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1  |  INTRODUCTION

Environmental air pollution refers to unwanted chemical, 
physical, or biological material in the atmosphere that 
can be detrimental to human health (Landrigan,  2017). 
Despite clear recommendations from the World Health 
Organization (WHO) concerning maximum annual and 
seasonal levels of pollutants (WHO,  n.d.), >90% of the 
global population currently reside in industrialized cities 
where environmental air contains excessive particulate 

matter (PM), ozone, and oxides of sulfur and nitrogen. 
Environmental air pollution is now recognized as a lead-
ing cause of morbidity and mortality with an estimated 
4.2 million annual deaths (WHO,  n.d.). The respiratory 
system is particularly vulnerable to the effects of air 
pollution, with recent epidemiological studies indicat-
ing an increased incidence of acute respiratory infection 
and heightened risk of developing lung cancer, asthma, 
and chronic obstructive pulmonary disease (COPD) 
(Gourd, 2022; Guo et al., 2018).
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Abstract
Environmental air pollution presents a considerable risk to global respiratory 
health. If critical levels are exceeded, inhaled pollutants can lead to the devel-
opment of respiratory dysfunction and provoke exacerbation in those with pre- 
existing chronic respiratory disease. Over 90% of the global population currently 
reside in areas where environmental air pollution is considered excessive—with 
adverse effects ranging from acute airway irritation to complex immunomodula-
tory alterations. This narrative review provides an up- to- date perspective concern-
ing the impact of environmental air pollution on respiratory health and function 
and describes the underpinning mechanisms that contribute to the development 
and progression of chronic respiratory disease.
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The deleterious impact of air pollution on respira-
tory health can be quantified by evaluating lung function 
(Agustí et al., 2017) – which incorporates objective mea-
surement of airway caliber, resistance, conductance, lung 
volumes, and alveolar- capillary gas exchange (Sylvester 
et al., 2020). Collectively, these physiological parameters 
may be impacted by acute and chronic exposures to spe-
cific pollutants. The most common pollutants that have 
been studied in recent years include PM, ozone, and ni-
trogen dioxide (NO2) (WHO, n.d.), which are ubiquitous 
within the environmental air, but are not always present at 
concentrations that cause an increased risk of respiratory 
illness or dysfunction.

The impact of environmental air pollution is not dis-
tributed proportionally within populations, with variable 
effects dependent on cumulative exposure and individ-
ual susceptibility. For example, children, older adults, 
and those with pre- existing respiratory conditions, and/
or living in relative or absolute deprivation appear to be 
at the greatest risk of the effects of air pollution (Aithal 
et al., 2023; Marmot & Bell, 2018). Despite this, there re-
mains a paucity of evidence evaluating the effects of envi-
ronmental air pollutants on respiratory function in these 
groups.

The purpose of this narrative review is to provide an 
up- to- date perspective concerning the impact of envi-
ronmental air pollution on respiratory health and func-
tion, and describe the underpinning mechanisms that 
contribute to development and progression of chronic 
respiratory disease. In accordance with the Scale for 
the Assessment of Narrative Review Articles (SANRA) 
(Baethge et al., 2019), peer- reviewed scientific literature 
published between 2018 and 2024 were identified in 
PubMed and Google Scholar using broad search terms 
such as “lung function” or “pulmonary function” and 
“air pollution” or “environmental pollution” or “ambi-
ent pollution.”

2  |  EPIDEMIOLOGY OF 
ENVIRONMENTAL AIR POLLUTION

Global air quality guidance is primarily based on com-
plex modeling of the mass concentration of atmos-
pheric air pollutants and the associated health impact 
of exposure (Lelieveld et  al.,  2015). This approach is 
limited, however, as pollutants originating from differ-
ent sources often have different toxicity, composition, 
and chemical structures (Li et al., 2019). Indeed, recent 
studies indicate greater adverse health effects and mor-
tality with each unit increase in fine particulate mat-
ter (PM2.5) in Eastern Chinese Cities (e.g., Shanghai, 
Hangzhou) when compared to the rest of China. This 

is despite broadly similar characteristics and environ-
mental conditions in these populations. In Europe and 
the Unites States, greater mortality occurs for a given 
change in PM2.5 relative to China (Chen et  al.,  2017). 
Whilst increased cardiovascular health risk in Western 
populations is a potential explanatory factor, there is 
growing evidence to suggest unequal toxicities of pollu-
tion across the globe (Li et al., 2019).

