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Abstract: Exposure to airborne fine particulate matter (PM,5) carries substantial health risks,
particularly for younger children (0-10 years). Epidemiological evidence indicates that children are
more susceptible to PM health effects than adults. We conducted a literature review to obtain an
overview of existing knowledge regarding the correlation of exposure to short- and long-term PM
concentrations with respiratory symptoms and disease in children. A collection of scientific papers
and topical reviews were selected in cooperation with two experienced paediatricians. The literature
review was performed using the keywords “air pollution”, “particulate matter”, “children’s health”
and “respiratory” from 1950 to 2016, searching the databases of Scopus, Google Scholar, Web of
Science, and PubMed. The search provided 45,191 studies for consideration. Following the application
of eligibility criteria and experts’ best judgment to titles and abstracts, 28 independent studies were
deemed relevant for further detailed review and knowledge extraction. The results showed that most
studies focused mainly on the effect of short-term exposure in children, and the reported associations
were relatively homogeneous amongst the studies. Most of the respiratory diseases observed in
outdoor studies were related to changes in lung function and exacerbation of asthma symptoms.
Allergic reactions were frequently reported in indoor studies. Asthma exacerbation, severe respiratory
symptoms and moderate airway obstruction on spirometry were also observed in children due to
various sources of indoor pollution in households and schools. Mixed indoor and outdoor studies
indicate frequent occurrence of wheezing and deterioration of lung function. There is good evidence
of the adverse effect of short-term exposure to PM on children’s respiratory health. In terms of
long-term exposure, fine particles (PMg 1-PM, 5) represent a higher risk factor than coarse particles
(PMy5-PMjp). Additional research is required to better understand the heterogeneous sources and
the association of PM and adverse children’s health outcomes. We recommend long-term cooperation
between air quality specialists, paediatricians, epidemiologists, and parents in order to improve the
knowledge of PM effects on young children’s respiratory health.

Keywords: air pollution; asthma; severe health effects; epidemiology; respiratory; wheezing

1. Introduction

Particulate matter (PM) has been shown to be one of the major airborne pollutants in urban
environments, as it is comprised of inhalable particles that penetrate the thoracic region of the
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respiratory system, creating considerable adverse health effects [1-3]. Such health effects can be
aggravated by individual vulnerability (e.g., children, elderly people, persons with chronic pulmonary
and cardiopulmonary diseases, or with poor immune systems), and are dependent on exposure
duration. It is well documented that exposure to high levels of PM causes major adverse health
effects for those who live close to air pollution sources [4,5]. Results from the World Health
Organization (WHO) [3] and other research studies [6-8] have indicated that exposure to PM results
in respiratory morbidity (aggravation of asthma, respiratory symptoms and an increase in hospital
admissions). Furthermore, excess mortality also results due to respiratory diseases and from lung
cancer in adults [9,10]. Fine fractions of PM (PMy 1-PM; 5) induce cardiopulmonary disorders and/or
impairments [11].

Children are not small adults [12] and are particularly vulnerable to exogenous factors such as
air pollution. Their exposure to PM affects lung development, including irreversible deficits in lung
function as well as chronically reduced lung growth rate [13-15]. Asthma is the most common chronic
childhood disease and the leading cause of morbidity in chronic diseases in children [16]. Because
of intensive urbanization, increased exposure to domestic allergens and growing levels of various
air pollutants, the incidence of asthma in children has increased significantly in recent decades [17].
An important factor in asthma evolution is the removal of trigger factors [18]. In general, asthmatic
children suffer limitation of daily physical activities, leading to school absenteeism. Multiple factors,
including air pollution, are contributing to increased asthma morbidity. Recent studies performed in
two Romanian cities indicated that the prevalence of asthma in children is increasing at a rate of 8-11%
per year [19].

Safe levels of exposure, or a threshold below which no adverse health effects occur, are difficult to
establish [3,20,21]. At present, research regarding the impact of different chemical species of PM on
human health is carried out using a complex multidisciplinary approach [22,23]. Epidemiology
studies [24-28] suggest that further research must focus on respirable dusts and their chemical
speciation and should focus further on aggravated or causative effects in children up to 6 years
as they are the most vulnerable [19,29].

There is evidence that long-term reduced level of PM results both in health benefits [5,30] and
in reduced national health costs (e.g., diminishing of hospitalizations and associated treatment).
Furthermore, quantitative knowledge of emission sources and levels, as well as trends in the emission
of primary particles and precursor gases, plays an important role in finding the best control strategy
for reducing risks at a spatiotemporal scale [31].

