
parts of the respiratory tract: less than 10-um particles (PM10) can enter the nasal 
cavity, less than or equal to 2.5 um (PM2.5) can be in-depth and alveolar deposition, 
and then enter the blood circulation [33]. Several studies have shown that air pollut-
ants can directly penetrate the placenta or produce an active product, which has a 
negative effect on the outcome of pregnancy [67, 91]. Some of the potentially toxic 
elements, such as plumbum, cadmium, nickel, manganese, vanadium, bromine, and 
zinc and polycyclic aromatic hydrocarbons (PAHs), are adsorbed on the PM2.5. 
These small particles are easily deposited in the alveolar region and easily enter into 
the blood [69]. Toxicology experiments showed that plumbum exposure was one of 
the causes of congenital malformations and nervous system abnormalities of the 
fetus [3, 20]. Gerhard et al. [29] study showed that mercury might affect the luteal 
function and decrease the level of progesterone. They also found that plumbum, 
cadmium, and arsenic also had negative effects on ovarian function (especially 
luteal function) and further increased the risk of fetus death. Cai et al. [11] found 
that when the concentration of cobalt in the environment was more than 100 mu g/L, 
the survival rate of zebra fish embryos decreased and fetal malformation increased. 
Nakashima et al. [70] experiments found that high concentration of cadmium could 
increase mouse embryonic malformation rate and mortality in a dose-dependent 
manner. In addition, small dose of PAHs could activate NK cell in placenta and then 
NK cell attacked the placenta and might lead to fetal death [19]. PM2.5 also has toxic 
effects on chromosome and DNA, including changing the number and structure of 
the chromosome, DNA mutation, and further causing fetal death or infertility. 
Animal experiments showed that particulate matter could cause the mice germ cell 
mutations and further pass the mutations to offspring [89]. Jurewicz et al. [52] found 
that PM2.5 exposure was related to double Y chromosome and chromosome 21.

From the above, we can conclude that heavy metals and PAHs are the main toxic 
components of particulate matter. Particulate matter can increase adverse preg-
nancy outcome through the effect on maternal hormone metabolism and immune 
status; PM2.5 and its components can lead to the oxidative stress in matrix and thus 
influence the fetal development; PM2.5 has genetic toxicity and increases gene 
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mutation. Besides, PM can combine placental growth factor receptor and cause 
inflammatory response of the placenta, further causing exchange barrier of oxygen 
nutrient of fetal placenta; particulate matter also alters coagulation function and 
hemodynamics. These mechanisms can be individually or in combination to affect 
the exchange of nutrients between placenta and fetus, resulting in adverse preg-
nancy outcomes [24].

8.3.2  Mechanisms of Gaseous Pollutants on Adverse 
Pregnancy Outcomes

CO can preponderantly compete with oxygen to combine with hemoglobin and also 
damage the white blood cell, platelet, and endothelial cell, further resulting in oxy-
gen transport and electron transfer disorder. When pregnant women are exposed to 
CO, CO can penetrate into the placental barrier and interfere oxygenation of the 
fetus. In addition, CO can decrease maternal oxygen-carrying capacity, cause insuf-
ficient intrauterine oxygen supply and blood viscosity change and also disturb fetal 
and maternal nutrition communication [58, 112]. CO exposure in prenatal period 
can also affect fetal brain stem cholinergic and catecholaminergic pathways and 
also cause fetal brain pons and decreased medulla norepinephrine concentration 
[57]. All the above mechanisms can harass the fetal growth and development and 
lead to fetal malfunction. SO2 as a water-soluble irritant gas can be transformed into 
sulfite or hydrosulfite in the blood and then quickly distribute to the whole body and 
could increase the risk of wheezing and shortness of breath, decrease resistance to 
infection, and affect the respiratory function or cause asthma. Embryological stud-
ies proved that SO2 exposure in pregnancy (especially early pregnancy) had nega-
tive effect on the fetus. SO2 could be transferred to the baby via the placenta, 
seriously disturbed the normal fetal growth and development, and even cause fetal 
malformation or death [22]. NOx comes mainly from a variety of fuel combustion 
emissions, mainly in the form of NO, and easily converted to NO2. NO2 can enter 
into the blood in the form of nitrite and nitrate, which can transform low iron hemo-
globin into methemoglobin and lead to tissue hypoxia, hindering nutrition and oxy-
gen exchange between the mother and fetus and indirectly increase the risk of fetal 
adverse outcome [23]. On the mechanism of O3 on adverse pregnancy outcomes, 
animal experiments confirmed that O3 had immunotoxicity and embryonic toxicity 
[53]. O3 can increase the concentration of lipid peroxidation and inflammatory fac-
tors in the circulation system of pregnant women and have a bad effect on the blood 
circulation of the placenta and ultimately affect the growth of the fetus and increase 
the risk of fetal loss or death [83].
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8.4  Summary

From the above studies, it is clear that air pollution can lead to an increase risk of 
maternal and prenatal adverse outcomes. Pregnant women are especially vulnerable 
to the adverse impacts of air pollution, increasing the potential risk for adverse birth 
outcomes. Pregnant women had been exposed to air pollutants before the occur-
rence of adverse pregnancy outcomes, and therefore it was credible that results 
based on the records of previous exposure and causal timing were also reasonable. 
The results of these studies could explain the association between air pollutants and 
adverse pregnancy outcome in a certain extent. Therefore, we can conclude that 
exposure to air pollutants during pregnancy is a potential risk to the health of the 
pregnant women and fetus and increases the risk of adverse pregnancy outcome.
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Chapter 9
Comparison of Health Impact of Air Pollution 
Between China and Other Countries

Linwei Tian and Shengzhi Sun

Abstract Air pollution is the world’s largest single environmental risk according to 
the World Health Organization (WHO), which caused around seven million deaths 
in 2012. Extensive epidemiological studies have been carried out worldwide to 
examine the health impacts of ambient air pollution, consistently demonstrating 
significant health impacts of ambient air pollution. Air pollution problem in China 
is especially serious; it has become the fourth biggest threat to the health of the 
Chinese people. In this review, we summarized existing literature, compared health 
impact of air pollution between China and other countries, and found substantial 
heterogeneity in the risk estimates of air pollution. The effect heterogeneities may 
be due to the differences in the characteristics of populations (e.g., the proportion of 
the elder population and people with preexisting diseases), exposure profile (e.g., air 
pollution concentrations and composition), and regional climate. Although the mag-
nitude of relative risk estimates of air pollution is generally similar with that in other 
parts of the world, air pollution is one of China’s most serious environmental health 
problems given the huge number of people exposed to high concentration levels of 
air pollution in China.

Keywords Particulate matter • Concentration-response functions • Effect 
heterogeneity

9.1  Introduction

Extensive epidemiological studies have been conducted worldwide to examine the 
health impacts of air pollution, and the evidence for the adverse effects of ambient 
air pollution on morbidity and mortality is convincing in both China [11, 40] and 
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other countries ([21]; Isabelle [30, 36]) (details discussed in Chaps. 4 and 5). 
However, the concentration-response functions (CRFs), the percent change of a 
given health outcome per μg/m3 increment in concentration of air pollution, may 
differ according to geographical regions. These effect heterogeneities may be due to 
the difference in the characteristics of populations, exposure profile (e.g., air pollu-
tion concentration, particulate matter size distribution and composition), and 
regional climate. Insights into these modifying factors might help to understand the 
health effects of air pollution and could lead to different air quality guidelines for 
different parts of the world.

China is a developing country and is in the process of fast industrialization and 
rapid economic development. With fast development over the past three decades, 
China had become the world’s second largest economy in terms of gross domestic 
product (GDP) in 2010 and was the world’s biggest energy consumer in 2009. Coal 
is the major source of energy; the amount of coal consumption in China constitutes 
about 50% of the world’s total coal consumption in 2012. At the same time, the 
number of on-road civilian vehicles increased dramatically from 16.09 million in 
2000 to 93.56 million in 2011 [12]. China’s extensive industrial development, sub-
stantial coal-dependent energy consumption, and increasing number of vehicles 
have led to a rise in emissions of air pollutants. Consequently, air pollution is one of 
China’s most serious environmental problems. Ambient air pollution has become 
the fourth biggest threat to the health of the Chinese people according to the Global 
Burden of Disease Study 2010 [46].

China has its unique characteristics when compared to the developed countries 
(e.g., the United States and the European countries). Being the largest producer and 
consumer of coal in the world, together with outdated technologies and poor main-
tenance of coal burning facilities, China is one of the few countries with the highest 
air pollution levels (both outdoor and indoor) in the world [41, 42]. In addition, 
sociodemographic characteristics of residents (e.g., age structure, disease pattern, 
and socioeconomic status) in China also differ from those of developed countries. 
Thus, comparing the health effects of air pollution between China and other coun-
tries may provide some insights into the potential modifiers of the adverse health 
effects of air pollution.

In this chapter, we focus on the short-term health effects of particulate matter (PM) 
and ozone (O3), comparing the findings from China and other countries, and discuss-
ing the potential effect modifiers for the adverse health effect of air pollution.

9.2  Comparison of CRFs Between China and Other 
Countries

Case-crossover and time-series analysis are the two main methods to analyze the 
short-term health effects of air pollution. The case-crossover study design, however, 
has its own disadvantages: it does not account for over-dispersion and may 
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underestimate the variance of health estimates in each city, and it can induce larger 
estimates for heterogeneity than does time-series analysis [21]. On the other hand, 
there is a broad spectrum of model specification in the time-series analysis, includ-
ing the methods used for smoothing (e.g., natural splines or penalized spline) and 
the number of degrees of freedom for smoothing, but effect estimates remained 
fairly stable [21]. Thus, we restricted our comparative analysis to those estimates 
from time-series studies in order to reduce the complexities introduced by differing 
analytic strategies.

Although numerous effect estimates have been generated from single-city stud-
ies, these results are hard to synthesize. Multi-city studies combining estimates 
from various locations using a common protocol may reduce potential bias (e.g., 
analytic bias, lag selection bias, and publication bias) and increase precision, thus 
can be used to evaluate the heterogeneity of the air pollution effect across cities. In 
addition, there are relatively few studies in China which have examined effects of 
air pollution on hospital admissions, and few studies have examined long-term 
effects of air pollution. Currently, the China Kadoorie Biobank (CKB) cohort study 
is under way and has not produced findings on air pollution and health yet. This 
large, well-established study should generate new findings for China. Thus, in this 
chapter, we mainly compare results from multi-city studies in the world, supple-
mented by meta-analysis results in the literature.

9.2.1  Particulate Matter (PM)

Airborne particulate matter (PM) is a complex mixture of solid and liquid particles 
of primary and secondary origin, which contain a wide range of inorganic and 
organic components. It is created by both natural and man-made sources and is 
found both outdoors and indoors. From the health perspectives, PM is typically 
defined by size, with the smaller particles having larger health impacts. PM with 
aerodynamic diameter less than 10 μm is called PM10, and PM with aerodynamic 
diameter less than 2.5 μm is called PM2.5.

