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10.1  Background

Air pollution remains a major concern for the health of younger people: their  different 
physiology and lifestyles can affect them deeply and in different terms when com-
pared to the adults. Studies on the effect of air pollution on children can be dated 
as early as the eighteenth century: not surprisingly one of the first epidemiological 
studies in oncology, which is linked to the onset of cancer [1, 2] with the exposure to 
pollutants of children hired as chimney sweeper. Today we are far from the level of 
pollution of the industrial revolution, and children’s labour is not welcome anymore 
as in the past. Yet, in urban area children are constantly exposed to air pollution in 
their everyday activities. Those that live in less polluted or in greener areas commute 
to schools exposed to pollution. Extra-scholastic activities take children around the 
city; most of those are outdoor activities that take place when the concentration of 
pollutants in the air is higher. In poor-income areas, where the number of children 
in the population is higher, air pollution is often out of control and exacerbated by 
routine activities. In those same settings, there is no awareness of the risk to air pol-
lutions, and there are basic or no procedures to reduce exposure to pollutants.

The risk on children health is somehow of more concern compared to the ones in 
adults: children can have lifelong consequences that can also deeply affect their 
wellbeing and their choices and consequently the same quality of life. Early expo-
sures, besides, mean an increased risk for chronic outcomes for those pollutants that 
have cumulative effects.
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The effect of air pollution on respiratory system in children is nowadays 
 well- known. Recent studies show how other systems and organs are affected [3] and 
how exposure to pollutant can become a risk factor for developing chronic non- 
communicable disease in the adulthood [4]. But as we will see, every aspect of the 
developing process can be affected by air pollution. This is not an unpredictable 
observation: a child’s organism grows rapidly and undergoes to a number of changes 
over the months or the years. This process can be easily altered by external influ-
ences. These involve behavioural and affective stimuli, microorganisms, physical 
and chemical interactions as well as the combinations of those.

For these reasons, lately scientists are becoming more aware of the implications 
of air pollution in childhood. They promoted a new set of studies that helped to bet-
ter understand how air pollution can compromise the natural growing of a child and 
how it can affect both his or her everyday life and his or her adult life.

10.1.1  Why Children Differ from Adults When Exposed to Air 
Pollution

As we have briefly seen, children are normally more vulnerable than adults to the 
effect of air pollution. This is not an idea that can be given for granted, as children 
can otherwise be less affected than adults to other pathological processes: children 
do not normally have chronic and multiple conditions, can have more healing 
resources when exposed to acute injuries and infections, do not normally take medi-
cines for long-term or lifelong treatments or do not have consolidated habits that 
can be risk factors for the development of diseases.

But from a different point of view, children are more fragile than adults. They are 
more vulnerable because their body is developing and changing rapidly over the 
months or the years. And children comprise a wide category of individuals that 
range from few days of life to the teenage.

When it comes to air pollution, besides, environmental, behavioural and physi-
ological factors deeply affect the way children are exposed to pollutants compared 
to adults [3, 5–12]. The main characteristics are synthetized in Table 10.1.

Some of these factors are peculiar only for children. Others may be in common 
with adults but can result in more harmful or long-term effect in children. Others 
affect children as well as adults, but children can proactively change the circum-
stances that cause them to be exposed to pollutants. Passive smoking, for instance, is 
an environmental factor but also a behavioural factor. While adult can decide to quit 
smoking or avoid smoking at home, children normally cannot take similar decisions. 
Thus, smoking is a relatively non modifiable circumstance that could affect children, 
while it is a potentially easily modifiable factor when individual adults are considered.

Other behavioural factors are more related on children’s activities and have to 
be considered: children spend more time outside. Children engaged in physical out-
door activities are exposed to outdoor pollution which in urban areas is strongly 
associated with traffic. Because of the increase in the respiratory rate and to bron-
chodilation secondary to the exercise, the amount of pollutant inhaled has increased.
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Children attending school are also exposed to community-acquired respiratory 
tract infection that easily spread among crowded indoor areas, like a classroom. Air 
pollution augments the risk of respiratory infection, and respiratory infections 

Table 10.1 Susceptibility of children to air pollution when compared to adult exposure to envi-
ronmental factors

Behavioural Environmental Physiological
• More time spent outside
•  More physical activities done 

outside
•  Ingestion of dust and soil (pica 

behaviour)
•  Time spent commuting (walking, 

biking, car, public transport)
•  Less awareness and proactive 

preventive behaviours
•  Children labour (in selected 

settings)
•  Malnutrition and selective 

micronutrient deficiency (in 
selected settings)

• Mouth breathing
•  More time spent outside in 

summer time when the level of 
pollution is higher

•  Different timing when compared 
to adults in terms of daily or 
seasonal exposure to pollutants

•  Time spent at school (are often 
closer to busy roads when 
compared to residential areas) 
normally at daily traffic 
pollution peak

•  Different behaviours across the 
life stages

•  Active smoking during 
adolescence, as part of normal 
challenging behaviour of the 
teenage

•  Pica behaviour (ingestion of dust 
on object contaminated by air 
pollution)

•  Poor control of cough and 
expectoration in smaller children

•  More engagement in increased 
physical activities as children are 
normally more active than 
adults, that results in increased 
oral breathing and respiratory 
rate

• Indoor pollution
•  Household air pollution 

and cooking fumes
•  Time spent in school 

(the quality of indoor 
and outdoor air cannot 
be controlled by 
children/parents)

•  Frequent respiratory 
infection (community-
acquired respiratory tract 
infections)

•  Exposure during 
antenatal life also results 
in possible congenital 
conditions (like 
newborns small for 
gestational age) that 
increase the risk of 
exposure to air pollution 
later in life

•  Low-income settings 
(both in urban and in 
rural areas)

•  Exposure to passive 
smoking

•  Exposure to different 
pollutant in relation also 
to their socioeconomic 
status

•  Level of education of 
parents

•  Air pollutants type and 
concentration vary 
during the day/year 
resulting in different 
exposure depending on 
children’s activities that 
differ from the ones of 
the adults

•  Small stature: children 
breathe air closer to the 
ground that can be 
potentially more 
contaminated

• Higher respiratory rate
•  Poor filtering through the 

nose
•  Oral breathing 

(predominant in infants and 
in small children)

•  Higher volume of air per 
minute compared to the 
smaller body size

•  Smaller airways that result 
in a higher impact on the 
lung function

•  Limited metabolic 
detoxification

•  Maturation and growth of 
organ and apparatus, 
including lungs, brain, 
immune system

•  Different susceptibility 
across the life stages

•  Children develop in spurts
•  Dosing/toxicity changes 

according to weight and 
surface area

•  Change in the homeostasis 
during later childhood, 
puberty and adolescence

•  Interference of pollutants 
with sexual maturation

•  Cumulative effects of the 
pollutants: toxins remain in 
the lungs for more time

•  More time to develop 
tumours for cells affected 
by carcinogenic pollutants

•  Blood-brain barrier not 
fully developed

•  Immaturity of the immune 
system
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reduce the protection against microorganism (e.g. compromising the ciliary motility 
in the respiratory tract, hence reducing the mucociliary clearance [13]).

Small children that do not attend nursery and those that live at home during the 
entire childhood can be also affected by environmental exposure. This is especially 
observed in very-poor-income area where children are constantly exposed to household 
air pollution. This can be controversial as in very rural locations, children do not neces-
sarily spend time inside houses, or houses are often open so that there are no clear 
boundaries in terms of the microenvironment between the inside and the outside. In 
some settings, infants and toddlers spend the whole of their times with their mums, 
often tied to them, also during household activities like cleaning and cooking. That 
could expose children from high to toxic concentration of chemicals, exhaust or fumes. 
The same considerations can be applied to children who spend most of their time inside 
a house also in higher-income countries, when the quality of the indoor air is poor.

In a developing body, in which organs and systems are not mature, any possible 
harm can result in long-term consequences.

It had to be noted that children can be exposed to air pollution starting from their 
antenatal life. This can have important implications, as pre-birth exposure lower the 
threshold and increases susceptibility later in childhood to the harmful effects of air 
pollution in an already susceptible population, namely the children (see also Chap. 26).

10.2  Epidemiology and Impact

10.2.1  Exposure

As we have seen, children can be exposed at home or at school, while commuting 
or when engaged in other inside and open-air activities. It implies that they can be 
exposed to indoor and outdoor pollution or to a mixture of both. Growing evidences 
link the areas in which children live or go to school with short- or long-term health 
problems or developing impairments. Traffic-related pollution seems accountable 
of most of the health effects during the time children spend at school, especially 
when school is located near busy roads. But effect on health can be noted also in 
children coming from different urban areas with different level of pollutants and 
attending the same school [14]. This gives a picture of the complexity in mapping 
the risk of air pollution exposure. It has been noted that in big cities the areas with 
a lower socioeconomic level are normally more polluted and children living in those 
neighbours are the ones that are mostly affected by air pollution [6, 15, 16]. 
Nonetheless children can have a more dynamic lifestyle when compared to adults: 
it means that they can more frequently move to different areas of a city spending 
several hours of the weeks in more or less polluted zones.

Although regions with a high level of industrialization are allegedly more pol-
luted, the rate of urbanization has also a role especially in rapidly developing coun-
tries, meaning that children living in low- and middle-income areas are potentially 
at higher risk [4]. In those same settings, there may not be policies in place for air 
pollution contention; at the same time, the percentage of children in the population 
is higher.
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The amount, the length of exposure and the type of pollutants children can be 
exposed to, for those reasons, can vary. Individual exposure can hardly be mea-
sured, but a map of exposure can be estimated. This can be done by monitoring the 
quality of the air near the places a child spend most of the time (like home, school, 
playground, sport field), monitoring the average of pollutants concentration in a 
study area, mapping the nearest busy roads, monitoring the ambient with ad hoc 
measurements and placing pollutant monitor outside and inside schools or at home. 
Personal exposure can be also measured with the use of personal equipment that 
children can carry (mainly for a limited time) everywhere they go. Biomarkers as 
well have been studied in order to establish whether they can be used as expression 
of early effects and exposure to given pollutants [17].

It is however difficult to establish which pollutants are more dangerous for chil-
dren. Particulate matter (PM), ozone (O3), carbon monoxide (CO), sulfur dioxide 
(SO2), nitrogen oxides (NOx) and lead [3–5] have been identified as a major cause 
of health problem in children. Carbon monoxide, PM2.5, nitrogen oxides, hydrocar-
bons, other hazardous air pollutants (HAPs) and ozone are related to traffic pollu-
tion. In rural areas fumes from combustion can be a major cause of indoor and 
outdoor air pollution.

The concentration of those pollutants can change among micro- and macro- 
areas, during season and during different times of the day or of the week. Exposure 
can consequently change according to daily, weekly and seasonal routines in chil-
dren’s lives.

10.2.2  Age and Gender

Children are an inhomogeneous group of people whose characteristics vary accord-
ing to age. Because children grow over the years, the same individual changes more 
or less quickly, altering his or her personal features and evolving to new and differ-
ent stages. Those simple assumptions cause two major consequences:

 1. Air pollution can affect the way children grow.
 2. Air pollution can have different effects in different stages of life.

The number of study assessing the possible implications is still limited; although 
it appears clear that air pollution can have effect on the antenatal life and on the 
early stage of life, the response to different pollutants in the different stage of life is 
still unclear, as well as the long-term implications that exposure to toxic substance 
can have in small children when compared to the most grown-up.

As we will see, evidences suggest that the whole developing process can be 
nonetheless put at risk, with the maturation of every organ and system potentially 
involved. Besides, early exposures seem to increase the risk of adverse outcomes as 
they (a) affect very immature systems that are rapidly changing, (b) affect systems 
that do not have mature protective systems, (c) compromise the normal develop-
mental pathways, (d) create cumulative effects and (e) affect systems with peculiar 
physiology also related to their smaller size.
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Boys and girls can have different response to the effect of air pollution, because 
of differences in terms of exposure and of response to pollutants. Again behav-
ioural, environmental and physiological factors have to be considered. During 
puberty the differences become more clear, when the effect of growth clearly dif-
ferentiates the two sex also in terms of behaviour and activities. Some studies sug-
gest still different effects of air pollution also in younger children, especially when 
respiratory symptoms and allergies are considered [18, 19], with healthy boys being 
more affected than girls and already symptomatic girls being more at risk for 
relapses [20]. Those preliminary results however do not clarify the physiopathology 
underneath the observed effect and cannot exclude that behavioural factors alone 
can justify those differences. Thus, further studies are needed to proper assess the 
risk of air pollution in children of different ages and sex.

10.2.3  Air Pollution and Healthcare

The effects of air pollution are not always so straightforward. Most of the time, the 
request for help is secondary to the effects that are not clearly related to air pollution 
or that apparently have no link to it. So it is difficult to estimate the real impact of 
air pollution in children although is likely very underestimated. Although some 
pathologies are more frequently observed according to seasonal patterns, air pollu-
tion is not normally monitored when it comes to emergency department attendance 
or hospital admission.

Another limitation to assess the real impact of air pollution on the healthcare is 
the fact that different organs and systems can be directly or indirectly affected, and 
most of the time, the spatial and temporal association is difficult to understand even 
for those that analyse epidemical data. Primary care and hospital statistics therefore 
cannot easily correlate the incidence of a disease with the environmental factors.

For this reason, most of the data related to hospital admission and the consequent 
burden of air pollution for the health systems are based on study designs that study 
the effect of air pollution on hospitalization and respiratory symptoms that are more 
easily associated with environmental triggers.

Data strongly suggest that the number of admission and relapsed strongly related 
to the exposure to air pollutants and traffic-related air pollution [21].

It is in any case reasonable to think that a high number of admission to children’s 
wards, even when apparently not directly linked to air pollution exposure, can be 
nonetheless been caused by environmental factors.

Those are fundamental data, for the implementation of efficient and cost- effective 
health policies.

10.2.4  Hospitalization

Although it is becoming clear that there is a strong association between the level of 
exposure to air pollution and the children’s health, it is difficult to make real esti-
mates of its burden in terms of hospitalization and expenditure for the different 
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health systems. A main reason is the fact that some of the effects cannot be directly 
linked to single episodes; in other cases, acute episodes can or cannot be an expres-
sion of a chronic exposure to air pollutants or may be triggered by other factors (e.g. 
virus or bacteria) in children chronically exposed to the effect of air pollution. 
Besides, in some children the quality of the air they are breathing can increase the 
frequency of relapses of chronic diseases that need medical attention.

For those reasons, the exact impact on hospitalization is largely unknown. Most 
of the studies in addition focus on respiratory causes only of hospitalization, as 
those are the ones that more clearly can be related to acute exposure—or to varia-
tions in terms of exposure—to air pollutants. Even in these cases, the association 
is still unclear: although some studies show strong evidences that support the idea 
that air pollution increases the number of hospitalizations and visits to emergency 
departments in children [22, 23] especially for those exposed to traffic-related pol-
lution [21] and those with a diagnosis of asthma [24, 25], others found no significant 
association between exposure to some particulate and hospital admissions [26]. This 
same study suggests that exacerbation of respiratory symptoms may reflect more on 
primary care or outpatients’ interventions, rather than in admission, and that differ-
ent mechanism and different pollutants can directly or indirectly affect the health 
conditions of children, meaning that only in some cases a hospital intervention may 
be needed. That increments the difficulty in planning epidemiological studies that 
can help to understand the real impact of air pollution on the health systems.

10.2.5  Morbidity and Mortality

Being the medium- and long-term effects of air pollution on children’s health diffi-
cult to evaluate, it is still not clear what are the numbers in terms of morbidity and 
mortality directly or indirectly related to air pollution. Children respond to environ-
ment differently; they can be more vulnerable during the first months or years of 
life; the cumulative effect can show its signs in the adult life; air pollution can cause 
the exacerbation of an underlying condition and that can, in turn, result in serious or 
lethal damages. In the latter case, it may be difficult to ascribe disability or death to 
air pollution.

In particularly polluted environment, nonetheless, a substantial increment of 
mortality under the age of five and in neonates has been noted [27–29], although in 
the same settings, other studies find a more significant association with mortality 
and older age [30]. On the other hand, different pollutants may be more or less poi-
soning and have effects on children’s health that are comparable to the ones on the 
adults; for some of them, the hazards are known [3], and it has been possible to 
evaluate the adverse outcomes (viz. disability and mortality) also in terms of cost 
for the society [31].

In selected cases, the toxic effects of air pollutants are more clear, especially 
when indoor pollution is considered: for instance, the household solid fuel used in 
low-income areas is strictly related to acute respiratory infections, chronic obstruc-
tive pulmonary disease, tuberculosis, asthma, lung cancer, ischaemic heart disease, 
blindness and death [32].
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Further assessments are needed to better understand the real impact of air 
 pollutants on short- and long-term disabilities and deaths in children.

10.2.6  Quality of Life

Social and health factors affect the quality of life for children that live in polluted 
areas. We have seen that, even if probably underestimated, the effect of air pollution 
on health conditions is clear and children may live with disabilities, have exacerba-
tion of chronic conditions, experience acute events or develop morbidities that even-
tually impact on their growth and on their future adult life. The burden in terms of 
direct effect is difficult to establish, but the relationship remains clear.

The resulting effect then is not different from the one created by similar health 
and medical conditions in children.

On the other hand, to survive in a polluted environment, families and children 
have to adopt different lifestyles or take precautions that may result in an impairment 
of the overall quality of life. Those families that are particularly aware may decide to 
change neighbourhood or school, and that may result in more time spent commut-
ing. Children may be asked to remain at home in the afternoon or during summer-
time not only when the level of pollution can be higher but also when children are 
more likely to be engaged in outdoor and recreational activities. Time spent indoor 
may not be necessarily safer: inactivity can be associated with risky or unhealthy 
behaviour in children and can influence relationships and children’s social lives [33].

