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Foreword 1

Only Knowledge Can Defeat Pollution

We are certainly living in a world that is rapidly changing and, in fact, I am writing this 
article closed up in my home in the north-east of Italy because of the incredibly high tem-
peratures, consistently more than 40°C, that are burning our land in this summer of 2017.

From a certain point of view, “global warming” is another big challenge/battle 
that humankind has to face, as pollution can be correctly considered “global pollu-
tion.” But as we very well know, not everybody believes that global warming is a 
real issue and, similarly, not everybody believes that global pollution is a real chal-
lenge. Only correctly informed people can adequately face the challenges of life; 
consequently, only consistently informed people can face the challenges of pollu-
tion. Only knowledge, which means education, can fight pollution‘s threat.

I was very pleased to be asked to write this short introduction because this book 
will help people to understand and evaluate the challenges that pollution and, more 
specifically, air pollution represent for humankind. The challenge is growing every 
day, not just in a linear way but exponentially, so it is necessary to start fighting pol-
lution immediately. What does it mean to fight pollution and how can this be man-
aged? These are the questions that I focus on in my short introduction.

First of all, pollution has to be considered a “global issue.” Thus, only a global 
and collective approach can hope to be effective. A global and collective approach 
means that nations should cooperate, which requires a strong and global political 
commitment. Global, continental, national, and local Institutions need to cooperate 
to assure that everyone can manage their own and specific part in the full battle.

The most important global organizations (United Nations, World Health 
Organization, etc.) and the biggest worldwide companies (Google, Facebook, 
General Electrics, IBM, etc.) should cooperate to address, together, the problem of 
pollution. Then, extending a previously expressed concept, the global political com-
mitment also becomes the global social responsibility of the biggest institutions and 
private companies and also the ethical responsibility of every single person: man or 
woman, white or black, American or African, European or Asian, rich or poor. 
However, the only way to leverage an ethical global response from individuals is to 
adequately inform and educate all humankind: old and young, professors and stu-
dents, owners and employees.



vi

Obviously, research and innovative technologies will play an important role in 
effectively fighting pollution, as readers of this book will understand very well, but 
only a global approach that involves each and every person can have a chance of 
success. A global approach also means that everyone must be committed to take 
responsibility and manage their own part of the whole process. However, to be 
really committed a person needs to understand the problem in depth and the full 
value of the possible solutions. Because it is so important that everyone understands 
the problem without having to be an expert in pollution, I started looking for avail-
able information on pollution. I began by searching for information that everyone 
could find using a TV and/or computer (games, apps, Youtube, Instagram with 
331,937 public posts with #pollution, MOOC, etc.).

Obviously, different strategies and different methodologies can be used but a 
global educative program should be launched. To be successful, we need to be able 
to get in touch with every single inhabitant of the world to inform and educate them.

Coming back to some of the web searches that I launched looking for available 
information, I discovered that entering “pollution solutions” immediately intro-
duced several other related searches (air pollution definition, air pollution causes, 
air pollution effects, air pollution map, water pollution, water pollution causes and 
solutions, land pollution, soil pollution, etc.), each with enormous numbers of refer-
ences. Similarly, by entering “pollution how to defeat,” I discovered some very 
important content, such as the following examples:
• “How can we defeat pollution as individuals?” (Physics Forums)
 – “Hi, I will tell what I am doing for my part in pollution control. (1) I switch off my 

vehicle when i am in signal. (2) I separate my plastic waste from garbage before 
disposing to garbage person. (3) I avoid getting plastic bags from grocery shop. 
instead i am using cloth bags. (4) I have started switching off my electrical equip-
ments when ever it is not in use (even if it is 1 min). (5) I am started avoiding print 
outs of my materials. i have started reading soft copies.” https://www.physicsfo-
rums.com/threads/how-can-we-defeat-pollution-as-individuals.373691/

• “Top 5 ways to fight pollution” by Jacob Shwartz-Lucas (Progress.org)
• “Air pollution ‘kills 7 million people a year’” (The Guardian)
• “China vows to defeat pollution with energy ‘revolution’” (The Telegraph)
• “Lets defeat pollution” (Youtube); https://www.youtube.com/watch?v=hd1RJtdFdgw

Using the web, everyone can find plenty of useful information and start under-
standing the problem. There are also many practical suggestions regarding what indi-
viduals can do to fight global pollution. Looking for information using the web, 
students and researchers can also find many well-organized sources of technical infor-
mation. Searching for “pollution MOOC” (massive open online courses) leads to sev-
eral excellent online courses and university level courses, including the following:
• Coursera.org; Environmental science and sustainability courses
 – The Age of Sustainable Development (Columbia University)
 – Introduction to Sustainability (University of Illinois at Urbana-Champaign)
 – Municipal Solid Waste Management in Developing Countries (École 

Polytechnique Fédérale de Lausanne)
 – Greening the Economy: Sustainable Cities (Lund Universities)
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 – Introduction to Environmental Law and Policy (The University of North Carolina 
at Chapel Hill)

 – Our Energy Future (University of California, San Diego)
 – Global Environmental Management (DTU Technical University of Denmark)

• EDX.org
 – Sustainability Science – A Key Concept for Future Design (created by UTokyoX)
 – Energy Within Environmental Constraints (created by HarvardX)
 – Reclaiming Broken Places: Introduction to Civic Ecology (created by CornellX)
 – Energy ─ The Technology You Must Know in the 21st Century (created by 

OECx)
In addition, there are millions of videos on Youtube focusing on pollution that 

everyone could discover. Examples include “The Devastating Effects of Pollution in 
China” and cartoon movies such as “Air Pollution for Kids,” “Water Pollution for 
Kids,” Environmental Pollution Animation,” “Pollution Video for Kids – Pollution: 
Meaning and Definition,” and “Pollution: Biggest World Problem!” (an awesome 
animation video).

These simple searches show that there is already plenty of free documentation 
available for use and that the conditions now exist for launching a worldwide cam-
paign to encourage people to know, study, and start applying measures that every-
one can use every day to fight pollution! To launch a worldwide campaign, it would 
be useful to find at least one big sponsor to act, for example, as Rotary International 
did in the “End Polio Now” campaign. I hope that I have help to promote under-
standing of how important it is to implement such a process.

To finish, I want to emphasize again that pollution is a problem of SUSTAINABILITY 
for the Earth. LONG-TERM SUSTAINABILITY needs to be achieved SOON 
because the overall situation is becoming worse and worse every day and we need, 
together, to achieve and maintain SUSTAINABLE DEVELOPMENT!!!

Stephen Hawking, the famous scientist and cosmologist, claims that the human 
race should look for new planets to which we can migrate. I personally do not want 
to accept this idea and, on the contrary, want to save and defend our great and beau-
tiful planet Earth. I like and accept a GLOBAL approach and want to live the global 
dimension of our gorgeous planet, but I am not ready to accept a UNIVERSAL 
approach/strategy/overview.

With these few words, I hope I have expressed my support for the “Global View 
and Approach” that the pollution issue/problem deserves and requires, and is the 
only way to try to manage and overcome pollution!

Giampaolo Amadori
CEO, Fondazione Alma Mater of the  

University of Bologna, Bologna, Italy
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Foreword 2

Air pollution has gained attention in recent decades in studies of global climate 
change, raising a heated (and not always innocent) debate about the role of natural 
versus anthropic drivers. However, its influence on human health has not experi-
enced a similar systematic approach, despite an abundance of studies on the topic 
and ample empirical evidence from medical practice. This might be ascribed to the 
fact that the relationship between air pollution and human health is more complex 
than the study of climate change because it involves another highly nonlinear 
 system—the “homo patient.”

In this respect, air pollution can be viewed as a compound of airborne chemicals, 
particulates of different sizes, organic molecules, and biological matter (active or 
inert). Each component can lead to consequences alone or in synergy with the oth-
ers. It can penetrate the human body through inhalation, ingestion, or skin absorp-
tion. It can interfere with normal physiological or biochemical pathways. 
Furthermore, it can affect humans not only as a function of the duration and inten-
sity of the exposure, but also as a function of the recipient’s condition. Thus, it is a 
paradigmatic nonlinear system, whose effects can manifest immediately, or days, 
weeks, months, and even years later.

Despite a humble disclaimer about its comprehensiveness, this book provides a 
very integrated view of a complex topic. The discussion begins with its physical and 
chemical properties and continues with detailed analyses of the health effects on 
various systems of the human body. Finally, legal and sociological aspects are 
examined. This text strongly champions the need to develop a new branch of medi-
cine that holistically addresses diseases relataed to air pollution. Furthermore, it 
does not shy away from suggestions for guidelines to attack the problem.

In today’s society, risk analysis should be always a primary tool of policymakers 
and even citizens at large. In the classical definition, risk equals hazard × exposure 
× vulnerability. This book provides the tools to discuss each term of this equation. 
Thus, it is a unique publication, as well as a good read for both students and schol-
ars. As with every respected scientific book, its conclusions are open to discus-
sion—except for the urgency to increase awareness about the extent and severity of 
the threat, which has the potential to alter society as we know it. The effects of air 
pollution are now compounded by other factors, such as population growth, 
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urbanization, and developing countries—all of which tend to increase the problem 
in exponential ways. However, our ecosystem is finite and cannot withstand this 
exponential exploitation. Considering that humans have existed for less than 0.1% 
of the age of Earth, we should always remember this: Nature does not need people, 
but people need Nature.

Sergio Bertolucci
Alma Mater Studiorum, University of Bologna, 

Bologna, Italy

Foreword 2
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Foreword 3

The complex phenomenon of air pollution is creating an urgency for a courageous 
cultural revolution. The world’s economies, businesses, and enterprises cannot take 
a neutral stance. They can influence the current situation, with the ability to sit 
simultaneously on the prosecution’s bench and in the defendant’s chair.

No one wants the world to regress. However, it is essential to look at the situation 
in a new way. We need to create positive and sustainable changes while restoring the 
values and the intentions destroyed by uncontrolled development. Businesses have 
been instrumental in helping to advance humankind in past centuries. Today, true 
“enterprises” can again play a fundamental role in our progress.

The complexity of the problems examined in this book means that the solutions 
cannot be delegated solely to institutions. The solutions require the action of the 
business sector, which should make its resources—managerial, financial, and tech-
nical/scientific—available to the community for facing this challenge.

The challenge in question is triple in nature. The first is a cultural challenge, 
which concerns everyone on the planet. It requires a change of mindset in the way 
that the natural environment is considered. The second challenge is management. 
There is a need to reshape business processes, redesign products, and restructure 
organizational models to preserve economic efficiency while safeguarding the envi-
ronment. The role of businesses in society should also be preserved, as they are 
called to produce wealth and occupations. The third challenge is one of innovation. 
Resources and technical-scientific expertise should be shared to create innovative 
solutions to problems such as emissions and air pollution (e.g., sustainable mobility, 
energy production).

The attitude and attention of companies toward society and the environment 
must be sustained and improved within clear lines of economic policy and a defined 
system of rules, which identify the most appropriate instruments to achieve sustain-
ability objectives. At the same time, the absence of the institutions or their weak-
nesses in effective planning cannot be a justification for not taking action in the 
business world. Businesses must be a “credible witness” of necessary and not defer-
able transformation.
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This volume, which is set up as a handbook, precisely defines the priorities and 
the logic according to which individuals, companies, and governments can define 
objectives and prioritize actions to combat the causes and consequences of pollution 
at the individual level—namely, the initiatives aimed at defending each one of us.

Cristiano Benassati
President, GTechnology Foundation

Modena, Italy

Foreword 3
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1.1  Introduction

This book come from the realization that we are witnessing nowadays a radical 
change in human health, in terms of human pathology—namely, the alteration of 
that state of well-being that everyone should rightfully aspire to—and of life and 
death cycles; those are the basic determinants of phylogenetics. This change is 
due to modification of environmental factors strictly related to human activities. 
Most of those, in fact, can be classified as polluting activities, which are able to 
determine different effects according to their physical, biological, and chemical 
characteristics.

Air pollutants coming from anthropogenic sources are relevant when compared 
with the fraction that comes from natural sources (e.g., methane, radon, volcanic 
emissions, etc.); that share in several countries is rising regardless of the attempts 
and the proclaimed acts to contain harmful emissions, although with regional differ-
ences that suggest differentiated strategies for the area [1, 2]. Local policies may 
cause different trends, suggesting the implementation of different and more effec-
tive measures in selected areas.

Theoretically, in effect, the share of human-related emissions is controllable and 
can be reduced. However, the short-, medium-, and long-term effects on human 
health are increasing and will maintain the same trend in coming decades, even in 
the event of full and effective completion of all the antipollution plans coming from 
individual governments and institutions. This is due to the fact that people and chil-
dren exposed today will more likely show the outcomes of their exposure to air 

mailto:profgaddi@gmail.com
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pollutants after many years, even if the overall amount of pollution is meanwhile 
reduced.

On the other hand, other elements—such as genetic transmission of mutated 
alleles to offspring secondary to selection or to direct action of pollutants—may 
emerge; at the moment, there are no guarantees that the phenomenon will be con-
tained in the future. For that reason, it is very difficult to produce forecasts and reli-
able epidemiological predictions.

Nevertheless, we do not think that catastrophic positions or positions of cautious 
optimism—however desirable—are appropriate, at least from a scientific point of 
view. A scientific approach is indeed needed so that accurate measures and data can 
be obtained in order to deduce proper conclusions. This is a well-known process for 
researchers, scientists, and medical doctors. The same doctors, in fact, have been 
able, over the centuries, to face every new hazard coming from natural or artificial 
sources. Medicine has found useful answers even when those threats were com-
pletely unknown or out of control, and when the quality of the estimates of the 
outcomes was poor.

So, since we are already facing a global health emergency, since there is already 
a clear drift of human pathology and of its determinants, reflected also in whole 
ecosystems, and since several species, among which is the human race, are 
involved, we believe that action from all health professional bodies is of paramount 
importance.

All the areas need to be covered: clinical practice, epidemiological studies, clini-
cal and experimental research, and medical and health education.

The promotion of medical literacy in this term is crucial; the sensitivity of people 
and doctors to this subject is limited and often based on misconceptions. There are 
many examples; one is the idea that air without smog is always healthy. At the same 
time, there is a need for constant awareness of the problem, avoiding cyclically 
activated alarmism—often triggered by media—alternating with long periods of 
complete silence.

In recent years, several tens of thousands of experimental or theoretical studies 
have been published on the effects of air pollutants on health; almost all those pub-
lications have focused only on a few selected fields of research—namely, lung dis-
eases, cardiovascular diseases, and a few others. The ratio between the number of 
articles and the relevance of health problems is not always obvious and is likely to 
create a new “GAP 10/90” [3] also in air pollution–related diseases; this is particu-
larly true when the critical problem of indoor pollution in less-developed areas of 
the planet is considered [4].

This division into sectors of research is largely attributable to the division of 
medicine into subject areas, causing, at the same time, a vanishing of clinical vision; 
individuals are not interesting anymore. What seems to matter in modern medicine 
is common denominators that allow health professionals to create those virtual enti-
ties that many doctors call diseases—virtual because, as good practice should sug-
gest, there are no diseases but sick persons [5], who may or may not be clustered 
into groups of people with similar medical conditions, which we arbitrarily call 
diagnoses (see Chap. 8 and 14).

A.V. Gaddi and F. Capello
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Obviously, also, shareable methodological choices, which in some cases are nec-
essary, have to face the consequences of this approach (like, for example, in clinical 
epidemiology, the need to study univocally defined events).

For these reasons, in defining the chapters of this book, we have tried to give the 
same emphasis to both the emerging disciplinary issues and the traditional ones; we 
have also tried to underline the need for a more patient-centered vision.

Thus, promoting an original approach, we have also decided to analyze the 
effects of air pollution on the different categories that compose society (the elderly, 
future mothers, children); nowadays, the alternative would be a mere assay of car-
diopulmonary diseases, in which the action of air pollution is well known, dismiss-
ing the complexity of the human body as a whole, as well as the emerging 
knowledge of the damage of air pollutants in other tissues, organs, or systems, and 
their interactions.

The other reasoned choice has been the involvement of the greatest possible 
number of experts from different cultural backgrounds and from different—and not 
necessarily medical—fields; this was done in order to give the most exhaustive pic-
ture of the problem, and also in an attempt to create an antipollution task force. The 
goal was to start a roundtable among all the actors who work in the field of pollu-
tion, even if they come from apparently differing areas; for this reason, in a clinical 
handbook, physicians, chemists, sociologists, engineers, experts, and management 
scientists have their say. This comes in an attempt to build a text where all facets of 
the pollution problem can be presented and analyzed, at the same time trying to find 
the answers to those questions that the real society is facing today.

This is why also in a clinical book—aimed at giving practical and usable infor-
mation for medical doctors, public health officers, and health workers—we confront 
ourselves with the political implications of air pollution. From these same consider-
ations came the decision—taken with the humility of those who dedicate their lives 
to research and science—to try to suggest to governments and decision makers what 
we consider the best possible solutions available at the moment.

We are also pleased that other authors who treat the theme of air pollution—such 
as Vallero in Fundamentals of Air Pollution [6], an essential reference book on this 
subject—feel the need to propose some challenges for the future, taking the share of 
responsibility that falls on those who have thoroughly studied the problems.

On the other hand, we are aware of the fact that any attempt to be completely 
exhaustive on the subject of air pollution—and, generally speaking, in science—is 
pretentious and unavoidably defective. This is the same nature of science to avoid 
dogmas and to eschew the promotion of mainstream’s theories. Those remain in fact 
the biggest limitations to the achievement of innovative ideas, original research, 
and, ultimately, new discoveries.

This innovative approach, nonetheless, should be fostered also because profes-
sionals from different fields may not be aware of how their expertise can positively 
affect also other areas of research, even when links are not so evident.

For the same reason, every topic treated in this book could be exposed and 
exploded in many chapters or in monographic books. Our attempt in this sense has 
been to define the most complete clinical vision (which does not necessarily mean 
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a medical vision), to the best of our abilities, in order to join everyone’s effort to 
reach the final goal: the improvement of people’s lives.

1.2  The Scientific Point of View

As we have seen, such a complex subject in which all the different fields of science 
and research come together cannot be treated according to the traditional formal and 
schematic subdivisions of medicine (e.g., cardiology, nephrology, neurology, etc.), 
even when multidisciplinary and integrated visions are considered.

If we could, we would have proposed, on the one hand, analysis of clinical cases, 
starting from their description “in order to say what we have seen”1 and not what we 
read in a paper or an essay; on the other hand, we might have suggested using the 
vision of systems medicine (that, however, is still struggling to define its method-
ological canons). It means analysis of complete sets of data coming from single 
individuals—the measure of everything, taking advantage of the opportunities 
offered to us. This is possible because the pollutants are researchable and measur-
able, albeit with difficulty in the individual as in populations. There are no other 
fields of research, in truth, where the study of a single case is so close to the epide-
miological facts.

We did not do this, for several reasons—also related to our capacity—but mainly 
for one motive: we did not have enough data for a solid scientific foundation.

In any case, the topic of complexity is so central in this matter that we wanted to 
deal with it from the first chapters of this book.

A system is complex when its behavior is not attributable to that of its individual 
components but depends also on their interactions; even more, a system is complex 
because the internal relations to the system are nonlinear and for them we may not 
have interpretative models, also from a mathematical standpoint.

The truth is that we believe that no one today can define models that could 
account for the complexity when the scale is the human being; even more, we doubt 
that this can be achieved even in simpler systems such as a prokaryotic cell.

Therefore, we are aware of the limitation of this study, but, at the same time, we 
are convinced that those restraints would be exacerbated and would become insu-
perable if we ignored the fundamental aspects of complexity, using simple—if not 
simplistic—models, as happens sometimes in medicine.

So, this challenge is welcomed for more valid reasons. The first is that the spe-
cific field of air pollution–related diseases is the most appropriate sector in which to 
foster this approach, precisely because of the convergence of disciplinary interac-
tions and different skills, and because the prevalence and severity of this problem is 
affected—not least—by economic interests of a size never seen before in health.

The second reason is that the field is almost virgin in terms of disciplinary con-
tamination. It was said above that research is generally discipline oriented, but this 

1 Augusto Murri on the clinical skill of Antonio Cardarelli, an eminent clinician, who was report-
edly able to “read the patient as an open book.”

A.V. Gaddi and F. Capello
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did not result in theoretical constructs to be demolished. It could be a spontaneous 
scientific revolution or, rather, the sum of many small revolutions that flow into one. 
Through measurement and collection of data, a new world is somehow rising.

The third reason is that newly available methods and technological solutions 
allow study of living beings in a totally innovative way; these are appropriate to 
address the issues of complexity and to produce sufficient data to understand more. 
And, for the purposes of medical research, it is essential to have ideas and gather 
knowledge about the “etiologies,” which, in this case, are known or knowable 
(namely, the pollutants).

And if, on the one hand, we will always have to face the complications that have 
come from existence and from the sum of idiopathic factors, on the other hand, there 
will always be one or more other possible starting points.

Yet other reasons exist, secondary to the discovery of new biological codes [7] 
and the existence of multiple forms of language. This is the key to interpreting the 
complexity at unimaginable levels and opening the way to epochal discoveries able 
to create the turning point that could take research to the next level.
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2Physical and Chemical Properties 
of Airborne Particulate Matter

Laura Tositti

2.1  Introduction

Airborne particulate matter (from now on abbreviated in PM) is one of the main 
atmospheric pollutants also known as a criteria pollutant as well as an environmen-
tal indicator. It affects the radiative balance of the planet and its hydrological cycle, 
it may play a role in visibility [1], but above all, it has been historically associated 
with adverse effects on human health (see, e.g. [2]), and therefore it soon started to 
be included in monitoring systems and networks for the safeguard of the population 
and of the environment.

In Europe PM is currently subjected to environmental regulation which intro-
duced as reference metrics PM10 since 1995 (EU Directive) and more recently 
PM2.5 [3]. Though both terms are internationally used in atmospheric research as 
well as in environmental protection, they still appear to be widely misunderstood or 
misused by the public. To some extent even current terminology anticipates the 
complexity of this pervasive and ubiquitous pollutant.

Presently in all the most developed countries as well as in rapidly developing 
ones, research and regulations concerning PM are implemented, enforced and con-
tinuously updated with the aim of both protecting the population and the environ-
ment and expanding the understanding of this topic. This is of foremost importance 
since the life and sanitary costs associated with air pollution are estimated to be very 
high. A recent study by WHO (World Health Organization) has established that “Air 
pollution costs European economies US$1.6 trillion a year in diseases and deaths” 
(http://www.euro.who.int/en/media-centre/sections/press-releases/2015/04/air-pol-
lution-costs-european-economies-us$-1.6-trillion-a-year-in-diseases-and-deaths,-
new-who-study-says) [4].

mailto:laura.tositti@unibo.it
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In spite of a general consensus on PM hazard, its link with human health is not 
straightforward, since the knowledge of the processes and mechanisms in which 
PM is involved, albeit wide and in exponential development in the last decade1 [5, 
6], is not yet definitive for a series of reasons which will be illustrated in the present 
chapter.

In order to establish a relationship between PM and health effects, it is funda-
mental to focus on the physico-chemical characteristics of this pollutant, as the key 
factor between PM and its adverse effects on health is/are the biochemical 
interaction/s with human cells and organs.

This presumes (a) a contact preceded by several potential ways of access (trans-
location) into the human body [7], and (b) once the contact has occurred, chemical 
interactions between PM and living substrates capable to trigger adverse effects.

None of the passages outlined, albeit long recognized and deeply investigated, is 
presently fully understood.