1.1. What Is Particulate Matter and Where Does It Come From?

The term PM is used for a mixture of solid particles and liquid droplets suspended in the
air [32]. These particles originate from various sources such as combustion processes in road traffic
and industry, vehicle braking, tire wear, pavement erosion, forest fires, chemical or photochemical
reactions in the atmosphere, transport and dispersion of soil or rock particles from the soil surface,
transport and dispersion of seawater droplets from surface of seas or oceans, volcanic eruptions, pollen
dispersal, etc. [33].

PM in urban areas includes dust, dirt, soot, smoke, and liquid droplets emitted into the air mainly
by vehicles, factories, residential heating and construction activities. PM inhalable, thoracic, and
respirable fractions are pollutants of concern that act as major air quality stressors. Coarse particles are
PM that exceeds 2.5 microns (um) in aerodynamic diameter up to 10 pm (PM;), while fine particles
are smaller than 2.5 um (PMj 5). Ultrafine particles have sizes up to 100 nanometres (nm) (PMy 1).

1.2. Chemical Composition of Particulate Matter and Its Potential Health Effects

Through exposure to fine and coarse particles, and particularly to excessive levels of fine and
coarse particles above the threshold limit values (Table 1), PM can penetrate into the thoracic regions
or lower areas of the respiratory tract, causing asthma and respiratory morbidity. Studies indicate that
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fine particulates are the most important factor for adverse health effects, while coarse particulates have
lower influence due to their relative large size [34]. Brown et al. (2013) [35] found that approximately 20% or
less of PMj particles penetrate through the extra thoracic airways and into the lower respiratory tract.

Table 1. Guideline values of exposure to PM; 5 and PM; by World Health Organization (WHO 2011).

Guideline Values PM; 5 Guideline Values PM7
10 ug/ m? (annual mean) 20 pug/ m? (annual mean)
25 ug/ m? (24-h mean) 50 ng/ m?3 (24-h mean)

Both chemical and physical compositions of PM depend on various factors, such as location,
time of the year, and weather. Major components of PM include sulphate, nitrate, ammonium and
hydrogen ions, trace elements (including toxic and transition metals), organic material, elemental
carbon, and crustal components [36]. PM can also consist of at least 160 organic compounds and
20 metals (Ag, As, Ba, Be, Dc, Ce, Cr, Co, Cu, Fe, Mn, Nd, Ni, Pb, Sb, Se, Sr, Ti, V and Zn). Significant
variations between polluted industry zones and background sites for each heavy metal concentration
are observed in the analysed PM [37,38]. New environmental concerns are related to the presence of
platinum group elements, or PGE, (Pt, Pd and Rh) in airborne fine fraction of PM originating from
automobile catalytic converters that employ these metals as exhaust catalysts. PGE have increased
bioavailability because they may be solubilised by various compounds commonly present in the
environment and transformed into more toxic species upon uptake by organisms. The presence of
chloride in lung fluids may result in the formation of halogenated PGE complexes, which have an
increased potential for inducing cellular damage [39].

The abundance of chemical species in PM has a seasonal dependency based on their volatility
and the influence of photochemical production of secondary species [40]. Kim et al. (2015) [41]
compared coarse and fine particles based on composition, common emission sources, life span, and
travel distance reported in the literature. They observed that PM, 5 contains more hazardous chemical
species such as Polycyclic Aromatic Hydrocarbons (PAHs) and heavy metals, which have carcinogenic,
mutagenic and/or teratogenic effects [42]. Various health effects of PM, 5, ranging from insignificant
to very serious, are associated with its specific chemical and physical components. While heavy
metals have an influence on chronic disease development in correlation with exposure time and
bioaccumulation mainly in adults [43], PAHs tend to be more dangerous to the health of children due
to their direct toxic effect [44]. The US Environmental Protection Agency (EPA) and the EU European
Environmental Agency (EEA) have identified a list of 16 priority PAHs for monitoring [45], from which
Benzo(a)Pyrene (BaP) is in the first carcinogenic group. The complexity of PM chemical speciation
reinforces the relevance of rigorous PM monitoring and associated micro-pollutants for reliable air
quality management [46].

1.3. Objective of the Study

This paper presents the results of a quantitative meta-data-based literature review on existing
knowledge of airborne PM’s effects on young children’s health. As such, this article aims to provide
a snapshot on the progress and setbacks in PM research, focusing on the respiratory health effects
in young children (0-10 years) as one of the most vulnerable groups of society. We have selected
this age interval based on the recommendations from paediatric specialists knowing that children
under 10 years (infants, pre-schoolers and small schoolers) have a faster breathing rate, a peculiar
immune system and an uncertain response to asthma controller medications for sensitive children
compared to older age children. The automatic search using the selected “Air pollution—Particulate
matter—Children’s health—Respiratory” syntax followed by best judgment assessments using
established criteria and professional experience provided a non-exhaustive basic list to be used
as a roadmap with meaningful milestones for those new to the field.
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2. Methodology

Our review was based on a collection of scientific papers and topical reviews, selected in
cooperation with two experienced paediatricians (>25 years of praxis) from two emergency hospitals
located in different cities. The literature was obtained by using a step-by-step search string in four of
the most accessed databases (Scopus, Google Scholar, Web of Science, and PubMed), using the first
keyword with subsequent ones in the following order: Air pollution—Particulate matter—Children’s
health—Respiratory. The search period was from 1950 to 2016.