Environmental air often contains a mixture of pol-
luting and non- polluting PM from natural and anthro-
pogenic processes. The most common natural sources 
of environmental pollution include sand and dust 
storms, volcanic activity, and forest fires (Li et al., 2019). 
Anthropogenic sources include fuel combustion, agri-
culture, waste incineration, and traffic- related air pol-
lution. Fuel combustion remains the largest source of 
environmental air pollution globally, with 85% of all en-
vironmental PM2.5 and almost all oxidizing gases gener-
ated through this source (OECD I, 2016). Air pollution 
levels differ regionally according to factors such as eco-
nomic practices, variations in climate and predominant 
fuel sources (Lelieveld et al., 2015).

Despite increasing awareness concerning the 
health impact of outdoor air quality, mortality rates 
have risen by 66% over the past two decades (Fuller 
et  al.,  2022). Indeed, recent statistics from the 2019 
Lancet Commission on Planetary Health indicate that 
over 4- million deaths were attributable to PM2.5 and 
370,000 related to environmental ozone exposure. 
High environmental air pollution is associated with in-
creased incidence of respiratory tract infections (Asri 
et al., 2021), COPD (Guo et al., 2018) and lung cancers 
(Gourd, 2022). The prevalence of asthma is also higher 
in polluted areas (Orellano et  al.,  2017). Additionally, 
acute spikes in air pollution correlate with respiratory 
symptoms and exacerbation in people with chronic re-
spiratory disease—which ultimately leads to increased 
healthcare utilization (Hunt et  al.,  2003; Johannson 
et al., 2014).

The effects of environmental air pollution on respira-
tory health are not distributed equally around the world. 
Approximately three quarters of the population live in 
low and middle- income countries, where 90% of the air- 
pollution related mortalities occur (Fuller et  al.,  2022). 
Despite evidence to support the health benefits of reduc-
ing air pollution (Gauderman et  al.,  2015), this remains 
a challenge for low-  and middle- income countries due 
to the heavy economic reliance on highly polluting pro-
cesses (Moser & Satterthwaite,  2010). The effects of cli-
mate change and extreme weather also have a significant 
impact in these countries (Keswani et al., 2022). A shared 
global responsibility is therefore required to mitigate the 
disproportionate health impact in highly polluted areas.
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3  |  PATHOPHYSIOLOGICAL 
MECHANISMS OF LUNG 
FUNCTION IMPAIRMENT

Environmental air pollutants implicated in the develop-
ment and progression of lung function impairment in-
clude PM, oxides of nitrogen (NOx), sulfur dioxide (SO2), 
ozone (O3), and volatile organic compounds. Of these, 
each compound has a specific mechanism of action with 
variable effects depending on the concentration, deposi-
tion, and substance toxicity (Mossman et al., 2007).

3.1 | Factors impacting inhaled particle 
deposition

The respiratory system is particularly vulnerable to the ef-
fects of air pollution given its large surface area and role 
as an interface between the circulation and environmen-
tal air (Cohen et al., 2017). The properties of the inhaled 
pollutant modulate the deposition, retention, and overall 
effect on the respiratory system (see Table 1 for summary 
of pollutant characteristics (Weill,  2020)). For instance, 
the location of pollutant deposition modulates the type 
of symptoms observed: inflammation of the upper res-
piratory tract leads to rhinitis, pharyngitis, and laryngitis; 
bronchial inflammation leads to bronchitis and broncho-
pneumonia; and parenchymal inflammation leads to pul-
monary oedema and pneumonia (Weill, 2020).

Particle size, shape, and solubility are the predominant 
modulators of air pollutant deposition in the respiratory sys-
tem (Weill, 2020). Particles of low density and low- molar- 
mass have greater diffusion coefficients and ability to form 
an airborne suspension through coalescing with other air-
borne material (Krzeszowiak et al., 2016). These particulates 
also have greater ability to deposit in distal airspaces due to 
their smaller size and greater Brownian motion, that is, ran-
dom motion and frequent collisions with other particles (Xu 
et al., 2022). Highly soluble pollutants deposit in the upper 
respiratory tract through contact with airway surface liq-
uid in mucous lined airways (Weill, 2020). Lower solubility 
pollutants have a greater tendency to deposit more distally, 
and because of the limited capabilities to cross the alveolar- 
capillary membrane, tend to be retained in distal airspaces 
over weeks or months (Lippmann et al., 1980). Collectively, 
these factors modulate the respiratory symptoms experi-
enced with inhalation of different mixtures of air pollutants.