Behavioural changes may be fostered, but taking action against air pollution can 
be also stressful for children that do not necessarily understand the implications and 
the need for change. This is particularly true when they are asked to wear active 
protection equipment or to avoid particular outdoor or indoor areas.

10.2.7  Society

Estimating the impact of air pollution on society is challenging. At the same time, it 
is hard to understand how the exposure to air pollution and its related effects on 
human health depends on the differences in society and in the socioeconomic status 
of families and individuals.

Some studies in fact suggest that ethnicity and social background can have a 
role in terms of exposure and outcomes on children’s health [6, 16, 34]. It remains 
unclear if the relationship is related to genetics, to the air quality in poorer neigh-
bourhoods (that is supposedly worse when compared to greener or residential zones) 
or to lifestyles. Those are also to be considered confounding factors in designing a 
study to evaluate the consequences of air pollution on children’s health [15].

When it comes to children, the burden of air pollution has to consider a num-
ber of factors: the direct cost for the evaluation, investigation and treatment of 
medical conditions directly or indirectly interrelated to the exposure to air pol-
lutants; these impact on the expenditure of the different health systems and on 
the available resources. Some reports give an idea of the impact on economy of 
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air pollution- related disease in children: selected conditions due to toxins in the 
 environment in the sole United States are responsible of about 3% of the whole US 
care cost [31]. This of course largely underestimates the problem, as long as dis-
eases not directly attributable to air pollution are not included in the surveys.

Pollution-related health problems also represent a direct cost for families, in 
terms of money used to reach the health centre, to pay for healthcare and for inves-
tigation and treatment. The indirect costs that in children involve the same child and 
his or her adult carers; for the child a possible esteem can be based on school atten-
dance and on the number of missed days of school that is significantly increased in 
children exposed to air pollution especially when they suffer of respiratory condi-
tions [31, 35, 36]. Parents are also involved in terms of days of work lost in order to 
provide care for ill children.

As we have seen, the quality of life as well can be compromised. It results in 
costs for family and the society and in the use of resources that could be used for 
other aims.

10.2.8  Developing Countries

Two major issues are related to the effect of air pollution on children in very poor 
settings: first, the percentage of children in the population is generally higher in 
developing countries, where on the other hand the level of assistance for families 
and underage people is lower. Second, although rural area may be less polluted 
when compared to high-income countries, in developing countries’ metropolitan 
areas, the quality of the air is poorer secondary to a number of factors. Besides, the 
awareness of the problem is lower, and people are less concerned and less interested 
in taking personal precaution or in advocating changes. In addition, children suffer 
often of chronic selective malnutrition or acute malnutrition ranging from mild to 
severe; nutritional status can reduce the level of protection to air pollutants, espe-
cially in these areas where environmental conditions are poorer [37].

In rural areas, the level of indoor pollution, especially secondary to the use of 
household solid fuel mainly for cooking, is a serious concern. The smoke coming 
from combustion produces a number of toxins that are known to provoke damage on 
human health and particularly on children that are the most vulnerable ones [38]. 
Among them are volatile organic compounds (VOCs), carbon monoxide (CO), car-
bon dioxide (CO2), nitrogen dioxide (NO2), ozone (O3), hydrocarbons, particulate 
matter (PM) and dust particles [39, 40]. Very young children in these settings spend 
most of their time with mums or adults engaged in household activities, often on 
their lap or tied on their backs. The effects are mainly respiratory symptoms, but 
they can range up to life-threatening conditions and death [40].

The quality of outdoor air should be supposedly better, but combustion-related 
pollutants come from wood or manure’s fires especially where livestock are hold 
and fumigation is constant. In addition, the level of dust in the air can be higher, as 
well as the concentration of biological pollutants; even if the level of traffic is very 
low when compared to urban settings, the use of outdated vehicle increases the level 
of pollutants in those area close to the main roads.
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Unfortunately, it is very difficult to assess the level of exposure in these settings 
[41–43], and consequently developing a strategy to reduce the health effects of air 
pollution on children may be extremely challenging. More studies are therefore 
needed to better understand the entity of the problem and to correctly address it 
[43], in order to produce effective policies also in those countries with a low level of 
awareness in the government and in the population.

10.3  Effect of Air Pollution on Organs and Systems 
in Children

Most of the studies on the effect of air pollution on children’s health focused in the 
past on respiratory diseases. This was due both to the logic link among air toxins 
and respiration, as well as the empiric observation of exacerbation of respiratory 
symptoms in children with chronic conditions as asthma and exposure to pollutants. 
As we have seen, children can be particularly exposed to air pollutants, and the ris-
ing awareness that all the systems can be potentially affected by air pollution cre-
ated new lines of investigation in the last decade. Research therefore focused as well 
on other health issues, more related to the growing processes which naturally are 
typical for children. New and consistent findings demonstrate that the whole devel-
opment can be affected, starting from the antenatal life up to the puberty and the 
teen years. These studies gave new insights to the problem. The peculiarities of 
children’s organism in fact made them particularly vulnerable to pollutants, so that 
is today difficult to separate the different health effect on system and organs.

It is reasonable to think that the whole body can be affected by air pollution 
especially the rapidly evolving one of children. Yet, most of the consequences are 
largely unknown, also because of the limited number of studies undertaken so far. It 
is nonetheless reasonable to think that the problem in children is largely underesti-
mated. What we know so far is that pollutants play a decisive role in the developing 
of diseases in children starting from weight at birth and perinatal harms up to life- 
threatening events and chronic life-changing conditions.

The analysis of the possible diseases that follows is not meant to be exhaustive, 
because of the limited number of studies in childhood. Nonetheless it gives a thor-
ough overview of what today we know about air pollution and diseases in children 
and supposedly opens the doors to further lines of research.

10.3.1  Birth Weight and Antenatal Exposure to Air Pollution

The weight at birth is a reliable marker of foetal development, as every harm 
received during the antenatal life can present itself with a slow rate of growth [44]. 
This of course is not the only feature of damages occurred during pregnancy, but it 
is easy to observe, to measure and to compare. In addition, children small for gesta-
tional age and foetus with intrauterine growth restriction can present with serious 
consequences at birth and potentially life-threatening complications during delivery 
and the first minutes or hours of life.
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Children with a low weight at birth consequently are at higher risk; it is therefore 
essential to ascertain if air pollution can be among its cause: a low weight could 
become expression of exposure to pollutants during pregnancy, at the same time can 
predict possible complication or damages to the foetus due to pollution and predict 
possible developmental issues or chronic conditions later during childhood.

The association of inhaled toxins and antenatal development is already known, 
as the many studies on maternal smoke and birth weight or weight for gestational 
age show. In fact, observation of the effect of smoking on maternal health has been 
noted as early as the mid-30s of the twentieth century [45]. A number of potentially 
harmful molecules that can pass the placental barrier are present in tobacco’s smoke, 
and those may be similar to chemicals that can be retrieved in indoor or outdoor 
polluted places. What remained unclear thus was the relationship with environmen-
tal pollutants passively breathed by mums during pregnancy and their effects on the 
newborn. Furthermore, changes in the antenatal grow rate may or may not correlate 
to long-term medical conditions or to processes that could affect the normal devel-
opment of a child. A new body of evidence demonstrated that air pollution even in 
outdoor concentrations can affect the normal development of the foetus and conse-
quently his or her weight at birth. Physiological mechanisms are still not clear, but 
causality correlation has been found for different pollutants as PM10, NO2, SO2 and 
CO [46–49] and low weight at birth or preterm deliveries [49].

Other effects—mainly respiratory ones—on later childhood also have been 
observed with a correlation with adverse outcomes later in children’s lives and 
maternal contact or inhalation of air toxins during pregnancy [47, 50]. Some sur-
veys seem to confirm in fact that exposure to indoor and outdoor pollutants (pesti-
cides, polycyclic aromatic hydrocarbon, environmental tobacco smoke, PM, NO2, 
O3, CO, airborne endotoxins, dust, SO4, NO3, NH4, CI, acid vapour as HNO3, for-
mic, acetic) in the gestational life does not affect only the same pregnancy outcomes 
but also has a role in later onset of neurodevelopment, cognitive, asthma, obesity 
and pubertal development issues [51] as well as on the birth deformities, sudden 
infant death syndrome, cognitive impairment and reproductive outcomes [52] and 
autism spectrum disorder [53, 54]. It is unclear, yet, how the timing, the amount and 
the acute/high versus constant/low exposure to pollutants during pregnancy lead to 
the development of diseases in childhood and adolescence.

The number of studies is limited, so definitive associations are difficult to 
describe, but it is becoming clear that air pollution can be particularly harmful in 
pregnancy, and adequate measure in terms of prevention and reduction of the expo-
sure should be undertaken.

10.3.2  Growth

The development process is a key issue in children. Children change dramatically 
during a time span of months and years. Growth and weight gain are consequently 
a reliable marker of a child’s wellbeing. Nevertheless, evaluating the way children 
are growing and establish relations between grow rate and external or environmen-
tal stimuli is extremely challenging. The main reason is that every child follows an 
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own growth curve that can be only partially estimated with the different models of 
growth charts currently available. Because exposure to pollutants changes over the 
years and goes through phases of acute exposure to likely more modest chronic 
background exposure, understanding what and in which amount causes discrepan-
cies between the normal/expected growth curve of a child and the actual rate of 
growing. Moreover, the number of confounders that can influence the development 
of a child is incredibly high and varies from family to family. Creating cluster of 
children that could be included in longitudinal studies is challenging, and because 
of the confounders, there are no guarantees that the children in a comparer group 
could give a reliable model in terms of exposed and not exposed group.

As long as children are quickly growing, it is reasonable to think that childhood 
may be a critical exposure time, and it would be logical to speculate that toxins 
could interfere with this rapidly ongoing process.

Very few studies for these reasons focused on the effects of air pollution on the 
physical development of children; most of them however agreed, even with some 
limitation, that children exposed to air pollution have a slower growing rate [55–
57], although is not clear when, for how long, how many times and what type of 
exposure can be considered cause of that.

To partially overcome those issues, to assess possible growth’s delay or impair-
ment in children exposed to air pollution, the makers of bone turnover have been 
also used. Osteocalcin and the C-terminal telopeptide of type I collagen are related 
to reduction in mineral bone density, and the increase of the level of these sub-
stances is a reliable marker of increased bone turnover. Children exposed to air 
pollution show an increase of both, meaning a negative effect of environmental 
toxins on their bone turnover [58].

Bone age as well can be compared with chronological age to demonstrate delay 
or discrepancy in the growth rate in children. Some findings suggest that the peak 
bone mass can be prejudiced by air pollutants [59].

This is no surprise as growth in children is determined mostly by modification of 
the musculoskeletal system; the same adult height depends on the lengthening of 
bones during childhood, puberty and adolescence. Skeletal problems secondary to 
the exposure to air pollutant can therefore affect the physical development of chil-
dren, as bones are still maturing and rapidly changing.

Ozone pollution seems to negatively influence the cutaneous production of vita-
min D; O3 works as a screen on sunrays, reducing the level of ultraviolet B (UVB) 
photons that can reach the skin [59, 60]. Besides, children that live in polluted areas 
are less likely to spend more time outdoor, meaning a reduced exposure to sun light. 
UVB have a prominent role in the production of cholecalciferol that is crucial for 
the development of healthy bones in children and for the prevention of rickets.

Skeletal fluorosis—a chronic metabolic condition that depends mainly on an 
excessive absorption of fluoride and that can lead to osteosclerosis, osteomalacia, 
osteoporosis and secondary hyperparathyroidism, with in some cases severe defor-
mation—seems to have a strong relationship with indoor pollution, in those areas 
where burning coal is used as household solid fuel [61, 62].

Although mainly ingested with food, elemental toxicants are also present in air 
pollution and in environmental tobacco smoke. Among them lead, cadmium and 
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aluminium are known to influence the skeletal metabolism, damaging directly the 
bone tissue or indirectly due to renal toxicity or acting on the metabolism of calcium 
and vitamin D. Long-term exposure and cumulative effect are related to osteodys-
trophy and bone disease [63–66] that eventually lead to growth impairment and 
disruption of the physiological physical development of children.

10.3.3  Neurological Development

Growing evidences correlate the exposure to air pollution and brain functions in 
children. Not surprisingly the toxic effects of environmental pollutants interact with 
the physiological development of the particularly plastic nervous system of children.

Air pollution in fact can affect the brain development as early as the antenatal age 
as long nervous cells’ multiplication and structural organization are particularly 
active in this stage of life, while the immaturity of the barrier makes the central 
nervous system more exposed to toxins; exposure to different gestational ages is 
supposed to lead to different outcomes in terms of cognitive development later in 
childhood [67, 68].

The mechanism of neuro damage in children and the consequences later in the 
adult life are still under study, and also in this field, it is still unclear what type and 
what timing of exposition are mainly related to impairment of the cognitive function 
and the physiological maturation of the brain. A major role may have the diffuse 
neuro-inflammation; children chronically exposed to pollutants have been noted an 
increment of the oxidative stress and an increase of the inflammatory response, also 
expressed in terms of change in the modulation of serum cytokines and chemokines 
[69]. That seems to be related to modification of the central nervous system struc-
tural and volumetric responses [70].

The inflammation response in the lungs, which are the organs primarily affected 
by air pollutants, also produces circulating cytokines that act on the cyclooxygenase 
2 in the vessels of the brain endothelium, leading eventually to central nervous sys-
tem inflammation [68].

The accumulation of misfolded proteins, the harmful effect of pollutants on the 
neurovascular unit and the production of autoantibodies to neural and tight-junction 
proteins are another possible mechanism of damage. Those findings have been 
observed in children chronically exposed to air pollution. Particulate matter (PM2.5 
and PM10), O3 and NO exposure in childhood may be linked to development of 
multiple sclerosis and Parkinson’s and Alzheimer’s disease in adulthood [71, 72]. 
This is mainly due to the oxidative stress and to the brain inflammatory imbalance, 
also involving the gene responsible for the inflammatory response in the central 
nervous system, and the reduced protective response of prion protein that is altered 
by chronic exposure to air pollutants [69]. That processes could lead to neurodegen-
erative process, as well as to psychological distress and psychiatric conditions, able 
to give short- and long-term consequences, affecting also the performance of chil-
dren at school and their behaviour.

Interestingly, some of the studies that tried to evaluate the progresses at school of 
children constantly exposed to pollutants (at home, during commuting, at school or 
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in a combination of those) gave alarming results. Also when confounding factors 
(environmental and behavioural variables that are commonly associated with air 
pollution and that are known to interfere with cognitive maturation in children as 
social environment at home and at school; parental psychological status; parents’ 
education, unemployment and occupation; breastfeeding; diet; parental smoking at 
home and/or during pregnancy; and noise [73]) were excluded, children studying in 
more polluted schools show a significant reduction of the cognitive development 
particularly affecting working memory, superior working memory and inattentive-
ness [74], while children exposed to black carbon levels show a deterioration in 
their vocabulary, composite intelligence, memory construct and learning [75].

Cognitive delay can potentially lead to life-changing consequences especially 
during primary school age; if air pollution compromises the process of learning, it 
is unclear if brain impairment can be recovered in a later stage of life. Besides, at 
this age, children receive key information and develop mental abilities that are cru-
cial in their future educational life. Aside from the clinical manifestations that 
related air pollution to brain health, youngsters would miss opportunities that are 
part of their wellbeing and impact on their future quality of life.

10.3.4  Psychological Effect

Living in a polluted environment can be a cause of stress for a number or reasons. For 
those families that are aware of the problem, pollution can impose behavioural changes 
aimed to protect. Life change in itself nowadays is not considered a source of emo-
tional concern; starting new, healthy routine can result on the contrary in an improved 
mood and better attitude towards life. Undesirable events, yet, are more likely to pro-
duce distress, and in this sense a change in the routine can result in psychological dis-
tress [76]. Reducing the hours spent in outdoor activities, keeping windows or doors 
closed even during the warmest months, avoiding busy road or travelling during rush 
hours and wearing personal protective equipment are some of possible behaviours that 
can affect children’s quality of life. What may be useful to prevent environmental dam-
ages, in this case, can impact on the mental wellbeing of a child. In addition, air pollu-
tion can be a cause of physiological concerns in adults also resulting in change in 
personal behaviours [77], and that ultimately can lead to distress in children.

Although it is difficult to evaluate the psychological burden of air pollution 
(because of the many confounders that often are associated with it and that can be 
cause of psychological distress in themselves and because “psychosocial stress can 
cause symptoms similar to those of organic mental disorders” [78]), organic causes 
have been investigated and correlated with mental health issues in children exposed 
to air pollutants.

A direct link between oxidative stress in nervous tissues and brain inflamma-
tion—that can be also attributable to air pollution (see Sect. 10.3.3)—are possible 
findings in patients affected by anxiety. In adults short-term exposure to PM2.5 was 
strongly correlated to exacerbation of anxiety [79]. Higher concentration of inter-
leukin- 6 as the one that can be found in children chronically exposed to air pollu-
tion can cause the reduction of the volume of hippocampus that has been observed 
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in major  depressive disorders [69]. Some findings suggest an increment of the use 
in children under the age of 18 of medication for psychiatric disorder, including 
sedative, sleeping pills and treatments for schizophrenia and severe acute psychosis, 
during increment of the level of PM10 and NO2 [80]. Exposure to airborne toxins and 
traffic-related pollution is also correlated with onset of autism spectrum disorder 
[81]. Moreover, air pollution can aggravate underlying chronic condition, creating an 
indirect cause of stress and possible mental disorders [78] like anxiety or depression.