Evidence of the tight connections between PM and health derives mainly from 
epidemiological studies [see, e.g. [4, 8, 9] and references therein]. This means that, 
although the association is statistically substantiated, the inference is indirect and 
does not provide any mechanistic connection. However, even in this latter field, 
significant progress has continuously been achieved, providing a solid decisional 
platform on which air quality standards are set up and implemented in air pollution 
management/legislation. Though recent work in this field starts to face the problem 
directly, i.e. integrating epidemiological results with PM properties with the aim of 
optimizing the association between health effects and diseases (see, e.g. [9, 10]), the 
major gap between the comprehension of the links between PM and its detrimental 
effects on health remains typically mechanistic, i.e. in spite of the huge and ever- 
increasing data from in vitro and in vivo experiments, the way and/or the unambigu-
ously and mostly responsible chemical species are not well known.

2.2  Background Information

PM, or more correctly “atmospheric aerosol”, is defined as a suspension of particles 
and droplets in a mixture of atmospheric gases. Both aerosols and, to some extent, 
gases in the air are not conservative, i.e. they are unstable (subjected to more or less 
rapid transformations and removal processes). There is a complex interplay between 
gases and particles in the atmosphere, since the mixture of gases contains not only 
abundant but fairly inert gases such as nitrogen (N2) and oxygen (O2) but also a 
series of trace gases which are relevant to climate and above all to chemical reactiv-
ity. Table 2.1 reports a detailed list of atmospheric components relevant to the pres-
ent discussion.

1 According to [5], the publication rate of scientific papers on aerosol science has grown from units 
article/year in the 1980s to the present 1500–2000 articles/year in the present time, based on ISI 
Web of Science.
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The chemical behaviour of trace gases is largely driven by photochemistry, i.e. 
chemical reactivity induced by incoming solar radiation in the UV-vis field, capable 
to transfer its energy to a series of molecules triggering pervasive oxidative reactiv-
ity. This characteristic behaviour of present-day Earth’s atmosphere is largely physi-
ological, i.e. natural, and as such, it is usually not perceived as significant. Instead 
this means that gases which make up our atmosphere, and that we inhale, are capable 
of interacting each other and also with all the materials, both abiotic and biotic, 
exposed to them.2 Among the most noticeably active gases, there is ozone, a 
secondary pollutant which is well known for its relevant oxidant properties and for 

2 The overall oxidative behaviour of the planetary atmosphere is defined as oxidant capacity of the 
atmosphere; details of these fundamental properties of the Earth’s atmosphere are beyond the 
scope of this contribution and can be found in [11].

Table 2.1 Gaseous chemical composition of the atmosphere (adapted from [11])

Constituent
Chemical 
formula

Mole fraction in 
dry air Major sources

Nitrogen N2 78.084% Biological
Oxygen O2 20.948% Biological
Argon Ar 0.934% Inert
Carbon dioxide CO2 400 ppm Combustion, ocean, biosphere
Neon Ne 18.18 ppm Inert
Helium He 5.24 ppm Inert
Methane CH4 1.8 ppm Biogenic, anthropogenic
Hydrogen H2 0.55 ppm Biogenic, anthropogenic, 

photochemical
Nitrous oxide N2O 0.33 ppm Biogenic, anthropogenic
Carbon monoxide CO 50–200 ppb Photochemical, anthropogenic
Ozone (troposphere) O3 10–500 ppb Photochemical
Ozone (stratosphere) O3 0.5–10 ppm Photochemical
NMHC CxHy 5–20 ppb Biogenic, anthropogenic
Chlorofluorocarbon 12 CF2Cl2 540 ppt Anthropogenic
Chlorofluorocarbon 11 CFCl3 265 ppt Anthropogenic
Methyl chloroform CH3CCl3 65 ppt Anthropogenic
Carbon tetrachloride CCl4 98 ppt Anthropogenic
Nitrogen oxides NOx 10 ppt–1 ppm Soils, lightning, 

anthropogenic
Ammonia NH3 10 ppt–1 ppb Biogenic
Hydroxyl radical OH 0.05 ppt Photochemical
Hydroperoxyl radical HO2 2 ppt Photochemical
Hydrogen peroxide H2O2 0.1–10 ppb Photochemical
Formaldehyde CH2O 0.1–1 ppb Photochemical
Sulphur dioxide SO2 10 ppt–1 ppb Photochemical, volcanic, 

anthropogenic
Dimethyl sulphide CH3SCH3 10–100 ppt Biogenic
Carbon disulphide CS2 1–300 ppt Biogenic, anthropogenic
Carbonyl sulphide OCS 500 ppt Biogenic, volcanic, 

anthropogenic
Hydrogen sulphide H2S 5–500 ppt Biogenic, volcanic

1 ppm =1 molecule over 1 million or 106; 1 ppb = 1 molecule over 1 billion or 109; 1 ppt = 1 
 molecule over 1 million or 1012

2 Physical and Chemical Properties of Airborne Particulate Matter
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this reason subjected to restrictions and monitoring, VOCs (volatile organic com-
pounds) and finally NOx which are largely released as by-products of any combustion 
and participate to atmospheric chemistry during daytime but are responsible of oxida-
tion capacity of the atmosphere at night-time. The complex chemistry which is trig-
gered by sunlight within this complex gaseous medium is based on (relatively) fast and 
effective radical mechanisms, which are mostly typical of the natural atmosphere, but 
which may be remarkably enhanced in areas strongly affected by anthropogenic emis-
sions and has, anyhow, sensibly increased from pre-industrial time up to date [12].

Why introducing gas chemistry in a text concerning PM? Primarily because PM 
is transported by atmospheric gases many of which are reactive, therefore its carrier 
has potential to interact on its own, and secondly because many of the oxidative 
processes occurring among gaseous species lead to the production of a large frac-
tion of particles as described further on. As a third, non-negligible, issue, suspended 
particles are capable of adsorbing and desorbing gases, often providing active sur-
faces on which VOCs and other trace gases are initially bound, though release may 
often occur after their chemical transformation [13]. Both the latter cases represent 
general examples of the so-called multiphase chemistry as recently outlined in [14].

This brief overview is therefore meant to provide a focus on the extremely 
dynamical chemical framework in which PM is found and investigated, but of 
which, with the exception of aerosol specialists, there is limited awareness.

2.2.1  Exposure and Dosimetry

In order to assess the risk represented by the contact between a potentially hazard-
ous pollutant, such as PM, it is necessary to introduce a suitable definition of expo-
sure and set up a convenient quantitative relationship accounting for the causal 
effects on health between the pollutant considered and the damages observed.

In this brief overview, we adopt the approach provided by [15] based on the fun-
damental expression proposed by the US Academy of Science in terms of inhalation 
exposure [16], though the adoption of the exclusive inhalation pathway may be 
reductive, as research in the last decade has revealed how, especially for ultrafine 
particles (see further on in this chapter) may include other biokinetic pathways such 
as through the olfactive nerve and/or the cute as reported in [7]. According to [16], 
the following exposure equation holds:

 
E Cijk jk= ∑ t ,  

where E is the exposure produced by PM inhalation, Cijk is the concentration of a 
given aerosol species (single or composite) i, assumed to be constant in time tjk in 
each of the so-called microenvironments3 j where an individual k spends time, and 
tjk is the time spent by subject k in microenvironment j.

3 The “microenvironment” as compared to the environment as a whole indicates a portion of space in 
which PM is well characterized and which is able to provide an inherent interaction/outcome in 
individuals.
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In the case of an average individual, Moschandreas et al. [15] explicit the equa-
tion above as follows:

 
E C t C t Cijk

ik
ik ik

ik
ik ik

ik
ik= + +∑ ∑ ∑

outdoors indoors occupational

tt C tik
ik

ik ik+
−

∑
in transit

.  

The rationale for the equation above is that PM produces distinct but cumulative 
exposures as a function of the single microenvironment characterized by their own 
emission sources of PM, with distinctive composition and bioactive properties, as 
well as of the time a single individual spends in each (the so-called personal cloud) 
[17] and references included. In particular the equation roughly points out to the 
main microenvironments such as outdoor air, which refers to the basic environ-
mental compartment in which air pollution including PM is formed and emitted; 
indoor air which presently constitutes an increasing matter of concern4 covering 
both the field of residential environments together with hospitals and other work-
ing environment, i.e. offices, not classifiable among the occupational environments 
in a strict sense; occupational environments in which an individual is exposed to 
specific PM sources at levels usually well above the average environmental or even 
natural background concentration, though this matter is typically treated by occu-
pational health and safety regulations; and in-transit term which refers to the par-
ticles characterizing the transportation condition (vehicles, bus, off-road vehicles, 
bike, etc.) for the considered individual as each of the possible situations is affected 
by the emission sources active, for example, during commuting or similar.

Like in all the exposure/dose approaches, the duration (time) of contact with a 
given agent is a fundamental parameter in the risk assessment procedure. However, 
though the theoretical formulation of the exposure problem is apparently simple, 
none of the quantities mentioned is straightforward. The exposure time is modu-
lated by the habits of individuals requiring a wide spectrum of possibilities; the 
concentration C presumes not only the knowledge and therefore a detailed charac-
terization of PM composition in each microenvironment but, above all, implies the 
known and quantitative association between a given bioactive species and its effect 
on human health upon inhalation.

In this respect, even after several years from the publication of the mentioned 
paper by [15] and in spite of an ever-increasing availability of results and progress 
in the understanding of PM toxicity, the application of this exposure model is an 
extremely challenging task.

The reason for this difficulty will be explained in the following paragraphs.
The exposure to PM has been found to be associated to excess mortality; a relevant 

update for Europe has recently estimated that PM2.5 is responsible for 467,000 pre-
mature deaths across 41 EU countries (http://www.eea.europa.eu/highlights/stronger-
measures-needed/table-10-1-premature-deaths, visited on 15 December 2016).

4 In this respect, it is worth to consult guidelines and reports by the World Health Organization 
available at http://www.who.int/indoorair/publications/en/ (page visited on 12th October 2016).
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The principal health outcomes, including casualties, from PM exposure, are well 
documented and have been recently summarized by [18] and are reported in the fol-
lowing scheme (Fig. 2.1).

2.3  Aerosol Fundamentals

PM behaviour cannot be understood without introducing its basic properties on the 
basis of a series of classification modes which help to disclose and arrange PM 
complexity in a rational way.

The first fundamental concept is the distinction between primary and secondary aero-
sol. Primary aerosol is constituted by particles which are emitted into the atmosphere as 
soon as they are formed. Secondary aerosols are those produced following the emission 
of their gaseous precursors subjected to irreversible oxidation processes whose polar 
products are contextually condensed. The term “secondary” contains therefore a tempo-
ral implication, i.e. a time lag between an emission phase involving gas (primary sub-
stances) undergoing chemical reactions accompanied by a physical state modification, 
i.e. heterogeneous processes usually defined as “gas-to-particle conversions”. It is found 
that ambient aerosols are made up of 40–90% in mass of secondary components.

PM has both natural and anthropogenic sources, which are mixed in variable ratios 
with the relative distance and intensity of each active source. In both cases, aerosol can 
be either primary or secondary. Table 2.2 reports aerosol contributions from natural 
and anthropogenic sources on the global scale expressed as average annual fluxes [19].

As it will be described in detail further on in this chapter, data reported in the 
table above clearly shows how natural and anthropogenic emissions are comparable 
and compositionally extremely complex, even though the focus is on sources and on 
the major chemical components of PM, as related to their specific formation pro-
cess. Another non-negligible issue is that, beyond biogeochemical processes on 
which PM is tightly related, it is dynamically recirculated by atmospheric circula-
tion throughout the atmosphere. As a result, particles are also subjected to continu-
ous mixing, so that PM is always a complex mixture of both natural and anthropogenic 
PM fractions, no matter the location and the time of sampling.

The second basic characteristic of PM is its wide particle size range. Aerosol 
particles have a mean size variable from the nanometre (1/109 m) up to hundred 

Health Impact of PM
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Fig. 2.1 Health effects 
that have been associated 
to PM

L. Tositti



13

micrometres (where micrometre corresponds to 1/106 m). However, aerosol particle 
size is tightly bound to the source process responsible of particle formation. As a 
result, PM is characterized by a multimodal behaviour with frequency distribution 
peaks around well-defined particle sizes. We can now introduce the four PM modes 
experimentally detectable with present-day instrumentation. PM distribution modes 
are as follows:

 – Condensation nuclei peaking at 10–12 nm
 – Aitken nuclei with a maximum at 70–80 nm
 – Accumulation mode covering the range 200–800 nm
 – Coarse particles >2.5 μm

Figure 2.2 depicts the four aerosol particle modes as a function of size, together 
with the principal mechanisms of formations. This scheme shows how the conden-
sation nucleation mode, i.e. particles in the smallest size, derives by the chemical 
transformation of gaseous precursors through gas-to-particle reaction, initially in 
the free molecule state (average molecular size ~0.4 nm), which soon after initiates 
aggregation and clustering in an intermediate size range presently not yet detect-
able, until the nanometric size is reached.

Once particles in this fraction are formed, they continuously undergo accre-
tion processes which encompass vapour condensation upon their surface and 
coagulation of other particles until the Aitken nuclei mode is reached [20]. 
Ageing of aerosol and further coalescence/condensation processes promote the 

Table 2.2 Aerosol contributions from natural and anthropogenic sources on the global scale 
expressed as average annual fluxes

Source
Present flux
Low High Best

Natural
Primary

Soil dust (mineral aerosol) 1000 3000 1500
Sea-salt 1 10,000 1.3
Volcanic dust 4 10,000 33
Biological debris 26 80 50

Secondary
Sulphates from biogenic sources 60 110 90
Sulphates from volcanic SO2 4 45 12
Organics from biogenic NMCHa 40 200 55

Anthropogenic
Primary

Industrial dust etc. 40 130 100
Black carbon (soot and charcoal) 10 30 20

Secondary
Sulphates from SO2 120 180 140
Biomass burning (w/o blackcarbon) 50 140 80
Nitrates from NOx 20 50 36
Organics from anthropogenic NMCHa 5 25 10

Total 2390 24,000 3450
aNMHC non-methane hydrocarbons

2 Physical and Chemical Properties of Airborne Particulate Matter
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Fig. 2.2 The aerosol particle modes as a function of size and the principal mechanisms of 
formations

L. Tositti



15

Fig. 2.3 A simplified scheme of externally and internally mixed aerosols

growth of aerosol size into the so-called accumulation mode. In the latter modes, 
particles are more both externally and internally mixed, i.e. they do not only 
include many different chemical species forming a mixture of different particles 
(externally mixed aerosol), but each single particle is constituted by distinct 
chemical species (Fig.  2.3) [21]. This circumstance allows to anticipate two 
consequent and extremely relevant properties of particles which are not or are 
very limitedly spherical and have complex composition as a result of the mul-
tiple sources on which they depend.

Finally, coarse particles usually derive from mechanical processes such as solid 
abrasion (both natural and anthropogenic), wind erosion of rocks and soil, organic 
debris, volcanic emission and sea-salt aerosol.

Another interesting feature of aerosol is the occurrence of biological particles 
whose diversity covers the whole size range of ambient particles from nanometric 
viruses through bacteria up to pollen and spore in the supermicron range. This com-
ponent is somehow less treated than abiotic components; indeed, they represent a 
very important contribution to every aerosol population, either outdoor or indoor, 
including the associated health risks.

Figure 2.4 depicts a comprehensive scheme of the various types of ambient par-
ticles as a function of size.

Another simpler, widely used classification of particles as a function of size, 
independent of frequency distribution of particles, is based on defined threshold 
size. Given the broad size range and the presence of two more or less evident sad-
dles between the particle modes, we can distinguish among coarse particles with a 
diameter D > 2.5 μm,5 fine particles with 0.1 μm < D < 1.0 μm which covers the 
accumulation mode and ultrafine particles with D  <  0.1 μm. Ultrafine particles 
(from now on UFP) include the so-called nanoparticles, which are defined as those 

5 This threshold value is conventional rather than physically based as the transition between the fine 
and the coarse mode is not so sharply defined; sometimes the threshold is fixed at 1 μm.

2 Physical and Chemical Properties of Airborne Particulate Matter
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particles in which at least one of the three dimensions is smaller than 100 nm. Since 
particles in this latter size range are highly penetrating in the respiratory system, 
they represent a significant health concern. Attention is presently given to ambient 
nanoparticles which derive from gas-to-particle reactions in the atmosphere or are 
produced unintentionally in high-temperature processes such as the pervasive 
application of combustion both on the individual and on the industrial scale and 
many others such as industrial manufacturing, etc. [2]. Modern technologies how-
ever have brought to light and to the general attention of both research and policy-
makers the importance of engineered nanoparticles whose production leads to 
health risk of professionally exposed personnel as well as to threats to the environ-
ment [22, 23]. Considering that nanoparticles are both natural and anthropogenic 
(which include both unintentional and engineered ones) and since their size is con-
nected to an enhanced reactivity [22], there is a need of clarifying both their poten-
tiality in terms of both positive technological advance (new performing materials as 
well as drugs) and of adverse effects on health and environment. Since the latter 
have clearly emerged, nanoparticles are exponentially increasingly investigated, 
and as concerns nanotechnology in Europe, they are presently covered in REACH 
(EC 1907/2006) and CLP (Regulation 1272/2008 on classification, labelling and 
packaging) regulations (see, e.g. https://echa.europa.eu/regulations/
nanomaterials).
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Fig. 2.5 Particle deposition in a normal adult mouth-breathing (1.2 m3/h) male human subject at 
rest, as a function of particle size

The particle size has two fundamental implications:

 1. Accessibility into the body by breathing system and/or by translocation as a 
function of size

 2. Residence time of particles in the atmospheric medium

While accessibility as a function of size is fairly well known, at least when con-
sidering the respiratory system (Fig.  2.5), atmospheric residence time controls 
human exposure to particles. This means that exposure is not uniform over the size 
range spanning between the nanometre and several micrometre sizes and depends 
on particle size in a non-obvious way. Exposure and related dosimetry will sensibly 
differ as a function of several parameters.

Therefore, while the finer the particle, the deeper the depth reached in the lungs 
down to the alveoli, it is relevant to evaluate the availability of particles in each size 
mode, a process which is affected by the removal mechanisms of particles and by 
their resulting lifetime.

The atmospheric residence time τ of an aerosol is defined as the average time it 
spends in the atmosphere as a mutual result of the processes of formation/produc-
tion against those of removal. Not only aerosol size is affected by production pro-
cesses, but even PM removal from the atmosphere is strongly size dependent. It is 
generally accepted that atmospheric particles are substantially removed through two 
main pathways, i.e. respectively wet and dry deposition. Wet deposition includes 
rain, snow, hail and fog; it is largely dominant over dry deposition relying on very 
efficient mechanisms largely mediated by particle composition and resulting hygro-
scopicity, though it may depend on precipitation regimes and therefore on local 
climatology. The processes are complex and still matter of investigation though it is 
ascertained that most of the submicron particles are removed through cloud process-
ing and wet deposited by hydrometeors (see, e.g. [24] for details). Dry deposition, 
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i.e. PM removal in the absence of precipitation, differs on account of PM size; it 
may occur by gravitational settling when particles are coarse (i.e. >1 μm) or by 
impaction when particles are <1 μm. In the UFP range, dry removal is controlled by 
particle-particle impact followed by coalescence and coagulation, which determine 
the disappearance of smallest particles in favour of the accumulation mode; these 
processes are statistically promoted by the highest number density of UFP. Finally, 
particles may move from the smallest size up to the larger one by growth, as both 
gases and water vapour may condense and deposit on the particle surface contribut-
ing to their accretion. At this stage, it is apparent the close relationships among 
gaseous species, UFP and accumulation mode particles, whose interplay is con-
trolled by complex thermodynamic conditions and by aerosol sources, properties 
and intensities.

While residence time of particles removed by wet deposition is substantially 
associated with atmospheric water cycle and may reach up to 8–9 days on average 
(i.e. the mean τ of atmospheric water), in the case of dry deposition, the residence 
time is highly variable and dependent on size (see Fig. 2.6).

It can be noticed that the shortest-lived particles are both the coarse and the ultra-
fine particles, which include nanoparticles. The accumulation mode particles are 
small enough to stay in suspension in the atmosphere until atmospheric motion will 
end up in impacts on surfaces or will be affected by wet deposition.

Moreover, aerosol lifetime is dependent on location and height in the atmosphere 
as reported in Fig. 2.7.

Fig. 2.6 Size distribution of aerosol, formation and removal processes and resulting lifetimes 
(Data available from available at https://allaboutaerosol.com/aerosol-in-the-atmosphere/). For the 
sake of simplicity, the nucleation modes are represented as a single mode
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2.4  Number of Particles, Mass and Surface vs. Size

Additional PM properties varying with particle size are volume and mass, mutually 
proportional, surface and number density, i.e. the number of particle per unit vol-
ume of air. Typically, volume and mass are largest in the coarse mode and decrease 
with decreasing size, while surface and number density increase more than propor-
tionally as size decreases. Figure 2.8 shows the variation of these parameters in a 
well-known diagram obtained from the fundamental text [1].

It can be observed that volume (and consequently mass) is maximum in the 
coarse mode, whose population instead is very low, while UFPs present a negligible 
overall volume and mass but an overwhelmingly high number density. This is 
remarkably relevant to health issues, as, due to their tiny size, UFPs are most likely 
to reach the deepest section of the respiratory system and access the alveoli; this 
means that size and population may substantially increase the potential for bio-
chemical interactions in the body when particle chemistry is favourable.

Interestingly the surface term, i.e. the specific surface area6 of particles, is maxi-
mum in the fine mode defined as accumulation mode. This circumstance is relevant 

6 Specific surface area of solids is a parameter defined as the total area of a grain-sized material per 
unit mass and is measured in m2/mass (g or kg) of material. Owing to a basically, though not 
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Fig. 2.7 Atmospheric lifetime of aerosol as a function of size and of atmospheric height (Data 
available from http://elte.prompt.hu/sites/default/files/tananyagok/AtmosphericChemistry/
ch09s02.html)
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to PM behaviour in air, as a high specific surface area promotes interactions (adsorp-
tion and desorption) with reactive gases in which it is suspended. The longer the 
lifetime, the higher the potential not only for PM ageing but also for complex 
physico-chemical interactions and consequent influence on the overall atmospheric 
chemistry, including effects on health, materials and environment. In the case of 
health-related issues, recent research has actually identified specific surface area as 
an extremely efficient parameter in the assessment of the dosimetry of acute toxicity 
from fine and ultrafine particles [25].

Since the number of particles (or better their number density) is remarkably huge for 
both fine and ultrafine particles, this parameter is complementary to mass and 

exclusively, geometrical reason, overall surface of an unconsolidated material increases exponen-
tially with decreasing size on a constant mass basis. We omit visual examples for the sake of brev-
ity and suggest the following reference for a deeper insight [25].
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vcomposition of PM. All of these properties are highly variable in time and space and 
produce distinct distribution pattern resulting from the source location and intensity, atmo-
spheric mixing processes and biogeochemistry, all the factors being equally relevant.

Figure 2.9, reproduced from data collected by [1], visualizes PM distribution 
pattern, which we introduce.

This diagram offers several opportunities to understand PM behaviour. Firstly, it 
can be appreciated how clean air even in remote areas is not depleted in particles, 
i.e. particles pertain also to the natural atmosphere. The main difference with an 
anthropized airshed is their concentration or more correctly their number density. 
Both axes are logarithmic; therefore the increase in particle number in urban condi-
tions is far more sensible than it appears at a first sight; the worst situation is found 
at a kerbside, i.e. an area highly urbanized and affected by vehicles, pointing to the 
importance of traffic in heavily impacting the PBL (planetary boundary layer) and 
consequently affecting human exposure. In practice, regardless of the previously 
described size bins, the total particle number of PM in the lower troposphere ranges 
between 102 ÷ 104 cm−3, equivalent to a mass range of 1 ÷ 100 μg m−3 between 
remote and anthropized sites, as reported by [26].