3.2 | Particulate matter

PM is the environmental air pollutant most associated 
with poor respiratory health outcomes (Fuller et al., 2022). 

PM refers to a suspension of solid or liquid matter in the 
air, often present within a mixture of other pollutants. PM 
is categorized into coarse (2.5–10 μm), fine (<2.5 μm), and 
ultrafine (<0.1 μm) sizes based on aerodynamic diameter. 
Most course particles (>2.5 μm) that are not filtered by 
nasal hairs are deposited in the mucus lined upper air-
ways, although some course particles with low density 
may deposit more distally (Krzeszowiak et al., 2016). Fine 
particles (<2.5 μm) deposit more distally, with ultrafine 
particles entering the alveoli that do not have a protective 
mucus layer (Lippmann et al., 1980).

Air pollution (and PM) mainly propagates respira-
tory dysfunction through its action on the epithelium 
and immune cells such as macrophages, causing a pro- 
inflammatory and pro- oxidant state that damages various 
respiratory structures (Aghapour et al., 2022). The respira-
tory epithelium is not a passive structure and consists of 
numerous cell types that serve different functions; ciliated 
and mucous- secreting cells supporting airway clearance, 
basal epithelial cells providing structural support and sup-
porting repair of the epithelium cells through its progeni-
tor function, and immune cells within the alveolar spaces 
which respond to inhaled foreign material (Misiukiewicz- 
Stepien & Paplinska- Goryca, 2021).

PM is primarily considered to have airway centric 
effects. PM induces epithelial barrier dysfunction in 
those with airways disease; some causing direct damage 
through formation of reactive oxygen species (ROS) in the 
epithelial lining fluid (Lakey et al., 2016) but most initiat-
ing damage through cellular pathways and alterations to 
mitochondrial function (Aghapour et al., 2022). Damage 
to the epithelial barrier propagates an exaggerated pro- 
inflammatory responses and an upregulation of factors 
linked to airway remodeling (Iwanaga et  al.,  2013), key 
features of both uncontrolled asthma and COPD.

Several physiological mechanisms exist linking excess 
environmental air pollution exposure to the development 
of COPD, however a direct cause- effect relationship has 
yet to be established (Schikowski et al., 2014). First, short-  
and long- term exposure to excess PM have been linked 
to increased systemic inflammation markers such as 
C- reactive protein, tumor necrosis factor (TNF)- α, inter-
leukin(IL)- 6 and IL- 8 (Li et al., 2022); all of which are typ-
ically elevated in those with COPD (Szalontai et al., 2021). 
Second, COPD is characterized by an imbalance between 
proteases and anti- protease activity, leading to extracellu-
lar matrix degradation and airway remodeling (Szalontai 
et al., 2021). It is plausible, based on evidence from isolated 
studies (Ryu et  al.,  2022), that environmental PM expo-
sure increases protease activity, leading to the degradation 
of elastin fibers and dysfunctional airway remodeling ob-
served in COPD. However, further studies are needed to 
corroborate this hypothesis.
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Metaplasia and hyperplasia of mucus- secreting 
cells also occurs in in- vivo models of PM exposure (He 
et al., 2017; Montgomery et al., 2020). Cilia function, which 
is responsible for 80%–90% of PM clearance in healthy, 
non- smoking individuals (Krzeszowiak et  al.,  2016), is 
also reduced in response to PM exposure. This impairs 
airway clearance mechanisms and increases susceptibility 
to repeated cycles of inflammation and infection. In- vivo 
models investigating the response of vagal afferent nerves 
to diesel tracheal infusions also suggest that increases 
vagal afferent nerve sensitivity may stimulate symp-
toms such as cough and bronchoconstriction (Robinson 
et al., 2018), showing the multifaceted downstream effects 
of PM exposures.