The number of citations was used as prioritization criteria to facilitate the consultation of the
results between 1950 and 2010. The number of citations for articles published between 2011 and 2016
was not considered as criteria for including or excluding. Because they have been published relatively
recently, their number of citations might have been quite low. However, we reviewed the abstracts for
articles published between 2011 and 2016. At the end, 28 selected articles were reviewed in full text
(Figure 1).

45,191 articles identified
- 157 from Web of Science
-1,027 from Scopus
- 42,890 from Google Scholar
- 1,117 from PubMed

24,647 overlapping articles excluded

20,544 articles remaining after

: x : /20,499 articles excluded according to selection
excluding overlapping articles

criteria

- 10,272 article excluded by searching the key
word ‘air pollution’ to titles and abstracts

- 7,377 article excluded by searching the key
word ‘particulate matter’ to topic

o5articles Taraliiiie after - 2,800 article excluded by searching the key
excluding 20499 ar%icles \_ word ‘children’s health’ to topic
according to selection criteria

67 articles excluded by reviewing
abstracts, checking number of
citations for the papers published
between 1950-2010; Age criteria
was applied.

28 articles reviewed in full-text
and included in the final
analysis based on paediatric
experts recommendation

Figure 1. Selection process for articles” review and meta-analysis.

3. Results

3.1. Databases” Automatic Search Results

The results were grouped according to five time-periods (1950-1980, 1981-1990, 1991-2000,
2001-2010 and 2011-2016).

The number of studies on PM effects on children’s health increased over the years, and reached
their highest number around the year 2010. The early-published papers generally discussed the effects
of smoking and indoor air quality on children’s health (1950-2000). A consistent progress on this
topic towards complex multidisciplinary approaches was observed in each database, especially in
the last period (2011-2016). Such advanced studies involved PM monitoring, chemical speciation,
spatiotemporal modelling, and source apportionment correlated with epidemiological surveys
amongst children.



Atmosphere 2018, 9, 150 50f 18

Adding the keyword “respiratory” has significantly reduced the number of hits in all databases
(Table S1, Figure S1), leading to 45,191 articles, which included 157 from Web of Science, 1027 from
Scopus, 42,890 from Google Scholar and 1117 from PubMed (Table S1). Many articles have been
indexed in all four databases. Of particular interest was the relatively low number of documents that
discussed respiratory problems in children caused by PM, i.e., 2.4% (PubMed), 4.4% (Web of Science),
9.9% (Google Scholar) and 15.3% (Scopus).

After applying the eligibility criteria with the best judgment of paediatric experts, 28 independent
studies were deemed relevant to build a basic list summarising the main respiratory health effects
in young children (See Table S2). Out of these, 9 studies focused on outdoor, 8 on indoor, and 11 on
indoor and outdoor environments. Most of the selected articles were published between 2011 and 2016
(22 articles) and in 2010 (4 articles). This showed that this topic is relatively new.

The following section presents a synthesis of our literature review, pointing out in brief the key
research elements about the relationship of PM to respiratory health effects in children. Due to the
numerous findings in various fields of this topic, the synthesis is presented following the DPSEEA
(Driving forces, Pressures, State, Exposures, Health effects and Actions) framework [47,48], focussing
mainly on novel approaches and future trends regarding the PM effects on children’s respiratory health.

3.2. Current Knowledge on the Effects of Particulate Matter on Children’s Health

3.2.1. Growth and Development of Children in Relation to Exposure to Air Pollution

Children are not “adults in miniature”, because they are undergoing multiple transformations from
newborn status to adolescence. This process of growth and development is dynamic, continuous and
complex, comprising quantitative, biological and functional modifications.

The effect of the environment on children’s health is not limited only to childhood, but starts from
parental exposure before conception, maternal exposure during pregnancy and continues with the
child’s exposure in all stages of development from new-born to teenager [16]. Prenatal exposure to
fine particles increases susceptibility to respiratory infections and determines respiratory morbidity
in early childhood [49]. Furthermore, study found that prenatal PM; 5 exposure at mid-gestation is
associated with asthma development by age 6 years in boys [50].