Numerous large-scale multi-city epidemiological studies have been carried out 
to estimate the health effects of air pollution worldwide. Air pollution and health: A 
European and North American Approach (APHENA) was a Health Effects Institute 
(HEI)-sponsored project consisting of three components: (1) the Air Pollution and 
Health: A European Approach Phase 2 (APHEA-2) study involving 32 European 
cities; (2) the National Morbidity, Mortality, and Air Pollution Study (NMMAPS), 
conducted in 90 largest US cities; and (3) multi-city research on the health effects 
of air pollution in 12 Canadian cities [21]. Estudio de Salud y Contaminación del 
Aire en Latinoamérica (ESCALA) was another HEI-sponsored project that aimed to 
estimate the health effects of air pollution in 9 Latin American cities [30]. Simpson 
et al. conducted a multi-city study to estimate the short-term mortality effects of air 
pollution in 4 Australian cities (Melbourne, Sydney, Brisbane, and Perth), which 
account for about 50% of the Australian population [36]. The China Air Pollution 
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and Health Effect Study (CAPES) was the largest multi-city study conducted in 
China which included 16 Chinese cities coving about 69 million population [11]. 
These multi-city epidemiological studies generally applied two stages of analysis to 
estimate city-specific and national average associations of PM10 with daily mortal-
ity. In the first stage of the analysis, city-specific estimate was estimated followed 
by a common protocol for fitting the Poisson regression models to the air pollution 
and mortality time-series data in each city. In the second stage, hierarchical model 
or meta-analysis was used to pool city-specific estimates and obtain the national 
average estimates of the association of PM10 with mortality. Potential effect modifi-
cation by sociodemographic characteristics and regional climate was also assessed 
across study regions.

The associations between PM10 and all-cause mortality were positive and statisti-
cally significant for the all-age group in Canada, Europe, the United States, Latin 
America, and China, but not in Australia. When pooling estimates from cities, the 
percentage excess risks per 10 μg/m3 increase of PM10 concentration for all-cause 
mortality were 0.84% (95% confidence interval: 0.30%, 1.40%), 0.26% (0.15%, 
0.36%), 0.26% (0.15%, 0.37%), 0.77% (0.60%, 1.00%), 0.20% (−0.80%, 1.20%), 
and 0.35% (0.18%, 0.52%) for Canada, Europe, the United States, Latin American, 
Australia, and China, respectively. The effect estimates for Canada (0.84%) and 
Latin America (0.77%) were two or three times higher than those for Europe 
(0.26%), United States (0.26%), Australia (0.20%) and China (0.35%).

APHENA studied the health effects of PM10 on cardiovascular mortality for peo-
ple aged less than 75 and people aged 75 years and older separately, while other 
multi-city studies examined the effects of PM10 on cardiovascular mortality for all 
ages. The risk estimates of PM10 on cardiovascular mortality were positive and sta-
tistically significant in Canada (people ≥75 years), Europe (people ≥75 years), the 
United States (people ≥75 years), Latin America (all-age group), and China (all-age 
group).

Effects of PM10 on respiratory mortality were less consistent across regions. A 
10  μg/m3 increase in PM10 was associated with respiratory mortality of −1.4% 
(−3.2%, 0.5%), 0.37% (0.03%, 0.73%), 0.15% (−0.28%, 0.59%), 1.39% (0.98%, 
1.81%), and 0.56% (0.31%, 0.81%) in Canada, Europe, the United States, Latin 
America, and China, respectively. Those associations were statistically significant 
in Europe, Latin America, and China only.

In summary, there is indeed heterogeneity for mortality effects of PM10. The rela-
tive risks estimated in Canadian cities were much larger than in other regions. The 
effect sizes in China were comparable with those in Europe and the United States 
(Fig. 9.1 and Table 9.1).
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9.2.2  Gaseous Pollutants

Multi-city studies of APHENA, ESCALA, and Simpson et al. [36] also examined 
the mortality effects of ozone (O3). A four-city time-series study investigated the 
short-term effects of O3 in the Pearl River Delta (PRD) of southern China [40].

Lag 0-1, natural spline, 4-6 df/yr

-3 -2.5 -2 -1.5 -1 -0.5
Percent Change per 10 µg/m3 PM10

0 0.5 1 1.5 2 2.5

Lag 0-1, natural spline, df/yr vary by city

Lag 1, natural spline, 8 df/yr

Lag 1, natural spline, 8 df/yr

Lag 1, natural spline, 8 df/yr

Location: 90 U.S. cities

Location: 22 European cities

Location: 12 Canadian cities

DL (0-3), natural spline, df/yr vary by city

Location: 16 Chinese cities

Location: 3 Australian cities

Location: 9 Latin American cities

Chen  et al 2012 (CAPES)

Simpson et al 2015

Romieu et al 2012 (ESCALA)

Katsouyanni et al 2009 (APHENA) ∗ 

Katsouyanni et al 2009 (APHENA) ∗ 

Katsouyanni et al 2009 (APHENA) ∗ 

Annual average concentration 52-156 µg/m3∗∗

Annual average concentration 16.3-18.2 µg/m3∗∗

Annual average concentration 29.6-78.4 µg/m3∗∗

Annual average concentration 14-43 µg/m3∗∗

Annual average concentration 13-65 µg/m3∗∗

Annual average concentration 11.4-27.5 µg/m3∗∗

Fig. 9.1 Percentage excess risk (ER %) of all-natural, cardiovascular, and respiratory mortality 
per 10 μg/m3 increase in PM10 in multi-city studies. Estimates with ▲ indicate all-natural mortal-
ity, estimates with ● represent cardiovascular mortality, and estimates with ■ denote respiratory 
mortality. *Estimates are for all ages, except estimates of cardiovascular mortality are for people 
≥75 years. **Concentration ranges across cities (Source: Adapted from Romieu et al. [30]; p. 100)
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Ozone was associated with all-natural mortality in each of the six regions, except 
for Australia and Latin America. The excess risks of ozone per 10 μg/m3 increase in 
all-natural mortality in Canada [0.52% (0.24%, 0.80%)] and China [0.81% (0.63%, 
1.00%)] were greater compared to effects in Europe [0.13% (0.05%, 0.21%)] and 
the United States [0.18% (0.01%, 0.35%)]. For cardiovascular mortality, the risk 
estimates varied substantially. The effect estimates are positive and statistically sig-
nificant for Canada (people ≥75 years), Latin America (all-age group), and China 
(all-age group). The association between ozone and respiratory mortality was gen-
erally nonsignificant, except Latin American, Australia, and China with percentage 
excess risks per 10  μg/m3 increase in ozone of 0.21% (0.10%, 0.31%), 1.10% 
(0.10%, 2.10%), and 1.33% (0.89%, 1.76%), respectively.

In summary, the magnitude of excess risks of ozone in China was generally 
larger than in other countries or regions for all-natural, cardiovascular, and respira-
tory mortality among the multi-city studies (Fig. 9.2 and Table 9.2). The underlying 
reasons should be explored in future studies.

9.3  Modifying Factors for CRFs

Sources of heterogeneity in the risk estimates for PM and O3 may include different 
exposure profiles, regional climate, and population characteristics.

9.3.1  Concentration Ranges of Air Pollutants

Cities of the developing countries currently have the highest air pollution concentra-
tion (Figs. 9.3 and 9.4), particularly those cities in Asia with extensive coal burning 
[29]. For example, the ranges of annual mean concentrations of PM10 and O3 in 74 
Chinese cities were from 42 to 233 μg/m3 and 69–200 μg/m3, compared with the 
mean concentrations of 105 μg/m3 and 145 μg/m3 in those 74 Chinese cities in 2014, 
respectively [13], which is far exceeding the limits of both national air quality 

Table 9.1 Mortality risk estimates for PM10 exposure based on meta-analyses results

Country or region Daily mortality Reference ER (%) per 10 μg/m3 95% CI

Europe All-cause [2] 0.6% 0.4–0.8%
Europe Cardiovascular [2] 0.9% 0.5–1.3%
Europe Respiratory [2] 1.3% 0.5–2.09%
Asia All-cause [14] 0.49% 0.23–0.76%
China All-cause [34] 0.32% 0.28–0.35%
China Cardiovascular [34] 0.43% 0.37–0.49%
China Respiratory [34] 0.32% 0.23–0.40%

ER(%) percentage excess risk, CI confidence interval
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standards and the air quality guidelines recommended by the World Health 
Organization (WHO). Cities of the developed countries seem to have better air qual-
ity in terms of PM10 and O3 concentration compared to developing countries. For 
instance, the median concentration of PM10 ranges from 14.0 μg/m3 to 43.7 μg/m3 
and 13.1 μg/m3 to 65.0 μg/m3 in the United States and European cities, respectively. 
The median concentration of O3 ranges from 26.0 μg/m3 to 75.3 μg/m3 and 37.5 μg/
m3 to 82.2 μg/m3 in the United States and European cities, respectively [21].

The CRF for PM10 with mortality was found to be linear in NMMAPS [17] and 
APHEA-2 project [31, 32] at low air pollution concentrations levels with no thresh-
old identified. The CRF outside the range of concentration in North America and 

Fig. 9.2 Percentage excess risk (ER %) of all-natural, cardiovascular, and respiratory mortality 
per 10 μg/m3 increase in O3 in multi-city studies. Estimates with ▲ indicate all-natural mortality, 
estimates with ● represent cardiovascular mortality, and estimates with ■ denote respiratory mor-
tality. *Estimates are for all ages, except estimates of cardiovascular mortality are for people 
≥75 years. **Concentration ranges across cities (Source: Adapted from Romieu et al. [30]; p. 101)
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Europe is less clear. It is likely that the CRF will begin to flatten at very high  
concentrations as studies suggested [3, 45] (Fig. 9.5); therefore, variation in air pol-
lution levels could contribute to heterogeneity in CRF, particularly if the underlying 
curves are nonlinear.

9.3.2  The Concentration of Copollutants

The concentration of copollutants (e.g., nitrogen dioxide) is the highest in China 
(Fig. 9.4). It might be an effect modifier for the mortality effects of PM. For example, 
higher nitrogen dioxide (NO2) concentrations were found to be associated with larger 
PM mortality effect estimates in single-city studies [16, 18]. A multi-city study [21] 

Table 9.2 Mortality risk estimates for ozone exposure based on meta-analyses results

Country or region Daily mortality Reference ER (%) per 10 μg/m3 95 % CI

Europe All-cause [2] 0.3% 0.1–0.4%
Europe Cardiovascular [2] 0.4% 0.3–0.5%
Europe Respiratory [2] 0% −0.4–0.5%
The United States All-cause [4] 0.84% 0.48–1.20%
The United States Cardiovascular [4] 0.85% −0.66–2.39%
The United States Respiratory [4] 0.65% −1.84–3.21%
China All-cause [34] 0.48% 0.38–0.58%
China Cardiovascular [34] 0.45% 0.29–0.60%
China Respiratory [34] 0.73% 0.49–0.97%

ER (%) percentage excess risk, CI confidence interval

Fig. 9.3 Global map of modeled annual median concentration of PM2.5, in μg/m3 (Source: World 
Health Organization, website: http://who.int/phe/publications/air-pollution-global-assessment/en/)
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also found that in cities with higher mean NO2 levels and mean NO2/PM10 ratios, the 
risk estimates of mortality were higher [0.44% (cities with higher mean NO2 levels) 
versus 0.17% (cities with lower mean NO2 levels) and 0.42% (cities with higher 
mean NO2/PM10 ratios) versus 0.17% (cities with lower mean NO2/PM10 ratios) 
increase per 10 μg/m3 change in PM10 for all-cause mortality in Europe, respectively, 
and 0.28% versus 0.01% and 0.27% versus 0.16% in the United States, respectively]. 
This may suggest an interaction between NO2 and PM. The reason for this interac-
tion may be that exposure to long-term NO2 could deteriorate lung function and 
induce oxidative stress, which may increase the vulnerability to the short-term effects 
of PM [18]. NO2 is an indicator of pollution originating from traffic. It may also 
indicate that PM originating from traffic is more toxic than those from other sources.