A key aspect that explains the diverse effects of PM 
exposure is its ability to coagulate with other environ-
mental molecules (see Table 1). PM2.5 has a greater abil-
ity to be suspended in the air for long periods and readily 
binds to antigens and microorganisms (e.g., glycopro-
teins, bacterial polysaccharides, endotoxins, fungal 
spores, pollen, and enzymes) found in environmental 
air (Joubert et al., 2020). The oxidative potency of these 
combined molecules varies, as sources of contaminants 

such as metals (e.g., iron, copper, chromium, and zinc 
(Krzeszowiak et  al.,  2016; Mossman et  al.,  2007)) and 
allergens, vary with time and season. The effects of PM 
may therefore vary between allergic sensitisation (often 
via immunoglobulin E-  (IgE) mechanisms (Joubert 
et  al.,  2020)) and irritant- predominant effects, or both 
(Burge et al., 2012).

Evidence arising from a recent systematic review has 
identified an association between PM (and ozone and 
NO2) and the development of pulmonary fibrosis (Harari 
et al., 2020). Whilst the mechanisms of such an effect are 
unclear, several plausible mechanisms exist. First, distal 
retention of PM occurs more so for particle sizes less than 
0.1 μm, with evidence of translocation to interstitial areas 
of the lungs between the conducting and alveolar regions 
(Berend, 2016). This may cause interstitial inflammation 
and fibrosis. Simulated in vitro PM exposures also show 
increased epithelial–mesenchymal transition, prolifera-
tion of alveolar type II epithelial cells and dysregulation 
of transforming growth factor- β signaling (Johannson 
et al., 2015); key features linked to pulmonary fibrosis. The 
release of key inflammatory markers (e.g., IL- 4 and IL- 13) 
and ROS from macrophages and epithelial cells may also 

T A B L E  1  Overview of common air pollutants that potentially contribute to the development of respiratory disease.

Pollutant properties

Size Solubility
Coagulability/
reactivity Density Deposition Respiratory disease

PM10 ↑ - b ↓ ↔c Nasopharyngeal Asthma (Choi et al., 2020; Schultz 
et al., 2016); rhinitis (Lin et al., 2021); COPD 
(Doiron et al., 2019; Zemp et al., 1999); 
URTIs (Ziou et al., 2022).

PM2.5 ↓ - b ↑ ↔c Bronchioalveolar Asthma exacerbation (Habre et al., 2014); 
rhinitis (Lin et al., 2021; Montgomery 
et al., 2020); COPD (Doiron et al., 2019; 
Schikowski et al., 2014); LRTIs (Asri 
et al., 2021); Lung cancer (Huang 
et al., 2017); ILD (Harari et al., 2020).

PM0.1 ↓↓ - b ↑↑ ↔c Alveolar and 
pulmonary vascular

Asthma (Habre et al., 2014); COPD 
(Schikowski et al., 2014); LRTIs (Asri 
et al., 2021); Lung cancer (Huang 
et al., 2017); ILD (Harari et al., 2020).

NO2 - a ↓ ↔ ↔ Bronchioalveolar Asthma (Guarnieri & Balmes, 2014); 
COPD (Doiron et al., 2019); ILD (Harari 
et al., 2020).

SO2 - a ↑ ↔ ↑ Nasopharyngeal Asthma (Bethel et al., 1984; Johns & 
Linn, 2011); reduced nasal function (Koenig 
et al., 1985).

Ozone - a ↔ ↑↑ ↑ Lower respiratory 
tract predominance

Asthma (Guarnieri & Balmes, 2014); ILD 
(Harari et al., 2020).

aGaseous pollutants; therefore, no particle size available.
bThe solubility of PM is high variable based on its composition.
cThe density of PM varies based on the composition of the material rather than its size.
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induce epigenetic changes linked to the progression of 
telomere shortening—a key finding associated with repet-
itive epithelial injury and aberrant wound healing in ILD 
(Wei et al., 2024).