Finally, this diagram does not cover UFPs which usually include even smaller 
and above all more abundant particles, as previously described; therefore even if the 
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Fig. 2.9 Particle number density vs. size distribution in several ambient conditions ranging from 
clean background to man-impacted situations
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overall picture and implications are fairly well depicted, it gives an incomplete 
information on this aspect.

2.5  Morphology

Airborne particles may be spherical, but most often they are not. Figure 2.10 repre-
senting SEM (scanning electron microscopy) images provides wide information on 
aerosol particle size and shape, enlightening the processes responsible of particle 
formation, modification and ageing according to the wide range of sources and 
mechanisms. A sample can be seen in the work of Megido et al. [27].

Moreover, though the toxic effects of PM are mostly related to its chemical compo-
sition and to the consequent biochemical interactions occurring on living tissues, par-
ticle morphology is a further property potentially conducive of adverse effects on 
health [27]. The most clear example is that of asbestos, whose harmfulness is largely 
associated with its fibrous nature and with its consequent accessibility to the lungs [28].

Nucleation Aitken Accumulation Coarse

1000010 100 1000

Particle diameter nm

Fig. 2.10 Types of particles and their composition as a function of size (available at http://capita.
wustl.edu/aerosolintegration/specialTopics/Integration/Capter4Drafts/CHAPTER4000708.htm)
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Thanks to the energy dispersive X-ray probes usually coupled to electronic 
microscopy devices, they can provide semi-quantitative7 elemental information on 
single particle whose chemical composition may be deduced, revealing not only the 
actual sources of ambient PM including primary and secondary ones but shed light 
also on the occurrence of internally mixed particles as well as on the effects of 
hygroscopicity on particle swelling by water absorption and deliquescence 
process.

In the following a series of TEM (transmission electron microscopy) images 
from a historical and popular paper by [29] are reported. The figure depicts many of 
the concepts so far described in terms of dynamics of aerosol formation and ambient 
production/modification during its lifetime in atmospheric suspension and resulting 
shape.

Though SEM and TEM analyses are widely used especially on a single particle 
basis, quantitative analysis by microscopic techniques may be used for quantitative 
analysis, provided the approach is based upon the analysis of hundreds to thousands 
particle per single aerosol sample to account for the huge statistical variability in 
terms of size, composition and shape.

In addition to the structural properties so far described, another fundamental 
morphological characteristic of PM typical of aged particles is the occurrence of 
stratifications often with different chemical species on the surface of or inside the 
particles. As a result, chemical species on the surface are potentially more prone to 
interaction with the surrounding chemical environment. This means that while 
insoluble components will be more active in adsorption/desorption mechanisms, the 
soluble ones could be released upon contact with solvents or solutions, while occur-
rence of metals on the surface might trigger redox reactions, with implications on 
atmospheric chemistry through catalytic processes or on oxidative stress through 
ROS (reactive oxygen species) formation when in contact with living substrates.

2.6  Aerosol Metrics and Sampling

The scope of this paragraph is to introduce the reader to a fundamental process in 
PM characterization and understanding: its sampling. As previously illustrated, air 
is a heterogeneous system so that particles, usually solid and/or liquid, as a function 
of atmospheric relative humidity, can be separated and accumulated until a suffi-
cient amount has been collected for subsequent analysis. The required PM amount 
is dictated by the analytical approach applied, since the family of analytes and 
atmospheric concentration is typically very low, even in very polluted conditions. 

7 For the sake of completeness, it must be remarked under particular conditions which requires the 
analysis of hundreds to thousands particles per sample: also SEM analysis can be employed even 
for quantitative elemental analysis though this is far less convenient than other instrumental/ana-
lytical techniques, as the analysis of large numbers of samples is usually needed in order to collect 
sufficient information to cover the two main objectives of PM characterization, namely, source 
profiling and identification of health-related species.
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The experimental techniques for aerosol investigations typically require highly spe-
cialized and skilled experts owing to the extreme complexity of the topic and to the 
non-conservative nature of the aerosol material. Therefore, since technical details 
are beyond the scope of this overview, we suggest other information sources for a 
deeper insight of this, for example, [30], while in the following of this paragraph, 
we provide the basic knowledge necessary to correctly understand PM fundamen-
tals in the framework of health-related problems.

Moreover, the present contribution is not intended to be exhaustive of the topic, 
as the current technology continuously offers new solutions and improvements. 
Therefore, this section will be limited to the basic tools used in PM studies by the 
largest part of the aerosol community with the aim of determining aerosol composi-
tion and its links to health and environmental hazards.

Instruments for PM investigation are substantially subdivided into offline and 
online devices. Basically, the most widely used methods to collect aerosol particles 
are based on air filtration using porous membranes and/or by impaction, both per-
taining to the offline class. In both cases a pump draws an air flux through a mechan-
ical system allowing for particle collection and concentration on a support suitable 
for the following weighing and analysis. Flow rates of sampler range from a few  
L/min in low volume samplers up to several tens of m3/min for high volume. The 
choice of a given flowrate is usually dictated by the standard metrics required by the 
environmental laws/regulations in each country or by the average concentration of 
the chemical species investigated. One of the basic requirements for current sam-
pling protocols is the need for a constant flowrate during each sampling to allow for 
the correct size selection of particles during the sampling itself; consequently, sam-
plers are provided with a compensation system to overcome the head loss produced 
by filter loading. The overall complexity in the sampling management is such that 
continuous verification and recalibration of samplers are strictly required.

Another fundamental issue in sampling is the choice of the filtering material as it 
must guarantee the minimal influence on the analytical results; therefore specific 
filters/supports for air pollution monitoring are available; in this framework the 
choice for the most suitable material will also depend on the class of analytes of 
interest and among the chosen ones those with the minimum blank compatibly with 
detection limits, type of environment investigated (background, rural, urban, kerb-
side) and obviously costs.

For practical and rigorous details on sampling and chemical speciation of PM, 
we suggest to consult, for example, US-EPA guidelines by J.C.  Chow and 
J.G. Watson available at https://www3.epa.gov/ttn/amtic/files/ambient/pm25/spec/
drispec.pdf (page visited last on 14th October 2016).

In the last decades, aerosol collection has been integrated by other devices which 
allow to access other fundamental properties, such as particle counting, or even to 
identify single aerosol particle allowing for the simultaneous determination of its 
mass and composition. They are usually online devices, i.e. particles are continu-
ously measured during the operating time; data collected are usually integrated over 
adjustable time intervals with a time resolution suitable to describe the order of 
processes and variability. These instruments will be briefly described in the final 
part of this paragraph.
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2.7  Particle Collection

The older sampling systems consisted basically of pumps which filtrated airborne 
particles on a porous medium allowing for their separation from the gaseous phase, 
for which just the flowrate was known. Owing to air and aerosol properties, which 
were soon discovered to be extremely variable, filtration efficiency is scarcely 
reproducible being affected by filter porosity and material and pump flux but also by 
PM size distribution, atmospheric concentration and composition, as well as by the 
thermodynamic conditions of the atmosphere. As a consequence, there was a need 
to leave the older standard known as TSP (total suspended particulate) per unit vol-
ume of filtered ambient air to a more reproducible and consistent metric allowing 
for data homogeneity and subsequent evaluation.

The current PM metrics, which are substantially adopted worldwide, are based 
on samplers which:

 a. Filtrate aerosols based on a size cut-off,8 i.e. prevent the collection of particles 
larger than a conventionally chosen size threshold but collect quantitatively PM 
below this level

8 According to IUPAC (International Union of Pure and Applied Chemistry), cut-off is defined as 
“The size of particles at which the retention efficiency of an instrument device drops below a speci-
fied value under defined conditions” (http://goldbook.iupac.org/C01481.html, visited September 
12th, 2016).

Fig. 2.11 Examples of SEM images of aerosol particles showing their morphology and on the 
right, modifications due to hygroscopicity of some components (deliquescence)
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 b. Have pumps constantly working at a given flux, i.e. are provided with an auto-
matic system which corrects the pressure drop when the particle load on the 
membrane is too high

This means that sampling PM is per se a very accurate and metrologically con-
trolled operation, carried out with certified instruments, i.e. not simple mechanical 
devices, whose use requires systematic calibration and maintenance protocols. The 
rationale for excluding larger particles from sampling is that coarse particles are far 
less numerous as seen before, but above all they are unable to access the deeper part 
of the respiratory system; therefore they do not represent a substantial health hazard.

Omitting herein the technical details by which a reliable aerosol sampling is 
achieved, as well as other instrumental methods used more often in more special-
ized sectors of atmospheric research, we can now define the current metrics adopted 
in atmospheric research as well as in governmental air quality network.

PM sampling is substantially based on PM10 and PM2.5 metrics, where PM10 is 
defined as particulate matter with a mean aerodynamic9 diameter equal to or lower 
than 10 μm, while PM2.5 covers particulate matter with a mean aerodynamic diam-
eter equal to or lower than 2.5 μm. Consequently, both standards physically exclude 
particles above the size indicated from being retained, while PM2.5 is actually 
included in PM10. The following diagram depicts the particle size range covered by 
the described PM references (Fig. 2.12).

9 Aerodynamic diameter does not necessarily coincide with the geometrical diameter of aerosol 
particles but defines a virtual diameter of particles with their own density and shape but terminal 
velocity equivalent to that of a spherical particle of unitary diameter and density.

Fig. 2.12 Aerosol sampling metrics based on PM10 and PM2.5 including ultrafine and coarse 
fractions [31]. The length of the arrows indicates the size range of collected PM
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UFPs are therefore collected either in PM10 and in PM2.5, while PM2.5 excludes 
the coarse fraction, further focusing onto the finest particles more prone to access 
the respiratory system. Though apparently trivial, this clarification is felt as due, as, 
even after many years of application, the PMx concept is still frequently incorrectly 
reported, generating confusion in the public.

Beside filtration systems, PM can be collected by impaction on suitable supports, 
always based on pumps coupled to collectors. Most frequently these devices can be 
designed to size-segregated aerosol, i.e. to collect finite amounts of PM in subse-
quent ranges of diameters. Fractionation is very important not only in connection 
with the wide particle size range of ambient aerosols but above all because this 
sampling approach allows to characterize the distinct chemistry of PM as a function 
of size. As previously described, the mechanisms of formation of PM are multiple 
and complex, highly distinct in the various modes. The knowledge of the mentioned 
processes together with local characterization as PM is strongly affected by local 
sources of emission and requires the accessibility of samples representing this huge 
variability. Therefore, once PM has been collected on filters or supports, they may 
be weighted to produce the primary parameter used in PM metrics, i.e. its mass load 
per unit volume of filtered air.10 Clearly, in most cases, PM collection on a support 
is preliminary to offline analysis, including subsequent processing for chemical spe-
ciation, covering substantially the whole analytical range of methodological and 
instrumental solutions available and in continuous development.

Online methods are usually preferred when it is necessary to focus on the time 
modulation of atmospheric chemistry and on the inherent modifications of PM, all 
factors highly affecting potential health effects. In these cases, it is possible to perform 
semi-continuous analyses coupling size-selective sampling heads like PM10 or PM2.5 
either to denuders (devices used to sample the vapours supposed in equilibrium with 
some of PM components) and/or to a filtering station both connected to a solubiliza-
tion unit and an ion chromatograph like in MARGA (monitoring of aerosols and gases 
in ambient air) (Metrohm) or in AIM (ambient ion monitor) (Dionex Thermofisher). 
These devices allow sampling and analysis of finite amounts of PM according to accu-
rately planned time sequences at the sub-daily time scale providing invaluable detailed 
information on aerosol evolution as a result of meteorology and photochemistry. 
Another interesting solution for semi-continuous analysis is the VACES (versatile 

10 As a general rule, gravimetry of aerosol samples is the most accurate way to achieve the determi-
nation of PM mass loads, even though the method is lengthy and demanding, requiring standard-
ized protocols to overcome potential bias in PM sample handling. Moreover, the weighing 
operations are characterized by an extremely accurate performance compared to many other mea-
suring operations; this characteristic is of basic importance as PM samples can be very limited and 
therefore difficult to characterize accurately. Recently PMx samplers may be equipped with tools 
allowing for an automatized determination of aerosol loading based, for example, on the attenua-
tion of a weak beta-beam or others. In this way air mass load can be monitored also at the sub-daily 
scale (PMx is usually collected on a 24-h basis) as the measurement can be carried out during the 
sampling without any interruption, increasing the operation information and efficiency and reduc-
ing costs of the operation; nevertheless, a systematic and frequent check against the standard 
method is highly recommended due to drifts and bias especially important at low PMx 
concentrations.
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aerosol concentration enrichment system) [32] which allows to sample ambient par-
ticulates with standardized sampling heads thereafter collecting PM into a water 
slurry; again this sampling scheme is extremely useful not only because it allows to 
fractionate PM samplings in time intervals adequate to the scientific objectives but 
also because it is very flexible, allowing to split the samples injectable in whatever are 
the analytical tools planned. This solution is particularly appealing in both speciation 
and toxicity test as it prevents the potential interference from membrane materials.

Together with sampling strategies for the chemical characterization of PM 
according to its fundamental properties, we mention herein further instrumental 
techniques aimed at integrating aerosol analysis and size classification by online 
techniques operating on a semi-continuous basis.

PM can be analysed for aerosol number density, a parameter which is directly 
related to the population of aerosol particles in the atmospheric unit volume, using 
physical properties allowing to count and to classify by size each aerosol particle 
detected.

Though there are several technical solutions available to this scope, particles 
cannot be detected and counted with a unique instrument covering the whole size 
range. The most widely used are the so-called optical particle counters (OPCs), 
based on light scattering of a laser beam by each single aerosol particle, which allow 
to measure PM population from 200  nm upwards. These instruments therefore, 
though very useful and widely available, do not cover the particles of smaller size, 
associated with nucleation processes and to the initial steps of aerosol growth whose 
relevance has been explained before in this chapter. In the case of particles smaller 
than 200 nm, other instruments are required based on other physical techniques, 
such as particle ionization and subsequent acceleration in an electric field or on 
condensation of cold vapours on their surface, in order to let the particles grow in 
size and achieve a size detectable by the OPC.

Whatever the instrumentation available, the availability of particle size spec-
tra even with an OPC which cannot access ultrafine particles provides a funda-
mental integration in PM characterization since it produces direct and instant 
information on particle size with emphasis on submicron fractions prone to 
access the respiratory system to depth, at high time resolution when PM mass 
load data only rarely reach the sub-daily frequency. At the same time, this 
approach is very efficient in providing prompt information on the influence of 
pollution sources (particle size and population, distance and intensity of the 
sources) and degree of ageing of PM as related to lifetime as a function of size 
and to its “in-transit” transformations.

Moreover, number density data can be used to obtain gravimetric data such as 
PM10 or PM2.5, on the basis of suitable inversion processes based on the material 
density of particles. This step presumes the knowledge of PM average chemical 
composition, information not always promptly available and above all subjected 
to time/space fluctuations at each single site. This means that OPCs allow the 
coupling of PM size distribution to a more or less approximated mass estimate 
at a time resolution higher than traditional metrics, a highly desirable approach 
as it provides a high degree of detailed information on the behaviour of the 
 airshed investigated and to its influence on the population and on the 
environment.

L. Tositti



29

In order to emphasize the relevance of collecting particle size data, it is worth to 
know how in last years the scientific community is strongly debating about the possi-
bility of modifying the current PM metrics based on PM10 and PM2.5 shifting towards 
the number density concentration one. Though this parameter is very relevant to health 
issues and to all the other environmental and climatic problems associated with PM, in 
our opinion a holistic approach including both the traditional and the proposed metrics 
is highly preferable as they do contribute synergistically to a better understanding of 
PM multidimensional phenomenology and to its potential or actual health outcome.

As a last example of aerosol instrumental techniques presently available, we 
would like to mention aerosol mass spectrometry (AMS), a relatively recent family 
of powerful instruments based on single particle counting coupled to mass spec-
trometry analysis for particle identification; this means instruments are capable of:

 1. Sampling atmospheric particles using a pump station interfaced with size- 
selective inlets

 2. Detecting and identifying the composition of each particle by mass spectroscopy 
analysis

Some details on the methods can be found, for example, at http://cires1.colo-
rado.edu/jimenez/ams.html and http://fy.chalmers.se/OLDUSERS/molnar/lec-
tures/Measurement%20Methods%20II-filer/ATOMFS-3800.pdf (visited 14 
September 2016), showing the outstanding features of AMS in terms of aerosol 
characterization potential; at the same time, there are three major difficulties in its 
routine applicability. First of all, the costs are very high, but another non-negligi-
ble aspect is the difficulty of associating mass to composition, given that we are 
not dealing with molecules but with particles which in most cases are random 
combinations of different chemical species (see the concept of internally mixed 
aerosols), and even in the case of identified particles, the environmental represen-
tativeness of the collected data may be very limited. In fact, even in the case of 
highly qualified investigations, the information achievable covers the identifica-
tion of hundreds of thousands to millions of particles, which corresponds to huge 
efforts, but needs to be compared to real conditions. Ambient air in fact usually 
contains 105–108 particles/cm3, and in EU, a daily PM2.5 or PM10 sample is obtained 
filtering about 56  m3/d. AMS is therefore an extremely powerful technique to 
investigate the complex physico-chemical processes behind aerosol nucleation 
and ageing processes, rather than in long-term surveys/investigations.

2.8  Aerosol Composition

2.8.1  A Dynamic Framework

As previously described, PM size distribution is very tightly associated with the 
formation processes and with the ageing of particles. A straight consequence of this 
complex phenomenology is not only that aerosol composition is extremely differen-
tiated but that it varies with size, as well as in time and space, i.e. it has an extremely 
transient character. A smart and effective metaphor for ambient aerosol composition 
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is that it resembles an “exploded pharmacy” as from [26]. In fact, each aerosol 
sample is a mixture of widely different chemical species on account of the physical 
mixing of the emissions of a series of sources as well as of their transformation dur-
ing their transit in the atmosphere. Gases and particles are efficiently stirred and 
transported in the air including both natural and anthropogenic materials as a result 
of a restless atmospheric circulation. At each site in the troposphere11 and all over 
the planet and at each time, PM composition has a unique composition which may 
be affected by local, distant and even remote sources whose relative importance 
stochastically depends on variable source emissions and intensities, transport condi-
tions and degree of chemical transformations.

The efficiency of atmospheric transport clearly emerges when analysing data 
from catastrophic events, such as the deposition of radioactive fallout. A typical 
example is the redistribution pattern of radioactive plumes emitted in nuclear acci-
dents such as Chernobyl in 1986 and Fukushima in 2011, when trace amounts of 
aerosol-borne radionuclides emitted from these point sources spread in the tropo-
sphere and were detected all over the whole Northern Hemisphere [33–35]. In the 
case of Fukushima accident after the tsunami impact in March 2011, the radioactive 
plume took about 3 weeks to reach Italy after the main emission event [36].

This highly dynamic situation constitutes the basis for the introduction of the 
Convention on Long-Range Transport Transboundary Air Pollution (CLRTAP),12 
which is related to the aim of quantitatively detecting the amount of atmospheric pol-
lutants produced in a country with respect to aliquots produced by neighbour coun-
tries, adding to local sources through atmospheric transport. Moreover, meteorological 
conditions significantly affect absolute PM concentrations not only in determining 
which sources are entrained in air masses during transit but also in terms of wet scav-
enging which removes particles from the atmosphere, as well as of photochemistry 
related to solar periodicities, which largely modulate chemical reactions in the tropo-
sphere and products. All the listed factors participate to the aerosol budget in a given 
dynamical atmospheric volume through complex chains of input/output mechanisms.

In order to capture the overall properties of ambient aerosols at a given location 
(the so-called receptor site), it is necessary to plan a sufficiently high number of PM 
samplings followed by demanding and complex sequences of chemical analyses, 
the latter necessary to cover the extremely huge range of chemical species which 
constitute ambient aerosol mass. The need for such complex and costly experimen-
tal activity has several objectives:

• Understanding the composition of aerosols and reconstructing their mass 
balance

• Identifying the main aerosol sources through chemical fingerprinting
• Addressing the chemical species responsible for health adverse effects

11 The troposphere is the innermost layer of the Earth’s atmosphere, in contact with the planetary 
surface and containing 75–80% of the atmospheric mass.
12 United Nations Economic Commission for Europe UNECE: http://www.unece.org/env/lrtap/
welcome.html and http://emep.int/index.html (both sites visited on 26th September 2016)
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In practice, owing to the extremely variable nature of PM, the experimental 
approach required for PM characterization is typically based on the analysis of hun-
dreds of samples for a single station, encompassing several types of different ana-
lytical techniques followed by comparatively complex statistical and chemometric 
techniques by which it is possible to reach the objectives outlined. While some 
details on this approach will be briefly described later on in this chapter, information 
on aerosol components are provided in Chap. 3.
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3The Relationship Between Health Effects 
and Airborne Particulate Constituents

Laura Tositti

3.1  Major and Minor Components

PM is mainly constituted by solid abiotic particles including mineral insoluble 
phases; biological particles such as pollen grains, spores, mould, bacteria and 
viruses; fractal agglomerates based on elemental carbon assemblies originated in 
combustions; and larger amounts of physically less defined, fairly polar material 
composed of inorganic salts and organic matter, more or less deliquescent as a func-
tion of relative humidity in the air masses.

Independently from the natural or the anthropogenic origin, the average compo-
sition of aerosols includes major and minor components virtually covering the 
whole periodic table of elements in combinations of minerals, salt oxides, etc., 
while the carbonaceous fraction, which is often very abundant, is reputed to account 
up to several hundreds of different compounds.

As explained further on in this paragraph, major components make up the mass 
of PM and, to a first approximation, do not include particularly noxious substances 
but comprehend species not exclusively related to natural/anthropogenic sources. 
Minor and, above all, trace species play the most important role in this field of 
knowledge. In fact, in spite of their negligible mass over PM composition, trace 
species are the most informative as they do not only provide the basis for efficient 
chemical fingerprinting used in the identification of PM emission sources, but they 
also include the most relevant components from the biological point of view.

In general, the most abundant components of particulate matter are both natural 
and anthropogenic and may have both a primary and a secondary origin as reported 
in Table  2.2.
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Among primary species, PM contains mineral debris deriving from soil and road 
abrasion, biological debris and microorganisms,1 sea salt and organic and elemen-
tal carbon and trace elements, while secondary components, which are usually the 
most abundant species, include SIA (secondary inorganic aerosol) and SOA (second-
ary organic aerosol) [1].

In order to understand the average compositional of PM, we refer to the recent 
overview by [2] depicting the partitioning of the major components of PM10 and 
PM2.5 across Europe.

3.2  Crustal Material

This component which is usually found in the coarse fraction mainly derives from 
the mechanical disruption (abrasion) and resuspension of geological materials such 
as rocks and soils; it is typically of mineral origin and therefore fairly insoluble in 
most cases. Owing to its (relatively) large size and short residence time in the atmo-
sphere, it is mainly locally originated.

Most noticeable is the so-called mineral dust, which can be advected from the 
local up to the synoptic scale as a result of transport mainly from the huge desert 
areas in Africa and Asia, often significantly affecting local PM levels [3]. Though 
essentially natural, mineral dust transport is carefully monitored and investigated, as 
many climatological data suggest that frequency and intensity of these phenomena 
are increasing as a result of climate change operated by humans (see, e.g. https://
www.ipcc.ch/publications_and_data/ar4/wg1/en/ch7s7-5-1-1.html, visited 25th 
November 2016). In addition to the pure meteo-climatic effects, there is more than 
a basic evidence suggesting that mineral dust plays a key role in atmospheric pro-
cesses through active heterogeneous chemistry mediated by its surface area [4], 
eventually exacerbating atmospheric pollution [5] and finally inducing health out-
comes [6].