9.3.3  Chemical Composition and Emission Sources

As discussed in Chap. 2, PM is a complex mixture of different components includ-
ing elemental carbon (EC), organic carbon (OC), sulfate (SO4), nitrate (NO3), and 
trace elements. Variation in estimated health effects could be driven by regional 
variation in the chemical composition of PM.

Fig. 9.4 Global map of the 2014 annual average concentration of nitrogen dioxide (Source: The 
National Aeronautics and Space Administration (NASA), website: https://www.nasa.gov/press-
release/new-nasa-satellite-maps-show-human-fingerprint-on-global-air-quality)
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Numerous studies have reported adverse health effects of each PM chemical 
constituents. Levy et al. conducted a multi-city time-series analysis to estimate the 
association between PM2.5 constituents and hospital admissions in a population of 
12 million US Medicare enrollees [23]. They found that EC was associated with an 
elevated risk of cardiovascular hospital admission. EC and NO3 were also linked with 
emergency type 2 diabetes hospitalizations in Hong Kong elderly population [38]. 
NO3, sodium ion, chloride ion, magnesium, and nickel were associated with cardio-
vascular hospitalizations, while sodium ion, aluminum, and magnesium were found 
to be associated with respiratory hospitalizations [27]. Chemical components of PM 
were also associated with mortality [25, 51] and low birthweight [5].

Several recent multi-city studies have examined whether variability in propor-
tions of PM constituents can explain the effect heterogeneity. Bell et al. [6] exam-
ined associations between elderly hospital admissions and 52 chemical components 
of PM2.5 for 187 counties in the United States and found that variation in EC, nickel, 
and vanadium could explain the variations in PM2.5 mass effect estimates for both 
cardiovascular and respiratory hospitalizations [6]. The association between PM10 
and mortality was also modified when the PM was high in nickel and vanadium in 
the NMMAPS project [24].

Different chemical constituents of PM are generated by various pollutant sources. 
A few epidemiological studies have used source apportionment analysis (e.g., posi-

Fig. 9.5 Global concentration-mortality relationships for ambient PM2.5 for five individual end-
points (solid lines, left axis) and total of five causes (dashed line, right axis) based on integrated 
exposure response curves developed for the Global Burden of Disease (GBD) studies [9]. Vertical 
axes indicate per-capita mortality rates attributable to PM2.5 for a hypothetical global population 
uniformly exposed to a given level of PM2.5. Plotted data illustrate the relative contribution of 
individual disease endpoints to total mortality for a typical population exposed at a given concen-
tration by incorporating concentration-response curves and global disease incidence data (Source: 
Apte et al. [3])
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tive matrix factorization) to explore the health effects of PM sources and found 
some PM sources were more harmful than others. For example, Stanek et al. [37] 
conducted a literature review summarizing findings from 29 studies in the United 
States [37]. The authors found that PM from motor vehicle emission was associated 
with cardiovascular mortality, while PM from coal combustion was associated with 
total mortality. However, limited number of studies was conducted in China to 
estimate source-specific health risks of PM. Pun et al. [28] estimated PM10 sources 
contributed from 19 chemical components by positive matrix factorization in Hong 
Kong and found that respiratory hospitalizations were associated with vehicle 
exhaust, regional combustion, and secondary nitrate [28].

Figure 9.6 shows population-weighted averages for relative source contribu-
tions to total PM10in urban sites utilizing the global source apportionment database 
at the website of the World Health Organization [44]. This database included a total 
of 529 source apportionment records in cities of 51 countries for a total of 560 mil-
lion people. This global review [19] found that the contributions by source cate-
gory varied substantially across regions. For example, traffic was the main 
contributor to urban ambient PM10 in Africa and India (34%), the United States 
(30%), Western Europe (28%), and Northern China (28%); industry was an impor-
tant contributor in Turkey (29%), Western Europe (22%), and China (21–22%); 
domestic fuel burning was the main contributor in Central and Eastern Europe 
(45%), Northwestern Europe (24%), Africa (21%), and the Northern China (19%). 
Contributions by source category in China are comparable with other regions.

Fig. 9.6 Population-weighted averages for relative source contributions to total PM10 in urban 
cities. †regions in which domestic fuel burning have not been assessed. 1Based only on one study. 
2Based only on one study including traffic (Source: Karagulian et al. [19])
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9.3.4  Indoor Air Pollution

High ambient air pollution concentration does not necessarily result in high personal 
exposure. Human exposure is determined by the concentration of air pollution in the 
environments and by the amount of time people spend there. The majority of epide-
miological studies utilized outdoor concentrations of air pollutants measured in fixed 
monitoring stations as a surrogate for personal exposure. Although outdoor air pol-
lutants may penetrate indoors, the concentration of indoor and outdoor air pollutants 
may differ substantially due to outdoor-to-indoor migration and source of indoor 
pollutants. Humans spend much more time indoors than outdoors. Indoor air pollu-
tion would contribute substantially to personal exposure, especially in countries in 
which cooking and heating depend on solid fuels (e.g., coal and biomass) with open 
or poorly ventilated stoves, such as in Africa, India, and China (Fig. 9.7). During 
cooking or heating, on average, the levels of PM are about 10–20 times higher than 
the levels in international health guidelines [43]. Thus, simply utilizing outdoor air 
pollution concentration as a surrogate for personal exposure may result in bias of 
personal exposure assessment [35]. This bias may vary among countries, which 
could be one of the reasons to explain effects heterogeneity among countries.

9.3.5  Responsiveness of the Population

Individuals respond differently when exposed to air pollution. Health effects might 
be exacerbated in susceptible subgroups when exposed to the same levels of pollut-
ants as the average population. This susceptibility to air pollution has been linked to 

Fig. 9.7 WHO map of household air pollution and mortality (Source: World Health Organization 
(WHO), website: http://www.who.int/heli/risks/indoorair/en/iapmap.pdf)
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personal characteristics, such as inherent personal characteristics (e.g., age, socio-
economic status, and chronic diseases) and aspects of lifestyle that may enhance the 
adverse health effects of air pollutants (e.g., cigarette smoking and exercise).

Population with lower socioeconomic status tends to have higher risks of both 
mortality and morbidity when exposed to the same levels of air pollution. For exam-
ple, higher susceptibility is found in persons with the least educated, lower income, 
lower occupational status, and unemployment [8, 50]. The multi-city study of the 
APHENA project [21] found cities with higher percentage of unemployment were 
associated with a greater effect of PM10 on all-cause mortality (0.57% versus 0.27% 
and 0.23% versus 0.11% increase per 10 μg/m3 change of PM10 in Europe and the 
United States, respectively). Higher mortality risk estimates were also linked to low 
educational status in the multi-city study of the CAPES study in China [11].

Higher risk estimates were also found in individuals already affected by preex-
isting cardiopulmonary disease [26, 39, 49] as well as diabetes [48]. For example, 
the risk estimates of PM10 for people with respiratory diseases have almost doubled 
for those with cardiovascular diseases [47]. People with diabetes have 0.7% higher 
risks (2.0% versus 1.3%) per 10 μg/m3 increase in PM10 for cardiovascular hospital 
admissions than people who do not have diabetes [48].

Age is another effect modifier for the health effects of PM. Stratified analyses 
have consistently reported the increased risk of hospital admissions [15] and mortal-
ity [10, 33] among older adults compared with younger population when exposed 
to air pollutants. Multi-city study of the APHENA project [21] also found cities with 
higher percentage of older people (≥ 75 years) were associated with a greater effect 
of PM10 on all-cause mortality (0.32% versus 0.25% and 0.24% versus 0.03% 
increase in mortality per 10 μg/m3 change in PM10 for all-cause mortality in Europe 
and the United States, respectively). Both the meta-analysis of 144 effect estimates 
from 39 time-series studies and NMMAPS of 95 US cities showed that elders had 
much higher ozone-associated mortality risk than younger groups [4]. A literature 
review summarized 23 related studies and concluded that age is the most consistent 
effect modifier of the association between short-term exposure to PM and mortality 
and hospitalization with risk estimates to be 0.30% (0.11%, 0.49%) higher for older 
than for younger population [7]. The multi-city study of the CAPES study also 
reported that older people (≥ 65 years) tended to be more vulnerable than younger 
population (5–64 years) in China [11].

Figure 9.8 shows the age distribution by countries. The proportion of the older 
population (≥ 65 years) is higher in developed countries or regions (e.g., European 
areas, Australia, and the United States). China has the lowest proportion of older 
among the four countries or regions (China, European areas, Australia, and the 
United States) in 2011. However, China’s population is growing old at a faster rate 
than almost all other countries. It is expected that more than a quarter of China’s 
population will be over 65 in 2050, which is almost 500 million people [1] (Fig. 9.9). 
With population aging in China, the effect sizes of air pollution are expected to 
increase.
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Fig. 9.8 Age distribution 
by country and area in 
2011 (Source: World Bank, 
World Development 
Indicators, website: https://
www.indexmundi.com/
facts/visualizations/age-dis
tribution/#country=au:cn:x
c:us)

Fig. 9.9 Population projections for China in 2050 (Source: United Nations World Population 
Prospects, website: http://chinapower.csis.org/aging-problem/)
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9.3.6  Regional Climate

Many multi-city studies have consistently shown that the effect estimates of air pol-
lution were higher in warmer cities. Katsouyanni et al. [20] reported that the short-
term mortality effect of PM10 per 10  μg/m3 increase was 0.29% in cities with 
relatively cold climate, whereas it was 0.82% in warm climate in the APHEA-2 
projects with a total population of more than 43 million [20]. Kioumourtzoglou 
et  al. [22] assessed whether community-level variables modify the association 
between long-term PM2.5 exposures and mortality in a population of more than 35 
million Medicare enrollees from 207 US cities. They found that temperature was the 
most consistent effect modifications [22]. Larger estimates of the effects of particles 
on mortality were found in warmer cities (e.g., 0.8% versus 0.3% increase in mor-
tality per 10 μg/m3 change in PM10). One possible explanation is that people tend to 
spend more time outdoors in warmer cities and keep their windows open so that the 
concentrations of air pollution measured at the outdoor fixed monitoring stations 
may better represent the average population exposure.

9.4  Summary

Health risk estimates of air pollution are heterogeneities across region. Differences 
in responsiveness of the population, exposure profiles such as air pollution concen-
tration and composition, and regional climate may be contributable to this effect 
heterogeneity. Although the relative risk estimates of air pollution are generally 
similar between China and elsewhere, air pollution is one of China’s most serious 
environmental health problems given the large number of people exposed to high 
concentration levels of air pollution in China.
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Chapter 10
Air Pollution, Disease Burden, and Health 
Economic Loss in China

Yue Niu, Renjie Chen, and Haidong Kan

Abstract As the largest developing country in the world, China is now facing one 
of the severest air pollution problems. The objective of this section is to evaluate the 
disease burden and corresponding economic loss attributable to ambient air pollu-
tion in China. We reviewed a series of studies by Chinese or foreign investigators 
focusing on the disease burden and economic loss in China. These studies showed 
both the general air pollution and haze episodes have resulted in substantial disease 
burden in terms of excess number of premature deaths, disability-adjusted life-year 
loss, and years of life lost. The corresponding economic loss has accounted for an 
appreciable proportion of China’s national economy. Overall, the disease burden 
and health economic loss due to ambient air pollution in China is greater than in the 
remaining parts of the world, for one of the highest levels of air pollution and the 
largest size of exposed population. Consideration of both health and economic 
impacts of air pollution can facilitate the Chinese government to develop environ-
mental policies to reduce the emissions of various air pollutants and protect the 
public health.