3.3 | Ozone

Ground- level ozone is formed by photochemical reac-
tions between sunlight and pollutant precursors, such 
as NOx and volatile organic compounds (Guarnieri & 
Balmes,  2014). Volatile organic compounds are chemi-
cals containing at least one carbon and hydrogen atom, 
which readily aerosolise at room temperature (Rumchev 
et al., 2007). Ozone is a potent oxidizing agent which acts 
on lipids, proteins, fatty acids, and airway surface mole-
cules lining the respiratory tract, causing epithelial bar-
rier dysfunction (Schikowski et al., 2014). Environmental 
ozone levels are therefore associated with the exacerbation 
of numerous respiratory conditions (Duan et  al.,  2020; 
Harari et al., 2020; Shin et al., 2020).

Ozone has intermediate solubility, with irritant effects 
that effect the upper airway, bronchi, and surrounding 
parenchyma (Weill, 2020). At environmental levels (0.2–
0.6 ppm), ozone has been associated with increased mark-
ers of cell damage in bronchioalveolar lavage samples (Aris 
et  al.,  1993), allergic sensitisation preceding new- onset 
asthma in children (Kim et al., 2011) and increased airway 
hyperreactivity in response to direct bronchial challenge 
testing (Kehrl et  al.,  1999; Seltzer et  al.,  1986). Several 
studies have shown an increase in eosinophilic inflam-
mation in response to ozone exposure (Aris et al., 1993; 
Seltzer et al., 1986), although these are primarily restricted 
to those with pre- existing asthma, making it difficult to 
draw conclusions concerning causality.

Acute exposure to low levels of ozone (<70 ppb over 
8- h average) are known to be associated with declines in 
pulmonary function in children and the elderly (Holm & 
Balmes, 2022). The effect of ozone on pulmonary function 
in adults are less clear at concentrations from 1 to 42 ppb, 
with small magnitude effects on forced expiratory volume 
in one second (FEV1) and forced vital capacity (FVC) that 
are more prominent in the elderly and those exposed over 
multiple days (Holm & Balmes, 2022). Further research is 
required to understand the independent effects of ozone 
at environmental concentrations, accounting for common 
confounders such as smoking and pre- existing asthma.

3.4 | Oxidizing gases

Oxidizing gases, such as NO2 and SO2, are ubiquitous within 
environmental air and have concentration- dependent 

actions on the respiratory system. NO2 is a low solubility 
oxidizing gas with a strong ability to penetrate into dis-
tal airspaces (Weill, 2020) and SO2 is highly soluble with 
effects that predominate in the upper airway. Similar to 
PM and ozone, the action of these oxidizing gases on the 
epithelium induces dysfunction through the generation of 
ROS and inflammatory markers, with well- established as-
sociations to exacerbation of respiratory disease (Faustini 
et  al.,  2014; Koenig et  al.,  1985; Strand et  al.,  1997; 
Tunnicliffe et al., 1994).

High concentrations of NO2 cause a pattern of pneu-
monitis, which if left untreated, would lead to pulmonary 
fibrosis (Bauer et al., 1998). The impact of low level expo-
sure to NO2 on the respiratory system are less prominent, 
with several studies suggesting its effects are negligible 
when co- existing PM exposures are considered (Faustini 
et al., 2014; Robertson et al., 1984). NO2 levels are higher 
at sites of busy traffic, and several studies have shown 
changes in small airway function following exposure 
(Robinson et al., 2022; Schultz et al., 2016). Despite this, 
most adult studies show a relatively benign effect on spi-
rometry (Kerr et al., 1979; Robertson et al., 1984). In chil-
dren, however, even low- level exposure to NO2 has been 
associated with pathology, with obstructive lung function 
often observed in those exposed to elevated NO2 levels 
(Moshammer et al., 2006).

The epithelial damage caused by NO2 instigates an 
immune response through the release of various cyto-
kines and chemokines. Specifically, upregulation of IL- 
4, IL- 5, and IL- 13, lead to increase eosinophilic airway 
inflammation (Bevelander et  al.,  2007), which is mea-
surable via the assessment of fraction of exhaled ni-
tric oxide (FeNO) (Chung, 2021). Co- exposures of NO2 
alongside PM2.5 have been shown to be associated with 
increased FeNO in pollution- exposed school children 
(Zhang et al., 2021). Exposure of the epithelium to NO2 
also increases the permeability and reactivity of the air-
ways to allergens, with evidence showing increased sen-
sitisation to house dust mite in the presence of increased 
domestic concentrations of NO2 in individuals with pre- 
existing asthma (Tunnicliffe et al., 1994). During short- 
term exposures at levels from 400 to 490 ppb, NO2 is also 
associated with increased bronchial hyper- reactivity 
in response to allergen inhalation, supporting its role 
in sensitisation- induced asthma (Devalia et  al.,  1994; 
Strand et al., 1997).