Where the most widely considered crustal fraction of PM is mainly coarse in size 
as a result of its mechanical origin, the occurrence of crystalline silica (classified in 
Group I by IARC—International Agency for Research on Cancer—in particular in 
the form of quartz and cristobalite [7]) in each of the sources listed below cannot be 

1 This carbonaceous fraction spans from bacteria, viruses, pollen and spores, i.e. living organisms 
which are more than bioactive species and which are always present in PM, down to biological 
debris from the decomposition of animals and plants and from the human body. As such, the living 
components may cause infections, diseases and allergies mostly on a seasonal basis, with moulds 
being most active in indoor environments. Though widely investigated in the field of pathology, 
they are far less examined than all the other chemical compounds of PM especially in aerosol sci-
ence even if a holistic approach should correctly suggest major efforts for including also the bio-
logical component in the overall evaluation of the real environmental and health effects of PM. For 
this reason, though the authors are aware of the importance of bioaerosol, they will not provide 
details on it in the present chapter, while they indicate how this topic is of increasing interest espe-
cially as far as indoor environments.
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ruled out, leading to potential occupational and nonoccupational exposure. 
Therefore, the evaluation of the crustal component should not be underscored.

Mineral dust [8, 9] includes also submicron components leading to likely inhala-
tion exposure. In this framework, also volcanic emission must be included among 
the mineral sources deserving special attention as they include also highly aggres-
sive PM components accompanied by abundant mineral fractions as reported by 
literature inspired by the recent volcanic eruption of Eyjafjallajökull (Iceland) in 
2010 [10] and more in general to integrate the well-established knowledge of PM 
[11, 12].

Indeed, mineral components are historically related to adverse effects on human 
health as in the case of asbestosis and silicosis, for which the distinction between 
natural and anthropogenic origin has very labile borders. What is undoubted is that 
silicates are well known as noxious agent with very clearly identified health out-
comes, though their mechanistic influence is not yet thoroughly elucidated [13].

In addition to natural sources, there are other mineral sources related to human 
activities which may sensibly affect PM composition. The distinction between them 
is not always straightforward. In fact, crustal materials are remobilized and resus-
pended in mixtures which are often difficult to solve owing to similarity and more 
or less direct connections. In urban environments, the mineral components do not 
only include what is generally identified as soil resuspension (typically larger in the 
warm season owing to drier conditions) but also road debris produced by traffic. 
This component, extremely heterogeneous, may be partly similar to crustal compo-
nents from asphalt as well as ceramic fragments from vehicle brakes and catalysers, 
though it is typically accompanied by other peculiar components which reveal their 
origin such as copper and iron (from brakes) and zinc (from tyres).

Other work activities involved in the emission of crustal materials with large 
potential to confound with natural emissions, range from agriculture, cave and min-
ing work to tunnel boring (as well as other underground construction activities), the 
building and demolition sector and the building material industry covering the pro-
duction of cement, bricks and tiles. The latter ones, besides grinding and mixing 
rocks and minerals in the coarse size emissions, include also high-temperature oper-
ations contributing to the submicron component. Finally, an interesting and, to some 
extent, emerging emission source owing to the huge increase in the maritime traffic 
is the shipyard sector including emission of crustal particles as a result of sandblast-
ing over metal surfaces as found by the authors within a current investigation on the 
source apportionment of particulate matter in a coastal industrial location in north-
ern Italy (unpublished data).

A detailed overview of the component herein described can be found in [7].

3.3  Sea Salt

The sea-salt component is typical of coastal regions and consists in crystals consis-
tent with the average composition of seawater (see Table 3.1), as usually accepted, 
given the conservativeness of chemical compounds in salinity.
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The formation of this aerosol fraction is mechanical and is mainly caused by 
the so-called whitecappings, an interaction among wave breakings, rising gas 
bubbles and wave breakings and bursting at the sea surface, followed by the 
production and release of seawater droplets which dehydrate once suspended in 
air; after water evaporation, the suspension contains salt crystals which mix 
with all the other aerosol particles. Sea-salt aerosol is typically produced in the 
coarse fraction which prevents its transfer farther inland, unless under the influ-
ence of very strong wind events. Reflecting the composition of seawater, accord-
ing to data reported in the table above, its composition is not expected to produce 
adverse effects on the human health, though it may interact with other aerosol 
components in areas affected by atmospheric pollution and ageing, such as the 
strong secondary acidic components (i.e. HNO3) which may release HCl upon 
exchange reaction with NaCl and consequent formation of NaNO3 in the aerosol 
phase [14].

3.4  Secondary Inorganic Aerosol

Secondary inorganic aerosol (SIA) is composed of ammonium, sulphates and 
nitrate, where the anions are produced by oxidation, respectively, of SO2 and NOx, 
two of the so-called “classical” gaseous pollutants.

SO2 is mainly emitted by the combustion of condensed fossil fuels, and in par-
ticular coal and oil, but has also substantial natural sources such as volcanoes and 
some volatile biogenic organic sulphides emitted by marine phytoplankton which, 
following seawater/air diffusion, is oxidized in the troposphere to SO2 (secondary 
contribution), while NOx are almost entirely a by-product of all the combustion 
systems, deriving from the combination of atmospheric N2 and O2 within the com-
bustion environments which are characterized by extremely exothermic condi-
tions and high temperature, promoting the reaction between the elements in the 
gaseous state.

Table 3.1 Average composition 
of seawater

Ion % of total salinity Concentration (g/L)
Chloride 55.03 17.6096
Sodium 30.59 9.7888
Sulphate 7.68 2.4576
Magnesium 3.68 1.1776
Calcium 1.18 0.3776
Potassium 1.11 0.3552
Bicarbonate 0.41 0.1312
Bromide 0.19 0.0608
Borate 0.08 0.0256
Strontium 0.04 0.0128
Fluoride 0.003 0.00096
Other 0.001 0.00032

L. Tositti



37

SO2 and NOx
2 are oxidized (mainly by OH• radical, therefore within photochem-

ically driven processes), respectively, to H2SO4 and HNO3 both highly hygroscopic 
and polar, leading to a phase variation from the gaseous to the condensed phase 
upon reaction, so that these reactions are essentially the prototype examples of gas- 
to- particle conversion reactions, i.e. some of the most relevant formation mecha-
nisms of PM in the troposphere.

These irreversible chemical reactions controlled by radical mechanisms in the 
atmosphere lead to the formation of strong acidic species with kinetically complex 
mechanisms and slow gas-to-particle conversion rate of about 5–6%/h [15], the lat-
ter being an average value depending on daily and seasonal conditions, as the reac-
tions involved are temperature dependent and photochemically driven, modulated 
by meteorology, transport, photochemistry and latitude. More details on the chemi-
cal reactions involved can be found in [16] or in [17].

The strong secondary acids produced are largely neutralized by atmospheric gas-
eous ammonia (NH3), the most abundant alkaline substance in the troposphere, mainly 
emitted by the natural nitrogen cycle, in turn more or less affected by the agricultural 
industry and to a lesser extent by the catalytic converters of gasoline cars3 and finally 
by industry. This reaction leads to the formation of ammonium sulphates and nitrate 
salts which are among the most abundant component of PM; in Europe, it accounts for 
about 34% by weight of PM10 [18]. The neutralization process may reach complete-
ness according to stoichiometry as a function of the relative availability of the various 
emitting sources and of their lifetimes; this means that in case of an unbalance between 
acids and bases, aerosols may display an acidic character potentially expressed upon 
inhalation when in contact with lung fluids, similarly to what is observed in environ-
mental conditions for hydrometeors (rain, snow, fogs and hail).4

The adverse consequences of acid rains, one of the major environmental emer-
gencies of the recent past, peaked around the 1970s–1980s among the most devel-
oped countries, nowadays are fairly well known and have been largely mitigated to 
a great extent in Europe and the Western USA [19, 20] but are still a current problem 
in developing countries whose rapid industrialization still rely on older technologies 
and in the Eastern USA [21]. It is to note that according to [1] and references therein 
included, non-neutralized acidity of particle is thought to be noxious or at least 
capable to initiate subsequent inflammatory processes in the respiratory system.

2 It must be pointed out that NOx in the air is subjected to competitive reactions leading not only to 
SIA and therefore to PM but also to ozone, largely contributing to the overall oxidation chemistry 
and to the oxidation capacity of the atmosphere.
3 Ammonia is produced by excess reduction of NOx in the three-way vehicle catalysers, and its 
occurrence/relevance in an urban environment is a function of the traffic level.
4 The hydrological cycle, which includes the return of water evaporated from the oceans to the 
Earth’s surface through precipitation events meteorologically driven, necessarily relies on the 
availability of aerosol particles; this means, in brief, that the occurrence of fine and ultrafine PM is 
firstly a natural driver of cloud formation but also that when PM is affected by atmospheric pollu-
tion, cloud processing will consequently affect the physico-chemical properties of hydrometeors.
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3.5  Carbonaceous Aerosols

The carbonaceous fraction is among the dominant aerosol components and is esti-
mated as being “at least one third of PM composition” according to [22].

The characterization of the carbonaceous fraction is still one of the most chal-
lenging aspects of aerosol science, owing to the complexity of the mixtures includ-
ing several hundreds of different compounds. In fact, the carbonaceous component 
includes an extremely wide range of molecular species, with highly variable molec-
ular weights and polarity in relation to functional groups and heteroatoms and 
finally with more or less pronounced volatility and chemical lability; in addition, 
not only single species but even each class of compounds is present in very small 
amounts requiring extreme analytical skills for their identification and quantifica-
tion. The marked reactivity of the atmospheric environment, with a strong oxidizing 
character, further contributes to the instability of the carbonaceous fraction which, 
once emitted, may undergo further “in transit” reactions. As previously described, 
atmospheric reactivity is not only responsible of the production of secondary aero-
sol from gaseous precursors, but, once formed, PM may further be modified through 
atmospheric oxidants, and it may actively participate to atmospheric chemistry act-
ing as a mediator through adsorption and desorption of vapour substances in a com-
plex interplay of multiphase reactions at the surface of the particles themselves.

The overall carbonaceous fraction is an abundant component of PM, quantita-
tively comparable to SIA, and is subdivided in:

 – Elemental carbon
 – Organic carbon which includes both primary and secondary derivatives
 – Carbonates mostly inorganic, i.e. of geological origin

Carbonates are usually treated separately from the former carbonaceous frac-
tions; in most cases, they are excluded from the total carbon calculation (usually 
defined as the sum of elemental and organic carbon) but are included in the closure 
of PM mass balance, though they have been analysed in detail for source apportion-
ment purposes in very specific local environments as, for example, in [23].

Elemental carbon (from now on EC for the sake of simplicity, see below for 
more details) is a typical by-product of all combustions and is related to pyrolysis 
mechanisms which occur in all burners and flames under localized oxygen-deficit 
conditions. EC sources are therefore associated with a range of activities, from 
energy production, manufactures and transformation to biomass burning, transpor-
tation, heating, cooking and smoking from the large-scale industry down to indi-
vidual habits and lifestyles.

EC particles are not chemically modified once formed; they are characterized by 
the typical black colour and a very fine grain size, in the ultrafine range (see figure 
where soot particles can be clearly identified in TEM imaging), which rapidly grow 
to larger composite structures characterized by huge specific surface area and a frac-
tal geometry [24]. EC mass fraction in PM may range from a few unit percent up to 
around 10% as typically reported in Europe, where this parameter may even reach 
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higher values as reported in [25]. According to [26] who include in their review the 
latest evaluation on the relationship between black carbon5 and health outcomes and 
to the recent report by the World Health Organization [28], EC can be assumed as a 
“universal carrier” of biochemically active species. In fact, this allotropic form of 
carbon is known for being a good electronic conductor; as such, this property is asso-
ciated, among others, with the agglomeration of the smallest units, suggesting further 
potential interactions with cells. It is interesting to note how such properties are the 
basis of nanotechnology and of the success of this range of materials, where it is not 
only involved in the development of smart products, but it is already investigated in 
connection with exposure and health risks in professionals [29].

While the direct action of EC on health has not been definitely outlined yet, there 
is more than an evidence that this component is highly biochemically active through 
surface processes mediated by adsorption/desorption mechanisms on adsorbed 
VOCs resulting in efficient multiphase chemistry and in the production of second-
ary organic bioactive species [30].

Strictly speaking, organic carbon (OC) refers to the elemental carbon fraction 
occurring in complex molecular moieties of PM defined as “organic matter” 
accounting for the heteroatoms (oxygen and nitrogen, beyond hydrogen) and the 
multiplicity of organic compounds in which carbon is structurally combined. OC 
occurs both in the sub- and super-micron fractions of PM. Coarse OC includes both 
biological particles (pollen, spores, bacteria, etc.) and biological debris from plant 
and animal degradation processes; as such, they may have seasonal modulations in 
the outdoor environment. Fine and ultrafine organic aerosol may be classified in 
primary (POA) and secondary (SOA) organic aerosol. While POA is mainly associ-
ated with combustion and therefore to EC, SOA is produced by chemical reactions 
and by gas-to-particle conversion of VOCs in a complex way [31]. As previously 
mentioned, its characterization is still one of the most challenging aspects in PM 
investigations owing to the elevated number of components, highly variable in 
mass, structure, polarity, reactivity and volatility [32]; the principal components are 
summarized in Table 3.2 from [31].

Owing to the relative low amounts of each single class and a fortiori of individual 
compounds, only part (though ever increasing) of the aerosol organic compounds 
have been identified so far [32], and among the known ones, only a few are regu-
lated and monitored as hazardous compounds. The latter typically include PAHs 
(polycyclic aromatic hydrocarbons) and dioxins, both originating from combustion 
and whose toxicity, mutagenicity and carcinogenicity have long been recognized. 
The complexity in OC characterization and impact assessment reflects not only the 
analytical difficulties as previously described but also the range of sources as well 
as the physico-chemical conditions occurring in the atmosphere.

5 Strictly speaking, elemental carbon and black carbon are not synonyms and are complemented by 
even further terms, i.e. soot and refractory carbon and more. This is due to the dependency between 
the carbon-related parameter measured, the experimental/instrumental approach adopted and its 
structural properties, a series of conditions which have prevented so far from a general consensus 
on terminology and definitions. For an exhaustive update on the topic we address to [27].
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In fact, organic substances, besides deriving from countless emission sources, 
are sensitive to photochemical influence by solar radiation, both directly (photodis-
sociation) and indirectly (through oxidation mechanisms triggered by OH• radical 
and others and/or cross-reactions with chemical species in the gaseous phase, such 
as, e.g. ozone) as well as to NO3 radical, yielding a series of other organic deriva-
tives of secondary origin. As a result, atmospheric chemistry significantly and 
remarkably affects both the stability of primary/secondary organics and the forma-
tion of secondary species (SOA) from anthropogenic and biogenic VOCs but also 
from pre-existing POA. The ensemble of reactions to which aerosol and in particu-
lar OC undergo during its permanence in the air is usually accounted for as “ageing” 
of PM [30]. The scheme in Fig. 3.1 depicts the complex of different chemical inter-
actions involving PM once it has formed.

While SOA is estimated as ranging between 50 and 85% of OC mass [33], OC 
and, above all, SOA speciation may be affected by the complexity in the oxidation 
mechanisms involved, characterized by a number of steps affecting the build-up not 

Table 3.2 Principal organic particulate components [31]

Substance classes Proportionsa Sources
Aliphatic hydrocarbons 10−2 Biomass, fossil-fuel combustion
Aliphatic alcohols and carbonyls 10−2 Biomass, SOA/ageing
Levoglucosan 10−1 Biomass burning
Fatty acids and other alkanoic acids 10−1 Biomass, SOA/ageing
Aliphatic dicarboxylic acids 10−1 SOA/ageing
Aromatic (poly-)carboxylic acids 10−1 SOA/ageing, soil/dust
Multifunctional aliphatic and aromatic 
compounds (OH, CO, COOH)

10−1 SOA/ageing, soil/dust

Polycyclic aromatic hydrocarbons (PAHs) 10−3 Fossil-fuel combustion, biomass 
burning

Nitro- and oxy- PAHs 10−3 Fossil -fuel combustion, biomass 
burning, SOA/ageing

Proteins and other amino compounds 10−1 Biomass
Cellulose and other carbohydrates 10−2 Biomass
Secondary organic oligomers/polymers 
and humic-like substances

10−1 SOA/ageing, soil/dust

aCharacteristic magnitudes of the mass proportions in fine OPM

Fig. 3.1 Scheme 
depicting the cycle 
of organic aerosol
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only of the final, most stable species but also of intermediates, both in the radical 
and in the molecular state.

Following oxidation reactions which are subjected to day/night modulation, 
derivatives result enriched in oxygen and nitrate such as, respectively, carbonyls and 
carboxylic species and in nitro-derivatives. These products are therefore progres-
sively more polar than their precursor, which facilitates aggregation into/onto par-
ticles; most interestingly some derivatives may even be more hazardous than their 
precursors as recently observed for nitro-PAHs and quinones, both known for their 
adverse effects when inhaled [34].

Interestingly, the single-chemical organic species, which make up OA, are usu-
ally occurring at concentration levels of around the per-mil level or less, as com-
pared to the overall bulk aerosol carrier in which they are transported. As an 
example, if we take the EU metrics for airborne particulate matter in the air quality 
EU networks (EU Directive), as a reference, we find that the PM10 limits are 40 and 
50 μg/m3, according to the time interval over which the parameter is assessed (1 year 
and 24 h, respectively), while for PM2.5, included in PM10, the threshold is 25 μg/m3; 
these values must be compared with PAHs and in particular with benzoapyrene 
(BaP) threshold in PM10, which has been set to 1 ng/m3. This class of micropollut-
ants which has been historically associated with mutagenicity and carcinogenicity 
is mostly found below this concentration threshold. However, we would like to draw 
the reader’s attention towards the comparison among all the threshold values men-
tioned; it can be easily noticed that BaP limit in air, even considering that, according 
to the EU standards, is a weighted mean of several PAHs, is of four orders of mag-
nitude smaller than the massic carrier, be it PM10 or PM2.5. This simple evaluation 
points out to one of the fundamental issues in aerosol toxicology: a reactive species 
in PM is able to interact adversely with human cells at extremely low concentration 
levels compared to other fields of toxicology.

3.6  Trace Elements

Another class of substances of major concern in PM characterization is the one 
represented by trace elements, including metals and metalloids. Usually this com-
ponent does not exceed altogether more than a few unit percent by mass of PM10, 
virtually covering a largest part of the periodic table of elements, radionuclides 
included, and therefore substantially contributing together with OC to what we 
could define “chemodiversity”,6 previously described. Similarly to organic 
 substances, therefore, the concentrations of each single element are several orders 
of magnitude smaller than the PM mass loading [35].

6 N.B. the term “chemodiversity” is a neologism by Laura Tositti, aimed at including all the differ-
ent chemical species occurring at environmental level and covering elements with their compounds 
(i.e. chemical speciation in a literal sense by definition contributing to the mass balance of the 
single element) resulting from natural and anthropic sources and interactions and including also 
isotopic fractionation. This term should also include the speciation of the carbonaceous fraction, 
which is typically abundant and highly differentiated.
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With the exception of the major inorganic elements such as SIA, sea salt in coastal 
areas and some mineral components associated with geological materials, whose 
major constituents are, respectively, sulphur, nitrogen, sodium chloride and the other 
salinity compounds, silicon, aluminium and calcium, the other elements occur in PM 
in much lower and highly differentiated concentration levels, which reflect both the 
natural abundance in natural sources and the anthropogenic influence, with human 
activities often sensibly altering the natural concentration ratios of elements. Among 
the anthropogenic sources, high-temperature processes are largely, even if not exclu-
sively, responsible of trace element release and emission; among them, large- and 
small-scale combustion are the most important ones (see, e.g. [36, 37]). Combustion 
is pervasive in our society as it is at the basis for energy production, transformation 
industry, waste management and transport, not to mention myriad of individual 
activities such as driving, cooking, heating, smoking and even lighting candle or 
incense, i.e. activities apparently negligible on the individual scale but which assume 
a quantitatively remarkable relevance when treated collectively [36].

The occurrence of elements in aerosols depends on several factors. Firstly, all the 
condensed fuels contain inorganic elements, in large part metals, which occur in 
living matter as essential elements with a very specific bioactive role in structural, 
functional and/or enzymatic chemistry. Both fossil and “fresh” fuels (e.g. biomass 
fuels) present the same characteristic, though the processes of fossilization deter-
mine an enrichment in the inorganic component of the carbonaceous substrates as a 
function of age and of the associated degree of mineralization, maximum for certain 
coals. According to their use, fossil fuels may also be mixed with metal additives 
usually to optimize the combustion process and to reduce polluting by-products as 
well as for lubrication purposes.

The rationale in connecting trace inorganic species to combustion, which is 
mostly associated with carbonaceous fuels and their derivatives/by-products, is that 
the heat released during combustion promotes the release of trace elements in vapour 
phase (as elements, oxides, chlorides, etc.) plus ultrafine and fine aerosol phases, 
which thereafter undergo redistribution and transport through the atmosphere at local 
and distant scales as a function of the particle size.7 Their fate, which is very similar 
to the volcanic emissions made of gases, vapours and particles as function of the high 
temperature, affects air quality at various space and time scales determining expo-
sure to humans and to the environment which is fairly challenging to assess.

Since trace elements are numerous in each single aerosol source, be it natural or 
anthropogenic, and often arranged in characteristic and identifiable ensembles, they 
are extremely useful fingerprints to assess emission sources and the extent of their 
impact on a receptor site, that is, the location at which the exposure is to be esti-
mated (see further on in the source apportionment section). For example, we report 
the following Table 3.3 from [38] and/or the most recent by Calvo (Table 3.4) [39], 

7 It is to note that the emission of pollutants can be highly minimized when modern mitigation 
technologies are adopted, especially when compared to old industrial facilities and/or vehicles, etc. 
Nevertheless, minimization and up-to-date technologies do not mean zero emission; as a result 
regulations and monitoring are required and must be continuously updated and implemented.
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reporting a series of the most frequently studied emission sources with their pecu-
liar elemental tracers.

Trace element associations (emitted as “co-pollutants”) and source profiling can 
be achieved on the basis of multivariate methods applied to extensive datasets of 
analytical data carried out on series of PM samples. Clearly the resolution of such 
complex aerosol mixtures is hardly a straightforward process; nevertheless, this is a 
key stage in aerosol characterization not only in the source identification problems 
but also in the individuation of biochemically significant species.

The partitioning of trace elements as a function of particle size is another funda-
mental characteristic of PM as they are not uniquely attributable to mineral phases 
typical of the coarse fraction. Instead, using size-segregating samplers, it was 

Table 3.3 Elemental fingerprints of typical emission sources [38]

Characteristic elements emitted from various combustion sources
Emission source Characteristic elements emitted
Oil-fired power plants V, Ni
Motor vehicle emissions Br, Pb, Ba
Refuse incineration Zn, Sb, Cu, Cd, Hg
Coal combustion Se, As, Cr, Co, Cu, Al
Refineries V
Non-ferrous metal smelters As, In (Ni smelting), Cu
Use of pesticides As
Iron and steel mills Mn
Plant producing Mn metal and Mn chemicals Mn
Copper refinery Cu

Table 3.4 Up-to-date fingerprints based on trace elements [39]

Technogenic 
tracers Steel industry Cr, Ni and Mo

Copper metallurgy Cu and As
Ceramic industries Ce, Zr and Pb
Heavy industry (refinery, coal 
mine, power stations)

Ti, V, Cr, Co, Ni, Zn, As and Sb

Petrochemical industry Ni and V
Oil burning V, Ni, Mn, Fe, Cr, As, S and SO4

2−

Coal burning Al, Sc, Se, Co, As, Ti, Th, S, Pb and Sb
Iron and steel industries Mn, Cr, Fe, Zn, W, and Rb
Non-ferrous metal industries Zn, Cu, As, Sb, Pb and Al
Cement industry Ca
Refuse incineration K, Zn, Pb and Sb
Biomass burning K and Br
Firework combustion K, Pb, Ba, Sb and Sr
Vehicle tailpipe Platinum group elements, Ce, Mo and Zn
Automobile gasoline Ce, La, Pt, SO4

2− and NO3
−

Automobile diesel S, SO4
2− and NO3

−

Mechanical abrasion of tyres Zn
Mechanical abrasion of brakes Ba, Cu and Sb
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possible to determine how inorganic species may be differently distributed over the 
wide size range of aerosol particles, often showing bimodal distributions when a 
single element is generated by two different significant processes. Some studies 
even pointed out how the same element occurring in different size modes usually 
shows different chemical behaviours according to distinct chemical speciation, in 
this case taking the stricter definition of this term, another parameter relevant both 
to atmospheric chemistry and to health. This point is particularly important as it 
allows us to introduce one of the fundamental issues in aerosol toxicology, i.e. the 
importance of the chemical form in triggering a biochemical interaction [40].