Children under 10 years have a faster breathing rate compared to adolescents and adults, which
results in inhalation of higher quantities of air and, depending on its pollutant load, a more pronounced
exposure [12,19]. Other indicators that should be considered for investigation are diurnal symptoms
per week, nocturnal symptoms per month, response to 52 (Short-acting bronchodilators) inhalation
medication, serum levels of immunoglobulin E, eosinophil count, and the child’s physical status and
activities [51]. Functional exploration of the respiratory tract is important to establish the diagnostic,
monitoring progress and the severity of chronic respiratory diseases that are potentially triggered from
exposure to air pollutants [51,52].

The oxygen consumption of newborns is about 30 mL/min, approximately 150 mL/min for a
child of 10 years of age in basal conditions, and 3000 mL/min can be reached for a teenager of 16 years
under maximal effort [53]. These values indicate that child lungs must cope with significant variations
regarding the requirements of gaseous exchange related to somatic growth and the child’s activity.
Investigation of pulmonary function can be achieved through a series of lung functional tests using
various methods: spirometry, peak expiratory flow (PEF) measurements and plethysmography [54].
PEF readings provide an objective measure of how well the lungs are functioning and the maximum
flow that can be produced during forced expiration. Thus, a decrease in PEF reveals that lung function
has decreased. When asthma is controlled, PEF readings do not vary from day to day. Daily monitoring
of PEF values allows for detection of lung function variability, and can even predict an asthma attack
days before [55]. It also proves to be a useful method for highlighting the diurnal variation of PEF [56].
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Children with obstructive lung disease associated with prolonged exposure to air pollutants
have difficulty with expiration. Consequently, they tend to have an increased residual volume (RV),
a decreased Vital Capacity (VC), and an almost normal Total Lung Capacity (TLC) [54-57].

Some averaged results reported in literature for outdoor PM,; 5 estimated doses related to the
children’s weight were 0.2 ug/kg-day [58], 0.32 ug/kg-day [59] and 0.22-0.26 ug/kg-day [19] for
sensitive children with reduced PEF. Overall, changes in lung anatomy and breathing patterns
associated with growth and development of children need to be critically considered when assessing
PM exposure/dose [60].

3.2.2. Effects of Exposure to Particulate Matter on the Pulmonary Function in Children

Pulmonary Function and PM Impairment Mechanism

After birth, pulmonary development continues up to the age of 8 years in two stages: (i) the
formation of new alveoli up to the age of 3 years (at birth, only 1/8 of the total adult alveoli are
finalised); and (ii) the phase in which the pulmonary alveoli and other structures of the respiratory
tract increase in volume. The reasons for higher impact on children’s respiratory health compared
to adults are due to the morpho-functional peculiarities of the respiratory system in children [61,62].
This includes (i) immaturity of the respiratory muscles; (ii) higher respiratory rate than adults, where
children breathe more air relative to their body weight; the metabolic rate (reflected in O, consumption
and CO, production) per body weight in children is higher than that in adults, which is reflected in
higher minute ventilation (the product of tidal volume and breathing frequency) per body weight
in children than in adults [60]; (iii) shorter airways than adults, so that the particles can reach the
lung more easily; (iv) immaturity of the lung immune system, resulting in bronchial hyper-reactivity
in contact with pollutants’ allergens; (v) predominance of cholinergic system; (vi) 80% of alveoli are
formed from birth up to the age of 6; and (vii) development of lung function during adolescence [63].
The lungs of children are continuously exposed to the external environment and are thus susceptible to
many respiratory diseases [64]. The human respiratory system is able to filter out large particles, but is
vulnerable to particles with diameters lower than 10 um, in particular PM; 5 and PMy ;. In addition to
particle diameter, the depth of penetration into the lungs depends on multiple factors as follows: age,
physical effort, breathing type-oral /nasal, pre-existence of respiratory diseases, weather conditions,
and the presence of other pollutants/aerosols into the surrounding air [65]. Obstruction of respiratory
airways (asthma) causes changes in the lungs’ normal size [66].

A majority of fine particles may deposit deep in the lungs because of reduced inertia when inhaled
in slow, deep breaths. They penetrate deep into the acinus passing through the nasal and conducting
airways without depositing. If there is vigorous mixing between the particle-laden tidal airflow and
the alveolar residual air, and sufficient time for deposition, then a significant portion of the particles are
likely to deposit in the acinus [67]. Children generally spend more time outdoors, which predisposes
the lungs to a higher inhalation of air pollutants in areas with increased concentrations.