SO2 is a highly soluble pollutant that elicits bronchoc-
onstriction in healthy subjects when inhaled orally (>5 ppb 
SO2), with more subtle reductions observed in peak ex-
piratory flow (PEF) at concentrations >1 ppb (Johns & 
Linn, 2011). In those with asthma, the effects of environ-
mental SO2 are enhanced, with increased adverse events 
requiring medical attention following acute exposure 
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(Bethel et  al.,  1984; Koenig et  al.,  1985). In inner cities, 
mortality risk has been shown to increase with each 10 μg/
m3 rise in SO2 (Orellano et al., 2017), suggesting an im-
portant role in the frequency and severity of exacerbation.

4  |  QUANTIFYING THE 
IMPACT OF AIR POLLUTION ON 
RESPIRATORY FUNCTION

The impact of air pollution on the respiratory system can 
be objectively quantified via the assessment of lung func-
tion and airway inflammation. Whilst there are several 
respiratory physiological tests available, spirometry and 
FeNO are most often used to evaluate the response to air 
pollution. Spirometric indices provide objective infor-
mation in the assessment of dynamic lung volumes and 
airway caliber (Sylvester et  al.,  2020), although impulse 
oscillometry (a non- volitional method of assessing respir-
atory mechanics) may be more sensitive to changes relat-
ing to pollution (Schultz et al., 2016).

In the general population, acute and chronic exposures 
to PM have been associated with reductions in FEV1 and 
FVC (Edginton et al., 2019). Specifically, each 10 μg/m3 in-
crease in short- term PM2.5 exposure and long- term PM10 
exposure has been shown to be associated with a 7–9 mL 
annual decline in annual FEV1. Whilst these findings 
appear trivial and in keeping with expected age- related 
declines in lung function, it is important to consider that 
exposure levels to particulates may vary as much as 100 μg/
m3 per week in developing countries (Hao et  al.,  2017), 
potentially contributing to respiratory decline in polluted 
areas.

The sensitivity of spirometry to detect early changes in 
respiratory function with exposure to air pollution is also 
sub- optimal (Kim et  al.,  2020; Schultz et  al.,  2016). The 
reproducibility of the spirometry measurement and the 
duration of follow- up are key parameters needed to assess 
the likelihood of significant lung function declines with 
air pollution over time (Hnizdo et al., 2005); each of which 
may vary and with different practice standards around the 
globe. The nature of the disease caused by air pollution 
also effects the sensitivity of conventional spirometry 
measures. In airways- centric diseases, conventional spi-
rometry measures may not detect changes in small airway 
function early in the disease process (Kim et al., 2020). In 
fibrotic conditions, spirometry may appear to be within a 
normal range and gas exchange abnormalities may man-
ifest before volumetric changes occur within the lungs 
(Sylvester et al., 2021).

To date, not all studies have utilized the most appropri-
ate measures to understand the respiratory impact of air 

pollution. Forced expiratory flow between 25% and 75% 
(FEF25- 75) has been used as a marker of small- medium air-
way dysfunction in numerous studies (Berend, 2016). The 
use of FEF25- 75 is probematic, mainly due to the greater 
variation associated with the measurement and its reli-
ance on maximal peak expiratory flow and FVC to gener-
ate reliable measurements.

5  |  SUSCEPTIBLE/HIGH RISK 
POPULATIONS

The exaggerated inflammatory response caused by air 
pollution inhalation is potentiated by suppression of an-
tioxidant defenses (Liu et al., 2019). Individuals with re-
duced antioxidant defense pools or gene polymorphisms 
linked to reduced antioxidant activity (Chen et al., 2007) 
have greater levels of redox imbalance and lung func-
tion impairment in response to air pollution (Bowatte 
et  al.,  2017). Pathologies associated with hypersecretion 
and frequent cycles of bacterial colonization may therefore 
have a multi- faceted inflammatory milieu contributing 
to disease (Aghapour et al., 2022; Dickerhof et al., 2017). 
This heightened state of inflammation propagated by 
long- term exposure to air pollution has the potential to 
instigate and/or exacerbate chronic respiratory disease 
(Altman et al., 2023; Johannson et al., 2014).