Because of the high number of confounders, the relationships between air pollu-
tion and behavioural problems in children or organic causes that can be attributable 
to those remain also unclear. Yet, exposure to traffic-related pollutants during the 
early childhood and the perinatal life has been allegedly associated with higher 
hyperactivity scores in children, as well as anxiety, depression, attention disorder 
and antisocial/delinquent behaviours [12, 82, 83].

10.3.5  Immunity and Infections

Although it is becoming clear that air pollution can increase the risk of respiratory 
infections (see Sect. 10.3.10), it remains unclear whether air toxins can act on the 
active and passive immunological mechanisms in children, so to lead to higher risk 
of infections from other focuses. Airborne toxins are known to interact with the 
immune system on the human body and to trigger the inflammatory response [8, 84, 
85]. Air pollution is known to increase level of IgA, IgM and C3c, to reduce level of 
IgG and to contribute to the weakening of the immune system [86], which can even-
tually lead to the development of systemic infections.

Pollutants impair the activity of the cilia and reduce the normal clearance of 
secretions from the airways and inhibiting the activity of the macrophages in the 
alveoli [87, 88], increasing the likelihood of penetration of microorganisms in the 
respiratory tree. Although this mechanism is among the causes of air pollution- 
related respiratory infections, it opens also the doors to microorganisms, like the 
mycobacterium species, responsible of systemic infections in immunocompetent 
and immunosuppressed individuals.

Air pollution increases also the risk of infections related to the upper respiratory 
tract like tonsillitis, pharyngitis, eustachian tube dysfunction and otitis media 
 [89–91]; those are very common conditions in children and among the first causes 
of medical interventions in paediatrics. The mechanisms are still unknown although 
it has been hypothesized that chemical irritation, the impairment of the mucociliary 
clearance secondary to exposure to toxins, the allergic inflammation and the immu-
nosuppressive effect of airborne pollutants may have a major role. [92].

Another possible cause can be the alteration of the normal oral bacterial flora 
[93] that eventually leads to the development of pathological strains that increased 
the number of carriers and of individuals with active symptoms of upper respiratory 
infection. In fact, studies suggest that air pollution can be associated with an 
increased colonization of bacteria in the upper airways like the Staphylococcus spe-
cies [94] and group A Streptococcus [95]. The latter one can indirectly lead to sys-
temic diseases in children as rheumatic fever, postinfectious nephritis and sepsis.
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10.3.6  Gastroenterological

Poorly soluble contaminants are ubiquitous in polluted environment. These 
 pollutants can deposit in the oral cavity and in the upper respiratory tract. In adults 
and older children, cough and expectoration reduce the systemic adsorption of 
chemical and particulate matter. Part of these particles however is swallowed into 
the gastrointestinal tract as part of their clearance process. This is particularly true 
in small children that are not able to control the cough reflex, to cough out the spu-
tum coming from expectoration or to properly blow the mucus out of their nose, 
resulting in an increased swallowing of secretion from the respiratory tract.

Pollutants can interfere with the natural homeostasis of the bowel and of the 
other organs of the human digestive system, resulting in an increased level of gas-
trointestinal disorders.

The association between ingestion of pollutants and diseases in children remains 
unclear. However, some studies suggest an increased number of episodes of gastro-
enteritis and gastrointestinal disorders in children exposed to air pollution [96, 97] 
and an impairment of the liver detoxification function in children coming from 
heavily polluted areas [98].

It is reasonable to think that children can be more affected than adults, as the 
effects of gastroenteritis are normally more severe in this age group that is normally 
at higher risk of dehydration and metabolic imbalances as ketosis. Besides the 
higher concentration of pollutants that can be swallowed or inhaled by small chil-
dren can results in an increased level of toxins, whose clearance is reduced by the 
allegedly changed detoxification capacity of the liver.

Chemicals and particulate coming from air pollution deposit in the soil. Pica 
behaviours—common in children—can increase the risk of gastrointestinal expo-
sure to these toxins and therefore of gastroenteritis, both by augmenting the overall 
amount of air pollutants ingested and increasing the likelihood of enteric infections 
secondary to microorganism ingestion.

10.3.7  Cardiovascular

Although the effects of air pollution on the cardiovascular system in the generic 
population are well known, the effect on children has not been exhaustively studied. 
Cardiovascular diseases are not common in this age group, and the long-term effects 
of minor alteration of heart and vessels are difficult to assess. A major predictor for 
future cardiovascular damages in children is blood pressure. Increments in the nor-
mal values of blood pressure in children are unusual and are mainly due to second-
ary causes as renal or endocrine diseases.

Children exposed to air pollution seem to present with higher values of sys-
tolic pressure. The number of studies available is limited, and some results are 
controversial [99]. This may be related also to the fact that the type of pollut-
ants considered varies, as well as the timeframes considered in the studies. 
However, children exposed to ultrafine particles (UFP), PM10, SO2, NO2, O3 and 
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CO seem to be associated with increased level of arterial blood pressure and with 
 hypertension [100, 101], both secondary to short/same-day exposure and chronic/
long-term exposure.

Alterations of the cardiovascular system due to exposure to air pollution, which can 
potentially lead to major diseases in the adulthood, have not been proven. Nonetheless, 
some indirect indicators as the carotid arterial stiffness [102], increase in the level of 
plasma endothelin-1 [103] and endothelial dysfunction [104, 105] have been observed 
in children subjected to air pollutants. The presence of other risk factors as obesity can 
amplify the effect of air pollution on children’s blood pressure [106].

Besides, as the association between long-term exposure to air pollution and car-
diovascular conditions is known [107], it is reasonable to think that exposure start-
ing from the early life can augment the risk of heart diseases in the future life of 
exposed children, triggering as well the same process of atherogenesis since child-
hood [108, 109] (see also Chap. 17).

10.3.8  Metabolism, Endocrinology and Obesity

The oxidative stress secondary to exposure to air pollutants and the poisoning inter-
ferences of toxins inhaled with pollution can alter the fine balance of the endocrine 
system. Because of the complexity and the heterogeneity of the hormonal signals, 
disruptions can happen at any level. Although the endocrinological effect of air pol-
lution is known and well documented (see Chaps. 20, 21, and 22), there are a limited 
number of studies in children.

On the other hand, children are particularly affected by the effect of hormones 
that regulate the different phases of growth, from the first stages of life up to the 
transformations that happen during puberty and the transition to the adulthood. In 
particular, the sexual maturation of children depends on a series of chemical signals 
that can be easily disrupted. Interestingly one of the few studies available in children 
demonstrates the effect of air pollution on the adrenal cortex function [110] in 
schoolchildren, which may be related to a reduced spermatogenesis later in life, 
suggesting a possible correlation with disorder of the reproductive tract later and air 
pollution exposure during childhood. The same adrenal hormones are involved in 
the bone metabolism and mineral accumulation, suggesting possible effect on the 
bone resorption that may be crucial in a rapidly developing body.

The same response to insulin in children can be affected by air pollution. Insulin 
is mainly known to be involved in the regulation of carbohydrates and lipids metab-
olism, but its effects indirectly shape and design the architecture of the human body. 
Insulin resistance has been proven in primary schoolchildren exposed to long-term 
effect of NO2, PM2.5 and PM10 [111]. Although it is difficult to establish the real 
connection with growth restriction and insulin resistance, this finding may suggest 
an increased risk of development of diabetes later in life. A similar association has 
been observed in children with new onset of type 1 diabetes [112], suggesting a role 
of ozone and SO4 in the triggering of this disease. As diabetes is a multifactorial 
disease, such associations are difficult to establish, and the number of studies is still 
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limited. However, some papers point out how pollution can deteriorate the control 
of glucose metabolism and the insulin sensitivity secondary to oxidative stress and 
inflammation, although the effect on metabolic control in children has not been 
proven so far [113].

On the other hand, air pollution can indirectly lead to alteration of the diet and of 
food assumption (see Table 10.2) and to reduced physical activities that can eventu-
ally lead to increment of the body weight and of BMI in children [114]. Overweight 
and obesity are a known risk factor for metabolic dysfunctions and a possible cause 
of type 2 diabetes.

Moreover, studies suggest that some pollutants can have a direct role in the onset 
of obesity in children: some toxins as the phthalates can be directly obesogenic 
[115], while others can affect the endocrine system creating disruptions that can 
eventually lead to obesity.

To close the circle, obesity can worsen the respiratory symptoms of respiratory 
conditions (as wheeze or respiratory tract infections) triggered or caused by air 
pollution [116]. These pathways are highly demonstrative of the complex interac-
tion between air pollution and the endocrine system in children, as well as the 
multitude of factors that can affect their growth and the development of diseases in 
the adult life.

10.3.9  Haematology

Impact on air pollution in schoolchildren has been described as early as the second 
half of the 1970s [117]. Although the relationship between exposure to pollutants 
and changes in the cells line in the bloods remains unclear, some studies suggest a 
possible reduction of the level of red cells and haemoglobin, with an increment of 
the number of white cells and platelets in the blood [118]. This may be in line with 
an inflammatory response secondary to air pollutants or to an increased incidence of 
respiratory, non-respiratory or systemic infections. On the other hand, it has been 
observed that exposure to lead in ambient air can increase the level of lead in chil-
dren’s blood and it has been associated in this age group with anaemia [119, 120]. 

Table 10.2 Mechanism that could lead to obesity in children exposed to air pollution and road 
traffic

Direct Indirect
–  Direct obesogenic effect 

of air pollutants
–  Direct endocrine effect of 

air pollutants (can trigger 
obesogenic pathways)

–  Systemic inflammation 
(can trigger obesogenic 
pathways)

– Reduction of physical activities
•  Less time spent outdoor because of air pollution
•  Chronic disease related to air pollution
•  Stress related to air pollution

–  Reduction of walking or bicycling for transportation
•  Increased perceived danger coming from

Traffic accidents
Effect of air pollution

– Change in diet
•  Higher intake of carbohydrates secondary to stress
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Black smoke, NO2 and SO2 have also been considered possible causes of anaemia 
in children [121].

Although the data are limited, the observed association with air pollution and 
leukaemia in children [122–124] suggests that all the cell lines can be affected by 
air pollutants.

Haematological diseases can have a strong impact on young people affecting 
their growth and their quality of life; further studies in this field are therefore 
needed.

10.3.10  Respiratory

The respiratory system is a major target for air pollutions at all ages. The combina-
tion of environmental air, chemicals and particulate is actively inhaled in the pulmo-
nary system. Gases are exchanged in the alveoli lumen; soluble and insoluble 
substances can be absorbed or can be deposited in the respiratory tract. Toxic com-
ponents can cause damages and inflammation locally or can enter the bloodstream 
and diffuse systemically. Those same toxins can interact with the normal physiol-
ogy, genetic expression, biochemical reactions and metabolism of the organism.

Children’s lungs are physiologically more exposed to air pollutants because of 
the immaturity of their respiratory system and because of the higher exchange rate 
secondary to the higher respiratory frequency. It means that they are at higher risk 
for respiratory symptoms and conditions related to air pollution and for systemic 
diseases related to inhalation of air pollutants.

The effect of air pollution in children has been largely investigated [3, 5, 8, 9, 12, 
84, 125–137]. The major effects and the possible mechanisms are summarized in 
Table 10.3.

The main effects observed in children are on development and exacerbation of 
asthma, on airway inflammation, on lung development and function and on fre-
quency and recurrences of chest infection. Children can be exposed to outdoor and 
indoor pollution; different toxins seem to be associated with respiratory outcomes. 
In addition, respiratory symptoms in children strongly correlate with the type of 
exposure. The number of studies available in this field allows a grossly classification 
secondary to the different parameters considered:

 a. Early-life exposure: It considers mainly the level of pollution at the birth address 
and at the time of birth.

 b. Long-term exposure: It considers the overall exposure in children that lived for 
in a polluted area for a long period. The timeframe varies in the different studies 
and can be associated with the exposure since birth, differentiating those chil-
dren that have been always exposed to air pollution from those that moved from 
a less polluted area to a more polluted area and vice versa. It is normally associ-
ated with a continuous exposure to pollutants, although in most studies, where 
continuous/daily monitoring of the pollution was not available, it may refer to 
annual, seasonal, monthly or weekly mean of exposure.
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 c. Short-term exposure: It refers to children exposed to air pollution for a limited 
number of hours, days or months, according to different studies. It can refer also 
to children partially exposed to air pollution as those that commute from a non- 
polluted area to a highly polluted area (e.g. school, outdoors activities) and there-
fore are exposed to pollutants only for few hours per day/week.

Table 10.3 Effects of air pollution on the respiratory system in children

Respiratory conditions 
or symptoms

Alleged responsible 
pollutants Alleged type of exposure

Asthma onset NO2 Early life
SO2

PM2.5–10

O3

Traffic-related air 
pollution

Continuous

PM2.5–10 Short exposure
O3

Wheeze and 
exacerbation of asthmaa

NO2 Higher peak in previous hours/day/week
NOx

SO2

PM2.5

O3

CO
NO2 Facilitate viral infections to trigger 

exacerbation after 1 week from exposure
Nonallergic asthma Traffic-related air 

pollution
Early exposure

Airway inflammation PM2.5

Progression to adult 
COPD

PM2.5 Chronic
O3

Decrease in lung 
function

SO2, NO2, NOx, PM2.5–10, 
PM2.5 absorbance, O3

Current and long-term exposure

PM2.5 Subchronic exposure
O3

Black smoke, PM10, NO, 
CO

Acute exposure, affecting baseline 
function

O3 Acute exposure
Respiratory tract 
infection

NO2 Short-term exposure
PM2.5

O3

Solid and biomass fuel Indoor, continuous/recurrent
NO2 Long-term exposure, annual average
PM2.5

PM2.1

Otitis media Tobacco smoke Passive environmental smoke; continuous 
(recurrent episode of otitis and earache)

Pharyngitis Fungi Indoor, short term
Tobacco smoke Passive and active smoking

Rhinitis and olfactory 
function

NO2 Early life
SO2

PM10

aInclude increased use/frequency of relief medication
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 d. Same-day exposure: It considers the immediate effects of air pollution on the 
respiratory system. Respiratory symptoms in this case are expression of an acute 
exposure to pollutants

 e. Home address exposure: Consider the exposure at home. Children are likely to 
spend evenings, nights and weekend at home, when the level of pollution is nor-
mally lower. However, the number of hours spent at home is normally consid-
ered more than the one spent in other locations. Most studies consider the level 
of pollution in the different neighbour to evaluate the baseline exposure, espe-
cially when outdoor and school’s hours’ exposure is considered. It also helps to 
differentiate among those children that are constantly exposed to pollution (at 
home, because their home is in a polluted area, and at school) from those exposed 
to pollution only for a limited number of hours a day (at school and in other 
activities, because they live in a less polluted area). A common parameter to 
evaluate traffic-related air pollution is the distance from a busy road, while dif-
ferent monitoring techniques are considered to evaluate the mean exposure in 
different town’s areas

 f. Commuting exposure: Evaluate the time children spend commuting. Children 
living and going to school in relatively non-polluted areas can be even so exposed 
to pollution while moving on the traffic (car or public transport) or while walking 
or biking.

 g. School address exposure: Children spend a considerable number of hours at 
school; children that attend school located in more polluted areas are more likely 
exposed to the effects of outdoor air pollution. In addition, the quality of indoor 
air in schools can be poor, because of the possible contaminants in the air (e.g. 
chalk’s powder, fumes from the kitchen, heating), the number of people attend-
ing the building (increase the formation of dust, the spreading of respiratory 
infections) and the spreading of chemicals (e.g. cleaning solutions, printers’ ton-
ers). Schools are more likely located near busy road than residential areas.

 h. Change of address: Children can change address one or more times over the 
year. Most studies consider whether children included in their research have con-
stantly lived in the same area for a given amount of time. It can help to differenti-
ate from those children that have been constantly exposed to the same mean 
amount of pollution to those subjected to different concentrations of pollutants 
over the time.

Respiratory symptoms easily related to the different exposure to pollutants, as 
they are mainly expression of a direct damage of air pollution on the respiratory 
tract. Those same typologies of exposure are possibly linked also to other medical 
conditions associated with air pollution in children. However, the restricted number 
of studies in children limits this possible conclusion.

10.3.10.1  Asthma and Airway Inflammation
Asthma is a chronic inflammation of the respiratory tract characterized by reversible 
airway obstruction and hyper-responsiveness of the airways. The main symptoms of 
asthma are wheeze, increased work of breathing, dyspnoea, cough and increased 
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secretion and mucus production. It is a relatively common condition in children 
even if its clinical presentation can be mismatched with other common cause of 
wheeze especially in infants and toddlers.

Air pollution is known to create a persistent inflammation of the respiratory tract, 
with an increment of the indicators of airway inflammation and oxidative stress, like 
pH, 8-isoprostane and cytokines [138]. Although the molecular mechanisms remain 
unclear, the correlation of chronic inflammation induced by indoor-, outdoor- and 
traffic-related air pollution with asthma is strong and consistent.

The burden of asthma in children is substantial. Symptoms can deeply affect the 
quality of life; asthma can affect school attendance, curricular and non-curricular 
activities, impacting thus on a child’s career development; symptoms can present at 
night disrupting the sleep and therefore the daytime life; parents taking care of children 
with asthma may neglect their social and work life or other children not affected [139].

Asthma is a multifactorial condition. Genetic predisposition has a major role, but 
environmental triggers remain a key factor in its onset and relapses. Any cause of 
inflammation or irritation of the airways can potentially trigger exacerbations of 
asthma, including viral and bacterial infection and exposure to chemicals.

Considering the number of possible confounders, the real impact of air pollution 
on the development and exacerbation of asthma remains unclear, despite the num-
ber of studies available on this subject. Yet, although complex, the association with 
inhalation of air pollutants and asthma in children remains clear.