It is to note how the listed sources together with their so-called chemical finger-
prints are largely traceable to combustion and/or high-temperature processes; over-
all this means that the conditions under which the mentioned processes are conducted 
are very likely to release complex volatilized phases, which may be emitted to the 
airshed as a function of the size of the process and of the mitigation steps applied 
(not quantitatively efficient even in the most modern configurations), as well as of 
the relative volatility of the chemical species involved. Condensation in the cooler 
environment leads thereafter to condensation of trace elements and to their transfer 
from the vapour phase into the particulate one.

As a result of high-temperature processes, trace elements populate the whole size 
range of PM, including the fine and ultrafine ones, indicating accessibility or more 
correctly easier and likely translocation inside the human body. Moreover, elements 
in the submicron fractions have been found to be more soluble and therefore poten-
tially more bioactive and harmful.

Trace elements in the coarse fraction are considered less prone to affect human 
health for at least two reasons: (a) coarse particles are less numerous and access 
only the upper part of the respiratory system, and (b) they are often in a hardly sol-
uble mineral phase which makes them less bioavailable, if not chemically inert, as 
a result of their immobilization in the crystal lattice of mineral phases mostly based 
on highly insoluble silicates. However, the outlined properties do not allow to 
neglect a priori a role in toxicity from coarse particles, which sometimes have 
shown an adverse effect in toxicity tests.

Owing to decades of research in the field of atmospheric pollution, we have been 
long aware of the toxicity of numerous trace elements which are currently subjected 
to regulation in the European countries.8 We refer in particular to lead, arsenic, cad-
mium, nickel and mercury whose concentration level in ambient PM10 is presently 
regulated. With the exception of mercury (Hg), which is toxic and usually treated 
separately from the others even within the same EU Directive including these five 
elements in PM10, all the other elements are classified by IARC as carcinogenic to 
humans (Group I) including As, Cd and Ni while Pb is included among the probably 
carcinogenic to human (Group II). European air quality standards set atmospheric 

8 European Directives 1999/30/EC and 2004/107/EC relating to lead, arsenic, cadmium and nickel; 
in Italy D. L. n. 155/2010, which includes also mercury (HG) and BaP previously discussed.
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thresholds at very low ambient concentration levels for these elements, with values 
several orders of magnitude lower than the PM10 which acts as a carrier but is also a 
criteria pollutant in itself. The threshold concentrations for the listed elements, not 
to be overcome on an annual basis, are, respectively, 500 ng/m3 for lead, 6 ng/m3 for 
As, 5 ng/m3 for Cd and 20 ng/m3 for Ni (see list of European air quality standards at 
http://ec.europa.eu/environment/air/quality/standards.htm, visited on November 
18th 2016). A large part of the knowledge concerning the hazard from specific trace 
elements derives from professional exposure outcomes, where the exposure to haz-
ardous chemicals may be substantially higher than at environmental levels [41]. 
Moreover, the United States Environmental Protection Agency (US-EPA) has pub-
lished a list of hazardous substances (HAPs, i.e. hazardous air pollutants; https://
www.epa.gov/haps) which includes not only all the above-mentioned elements but 
also Cl, Cr (Group I in IARC classification), Co, Mn, Sb and Se. Each of these inor-
ganic species is classified as potentially toxic as detailed in specific datasheet at the 
URL specified.

From a toxicological point of view, many trace elements are often defined as 
“heavy metals”, a questionable, though still widespread, term improperly used to 
define their harmfulness [42]; for many of them, e.g. Hg (mercury) and Pb (lead), 
adverse effects on humans are related to their strongly “soft” character, a property 
which indicates a high affinity towards the sulphur-containing biomolecules (pro-
teins, enzymes), which lead to the perturbation of homeostasis and to the inhibition 
of fundamental metabolic activity [43].

In aerosol science, what is mostly relevant in terms of trace element chemical 
role is the redox chemistry they can express, especially when transition elements are 
concerned, a behaviour which is extremely important both for the atmospheric 
chemistry implications as well as for the health-related issues. Trace elements, in 
fact, may interact both with abiotic and biotic substrates through complex radical 
mechanisms often including Fenton-like steps such as the in-cloud oxidation of SO2 
catalysed by iron—a well-known atmospheric process—[17] or, in the case of bio-
logical systems, the induction of ROS on cells and biological tissues by several 
elements such as Fe, Ni, Cu, Cr, Mn, Zn and V [44].

It is important to remind that in most cases some trace elements (as well as most 
of the PM components) do not exclusively belong to one single emission source; in 
this case the attribution requires a cautious evaluation of the data in order to solve 
adequately any ambiguity or confounding.

The overall aerosol chemistry so far described can be summarized by the follow-
ing diagram (Fig. 3.2) depicting the multiphase interplay between the various com-
ponents of PM as previously described.

The following scheme instead provides a synthesis of the other dynamic frame-
work which characterizes ambient aerosol cycling in the troposphere (Fig. 3.3).

All the information provided so far on PM and illustrated in the short pictorial 
forms here above constitute the basic knowledge on which any health-related study 
is based.
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Fig. 3.2 Simplified scheme of aerosol particle structure, physico-chemical behaviour, reactivity 
and origin

Fig. 3.3 The cycle of fine ambient particulate matter in an average urban framework
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3.6.1  Source Apportionment

For the sake of completeness, it is important to introduce a non-negligible part of 
the aerosol research, i.e. the association of the complex and dynamic PM chemistry 
summarized in the previous paragraph with the respective emission sources.

The identification and quantification of PM emission sources, defined as source 
apportionment, are an ever-increasing field of application of atmospheric science, 
providing extremely efficient tools not only for research purposes but also in real- 
world applications such as environmental management and forensic investigations. 
Since this topic enables the reliable identification and quantification of the ensemble 
of emission sources active over a territory, this information can be successfully 
cross-linked to epidemiological data in order to enlighten the association between 
the chemistry of specific sources with adverse health effects.

The methods used for source apportionment date back to the late 1960s of the 
past century [45] but are continuously updated and optimized in agreement with the 
exponentially growing of scientific understanding in the field of atmospheric sci-
ence and consequently in the field of aerosol science.9

Source apportionment is based on a series of modelling tools overall known as 
“receptor models” [46]. The name receptor models or receptor-oriented models 
arises from the fact that these methods are focused on the behaviour of the ambient 
environment at the point of impact as opposed to the source-oriented dispersion 
models that focus on the emissions, transport, dilution and transformations that 
occur beginning at the source and following the pollutants to the sampling or recep-
tor sites. While source-oriented models are predictive models that may be applied 
both to PM and gaseous species and calculate ambient concentrations starting from 
source emissions and atmospheric dispersion models, receptor models are diagnos-
tic models, which identify the sources and calculate their contribution starting from 
measured concentrations of PM mass and chemical compounds in the sampling site 
(receptor).

While extensive work on this ever-growing field of investigation is based on the 
experimental characterization of the aerosol plumes emitted by all the classified 
sources in order to estimate their input to troposphere both qualitatively and quanti-
tatively, major efforts and on the opinion of the authors, with a higher degree of 
reliability, are carried out on post-emission studies.

The former approach, in fact, substantially allows to collect information on the 
primary pollutants emitted by a given source, providing invaluable qualitative infor-
mation for the identification of the chemical fingerprints of each emission source 
based, for example, on trace elements or on more conservative chemical species. In 
most cases, though, a large fraction of the primary emissions are subjected to sub-
stantial post-emission chemistry owing to the extremely active, photochemically 
modulated atmospheric processing. These processes lead in fact to the most 

9 Fuzzi et al. [2] estimated from the ISI Web of Science database that the average number of ambi-
ent aerosol papers published in refereed journals increased from a few tens per year in the 1980s 
to the present day 1500–2000 papers per year.
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important atmospheric secondary pollutants such as ozone and a conspicuous frac-
tion of PM, as previously outlined. Moreover, for each distinct source, whether it is 
natural or technogenic, a large degree of variability is possible, not only in terms of 
intensity/flux but also in terms of composition, contributing to limited comparabil-
ity and to the impossibility of applying solely a scaling factor.

The basic idea of source apportionment is that aerosol particles retain elemental- 
chemical composition characteristic of their origin: the PM composition at the receptor 
site is a combination of the compositions of the aerosols emitted by the different 
sources. The main hypothesis is then that mass conservation can be assumed and a 
mass balance analysis can be used to identify and apportion sources of airborne par-
ticulate matter in the atmosphere. The common approach is to obtain a dataset consti-
tuted by a large number of chemical constituents such as elemental concentrations in a 
number of samples. The assumption is that the measured concentrations derive from 
the summation of the mass contributions of a number of independent sources or source 
types [47]. The mathematical expression of the mass balance equation that accounts for 
all m chemical species in the n samples as contributions from p independent sources is

 
x g f eij

k

p

ik kj ij= +
=
∑

1
,  

where i = 1,…, n samples; j = 1, …, m species; and k = 1, …, p sources.
Receptor models based on the mass balance equation require the validity of the 

following assumptions [45, 48, 49]:

 1. All the sources that give a significant contribution have been identified (other-
wise the mass reconstruction is poor).

 2. Source chemical profiles are constant in time (or at least during the sampling 
period).

 3. Source chemical profiles are constant in space, i.e. they do not change during 
transport from the source to the receptor site.

 4. Source profiles are each other linearly independent (not collinear), in order to 
correctly disentangle the corresponding source contributions.

The mass balance equation above can be solved in a number of different ways, 
depending on the available information. The problem can be divided into two 
classes: the case in which the source profiles are known and the case in which the 
source profiles are unknown.

The solution can be achieved by different numerical approaches mostly based on 
multivariate techniques, whose description is well beyond the scope of this chapter. 
Details on the methods, which rely on costly and demanding chemistry as well as a 
high degree of numerical skill together with a continuous attention to technological 
developments and the changing emission panorama, can be found in [45, 46, 48, 49].

The availability of the above tools is of utmost importance as they allow to pro-
ceed to a series of potential actions ranging from the correct evaluation of environ-
mental impacts, support within forensic investigations and consequent actions, 
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addressing the improvement of an emission scenario in terms of environmental 
policy and decision-making.

The results of receptor modelling may be crucial also in the identification of 
emission sources whose chemical fingerprint is found to statistically correlate with 
health outcomes. Nevertheless, as seen, for example, in the paragraphs on carbona-
ceous aerosols and on trace elements, emission sources are typically characterized 
by a spectrum of different chemicals; therefore the cause-effect link between spe-
cific component (and or arrays of components) and the insurgence of health effects 
has not been resolved so far in a definitive way as illustrated in the next paragraph.

3.6.2  Aerosol Components and Bioactive Mechanisms

While epidemiological results provide a substantial and highly reliable body of evi-
dence of the close connections between them, there are many difficulties in estab-
lishing the biochemical mechanisms between PM and its health impacts, a necessary 
step either to support epidemiological evidence or to plan mitigation actions, when 
needed.

Firstly, individual exposure and susceptibility provide another highly variable 
source of uncertainty [50]. Moreover also the health outcomes are not unique, as 
seen in the scheme previously reported in figure, showing that there are several pos-
sible paths through which PM can express its toxicological potential but bearing in 
mind that this synopsis mainly accounts for exposure by inhalation, by far the most 
important exposure path though not the exclusive one, implicitly including translo-
cation mechanisms to organs and tissues else than the respiratory tract [51].

Secondly, the extreme complexity of PM mixtures and their variability as previ-
ously outlined require huge analytical efforts to characterize aerosol in detail and 
covering as much as environmental variance as possible.

Finally, testing the toxicity of PM encompasses countless and extremely differ-
entiated methodologies, including cell-free, cell-based and in  vivo experiments, 
which certainly provide a lot of valuable information but cannot rely on data 
comparability.

In this kaleidoscopic framework, the available and ever-increasing information 
suggest that PM toxicity is mainly due to the induction of oxidative stress, as 
deduced from the detection of ROS and/or of specific biomarkers like cytokines 
upon inhalation. This implies that biochemically relevant behaviour of PM is basi-
cally a redox chemistry with a marked oxidant character. According to [52] 
“Oxidative stress results when the generation of reactive oxygen species (ROS), or 
free radicals, exceeds the available antioxidant defences”. In brief it is clear that PM 
may exceed a “safety threshold” in the physiological response as a function of its 
properties and composition which depend on one or more emission sources contrib-
uting to the inhaled PM, on the basis of a given dose and exposure.

The need for a metric of PM toxicity based on its chemical behaviour has inspired 
the introduction of the concept of oxidative potential [53], which has been defined 
as “a measure of the capacity of PM to oxidize target molecules” [52]. At the time 
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of the paper by [53], the introduction of this parameter was expected to substitute 
PM10 metrics to assess the health risk from PM, circumstance not accomplished so 
far. In fact, the oxidative potential can be determined, for instance, according to one 
of the many methods reviewed by [54], who provided also a rough but useful clas-
sification between cell-free and cell-based tests. Since then, no major standardiza-
tion effort has been carried out, leaving a high number of degrees of freedom in the 
methodological choice. Among the most relevant papers the authors arbitrarily 
acknowledge, it is worth to cite the following examples, respectively, used for the 
cell-based testing such as [44] and for the cell-free testing, i.e. [52], both apparently 
reporting highly performing results.

In spite of the huge amount of heterogeneous toxicity data currently available, 
there is an emerging and agreed paradigm according to which PM toxicity can be 
formulated.

The principal, though still considered potential, mechanistic association between 
PM and adverse health effects by inhalation is considered inflammation, a cellular 
response activated by chemicals present in PM and mediated by ROS, in order to 
counteract the injuries they caused [55].

The PM properties and parameters which have been found to give the highest 
correlation with health effects either from epidemiological studies or by experi-
ments above are number of ultrafine particles, surface area, transition metals (in 
particular Fe and Cu), soot (especially when produced by diesel engines) and 
organic compounds like PAHs, which can undergo ageing during PM permanence 
in the troposphere, leading to the formation of even more toxic oxygenated and 
nitro-derivatives such as quinones, phenols, epoxides, lactones, etc. [34].

All the mentioned chemical species share a marked redox behaviour via electron 
transfer processes, which has been found to trigger the production of ROS10 [34, 55] 
and RNS (reactive nitrogen species) [30]. Both ROS and RNS may be produced in 
situ in the lungs or may occur in the atmosphere owing to the marked oxidant behav-
iour. In both cases, they will cause oxidative stress, whose biology is extensively 
reviewed in [56].

A pictorial scheme of the possible pathways of ROS to the lung is reported in 
Fig. 3.4. It is to note that the right column in Fig. 3.4, concerning the in situ ROS 
formation by PM, includes a list of all the gaseous and particulate species described 
in this section but also includes asbestos, which is historically associated to profes-
sional, accidental and environmental inhalation exposure producing fatal diseases, 
and fly ash deriving from coal burning in energy production but also from home 
cooking in Asia, the latter case being of major concern at present time, suggesting 
common mechanistic patterns, at least in the initial phase. In their dense paper, [34] 
devote a relevant part of their discussion to an extremely suggestive issue in which 
the ROS- inflammation paradigm is extended from the more classical PM compo-
nent so far described to the proteins associated to pollen and spores responsible for 
allergies. The authors, in fact, on observing the relevant increase in recent decades 

10 ROS includes singlet oxygen (1O2), superoxide radical (O2 −), hydrogen peroxide (H2O2), hydro-
peroxyl (HO2) and hydroxyl radical (·OH).

L. Tositti



51

of this v of diseases in urban population more than in rural one, hypothesize a mul-
tiphase interaction between gaseous tropospheric oxidants such as ozone and NO2 
leading to the nitration of the protein molecules and to enhanced allergenicity.
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4.1  Basic Concepts

The Earth’s atmosphere is conventionally considered as formed by nitrogen (78%), 
oxygen (21%), and other trace gases (1%). The variation of the natural composition 
and amount of trace gases can substantially change the climate and the life on the 
planet. Trace gases include pollutants and greenhouse gases.

The WHO defines air pollution as a contamination of the indoor or outdoor envi-
ronment by any chemical, physical, or biological agent that modifies the natural 
characteristics of the atmosphere. The same definition is adopted by the European 
Law about air quality, like the Directive 2008/50/EC of the European Parliament 
and of the Council of 21 May 2008 on ambient air quality and cleaner air for Europe, 
where “ambient air” shall mean outdoor air in the troposphere.

Greenhouse gases (sometimes abbreviated GHG) are (see IPCC: https://www.
ipcc.ch/ipccreports/tar/wg1/518.htm) “those gaseous constituents of the atmo-
sphere, both natural and anthropogenic, that absorb and emit radiation at specific 
wavelengths within the spectrum of infrared radiation emitted by the Earth’s sur-
face, the atmosphere, and clouds. Water vapor (H2O), carbon dioxide (CO2), nitrous 
oxide (N2O), methane (CH4), and ozone (O3) are the primary greenhouse gases in 
the Earth’s atmosphere. Moreover there are a number of entirely human-made 
greenhouse gases in the atmosphere, such as the halocarbons and other chlorine- 
and bromine-containing substances, dealt with under the Montreal Protocol. Beside 
CO2, N2O, and CH4, the Kyoto Protocol deals with the greenhouse gases sulfur 
hexafluoride (SF6), hydrofluorocarbons (HFCs), and perfluorocarbons (PFCs). This 
process is the fundamental cause of the greenhouse effect.
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Particulate matter is a category of pollutants: it is formed by a mixture of solid 
particles and liquid droplets suspended in the air. Some particles, such as dust, dirt, 
soot, or smoke, are large or dark enough to be seen with the naked eye. Others are 
so small they can only be detected using an electron microscope. These particles 
come in many sizes and shapes and can be made up of hundreds of different chemi-
cals. Some are emitted directly from a source, such as construction sites, unpaved 
roads, fields, smokestacks, or fires. Most particles form in the atmosphere as a result 
of complex reactions of chemicals such as sulfur dioxide and nitrogen oxides, which 
are pollutants emitted from power plants, industries, and automobiles. (https://
www.epa.gov/pm-pollution/particulate-matter-pm-basics#PM).

Atmospheric concentration is the amount of gas or particulate matter present in 
air referred to a defined quantity of the mixture or its components. Trace gases con-
centration is usually expressed as mass concentration (micrograms per cubic meter 
or milligrams per cubic meter), or as parts per billion (ppb) or parts per million 
(ppm), depending from the substances. Concentration of particulate matter or aero-
sol is sometimes expressed as number of particles per cubic meter. International 
organizations and states adopt limit values for atmospheric pollutants. Standard is 
usually expressed as the maximum mass concentration.

As a consequence that most pollutants are emitted at the Earth’s surface, most 
atmospheric processes relevant for air quality occurs in the boundary layer, the part of 
the troposphere that is directly influenced by the presence of the Earth’s surface and 
responds to surface forcings with a timescale of about 1 h or less [1]. Nevertheless 
some persistent pollutants and GHG emitted by human activities can modify the 
atmosphere over time scales ranging between 1 year and 100 year (see 4.1.3). The 
thickness of the boundary layer is called boundary layer height or mixing height. 
Mixing height is defined as the height of the stratum contiguous to the surface of the 
Earth in which substances emitted will be mixed or, in other words, the layer in which 
the potential temperature (the temperature that a particle would acquire if brought 
adiabatically—namely, with no exchange of heat—to a pressure of 1000 millibars) is 
nearly constant. As a general rule, we can assume that the concentration of pollutants 
emitted at the surface decreases when the mixing height increases. The thickness of 
the boundary layer can vary from less than 30 m, in conditions of strong static stabil-
ity, up to more than 3 km, in the presence of intense convective motions [2].

A main feature of the boundary layer is turbulence. There are two causes of tur-
bulent transport:

• The viscosity, which requires the vanishing of the wind speed at the surface, with 
the result that a weak wind also induces the formation of vortices

• The radiative heating of the surface, which causes convective motions

The radiative heating of the surface, and as consequence the mixing of pollutants 
in the boundary layer, is regulated by the surface energy budget. The surface energy 
budget (SEB) describes the balance between radiation, conduction, and convective 
heat flows toward the surface of the ground and backward to the atmosphere and, 
with the surface temperatures and heat fluxes, determine the stability conditions in 
the lower atmosphere [3].
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Atmospheric concentration of pollutants and mixing height as well, depends 
from turbulent flows and winds at different scales, determining the movement of air 
masses or advection. Advection can be defined as movement of air masses. 
Movement of air in mixed contaminants is one of the more important things that 
have to be considered when speaking of atmospheric pollution. Different are the 
scales that need to be considered to understand how is the bulk motion and, hence, 
how and where the pollutants can be transported.

The large-scale or macroscale winds. Influenced by the differences of pressure, 
they can be considered for the transport of pollutants at long distances. In these 
categories of winds, the distances covered vary from a few hundred to a few thou-
sands kilometers; the horizontal motion is prevailing than the vertical one, and they 
are subject to the Coriolis force.

The local-scale winds and breezes. The scale of this kind of winds is typically 
from ten to hundreds of kilometers. They originate from the differences of the tem-
peratures between neighboring regions and then are often convective. In this cate-
gory, it can be included the sea and land breezes as well as the mount-valley winds. 
They can be very important, especially in absence of other type of winds, for the 
transport of the pollutants between nearby zones.

4.1.1  Time-Space Scales

From the complexity and variety of atmospheric processes, follow that pollutants 
concentration at surface is characterized by space-time variability at all scales char-
acteristic of the atmosphere. Fig 4.1 summarizes the characteristic time-space scales 
of most pollutants and their lifetime. Atmospheric diffusion theory is briefly dis-
cussed in 4.2.3.

Fig. 4.1 Time-space scales
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During the last decade, the global patterns of pollutants and GHG substances 
have been well monitored by space observations. An example of the global distribu-
tion of nitrous diioxide (NO2) is shown in the Fig 4.2, a NO2 is an important tracer 
of main pollution sources because it is rapidly formed by the oxidation of nitrogen 
monoxide (NO), coming from any combustion process. The global distribution of 
NO2 put into evidence major hot spots that are related to the densely populated and 
heavily industrialized areas of the planet.

The more extended hot spots at global level are located mainly in Northern 
Hemisphere: East China, Europe, and East Coast of the United States. Less extended 
hot spots appear in Indian Peninsula, Central Asia, South Africa, and West Coast of 
the United States.

4.1.2  The Pollutants Cycle

As discussed above, pollutants concentration is related to emission intensity and 
to dispersion characteristics of the atmosphere. Some pollutants as ozone and PM 
are formed in the atmosphere by transformation of primary pollutants that are 
mainly emitted by fossil fuel combustion. Some primary pollutants, like nitrogen 
oxides, sulfur oxides, carbon oxides, and hydrocarbons, are main precursors for 
the formation of photochemical pollution and particulate. The formation of sec-
ondary pollutants is driven by meteorological conditions such as the intensity of 
solar radiation and water vapor content of the atmosphere. Finally, all these 

Fig. 4.2 This global map shows the concentration of nitrogen dioxide in the troposphere as 
detected by the Ozone Monitoring Instrument aboard the Aura satellite, averaged over 2014 (http://
svs.gsfc.nasa.gov/12094); blue and green colors denoting lower concentrations, and orange and 
red areas indicating higher concentrations
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pollutants are removed from the atmosphere by several sinks as wet deposition by 
acid rains and dry deposition on Earth’s surface. This chain of emission sources – 
dispersion by winds and atmospheric turbulence, chemical transformation, and 
deposition on the surface – is the pollution cycle.