Keywords Air pollution • Disease burden • Economic loss • China

10.1  Introduction

As the largest developing country in the world, China is experiencing rapid indus-
trialization and urbanization and subsequently is also facing deteriorating air qual-
ity. In 2016, 81% of population of China was exposed to PM2.5 concentrations 
higher than the Interim Target-1 limit (35 μg/m3) proposed by the World Health 
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Organization, and 50% of the population was exposed to annual average PM2.5 con-
centrations above 48.2 μg/m3 [19].

Numerous studies have demonstrated that ambient air pollution was significantly 
associated with increased risks of adverse health outcomes. Evaluating the disease 
burden and corresponding economic loss attributable to ambient air pollution in 
China is of great importance to providing continued rationales for Chinese govern-
ment to mitigate air pollution.

10.2  Air Pollution and Disease Burden

10.2.1  Estimation Methods

Disease burden can be deemed as the gap between current health status and an ideal 
situation in which everyone lives into life expectancy without disease and disability. 
Causes of the gap are premature mortality, disability, and illness.

Disease burden can be quantified through the following indexes:

10.2.1.1  Attributable Fraction (AF) and Population-Attributable 
Fraction (PAF)

The AF measures the contribution of a risk factor to disease or mortality. Since the 
entire population is always exposed to the ambient air pollution, AF can be inter-
preted as the PAF. The equations are shown as follows:

 
AF

RR

RR
=

−1

 

where AF represents the fraction of mortality for a specific disease attributable to air 
pollution and RR is relative risk for a specific disease comparing a level of air pol-
lution to a reference level.

 

PAF
Pe RR

Pe RR
=

∗ −( )
∗ −( ) +

1

1 1
 

where PAF measures the population fraction for a specific disease attributable to a 
level of air pollution and Pe is the proportion of population exposed to this level of 
air pollution, the value of which is always assumed to be 100%.
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10.2.1.2  Attributable Mortality (AM)

AM was often used to estimate the number of premature deaths due to air 
pollution.

 AM AF Pop= ∗ ∗y0  

where AM is also called excess death, y0 is the baseline mortality rate of a specific 
disease in a given population, and Pop is the size of total population exposed to a 
level of air pollution.

10.2.1.3  DALYs, YLLs, and YLDs

One disability-adjusted life year (DALY) can be regarded as one lost year of 
“healthy” life. DALYs for a disease or health condition are calculated as the sum of 
the years of life lost (YLL) due to premature mortality in the population and the 
years lost due to disability (YLD) for incident cases of the health condition:

 DALYs YLLs YDLs= +  

where YLLs and YLDs are estimated following the below formula, respectively:

 YLL N L= ∗  

where N refers to the number of deaths and L is standard life expectancy at age of 
death.

 YDL I DW L= ∗ ∗  

where I represents the number of incident cases, DW is disability weight (ranging 
from 0 to 1), and L refers to the average duration of the case until remission or death 
(years).

10.2.2  Mortality Attributable to Ambient air Pollution

Mortality is most widely used to evaluate the disease burden of air pollution. 
According to the report of Global Burden of Disease (GBD) project, ambient PM2.5 
was identified as a leading risk factor for global disease burden with estimates of 
3.3, 2.9, and 4.2 million attributable deaths worldwide in the year 2010, 2013, and 
2015, respectively [3, 4]. The fraction of excess deaths attributable to PM2.5 increased 
from 4.7% in 1990 to 5.3% in 2013 worldwide. The rising trend in total deaths 
accelerated remarkably after 2000, driven largely by China [24]. In 2015, ambient 
particulate matter pollution was the fifth leading risk factor in China and contributed 
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to 1.1 million deaths estimated by GBD 2015, which made up 26% of the global 
deaths (4.2 million) attributable to particulate matter pollution [3].

It is clear that, with the deterioration of air quality and rapid population expan-
sion, the disease burden from ambient air pollution is growing gradually in China. 
In 2006, the annual average concentrations of PM10 in all of 113 major Chinese cit-
ies were above the Chinese Ambient Air Quality Standard of 40  μg/m3 except 
Guilin, causing 299,700 premature deaths [2]. Based on the estimated results of the 
Global Burden of Diseases Study 2010, Liu et al. used PAF as the index to evaluate 
the disease burden attributable to ambient particulate matter pollution in 1990 and 
2010 in China [16]. They found that ambient air pollution resulted in 1.235 million 
deaths in 2010, increasing by 33.4% compared with that in 1990 (0.926 million). 
Among people over 25 years old, 35.0% of stroke, 29.9% of ischemic heart disease, 
27.2% of lung cancer, and 21.0% of chronic obstructive pulmonary disease were 
due to ambient particulate matter pollution. Utilizing the disease-specific mortality 
in China in 2015, Song et al. estimated that PM2.5 in 2015 contributed as much as 
15.5% to all-cause deaths. There were about 1.5 million total deaths attributable to 
PM2.5 exposure, which is higher than estimates in 2010 (1.235 million). 40.3%, 
33.1%, 26.8%, 23.9%, and 18.7% of total stroke deaths, acute lower respiratory 
infection deaths, ischemic heart disease deaths, lung cancer deaths, and chronic 
obstructive pulmonary disease deaths can be attributed to PM2.5 exposure, respec-
tively [19].

Strong spatial variations of health burden were observed in China, with high 
attributable deaths concentrated in northern, eastern, and southern parts of China, 
including the Beijing-Tianjin-Hebei Metropolitan Region, Yangtze River Delta, and 
Pearl River Delta, which have severe air pollution problems, high population den-
sity, or both [14, 15].

Beijing, the capital of China located in northern China, has suffered the heavy air 
pollution especially in winter over the past decades. The annual average concentra-
tion of PM2.5 reached 87 μg/m3 in 2013, greatly exceeding China’s class II standards 
of 35 μg/m3 [22]. Wang et al. reported that 20,043 premature deaths as well as about 
one million other related medical cases could be attributed to PM2.5 pollution in 
Beijing in 2013 [21]. Similarly, from 2001 to 2012, the estimated average total mor-
tality due to PM2.5 is about 22,000–30,000 individuals per year in Beijing, a quarter 
of which concentrated in the center of Beijing for its higher concentration of PM2.5 
[30].

The Pearl River Delta region, a major engine of economic growth in China, is 
one of the most urbanized regions in the world. However, rapid development has 
brought increasing emissions of ambient pollutants, causing considerable air pollu-
tion. Lu et al. used satellite-derived PM10 data and PM2.5 data to quantify the poten-
tial health damages attributable to the long-term exposure to air pollution in the 
Pearl River Delta region. The results showed that the estimated total mortality (cere-
brovascular disease + chronic obstructive pulmonary disease + ischemic heart dis-
ease + lung cancer) attributable to PM2.5 was 45,000 in 2012 [17]. Spatial mapping 
revealed that the total mortality attributable to PM2.5 was high in the centers of 
Guangzhou, Foshan, and Hong Kong while low in rural areas with lower particulate 
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matter concentrations, such as Huizhou and Zhaoqing. Guangzhou had the most 
mortality cases in this region over the 10-year period. The attributable mortality in 
Guangzhou reached 10,000  in 2013, which contributed around 25% of all-cause 
mortality in the entire Pearl River Delta region [17].

10.2.3  Mortality Attributable to Haze Episode

Haze has been one of the most disastrous air pollution events in China in recent 
years, especially in the Mideastern regions. A dust-haze day was defined as having 
daily visibility within 10 km, no rainfall, and relative humidity less than 80% [26].

Some studies have been conducted to estimate the acute health effects of haze. In 
2013, three serious haze episodes occurred in Beijing-Tianjin-Hebei region. From 
January 10 to January 31, the daily mean concentrations of PM2.5 in Beijing, Tianjin, 
Shijiazhuang, Tangshan, Handan, Xingtai, Baoding, Langfang, and Hengshui 
exceeded 400  μg/m3, with the highest concentration even reaching 718  μg/m3. 
During this period, Zhang et al. found that the short-term PM2.5 exposure caused 
2725 excess deaths (846 excess deaths due to respiratory disease and 1878 excess 
deaths due to circulatory disease) in Beijing-Tianjin-Hebei region [28]. In Beijing, 
an estimated 690 premature deaths, 45,350 acute bronchitis, and 23,720 asthma 
cases occurred due to this event [5].

10.2.4  DALY and YLL Attributable to Ambient Air Pollution

DALY is a more comprehensive index to quantify the health burden resulting from 
ambient air pollution, because it takes into account both fatal and nonfatal health 
loss. In China, Liu et  al. found that ambient air pollution caused 25.23 million 
DALYs loss in 2010, increasing by 4.0% compared with that in 1990 (24.26 million 
person years) [16]. For PM10 air pollution, around 5.26 million person years of 
DALYs loss was calculated in urban areas in 2006 [1].

Another rounded and accurate index is YLL. The calculation of it is under the 
assumption that deaths occurring at different ages result in unequal potential YLL, 
as the life expectancy of young people is longer than that of elderly people. Several 
time-series analyses have evaluated the short-term impact of air pollution on 
YLL. He et al. found that an increase of 10 μg/m3 in PM10 and PM2.5 was associated 
with 4.27 and 2.97 person years increase for YLL, respectively [8]. Similar findings 
were also reported in Beijing that an interquartile range increase in either PM2.5 or 
PM10 was related to YLL increases of 15.8 person years [7].
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10.2.5  The Impact of Pollution Sources on Disease Burden

Understanding the information on air pollution sources of higher health risks is 
significant for policy makers to implement actions more effectively to reduce air 
pollution. The Global Burden of Disease from major air pollution sources has been 
established to estimate the disease burden attributable to ambient air pollution from 
major PM2.5 sources in China, India, and Eastern Europe. A recently completed 
study has evaluated deaths attributable to ambient PM2.5 pollution in China, by 
source of emissions [6]. The results suggested that coal burning was the first con-
tributor to ambient PM2.5, responsible for an estimated 366,000 premature deaths in 
2013 in China, accounting for approximately 40% of the total deaths due to PM2.5 
exposure estimated by GBD 2013 (916,000 premature deaths). In addition, indus-
trial sources and household solid fuel combustion also had great contribution to 
disease burden attributable to ambient PM2.5 in China, causing 250,000 and 177,000 
premature deaths, respectively. Lelieveld et al. also found that residential and com-
mercial energy use is the largest source category in China, explaining 32% of pre-
mature mortality linked to ambient air pollution in 2010 [12].

10.3  Health Economic Loss

In 1967, the economic loss caused by air pollution in the USA was firstly calculated 
by the American economist Ridker through the human capital approach. In 1981, 
the concept, theory, and method of environmental pollution economic loss assess-
ment were proposed and discussed in the congress of the National Symposium on 
Environmental Economics. Thereafter, the quantification of health-based economic 
loss caused by air pollution is becoming a critical component in evaluating the total 
economic loss and formulating policies relevant.