The complexity depends on the several factors that must be considered, as differ-
ent pollutants and types of exposure can act on the different mechanisms involved 
in the onset and exacerbation of asthma in children: oxidative stress, IgE-mediated 
sensitisation, airway inflammation, lung function, airflow obstruction, airway 
responsiveness and the use of medications and preventers [133, 140, 141]. On the 
other hand, cleaner air seems to be associated with a reduction of the airway inflam-
mation and to an improvement of the lung function [142].

From a clinical point of view, it may be difficult to isolate a single chemical or 
particulate related to asthma: exposure to air pollution is rarely selective in children, 
and specific prophylactic measures able to reduce the exposure to single cadre of 
pollutants are limited.

However, understanding the cause of onset and exacerbation of airway inflam-
mation and asthma could help clinicians in their clinical management of children 
with wheeze improving: the likelihood of diagnosis, the decision to start a pharma-
ceutical prophylaxis, the management of acute asthma also in community-based 
health facilities, the health education of children affected or presumably affected by 
asthma and the lifelong consequences of asthma like the development of chronic 
obstructive pulmonary disease in adulthood, which may be aggravated, caused or 
accelerated by the same air pollutants [143].

Onset of Asthma
Small children presenting with recurrent wheeze may represent a clinical challenge 
for paediatricians who should decide if and how to treat acute symptoms and 
whether to start a chronic treatment and prophylaxis.
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As a multifactorial disease, asthma may remain latent in children or may present 
with blurred clinical symptoms that may mimic—especially in the youngest—other 
common clinical conditions as upper and lower respiratory tract infections. Children 
presenting with wheeze may or may not be affected by asthma, and children with 
asthma can present with wheeze with or without a common viral infection. For this 
reason, it is difficult to evaluate the effect of air pollution in children below the age 
of three when studying the incidence and prevalence of asthma [144] and conse-
quently the role of air pollution in the onset of new cases.

Many studies however show a possible association with air pollution exposure 
and onset of asthma in susceptible children. Early-life exposure to NO2, SO2, PM2.5–

10 and O3, early-life [145] and continuous exposure to traffic-related air pollution 
[146, 147] and maternal smoking during pregnancy where the foetus is successively 
exposed to air pollutants [148] may be the major factors, with an association of 
1.5–2-fold increased risk of lifetime asthma for children exposed to NOx [127], with 
children living close to busy road and freeways being at higher risk [134].

New onsets of asthma in children coming from lower-income urban areas conse-
quently to early-life exposure to NO2 [149] and to short exposures to high concentra-
tion of O3 and P2.5 have been also noted [150]. However, exposure to NO2 remains a 
major suspected cause for the development of asthma observed in schoolchildren [151].

These findings suggest that environmental hygiene remains a key factor in the 
prevention of the onset of asthma in children [152, 153]. Moreover, studying and 
monitoring [154] the type and amount of exposure to air pollution can help to map 
the population of children at higher risk to develop asthma and to create individual-
ized risk profiles.

An environmental anamnesis is crucial, and clinician should consider informa-
tion coming from a child’s social history and from public health sources when con-
sidering a diagnosis of asthma and in designing a therapeutic and prophylactic plan 
for their little patients.

Exacerbation of Asthma
Several studies underline the relation among short-term and chronic exposure to 
air pollution with the relapses of episodes of acute asthma [125], highlighting how 
acute exposure is a stronger cause of exacerbations than long-term and early-life 
exposure [155]. Children with asthma already suffer from a chronic inflammation 
of the respiratory tract and for this reason are more vulnerable to the irritant, inflam-
matory and oxidant effects of air pollutants. Air pollution contributes to increment 
the level of airways inflammation, lowering the threshold of bronchi response and 
increasing the likelihood of relapses: pollution can adjuvate external or internal 
stimuli known to trigger asthma like viral infections or exercise. In addition, fluctua-
tions of the concentration of chemicals and particulate in the indoor or outdoor air 
can trigger per se asthma attacks in children.

As genetic polymorphism may be related to lifetime asthma [156], it is not sur-
prising that children with concomitant conditions can be at higher risk of relapses: 
in fact, children with atopy seem to be more prone to develop wheeze secondary to 
short-term exposure to air pollution [157].
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Exacerbations of asthma in children known to be asthmatic are mainly correlated 
with short-term exposure to pollutants and with an increase of the concentration of 
chemicals and particulate in the air. Interval symptoms or chronic symptoms of 
bronchitis—namely, daily cough for three consecutive months and congestion or 
phlegm for at least three consecutive months—have been reported in children 
exposed to air pollution [158], suggesting a stretching of the acute effects related to 
short-term exposure and exacerbation of asthma, possibly related to the oxidative 
stress and continuous inflammatory response.

Thus, children constantly subjected to pollution may present a chronic inflam-
mation of the airways, but fluctuations from baseline concentration of toxins are 
likely the main cause of acute episodes of asthma: studies show that daily high peak 
of NO2, NOx, SO2, PM2.5–10, O3 and CO is related to an increment of relapses of the 
symptoms of asthma the days following the exposure [159], increments of CO, NO2 
and partially SO2 concentration are often related to episodes of exacerbation 
2–3 days after the exposure [160–162] and a cumulative effect lasting over the days 
after the exposure has been described [163].

Seasonal variations of the concentration of pollutants also relate to an increment 
of acute cases and hospitalizations [164, 165]. Seasonal and short-term rise of pol-
lutants results in a higher number of emergency department visits and also in big 
cities with normally low level of pollution [166]; the overall number of relapses, 
asthma medication use and hospital admissions for acute asthma remains higher in 
children acutely or chronically exposed to air pollution [160, 162, 167–169].

Other factors influence the reactivation of the disease in asthmatic exposed chil-
dren, as the use of preventers. Children using inhaled or nebulized corticosteroids 
may be at higher risk of exacerbation secondary to acute (daily or hourly) increment 
of concentration of PM2.5, PM10 and O3 [170]; NO2-facilitated viral infections [171], 
seasonal climate variation, air pollen concentration and second-hand smoke are 
known to trigger acute asthma [172, 173], the latter being outdoor and indoor air 
pollutants themselves.

For these reasons, environmental prophylaxis can reduce the number of relapses, 
emergency departments and hospital admissions. Health education in primary care 
settings can help to reduce the risk of indoor pollution that may lead to acute cases 
of asthma. Public health policies can help in reducing the fluctuation of air pollut-
ants, decreasing the chance of inhaling higher concentrations of toxins. Mapping 
and monitoring the time and areas with peak in concentration of pollutants can help 
in creating forecast of request of medical attention in primary, secondary and ter-
tiary care for acute asthma—grading from mild to severe. This can be useful both to 
plan and optimize resources and interventions and to develop public health policies 
aimed to reduce the number of relapses and hospitalizations.

10.3.10.2  Respiratory Tract Infections
Respiratory tract infection is a group of very common medical conditions in chil-
dren. Those are communicable diseases directly caused by microorganisms. Some 
like pneumonia or bronchiolitis are strongly related to increments in hospital 
admissions and emergency departments’ visits, ranging from mild to severe and 
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life- threatening presentations. Several factors contribute to the development of a 
disease following a contact with the pathogens, among which are the type of organ-
ism, its virulence, the concentration of pathogens that enter in contact with the host 
and the active and passive defences of the host.

Although the microorganism in itself by definition is the sole direct cause of an 
infectious disease, these factors can act on the chain of events that lead from expo-
sure to a pathogen to the development of an infectious disease in the host; those are 
indirect causes of the disease and may be the precipitating factors that lead to the 
clinical manifestation of the contagion. In other words, some pathogens may infect 
the host, which overcome its active and passive defences and have clinical manifes-
tations, because of an external concomitant synergic cause.

Traffic-related air pollution and indoor fumes coming from the use of solid bio-
masses have been related to increased risk of upper and lower respiratory tract 
infection [5, 131, 171, 174–181]. The exact mechanisms are not known, although 
the most likely factors are listed in Table 10.4.

As discussed in Sect. 10.3.10.2, viral infections have been observed in children 
exposed to air pollution shortly before the onset of the symptoms, in some cases 
leading to secondary effects as exacerbation of asthma in sensitized subjects, being 
the two conditions strictly related.

Table 10.4 Possible mechanisms that contribute to the development of infectious diseases in 
children exposed to air pollution

Most likely factor Possible mechanism or causing condition
Increment of the 
virulence

Pathogens as part of air pollution in themselves (e.g. fungi)
Pollutants acting as carrier for pathogens
Poor environmental hygiene leading to increased concentration of 
pathogenic organisms and strains
Pollutants selecting pathogenic organisms’ strains
Selection of resistant and multiresistant pathogenic strains secondary to 
the dissemination of chemicals in the air (e.g. disinfectants)

Increased likelihood 
of contagion

Increased indoor activities with poor ventilation in crowd locations 
(schools, recreational areas) secondary to high outdoor pollution

Impairment of 
passive defences in 
the host

Irritation of the upper airways
Reduced or impaired ciliary motility caused by pollutants
Thickening of airways secretions
Impairment of the clearance of the airways
Exacerbation of asthma or other subacute condition that facilitates 
penetration and expression of the pathogen

Impairment of 
active defences in 
the host

Impairment or reduction of the immune system response (cellular and 
humoral mediated) in children exposed to the effect of air pollution
Interaction with the immune response pathway in the epithelial cells of 
the respiratory tract
Impaired activity of alveolar macrophages as reduced adherence to 
surfaces, ability to phagocytize bacteria and intracellular bactericidal 
processes
Increased inflammation response
Increased oxidative stress
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Atypical infections related to air pollution as well have been described: this is 
relevant as microorganisms like Mycoplasma pneumoniae causing this type of dis-
ease are resistant to first-line drugs normally used in children to treat chest infec-
tions. M. pneumoniae is supposed to interact with metals present in fine particulate 
(PM2.5), activating the inflammatory pathway and increasing the oxidative stress 
[182], which eventually lead to a defective response of the immune response. 
Therefore, children exposed to air pollution may be at higher risk, and second and 
third lines of treatment have always to be considered in symptomatic patients with 
poor clinical response to standard antibiotics.

Chronic exposure to traffic-related pollution and household pollution can be also 
at higher risk of opportunistic infections: tuberculosis has been positively associ-
ated with exposure to CO and NO2 and solid fuel fumes in adults [183, 184] and in 
children exposed to tobacco smoke [87]. This is not surprising as tuberculosis can 
take advantage of the impairment of immune response in people exposed to air pol-
lutants; it also means that in patients with latent or subclinical tuberculosis infec-
tion, air pollution can trigger relapse and acute up to life-threatening exacerbations 
of the disease. On the other hand, tobacco smoke can reduce the activity of pulmo-
nary alveolar macrophages that are a major barrier to Mycobacterium tuberculosis 
infection.

Fungi can be also a component of air pollution, and higher concentration can be 
observed in areas with poor environmental hygiene like schools [185], especially 
those with a higher concentration of dust and mould like the ones with carpeted 
floors [186]. This can lead to minor symptoms as stuffy sinuses, sore throats, respi-
ratory illnesses, lethargy, itchy eyes and runny noses [187] to a higher rate of serious 
pulmonary infections in susceptible children.

For these reasons, children at high risk for opportunistic infection, as HIV- 
positive patients, should be particularly monitored and protected from air pollution 
exposure.

10.3.10.3  Lung Function
Organs and tissues belonging to the airways are the more exposed to air pollutants 
and to their negative effects, in terms of growth and development. As we have seen, 
a chronic inflammation of the respiratory tract secondary to early, long-term and 
short-term exposure may be responsible for chronic obstruction and hyper- 
responsiveness, leading to increased episode of wheeze, cough and respiratory 
symptoms in general. However, long-term exposure may be responsible of perma-
nent or long-lasting effects, in terms of maturation of the respiratory tract, like lung 
growth and alveoli differentiation [188].

The study of lung function in children gives reliable information on the develop-
ment of the respiratory system in children. Forced expiratory volume in 1 s (FEV1), 
forced vital capacity (FVC) and peak expiratory flow (PEF) are the parameters most 
commonly used to measure the lung function in children [130]; their modification 
from reference range or from previous individual baseline recordings in children 
exposed to air pollution can demonstrate acute and chronic changes.
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Several studies agree that exposure to outdoor and traffic-related pollution, as 
well as indoor pollution, produces negative effects in terms of lung function and 
consequently on respiratory tract development and maturation both in asthmatic and 
in non-asthmatic children, with some evidences of worse outcomes in children with 
concomitant conditions as atopy [126, 127, 130, 135, 189–203].

Because of the heterogeneity of the studies, the possible confounders and the 
different type of pollutants and exposure, the real extent of the damages on develop-
ing airways remains unclear.

Further studies are needed to evaluate: what are the population at higher risk; 
what chemicals and particulate are more likely to interact with a developing respira-
tory system; what damages are caused by which toxin; which damages are perma-
nent and which are reversible and by which extent and what type of exposure to the 
single component (e.g. high peak, short term, long term, continuous, sporadic, 
early) causes permanent or reversible damage.

As the respiratory effect of air pollution in childhood can persist in the adult life 
increasing also the risk of respiratory disease of the older age [5], these information 
are crucial. Especially in children, they can be useful to establish which actions—in 
terms of individual prevention and public health interventions—can be more effec-
tive to reduce the risk of lifelong effects on the respiratory tract.

10.3.10.4  Upper Respiratory Effects: Otitis, Rhinitis and Olfactory 
Function

The upper airways are directly exposed to the higher concentration of pollutants in 
the breathed air; moreover, the mechanic defences like nasal cilia and mucous, 
although preventing the deep inhalation of particulate and toxins, increase the 
chance of prolonged interactions between toxins and tissues in nose, throat and ears.

As we have seen (see Sect. 10.3.5), children exposed to ambient air pollution and 
particularly to indoor passive tobacco smoke show an increased risk of eustachian 
tube disorders that can lead to recurrent episodes of earache and otitis media, one of 
the commonest requests for medical attention in children. Chemical irritation as 
well as the effect of biological pollutants like fungi of the upper respiratory tract can 
also result in acute episodes of pharyngitis, while environmental tobacco smoke has 
been associated with chronic sinusitis, chronic disease of tonsils and adenoids and 
chronic laryngitis [204].

Irritation of nose and throat mucosae is a common and widely experienced effect. 
However, a growing body of evidence link the early-life exposure to pollutants as 
NO2, SO2 and PM10 to the onset of lifelong allergic rhinitis [205] and olfactory dys-
function. Moreover, the neurological damages of air pollution (see also Sect. 10.3.3) 
have been observed also in the olfactory bulbs, which may represent a main target 
for pollutants. Olfactory bulbs exposed to pollutants present endothelial hyperplasia 
and accumulation of ultrafine particles in the endothelial cytoplasm and basement 
membranes [206]; these findings are consistent with a damage of the olfactory func-
tion in children and support the idea of severe neurological damages in subject 
exposed to air pollution since early life.
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10.3.11  Allergies

As we have seen (see Sect. 10.3.10.1), air pollution is strongly associated with 
asthma onset and exacerbation of asthma, particularly in children with atopy. 
Allergic asthma is a relatively common condition, and it is often associated with 
other allergic conditions in the youngest as rhinitis, hay fever, eczema and der-
matitis. Airborne particles, like pollens, spore and fungi, can cause allergic reac-
tions. Although most of them come from natural source, biological contaminants 
are pollutants in themselves; human activities can increase their concentration 
[207] in urban and rural areas or increase the chances of contact for sensitive 
children. Example of that are cultivation and agriculture or industrial food pro-
cessing up to the alleged climate changes due to the same human activities and 
demographic expansion.

Pollutants can bind pollens and airborne biological allergens, working as carriers 
and increasing their effects on human beings; air pollution on the other hand can 
increase the allergenicity of pollens, secondary to morphological changes, increased 
allergenic proteins release and exposure and pollen release in the atmosphere as a 
response of the vegetation to environmental conditions [208–210] that facilitate the 
IgE-mediated reaction in sensitized children.

Allergens coming from natural sources are directly linked to allergic response, 
but there is also a strong association between long-term exposure to chemicals and 
air pollutants like particulate matter, NO2, SO2 and ozone and atopic diseases like 
asthmatic bronchitis, bronchial hyper-responsiveness, rhinitis, hay fever, eczema 
and sensitization [211–213].

Air pollutants cause airway mucosal damage and impaired mucociliary clear-
ance increasing the concentration of inhaled allergens and therefore their presenta-
tion to the cells of the immune system, promoting consequently airway sensitisation. 
Particulate matter and ozone are also related to oxidative stress that leads to airway 
inflammation, hyperreactivity and reduction of the mechanisms that are known to 
prevent allergies. In addition, diesel exhausts coming from traffic-related air pollu-
tion seem to directly stimulate the IgE synthesis, which is the basis of the allergic 
reactions [132, 212, 214, 215].

It is still unclear if air pollutants can increase the chance of allergies’ onset in 
children not known to have atopy, directly causing the development of the allergic 
sensitization [216], although strong association has been found [211, 217]. Some 
children may be more susceptible to the oxidative effects of air pollution secondary 
to their genotypes [84]; that may explain why some individuals develop allergic 
diseases later on in life, but it also explicates why the effect of air pollutants on the 
modulation of the immune response is so complex and difficult to ascertain.

10.3.12  Cancer

The mutagenic action of some of the many components of air pollution is well 
known and well documented, as well as the link with carcinogenesis (see Chap. 23). 
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Several airborne chemicals and particulate matter have been associated with 
 respiratory and non-respiratory malignancies; for some of them, the causal effect 
has been demonstrated, while exposure to others shows an increased risk and odd 
ratio for the development of cancer.