4.1.2.1  The Nitrogen Cycle
Being present for 78% of the total of the molecules, the atmosphere is surely the 
more important source of this nitrogen for the processes involving the living 
organism. However, to be used for these scopes, the nitrogen must be fixed, or 
converted, in reduced species like ammonia (NH3) or ammonium ion (NH4

+) and 
in oxidized species like nitrogen oxides (NOx). The first process brought to the 
reduced species is realized by bacteria, while the second one, the oxidation pro-
cess, is acted by the ionization of nitrogen, due to lightning or cosmic radiation, 
to bring—after reactions involving the oxygen—to nitrogen oxides which are 
deposited on the ground and so used as source of nitrogen. The atmospheric pol-
lution originated by the different anthropogenic activities provides abnormal 
amount of nitrogen that can have the property to change the natural cycle sinteti-
cally described above.

4.1.2.2  The Sulfur Cycle
The sulfur cycle is quite complex to be described in details; this contributes to the 
levels of sulfur compounds in the atmosphere derived principally from the volcanic 
eruption, seas, lake, rivers, and land biota. Also the human activities bring in the 
atmosphere important amount of compounds of sulfur like SO2. A lot of chemical 
reactions involving molecules in different phases (gas and liquid) as well as sulfur 
in many oxidation states and photolysis in different layers of atmosphere are neces-
sary to explain what happens to sulfur compounds in air and its deposition on the 
surface of the Earth.

4.1.2.3  The Carbon Cycle
As it is known, the molecules based on carbon are fundamental for life in the Earth, 
and CO2 is one of the gases, coming also from human activities that partially influ-
ence the greenhouse effect. The main forms of carbon in the atmosphere are carbon 
dioxide and methane. Both of these gases contribute partially to the greenhouse 
effect, but the higher concentration of CO2 and its larger lifetime than methane 
(despite its lower greenhouse effect per volume) make carbon dioxide more impor-
tant for the consequences of the impact on climate.

The continuous exchange between terrestrial ecosystem, oceans, sediments, and 
atmosphere of carbon is important to maintain an equilibrium between sources and 
sinks and then keep the climate system of the Earth sufficiently stable. Human activ-
ities with important emission of carbon-based chemicals and other substances have 
strongly disrupted this equilibrium since the beginning of industrial era.

Furthermore, carbon chemistry in troposphere influences a lot of reactions which 
products are often of a great impact again for the climate system and for human health.
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These cycles, together with the cycle of oxygen and water, if disturbed by the 
emissions of anthropogenic activities can bring different concentrations of com-
pounds, particles, and substances in the air that all the people breath, having an 
impact on the human health.

4.1.3  The Global Climate System

At the global scale, the global climate is regulated by the amount of energy the Earth 
receives from the Sun. However, the global climate is also affected by the other 
energy flows taking place within the climate system itself.

From the physical, chemical, and biological point of view, the climate is a 
dynamic system (“climate system”) extraordinarily active and complex, which 
includes several distinct components (ocean, atmosphere, cryosphere, biosphere, 
lithosphere) interacting with each other over space and time scales also significantly 
different. The status of the climate is determined both by external causes (called 
forcing), as the solar irradiation, and by internal causes, due to the inherent vari-
ability of the climate system itself.

The atmosphere plays a crucial role in the climate system. Despite their relative 
scarcity, greenhouse gases, including carbon dioxide and methane, have a dramatic 
effect on the amount of stored energy within the atmosphere and consequently on the 
climate of the Earth. These greenhouse gases trap heat in the lower atmosphere that is 
trying to escape into space and, in so doing, make the surface of the Earth warmer. 
This trapping heat is called natural greenhouse effect and keeps the Earth warm 33°C 
than it would be otherwise. Over the past 200  years, anthropogenic emissions of 
greenhouse gases have increased the natural greenhouse effect, which could be the 
cause of global warming.

Atmosphere, however, is not an isolated system. The energy flows take place 
between the atmosphere and the other parts of the climate system, most significantly 
to the world’s oceans. For example, ocean currents move heat from hot equatorial 
latitudes to colder polar latitudes. A large part of heat is also transferred through the 
moist processes. Water evaporates from the surface of oceans, and the heat released 
is stored within the clouds in the atmosphere and then is released during the conden-
sation phase and the production of rain.

The ice cover, over land and sea, collectively known as the cryosphere, has a 
significant impact on Earth’s climate. The cryosphere includes the Antarctic, the 
Arctic Ocean, Greenland, Northern Canada, Northern Siberia, and most of the high 
mountain ranges of the world, where sub-zero temperatures persist throughout the 
year. Snow and ice reflect solar radiation. Without the cryosphere, much more 
energy would be absorbed on the surface of the Earth, and consequently the tem-
perature of the atmosphere would be much higher.

Finally, vegetation makes food by photosynthesis of carbon dioxide and water in the 
presence of sunlight. Through this use of carbon dioxide in the atmosphere, plants have 
the ability to regulate the global climate. In the oceans, the microscopic plankton uses 
carbon dioxide dissolved in water for photosynthesis and the building of carbonate 
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shells. When the plankton dies, these carbonate shells are deposited on the sea bottom 
and “block” so to say the carbon dioxide from the atmosphere. This “biological pump” 
reduces the concentration of carbon dioxide in the atmosphere, weakening the natural 
greenhouse effect and thus helping to reduce the Earth’s surface temperature.

4.1.4  Radiative Transfer

The interaction between the incident solar radiation with the atmosphere and the 
Earth’s surface determines the amount of solar energy absorbed by the system and 
the heating distribution of the atmosphere and soil. The atmosphere is almost trans-
parent to solar radiation, while about half of solar energy is absorbed by the oceans 
and land. In order to achieve the energy balance, the heat absorbed from the solar 
radiation must be returned to space through emission of the Earth. In this process, it 
is fundamental the transmission of energy in the form of IR radiation through the 
atmosphere and the vertical transport of heat from the atmospheric motions as well. 
The transmission properties of the atmosphere are given by its gaseous composi-
tion, the amount and chemical composition of the aerosols, and the presence, the 
type, and characteristics of clouds. As already mentioned the composition is such as 
to enable an efficient absorption and emission of IR radiation. This feature, together 
with the relative transparency to solar radiation, as has already been said makes the 
Earth’s surface warmer than it would be without atmosphere.

The absorption of infrared radiation in the atmosphere is caused by a minority of 
gas molecules, which constitute a very small fraction of the total mass. The climate 
system is very sensitive to the abundance of these elements and also to the changes 
of their composition in the atmosphere, regardless of their natural or anthropogenic 
origin. Even small changes in the composition can greatly influence the flow of 
energy through the climate system causing severe climate changes.

To understand how the climate depends on the composition of the atmosphere, it 
is necessary to analyze the physical processes by which the electromagnetic radia-
tion interacts with gases and particles in the atmosphere. The radiative transfer 
equations represent the mathematical basis for describing these physical processes 
that determine the radiation flux in the atmosphere.

The interactions between radiation and matter are described in terms of interac-
tion between photons and molecules and include:

 a. Scattering, where the photon changes phase or direction
 b. Absorption, where the photon transfers its energy to the substance that has 

absorbed it and this process produces an increase of internal energy of matter

Absorption: In the processes of absorption, energy of the molecules can only be 
stored if the energy of the photon is the difference between the energy of two per-
mitted quantum states of the molecule. The permitted transitions between the energy 
levels of the molecules within the atmosphere then define the frequencies of radia-
tion that will be effectively absorbed and/or emitted. If there are not permitted 
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transitions corresponding to the photon energy, then the radiation has high probabil-
ity of crossing the atmosphere. In this process, the absorption predominates selec-
tively by the permanent gas constituents of the atmosphere such as O2, and water 
vapor and, to a lesser extent, by minority contaminants.

Scattering: The scattering processes are of three types: the Rayleigh scattering, 
Mie scattering, and those nonselective. Rayleigh scattering interests gas having a size 
smaller than the wavelength of the incident radiation. In these cases, the radiation 
spreads in all directions and has its maximum effectiveness for the shortwave radia-
tion (blue, violet). This is the reason for which we can see the blue light come from 
all regions of the sky. The Rayleigh scattering is also responsible for the red sky at 
sunset when the Sun’s rays pass through a greater thickness of Earth’s atmosphere 
and therefore have a greater number of diffusing centers, so that not only “blue” 
photons but also the yellow ones are widespread: the result is that sunlight is deprived 
of all spectrum components except the red. The Mie scattering interests aerosols 
larger than the gas molecules. It has the same effect throughout the visible spectrum. 
Finally, the nonselective scattering processes interests particle whose sizes are much 
greater than the wavelength of the incident radiation (e.g., cloud of drops) and act on 
all wavelengths, generating white appearance (the clouds appear white).

Because of these extinction processes, the solar radiation undergoes an attenua-
tion that follows an exponential curve described by the known law of Bouguer–
Lambert–Beer (hereafter B-L-B). This law expresses the variation of intensity of the 
solar radiation through the atmosphere due to absorption. Not considering the atmo-
spheric emission and scattering, but only the absorption, the law of B-L-B says that 
the absorption is proportional to the intensity of radiation and the amount of absor-
bent along the route path.

The heating rate determined by the absorption of direct radiation to the Earth is 
proportional to the flow itself which is maximum at the outer atmosphere. This is 
what happens in the case of absorption of UV radiation by O2 and N2, in the higher 
atmosphere, which produces the maximum rate of heating at high altitude and is 
responsible for the rapid growth of T in thermosphere. The same applies to the 
absorption of UV radiation by ozone in stratosphere, for which the maximum heat-
ing occurs at the top of the stratosphere around 50 km, despite the maximum con-
centration of the gas which is between 25 and 30 km.

4.1.5  Global Effects

As already anticipated, solar radiation is the main source of energy of the climate 
system. The surface of our planet is warming because of the energy received from 
the Sun in the form of light radiation. Not all the incident energy is however 
absorbed: a part of it is reflected both by the Earth’s surface and from the atmo-
sphere. The fraction of incident energy that is reflected is measured by the “albedo.” 
Without the atmosphere and oceans, the equilibrium temperature of the surface of 
our planet would be −18°C, much less than that actually observed and would be due 
to the adjustment by the distance of the Earth from Sun and from Earth’s albedo.
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The presence of the thin (10–15  Km height) layer of atmosphere around the 
Earth introduces a significant redistribution of heat between the Earth’s surface, the 
lower and higher atmosphere. The incident solar rays pass through the atmosphere 
(which is almost transparent to visible solar radiation) and are only partly reflected 
and absorbed by the surface Earth and the ocean.

Surface Earth and ocean heat and reemit radiation, in turn, part of the absorbed 
energy in the form of infrared radiation. A fraction of this is absorbed by some gases 
in the atmosphere: the “greenhouse gases” (GHGs).

The energy absorbed by greenhouse gases is reemitted in all directions, and 
that part going back to the Earth surface contributes to an additional heating. In 
consequence of this, the surface temperature reaches +15°C on average (33°C 
higher than −18°C of the radiative equilibrium temperature in absence of atmo-
sphere!). This phenomenon, quite naturally, is called the “greenhouse effect,” 
and it is greater if larger is the amount of greenhouse gases present in the 
atmosphere.

In recent years, there has been an overall increase in emissions of “greenhouse 
gases,” which today have reached levels never touched in the last 800 thousand 
years. Since 1970, CO2 emissions have increased by about 90%, with emissions 
from fossil fuel combustion and industrial processes contributing about 78% of the 
total greenhouse gas emissions increase from 1970 to 2011. Agriculture, deforesta-
tion, and other land-use changes have been the second-largest contributors (From: 
EPA—https://www.epa.gov/ghgemissions/global-greenhouse-gas-emissions-
data#Trends). Greenhouse gas emission has produced an overall increase in the 
temperature of the planet, estimated to be about one degree Celsius since the begin-
ning of industrial era (the mid-late 1800s) to date. Furthermore, the intense climate 
anomalies that occurred over the past decades have led the scientific community to 
admit the existence of a change in the observed climate, due in large part to human 
activity. During the last century, man has caused a profound change in the Earth’s 
atmosphere, as regards chemical species that contribute to the determination of 
radiative equilibrium of our planet. Even small variations in the concentrations of 
“greenhouse gases,” able to reissue the absorbed radiation from the Earth, can 
change the energy force of the planet and the balance of the Earth’s climate system 
both globally and at regional and local scale. From reading the last fifth report of the 
IPCC published in 2013 (see: http://www.ipcc.ch/report/ar5/wg1/), some important 
conclusions can be underlined as follows:

 – The growing set of available observations presents the image of a world in the 
process of general warming.

 – Greenhouse gas emissions and aerosols due to human activities continue to grow 
and alter the atmosphere and affect the climate.

 – New and more stringent tests confirm that the observed warming can be attrib-
uted to human activities and in particular to the increased emission of green-
house gases over the last 50 years, which are the main cause of that warming.

 – All scenarios lead to a future state of the world characterized by a global rise in 
temperatures and sea levels and also to profound changes of extreme events.
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 – The climate change will persist for many centuries and may be more or less 
intense depending on the greenhouse of mainly anthropogenic gas emission sce-
narios and then in relation to the different economic development scenarios that 
the world will know perhaps.

 – The climate changes defined above can produce large impacts and alter the very 
conditions of “risk” for humanity.

 – In order to decrease the damages of climate change, it is necessary to act both on 
the causes, through:
 a. Mitigation policies (drastic reduction of greenhouse gas emissions to try to keep 

the warming below a safety threshold determined by 1.5–2° of increase tempera-
ture, as stated in the recent meeting of the COP21 in Paris in December 2015).

 b. Including the implementation of relevant adaptation policies, in order to 
reduce the effects of climate change that, in any case, the humanity is already 
experiencing in various modes and entities and will continue to persist in the 
coming decades.

4.2  Regional and Local Effects on Climate and Air Quality of 
pollutants

4.2.1  Effects on Climate

The climate changes are and will be increasingly even at the local scale. In addition to 
the general overall increase of the temperature signal, evident even at a  local scale for 
example in Italy are more and more frequent prolonged periods of thermal anomaly, 
such as the exceptional hot summer of year 2003 which was second only to that 
exceptional 2003 (http://www.metoffice.gov.uk/learning/learn-about-the-weather/
weather-phenomena/case-studies/heatwave) and then of 2012 (http://science.nasa.
gov/science-news/science-at-nasa/2012/03aug_summer2012/). By now (2017), it has 
become almost “normal” summers considered extremely hot 30–40 years ago, with 
prolonged periods of heat waves, which unfortunately cause heavy impacts to health 
of the people and also procure prolonged periods of drought, leading to water scarcity 
impacting heavily, for example, in agriculture but also for hydro-potable uses.

Concerning rainfall occurrence, more and more often very intense and rapid 
events are observed, causing “flash” floods and therefore damage and often, 
human life losses. In this regard, we can mention, for example, in Italy, the flood 
of Genoa in October of 2014 where it rained more than 500 mm of precipitation 
in a few hours. These quantities are more typical of tropical areas of the planet 
than the territories in the middle latitudes. The list of the floods in recent years is 
absolutely alarming and unfortunately set to grow rapidly in the coming years.

The special report on extreme events, published in 2012 by the IPCC Working 
Group 2 (http://www.ipcc.ch/report/ar5/wg2/), has shown how exposure and vulner-
ability to weather events has increased a lot over the past 20–30 years, greatly ampli-
fying the risk conditions already measurable in terms of damage. According to the 
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World Meteorological Organization, only in the last decade 2001–2010, there were 
370,000 deaths well attributable to the impacts of extreme weather events (WMO, 
“The Global Climate 2001-2010, a decade of climate extremes.” Summary report, 
report n. 1119, http://www.unep.org/pdf/wmo_report.pdf), including all phenomena 
classified as “extreme”: heat waves, long periods of intense cold, and prolonged 
droughts, which have caused major disturbances in turn floods and landslides. The 
increase in loss of life is of the order of 20% over the period 1991–2000.

These changes will continue to have impacts on humans and the environment in 
lives both directly and indirectly, by interacting with the entire social and economic 
system. Vulnerabilities associated with many systems susceptible to climate change 
concern as already mentioned the water resource but also the natural ecosystems, 
coastal areas, the industry, the production capacity, agriculture, and health.

Regarding the Mediterranean area, the most significant impacts that climate 
chaange will determine can be summarized as it follows:
 – The greater frequency of intense precipitation will have a very high impact by 

increasing the hydrogeological-hydraulic risk in already very exposed areas. In 
parallel, the occurrence of more frequent events of intense precipitation alter-
nated with long dry periods will alter the hydrological cycle.

 – The majority of episodes of drought frequency will have negative repercussions 
on the availability of water resources (water scarcity) resulting in increased 
“competition” for water supply between different sectors of society.

 – The rise in sea level and increased marine invasion events of the most low-lying 
coastal areas will accelerate coastal erosion, growing salinity in the estuaries, 
and deltas because of the entry of the salt wedge.

 – The increase in average and extreme temperatures can rise to increased frequency 
and duration of heat waves with great inconvenience to the health of populations, 
remarkable progress also in other human activities (e.g., tourism), and increased 
occurrence of fires.

 – The further depletion of surface and underground waters and therefore the most 
withering of the territory will have negative consequences on agriculture, reduc-
tions in yield and quality of agricultural production.

4.2.2  Effects on Air Quality

Many pollution hot spots are observed in large urban areas, that are the sites of most 
anthropogenic pollutant emissions and where the vast majority of citizens live. 
Urbanized surfaces influence atmospheric dispersion, hence the pollutant concen-
tration, in several ways:

• The building and ground covering materials alter radiative transfers and the 
energy budget. As a consequence of the alteration of the surface energy balance, 
an increase of air temperature inside the urban canopy is often observed (this is 
known as the urban heat island).
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• Urban surface reaction to precipitation and evaporation is different from natural 
surface. As a consequence, the horizontal water flows within the ground are dif-
ferent from their counterparts in natural grounds. In densely built districts, the 
vegetation is scarce, thus reducing the evapotranspiration.

• The high roughness of the urban area close to the ground influences the turbu-
lent flow and modifies the structure of the boundary layer (urban boundary 
layer).

The above mentioned features determine the hydrostatic stability conditions 
in the lower atmosphere, which regulate the mixing of pollutants, whereas the 
mixing height parameter determines the available volume for pollutant mixing. 
For that reason, the surface energy balance (SEB) is the key component of any 
model aiming to simulate dynamical and thermodynamical patterns above the 
surface. Following Fisher et al., for a city, the surface radiation budget and SEB 
are written [4]

 
Q K K L L* -= - + ¯ - = + + + éë ùû¯ - - QH QE QG QF W m 2

 

where Q* is the net all-wave radiation; K↓ the incoming shortwave radiation; 
K↑ = α0K↓ the outgoing, reflected shortwave radiation where α0 is surface albedo; 
L↓ the incoming longwave radiation from the sky and surrounding environment 
seen from the observation point; L↑ = ε0σTs4 + (1 − ε0)L↓ the outgoing longwave 
including both that emitted from the surface consistent with its emissivity ε0 and 
absolute surface temperature Ts and the reflected incoming longwave; QH the tur-
bulent sensible heat flux; QE the turbulent latent heat flux; and QG the soil heat flux. 
QF represents additional sources of energy due to combustion of fuels (see the cost 
715 WG2, report for a review of experimental results showing heat island in North 
America, Basel, Marseille, Bologna, Birmingham).

The mixing height depends on the vertical variation of temperature in the atmo-
sphere. A special type of situation is the temperature inversion, i.e., the temperature 
of air in the atmosphere is cooler the higher up in altitude you go. Temperature 
inversions can result in peak pollution episodes. Inversions can be caused by several 
atmospheric mechanisms, such as subsidence, fronts, radiation, and advection. 
Episodes of bad air quality are most frequently connected to radiational and advec-
tive inversions. These situations are common during winter period in the valley, 
such as the Po valley, northern Italy.

As mentioned above, the flow structure is modified by the urban surface due to 
the increased roughness. The flow modification from wind observation can be sum-
marized as follows:

• The urban wind speed is usually smaller than the rural reference.
• For no wind conditions at the rural site, measurable wind speeds are observed at 

the urban site. This is attributed to the (Fig. 4.3) thermally driven flows generated 
by the urban heat island [5].
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4.2.3  Atmospheric Chemical and Physical Processes Governing 
Pollutant’s Concentration

This chapter summarizes the main chemical and physical factors influencing the 
pollutants concentration in the lower atmosphere. Basic concept and definitions 
were introduced in 4.1. It is assumed that theoretical basic principles are assimilated 
and the discussion will go further, neglecting the mathematical aspects, on the fol-
lowing main topics:

• Atmospheric diffusion
• Physical-chemical reactions and transformations in the troposphere

4.2.4  Atmospheric Diffusion

How the pollutants mix with the other gases of the atmosphere is the question that 
the commonly called “atmospheric diffusion theory” [6] tries to answer to. 
Different aspects must be taken into account to comprehend the physical basis of 
the diffusion (or dispersion) process of pollutants or, more in general, of particles, 
atoms, molecules, substances, or compounds. Below are presented the principal 
factors, or aspects, which can influence—in different ways—the atmospheric 
diffusion.

It is now necessary to comprehend the main scientific fundamentals to under-
stand how the factors discussed above influence the atmospheric diffusion.

Fig. 4.3 Time series of temperature anomaly (averaged over land, Italy), with respect to Climate 
average (1961–1990). Red line: Italy (Font: ISPRA, Italy) and Blue line (global average, http://
www.scia.isprambiente.it/Documentazione/RAPPORTOCLIMA2015.pdf)
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 1. The molecular diffusion that is well mathematically described with the two laws 
of Fick (4.1 and 4.2) which formulas (for one dimension) are

 J D x= - ¶ ¶j /  (4.1)

 ¶ ¶ = ¶ ¶j j/ /t D x2 2  (4.2)

where J measures the total of substance that flows through a unit area during 
a unit time interval, it is called the diffusion flux; φ is the concentration of the 
substance per volume; D is the diffusion coefficient, characteristic of each sin-
gle substance. t is the time; x is the position and its dimension is a length. Fick’s 
first law (4.1), under the assumption of steady state, says that the flux of sub-
stances goes from zones at higher concentration to zones of lower concentra-
tion, through a gradient concentration and depending from D, the diffusion 
coefficient. The second one (4.2) gives the variation of the concentration of 
substances with the time.

 2. The movement of air masses due to advection or winds and the turbulent diffu-
sion that is normally faster than the molecular diffusion due to chaotic motions.

To simulate what happens at a pollutant that mixes in the air motion, considering 
the advection, the molecular diffusion, and the turbulent flows, two approaches have 
been developed:

 a. A Eulerian approach that centers the analysis on an infinitesimal volume at a 
specific reference frame fixed in space and time.

 b. A Lagrangian approach that follows the trajectories and the change of position of 
the species as they move.