10.3.1  Estimation Methods

The process of evaluating the health economic loss from environmental pollution 
can be divided into two major stages: the establishment of dose-response relation-
ship between health effects and air pollution and the monetization of the value of 
health effects [18]. The four main monetization approaches are listed as follows:
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10.3.1.1  Human Capital Method (HCM)

HCM is designed to estimate the value of human capital under the hypothesis that 
the economic loss due to morbidity and mortality is equal to the value of that indi-
vidual’s future contribution to production if he or she had continued to work in full 
health. However, this method overestimates the value of production because of its 
controversial assumption that a worker will never lose his job in the future [10].

10.3.1.2  Friction Cost Method (FCM)

Since HCM cannot deal well with the condition when another person from the 
unemployment pool replaces the present value of a worker’s future earnings until 
the sick or impaired worker returns or is eventually replaced, FCM is put forward as 
an alternative to HCM to estimate the value of human capital during this short-term 
period defined as “friction period.” FCM assumes that impairment or premature 
death will not affect the total productivity following the friction period. Hence it is 
highly controversial and even paradoxical to jump into the conclusion that illness, 
injuries, and premature deaths would reduce the total unemployment [10].

10.3.1.3  Cost of Illness (COI)

COI method is often used to measure the direct cost of illness imposed on the whole 
society, including the loss in earning due to illness; medical costs such as hospital 
care, home health care, medicine, and services of the doctors and nurses; and other 
related out-of-pocket expenditures [18]. COI always underestimate the illness value 
because it is difficult to calculate overall cost due to disease. Besides, the method 
ignores individual’s willingness to pay [13], which varies in different subgroups.

10.3.1.4  Willingness to Pay (WTP)

WTP is an indirect evaluation method, which is currently being widely recognized 
and accepted. This method calculates how much money that an individual is eager 
to pay in order to reduce the risk of illness or mortality [10]. From the perspective 
of economy, the WTP method is the most reasonable because it can reflect the true 
value of all goods and utilities completely [13].

The WTP method is always used to calculate the value of a statistical life (VOSL), 
which is the monetized benefit of reduced mortality risk. We can have a better 
understanding of VOSL through the following example [20]: imagine a population 
of 1000 individuals where everyone faces the same annual mortality risk of 1/1000. 
There would be one death in a year defined as one statistic life. If each individual is 
willing to pay $1000 to avoid mortality risk, the total willingness to pay for the 
population is $1 million, which is the VOSL. For China, a meta-analysis found that 
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residents in the urban areas and rural areas were willing to pay 1.59, 0.32 million 
yuan for saving one statistic life, respectively [25].

10.3.2  Health Economic Loss Due to Ambient Air Pollution

In the past decades, accompanying with the rapid economic growth in China, the 
health economic loss due to air pollution was increasing dramatically. Between 
1990 and 2013, the global cost of health effects due to ambient PM2.5 exposure has 
raised by 63%, from US$ 2176 billion in1990 to US$ 3552 billion. In China, the 
total welfare loss from ambient PM2.5 grew from US$ 126.6 billion to US$ 1589.8 
billion, and the total forgone labor output increased from US$ 12.5 billion to US$ 
44.6 billion during this period [24]. According to the report of World Bank pub-
lished in 2007, the annual total health cost related to air pollution amounted to 157 
billion yuan in urban areas of China calculated through human capital approach. If 
the WTP method was used, the estimated economic loss would be even larger (520 
billion yuan) [23]. Zhang et al. reported that in 2004, the total economic cost due to 
particulate matter pollution in 111 cities of China was US$ 29.18 billion, which was 
lower than estimates from World Bank. The top three cities contributing the greatest 
economic costs were Beijing (US$ 2.77 billion), Shanghai (US$ 2.52 billion), and 
Tianjin (US$ 1.20 billion), constituting more than one fifth of the total costs of the 
111 cities [27]. Another study on the economic loss in multiple cities concluded that 
around 310 billion yuan loss could be attributed to the exposure to air pollution in 
74 cities in 2015, which constituted about 1.63 % of the 74 cities’ gross domestic 
product (GDP). The top three cities were Chongqing, Beijing, and Baoding, while 
Tianjin and Shanghai ranked the fourth and fifth, respectively [13].

For some major cities, the similar change trend was also observed. In Beijing, 
Hou et al. found that the total health economic loss of PM10 increased from US$ 
8.52 billion in 2008 to US$ 10.41 billion in 2012, while the GDP grew from US$ 
171 billion in 2008 to US$ 275 billion in 2012. However, the proportion of the aver-
age economic cost that occupied Beijing’s average GDP dropped by 1.19% from 
2008 to 2012 [9]. In Shanghai, it was estimated that the total economic cost caused 
by particulate air pollution in urban areas was approximately US$ 625.4 million in 
2001, making up 1.03% of GDP of the city [11]. In 2009, the air pollution-related 
economic loss increased to 7248 million yuan (around US$ 1000 million), while the 
proportion of it accounting for GDP dropped to 0.49% [29].

There was obvious spatial distribution in health economic loss due to air pollu-
tion. Larger population, higher resident incomes, and more serious air pollution 
were three potential factors that could result in higher health economic costs due to 
air pollution. It was found that compared with inland cities, the economic costs were 
higher in coastal cities, such as Dalian, Shenzhen, and Qingdao, because of its rapid 
economic growth and higher resident incomes. Since population is another impor-
tant factor, cities with large population may have more costs. Generally, the  northern 
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cities may have higher economic costs than the southern cities, because the air 
 pollution issue was more serious in northern cities [27].

10.4  Summary

With rapid growth of national economy driven by energy consumption (especially 
coal consumption), China is now facing unprecedented air pollution problems. The 
disease burden and health economic loss due to ambient air pollution in China are 
greater than in the remaining parts of the world, for one of the highest levels of air 
pollution and the largest size of exposed population. Consideration of both health 
and economic impacts of air pollution can facilitate the Chinese government to 
develop environmental policies to reduce the emissions of various air pollutants and 
protect the public health.
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Chapter 11
Air Pollution Prevention and Control Policy 
in China

Cunrui Huang, Qiong Wang, Suhan Wang, Meng Ren, Rui Ma,  
and Yiling He

Abstract With rapid urbanization and development of transport infrastructure, air 
pollution caused by multiple-pollutant emissions and vehicle exhaust has been 
aggravated year by year in China. In order to improve air quality, the Chinese 
authorities have taken a series of actions to control air pollution emission load 
within a permissible range. However, although China has made positive progress on 
tackling air pollution, these actions have not kept up with its economy growth and 
fossil-fuel use. The traditional single-pollutant approach is far from enough in 
China now, and in the near future, air pollution control strategies should move in the 
direction of the multiple-pollutant approach. In addition, undesirable air quality is 
usually linked with the combination of high emissions and adverse weather condi-
tions. However, few studies have been done on the influence of climate change on 
atmospheric chemistry in the global perspective. Available evidence suggested that 
climate change is likely to exacerbate certain kinds of air pollutants including ozone 
and smoke from wildfires. This has become a major public health problem because 
the interactions of global climate change, urban heat islands, and air pollution have 
adverse effects on human health. In this chapter, we first review the past and current 
circumstances of China’s responses to air pollution. Then we discuss the control 
challenges and future options for a better air quality in China. Finally, we begin to 
unravel links between air pollution and climate change, providing new opportuni-
ties for integrated research and actions in China.
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11.1  Introduction

China’s economy has developed rapidly during the past three decades and now 
ranks as the second largest economy in the world. The country has also become the 
second largest energy consumer on a global scale, which fossil-fuel consumption 
occupied the major proportion of total energy use [5]. In many cities, energy con-
sumption is the leading contributor of anthropogenic air pollutants [30]. With rapid 
urbanization and development of transport infrastructure, air pollution caused by 
multiple-pollutant emissions and vehicle exhaust has been aggravated year by year 
[29].

Today, beyond 75% of urban population are under exposure of multiple air pol-
lutants that fail to meet the national ambient air quality standards. In particular, the 
severe pollution haze that affected northern China in early 2013 has drawn public’s 
intense concern. The Chinese government has taken a variety of actions to control 
air pollution and improve air quality [27, 31]. In this chapter, we will first review the 
past and current circumstances of China’s responses to air pollution. Then we dis-
cuss the control challenges and future options for a better air quality in China. 
Finally, we begin to unravel links between air pollution and climate change, provid-
ing new opportunities for integrated research and actions in China.

11.2  China’s Responses to Air Pollution

11.2.1  Legislation for Air Pollution Prevention and Control

China has gradually developed a holistic legislation framework for air pollution 
control since the People’s Republic of China was established. In order to reduce the 
harmful  effects  of  silica  dust,  the  State  Council  promulgated  the  Decision on 
Preventing Silica Dust in Mining Companies in 1956. It was the first legal document 
issued by the government aiming at air pollution control. Afterward, the Cultural 
Revolution had completely affected China’s society, leading to the temporary stag-
nancy of legislation. When China restored its legitimate seat at the United Nations 
in 1971, the government was aware of the importance of environmental protection 
and recognized serious problems in nationwide air quality [7]. Then the government 
began to take strict actions in prevention and control of air pollution. The main 
structure of China’s environmental control system is based on a “two committees, 
one bureau” model, and the structure is similar in every level of China’s administra-
tive system (Fig. 11.1).

In 2000, China revised the Air Pollution Prevention and Control Law, and this 
revision strengthened control on SO2 emissions particularly caused by coal burning. 
It also reinforced control of emissions from vehicles, including the prohibition of 
production and trading of vehicles that did not meet the discharge standards [7].
With the automobile ownership elevated steadily, China’s air pollution is currently 
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caused by a combination of emissions from coal combustion and voiture exhaust. 
Since 2013, frequently occurring haze events have made the government strengthen 
the control of dust haze, particulate matters, and nitrogen oxides. The severe haze 
pollution was also one major factor promoting the 2014 revision of the Environmental 
Protection Law. The 2014 revision added measures such as information disclosure, 
public participation, and daily penalties for air pollution control. Other supporting 
legal documents include the Rules on the Standard for Compulsory Retirement of 
Motor Vehicles, 2012 Ambient Air Quality Standards, and Ministry of Environmental 
Protection’s Guidelines  for Joint Prevention and Control of Air Pollution in Key 
Regions.

11.2.2  Ambient Air Quality Standards

In 1982, Ambient Air Quality Standards in China was originally formulated, which 
was China’s first official document aiming to protect human health and ecological 
environment. The Ministry of Environmental Protection issued the revised Ambient 
Air Quality Standards in 1996, 2000, and 2012, respectively (Fig. 11.2). The first 
amendment in 1996 included three grade standards (Grades I, II, and III) and rec-
ommended  the guideline values of SO2, NOx, NO2, CO, O3, PM10, and TSP. The 
second amendment in 2000 deleted the standard of NOx pollutant and relaxed the 
guideline  values  of NO2  and O3 [31]. The  third  amendment was made  in  2012, 
which set new control standards of PM2.5 and O3 and frapped the limit values of NO2 
and PM10.