Yet, it remains unclear whether the exposition to air pollutants during early life 
and infancy can increase the risk of developing cancer in later childhood and in 
adulthood. Most of the studies try to link traffic-related air pollution or environmen-
tal tobacco smoke exposure in childhood to some types of cancer. Although the data 
are extremely limited, there are mild indications of second-hand tobacco smoke and 
lung cancer in adult life and non-respiratory childhood cancers, particularly leukae-
mia, lymphoma, brain and central nervous system tumours, Wilms’ tumours, acute 
lymphatic leukaemia and central nervous system cancers [5, 218]. The strongest 
correlation seems to be related to motor traffic emissions, which may be involved in 
the aetiology of childhood leukaemia [124, 219], Hodgkin’s disease [220] and other 
childhood cancers [123], although results are still controversial due to the partial 
information available and the possible confounders [220, 221].

On the other hand, inhalation of chemicals and particulate matter is only a pos-
sible way of exposure, and some of the toxins present also in air pollution may give 
cancer in children or adults otherwise exposed. This assumption implies also that air 
pollutants deposited on surfaces can enter in contact with exposed children (e.g. 
skin contact, ingestion) potentially leading to DNA damages and mutations during 
the same childhood or later in life.

For some components of air pollution, a possible mutagenic activity has been 
observed, with increased level of biomarkers of genotoxic substances exposure, 
even if no clear association with cancer in childhood has been found [222].

However, epidemiological studies in this field are defective, as the complex mix-
ture of toxins presents in air pollution represents a major limitation. The sole prod-
ucts of combustion are representative of the complexity in studying correlation 
between pollutants and cancer development [223], as identifying critical compo-
nents in the mixture, their source and their exposure and the related effects is a chal-
lenge. This is particularly true when exposition happens during childhood, and the 
effects are observed decades later, when an assessment of all the possible confound-
ers is not always possible or reliable.

Further studies are therefore needed, to better clarify the role of the numerous 
pollutants and their possible short- and long-term carcinogenic effects in children 
and young adults.

10.4  Diagnosis

From a clinical point of view, because of the numerous implications of early-life, 
short- and long-term exposure to air pollution in children and the possible effect on 
health both during childhood and later in the adult life, it may be crucial to evaluate 
which children are or have been exposed to pollutants and in which terms. There are 
no clear models at the moment that can be used in clinical scenarios and in clinical 
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settings. The different methods used in observational studies may be appropriate in 
research, but can be difficult to use in the clinical practice.

Continuous monitoring of air pollution with station in proximity of residential 
areas and schools can offer a possible source of information, but data should always 
be available, and paediatrician may not be able to use that information in clinical 
decision-making. Community doctors should nonetheless be able to access to envi-
ronmental data and to crosscheck individual demographic information to assess risk 
of individual exposure in single children.

As we have seen, this information may be critical in clinical practice to better 
define profiles of risk, to assist doctors and paediatricians in differential diagnosis, 
to promote a proactive approach aimed to prevention and prophylaxis of selected 
conditions, to promote healthy lifestyles and reduce the burden of air pollution and 
air pollution-related diseases in children.

Further information may come to laboratory tests, able to determine if a child has 
been exposed to air pollution and to specific pollutants, as well as the entity of that 
same exposure.

10.4.1  Possible Markers of Air Pollution Exposure in Children

The definition of markers of air pollution exposure could open a whole new chapter 
in the clinical practice, especially in children. As it is becoming more clear that air 
pollutants are involved or are direct cause of several and severe medical conditions, 
the assessment of exposure should become a common practice in clinical settings.

However, although the effects of pollution on human health have been known or 
suspected for a long time, this is a relatively new field of medicine, in terms of clini-
cal and practical applications. The different time and form of exposures to air pol-
lutants in children are a further limitation, also because of the many possible ways 
in which children can get in touch with toxins (see also Table 10.1).

For some pollutants, it may be possible to have a direct or indirect reading of the 
level of contamination, as the measure of concentration of heavy metals in water or 
in food commonly ingested by children of specific population, of the actual indi-
vidual exposure to given pollutants or of the tissue or blood concentration in living 
individuals. While the first gives an esteem of the absorption and interaction with 
toxins, the former can give a direct reading of the level of contamination and there-
fore of the possible health effects.

Other approaches try to find those markers—as product of catabolism or effect- 
related molecules—that may be dosed in bloods and other body sources or samples 
and that may be direct or indirect expression of dose-related exposure to air pollu-
tions and to specific toxins.

A number of chemicals and techniques have been studied; some are summarized 
in Table 10.5 [69, 83, 91, 98, 138, 141, 154, 224, 225].

It should be noted that some markers may result sensitive but not specific, as they 
merely represent the final effect of the exposure; this is particularly true for the 
marker of inflammation or of immune response or of oxidative stress.
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This data, therefore, should be merged with information coming from individual 
demographic records and local epidemiological measurements.

10.5  Management and Prevention

The identification of those subjects at higher risk for air pollutant exposure is 
 crucial in the management of the air pollution-related diseases in children, as well 
as the assessment of the type and level of exposition. For this reason, paediatri-
cians should always consider the possible effect of air pollution when dealing with 
their little patients and ask about environmental anamnesis when taking a medical 
history. The number of tests available so far to routinely evaluate the level and the 
effect of exposure to air pollutants is limited, and as we have seen, they are not 
specific for given pollutants. Data on local level of pollution are available only in 
selected areas and that same information may not be useful to properly evaluate the 
individual exposure.

Table 10.5 Some of the markers of exposure that may be used in research and in the clinical 
practice to ascertain if a child has been exposed to air pollution or to its effects

Marker or technique Source Pollutants and effect
Cotinine concentration Serum Environmental tobacco smoke exposure
Interleukin-6 Whole blood Traffic-related air pollution exposure
Interleukin-8
Interleukin-10
Monocyte chemotactic 
protein-1
Tumour necrosis factor-alpha
Interferon-gamma
Apolipoprotein E ε4 allele Genetic test Increased risk of brain function impairment in 

children with the allele exposed to air pollution
pH Breath Airway inflammation secondary to traffic-

related air pollution
8-Isoprostane Breath Oxidative stress secondary to traffic-related air 

pollution
Interleukin-1 Cerebrospinal 

fluids
Oxidative stress, inflammation, innate and 
adaptive immune responses in the central 
nervous system of children exposed to urban air 
pollution

Interleukin-1 receptor 
antagonist
Interleukin-2
Macrophage inhibitory factor Serum Inflammation in the central nervous system of 

children exposed to urban air pollution
Cellular prion protein Cerebrospinal 

fluids
Accumulation of misfolded proteins in the 
central nervous system of children exposed to 
urban air pollution

Polycyclic aromatic 
hydrocarbons–DNA adducts

Umbilical 
cord white 
blood cells

Behavioural effects on children exposed to 
airborne polycyclic aromatic hydrocarbons

Lung radiology (X-ray and 
computed tomography)

Radio-
imaging

Non-specific modifications in children 
chronically exposed to urban air pollution

[15N]Methacetin test Urine Reduction of liver detoxification capacity in 
children exposed to urban air pollution
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The use of mobile devices may be useful to map the daily changes in exposure, 
tracking children movement in the different urban areas (e.g. home, school, play-
ground) and the air quality index in that same places. That would give a punctual 
picture of the hour-by-hour individual exposure, provided that children can carry 
smartphones and technologies with them and that a reliable monitoring of the qual-
ity of air is obtainable. Those technologies are already potentially available, but a 
widespread use of them is still far to reach and has practical implications that need 
to be overcome.

On the other hand, children living or studying in metropolitan areas, in urban 
areas and in places with a high level of emissions (urban, rural or semirural areas 
close to factories or plants) should always be considered potentially at risk.

Because of the number of acute, chronic and lifelong consequences of air pollu-
tion, the patient at risk has to be monitored during the time, and the correct informa-
tion should be obtained and given in order to reduce the health risk associated with 
air pollution. In a patient-centred approach, doctors should improve the level of 
communication with children and families, aiming to a long-term relationship that 
could help to improve the outcome of health education.

The role of prevention, in fact, is essential, as some of the effect of air pollution 
may not be reversible, while others may emerge later in the adult life, when the 
damage has already been done.

Besides, prophylaxis and prevention at the moment are the real clinical measure 
that paediatrician can use to reduce the risk of adverse health effect secondary to air 
pollution in children.

In order to achieve that, the key actions for the management of air pollution- 
related diseases in children are:

 a. Detecting, measuring and monitoring air pollution
 b. Protecting children from pollutants
 c. Cleaning up of the areas where children live or spend most of their time
 d. Reducing indoor and outdoor exposure promoting behavioural changes and pub-

lic health interventions

The monitoring of outdoor and indoor air pollution in those areas where children 
live, study and play [154] is essential. As we have seen, children are peculiar and are 
particularly exposed to air pollution and to its effects when compared to adults. 
Detection of sources of air pollution and of the characteristics of the pollutants and 
their diffusion in the air should be taken in account, to produce reliable information 
to assess individual exposures. For those reasons, specifically designed tools, tai-
lored to children’s social, behavioural and physiological specificities, should be 
engendered. Indoor and outdoor detectors for the main pollutants should be in use 
at home and at school, and those data should be available to community paediatri-
cians, public health doctors and policy-makers. Children at higher risk as the ones 
with atopy or respiratory conditions should be constantly monitored so to create 
individualized plan of intervention aimed to reduce the chance of relapses and 
severe exacerbations. Alerts on individual bases should be sent during peaks of con-
centration of chemicals, particulates and biological pollutants. Those same alerts 
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should take into account the place where the child lives, where he or she attends 
school and extra-scholar activities and the route he or she follows while commuting. 
The average level of exposure (weekly, monthly and annually) should be known and 
recorded on personal files.

In children at high risk and in those acutely or chronically exposed to high level 
of air pollution, personal protection devices should be considered. Face masks are a 
possible option, provided that their technical specificities are adequate so to effec-
tively block fine and ultrafine particulate and hazardous chemicals. Because they 
may be not well tolerated by children, this equipment has to be specifically designed 
for children, taking in account their behavioural and physiological peculiarities.

Schoolrooms and bedrooms at home can also be screened to reduce the amount 
of pollutants coming from outdoor sources. At the same time, the ventilation of 
those ambient where children spend most of their time, especially schools [187], 
has to be adequate, so that clean air can clear the ambient reducing individual expo-
sure and therefore the need of personal protection devices.

Because of the many health hazards secondary to indoor pollution, the best pre-
vention in this sense is to reduce the source of pollutants. Second-hand tobacco 
smoke is a major cause of indoor pollution, and for this reason, adults should never 
smoke in places with children, should avoid smoking at least 10 min before entering 
a place where children are and should not wear or bring in clothes they had on while 
smoking (exposure to third-hand smoke) [226–228].

Cleaning up the air in ambient where children live, reducing the level of pollut-
ants and consequently the amount of chronic and acute/peak exposure, is proven to 
improve the health condition of children and their quality of life reducing at the 
same time school absences, the number of hospital admission and medical interven-
tion [136]. The reduction even of small level of air pollution indeed reduces the 
burden and the respiratory symptoms in children [229]. This can be achieved locally 
with the implementation of air cleaner devices that may be mounted at school and 
those indoor places where children spent their time. Personal devices can also be 
used at home, especially at night to guarantee a clean ambient during sleeping time. 
Home-based devices can be used in single rooms, like children’s bedrooms, to 
assure a good quality of air especially for those houses close to busy road even in 
the night-time or near industrial areas.

Although social, extra-scholar and sport activities are extremely important in 
children, the amount of pollutants that they can inhale during the time they spend 
outdoor can have dangerous consequences on their health. Reducing the exposure, 
limiting the hours spent outdoor when the level of traffic and of pollutants in general 
is higher, should be considered. This also implies that traffic and emission should be 
strongly regulated in areas where children study, play or practise outdoor activities, 
especially during the time of the day and the year when those places are busier.

 Conclusions

Air pollution is a major issue in children as they are particularly exposed to its 
effects when compared to adults. Although several studies highlight the damages of 
air pollutants to the airways, little is known about the other effect on children’s 
health and on the lifelong consequences of early exposures to these elements. 
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A growing body of evidences yet show how the damages are not limited to the respi-
ratory system and some of the effects can cause serious and permanent damages.

As children grow, the cumulative effect of toxins present in air compound can 
emerge developing chronic conditions that may not be treated in the adult age.

Because of the peculiarities of children’s lifestyles, the chance of outdoor and 
indoor exposure spreads across the different areas where they live, study or play, 
across the different times of the night or the day and across the different seasons 
of the year. In other words, children can be continuously exposed to background 
pollution and the effect of short-term peak in concentration of toxins. Some chil-
dren may be more vulnerable than others because of underlying pathologies, 
sensitization, responsiveness to pollutants or genetic profile. On the other hand, 
every child can be seriously affected by the effect of air pollution, and it is cur-
rently not possible to estimate which level of exposure to which children and to 
which component can bring to acute, subacute or chronic consequences in sus-
ceptible and in healthy children. That has practical consequences in paediatrics 
and in public health, resulting in an increased number of hospital and emergency 
department admissions, help-seeking behaviours and ultimately health policies 
development and implementation.

Changes in air quality should be monitored, and individual exposure should 
be estimated for every child living in highly polluted areas or in places close to 
source of pollution like busy road, plants or industrial areas.

For these same reasons, information on air quality should be easily accessible 
to doctors, as peak of concentration may result in an augmented request of inter-
vention and hospitalization; those same children known to have recurrent relapses 
should be alerted, so that adequate precautions can be taken to reduce the risk of 
exacerbation of chronic or subacute diseases.

Because any organ or system can be potentially affected also with serious and 
lasting consequences, doctors should always consider air pollution exposure 
while taking medical history in children; at the same time, children and families 
should be sensitized on the effect of pollution on health, and effective measure 
should be suggested and taken to reduce the chance of exposure.

A number of factors contribute to an increased vulnerability in children. Some 
are physiological, and no individual action is possible. Others can be modified in 
order to reduce the risk on health: behavioural changes are important, and health 
education can help to reduce the children’s exposure to air pollution. Nevertheless, 
decision-makers should engage themselves in policies aimed to radically improve 
the quality of the air that children breathe in residential areas, at school and 
outdoor.

Besides, actions to reduce the impact of air pollution on children’s health have 
been proven to be cost-effective [136], reducing the burden for families and for 
the society and diminishing the costs of acute medical interventions and those 
secondary to the management of chronic and potentially lifelong conditions.

These considerations are not limited to high-income countries with an ele-
vated technological development profile. The burden in developing countries is 
still not completely known, although the high growth rate of big cities and small 
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centres are likely to produce a poorly regulated level of pollution that may 
 primarily impact on children which remain a major component of those societ-
ies. In addition, even in rural areas, children may be particularly subjected espe-
cially to indoor pollution, and action to reduce the exposure had to be fostered: 
behavioural changes in fact can highly reduce the devastating effects of these 
highly poisoning mixtures on children’s health [230].

Policy-makers, paediatricians, emergency department and public health doc-
tors have to be aware of the clinical consequences of air pollution in children, 
so that programme of prophylaxis and prevention can be planned on individual 
and community level. Families as well have to be informed of the risks of air 
pollution on their children’s health and the potential sources of exposure, which 
are not limited to busy or undeveloped urban areas or to external factor on which 
they are unable to act. Parents should be in fact aware that outdoor pollution 
can affect also the quality of the air in their homes and of children’s bedroom 
during the hours of sleep. Health education programmes should also emphasize 
the role of indoor air pollution and of second- and third-hand smoke, so that 
behavioural changes can reduce the chance of exposure to toxins coming from 
everyday activities.

Children should be protected when appropriate with personal protection 
equipment, and parents and educators should always make sure that the air chil-
dren are breathing is good and the ambient in which they live, study and play 
cleaned up from pollutants.

Simple local actions, as well as major change in policies at national and inter-
national level, are needed in order to ensure a reduction of emission and of expo-
sure, improving the air and the ambient where children live, their health and 
wellbeing and eventually their quality of life and of that of their families.

References

 1. Doll R. Epidemiology of cancer: current perspectives. Am J Epidemiol. 1976;104(4):396–404.
 2. Green RM. Cancer of the scrotum. Boston Med Surg J. 1910;163(20):755–9.
 3. Kim JJ, American Academy of Pediatrics Committee on Environmental H. Ambient air pollu-

tion: health hazards to children. Pediatrics. 2004;114(6):1699–707.
 4. Kelishadi R, Poursafa P. Air pollution and non-respiratory health hazards for children. Arch 

Med Sci. 2010;6(4):483–95.
 5. Goldizen FC, Sly PD, Knibbs LD.  Respiratory effects of air pollution on children. Pediatr 

Pulmonol. 2016;51(1):94–108.
 6. Pinault L, Crouse D, Jerrett M, Brauer M, Tjepkema M. Socioeconomic differences in nitrogen 

dioxide ambient air pollution exposure among children in the three largest Canadian cities. 
Health Rep. 2016;27(7):3–9.

 7. Ritz B, Wilhelm M Air pollution impact on infants and children: UCLA Institute of the 
Environment and Sustainability; 2013 [cited 12 Aug 2016]. Available from: http://www.envi-
ronment.ucla.edu/reportcard/article1700.html.

 8. Buka I, Koranteng S, Osornio-Vargas AR. The effects of air pollution on the health of children. 
Paediatr Child Health. 2006;11(8):513–6.

 9. Rudnik J, Herman S, Pisiewicz K, Roszkowska H. Long-term effects on health of air pollution 
in children. Z Erkr Atmungsorgane. 1983;161(2):177–91.

10 Air Pollution in Infancy, Childhood and Young Adults

http://www.environment.ucla.edu/reportcard/article1700.html
http://www.environment.ucla.edu/reportcard/article1700.html


176

 10. Karr C.  Addressing environmental contaminants in pediatric practice. Pediatr Rev. 
2011;32(5):190–200.

 11. Moya J, Bearer CF, Etzel RA. Children’s behavior and physiology and how it affects exposure 
to environmental contaminants. Pediatrics. 2004;113(Supplement 3):996–1006.