5.1 | Children

Children are at increased vulnerability to the effects of 
air pollution, due to the relatively higher respiratory rate 
and levels of ventilation per unit of body mass (Aithal 
et al., 2023). The greater nasal contribution to breathing in 
children, with less efficient nasal filtering in comparison 
to adults, increases the potential for large particles depo-
sition in the upper airway (Bateson & Schwartz,  2007). 
Further, underdeveloped innate and adaptive immu-
nity increases the potential for respiratory consequences 
from air pollution. Low level exposure to environmental 
air pollution is associated with allergic sensitisation and 
asthma onset in children (Gasana et  al.,  2012; Olsson 
et  al.,  2021). Respiratory diseases in adulthood often 
originate in childhood. Early adult lung function is also 
a strong predictor of respiratory health into the seventh 
decade of life (Bush, 2016). In longitudinal birth studies, 
PM exposure in childhood is associated with lower tidal 
volumes, higher respiratory rates and higher lung clear-
ance index up to the first year of life (Gray et al., 2017; 
Lee et al., 2019), with increased peripheral airway resist-
ance (Robinson et al., 2022; Schultz et al., 2016).
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5.2 | Elderly individuals

The cumulative exposure to environmental air pollu-
tion increases across the lifespan—alongside social, 
household, and occupational risk factors (Sandström 
et al., 2003). An age- associated loss of lung function oc-
curs after 30 years of age due to reduced lung elasticity 
and diaphragm strength (Agustí et al., 2017). In the distal 
airways, airflow obstruction and ventilation heterogene-
ity can occur as a consequence of reduced lung elasticity 
occurring with age, which increases particle deposition in 
peripheral airways (Segal et al.,  2002). This is worsened 
by slowing of mucociliary clearance and cough; two fac-
tors essential to airway clearance of inhaled particles 
(Bailey,  2022). The antioxidant defense systems, which 
protect against oxidative pollutants, are also impaired 
with age (Liu et al., 2019), increasing susceptibility to ex-
aggerated inflammatory responses and infection. As el-
derly individuals have lower levels of ventilatory reserve 
in absolute terms as well as co- morbidities such as frailty, 
pollution- related exacerbations have the potential to have 
life- altering effects.

5.3 | Pregnancy

The mother and baby have increased susceptibility to the 
effects of environmental air pollution from in- utero ex-
posures. In the first trimester of pregnancy, the mother 
experiences an increase in minute ventilation of up to 
48% which is maintained throughout pregnancy in re-
sponse to the increase in resting metabolism (LoMauro 
& Aliverti,  2015). The rise in minute ventilation is pre-
dominantly driven by an increase in resting tidal volumes, 
which reduces anatomical dead space and increases the 
likelihood of environmental air being deposited distally in 
the lungs. Lung development of the child in- utero occurs 
up to 36- weeks (third trimester) and inhaled particles suf-
ficiently small to enter the circulation have the potential 
to interact with the developing foetus prior to full develop-
ment (Bongaerts et al., 2022).

It is well- known that noxious environmental air 
exposures, such as cigarette smoke (O'Shaughnessy 
et  al.,  2011), can alter foetal development, with further 
evidence that combustion- derived particulates play a 
role in altering neonatal health outcomes (LoMauro & 
Aliverti, 2015). Adverse neonatal health outcomes includ-
ing preterm birth (Mendola et al., 2016), low birth weight 
(Fleisch et  al.,  2015) and impaired lung function devel-
opment (Latzin et al., 2009), have been reported in neo-
nates in association with exposure to environmental air 
pollution. Impulse oscillometry has been particularly use-
ful in terms of understanding the effects on the neonatal 

respiratory system, with evidence of increased small and 
large airway resistance in response to household and 
traffic- related pollution exposures (Agyapong et al., 2023; 
Dutta et al., 2021). The effects of air pollution on the respi-
ratory system can therefore manifest in- utero and effect 
health outcomes throughout the life course.