Fig. 11.1  Environmental governance structure in China (Adapted from Ref. [3])
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Fig. 11.2 The distribution of cities with strongly correlated (a) PM2.5 and (b) PM10 values. The 
wind direction arrow represents the dominant wind direction during the autumn study period 
(Source: Ref. [26])
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In the 2012 Standards, the guideline values of Max 8-h O3, daily PM2.5, and daily 
PM10  are  100,  35,  and  50 μg m−3  for Grade-I  and  160,  75,  and  150 μg m−3 for 
Grade-II,  respectively  (Table 11.1). Currently,  the PM2.5 and PM10 Grade-II stan-
dards are in consistent with the WHO’s recommended interim target-I standard, and 
PM2.5 Grade-I standard is also in accordance with US recommended guideline val-
ues of PM2.5 (Table 11.2) [31]. Because fine particles PM2.5 have a severe effect on 
human health, China would have far-reaching benefits to its air quality if the 2012 
Standards can be properly implemented. However, achieving this goal will be chal-
lenging, as PM2.5 concentrations in a great number of cities are well above the rec-
ommended standard at present [33].

Table 11.1  National ambient air quality standards in China (GB3095-2012, third amendment)

Pollutants Time interval
NAAQS guideline value (GB3095-2012)

UnitGrade-I Grade-II

SO2 1-h 150 500 μg/m3

Daily 50 150
Annual 20 60

NO2 1-h 200 200 μg/m3

Daily 80 80
Annual 40 40

CO 1-h 10 10 mg/m3

Daily 4 4
O3 1-h 160 200 μg/m3

Max 8-h 100 160
PM2.5 Daily 35 75 μg/m3

Annual 15 35
PM10 Daily 50 150 μg/m3

Annual 40 70

Table 11.2  PM2.5 and PM10 guideline values of National Ambient Air Quality Standards in China, 
WHO, the USA, and the EU

Pollutants
Time 
interval

China (2012) WHO (2005) USA 
(2006)

EU 
(2008)Grade-I Grade-II Target-I Target-II Target- III

PM2.5 Daily 35 75 75 50 37.5 35 25
Annual 15 35 35 25 15 15 20

PM10 Daily 50 150 150 100 75 150 50
Annual 40 70 70 50 30 40
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11.2.3  Policies on Air Pollution Prevention And Control

Air pollution and its reduction are often regional (i.e., transboundary) rather than 
local (Fig. 11.2) [26]. In May 2010, the State Council issued the Joint Prevention 
and Control of Air Pollution, aiming to establish a cooperative prevention and con-
trol system for regional air pollution. As shown in Fig. 11.3, this regulation desig-
nated three key regions and six city clusters [26].

In addition, the State Council issued the first national Action Plan on Air Pollution 
Prevention and Control (2013–2017) in September 2013. The Action Plan requires 
that by 2017, PM10 levels to be decreased by ≥10% compared with 2012 levels in 
urban areas and the blue sky days to be increased year by year [4]. Another target of 
the plan is annual PM2.5 concentrations to be reduced by ≥25%, 20%, and 15% in 
the  Beijing-Tianjin-Hebei,  Yangtze  River  Delta,  and  Pearl  River  Delta  region, 
respectively [31].

In order to accomplish the proposed targets, the Action Plan indeed sets some 
important mandates and initiatives. It manages to establish the mechanism of 
regional coordination and general layout for regional environmental management. It 
also tries to clarify how the government, enterprise, and society should take respon-
sibilities and encourage the public to involve in environmental protection [31]. In 
particular, the Action Plan proposes less share of coal and more share of non-fossil 
fuels in total energy consumption. It also sets specific goals for PM2.5 in the three 
key regions, and PM10 shall be considered as a compulsory index in the develop-
ment of our society and economy [7].

Fig. 11.3 Three key regions and six city clusters identified for regional air pollution control 
(Source: Ref. [27])
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11.2.4  Air Pollution Control Challenges

In recent years, China has made positive progress on tackling air pollution. However, 
the prevention and control of air pollution are still in a race with the economy [6]. 
The country has maintained an annual economic growth rate of more than 8% for 
many years, and its per-capita GDP energy consumption was 1.4 times higher than 
average level of the world. There has been a steep rise in emissions of air pollutants 
in the past decades, from extensive industrial development, coal-dependent energy 
consumption, and increasing number of vehicles [4]. Although the government has 
made remarkable efforts to control air pollution, these actions have not kept up with 
its economy growth and fossil-fuel use [32].

In particular, the low priority given to environmental protection and the lack of 
cooperation among various government agencies hindered progress on air pollution 
control. The Ministry of Environmental Protection manages pollutant discharge, but 
it is a weak player within the government system. Currently, local governments still 
prefer to promote heavy industry to stimulate their economies, and in some areas, 
even factories owned by governments might be the largest polluters. Local environ-
mental protection agencies are also in difficult situations because they are affiliated 
to local governments [33].

It is generally believed that critical factors affecting the effectiveness of air pol-
lution control measures are issues concerning implementation of laws and policies. 
Nonetheless, the underlying problems of legislation and policy should not be over-
looked [7]. The Air Pollution Prevention and Control Law requires local govern-
ments to be accountable for local air quality in the administrative areas under their 
jurisdiction. However, it is not clear how the local governments take responsibility 
for air quality, how such responsibilities should be assessed, and who should take 
responsibility if air quality failed to meet air quality standards. Therefore, local 
government officials who favor economic development may disregard their respon-
sibilities for environmental protection [7].

At present, there is still a lack of cost-effective evaluation of air pollution control 
policies in China. The design of targets and measures for air pollution control should 
be accompanied by corresponding assessment methods, in order to track and evalu-
ate the implementation and effectiveness of the measures. At this stage, China has 
not established a comprehensive or complete system for air quality management 
and also has not applied the cost-effective evaluation mechanism in environmental 
planning [6]. International experience is a valuable guideline for China to innovate 
management methods and gradually enrich and develop air pollution prevention and 
control strategy in the country.

Furthermore, there is a defective integration among laws and policies. To some 
extent, they are not mutually supportive. For instance, the proposed goals of Action 
Plan have been profoundly difficult to achieve, as some concrete measures (e.g., 
increasing clean energy supply, accelerating technological transformation, linking 
PM2.5 reduction targets to performance evaluations of local governments) will be 
less effective if they remain at the policy level. In addition, there is a consistency 
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problem among legislation and policies. For example, in current energy-use poli-
cies, total air pollutant load goals have no specific regional emission restrictions, 
unlike those in the Air Pollution Prevention and Control Law. Therefore, in order to 
make them mutually supportive, certain items of policies should be established 
through legislation [7].

Over the next decade, China will complete the capital-intensive industrialization 
and experience population boom. Pushed by the public, the willingness of Chinese 
government for addressing the problem of air pollution has never been so strong. A 
range of laws and policies were established and have already played important roles 
in protecting air quality [6]. Hence, there is a golden opportunity to make a change—
to free China from the dilemma between economic development and environmental 
protection [33].

11.3  Future Options for a Better Air Quality in China

11.3.1  Moving Toward a Multiple-Pollutant Approach to Air 
Quality

In recent years, air pollution in China has become growing complicated, and the 
problem of secondary pollutants (i.e., NOx, PM10, PM2.5, O3, and CO2) is becoming 
much more urgent. Actually, many of the pollutants share the same emission source, 
for example, emissions of SO2, NOx, and CO2 are all strongly associated with fossil- 
fuel consumption. Huang et al. [12] investigated the chemical components during 
severe pollution periods in four typical cities in China and observed that secondary 
aerosol  contributed  50–75%  of  PM2.5  in  eastern  cities  (Beijing,  Shanghai,  and 
Guangzhou) and 30% of PM2.5 in a western city (Xi’an).

At the very beginning, China’s air pollution control policies gave priority to deal-
ing with the air pollutants one by one, covering a few major pollutants. Every Five- 
Year Plan starting with the twentieth century targeted to reduce the national NOx, 
PM, SO2, and CO2 emission, and each set a different demand separately. On  the 
basis  of  the US Environmental  Protection Agency Air Quality  Index  (AQI),  the 
Ambient AQI Technical Provisions (Trial) (HJ 633-2012) was released in 2012, and 
it was implemented in the Ambient Air Quality Standard (GB 3095-2012). The AQI 
level is assessed by the concentrations of six criteria pollutants including SO2, NO2, 
CO, O3, PM2.5,  and PM10. Basically,  the AQI acts as a  forewarning  index  for  the 
government to inform the public to take proper health protection actions.

Currently, the traditional single-pollutant approach is far from enough in China. 
Figure 11.4 shows the number of days of severe and extremely serious pollution 
(AQI > 200) and the multiple pollutants in 31 provincial capital cities [11]. Previous 
epidemiological studies reported the negative effects of air pollutants on human 
health, usually on the account of a single air pollutant while adjusting for other air 
pollutants exposure [15, 17, 28]. The AQI system has its defectiveness in practice, 
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for it simply sums each unit ignoring the combined health effects of exposure to 
multiple air contaminants [14]. Thus, future epidemiological studies are urgently 
required to estimate the health impacts associated with multi-pollutant exposure and 
revise more scientific air quality index standards.

In the near future, China’s air pollution control strategies should move in the 
direction of the multiple-pollutant approach. “Co-control” is now commonly used 
in the Chinese government documents, which refers to “coordinated control” or 
“synergetic control.” There is no doubt that SO2, NOx, and PM emission loads, as 
well as VOC and CO2 discharge, should be reduced simultaneously to mitigate the 
harmful health and environmental effects of air pollution in China over the next few 
years (Fig. 11.5). Emissions controls of NOx, SO2, NH3, and NMVOC synergisti-
cally are highly needed in the future because multiple pollutants impact on PM2.5 
and O3 concentrations nonlinearly, as well as atmospheric oxidation capacity. The 
key problems to be addressed are the acid rain, haze, photochemical smog, etc.

As meteorological conditions are the primary factors causing the day-to-day 
variations in pollutant concentrations [10], an effective global response to climate 
change also should be taken into consideration. This can be considered as a kind of 

Fig. 11.4 The number of days of severe and very serious pollution and the rate of major pollutant 
in 31 provincial capital cities in China (2014–2015). The circles and triangles represent the total 
days of severe and very serious pollution in 2014 and 2015, respectively. The category “None” 
means the rate of AQI less than 50 in total days (Source: Ref. [11])
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multiple-pollutant control strategy. The purpose of co-control strategy is to tackle 
the adverse impacts of general air pollutants in the company of global climate 
change mitigation. Generally, policymakers in China pay close attention to multiple- 
pollutant approach due to it can reduce costs and increase effectiveness at the same 
time. Moreover, they believe that multiple-pollutant approach should focus on syn-
ergies between air pollution and energy use for more cost-effective co-control. 
Thus, contribution to the mitigation of climate change by the control on fossil-fuel 
use and expand the use of clean fuels should be taken into account.

11.3.2  Promoting Climate-Friendly Air Pollution Control 
Strategies

Climate change is a challenging problem in the new century, one to which the whole 
world has attached great importance. Actions were taken around the world to 
enhance resilience to the global climate change, such as the United Nations 
Framework Convention on Climate Change (UNFCC), the Kyoto Protocol, the 
Copenhagen Declaration, and the Paris Agreement. Climate-friendly air pollutant 
controlling strategy calls for the combination among techniques, policies, and regu-
lations. This joint controlling measure aims at promoting reductions of toxic pollut-
ants and greenhouse gas (GHG) emission loads at the same time. This strategy puts 
forward based on the theory that climate change and air pollution are closely inter-
related problems.