PM was found to trigger pulmonary oxidative stress and inflammation. When child airway
epithelial cells are exposed to PM, inflammatory cytokines are produced. Alveolar macrophages exhibit
respiratory burst activity, producing reactive oxygen species, nitrogen species, and release TNF-a
(tumour necrosis factor) and IL-1 (interleukin 1) after exposure [68]. In addition to oxidative stress
generated from activation of inflammatory cells, reactive oxygen species may be directly generated
from the surface of particles [69]. This oxidative damage is associated with the primary development
of asthma and chronic obstructive pulmonary disease (COPD). Exposure to PM; 5 may alter and
impair normal immune responses of the lung concomitantly with other exogenous factors, making it
susceptible to infections.

In the first step, PMj 5 can impair the bronchial mucociliary system and result in decrease of
bacterial clearance [11]. In the second step, PM;5 and PM;s-induced disorder of inflammatory
cytokines may trigger the death of lung epithelial cells and fibroblasts and inhibit the intercellular
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communication between these cells. This will increase the epithelial barrier permeability impairing
their function as the physical barriers for pulmonary innate immunity [70].

Table S3 presents the most reported respiratory symptoms and diseases occurring in children that
are potentially triggered and/or aggravated by air pollution especially from exposure to fine fractions
of PM [71].

Quantitative Effects of PM on Pulmonary Function

In the U.S., a four-month study that measured the daily PEF at bedtime using peak flow meters
was performed with children of 9 and 10 years of age [72]. A significant correlation was found
between the measured values of PMjj and the average PEF variations. In the UK, Scarlett et al. [73]
found a very small, but statistically significant, adverse effect of PM;j( on lung function in a group
of 154 children attending a primary school adjacent to a major motorway. A significant inverse
relationship between daily mean PMj levels lagged one day and Forced Vital Capacity (FVC) was
observed with a reduction in lung function of 1% (95% CI 0.3% to 2%) across the whole range of
PM;y levels (20-150 pg m ). In Austria, Neuberger and Moshammer (2004) [74] observed that the
active surface of particles inhaled by children several hours to days before spirometry was related
to short-term reductions in FVC, Forced Expiratory Volume in one second (FEV1) and Maximal
Expiratory Flow rate at 50% of vital capacity (MEF50). Four week-diaries indicated that the respiratory
symptoms increased with acute exposure to a higher active surface of particles, such as wheezing,
dyspnoea, coughing when going to sleep, and coughing at night in children with asthma or previous
airways obstruction. In Japan, Watanabe et al. (2016) [75] investigated the effect of particulate air
pollutants on respiratory symptoms and the inflammatory response in schoolchildren. Their results
indicated that daily-suspended particulate matter (SPM) levels were not associated with respiratory
symptoms or the daily amount of interleukin IL-6, IL-8, and tumour necrosis factor TNF-« level.
Conversely, there was a significant association between respiratory symptoms and the daily IL-6, IL-8,
and TNF-« level. These results suggest that the effects of particulate air pollutants on respiratory
symptoms in schoolchildren might depend more on the pro-inflammatory response to them than
on their mass concentration. These findings indicated that lung function declines immediately after
a pronounced exposure to air pollution. A similar approach has been applied in numerous studies
worldwide. The articles related to these studies show that the lung function of children had an acute
and irreversible decrease after pollution episodes of ozone and PM [76-78]. However, in Finland,
most regression coefficients between air pollution, including PM;y and morning and evening PEF,
were negative but not statistically significant in 56 symptomatic children (34 with asthma and 16
with a dry cough) near a steel factory [79]. According to new research led by Rice et al. (2016) [80],
improved air quality in U.S. cities since the 1990s may not be enough to ensure normal lung function
in children, and even low levels of air pollution including PM; 5 and Black Carbon (BC) appear to
affect children’s respiratory health. From their study, lung function of children at the age of eight,
living within 100 meters of a major roadway, was on average 6% lower than that of children living
400 m or more away [80]. Monitoring occurrences of wheezing in the absence of fever can provide a
reliable assessment of the air pollution effect on the exacerbation of asthma and respiratory disorders
in sensitive children [19].

Although not without inconsistencies, the existing wider body of research suggests that PM
exposure can influence lung development and can have an important impact on lung function in
children, both for those with and without pre-existing lung diseases. To address the variations that
persist, large cohort studies with frequent comprehensive participant evaluations and individual level
PM exposure assessments are needed [81]. However, studies on indoor air pollution have tended
to be of small amplitude, making definitive conclusions more challenging [82]. These knowledge
gaps indicate that further epidemiological studies are required and in addition, new methods of
investigation should be developed.
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3.2.3. Effects of Exposure to Particulate Matter on Children’s Health: Short- vs. Long-Term and
Outdoor vs. Indoor