5.4 | Athletes

Elite and recreational endurance- based athletes are ex-
posed to significant environmental air pollution during 
training and competition. With progressive exercise, ven-
tilation increases to match metabolic demand (Pritchard 
et  al.,  2021), initially via an increase in tidal volume, 
followed by an increase in breathing frequency at high 
workloads. In elite athletes, peak ventilation increases 
20- 30- fold higher at peak exercise (Price et  al.,  2019). A 
shift from nasal to combined oral and nasal airflow occurs 
above 30 L per minute, which exposes the distal airways 
to a higher volume of unfiltered and unconditioned air 
(e.g., exposure to cold dry air, pollutants, and/or aeroal-
lergen) (Price, Walsted, et al., 2022). One in five athletes 
have evidence of lower airway dysfunction (i.e., >10% fall 
in FEV1 pre- to- post exercise) (Price, Sewry, et al., 2022). 
It is thought that regular participation in high- intensity 
exercise in noxious environmental conditions may 
cause ‘airway injury’ promoting the development of air-
way dysfunction and respiratory symptoms (Kippelen 
& Anderson, 2012). On this basis, it has previously been 
argued that lower airway dysfunction in the context of 
competitive sport should be classified as an ‘occupational 
lung disease’—whereby elite athletes receive the same 
considerations for their respiratory health as others with 
relevant occupational exposures (Price et al., 2013).

5.5 | Individuals with pre- existing 
respiratory conditions

Air pollutants have the capacity to exacerbate pre- existing 
respiratory disease through instigating epithelial barrier 
dyfunction and pro- inflammatory and oxidant responses 
(Aghapour et  al.,  2022). Alterations to the respiratory 
tract may include inflammation, bronchoconstriction, 
and increased permeability and reactivity of the airways 
to irritants and allergens (Guarnieri & Balmes,  2014; 
Johannson et al., 2015). In those with impaired lung func-
tion and low ventilatory reserve, the risk of morbidity 
and mortality from air pollution- mediated exacerbation 
is higher (Agustí et al., 2017), with epidemiological data 
demonstrating clear associations between environmental 
air pollution and healthcare utilization across a range of 
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respiratory diseases (Perez et al., 2013). The incidence of 
respiratory disease follows a social gradient, with many 
individuals living in relative or absolute deprivation, 
where air pollution is often highest which confounds in-
terpretation when considering individual effect (Marmot 
& Bell, 2018).

6  |  SUMMARY: CURRENT 
PERSPECTIVES AND FUTURE 
CHALLENGES

Environmental air pollution presents a considerable 
risk to global respiratory health. As this review high-
lights, common airborne pollutants such as PM, ozone, 
and oxidizing gases stimulate respiratory inflammation, 
cilia dysfunction, airway remodeling, and respiratory 
symptoms such as cough. If critical levels are exceeded, 
inhaled pollutants can lead to the development of res-
piratory dysfunction and provoke exacerbation in those 
with pre- existing chronic respiratory disease (Figure 1). 
Importantly, air pollution mitigation strategies are 
recognized to improve respiratory health outcomes 
(Gauderman et  al.,  2015), and therefore moving for-
ward, a shared global effort is required to reduce the 
level of airborne contaminants, with policies reflecting 
disproportional effects according to vulnerable popula-
tions and geographical location.

In terms of evaluating the respiratory impact of envi-
ronmental air pollution, traditional spirometry may lack 
the required diagnostic sensitivity to detect early signs of 
pathology. In several recent studies, airway resistance and 
reactance has been assessed using impulse oscillometry 
(Cottee et al., 2020; Kim et al., 2020; Postma et al., 2019)—
thus identifying more subtle signs of respiratory disease 
(i.e., small airways dysfunction). Other advanced diagnos-
tic technologies that have emerged in recent years (e.g., 
hyperpolarised magnetic resonance imaging and exhaled 
breath analytics (Stewart et  al.,  2022)) have been shown 
to provide utility in the assessment of respiratory symp-
toms where conventional pulmonary function tests re-
main inconclusive. A key focus for future research should 
therefore be to incorporate these emerging diagnostic tech-
niques into epidemiolgical research to provide insight into 
pollutant- specific exposure- response relationships, with 
the ultimate aim of developing effective preventative strat-
egies at both an individual and population- based level.
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