Recent studies demonstrated that significant cost-effective and synergistic ben-
efits  could  be  achieved  by  joining  the  reduction  local  air  pollution  and  GHGs 
together (Fig. 11.6). Climate-friendly measures, such as improvements of energy 
efficiency, combined of heat and electricity generation, fuel replacement, and inte-
grated coal gasification combined cycle (IGCC) plants, can reduce SO2, NOx, and 

Fig. 11.5  Schematic diagram of the multi-pollutant approach (Adapted from Ref. [27])
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PM2.5 emissions without any extra spending. An estimated 1 % of adverse impact by 
PM would significantly decrease when reducing the CO2 emission by 1% [16].

Many countries or cities have put proposals to promote the climate-friendly air 
pollution control strategy. In the USA, the joint administration of GHG discharge 
and air pollutants has been put forward over a decade ago when the first guideline 
for state and local air quality officials (ALAPCO 1999) was released by the national 
association  of  air  pollution  regulators  (then  called  STAPPA/ALAPCO). What’s 
more, New York’s Air Quality Management Plan adopted a multi-pollutant approach, 
involving GHG emission, to underline the importance of energy conservation and 
emission reduction by the state’s improvement of energy efficiency and implemen-
tation of renewable energy plan.

Introduced by the Ministry of Environmental Protection, the regional air quality 
management rule was approved by China’s state Council on May 11, 2010. Along 
with the Joint Prevention and Control of Air Pollution to Promote Regional Air 
Quality, Guidelines for 12th Five-Year Plans for Joint Prevention and Control of Air 
Pollution in Key Regions was approved by the Ministry of Environmental Protection 
successively to demonstrate the government’s determinations to implement the 
climate- friendly air quality controlling. The coordination and cooperation of envi-
ronmental and energy policy formulation is the foundation to realize the climate- 
friendly air pollution management. It’s a cost- and time-saving way to reduce 
pollutant discharge. Therefore, an ingenious integration of measures to lessen air 
pollutants and GHG emissions in parallel will help tackle air pollution and climate 
change less expensively than dealing with either issue separately.

Fig. 11.6 Cost reduction from controlling air pollution and greenhouse gases simultaneously 
(Source: Ref. [16])
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11.4  Climate Change and Air Pollution: Measures 
with Co-benefits

11.4.1  Links Between Climate Change and Air Pollution

Climate change and air pollution are closely linked (Fig. 11.7), for instance, a large 
extent of CO2 and the main air pollutants stem from the same sources. Nevertheless, 
they were studied separately in most literatures, due to their complex and highly 
variable relationships. In the past few years, climate change researches have been 
primarily concerned with the roles of CO2, CH4, N2O, HFCs, PFCs, and SF6, and 
some of them only make up less than 1% of the atmosphere but contributing much 
to climate change. Few researches investigated the effects of major air pollutants 
due to their temporal effects on climate change, e.g., ozone and particulate matter. 
On the other hand, pollutants at local and regional scales draw more and more atten-
tions in the field of air pollution research. On the whole, there have been relatively 
few studies on the contribution of background concentrations and the influence of 
climate change on atmospheric chemistry in the global perspective [23]. However, 
undesirable air quality is usually linked with the combination of high emissions and 
severe weather conditions. As to the rapid climate change now we are facing, further 
research is needed to better understand the inextricable overlap between climate 
change and air quality.

The two major air pollutants influencing human health are ground-level ozone 
and particulate matter in terms of climate change. Ozone is a double-edged sword 
for human health. The ozone layer located in the stratosphere protects human from 
harmful ultraviolet radiation; however, ground-level ozone has innumerable adverse 
health effects. As a powerful oxidant, it can impair lung function and irritate the 
respiratory system. Summer is at high risk of ozone pollution because strong ultra-
violet light and high temperature are vital to the generation of ozone. Several obser-
vations have confirmed the strong correlation of elevated ozone with temperature in 

Fig. 11.7  Policies framework between climate change and air quality (Adapted from Ref. 
[1])
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polluted regions (Fig. 11.8). The correlation is mostly showed under certain condi-
tions, i.e., when ozone is above 60 ppb, and significant correlation with lower back-
ground ozone concentrations has not been observed [13].

The principal components of particulate matter are usually common. For exam-
ple, sulfate, nitrate, organic carbon, and elemental carbon are mostly present as fine 
particulate matter (PM2.5), and they have drawn much concern about human health. 
The size of the particulate matter is the main determinant of its health effects. 
Current studies have recognized the effects of inhaling particles on respiratory dis-
eases, cardiovascular disease, etc. Sulfate, nitrate, and organic carbon are the oxida-
tion products of SO2, NOx,  and NMVOCs. Process of  combustion can also  emit 
carbon particles directly. Nitrate and organic carbon have both solid and gas phases, 
depending on environmental temperature. Precipitation is the main and efficiently 
way of atmospheric sinking of PM; thus the lifetime of PM varies with cumulative 
rainfall (Fig. 11.9), and pattern changes of precipitation could also influence PM 
distribution. Particles have either a cooling effect on the atmosphere through scat-
tering of shortwave radiation or a warming effect through absorption of shortwave 
radiation according to their nature and thus have a bidirectional effect on tempera-
ture. This shows the complexity of PM compositions and the diverse effects of its 
components [13].

Although further research is needed, available evidence suggested that climate 
change was likely to exacerbate certain kinds of air pollutants including ozone and 
smoke from wildfires (Fig. 11.10). Meanwhile, O3 and PM can interact with solar 
and terrestrial radiation, and the importance of these as climate forcing agents has 
been recognized. A study based on the panel of the United Nations Framework 
Convention on Climate Change (UNFCCC) classified countries shows that both the 

Fig. 11.8 The probability 
of ozone exceeding the 
80 ppb as a function of 
daily maximum 
temperature for three US 
regions (Source: Ref. [13])
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energy consumption and air quality indicators have a positively significant relation-
ship with the climate change [19]. Because of the dual effect, the relationship 
between climate change and air pollution should be discussed in a broader context 
of chemistry-climate interactions. The variation of atmospheric chemistry puts an 
effect on both air quality (O3 and PM) and climate (O3, PM, and methane). Again, 
climate change can also influence air quality via affecting natural emissions (bio-
sphere, dust, fires, lightning) [22]. Chemistry-climate interactions include several 
potential pathways, and further studies need to validate the current results [6].

11.4.2  Health Co-benefits of Improved Air Quality as a Result 
of Climate Change Mitigation

Excess morbidity and mortality related to extremely hot weather and poor air qual-
ity have been widely investigated in cities worldwide. This has become a major 
public health problem because the interactions of global climate change, urban heat 
islands, and air pollution have adverse effects on human health [9]. A large extent of 
air pollutants (e.g., PM, NO2, and SO2) and greenhouse gases (e.g., CO2) stem from 
the same fossil-fuel combustion processes. Thus, reducing emissions of air 

Fig. 11.9  Correlations  between PM2.5  concentrations  and  accumulated  rainfall  (Source: 
Ref. [18])
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pollutants to slow the pace of climate change will benefit public health. The health 
benefits  and  air  pollution  reduction  benefited  from  GHG  mitigation  have  been 
widely investigated. According to current studies, energy scenarios, emission con-
trol, and climate change and air quality modeling systems are closely related to the 
short-term gains in public health, and environment could benefit from GHG mitiga-
tion policies [1].

Several studies suggested reducing GHG has significant health benefits. By tak-
ing the control policy scenario over the 20-year period, as compared to current pol-
lution practices, a study identified almost 153,000 adult deaths and more than 3700 
infant deaths are avoidable in three Latin-American cities [2]. A synthesis of 
research  on  China’s  Clean Development Mechanism  potential  showed  domestic 
environmental benefits of saving 3000–40,000 lives annually through co-benefits of 
abated air pollution [1]. A study focusing on Beijing estimated population exposure 
to air pollutants under various energy scenarios and calculated chronic and short- 
term excess deaths [20].

It is a challenging task to estimate the health benefits of improved air quality 
resulted from GHG mitigation policies. Due to existing of unquantified effects, cur-
rent studies may underestimate the benefits, because clear exposure-response asso-
ciations only show in a portion of the health impacts. The US EPA noted numerous 
unquantified effects  in 1999; since then, some of  the effects have been identified 
[21]. There are already some available approaches to estimate health co-benefits of 
improved  air  quality  as  a  result  of  GHG  mitigation.  Although  there  is  no 

Fig. 11.10 Potential impact of climate change on air pollution-related human health effects in the 
USA. Estimated changes of (a) PM2.5-related, (b) O3-related, and (c) both pollutants-related pre-
mature mortality in 2050 compared to 2001. (d) States with higher premature mortality uncertain-
ties due to PM2.5- and O3-related effects from uncertainties in meteorology forecasting (Source: 
Ref. [24])
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 well- recognized measurement of their health effects, consistent results from previ-
ous studies suggested that the health co-benefits from improved air quality are sub-
stantial. These published studies will provide useful information for the scope, 
design, and timing of climate change policies [1], and further researches need to 
investigate the added benefit of improving health outcomes related to air pollution.

11.4.3  Implementing the Paris Agreement to Tackle Climate 
Change and Air Pollution

The 2015 UNFCC conference was held in Paris, France. It was the 21st annual ses-
sion  of  the  Conference  of  the  Parties  (COP21)  from  the  1992  United  Nations 
Framework Convention on Climate Change (UNFCCC). Stakeholders in the public 
health and government arenas hammered out strategies to reduce emissions of influ-
ential climate pollutants. On 22 April 2016 (Earth Day), 174 countries signed the 
Paris Agreement in New York and began adopting it within their own legal systems. 
The key result of the Paris Agreement was to limit global temperature rise to 2 °C 
comparing to preindustrial levels and to pursue efforts to limit the increase to 
1.5°C.  To  achieve  this,  countries  submitted  Intended  Nationally  Determined 
Contributions (INDCs) outlining actions they intended to take and the level they 
intended to reach individually. The Paris Agreement entered into force on 4 
November 2016—and the INDCs became the Nationally Determined Contributions 
(NDCs). To  raise  the  level of  ambition over  time,  a 5-year  submission cycle  for 
NDC was introduced, and new NDC must be more ambitious than previous one.

The Paris Agreement is the first climate agreement that covered all countries and 
won unanimous consent. The agreement is expected to serve as a solid basis for 
further cooperation. According to the agreement, developed and developing coun-
tries must assume their respective obligations and make their respective contribu-
tions in a unified institutional framework and a differentiated manner. China is part 
of the landmark Paris Agreement. The transition to cleaner energy will contribute to 
tackling air pollution challenges and put the country’s future growth on a low- 
carbon pathway [25].

Climate change mitigation strategies, such as reducing the dependency on fossil 
fuels and increasing the portion of clean and renewable energies usage, have syn-
ergy with environmental protection and public health. China has nationally deter-
mined  its  actions  by  2030,  such  as  to  achieve  the  peaking  of  carbon  dioxide 
emissions around 2030 and to lower carbon dioxide emissions per unit of GDP by 
60–65%  from  the  2005  level,  according  to  submitted  INDC  on  30  June  2015, 
Enhanced actions on climate change: China’ s intended nationally determined con-
tributions. Therefore, the implementation of the Paris Agreement will further pro-
mote China’s actions in addressing global climate change and also improvement of 
air quality [8].
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11.4.4  Summary

China has maintained an annual economic growth rate of more than 8% for many 
years, and its per-capita GDP energy consumption was 1.4 times higher than aver-
age level of the world. There has been a steep rise in emissions of air pollutants in 
the past decades, from extensive industrial development, coal-dependent energy 
consumption, and increasing number of vehicles. Today, most of the urban popula-
tion are under exposure of multiple air pollutants whose concentration exceeded 
discharge standard.