In the general population, secondary symptoms of exposure to PM are caused both by short-term
(hours, days) and long-term exposure (months, years), and include: (i) respiratory morbidity, such
as asthma worsening, respiratory symptoms, and increasing of hospital admissions [48,51,83]; and
(i) mortality through respiratory diseases or lung cancer, respectively [9,10]. In children, respiratory
symptoms are divided into two main categories: symptoms related to diseases of the upper respiratory
airways (cough, runny nose, sore throat and ear pain-otalgia) that are usually viral and treated at
home with symptomatic medication (supportive care); and symptoms related to diseases of the
lower respiratory airways (persistent cough, shortness of breath-dyspnoea, wheezing and chest pain).
Those symptoms are much more serious and can be treated either through home supportive care or
more frequently by hospital admission [57]. Table 2 summarises the main health effects recorded in
the children’s population in various countries of the world, which were reported in the articles we
reviewed in full.

Table 2. Summary of particulate matter health effects on young children’s respiratory symptoms and
diseases extracted from selected articles based on eligibility criteria and best judgment of paediatric
experts (more details in Table S2).

Health Effects Author Country Locsat:igr; of l\gllinill;i;(:f
Respiratory symptoms and Kumar et al. (2007) [84] India Indoor & outdoor 394
inflammatory response Siddique et al. (2010) [85] India Outdoor 16,164
(shortness of breath, wet and Barakat-Haddad et al. (2012) [86] Canada Outdoor 395
dry cough wheezir,‘ng chest Oluwole et al. (2013) [87] Nigeria Indoor 59
tightness t,hroat Cong;estion) Nunes et al. (2015) [88] Portugal Indoor & outdoor N/A
’ Watanabe et al. (2016) [75] Japan Indoor & outdoor 360
Wheezing and poor Rodriguez et al. (2010) [89] quombia Indoor & outdoor 768
respiratory health status Nandasena et al. (2012) [90] Sri Lanka Indoor &outdoor N/A
Pedersen et al. (2013) [91] Europe Outdoor N/A
Gehring et al. (2010) [92] German Outdoor 3863
Asthma, Asthma and Buts cral. (2011a) [93] UsA Indoor 126
bronchiolitis, atopy and Butz et al. (2011b) [94] USA Indoor 41
alrways 1nﬂ§anatlon, Robinson et al. (2011) [95] Peru Indoor 1441
Hospital admissions an.d. Lewin et al. (2013) [96] Canada Outdoor N/A
emergency department visits Madureira et al. (2015) [97] Portugal Indoor 1600
for asthma Lim et al. (2016) [98] Global Indoor & outdoor N/A
He et al. (2010) [77] China Outdoor 983
Siddique et al. (2011) [99] India Indoor & outdoor 5671
Deterioration and changes of Zora et al. (2013) [100] USA Outdoor N/A
lung function Buonanno et al. (2013) [101] Ttaly Indoor & outdoor 103
Ferreira & Cardoso (2014) [102] Portugal Indoor & outdoor 1019
Paulin & Hansel (2016) [82] Global Indoor & outdoor N/A
Rice et al. (2016) [80] USA Indoor & outdoor 614
Acute lower respiratory tract Ramesh et al. (2012) [103] India Indoor 202
infections Sram et al. (2013) [104] Czech Republic Outdoor 1492
Increasing risk of
hospitalization for all Marchettia et al. (2014) [105] Ttaly Outdoor 3854
diagnoses
Onset of skin, mucosal and Zhang et al. (2014a) [106] China Indoor 2134

general symptoms

Most of the health effects observed in outdoor studies were related to a change in lung function [77,
85,86,104,105] and asthma symptoms exacerbation [2,85,92,96,100].

In indoor studies, allergic reactions were frequently reported [95,97,107]. Atopy, which is an abnormal
production of E immunoglobulin as a response to surrounding allergens, is the strongest predisposing
factor for developing asthma. Asthma exacerbation [93,94], severe respiratory symptoms [84,108],
acute lower respiratory tract infections [103] and moderate airway obstruction on spirometry [109]
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were also observed in children due to various sources of indoor pollution (e.g., smoking, stoves,
allergens, etc.) in households [87] and schools [106]. The presence of various allergens (e.g., house dust,
moulds, feathers, hair, fur, etc.) and chemical emissions (from furniture, carpets, repellents, scents,
wall paintings, etc.) in indoor environments has a major effect acting as asthma triggers. In this context,
PM fine fractions might have a secondary adverse contribution to children’s respiratory health as well.