From these models, it is possible to calculate the mean concentration of sub-
stances coming from continuous sources in air, under the assumption of steady 
state, homogeneous turbulence, and no presence of chemical reactions and transfor-
mations. It can be demonstrated that solutions of both the models—Eulerian and 
Lagrangian—bring to a Gaussian equation of the following type:

 
C x y z q u y zY Z Y Z, ,( ) = - +( )éë ùû/ exp / /2 2 22 2 2 2p s s s s  (4.3)

where C is the concentration of the substance considered; σy
2 = 2Kyy x/ū is the vari-

ance in y direction; σz
2 = 2Kzz x/ū is the variance in z direction; K is the eddy diffu-

sivity; q is the emission rate of the substance considered; u is the wind speed.
These approaches, under known environmental conditions as wind velocity and 

emission rate of the substance considered, can be used to calculate the concentrations 
of species at a specific point from an emission source and hence can be useful to 
understand the levels of contaminants in air pollution.
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4.2.5  Physical-Chemical Reactions and Transformations 
in the Troposphere

As it is known, the atmosphere is the mix of gases surrounding our planet. To understand 
its fragility, it is interesting to note that the ratio of its thickness with respect to the diam-
eter of the Earth is similar to the ratio of the peel of an apple and its diameter.

The objective of this chapter is to understand the main physical-chemical aspects 
that rule the concentration of pollutant or, more in general, of the substances in the 
lower troposphere where all the forms of life live.

4.2.5.1  Atmospheric Chemistry
It is now important to analyze what are the main types of chemical reaction that can hap-
pen in the atmosphere. Surely one of the class of reactions particularly important and that 
must be considered to comprehend the product and the new compounds that can be found 
in atmosphere are those in which a reactant or a catalyst is a photon; in other words, the 
entire set of reaction that goes under the definition of atmospheric photochemistry.

Most of the energy flux reaching the Earth is an electromagnetic radiation emit-
ted by the Sun; for this reason, the importance of the photochemistry in atmosphere 
is high. A lot of chemical species are able, if the energy hν of the photon colliding 
is appropriated, to go to an excited state becoming more unstable and more reactive. 
After this step, the excited species A*can go to the following types of reaction:

Emission of radiation A* → A + hν
Dissociation A* → B + C
Ionization A* → A+ + e
Direct reaction with other species A* + B → C + D

Other mechanisms involving the species can be the isomerization and the collisional deac-
tivation that can bring to a physical quenching, an energy transfer, or an electron transfer.

One of the principal sets of known photochemical reactions is the ones that bring 
the important processes of pollution called photochemical smog, which is considered 
the mixture of new compounds originating from reactions between nitrogen oxides 
and volatile organic compounds reacting at the presence of solar radiation. The set of 
these reactions produce a haze composed by an important number of secondary pol-
lutants that have the property to decrease the visibility and are often dangerous for the 
human health. A lot of oxidized and/or nitro-organic molecules can be produced dur-
ing these processes, and one of the principal substances that can reach very high level 
of concentration (in some cases more than a hundred ppb) is surely the ozone.

The main reactions that happen during photochemical smog episodes involving 
nitric oxides and volatile organic compounds (VOC) are the following:

 1. NO + O2 → NO2 + hv → O + NO
 2. O + O2 + M → O3 + M
 3. O3 + NO → O2 + NO2

 4. VOC + NO + O2 + hv → O3 + HNO3 + SVOCs
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The reaction no. 4 indicates as a product the SVOCs—secondary volatile organic 
compounds—which are often oxidized organics like peroxy or peroxyacyl radicals. 
These compounds can finally react with NOx to give peroxy nitrates or peroxyacyl 
nitrates (PANs).

Other important reactions—for example, when a molecule of excited oxygen, orig-
inated by the decomposition of ozone, reacts with water in gas phase or when the 
photolysis of nitrous acid HONO occurs—are those that bring to the formation of 
hydroxyl radical (OH·). This species, because of its involvement in many reactions 
that lead to product such as highly reactive free radicals or new products, is surely one 
of the more important to understand what happens in the tropospheric chemistry.

Further physical-chemical reactions and transformation that can happen in atmo-
sphere are those that bring a formation of new particles (gas to particle conversion) 
or the ones that involve species in different phases. Because of the strong impact 
that can have the different kind of aerosol—or particulate matter—on human health 
and on the climate of the Earth, the next paragraph will be dedicated to the analysis 
of the atmospheric aerosol behavior.

4.2.5.2  Aerosol Size Distribution
The atmospheric aerosol is made of particles in suspension in air whose chemical 
and physical nature is variable and it depends on its origin.

The current European legislations require only the systematic monitoring of the 
mass concentration of the fractions PM10 and PM2.5 aerosol, whose measurement 
methodology is based on the aerodynamic diameter of the particles that compose them.

However, for the potential impacts on the environment and health, it is also 
important to study the numerical concentration of the fractions of aerosols, particu-
larly those of less than 1 μm. In the lower troposphere in effect, in urban and in rural 
areas, measures of numerical concentrations of aerosol particles showed values 
ranging from a few hundred up to 107–108 particles per cubic centimeter (#/cm3). 
Given this wide size ranges, it is central to better understand the conditions in which 
certain levels of concentrations occur and what are the distributions of the different 
fractions that compose the atmospheric aerosol.

It is known that the submicronic particles (diameter <1 μm), expressed as the 
number in a volume of sampled air, can be numerically abundant in the ambient air, 
but their contribution in terms of mass concentration is negligible compared to the 
size of particulate above the micrometer.

It is necessary—in order to rule out possible misunderstanding—to define which 
fractions of aerosol one refers when talking about mass concentration or number 
concentration. For the mass concentration, the particulate with aerodynamic diam-
eter up to 2.5 m (PM2.5) is defined as “fine”; “coarse” particles are those with a 
diameter greater than this value.

Instead, the classification in terms of number concentration defines:

 – “Ultrafine particles” (UFP) aerosol size less than 100 nanometers in diameter
 – “Non-ultrafine” (NoUFP) particles with a diameter greater than 100 nm
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The term “nanoparticle” is used to identify, by some authors, the particles that 
have dimensions less than 50 nm; instead the “coarse” particulate is represented by 
all the material larger than 1 μm.

Generally, atmospheric aerosols could be divided into three size ranges (trimodal 
distribution), defined as follows:

 – Nucleation interval (~3–25 nm)
 – Aitken nuclei interval (~25–90 nm)
 – Accumulation interval (~90–1000 nm)

In the size distribution of the aerosol measurements, in urban and suburban 
atmosphere with the presence of direct emissions from traffic, it has been frequently 
observed a classification of the particles in more than three intervals. As already 
mentioned, the diameters of the aerosol particles are distributed in a rather wide 
range, and their numerical concentrations vary considerably depending on the size. 
For this reason, in order to improve the representation of the distribution, it is neces-
sary to characterize the dimensional range of different width.

The best representation of the size distribution of the aerosol in the atmosphere 
is defined by a log-normal distribution in which the three parameters that character-
ize the single mode ,ith are the particle number, the geometrical deviation and the 
geometric mean diameter.

The numerical concentrations and the relative size distributions of the aerosol par-
ticles may have different values in different environmental conditions, result of the set 
of chemical and physical parameters of the analyzed atmosphere portion. The weather 
period, the time zone of the day, and the possible presence of local sources of emission 
are parameters that greatly influence the aerosol size distribution.

The nucleation interval is generally defined in a dimensional range between values 
close to 1 nm and 25 nm, with the upper limit which can vary from 20 to 30 nm 
depending on the reference bibliography. The “nucleation interval” is so called 
because, within this restricted size range, there is the formation of new particles 
through different processes. The particles in the range of nucleation derive from direct 
emission or formation in the atmosphere through the conversion processes due to:

 – The rapid cooling and dilution of the gases and/or vapors produced by emissions
 – Different chemical nature reactions involving precursors in the atmosphere

Generally, high concentrations of particles of this size range are found near the 
emission sources, with values that decrease rapidly in time and in space. In fact, 
particles in the interval of nucleation, once formed and suspended in the atmo-
sphere, can easily get in contact with each other since they are subject to the interac-
tion of different hydrodynamic forces, electrical and gravitational (Brownian 
motions). Collisions between the individual nanometer-sized particles, as well as 
with those of larger dimensions, generate aggregation processes that increase the 
particles of the nucleation to the range of accumulation.
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The interval of the Aitken nuclei is generally defined in a size range between 
about 25 nm and 90 nm, with the extreme values that, also in this case, vary from a 
few nanometers. The aerosol belonging to this dimensional interval grows by coag-
ulation and condensation of the particles of nucleation range but can also be pro-
duced and emitted directly into the atmosphere from combustion sources.

The particles in the interval of accumulation (~90–1000 nm) are generally con-
stituted by carbonaceous compounds, such as soot or dust. These can be derived 
from engines burning fuel and by lubricating oils for diesel or gasoline vehicles, 
either by coagulation processes of nucleation particles.

Unlike particle nucleation, the aerosol of “accumulation” has a lifetime in the 
atmosphere rather long and can also be transported at a long distance. Such par-
ticles in fact cannot be removed from the collision phenomena; these particles 
coagulate very slowly.

As already affirmed, the size fractions closer to 1 nm particles are named in the 
so-called nucleation mode. The term nucleation means the physical/chemical pro-
cess that leads to the formation of new particles from precursors in vapor or gas 
phase and from transformation processes. Causes that lead to formation of new 
particles are complex and depend on different factors, such as emission of precur-
sors, preexisting aerosols, meteorological parameters (in particular solar radiation, 
temperature, and relative humidity), and photochemical processes.

The formation of atmospheric aerosol is closely related to chemistry; in particu-
lar, the species present in the atmosphere that seem to have a key role in this process 
are sulfuric acid, ammonia, and organic compounds in the gas phase or vapor. 
Processes involving other substances are currently studied.

The most part of particles of nanometric dimensions (d ≤ 20 nm) in the atmo-
sphere seems to result mainly from gas-particle transformation processes, with 
nucleation phenomena of homogeneous and heterogeneous type.

The homogeneous nucleation is nucleation of a substance in vapor phase on 
embryo molecules of the same type, in the absence of foreign substances. The het-
erogeneous nucleation is nucleation of a substance in vapor phase to another in the 
different phase as an ion or a solid particle.

The particle size distribution of aerosols suspended in a fluid, however, can also 
change as a result of the forces due to Brownian, hydrodynamic, electric, and gravi-
tational action. After these movements, it can occur coagulation phenomena in 
which the particles come together and form a single agglomeration growing in size.

The aerosol particles have the property of having a high surface/mass ratio, and 
then on the surface of the aerosols many interactions may occur between vapor 
molecules and particles. The reactions, which are the basis of such interactions and 
that can cause a change of composition and density, generate a small dimensional 
change and do not necessarily lead to their growth.

The motivations for having attention to the particles distribution in the atmo-
sphere are found in the impact that its size fractions have on human health (a), on 
the climate (b), and on global and regional hydrological cycles (c).

(a) Numerous studies have shown that fraction PM2.5 is associated with the 
increase of diseases and deaths related to cardiovascular and respiratory disorders. 
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The sub-micrometer particles (<1 μm) and the ultrafine particles (<100 nm), repre-
sent an area of research that still needs further epidemiological and toxicological 
studies and insights.

The particles belonging to the smaller size fractions (<100 nm), when inhaled 
through the respiratory tract can settle and accumulate in deeper tissues, have imme-
diate and sustained impact on epithelial and immune cells, penetrate into the circu-
latory system, and accumulate in body organs human.

The fraction of nanometer size (<50 nm) has high mobility in the atmosphere and 
can easily be inhaled by humans through the respiratory tract. While PM2.5 particu-
late is deposited along the respiratory tract, a very high number of particles of nano-
metric dimensions can reach the pulmonary alveoli by reducing the capacity of 
defense of alveolar macrophages. This condition leads to an increase of the time of 
contact between the particles and the epithelial cells of the lungs.

(b) The atmospheric aerosol influences the Earth’s climate directly because par-
ticles that compose it reflect and adsorb the solar radiation and indirectly because 
particles act as condensation nuclei for the formation of clouds (cloud condensation 
nuclei) that reflect the solar radiation in space.

When a light ray hits a particle, the electric charges present in it are excited by 
generating an oscillating movement. The electrical charges excited reradiate the 
energy in all directions (scattering) and can be that part of the incident radiation 
which is converted into thermal energy (absorption).

The radiative forcing of dust and the impact on the radiation balance in the 
atmosphere are complex because it is attributable to scatter or to absorb solar 
radiation and emit in the infrared frequencies. All quantitative and qualitative 
changes in atmospheric aerosol cause a change in the radiation balance and in the 
Earth’s surface temperature. The amplitude of “heating” and “cooling” induced 
depends on the capacity of particles to reflect the solar radiation toward the space. 
The knowledge of the aerosol chemical composition, its size distribution, and 
optical properties (absorption coefficient, “single scattering” albedo, and optical 
depth) is critical to get an estimate of aerosol radiative “forcing” on a regional 
scale.

With the many aerosol components that contribute to the radiative “forcing”, the 
aerosol containing carbon (“carbon black” in particular) plays a dominant role 
because it has a strong ability to absorb solar radiation and contributes significantly 
to the warming of atmosphere at global and regional levels.

Conversely, aerosols containing compounds with atoms of sulfur or elemental 
carbon reflect the Sun’s rays favoring the cooling of the atmosphere.

The indirect effect of the aerosol on the climate takes place when the increase of 
numerical concentration of particles, produced from anthropogenic sources, con-
tributes to an increase of the concentration of so-called condensation nuclei. These 
are particles that come in the processes of formation of clouds in the atmosphere.

A part of solar radiation is reflected from the tops of the clouds to outer space, 
and a part is absorbed within the cloud. An increase in the number of “droplets” 
brings to an intensification of the cloud ability to reflect light, to an increase of the 
cloud extension and persistence in time.
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(c) Another effect connected directly to the composition the clouds is rainfall 
events. The precipitation formation within the cloud depends on the size distribu-
tion and on the drops that constitute the cloud: for specific water content, the 
presence of a little amount of drops, but characterized by large dimensions, pro-
duces rainfall events. A characteristic growth of the droplets in clouds that hap-
pen effectively in turbulent motions and at temperature above 0°C is the 
coalescence, in which large drops are pushed updraft and smaller droplets 
encountering increase its size. In the presence of drops of about 200 μm size, 
these currents become ineffective to the resuspension, and then the increased 
drops begin to fall increasing its size.

The decrease of rainfall, due to the reduction of the size of cloud droplets, gives 
an increase of the cloud lifetime.
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5Spatial Distribution of Air Pollutants 
in Cities

Silvana Di Sabatino, Riccardo Buccolieri, 
and Prashant Kumar

5.1  Introduction

A growing amount of world’s population lives in cities. This trend is expected to 
continue posing the problem of air pollution, particularly in megacities of developed 
and developing countries. Exposure to air pollutants is a problem due to the variety 
of pollutants. Both the outdoor and the indoor exposure are of concern. Driving 
forces of air pollution in cities are economic development, urbanisation, energy 
consumption, transportation/motorisation and rapid population growth. 
Transportation, industry and power generation are the main sources contributing to 
outdoor air pollution [1] and in particular traffic-induced emissions. Pollutants such 
as respirable particulate matter, nitrogen dioxide, carbon monoxide and hydrocar-
bons are directly emitted by vehicles, and the most affected group is the urban 
inhabitants, especially the population residing in close vicinity of the urban road-
ways and streets as well as the pedestrians [2].
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The study of pollutant dispersion in the built environment involves a multi-scale 
(as well as a multidisciplinary) approach. Pollutants emitted in the atmosphere are 
dispersed over a wide range of horizontal length scales, from macro-scale to meso-
scale and to micro-scale. Pollutants which are transported to the city or which are 
locally emitted are dispersed at different horizontal local scales: street (of order 
10–100 m), neighbourhood (100 m–1 km) and city (10–20 km) [3]. Their final spa-
tial distribution is determined by several factors, such as the meteorology and the 
morphological characteristics of the city, as well as the population density and the 
type, nature and spatial location of sources. Important parameters for dispersion 
around buildings are in particular building geometry and morphology (in terms of 
building arrangements and packing density), wind speed, wind direction, turbu-
lence, atmospheric stability, temperature, humidity and solar radiation [4], together 
with the presence of obstacles such as trees, low barriers and parked cars [5]. As a 
consequence, local-induced wind fields consist of complex flow features such as 
recirculation zones and stagnation points which in turn strongly govern the disper-
sion of pollutants [6].

This chapter, after briefly introducing the process of urbanisation and the prob-
lem of outdoor air pollution, focuses on some of the above factors, with attention to 
the influence of city morphology and wind direction on the final outdoor spatial 
distribution of pollutants. The effect of urban obstacles is also discussed. The recent 
research towards the problem of ultrafine particles, which are considered to show 
even higher health impacts compared with fine particles, is also briefly addressed.

5.2  The Process of Urbanisation

The process of urbanisation refers to the relative growth in urban population fol-
lowed by an increase in economic, political and cultural development of cities with 
respect to rural areas. There is a trend towards urbanisation as a natural consequence 
of economic development based on industrialisation and post-industrialisation [7].

Since the beginning of the industrial revolution, people have increasingly settled 
in urban areas. In 1990 43% (2.3 billion) of the world’s population lived in urban 
areas; by 2015, this had grown to 54% (4 billion), and 60% of the global population 
(4.9 billion people) is expected to live in cities by 2030. Rapid urbanisation is 
mainly associated with the expansion of built-up areas, converting agricultural land 
into residential and industrial areas. The increase in urban population has not been 
evenly spread throughout the world. Asia has the highest number of people living in 
urban areas, followed by Europe, Africa and Latin America (Fig. 5.1). In particular, 
urban growth rates have been much faster in some regions than others. The highest 
growth rate between 1995 and 2015 was in the least developed regions with Africa 
being the most rapidly urbanising showing a rate almost 11 times more rapid than 
that in Europe. As the urban population increases, the land area occupied by cities 
has increased at an even higher rate [9].

The process of urbanisation is particularly leading to an increase of large cities 
(between 5 and 10 million inhabitants) and megacities (10 million or more 
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inhabitants), particularly in the low- and middle-income regions of the world. In 
1995 there were 22 large cities and 14 megacities; by 2015, both categories of cities 
had doubled, with 44 large cities and 29 megacities. Most megacities are located in 
developing countries, and this trend will continue as several large cities in Asia, 
Latin America and Africa are projected to become megacities by 2030 [9].

In spite of economic growth and improvement of basic facilities, cities, espe-
cially in developing countries, suffer from negative consequences of urbanisation, 
such as environmental and air quality degradation, as well as respiratory problems. 
People living in large urban areas, especially in developing countries, where the 
health risks of air pollution may be underappreciated and pollution controls lacking, 
are routinely exposed to concentrations of airborne pollutants that have been shown 
to cause negative health effects in both the short and long term [10].

Much of air pollution caused by traffic and industries is concentrated in urban 
areas, and visible air pollution, known as smog, is present in such areas. Outdoor 
air pollution and photochemical smog can occur in any environment where there 
are large and continuous emissions of primary air pollutants. However, specifics 
of climate and geography play an important role in the persistence and severity of 
the pollution. As urbanisation, global population and economic development 
increase, not only short-range but also long-range transport of pollution becomes 
an increasingly important factor for cities since airflow transports pollutants from 
upwind areas contributing to local air quality together with locally emitted pollut-
ants [11]. Effective measures should thus be taken as soon as possible to build a 
comfortable and liveable environment to live in and enjoy the advantages of 
urbanisation.
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Fig. 5.1 Urban population at mid-year (1995–2015), source: United Nations [8] (adapted from 
Ref. [9] © UN-Habitat, reprinted with permission of UN-Habitat)
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5.3  The Urban Environment

Pollutants emitted into the atmosphere are dispersed over a wide range of horizon-
tal scales. Macro-scale or synoptic scale is the scale of atmospheric motions with 
a typical range of many hundreds of kilometres, including phenomena as cyclones 
and tropical cyclones. Mesoscale is the scale of atmospheric phenomena having 
horizontal scales ranging from a few to several hundred kilometres, including 
thunderstorms, squall lines, fronts, precipitation bands in tropical and extratropi-
cal cyclones and topographically generated weather systems such as mountain 
waves and sea and land breezes. Micro-scale is the scale of atmospheric motions 
for which the effects of planetary rotation are unimportant or spatial scales are of 
2 km or less [12].

Before discussing the spatial distribution of air pollutants in cities, it is useful to 
briefly introduce the atmospheric boundary layer (ABL) and in particular the urban 
boundary layer (UBL). The ABL is the region of the atmosphere directly influenced 
by the earth’s surface. In this region physical quantities (flow velocity, temperature, 
moisture, etc.) display rapid fluctuations and the vertical mixing is strong. The ABL 
is turbulent, particularly in the urban environment where the main disturbing fea-
tures are the buildings of different heights and shapes, and the interaction between 
wind and buildings generates complex local flows. The vertical structure of the 
atmospheric boundary layer, i.e. the UBL, is composed of a roughness sub-layer 
(RSL) near the ground and an inertial sub-layer (ISL) above it. Both the RSL and 
ISL are encompassed within the surface layer (SL) and above which the urban outer 
layer extends to a height where the wind is unaffected by the earth’s surface and the 
UBL adopts a classical ABL structure [6]. Specifically, the RSL can be defined of 
depth between the ground and 2-5H, where H is the mean building height. Within 
this layer, roughness elements exert a significant drag on the flow. Flow is highly 
spatially dependent; turbulence can dominate the mean flow; and turbulence has 
different characteristics from the flow in the ISL above, where turbulence is homo-
geneous and fluxes vary little with height. Near the ground surface, the buildings 
form the so-called urban canopy layer (UCL), defined as the layer up to mean roof 
height and where local complex flow regimes occur [13] (Fig. 5.2).

The UBL structure is determined not only by urban surface characteristics but 
also by mesoscale thermal circulations. As a consequence, pollutant dispersion in 
the built environment is intrinsically a multi-scale problem. For example, the pollut-
ant transport process in an urban area could be described such that the pollutants are 
released into the ambient air in somewhere of the upwind direction and diffuse with 
the air flows that are affected by many factors, pass through building groups in the 
neighbourhood scale, arrive at a building located in a street canyon and finally enter 
into a room through the open windows and affect the health of residents [14].

Britter and Hanna [3] proposed a simple approach to describe urban scales. 
Length scales are street (of order 10–100 m), neighbourhood (100–1 km) and city 
(10–20 km). At these scales, the urban morphology becomes homogeneous (i.e. a 
single house or street, a collection of buildings of similar height and shape in a 
neighbourhood, a town or city which is rougher than the surrounding rural area) 
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(Fig. 5.2). The smallest length scale is that of the vehicle wake where the mixing 
and dilution of pollutants occur faster than at any other scale. Knowledge of both the 
flow and mixing at various urban scales is essential for dispersion modelling of pol-
lutants. A summary of the key flow and mixing features at these urban scales is 
shown in Fig. 5.3 [15], and the influence on dispersion of pollutants is described in 
the following section.

5.4  Distribution of Air Pollutants in Cities

As already discussed in Sect. 5.3, urban outdoor pollutant dispersion (i.e. advection 
by mean wind and diffusion by turbulence) can be classified as micro-scale disper-
sion and refers to small-scale meteorological phenomena that affect small areas 
(micro-scales are likely to be of the order of metres) compared to large-scale meteo-
rological phenomena (macro-scale and mesoscale). The processes controlling the 
pollution phenomenon act at a range of spatial and temporal scales spanning the 
depth of the whole UBL.  Progress in simulating air quality and city ventilation 
depends on accurate observations and modelling of UBL processes (see the recent 
review by [13]).