In order to improve air quality, the Chinese authorities have taken a series of 
actions to control air pollution emission load within a permissible range. The Air 
Pollution Prevention and Control Law and Ambient Air Quality Standards were 
formulated and revised for multiple times aiming to protect human health and eco-
logical environment. Although the government has made remarkable efforts to con-
trol air pollution, these actions have not kept up with its economy growth and 
fossil-fuel use. In particular, the low priority given to environmental protection and 
the lack of cooperation among various government agencies hindered progress on 
air pollution control. The design of targets and measures for air pollution control 
should be accompanied by corresponding assessment methods, in order to track and 
evaluate the implementation and effectiveness of the measures. Furthermore, there 
is defective integration among laws and policies.

At the very beginning, China’s air pollution controlling policies gave priority to 
dealing with the air pollutants one by one, covering a few major pollutants. The 
traditional single-pollutant approach or local air pollutant control is far from enough 
in China. In the near future, China’s air pollution control strategies should move in 
the direction of the multiple-pollutant approach. “Co-control” is now commonly 
used in the Chinese government documents, which refers to “coordinated control” 
or “synergetic control.” Policymakers in China seem to be particularly interested in 
multiple-pollutant approach due to its potential to reduce costs and increase effi-
ciency, and they also believe that multiple-pollutant approach should focus on syn-
ergies between air pollution and energy use for more cost-effective co-control.

Undesirable air quality is usually linked with the combination of high emissions 
and adverse weather conditions. However, there have been relatively few studies on 
the influence of climate change on atmospheric chemistry in the global perspective. 
Although further research is needed, available evidence suggested that climate 
change was likely to exacerbate certain kinds of air pollutants including ozone and 
smoke from wildfires. This has become a major public health problem because the 
interactions of global climate change, urban heat islands, and air pollution have 
adverse effects on human health. Reducing emissions of air pollutants to slow the 
pace of climate change will benefit public health. This can be considered as a kind 
of multiple-pollutant control strategy, for the purpose of it is to tackle the adverse 
impacts of general air pollutants in the company of global climate change 
mitigation.
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Chapter 12
Perspective for Future Research Direction 
About Health Impact of Ambient Air Pollution 
in China

Guang-Hui Dong

Abstract Air pollution has become one of the major risks to human health because 
of the progressive increase in the use of vehicles powered by fossil fuels. Although 
lots of works on the health impact of ambient air pollution have been done in China, 
the following recommendations for future research were identified in this chapter: 
(1) the synergistic effect of indoor air pollution with climate change; (2) develop 
new technologies to improve accurate assessment of air pollution exposure; (3) 
well-designed cohort study of sensitive populations including children, older peo-
ple, and people with chronic health problems; (4) multi-omics technologies in the 
underlying mechanisms study; and (5) benefits evaluation of improvement of air 
quality. In conclusion, China is becoming a suitable study site, providing an ideal 
opportunity to evaluate the effects of environmental pollution, including air pollu-
tion, on human health, which might serve as an example for developing countries 
where health impacts of air pollution are as serious as in China.

Keywords Air pollution • Health impact • Recommendations • Future research • 
China

China is now suffering from serious environmental pollution caused by economic 
development, which has led to serious adverse health effects across the whole life 
course—from conception to old age—impairing overall fetal growth, especially 
lung growth which persists across childhood, increasing the risks of developing new 
asthma which might not occur in its absence, and affecting the heart and lungs 
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throughout life by direct toxicity and via epigenetic mechanisms that mediate gene/
environmental interactions. Beyond respiratory and cardiovascular diseases, air pol-
lution also has adverse impacts on the development of impaired cognition, type 2 
diabetes, cancers, and skin aging and even acts as a risk factor for obesity and neu-
rodevelopment. It is urgent time that China should rapidly develop and deploy low- 
carbon technologies, reduce coal consumption, reform the electricity market, and 
implement carbon pricing policies [7]. However, presently, all too often policies 
relating to air pollution are directed toward acute episodes in summer or winter in 
the absence of a long-term strategy. The clear recognition that the damaging effects 
of air pollutant toxicants start at conception and extend across the whole of life 
demands a long-term set of solutions involving industry, central government, and 
local government.

The case for the devastating effects of air pollution on human health has been 
further emphasized by the severe pollution presenting in China, where coal and 
biomass burning contribute to the problem, and at the same time accompanied with 
a quick-increasing use of motor vehicles [7]. Furthermore, with the increase of 
aging populations, health risks in China will increase even if pollution levels remain 
constant, for older people are more susceptible to air pollution than younger people 
because of health problems such as myocardial infarction and stroke. Even with no 
changes in air pollution in China, the attributable deaths per capita will increase 
20–30% during the next 15 years [9]. Affecting by population growth, the increase 
in deaths would be even greater even if China experiences no further changes in the 
levels of air pollution.

As the director general of the World Health Organization (WHO), Dr. Margaret 
Chan said that the harm caused by air pollution and exposure to hazardous chemi-
cals was a new epidemic, overtaking major infectious diseases like AIDS, tubercu-
losis, and malaria [2]. So what is to be done? Just as the states reported by the Royal 
College of Physicians (RCP) and the Royal College of Physicians and Child Health 
(RCPCH): “everyone has some responsibility for reducing air pollutions; real 
change will only occur when everyone accepts this responsibility, and makes a con-
certed effort.” This includes the whole China, national and local governments, busi-
ness and industry, as well as individuals in society at large. The following 
recommendations for future research were identified in this chapter:

12.1  The Synergistic Effect of Indoor Air Pollution 
and Climate Change

What we should pay attention is that ambient air pollution is not an isolated inci-
dent, which has been confirmed the synergistic effect with other environmental fac-
tors, such as climate change and indoor air pollution [6]. We spend 90% of our time 
indoors, and yet this is rarely taken into account when evaluating the health burden 
of ambient air pollution. It is well known that outdoor pollutants penetrate the home, 
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schools, and workplaces; further, current trends to make buildings energy efficient 
by sealing them increase the accumulation of pollutants from furnishings, house-
hold products, and cooking [14]. In China, the burning of biomass for heating and 
cooking is a particular problem for women and children. Evidence indicated that 
particulate matter indoors may contain a different range of chemical from that 
encountered outsides [5, 10], including these from air fresheners [11] and microbial 
products [5, 8]. The combined exposures to outdoor and indoor pollutants create an 
even greater health hazard than outdoor pollution alone [3].

Furthermore, the adverse effects of air pollutants are further enhanced by the 
influence of climate change, with atmospheric conditions increasing accumulation 
of pollutants and formation of ozone and secondary particles, and it is forecasted 
that the situation will further worsen with climate change [9]. Many strategies that 
decrease air pollution are also beneficial in slowing down climate change. China is 
a vast geographical territory with contrasting climatic characteristics that influence 
the components and concentrations of air pollutants. Exploration of heterogeneous 
adverse effects of air pollution would benefit healthcare providers in individual 
regions. Evaluation of health responses to air pollution in northern versus southern 
China, and in Han Chinese versus other ethnic groups, would unravel the mecha-
nisms and predictors of differential adverse effects in different geographic regions 
and ethnic groups [7]. Data examining dose–response relationships at high pollutant 
levels would be valuable for policy makers to tailor environmental protection regu-
lations in individual regions [7].

12.2  Develop New Technologies to Improve Accurate 
Assessment of Air Pollution Exposure

Furthermore, in order to provide much more precise measurement of exposure lev-
els and timely forecast the haze affairs, some new technologies, such as new smart 
monitoring, should be in priority developed to improve ambient air pollution moni-
toring, which can provide much more accurate and wider-ranging pollution moni-
toring programs so that we can tract population-level exposure to air pollution. In 
addition to fixed site monitoring, there have been considerable advances in small 
mobile devices that can be carried by individuals to monitor personal air pollutant 
exposure such as that developed by CleanSpace® that detects ambient levels of 
carbon monoxide or handheld particle monitors such as the Lighthouse Handheld 
3016-IAQ monitor. The widespread use of such devices will serve to empower the 
public regarding their personal air pollution exposures.

12 Perspective for Future Research Direction About Health Impact of Ambient Air…
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12.3  Well-Designed Cohort Study of Sensitive Populations

Compared with the cohort studies conducted in general residents, well-designed 
studies should also be conducted in some sensitive populations. Children, older 
people, and people with chronic health problems are among the most vulnerable to 
air pollution. Public services must take account of this disproportionate harm 
through local tools, such as planning policies for housing and schools, equalities 
impact assessments, and joint strategic needs assessments. At an individual level, 
healthcare professionals should help vulnerable patients protect themselves from 
the worst effects of air pollution. The physician and other healthcare professionals 
have an important role to play in explaining air pollution and how to deal with it to 
patients.

12.4  Multi-omics Technologies in the Underlying 
Mechanisms Study

Much remains unclear regarding which pollutants account for most of the health 
effects and specific signaling pathways responsible for eliciting exacerbation of 
adverse effects. To fully appreciate the risks of air pollution to health, further 
research is urgently required on how pollutant mixtures impact on the human health. 
Beyond lung and cardiovascular diseases, research should accommodate systemic 
effects such as obesity, diabetes, and changes linked to dementia and cancer, as well 
as effects on the developing fetus and early childhood. The advent of multi-omics 
technologies including genomics, transcriptomics, proteomics, metabolomics, and 
microbiomics to analyze the complex multilevel interactions of pollution with 
humans is creating an exciting new science of exposomics in which exposures can 
be directly linked to disease causal pathways.

12.5  Benefits Evaluation of Improvement of Air Quality

The Olympic Blue and APEC Blue have ever confirmed the benefits of some drastic 
interventions [12, 13, 15, 16]. However, few studies have examined how improved 
air quality reduces exacerbation of chronic diseases on a long-term basis in China 
[7]. Reassuringly, implementation of air quality-control policies has led to reduced 
nitrogen dioxide and fine particulate mass (PM2.5) levels and improved lung func-
tion development in boys and girls with and without asthma [4]. A longitudinal 
study involving 4,602 children (age range, 5–18 years) from 3 cohorts conducted 
during the 1993–2001, 1996–2004, and 2003–2012 years in 8 Southern California 
communities reported that decreases in ambient pollution levels were associated 
with statistically significant decreases in bronchitic symptoms in children [1]. 
Although the study design does not establish causality, the findings support 

G.-H. Dong



267

potential benefit of air pollution reduction on asthma control. So, more study about 
the benefits assessment of long-term drastic interventions is needed.

In conclusion, China is becoming a suitable study site, providing an ideal oppor-
tunity to evaluate the effects of environmental pollution including air pollution on 
human health. Air pollution contributes to the pathogenesis and exacerbation of 
chronic diseases. Drastic measures—including industrial upgrading, quality 
improvement of vehicles, petrol, cooking fuel, and stoves, environmental health 
policy implementation, and surveillance—will translate into improved outcomes 
for patients with chronic diseases. The ambition and capacity of successful manage-
ment of air pollution in China might serve as an example for developing countries 
where health impacts of air pollution are as serious as in China.
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