Mixed studies (indoor and outdoor) pointed out the frequent occurrence of wheezing [88,89]
as well as deterioration of lung function [88,102]. Buonanno et al. (2013) [101] found significant
changes in pulmonary function tests using continuous exposure monitoring. Their study aimed to
estimate alveolar and tracheobronchial dose, measured as deposited surface area for 103 children
and to evaluate the long-term effects of exposure to ultrafine particles from traffic emission through
spirometry, skin prick tests and measurement of exhaled nitric oxide (eNO). eNO is a relevant marker
to the various clinical aspects of asthma in young children. It can be used as a predictor of asthma
development in children with persistent respiratory manifestations (i.e., rhinitis, cough, wheezing)
and is useful for monitoring patients treated with biological medication [110]. It may be used in the
evaluation of one of the most common chronic/recurrent symptoms responsible for hospital admission
of a child: the chronic cough [111].

Air pollution episodes are clearly a trigger for respiratory symptoms in sensitive children and
children with asthma, which can become serious and even result in respiratory failure if not treated
properly. These symptoms include a decrease of lung function, an increase of visits to emergency
departments and hospitalizations, as well as an increase in severity of symptoms. In many situations,
severe effects may occur despite the use of inhaled asthma medication [19].

Figure 2 illustrates the cause—effect relation in asthma, starting from various triggers including air
pollution, to aggravating effects such as inflammation, hyperactivity and obstruction of the respiratory
tract. If specific medication does not succeed in reducing the severity of symptoms, emergency room
visits and/or hospital admission are required. Modifications of symptomatology may result from
removal of pollutants or allergens/irritants around children, seasonal changes with variable exposure
to pollen or dust, increase in viral infections during the cold months, and lung development together
with child evolution influenced by the genetic susceptibility [112,113]. A comprehensive overview
regarding the impact of early-life exposure to airborne environmental insults on the function of the
airway epithelium in asthma can be found in Spann et al. (2016) [114].

An asthma attack is the result of an exacerbation of the oxidative stress from reactive oxygen
species (ROS), manifested more frequently during the night or early morning, by the appearance of
paroxysms with specific symptoms [72]. Lim et al. (2016) [98] carried out a study on the short-term
effect of PM; 5 on children’s hospital admissions and emergency department visits for asthma. Their
primary meta-analysis indicated that hospital admissions and repeat emergency department visits
for children with asthma were positively associated with a short-term 10 ng/ m?3 increase in PMj 5.
In a longitudinal cohort study of children living in high-density New York City neighbourhoods,
residential proximity and density of traffic and stationary sources of air pollution were associated with
wheezing, reported asthma, and higher levels of total IgE between birth and 5 years of age [29].

These severe health effects are the reason that most countries have enforced preventative measures
and standards (e.g., air quality guidelines, air quality standards, air quality plans, etc.) to limit emissions of
air pollutants in urban areas.
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Figure 2. Causal relation between asthma in children and air pollution including airborne fine particulate
matter from inflammation of respiratory tract (subclinical effects) to severe effects (Emergency
Department visit; hospital admission; status asthmaticus; and premature mortality).

4. Discussion

Early lung function abnormalities lead to suboptimal respiratory function later in life [115] with
major socioeconomic consequences. Continued exposure of children to airborne pollutants increases
the severity of many lung diseases. In selected articles, the children exhibited the same respiratory
health effects independent of location, economic status and PM concentrations levels of the country
(Table 2). PM; 5, PMj; and soot may be a hazard to public health even at lower levels of exposure
that are far below current national standards [80]. Combined with other air pollutants, PM has a
significant negative synergic effect on children’s normal lung functioning, especially within indoor
microenvironments [97]. Unfortunately, there was no available information regarding the correlation
between PM chemistry, particle morphology and associated respiratory health effects in the selected
studies, which is another limitation of the current approach. However, it is difficult to find a direct link
between individual chemical species and health effects, suggesting that a combination of chemical as
well as physical properties of aerosols (mass, particle number, and surface area), contribute to adverse
health effects [51,116].

The selected studies were homogeneous regarding the occurrence of respiratory health effects in
indoor, outdoor and mixed exposure to PM pollutants. Differences in reports were observed between
urban and rural areas. Some studies reported that rural areas may have more severe cases of respiratory
symptoms and diseases [88,108] that may result from parents waiting up to the point when a hospital
visit is inevitable. Rural children were less likely to use asthma medications compared to children in
urban areas [117], indicating a lack of asthma and respiratory symptoms control among rural children,
resulting in more extreme health outcomes. Moreover, children in urban areas have more health
resources to help control respiratory diseases and quicker ambulance response times.

Many reports showed that children in urban areas were more affected by PM exposure mainly
because of the higher concentrations existing both indoor and outdoor, originating from nearby sources
(e.g., traffic, industrial, heating, cooking, etc.). In the framework of European Study of Cohorts for
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Air Pollution Effects (ESCAPE) project, it was found that estimated levels of PM; 5 absorbance, and
PM, 5 at the current address, but not at the birth address, were associated with small decreases in
lung function based on data regarding the lung function at 6-8 years of age from birth cohort studies
situated in Germany, Sweden, the Netherlands, and the United Kingdom [118,119].