 12. Organization WH. Effects of air pollution on children’s health and development: a review of 
the evidence. Copenhagen: WHO; 2005.

 13. Pedersen M. Ciliary activity and pollution. Lung. 1990;168(1):368–76.
 14. van Roosbroeck S, Wichmann J, Janssen NA, Hoek G, van Wijnen JH, Lebret E, et al. Long- 

term personal exposure to traffic-related air pollution among school children, a validation 
study. Sci Total Environ. 2006;368(2–3):565–73.

 15. Lee JT, Son JY, Kim H, Kim SY. Effect of air pollution on asthma-related hospital admissions 
for children by socioeconomic status associated with area of residence. Arch Environ Occup 
Health. 2006;61(3):123–30.

 16. Chakraborty J, Zandbergen PA.  Children at risk: measuring racial/ethnic disparities in 
potential exposure to air pollution at school and home. J Epidemiol Community Health. 
2007;61(12):1074–9.

 17. Feretti D, Ceretti E, De Donno A, Moretti M, Carducci A, Bonetta S, et al. Monitoring air pol-
lution effects on children for supporting public health policy: the protocol of the prospective 
cohort MAPEC study. BMJ Open. 2014;4(9):e006096.

 18. Demoulin-Alexikova S, Plevkova J, Mazurova L, Zatko T, Alexik M, Hanacek J, et al. Impact 
of air pollution on age and gender related increase in cough reflex sensitivity of healthy chil-
dren in Slovakia. Front Physiol. 2016;7:54.

 19. Spencer-Hwang R, Soret S, Ghamsary M, Rizzo N, Baum M, Juma D, et al. Gender differ-
ences in respiratory health of school children exposed to rail yard-generated air pollution: the 
ENRRICH study. J Environ Health. 2016;78(6):8–16.

 20. Dong GH, Chen T, Liu MM, Wang D, Ma YN, Ren WH, et al. Gender differences and effect of 
air pollution on asthma in children with and without allergic predisposition: northeast Chinese 
children health study. PLoS One. 2011;6(7):e22470.

 21. Newman NC, Ryan PH, Huang B, Beck AF, Sauers HS, Kahn RS.  Traffic-related air pol-
lution and asthma hospital readmission in children: a longitudinal cohort study. J Pediatr. 
2014;164(6):1396–402.e1.

 22. Atkinson RW, Ross Anderson H, Sunyer J, Ayres J, Baccini M, Vonk JM, et al. Acute effects of 
particulate air pollution on respiratory admissions: results from APHEA 2 project. Am J Respir 
Crit Care Med. 2001;164(10):1860–6.

 23. Sun HL, Chou MC, Lue KH. The relationship of air pollution to ED visits for asthma differ 
between children and adults. Am J Emerg Med. 2006;24(6):709–13.

 24. Delfino RJ, Chang J, Wu J, Ren C, Tjoa T, Nickerson B, et al. Repeated hospital encounters 
for asthma in children and exposure to traffic-related air pollution near the home. Ann Allergy 
Asthma Immunol. 2009;102(2):138–44.

 25. Villeneuve PJ, Chen L, Rowe BH, Coates F.  Outdoor air pollution and emergency depart-
ment visits for asthma among children and adults: a case-crossover study in northern Alberta, 
Canada. Environ Health. 2007;6:40.

 26. Liu Y, Liu J, Chen F, Bilal Haider S, Wang Q, Jiao F, et al. Coal mine air pollution and number 
of children hospitalizations because of respiratory tract infection: a time series analysis. J 
Environ Public Health. 2015;2015:649706.

 27. Bobak M, Leon DA.  Air pollution and infant mortality in the Czech Republic, 1986–88. 
Lancet. 1992;340(8826):1010–4.

 28. Saldiva PH, Lichtenfels A, Paiva P, Barone I, Martins M, Massad E, et al. Association between 
air pollution and mortality due to respiratory diseases in children in São Paulo, Brazil: a pre-
liminary report. Environ Res. 1994;65(2):218–25.

 29. Conceicao G, Miraglia S, Kishi HS, Saldiva P, Singer JM. Air pollution and child mortality: a 
time-series study in São Paulo, Brazil. Environ Health Perspect. 2001;109(Suppl 3):347.

 30. Gouveia N, Fletcher T. Time series analysis of air pollution and mortality: effects by cause, age 
and socioeconomic status. J Epidemiol Community Health. 2000;54(10):750–5.

F. Capello and G. Pili



177

 31. Landrigan PJ, Schechter CB, Lipton JM, Fahs MC, Schwartz J. Environmental pollutants and 
disease in American children: estimates of morbidity, mortality, and costs for lead poisoning, 
asthma, cancer, and developmental disabilities. Environ Health Perspect. 2002;110(7):721.

 32. Smith KR, Mehta S. The burden of disease from indoor air pollution in developing countries: 
comparison of estimates. Int J Hyg Environ Health. 2003;206(4):279–89.

 33. Aarnio M, Winter T, Kujala U, Kaprio J. Associations of health related behaviour, social rela-
tionships, and health status with persistent physical activity and inactivity: a study of Finnish 
adolescent twins. Br J Sports Med. 2002;36(5):360–4.

 34. O’Lenick CR, Winquist A, Mulholland JA, Friberg MD, Chang HH, Kramer MR, et  al. 
Assessment of neighbourhood-level socioeconomic status as a modifier of air pollution-asthma 
associations among children in Atlanta. J Epidemiol Community Health. 2016;71(2):129–36.

 35. Bener A, Kamal M, Shanks NJ.  Impact of asthma and air pollution on school attendance 
of primary school children: are they at increased risk of school absenteeism? J Asthma. 
2007;44(4):249–52.

 36. Romieu I, Lugo MC, Velasco SR, Sanchez S, Meneses F, Hernandez M. Air pollution and 
school absenteeism among children in Mexico City. Am J Epidemiol. 1992;136(12):1524–31.

 37. Romieu I, Samet JM, Smith KR, Bruce N. Outdoor air pollution and acute respiratory infec-
tions among children in developing countries. J Occup Environ Med. 2002;44(7):640–9.

 38. Mishra V. Indoor air pollution from biomass combustion and acute respiratory illness in pre-
school age children in Zimbabwe. Int J Epidemiol. 2003;32(5):847–53.

 39. Khalequzzaman M, Kamijima M, Sakai K, Chowdhury NA, Hamajima N, Nakajima T. Indoor 
air pollution and its impact on children under five years old in Bangladesh. Indoor Air. 
2007;17(4):297–304.

 40. Nandasena S, Wickremasinghe AR, Sathiakumar N. Indoor air pollution and respiratory health 
of children in the developing world. World J Clin Pediatr. 2013;2(2):6–15.

 41. Dionisio KL, Howie S, Fornace KM, Chimah O, Adegbola RA, Ezzati M. Measuring the expo-
sure of infants and children to indoor air pollution from biomass fuels in the Gambia. Indoor 
Air. 2008;18(4):317–27.

 42. Baumgartner J, Schauer JJ, Ezzati M, Lu L, Cheng C, Patz J, et al. Patterns and predictors of 
personal exposure to indoor air pollution from biomass combustion among women and chil-
dren in rural China. Indoor Air. 2011;21(6):479–88.

 43. Emmelin A, Wall S. Indoor air pollution: a poverty-related cause of mortality among the chil-
dren of the world. Chest. 2007;132(5):1615–23.

 44. Knopik VS, Marceau K, Palmer RH, Smith TF, Heath AC. Maternal smoking during preg-
nancy and offspring birth weight: a genetically-informed approach comparing multiple raters. 
Behav Genet. 2016;46(3):353–64.

 45. Campbell AM.  The effect of excessive cigaret smoking on maternal health. Am J Obstet 
Gynecol. 1936;31(3):502–8.

 46. Huang JV, Leung GM, Schooling CM. The association of air pollution with birthweight and 
gestational age: evidence from Hong Kong’s ‘children of 1997’ birth cohort. J Public Health 
(Oxf). 2016:1–9.

 47. Mortimer K, Neugebauer R, Lurmann F, Alcorn S, Balmes J, Tager I. Air pollution and pulmo-
nary function in asthmatic children: effects of prenatal and lifetime exposures. Epidemiology. 
2008;19(4):550–7. discussion 61-2

 48. Yang CY, Tseng YT, Chang CC. Effects of air pollution on birth weight among children born 
between 1995 and 1997 in Kaohsiung, Taiwan. J Toxicol Environ Health A. 2003;66(9):807–16.

 49. Ritz B, Yu F, Chapa G, Fruin S. Effect of air pollution on preterm birth among children born in 
Southern California between 1989 and 1993. Epidemiology. 2000;11(5):502–11.

 50. Rey-Ares L, Irazola VE, Althabe F, Sobrino E, Mazzoni A, Seron P, et  al. Lower respira-
tory tract illness in children younger than five years of age and adverse pregnancy outcomes 
related to household air pollution in Bariloche (Argentina) and Temuco (Chile). Indoor Air. 
2015;26(6):964–75.

 51. Gilliland F, Avol E, Kinney P, Jerrett M, Dvonch T, Lurmann F, et  al. Air pollution expo-
sure assessment for epidemiologic studies of pregnant women and children: lessons learned 

10 Air Pollution in Infancy, Childhood and Young Adults



178

from the centers for Children’s environmental health and disease prevention research. Environ 
Health Perspect. 2005;113(10):1447–54.

 52. Röösli M. Non-cancer effects of chemical agents on children’s health. Prog Biophys Mol Biol. 
2011;107(3):315–22.

 53. Kalkbrenner AE, Daniels JL, Chen J-C, Poole C, Emch M, Morrissey J.  Perinatal expo-
sure to hazardous air pollutants and autism spectrum disorders at age 8. Epidemiology. 
2010;21(5):631.

 54. von Ehrenstein OS, Aralis H, Cockburn M, Ritz B. In utero exposure to toxic air pollutants and 
risk of childhood autism. Epidemiology. 2014;25(6):851.

 55. Netriova Y, Brezina M, Hruskovic I, Kacenakova M. Growth in children living in areas with air 
pollution. Cesk Pediatr. 1990;45(8):456–8.

 56. Schlipkoter HW, Rosicky B, Dolgner R, Pelech L. Growth and bone maturation in children 
from two regions of the F.R.G. Differing in the degree of air pollution: results of the 1974 and 
1984 surveys. J Hyg Epidemiol Microbiol Immunol. 1986;30(4):353–8.

 57. Thielebeule U, Pelech L, Grosser PJ, Horn K. Body height and bone age of school children 
in areas of different air pollution concentrations. (a repeat study conducted in Bitterfeld and 
Berlin, capital of the GDR). Z Gesamte Hyg. 1980;26(10):771–4.

 58. Liu C, Fuertes E, Flexeder C, Hofbauer LC, Berdel D, Hoffmann B, et  al. Associations 
between ambient air pollution and bone turnover markers in 10-year old children: results from 
the GINIplus and LISAplus studies. Int J Hyg Environ Health. 2015;218(1):58–65.

 59. Calderon-Garciduenas L, Mora-Tiscareno A, Francolira M, Torres-Jardon R, Pena-Cruz B, 
Palacios-Lopez C, et al. Exposure to urban air pollution and bone health in clinically healthy 
six-year-old children. Arh Hig Rada Toksikol. 2013;64(1):23–34.

 60. Holick MF. Environmental factors that influence the cutaneous production of vitamin D. Am J 
Clin Nutr. 1995;61(3):638S–45S.

 61. Ando M, Tadano M, Yamamoto S, Tamura K, Asanuma S, Watanabe T, et al. Health effects of 
fluoride pollution caused by coal burning. Sci Total Environ. 2001;271(1):107–16.

 62. Qin X, Wang S, Yu M, Zhang L, Li X, Zuo Z, et al. Child skeletal fluorosis from indoor burning 
of coal in southwestern China. J Environ Public Health. 2009;2009:7.

 63. Goyer RA. Toxic and essential metal interactions. Annu Rev. Nutr. 1997;17(1):37–50.
 64. Berglund M, Åkesson A, Bjellerup P, Vahter M.  Metal–bone interactions. Toxicol Lett. 

2000;112:219–25.
 65. Järup L, Åkesson A. Current status of cadmium as an environmental health problem. Toxicol 

Appl Pharmacol. 2009;238(3):201–8.
 66. Ejaz S, Camer GA, Anwar K, Ashraf M. Monitoring impacts of air pollution: PIXE analy-

sis and histopathological modalities in evaluating relative risks of elemental contamination. 
Ecotoxicology. 2014;23(3):357–69.

 67. Chiu YH, Hsu HH, Coull BA, Bellinger DC, Kloog I, Schwartz J, et al. Prenatal particulate 
air pollution and neurodevelopment in urban children: examining sensitive windows and sex- 
specific associations. Environ Int. 2016;87:56–65.

 68. Sunyer J.  The neurological effects of air pollution in children. Eur Respir J. 2008;32(3): 
535–7.

 69. Calderon-Garciduenas L, Cross JV, Franco-Lira M, Aragon-Flores M, Kavanaugh M, Torres- 
Jardon R, et  al. Brain immune interactions and air pollution: macrophage inhibitory factor 
(MIF), prion cellular protein (PrP(C)), interleukin-6 (IL-6), interleukin 1 receptor antagonist 
(IL-1Ra), and interleukin-2 (IL-2) in cerebrospinal fluid and MIF in serum differentiate urban 
children exposed to severe vs. low air pollution. Front Neurosci. 2013;7:183.

 70. Calderon-Garciduenas L, Mora-Tiscareno A, Styner M, Gomez-Garza G, Zhu H, Torres- 
Jardon R, et al. White matter hyperintensities, systemic inflammation, brain growth, and cog-
nitive functions in children exposed to air pollution. J Alzheimers Dis. 2012;31(1):183–91.

 71. Calderon-Garciduenas L, Leray E, Heydarpour P, Torres-Jardon R, Reis J. Air pollution, a 
rising environmental risk factor for cognition, neuroinflammation and neurodegeneration: the 
clinical impact on children and beyond. Rev Neurol. 2016;172(1):69–80.

F. Capello and G. Pili



179

 72. Calderon-Garciduenas L, Vojdani A, Blaurock-Busch E, Busch Y, Friedle A, Franco-Lira M, 
et al. Air pollution and children: neural and tight junction antibodies and combustion metals, 
the role of barrier breakdown and brain immunity in neurodegeneration. J Alzheimers Dis. 
2015;43(3):1039–58.

 73. Clark C, Martin R, Van Kempen E, Alfred T, Head J, Davies HW, et al. Exposure-effect rela-
tions between aircraft and road traffic noise exposure at school and reading comprehension the 
RANCH project. Am J Epidemiol. 2006;163(1):27–37.

 74. Sunyer J, Esnaola M, Alvarez-Pedrerol M, Forns J, Rivas I, Lopez-Vicente M, et al. Association 
between traffic-related air pollution in schools and cognitive development in primary school 
children: a prospective cohort study. PLoS Med. 2015;12(3):e1001792.

 75. Suglia SF, Gryparis A, Wright R, Schwartz J, Wright R. Association of black carbon with cog-
nition among children in a prospective birth cohort study. Am J Epidemiol. 2008;167(3):280–6.

 76. Mirowsky J, Ross CE. Life change: an abandoned explanation. In:  Social causes of psycho-
logical distress. Piscataway, NJ: Transaction Publishers; 2003. p. 159–65.

 77. Evans GW, Colome SD, Shearer DF. Psychological reactions to air pollution. Environ Res. 
1988;45(1):1–15.

 78. Lundberg A. Psychiatric aspects of air pollution. Otolaryngol Head Neck Surg. 1996;114(2): 
227–31.

 79. Power MC, Kioumourtzoglou M-A, Hart JE, Okereke OI, Laden F, Weisskopf MG. The rela-
tion between past exposure to fine particulate air pollution and prevalent anxiety: observational 
cohort study. BMJ. 2015;350:h1111.

 80. Oudin A, Braback L, Astrom DO, Stromgren M, Forsberg B. Association between neighbour-
hood air pollution concentrations and dispensed medication for psychiatric disorders in a large 
longitudinal cohort of Swedish children and adolescents. BMJ Open. 2016;6(6):e010004.

 81. Volk HE, Hertz-Picciotto I, Delwiche L, Lurmann F, McConnell R. Residential proximity to 
freeways and autism in the CHARGE study. Environ Health Perspect. 2011;119(6):873.

 82. Newman NC, Ryan P, LeMasters G, Levin L, Bernstein D, Hershey GKK, et al. Traffic- related 
air pollution exposure in the first year of life and behavioral scores at 7 years of age. Environ 
Health Perspect. 2013;121(6):731.

 83. Perera FP, Wang S, Vishnevetsky J, Zhang B, Cole KJ, Tang D, et  al. Polycyclic aromatic 
hydrocarbons-aromatic DNA adducts in cord blood and behavior scores in New  York city 
children. Environ Health Perspect. 2011;119(8):1176.

 84. Saxon A, Diaz-Sanchez D. Air pollution and allergy: you are what you breathe. Nat Immunol. 
2005;6(3):223–6.

 85. Hadnagy W, Stiller-Winkler R, Idel H. Immunological alterations in sera of persons living in 
areas with different air pollution. Toxicol Lett. 1996;88(1):147–53.

 86. Zhang J, Smith KR. Household air pollution from coal and biomass fuels in China: measure-
ments, health impacts, and interventions. Environ Health Perspect. 2007;115(6):848–55.

 87. Lin H-H, Ezzati M, Murray M. Tobacco smoke, indoor air pollution and tuberculosis: a sys-
tematic review and meta-analysis. PLoS Med. 2007;4(1):e20.

 88. Houtmeyers E, Gosselink R, Gayan-Ramirez G, Decramer M.  Regulation of mucociliary 
clearance in health and disease. Eur Respir J. 1999;13(5):1177–88.

 89. Rovers MM, de Kok IM, Schilder AG. Risk factors for otitis media: an international perspec-
tive. Int J Pediatr Otorhinolaryngol. 2006;70(7):1251–6.

 90. Heinrich J, Raghuyamshi VS. Air pollution and otitis media: a review of evidence from epide-
miologic studies. Curr Allergy Asthma Rep. 2004;4(4):302–9.

 91. Patel MA, Mener DJ, Garcia-Esquinas E, Navas-Acien A, Agrawal Y, Lin SY.  Tobacco 
smoke exposure and eustachian tube disorders in US children and adolescents. PLoS One. 
2016;11(10):e0163926.

 92. Gulya AJ.  Environmental tobacco smoke and otitis media. Otolaryngol Head Neck Surg. 
1994;111(1):6–8.

 93. Brook I.  The impact of smoking on oral and nasopharyngeal bacterial flora. J Dent Res. 
2011;90(6):704–10.

10 Air Pollution in Infancy, Childhood and Young Adults



180

 94. Bukharin OV, Deriabin DG, Nemtseva NV. Staphylococcal contamination of the upper respi-
ratory tract mucosa in children exposed to air pollution. Gig Sanit. 1996;(6):6–8.

 95. Nandi S, Kumar R, Ray P, Vohra H, Ganguly NK. Group a streptococcal sore throat in a peri-
urban population of northern India: a one-year prospective study. Bull World Health Organ. 
2001;79(6):528–33.

 96. Orazzo F, Nespoli L, Ito K, Tassinari D, Giardina D, Funis M, et al. Air pollution, aeroal-
lergens, and emergency room visits for acute respiratory diseases and gastroenteric disorders 
among young children in six Italian cities. Environ Health Perspect. 2009;117(11):1780–5.

 97. Savilov ED, Shcherbakova EB. Acute intestinal infections in children in areas with industrial 
environmental air pollution. Gig Sanit. 2003;(4):6–8.

 98. Herbarth O, Franck U, Krumbiegel P, Rehwagen M, Rolle-Kampczyk U, Weiss H. Noninvasive 
assessment of liver detoxification capacity of children, observed in children from heavily pol-
luted industrial and clean control areas, together with assessments of air pollution and chloro- 
organic body burden. Environ Toxicol. 2004;19(2):103–8.

 99. Liu C, Fuertes E, Tiesler CM, Birk M, Babisch W, Bauer CP, et al. The associations between 
traffic-related air pollution and noise with blood pressure in children: results from the 
GINIplus and LISAplus studies. Int J Hyg Environ Health. 2014;217(4–5):499–505.

 100. Dong GH, Qian ZM, Trevathan E, Zeng XW, Vaughn MG, Wang J, et  al. Air pollution 
associated hypertension and increased blood pressure may be reduced by breastfeeding 
in Chinese children: the seven northeastern cities Chinese Children’s study. Int J Cardiol. 
2014;176(3):956–61.

 101. Pieters N, Koppen G, Van Poppel M, De Prins S, Cox B, Dons E, et al. Blood pressure and 
same-day exposure to air pollution at school: associations with nano-sized to coarse PM in 
children. Environ Health Perspect. 2015;123(7):737–42.

 102. Iannuzzi A, Verga MC, Renis M, Schiavo A, Salvatore V, Santoriello C, et al. Air pollution 
and carotid arterial stiffness in children. Cardiol Young. 2010;20(2):186–90.

 103. Calderón-Garcidueñas L, Vincent R, Mora-Tiscareño A, Franco-Lira M, Henríquez-Roldán 
C, Barragán-Mejía G, et al. Elevated plasma endothelin-1 and pulmonary arterial pressure in 
children exposed to air pollution. Environ Health Perspect. 2007;115(8):1248–53.

 104. Poursafa P, Kelishadi R, Lahijanzadeh A, Modaresi M, Javanmard SH, Assari R, et al. The 
relationship of air pollution and surrogate markers of endothelial dysfunction in a population- 
based sample of children. BMC Public Health. 2011;11(1):1.

 105. Kelishadi R, Hashemi M, Javanmard SH, Mansourian M, Afshani M, Poursafa P, et al. Effect 
of particulate air pollution and passive smoking on surrogate biomarkers of endothelial dys-
function in healthy children. Paediatr Int Child Health. 2014;34(3):165–9.

 106. Dong GH, Wang J, Zeng XW, Chen L, Qin XD, Zhou Y, et al. Interactions between air pol-
lution and obesity on blood pressure and hypertension in chinese children. Epidemiology. 
2015;26(5):740–7.

 107. Atkinson RW, Carey IM, Kent AJ, van Staa TP, Anderson HR, Cook DG. Long-term expo-
sure to outdoor air pollution and incidence of cardiovascular diseases. Epidemiology. 
2013;24(1):44–53.

 108. Poursafa P, Kelishadi R, Haghjooy-Javanmard S, Rafiei L, Keramatian K. Synergistic effects 
of genetic polymorphism and air pollution on markers of endothelial dysfunction in children. 
J Res Med Sci. 2012;17(8):718–23.

 109. Hashemi M, Afshani MR, Mansourian M, Poursafa P, Kelishadi R. Association of particulate 
air pollution and secondhand smoke on endothelium-dependent brachial artery dilation in 
healthy children. J Res Med Sci. 2012;17(4):317–21.

 110. Watanabe N. Urinary 17-KS and 17-OHCS as markers of endocrine disruption by air pollu-
tion in primary school children. Environ Health Prev Med. 2000;4(4):221–3.

 111. Thiering E, Cyrys J, Kratzsch J, Meisinger C, Hoffmann B, Berdel D, et  al. Long-term 
exposure to traffic-related air pollution and insulin resistance in children: results from the 
GINIplus and LISAplus birth cohorts. Diabetologia. 2013;56(8):1696–704.

 112. Hathout EH, Beeson WL, Ischander M, Rao R, Mace JW. Air pollution and type 1 diabetes 
in children. Pediatr Diabetes. 2006;7(2):81–7.

F. Capello and G. Pili



181

 113. Tamayo T, Rathmann W, Stahl-Pehe A, Landwehr S, Sugiri D, Kramer U, et al. No adverse 
effect of outdoor air pollution on HbA1c in children and young adults with type 1 diabetes. 
Int J Hyg Environ Health. 2016;219(4–5):349–55.

 114. Jerrett M, McConnell R, Wolch J, Chang R, Lam C, Dunton G, et al. Traffic-related air pol-
lution and obesity formation in children: a longitudinal, multilevel analysis. Environ Health. 
2014;13:49.

 115. Grün F, Blumberg B.  Endocrine disrupters as obesogens. Mol Cell Endocrinol. 
2009;304(1):19–29.

 116. Dong GH, Qian Z, Liu MM, Wang D, Ren WH, Fu Q, et al. Obesity enhanced respiratory 
health effects of ambient air pollution in Chinese children: the seven northeastern cities study. 
Int J Obes. 2013;37(1):94–100.

 117. Roels H, Bruaux P, Buchet JP, Claeys-Thoreau F, Lauwerys R, Lafontaine A, et al. Impact of 
air pollution by lead on the heme biosynthetic pathway in school-age children. Arch Environ 
Health. 1976;31(6):310–6.

 118. Poursafa P, Kelishadi R, Amini A, Amini A, Amin MM, Lahijanzadeh M, et al. Association 
of air pollution and hematologic parameters in children and adolescents. J Pediatr. 
2011;87(4):350–6.

 119. Landrigan PJ, Baker EL, Feldman RG, Cox DH, Eden KV, Orenstein WA, et al. Increased 
lead absorption with anemia and slowed nerve conduction in children near a lead smelter. J 
Pediatr. 1976;89(6):904–10.

 120. Pönkä A.  Lead in the ambient air and blood of children in Helsinki. Sci Total Environ. 
1998;219(1):1–5.

 121. Nikolić M, Nikić D, Stanković A. Effects of air pollution on red blood cells in children. Pol J 
Environ Stud. 2008;17(28):267.

 122. Weng H-H, Tsai S-S, Chen C-C, Chiu H-F, Wu T-N, Yang C-Y. Childhood leukemia devel-
opment and correlation with traffic air pollution in Taiwan using nitrogen dioxide as an air 
pollutant marker. J Toxicol Environ Health. 2008;71(7):434–8.

 123. Pearson RL, Wachtel H, Ebi KL. Distance-weighted traffic density in proximity to a home 
is a risk factor for leukemia and other childhood cancers. J Air Waste Manage Assoc. 
2000;50(2):175–80.

 124. Crosignani P, Tittarelli A, Borgini A, Codazzi T, Rovelli A, Porro E, et al. Childhood leu-
kemia and road traffic: a population-based case-control study. Int J Cancer. 2004;108(4): 
596–9.

 125. Tzivian L. Outdoor air pollution and asthma in children. J Asthma. 2011;48(5):470–81.
 126. Rodriguez-Villamizar LA, Magico A, Osornio-Vargas A, Rowe BH. The effects of outdoor 

air pollution on the respiratory health of Canadian children: a systematic review of epidemio-
logical studies. Can Respir J. 2015;22(5):282–92.

 127. Chen Z, Salam MT, Eckel SP, Breton CV, Gilliland FD.  Chronic effects of air pollution 
on respiratory health in Southern California children: findings from the Southern California 
Children’s health study. J Thorac Dis. 2015;7(1):46–58.

 128. Salvi S.  Health effects of ambient air pollution in children. Paediatr Respir Rev. 
2007;8(4):275–80.

 129. Ward DJ, Ayres JG.  Particulate air pollution and panel studies in children: a systematic 
review. Occup Environ Med. 2004;61(4):e13.

 130. Gehring U, Gruzieva O, Agius RM, Beelen R, Custovic A, Cyrys J, et  al. Air pollution 
exposure and lung function in children: the ESCAPE project. Environ Health Perspect. 
2013;121(11–12):1357–64.

 131. Dherani M, Pope D, Mascarenhas M, Smith KR, Weber M, Bruce N. Indoor air pollution 
from unprocessed solid fuel use and pneumonia risk in children aged under five years: a 
systematic review and meta-analysis. Bull World Health Organ. 2008;86(5):390–8C.

 132. Kim BJ, Hong SJ. Ambient air pollution and allergic diseases in children. Korean J Pediatr. 
2012;55(6):185–92.

 133. Esposito S, Tenconi R, Lelii M, Preti V, Nazzari E, Consolo S, et  al. Possible molecular 
mechanisms linking air pollution and asthma in children. BMC Pulm Med. 2014;14:31.

10 Air Pollution in Infancy, Childhood and Young Adults



182

 134. Gasana J, Dillikar D, Mendy A, Forno E, Ramos VE. Motor vehicle air pollution and asthma 
in children: a meta-analysis. Environ Res. 2012;117:36–45.

 135. Chen CH, Chan CC, Chen BY, Cheng TJ, Leon GY. Effects of particulate air pollution and 
ozone on lung function in non-asthmatic children. Environ Res. 2015;137:40–8.

 136. Wong EY, Gohlke J, Griffith WC, Farrow S, Faustman EM. Assessing the health benefits of 
air pollution reduction for children. Environ Health Perspect. 2004;112(2):226–32.

 137. Dockery DW, Cunningham J, Damokosh AI, Neas LM, Spengler JD, Koutrakis P, et  al. 
Health effects of acid aerosols on north American children: respiratory symptoms. Environ 
Health Perspect. 1996;104(5):500–5.

 138. Patel MM, Chillrud SN, Deepti K, Ross JM, Kinney PL. Traffic-related air pollutants and 
exhaled markers of airway inflammation and oxidative stress in new York City adolescents. 
Environ Res. 2013;121:71–8.

 139. Lenney W. The burden of pediatric asthma. Pediatr Pulmonol. 1997;24(S15):13–6.
 140. Ierodiakonou D, Zanobetti A, Coull BA, Melly S, Postma DS, Boezen HM, et al. Ambient 

air pollution, lung function, and airway responsiveness in asthmatic children. J Allergy Clin 
Immunol. 2016;137(2):390–9.

 141. Klumper C, Kramer U, Lehmann I, von Berg A, Berdel D, Herberth G, et  al. Air pollu-
tion and cytokine responsiveness in asthmatic and non-asthmatic children. Environ Res. 
2015;138:381–90.

 142. Renzetti G, Silvestre G, D'Amario C, Bottini E, Gloria-Bottini F, Bottini N, et al. Less air 
pollution leads to rapid reduction of airway inflammation and improved airway function in 
asthmatic children. Pediatrics. 2009;123(3):1051–8.

 143. To T, Zhu J, Larsen K, Simatovic J, Feldman L, Ryckman K, et al. Progression from asthma 
to chronic obstructive pulmonary disease (COPD): is air pollution a risk factor? Am J Respir 
Crit Care Med. 2016;194(4):429–38.

 144. Hasunuma H, Sato T, Iwata T, Kohno Y, Nitta H, Odajima H, et  al. Association between 
traffic-related air pollution and asthma in preschool children in a national Japanese nested 
case-control study. BMJ Open. 2016;6(2):–e010410.

 145. Patel MM, Quinn JW, Jung KH, Hoepner L, Diaz D, Perzanowski M, et al. Traffic density 
and stationary sources of air pollution associated with wheeze, asthma, and immunoglobu-
lin E from birth to age 5 years among New York City children. Environ Res. 2011;111(8): 
1222–9.

 146. Jerrett M, Shankardass K, Berhane K, Gauderman WJ, Kunzli N, Avol E, et al. Traffic-related 
air pollution and asthma onset in children: a prospective cohort study with individual expo-
sure measurement. Environ Health Perspect. 2008;116(10):1433–8.

 147. Shima M, Nitta Y, Adachi M. Traffic-related air pollution and respiratory symptoms in chil-
dren living along trunk roads in Chiba prefecture, Japan. J Epidemiol. 2003;13(2):108–19.

 148. Sonnenschein-van der Voort AM, de Kluizenaar Y, Jaddoe VW, Gabriele C, Raat H, Moll 
HA, et al. Air pollution, fetal and infant tobacco smoke exposure, and wheezing in preschool 
children: a population-based prospective birth cohort. Environ Health. 2012;11:91.

 149. Nishimura KK, Galanter JM, Roth LA, Oh SS, Thakur N, Nguyen EA, et al. Early-life air 
pollution and asthma risk in minority children. The GALA II and SAGE II studies. Am J 
Respir Crit Care Med. 2013;188(3):309–18.

 150. Wendt JK, Symanski E, Stock TH, Chan W, Du XL. Association of short-term increases in 
ambient air pollution and timing of initial asthma diagnosis among Medicaid-enrolled chil-
dren in a metropolitan area. Environ Res. 2014;131:50–8.

 151. Shima M, Nitta Y, Ando M, Adachi M. Effects of air pollution on the prevalence and inci-
dence of asthma in children. Arch Environ Health. 2002;57(6):529–35.

 152. Esposito S, Galeone C, Lelii M, Longhi B, Ascolese B, Senatore L, et al. Impact of air pollu-
tion on respiratory diseases in children with recurrent wheezing or asthma. BMC Pulm Med. 
2014;14:130.

 153. Breysse PN, Diette GB, Matsui EC, Butz AM, Hansel NN, McCormack MC. Indoor air pol-
lution and asthma in children. Proc Am Thorac Soc. 2010;7(2):102–6.

F. Capello and G. Pili



183

 154. Sarnat SE, Raysoni AU, Li WW, Holguin F, Johnson BA, Flores Luevano S, et al. Air pollu-
tion and acute respiratory response in a panel of asthmatic children along the U.S.-Mexico 
border. Environ Health Perspect. 2012;120(3):437–44.

 155. Tétreault L-F, Doucet M, Gamache P, Fournier M, Brand A, Kosatsky T, et al. Severe and 
moderate asthma exacerbations in asthmatic children and exposure to ambient air pollutants. 
Int J Environ Res Public Health. 2016;13(8):771.

 156. Sandstrom T, Kelly FJ.  Traffic-related air pollution, genetics and asthma development in 
children. Thorax. 2009;64(2):98–9.

 157. Mann JK, Balmes JR, Bruckner TA, Mortimer KM, Margolis HG, Pratt B, et al. Short-term 
effects of air pollution on wheeze in asthmatic children in Fresno, California. Environ Health 
Perspect. 2010;118(10):1497–502.

 158. McConnell R, Berhane K, Gilliland F, Molitor J, Thomas D, Lurmann F, et al. Prospective 
study of air pollution and bronchitic symptoms in children with asthma. Am J Respir Crit 
Care Med. 2003;168(7):790–7.

 159. YoussefAgha AH, Jayawardene WP, Lohrmann DK, El Afandi GS. Air pollution indicators 
predict outbreaks of asthma exacerbations among elementary school children: integration 
of daily environmental and school health surveillance systems in Pennsylvania. J Environ 
Monit. 2012;14(12):3202–10.

 160. Schildcrout JS, Sheppard L, Lumley T, Slaughter JC, Koenig JQ, Shapiro GG.  Ambient 
air pollution and asthma exacerbations in children: an eight-city analysis. Am J Epidemiol. 
2006;164(6):505–17.

 161. Liu L, Poon R, Chen L, Frescura AM, Montuschi P, Ciabattoni G, et  al. Acute effects of 
air pollution on pulmonary function, airway inflammation, and oxidative stress in asthmatic 
children. Environ Health Perspect. 2009;117(4):668–74.