Overall, the severity of respiratory health effects increasing the risk of hospitalization for all
diagnoses was preponderantly determined by the child’s age and sensitivity, degree of exposure to
PM and other air pollutants, and association with viral infections.

In conclusion, Figure 3 summarises the main findings and facts related to the causality of
respiratory health effects determined by PM exposure in young children.

* PM2.5 (fine) and PMO.1 (UFP)
Particle e Particle mass
size ® Chemical composition (metals and PAHs)
® Particle morphology

¢ Urban vs. rural/Indoor and Outdoor

¢ Time spent in contaminated microenvironments
* Functional probes of child (pattern of breathing)
* Season and meteorology

* Child sensitivity

* Dose-dependent relationship PM-child disease

Exposure

* Respiratory symptoms and diseases
Health ¢ Wheezing
effects * Aggravation of viral infections

* Asthma attacks

* Modifications of blood parameters
Effect (IgE and eosinophils)

strength

* Respiratory morbidity

* girway remodeling and chronic inflammation

* asthma development by enhancing atopy and IgE responses
* Hospital admissions and emergency department visits

e Status asthmaticus

Figure 3. Synthetic representation of the main key points resulted from the literature review.

There is clear evidence that the decrease of air pollution levels due to interventions within air
quality planning provides health benefits. These benefits are correlated with any decrease in the level
of PM. With regard to the planning of living environments for vulnerable groups, the responsible
authorities must ensure an optimal management of air quality through rigorous planning of public
health, transport, construction and energy production according to local topography and meteorology.

5. Conclusions

In this review, we aimed to get an overview of the main respiratory effects for young children’s
exposure to PM by using the keywords “air pollution”, “particulate matter”, “children’s health” and
“respiratory”. Due to use of keywords, our review of the extended literature may be limited in scope;
Alternative keywords (e.g., “particulate air pollutants”, “children”, and “respiratory diseases”) and
synonyms could possibly have resulted in additional articles. Nevertheless, the initial search was used
as a starting point, since many of the articles we read pointed us to additional studies.

From the present review, we can conclude that there is good evidence of the adverse effects of
exposure of PM on young children’s respiratory health. Exposure to PM affects lung development in

children, including irreversible deficits in lung function as well as chronically reduced lung growth
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rate and a deficit in long-term lung function. There is no evidence of a safe level for PM exposure
or a threshold below which no adverse health effects may occur. The exposure is ubiquitous and
involuntary, increasing the significance of this health determinant. The relationship between particulate
air pollutants and respiratory symptoms in children has not been consistent among studies, potentially
owing to differences in the inflammatory response to different particulate air pollutants. The most
frequently cited health effect among children living in areas with high concentrations of air pollutants
was hospital admission due to respiratory symptoms, including wheezing, asthma and pneumonia.

The latest evidence indicates that not only the mass of PM, but also the number and size of
the particles as well as chemical composition are influencing respiratory diseases, especially in
young children. In this context, the development of dedicated prevention and research programs
represents priority actions at the national to international level. Such programs must track the
evolution of these patients in a broader collaboration, and include national and international
specialised institutions, associations of patients (e.g., European Federation of Allergy and Airways
Diseases Patients’ Associations), and most importantly, the parents. Furthermore, parents can
provide key information for future air quality studies by completing specific questionnaires,
observing the child’s status and development, and providing information about living conditions and
socio-demographic characteristics. They should be integrated as active parts in air pollution-related
epidemiological studies because they are first to observe the effects of air pollution episodes on
children’s respiratory health.

City authorities must focus on finding solutions to reduce emissions, monitor and forecast
the levels of air pollutants and provide timely warning to at-risk populations when necessary.
Refined information regarding air quality in urban environments, adapted to the level of a citizen’s
understanding, is valuable for vulnerable population groups, such as senior citizens, asthmatics and
sensitive children, who can avoid certain PM affected areas with sufficient warning.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/9/4/
150/s1. Figure S1: The number of search results for each selected database using the search query “Air
pollution—Particulate matter—Children’s health—Respiratory” for five time intervals between 1950 and 2016.
Table S1: Results of databases consultation (number of hits) using “AND” operator with subsequent keywords,
grouped by various time intervals. Table S2: Summary of selected studies based on eligibility criteria and best
judgment of paediatric experts on the effects of particulate matter on children’s respiratory disease (non-exhaustive
list). Table S3: Diagnoses potentially determined or aggravated by the atmospheric pollution classified according
to the International Classification of Diseases ICD-10.
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