 162. Lee SL, Wong WH, Lau YL. Association between air pollution and asthma admission among 
children in Hong Kong. Clin Exp Allergy. 2006;36(9):1138–46.

 163. Escamilla-Nunez MC, Barraza-Villarreal A, Hernandez-Cadena L, Moreno-Macias H, 
Ramirez-Aguilar M, Sienra-Monge JJ, et  al. Traffic-related air pollution and respiratory 
symptoms among asthmatic children, resident in Mexico City: the EVA cohort study. Respir 
Res. 2008;9:74.

 164. Yeh KW, Chang CJ, Huang JL.  The association of seasonal variations of asthma hospi-
talization with air pollution among children in Taiwan. Asian Pac J Allergy Immunol. 
2011;29(1):34–41.

 165. Just J, Segala C, Sahraoui F, Priol G, Grimfeld A, Neukirch F.  Short-term health effects 
of particulate and photochemical air pollution in asthmatic children. Eur Respir J. 
2002;20(4):899–906.

 166. Jalaludin B, Khalaj B, Sheppeard V, Morgan G.  Air pollution and ED visits for asthma 
in Australian children: a case-crossover analysis. Int Arch Occup Environ Health. 
2008;81(8):967–74.

 167. Migliaretti G, Cavallo F.  Urban air pollution and asthma in children. Pediatr Pulmonol. 
2004;38(3):198–203.

 168. Slaughter JC, Lumley T, Sheppard L, Koenig JQ, Shapiro GG. Effects of ambient air pollu-
tion on symptom severity and medication use in children with asthma. Ann Allergy Asthma 
Immunol. 2003;91(4):346–53.

 169. Penard-Morand C, Raherison C, Charpin D, Kopferschmitt C, Lavaud F, Caillaud D, et al. 
Long-term exposure to close-proximity air pollution and asthma and allergies in urban chil-
dren. Eur Respir J. 2010;36(1):33–40.

 170. Lewis TC, Robins TG, Mentz GB, Zhang X, Mukherjee B, Lin X, et al. Air pollution and 
respiratory symptoms among children with asthma: vulnerability by corticosteroid use and 
residence area. Sci Total Environ. 2013;448:48–55.

 171. Chauhan A, Inskip HM, Linaker CH, Smith S, Schreiber J, Johnston SL, et al. Personal expo-
sure to nitrogen dioxide (NO 2) and the severity of virus-induced asthma in children. Lancet. 
2003;361(9373):1939–44.

10 Air Pollution in Infancy, Childhood and Young Adults



184

 172. Puranik S, Forno E, Bush A, Celedón JC. Predicting severe asthma exacerbations in children. 
Am J Respir Crit Care Med. 2016;195(7):854–9.

 173. Wisniewski JA, McLaughlin AP, Stenger PJ, Patrie J, Brown MA, El-Dahr JM, et al. A com-
parison of seasonal trends in asthma exacerbations among children from geographic regions 
with different climates. Allergy Asthma Proc. 2016;37(6):475–81.

 174. Rey-Ares L, Irazola V, Althabe F, Sobrino E, Mazzoni A, Serón P, et al. Lower tract respi-
ratory infection in children younger than 5 years of age and adverse pregnancy outcomes 
related to household air pollution in Bariloche (Argentina) and Temuco (Chile). Indoor Air. 
2016;26(6):964–75.

 175. Zhu YD, Wei JR, Huang L, Wang SH, Tian HM, Guo XB. Comparison of respiratory dis-
eases and symptoms among school-age children in areas with different levels of air pollution. 
Beijing Da Xue Xue Bao. 2015;47(3):395–9.

 176. Upadhyay AK, Singh A, Kumar K, Singh A. Impact of indoor air pollution from the use of 
solid fuels on the incidence of life threatening respiratory illnesses in children in India. BMC 
Public Health. 2015;15:300.

 177. Darrow LA, Klein M, Flanders WD, Mulholland JA, Tolbert PE, Strickland MJ. Air pollu-
tion and acute respiratory infections among children 0-4 years of age: an 18-year time-series 
study. Am J Epidemiol. 2014;180(10):968–77.

 178. Ramesh Bhat Y, Manjunath N, Sanjay D, Dhanya Y. Association of indoor air pollution with 
acute lower respiratory tract infections in children under 5 years of age. Paediatr Int Child 
Health. 2012;32(3):132–5.

 179. Brauer M, Hoek G, Van Vliet P, Meliefste K, Fischer PH, Wijga A, et al. Air pollution from 
traffic and the development of respiratory infections and asthmatic and allergic symptoms in 
children. Am J Respir Crit Care Med. 2002;166(8):1092–8.

 180. Cliff J.  Indoor air pollution and acute respiratory infections in children. Lancet. 
1992;339(8790):396–8.

 181. McCarthy CE, Duffney PF, Thatcher TH, Phipps RP, Sime PJ. Dung biomass smoke attenu-
ates innate immune responses to a viral mimetic and influenza a virus in human small airway 
epithelial cells. In:  B15. Health effects of indoor/outdoor pollution in childhood. New York: 
American Thoracic Society; 2016. p. A2874.

 182. Hou W, Xu X, Lei Y, Cao J, Zhang Y, Chen L, et al. The role of the PM2. 5-associated metals 
in pathogenesis of child Mycoplasma Pneumoniae infections: a systematic review. Environ 
Sci Pollut Res. 2016;23(11):10604–14.

 183. Smith GS, Van Den Eeden SK, Garcia C, Shan J, Baxter R, Herring AH, et al. Air pollu-
tion and pulmonary tuberculosis: a nested case-control study among members of a northern 
California health plan. Environ Health Perspect. 2016;124(6):761.

 184. Mishra VK, Retherford RD, Smith KR. Biomass cooking fuels and prevalence of tuberculosis 
in India. Int J Infect Dis. 1999;3(3):119–29.

 185. Bates JM, Mahaffy DJ. Relationships of reported allergy symptoms, relative humidity and 
airborne biologicals in thirteen Florida classrooms. Proc Indoor Air. 1996;96:551–6.

 186. Gravesen S, Larsen L, Gyntelberg F, Skov P. Demonstration of microorganisms and dust in 
schools and offices. Allergy. 1986;41(7):520–5.

 187. Daisey JM, Angell WJ, Apte MG.  Indoor air quality, ventilation and health symptoms in 
schools: an analysis of existing information. Indoor Air. 2003;13(1):53–64.

 188. Calogero C, Sly P. 1 developmental physiology: lung function during growth and develop-
ment from birth to old age. Eur Respir Monogr. 2010;47:1.

 189. Schultz ES, Gruzieva O, Bellander T, Bottai M, Hallberg J, Kull I, et al. Traffic-related air 
pollution and lung function in children at 8 years of age: a birth cohort study. Am J Respir 
Crit Care Med. 2012;186(12):1286–91.

 190. Roy A, Chapman RS, Hu W, Wei F, Liu X, Zhang J. Indoor air pollution and lung function 
growth among children in four Chinese cities. Indoor Air. 2012;22(1):3–11.

 191. Gao Y, Chan EY, Li LP, He QQ, Wong TW. Chronic effects of ambient air pollution on lung 
function among Chinese children. Arch Dis Child. 2013;98(2):128–35.

F. Capello and G. Pili



185

 192. Eenhuizen E, Gehring U, Wijga AH, Smit HA, Fischer PH, Brauer M, et  al. Traffic- 
related air pollution is related to interrupter resistance in 4-year-old children. Eur Respir J. 
2013;41(6):1257–63.

 193. Altug H, Gaga EO, Dogeroglu T, Ozden O, Ornektekin S, Brunekreef B, et al. Effects of air 
pollution on lung function and symptoms of asthma, rhinitis and eczema in primary school 
children. Environ Sci Pollut Res Int. 2013;20(9):6455–67.

 194. Martins PC, Valente J, Papoila AL, Caires I, Araujo-Martins J, Mata P, et al. Airways changes 
related to air pollution exposure in wheezing children. Eur Respir J. 2012;39(2):246–53.

 195. Correia-Deur JE, Claudio L, Imazawa AT, Eluf-Neto J. Variations in peak expiratory flow 
measurements associated to air pollution and allergic sensitization in children in Sao Paulo, 
Brazil. Am J Ind Med. 2012;55(12):1087–98.

 196. Wiwatanadate P, Trakultivakorn M. Air pollution-related peak expiratory flow rates among 
asthmatic children in Chiang Mai, Thailand. Inhal Toxicol. 2010;22(4):301–8.

 197. Linares B, Guizar JM, Amador N, Garcia A, Miranda V, Perez JR, et al. Impact of air pol-
lution on pulmonary function and respiratory symptoms in children. Longitudinal repeated- 
measures study. BMC Pulm Med. 2010;10:62.

 198. Cara AC, Degryse J, van den Akker M, Dinant GJ, Manolovici C, Buntinx F.  Impact of 
early childhood air pollution on respiratory status of school children. Eur J Gen Pract. 
2010;16(3):133–8.

 199. Fuentes-Leonarte V, Ballester F, Tenias JM. Sources of indoor air pollution and respiratory 
health in preschool children. J Environ Public Health. 2009;2009:727516.

 200. Delfino RJ, Staimer N, Tjoa T, Gillen D, Kleinman MT, Sioutas C, et al. Personal and ambi-
ent air pollution exposures and lung function decrements in children with asthma. Environ 
Health Perspect. 2008;116(4):550–8.

 201. Kasamatsu J, Shima M, Yamazaki S, Tamura K, Sun G. Effects of winter air pollution on 
pulmonary function of school children in Shenyang, China. Int J Hyg Environ Health. 
2006;209(5):435–44.

 202. Timonen KL, Pekkanen J, Tiittanen P, Salonen RO. Effects of air pollution on changes in lung 
function induced by exercise in children with chronic respiratory symptoms. Occup Environ 
Med. 2002;59(2):129–34.

 203. Gauderman WJ, Gilliland GF, Vora H, Avol E, Stram D, McConnell R, et al. Association 
between air pollution and lung function growth in southern California children: results from 
a second cohort. Am J Respir Crit Care Med. 2002;166(1):76–84.

 204. Mannino DM, Siegel M, Husten C, Rose D, Etzel R. Environmental tobacco smoke exposure 
and health effects in children: results from the 1991 National Health Interview Survey. Tob 
Control. 1996;5(1):13–8.

 205. Deng Q, Lu C, Yu Y, Li Y, Sundell J, Norback D. Early life exposure to traffic-related air pol-
lution and allergic rhinitis in preschool children. Respir Med. 2016;121:67–73.

 206. Calderon-Garciduenas L, Franco-Lira M, Henriquez-Roldan C, Osnaya N, Gonzalez-Maciel 
A, Reynoso-Robles R, et al. Urban air pollution: influences on olfactory function and pathol-
ogy in exposed children and young adults. Exp Toxicol Pathol. 2010;62(1):91–102.

 207. Smith WH. Air pollution and forests: interactions between air contaminants and forest eco-
systems. Berlin: Springer; 2012.

 208. Behrendt H, Becker W, Fritzsche C, Sliwa-Tomczok W, Tomczok J, Friedrichs K, et al. Air 
pollution and allergy: experimental studies on modulation of allergen release from pollen by 
air pollutants. Int Arch Allergy Immunol. 1997;113(1–3):69–74.

 209. Majd A, Chehregani A, Moin M, Gholami M, Kohno S, Nabe T, et al. The effects of air pollu-
tion on structures, proteins and allergenicity of pollen grains. Aerobiologia. 2004;20(2):111–8.

 210. Bartra J, Mullol J, Del Cuvillo A, Davila I, Ferrer M, Jauregui I, et al. Air pollution and aller-
gens. J Investig Allergol Clin Immunol. 2007;17(Suppl 2):3–8.

 211. Morgenstern V, Zutavern A, Cyrys J, Brockow I, Koletzko S, Kramer U, et al. Atopic dis-
eases, allergic sensitization, and exposure to traffic-related air pollution in children. Am J 
Respir Crit Care Med. 2008;177(12):1331–7.

10 Air Pollution in Infancy, Childhood and Young Adults



186

 212. D’Amato G.  Urban air pollution and plant-derived respiratory allergy. Clin Exp Allergy. 
2000;30(5):628–36.

 213. Janssen NA, Brunekreef B, van Vliet P, Aarts F, Meliefste K, Harssema H, et al. The rela-
tionship between air pollution from heavy traffic and allergic sensitization, bronchial hyper-
responsiveness, and respiratory symptoms in Dutch schoolchildren. Environ Health Perspect. 
2003;111(12):1512.

 214. D’amato G, Liccardi G, D’amato M, Cazzola M. The role of outdoor air pollution and cli-
matic changes on the rising trends in respiratory allergy. Respir Med. 2001;95(7):606–11.

 215. D’Amato G, Liccardi G, D’amato M, Cazzola M. Outdoor air pollution, climatic changes and 
allergic bronchial asthma. Eur Respir J. 2002;20(3):763–76.

 216. Gruzieva O, Bellander T, Eneroth K, Kull I, Melen E, Nordling E, et al. Traffic-related air 
pollution and development of allergic sensitization in children during the first 8 years of life. 
J Allergy Clin Immunol. 2012;129(1):240–6.

 217. Kramer U, Koch T, Ranft U, Ring J, Behrendt H. Traffic-related air pollution is associated 
with atopy in children living in urban areas. Epidemiology. 2000;11(1):64–70.

 218. Boffetta P, Tredaniel J, Greco A. Risk of childhood cancer and adult lung cancer after childhood 
exposure to passive smoke: a meta-analysis. Environ Health Perspect. 2000;108(1):73–82.

 219. Reynolds P, Von Behren J, Gunier RB, Goldberg DE, Hertz A, Smith DF. Childhood cancer 
incidence rates and hazardous air pollutants in California: an exploratory analysis. Environ 
Health Perspect. 2003;111(4):663–8.

 220. Raaschou-Nielsen O, Hertel O, Thomsen BL, Olsen JH.  Air pollution from traffic at the 
residence of children with cancer. Am J Epidemiol. 2001;153(5):433–43.

 221. Raaschou-Nielsen O, Hertel O, Thomsen BL, Olsen JH. Traffic-related air pollution at the 
place of residence and risk of cancer among children. Ugeskr Laeger. 2002;164(17):2283–7.

 222. Ruchirawat M, Settachan D, Navasumrit P, Tuntawiroon J, Autrup H. Assessment of potential 
cancer risk in children exposed to urban air pollution in Bangkok, Thailand. Toxicol Lett. 
2007;168(3):200–9.

 223. Lewtas J. Complex mixtures of air pollutants: characterizing the cancer risk of polycyclic 
organic matter. Environ Health Perspect. 1993;100:211.

 224. Calderon-Garciduenas L, Mora-Tiscareno A, Franco-Lira M, Zhu H, Lu Z, Solorio E, et al. 
Decreases in short term memory, IQ, and altered brain metabolic ratios in urban apolipopro-
tein epsilon4 children exposed to air pollution. J Alzheimers Dis. 2015;45(3):757–70.

 225. Calderon-Garciduenas L, Mora-Tiscareno A, Fordham LA, Chung CJ, Valencia-Salazar 
G, Flores-Gomez S, et al. Lung radiology and pulmonary function of children chronically 
exposed to air pollution. Environ Health Perspect. 2006;114(9):1432–7.

 226. Scotland A. Third-hand smoke. 2011.
 227. Merritt TA, Mazela J, Adamczak A, Merritt T. The impact of second-hand tobacco smoke 

exposure on pregnancy outcomes, infant health, and the threat of third-hand smoke exposure 
to our environment and to our children. Przeglad lekarski. 2012;69(10):717–720.

 228. Ueta I, Saito Y, Teraoka K, Miura T, Jinno K. Determination of volatile organic compounds 
for a systematic evaluation of third-hand smoking. Anal Sci. 2010;26(5):569–74.

 229. Bayer-Oglesby L, Grize L, Gassner M, Takken-Sahli K, Sennhauser FH, Neu U, et  al. 
Decline of ambient air pollution levels and improved respiratory health in Swiss children. 
Environ Health Perspect. 2005;113(11):1632–7.

 230. Barnes BR, Mathee A, Krieger L, Shafritz L, Favin M, Sherburne L.  Testing selected 
behaviors to reduce indoor air pollution exposure in young children. Health Educ Res. 
2004;19(5):543–50.

F. Capello and G. Pili


	10: Air Pollution in Infancy, Childhood and Young Adults
	10.1	 Background
	10.1.1 Why Children Differ from Adults When Exposed to Air Pollution

	10.2	 Epidemiology and Impact
	10.2.1	 Exposure
	10.2.2 Age and Gender
	10.2.3 Air Pollution and Healthcare
	10.2.4 Hospitalization
	10.2.5 Morbidity and Mortality
	10.2.6 Quality of Life
	10.2.7 Society
	10.2.8 Developing Countries

	10.3	 Effect of Air Pollution on Organs and Systems in Children
	10.3.1 Birth Weight and Antenatal Exposure to Air Pollution
	10.3.2 Growth
	10.3.3 Neurological Development
	10.3.4 Psychological Effect
	10.3.5 Immunity and Infections
	10.3.6 Gastroenterological
	10.3.7 Cardiovascular
	10.3.8 Metabolism, Endocrinology and Obesity
	10.3.9 Haematology
	10.3.10 Respiratory
	10.3.10.1	 Asthma and Airway Inflammation
	Onset of Asthma
	Exacerbation of Asthma


	10.3.10.2	 Respiratory Tract Infections
	10.3.10.3	 Lung Function
	10.3.10.4	 Upper Respiratory Effects: Otitis, Rhinitis and Olfactory Function

	10.3.11 Allergies
	10.3.12 Cancer

	10.4	 Diagnosis
	10.4.1 Possible Markers of Air Pollution Exposure in Children

	10.5	 Management and Prevention
	References