At the micro-scale, two different dispersion regimes are distinguished in the lit-
erature: the near-field dispersion that concerns the near vicinity of the pollutant 
source and for which the relevant turbulence time and length scales controlling 

Fig. 5.2 Schematic diagram of the urban boundary layer (UBL) with indication of the character-
istic horizontal scales (top) and schematic diagram of roughness sub-layer (RSL) and inertial sub- 
layer (ISL) with arrows indicating streamlines (bottom). Please note that the vertical scale is 
exaggerated (adapted from [13] © The Author. Published by Elsevier)

5 Spatial Distribution of Air Pollutants in Cities



80

dispersion are related to the mean building height and to spacing between buildings 
and the far-field dispersion of interest in plumes with a flow structure and a vertical 
dimension larger than the urban canopy height for which the dispersion is governed 
by the atmospheric boundary layer scales. In the near-field dispersion case, which is 
our interest here, pollutants released from various sources inside the UCL are mixed 
and dispersed over and around buildings because of the interactions between many 
physical processes that contribute to its evolution, including the dynamics of flow 
over urban topography and the building configurations. This leads to different expo-
sure of pedestrians as they move through the city. Specifically, the wind flows in the 
atmospheric boundary layer over buildings are complex and exhibit a wide range of 
physical phenomena including large low-speed areas, strong pressure gradients, 
unsteady flow regions, three-dimensional effects and the confluence of boundary 
layers and wakes [6].

5.4.1  Monitoring, Experimental and Modelling Approaches

Several approaches are available for monitoring, assessing and predicting the distri-
bution of air pollutants in cities.

For the purpose of monitoring air quality, monitoring stations monitor gaseous 
pollutants and particulate matter using several techniques depending on the specific 

Fig. 5.3 Description of key flow and mixing features at urban scales. NW near wake, MW main/
far wake, WPT wind-produced turbulence, TPT traffic-produced turbulence, TCT thermally pro-
duced turbulence (buoyancy) by temperature differences between air and urban surfaces (adapted 
from [15] © Elsevier, reprinted with permission of Elsevier)
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application. They are located in places where air pollution hotspots are expected, 
but also must be reasonable with respect to population exposure over the averaging 
times associated with the legislative values. The use of such stations in cities is 
appropriate for monitoring the temporal trend of air pollutants, but requires high 
costs of maintenance and can be only used in a limited number of sites due to practi-
cal constraints which do not allow a detailed mapping of exposure in large areas.

For the study of pollutant dispersion and distribution, the approaches commonly 
employed are full-scale field measurements, physical modelling, operational mod-
elling and computational fluid dynamics (CFD) simulations (see the recent review 
by [6]) which are briefly discussed below.

In full-scale field measurements (or real field test), flow and concentration tests 
are performed under real atmospheric conditions. They have the advantage that the 
real situation is studied, and the full complexity of the problem is taken into account. 
However, they are limited by their low spatial resolution, uncontrollable meteoro-
logical conditions and complex building configurations.

In comparison to field measurements, physical modelling (or reduced-scale 
experiments), which is usually performed in the wind tunnel or water channel, has 
the advantage that boundary conditions can be chosen based on the problem and the 
stationary flow conditions can be maintained throughout the test. However, physical 
modelling also suffers from the limited set of spatial points. In addition to the high 
costs (i.e. personnel, instrumentation and others), the setup can be time-consuming 
and requires adherence to similarity criteria that can be a problem for many applica-
tions such as buoyant flows.

Dispersion models, which are widely used in both industrial and research com-
munity, constitute a relatively economic approach to urban pollution study. With 
high spatio-temporal resolutions, they provide comprehensive information on flow 
and pollutant transport and thus are widely employed for assessing urban air quality 
as well as temporal and spatial variations. They give insights into the physical and 
chemical processes that govern the dispersion and transformation of atmospheric 
pollutants. Depending on the application (air quality and traffic management, urban 
planning, interpretation of monitoring data, people’s exposure, etc.), a specific dis-
persion model to be employed can be used. They can be classified according to their 
physical or mathematical principles (e.g. reduced scale, box, Gaussian, CFD) and 
their level of complexity (e.g. screening, semiempirical, numerical) [16].

For regulatory purposes, those preferred are operational models which are 
mostly based on the Gaussian dispersion model, often referred to as ‘fast response 
models’. These models can be modified for various purposes and are commonly 
used for many comprehensive formal evaluations because they are designed to 
enable many different cases. They may include many complicated dispersion pro-
cesses such as atmospheric stratification, buoyancy, chemistry, deposition, concen-
tration fluctuations, etc. However, they cannot explicitly treat the detailed plume 
behaviour affected by building obstacles [17].

At the micro-scale, numerical simulation with CFD, even though computational 
expensive, is the preferred way of investigation and the most suitable for studies of 
various physical flow and dispersion processes in complex geometries such as 
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cities. CFD offers some advantages compared to other methods since it provides 
results of flow features at every point in space simultaneously and does not suffer 
from potentially incompatible similarity because simulations can be conducted at 
full scale. Due to the rapid development in computer hardware, CFD is increasingly 
used for such studies [6].

5.4.2  Flow and Dispersion in Street Canyons

Many fundamental studies have been conducted providing fundamental knowledge 
on flow dynamics and pollutant dispersion in the presence of obstacles (see experi-
mental and modelling reviews by Ahmad et al. [2], Li et al. [18], Di Sabatino et al. 
[19], Blocken [20], Yazid et al. [21] and Lateb et al. [6]).

Streets (commonly named street canyons) are the basic architectural structures in 
urban environments. They constitute the basic geometric unit of cities and represent 
highly polluted zones around buildings. They show a distinct climate where micro- 
scale meteorological processes dominate. The most important features of street can-
yon microclimate are the wind-induced flow patterns, such as air recirculation. 
These micro-scale meteorological processes not only affect the local air quality but 
also the comfort of the city’s populations. High pollution levels have been observed 
in street canyons where pedestrians, cyclists, drivers and residents may be exposed 
to pollutant concentrations exceeding air quality legislative standards.

Most studies focussed on flow and dispersion in the idealised case of a street 
canyon consisting of two or more building blocks with an external wind blowing 
perpendicularly to the street axis. In such case, the flow field is composed of two 
main vortex structures, the canyon vortex and the corner vortices. The first leads to 
an accumulation of traffic emissions typically at one side of the street (at the lee-
ward wall) and a reduction at the wind ward wall, while the second leads to reduced 
pollutant concentrations at canyon ends (Fig. 5.4). A 3D street canyon has three 
determining factors of flow regime, namely, the relative height (H), width (W) and 
length (L) of the canyon, in contrast to a 2D canyon with two factors, H and 
W. Therefore, the flow field formed in a 3D street canyon is highly complex in com-
parison to the 2D case [17].

The case of a wind blowing perpendicularly to the street axis is commonly 
assumed as the worst scenario leading to high pollution levels within the street. 
Based on field measurements and modelling results, Oke [24] identified three flow 
regimes for wind direction perpendicular to the street axis in neutral stratification, 
i.e. with no buoyancy effects due to temperature differences between air and urban 
surfaces (Fig. 5.5). For widely spaced buildings (aspect ratio H/W < 0.3), the flow 
fields associated with the buildings do not interact (isolated roughness flow regime). 
At closer spacing (0.3 < H/W < 0.7), the wake behind the upwind building is dis-
turbed by the recirculation created in front of the windward building (wake interfer-
ence flow regime). Further reducing spacing (H/W > 0.7) results in the skimming 
flow regime, where a stable recirculation is developed inside the canyon and the 
ambient flow is decoupled from the street flow. In this latter case, traffic- produced 
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pollutants could not be easily ventilated resulting in high pollutant concentration 
and poor air quality. The SF regime, which is widely studied in the literature, has 
different numbers of recirculation depending on the aspect ratio H/W. The aspect 
ratio L/H also affects the flow regime transitions [18].

The strength of the wind-induced recirculation inside street canyons also 
depends on other factors, such as the roof-level wind velocity and direction, the 
roof shape, the buoyancy (thermal) effects, the mechanical turbulence induced by 
moving vehicles, etc. For example, the flow induced in a street by an external wind 
nearly parallel to the street axis produces a strong channelling of flow and pollut-
ant plume within the street. For the 45° inclined case, the canyon and corner vortices 
are not as pronounced as for the perpendicular case, and the concentration pattern at 
both walls of the street canyon is due to ventilation caused by the superposition of 
the canyon vortex and the corner eddy which lead to a complex 3D helicoids  
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Fig. 5.5 Flow regimes associated with different building-height-to-street-width ratios H/W for 
perpendicular flow (adapted from [24] © Elsevier, reprinted with permission of Elsevier)
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(Fig. 5.6, top). If the street is sufficiently long, advection along the street axis may 
cause an accumulation of pollutants resulting in concentrations at the downwind 
end of the street that can be equal or exceed those produced with a perpendicular 
wind (Fig. 5.6, bottom). The increasing pollutant concentration towards the down-
stream end of the street indicates that the flow along the street axis becomes the 
dominant transport mechanism. Further, the higher the wind speed was, the more 
effectively the pollutants tended to be diluted.

Due to the irregularities of building configurations in real life, a number of past 
studies have also looked into the effects of different street canyon configurations 
and roof shapes. It was found that interesting airflow variations and different pollut-
ant distributions were induced by asymmetric building configurations. As an exam-
ple Fig. 5.7 shows the impact of the presence of a taller building on plume pattern.

The presence of street intersections significantly enhances the complexity of 
flow and dispersion patterns (see the reviews by [2, 26]). The complicated flow pat-
tern resulted in an important influence on dispersion and mixing within the intersec-
tion, making the pollutant concentrations vary significantly around the intersection 
depending on the wind direction (Fig. 5.8).

Flow and pollutant patterns in street canyons also depend on solar radiation 
which induces heat fluxes (buoyancy, thermal-produced turbulence) produced by 
the temperature difference between the canyon walls and the air within the canyon. 
For a single wall heated or multiple walls heated, the leeward and/or ground heating 
intensifies the flow within the street canyon and promotes better pollutant removal. 
If the windward wall is involved in multiple wall heating, the vortex intensity is 
slightly weakened and reduced pollutant removal (see the review by [21]).

5.4.3  Flow and Dispersion in More Complex Geometries

Urban planning has evolved leading to a great variety of urban forms, from urban 
sprawl to compact (high density) cities. While the first are usually associated with 
negative environmental, social and economic effects, the latter has been proposed as 
the main ‘sustainable’ alternative. The compact city is generally attributed to high- 
density urban development having increased socio-economic diversity providing 

Fig. 5.7 Example sketch of the impact of asymmetric buildings on the dispersion of pollutants 
emitted from sources located at different positions (adapted from [25] © Routledge, reprinted with 
permission of Taylor & Francis)
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opportunities for social interactions and exchanges and minimising environmental 
degradation. But, at the same time, the high density can lead to poor air quality 
conditions due to decreased ventilation conditions with respect to sparse cities.

Similarly to what was observed at street canyon scale, pollutant concentrations 
within more complex geometries (such as a neighbourhood or a city) are sensitive 
to dynamical and morphological factors (wind direction and velocity, street can-
yon aspect ratios, street intersections and upstream buildings, roof shape, packing 
density). The influence of these factors has been studied in the literature, and 
recent reviews have highlighted trends and directions for future research (e.g. see 
[4, 6, 17, 19]).

The packing density of a neighbourhood or a city is usually expressed through the 
morphometric parameters λp (planar area index, i.e. the ratio between the planar area 
of buildings and the lot area) and λf (frontal area index, i.e. the ratio between the 
frontal area of buildings and the lot area) [28]. Most of the studies focussed on pol-
lutant dispersion in and around regular arrays of obstacles (mostly cubes or paral-
lelepipeds) with low packing density; see, for example, the well-known Mock Urban 
Setting Test (MUST) [29] which helped to understand the processes affecting the 
plume structure, e.g. channelling, lateral dispersion, detrainment, secondary- source 

Fig. 5.8 Flow (top) and pollutant normalised concentration (bottom) in a street intersection with 
parallel (left) and oblique wind (right) (adapted from [27] © Elsevier, reprinted with permission of 
Elsevier)
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dispersion and plume skewing. The geometry of such low-density obstacle arrays is 
similar to that of North American or European suburban neighbourhoods [28], but 
very different from central neighbourhoods of most European cities, where build-
ings are regularly and densely packed and characterised by high traffic levels and a 
high density of population. Tests in real geometries were performed within the Joint 
Urban 2003 project [30] conducted in Oklahoma City to study atmospheric trans-
port and diffusion in an urban environment and the London experiment (DAPPLE 
project, [31]) which involved field measurements, wind-tunnel experiments and 
computational modelling.

An approach to determine street level pollutant dilution has recently been offered 
by the implementation of ventilation concepts to study the so-called city breathabil-
ity, suggesting a way to classify city neighbourhoods into three groups, sparse, com-
pact and very compact cities, depending on its packing density [32]. Figure  5.9 
shows an example of vectors of normalised velocity magnitude and normalised mean 
age of air (which gives information on ventilation efficiency) for a sparse canopy 
(left) and a very compact canopy (right). It is visible that the mean age of air, that is, 
the time taken by a parcel of air to reach a given place after it enters the urban canopy 
layer, is larger in the compact city, which corresponds to poorer ventilation.

In a recent paper by Buccolieri et al. [33], who studied the ventilation of regular 
arrays of parallelepipeds representing compact cities, a high variability of ventila-
tion conditions was found depending on the incident wind angle and slight modifi-
cations of the array geometry. For low wind angles, a clear effect of channelling of 
pollutants along the street parallel to the wind direction was observed. This effect, 
combined with relative low exchanges at street intersections and with the overlying 
atmosphere, resulted in poor ventilation conditions. Conversely, large wind angles 
were shown to enhance transversal mean transfers at street intersections and vertical 
exchange with the overlying atmosphere. For increasing incident angles, the vertical 

Fig. 5.9 Flow pattern and ventilation efficiency for arrays of cubes of different packing density: 
spars canopy (left) and very compact canopy (right) (adapted from [32] © Elsevier, reprinted with 
permission of Elsevier)
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transfer increased due to the enhancement of the mean counterpart of the total flux. 
This effect was associated with a stronger interaction between the mean flow devel-
oping above the canopy and that within it.

Recently awareness about the creation of low wind speed areas and poor outdoor 
ventilation around high-rise buildings, where the approaching wind is quickly 
weakened due to the strong drag force, has also increased (e.g. see recent papers by 
[34–36]). Their results revealed the importance of the wind incident direction for 
wind circulation within the re-entrant corners of closely constructed high-rise build-
ings. As an example Fig.  5.10 (left) shows the complicated flow patterns which 
develop around a real geometry, and strong reverse flow behind high-rise buildings 
may occur leading to an accumulation of pollutants. This is strictly dependent on the 
overall morphology of the city, and values of the mean age of air may be high in 
areas crowded with low-rise buildings and relatively low (thus corresponding to 
better ventilation) in areas around high-rise buildings because of the strong winds 
from higher altitudes (Fig. 5.10, right).

These studies have highlighted that interaction between the atmospheric 
approaching flow and a city results in complicated flow patterns between buildings, 
along streets, stagnant zones and wake regions. Air mass approaching a city either 
can enter the streets or flows above the buildings or around it. Exploring ventilation 
conditions in a city neighbourhood is thus crucial for the assessment of air quality 
scenarios and their impacts on people’s health.

5.4.4  The Effects of the Presence of Urban Obstacles

A number of methods have been demonstrated to influence flow patterns in the built 
environment under varying urban geometrical and meteorological conditions, such 
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Fig. 5.10 Flow pattern coloured by the velocity component along the external wind direction 
(left) and mean age of air (right) in real geometries (right figure adapted from [36] © Springer, 
reprinted with permission of Springer)
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as trees and vegetation (porous) as well as noise barriers, low boundary walls and 
parked cars (solid). Advantages and disadvantages of those methods have been 
recently reviewed by Gallagher et al. [5] and are briefly summarised below.

Trees and vegetation, which have been commonly employed as an aesthetical 
element, can affect pollutant dispersion in the built environment. The recent reviews 
by Janhall [37] and Abhijith et al. [38] provides a detailed overview of the impact of 
several green infrastructures on dispersion. Tree parameters (crown height, leaf den-
sity tree height and spacing) have been found to impact air quality, and, despite their 
porous nature, trees have been reported to act more like a solid barrier. In general, 
when trees are too close with interfering crowns, polluted air in the street canyon is 
not able to mix with cleaner air of the underlying atmosphere because of the closed 
tree canopy which results in the tunnel effect. By using less sprawling trees or plac-
ing trees at a distance from each other, the mixing with cleaner air can be strength-
ened (Fig. 5.11). Comprehensive studies are however still missing, and thus final 
guidelines are not still available to urban planners.

Noise barriers can be found alongside busy arterials and high-speed, high-
traffic highways in most cities as solid high walls. Those barriers may lead to a 

Fig. 5.11 Sketch of the flow in an idealised street canyon with the perpendicular wind in the pres-
ence of trees of different crown size (top) (top figure adapted from http://www.urbangreen-
bluegrids.com/air © atelier GROENBLAUW, reprinted with permission of atelier 
GROENBLAUW—www.atelierGROENBLAUW.nl). Top view of the pattern of normalised con-
centration K in a real street canyon (bottom) (bottom figure adapted from [39] © Inderscience 
Publishers, reprinted with permission of Inderscience Publishers)
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reduction in pollutant concentrations downwind of the barriers. However, similar 
to the vegetation studies, an increase in upwind concentrations has been found 
due to the recirculation of pollutants in the zone in front of the structure. The 
height and layout of the noise barrier (i.e. continuous barrier or the combination 
of the barrier and vegetation) were found to have the greatest influence on the 
dispersion of pollutants along the highway, as well as wind conditions. Overall, 
studies suggest that noise barriers are a feasible passive method of pollution 
reduction and present less variable factors in their effectiveness than porous bar-
riers. However, the relationship between vegetation and noise barriers is more 
complex and still lacks of comprehensive studies preventing the developing of 
design guidelines.

Low boundary walls can improve urban air quality by enhancing pollutant dis-
persion in street canyons. They act as a baffle at street level and increase the distance 
between the pollutant source and human receptor in most wind conditions. However, 
the majority of the research focussed on idealised street canyon models, typically 
overestimating the improvements in air quality compared to real world measure-
ments. The development of guidelines to provide practical instructions for imple-
menting low boundary walls in a street canyon environment still requires further 
research as current findings are limited.

Parked cars have a different impact on the pollutant dispersion depending on 
the parking bay layout and an occupancy rate of the parking bays. Due to the spac-
ing between vehicles, parked cars impact air flow differently to the other barrier 
types. For example, parallel parked cars can provide improvements in air quality in 
all wind conditions. Varying street geometry and the noncontinuous nature of the 
parking bay may prevent the occurrence of strong vortices which enhances disper-
sion at street level. Guidelines to promote the retrofitting of parking bay designs in 
street canyons presents the greatest potential to ensure parked cars can promote 
pollutant dispersion.

5.5  The Air Pollution and the Problem of the Ultrafine 
Particles

Air pollution is composed of a variety of gaseous pollutants and particulate matter. 
These pollutants arise from a variety of sources such as road vehicles, industrial 
emissions and wood-burning [40]. The majority of cities worldwide are facing 
exceeding levels of air pollutants over the regulatory limits [41]. Air pollutants can 
be classified into primary and secondary. Primary pollutants are those directly emit-
ted into the atmosphere by human activities (vehicle engines, industrial production, 
etc.) and by natural processes (windblown dust, volcanic activity, etc.). Secondary 
pollutants are formed within the atmosphere when primary pollutants react with 
sunlight, oxygen, water and other chemical compounds present in the air. As for 
public health, major pollutants are particulate matter (PM), tropospheric ozone (O3), 
nitrogen dioxide (NO2) and sulphur dioxide (SO2). NO2 and SO2 are produced by 
the combustion of fossil fuels and contribute to photochemical smog, as well as to 
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acid rain. O3 is a major component of photochemical smog, an air pollution phe-
nomenon that forms when primary pollutants like NO2 and carbon monoxide (CO) 
react with sunlight to form a variety of secondary pollutants. PM is mainly attrib-
uted to the combustion of fossil fuels, especially coal and diesel fuel, and is com-
posed of tiny particles of solids and liquids including ash, carbon soot, mineral salts 
and oxides, heavy metals such as lead, and other organic compounds. PM includes 
particles from a few nanometre size to 10s of a micron. For example, PM10 refers to 
particles with an aerodynamic diameter ≤ 10 μm while PM2.5 to particles with an 
aerodynamic diameter ≤ 2.5 μm. In general, the smaller the size of the particles, the 
larger their effects are on human health. For example, the smaller particles show 
much larger health effects compared with their larger-sized particles [42].

Together with conventional air pollutants, which are currently under regulation, 
there is an increase interest towards unregulated pollutants, such as airborne ultra-
fine particles (UFPs; diameter less than 100 nm). They differ from larger counter-
parts in their dynamic nature which contribute to substantial temporal and spatial 
variability which increases with decreasing particle size. UFPs are considered to 
show even higher health impacts compared with fine particles [43]. These particles 
are so small in size that they contribute almost a negligible mass, unlike fine or 
coarse particles, but contain significant numbers and therefore are represented by 
particle number concentrations (PNC). In typical urban environments, ultrafine par-
ticles contribute up to 80% of the total PNCs [44]. The dominant source of ultrafine 
particles in the urban environment is road vehicles. The fresh emissions cool and 
dilute rapidly just after their emissions to produce nucleation mode particles 
(<30 nm), while the larger size particles are part of exhaust emissions [45]. The 
emissions from these vehicles undergo intense transformation processes such as 
nucleation, condensation, coagulation and dry deposition to change their concentra-
tions between the source and receptor [15, 46].

A study by Kumar et al. [47] reviewed the concentrations of particles in various 
cities worldwide. They reported that average PNCs in the European cities are much 
lower compared with those in Asian cities. This is expected due to a much lower 
sulphur content in the fuel. Recent Euro 5 and 6 emission standards included, for the 
first time, the limits of particle number emissions for the heavy-duty vehicles. 
However, there are yet no standards to control their ambient concentrations in urban 
areas. The European Committee for Standardisation (CEN) at the European level is 
currently taking an initiative to standardise the measurement methods for ultrafine 
particles, which is likely to result in regulatory guidelines in the near future in Europe.

A recent review [48] reported on average PNCs in different places of urban areas. 
The place with higher concentrations, usually referred to as pollution hotspots, of 
ultrafine particles is found close to the intense sources (industrial plants, motor-
ways, harbours) or in microenvironments with low air exchange rates such as street 
canyons. The other most prominent pollution hotspots of ultrafine particles, which 
are important from an exposure perspective, are traffic intersections. At the traffic 
intersections, the vehicles go under variable driving conditions such as acceleration, 
deceleration and stop and go, resulting in much higher emissions compared with 
traffic under free-flow traffic conditions [49].

5 Spatial Distribution of Air Pollutants in Cities



92

There is still a need for further studies, developing the exposure profiles in 
varying city environments worldwide to assess the exposure of the urban commut-
ers in complex urban environments. Moreover, there is a clear need for dispersion 
models, which could treat the ongoing transformation process that is unique to 
ultrafine particles. Moreover, there is still a lack of standardised methods to mea-
sure them highlighting a need to develop robust instrumentation that could pro-
duce reproducible results and are affordable. Unlike other pollutants such as 
coarse or fine particles, the progress on miniaturisation of ultrafine particles is still 
behind compared with those for coarse or fine particles or the gaseous pollutants. 
Such a progress in the case of ultrafine particles could also allow the high spatial 
mapping of ultrafine particles in complex urban environments to design appropri-
ate mitigation measures.

 Conclusions
Outdoor air pollution is a major environmental health problem affecting people 
in developed and developing countries. The ‘WHO Air quality guidelines’ pro-
vide an assessment of health effects of air pollution and thresholds for health-
harmful pollution levels. In 2014, 92% of the world population was living in 
places where the WHO air quality guidelines levels were not met. A 2013 assess-
ment by WHO’s International Agency for Research on Cancer (IARC) concluded 
that outdoor air pollution is carcinogenic to humans, with PM most closely asso-
ciated with increased cancer incidence [50].

With the rate of urbanisation expected to increase in the next years, coun-
tries are forced to face serious challenges in addressing the problem of air 
pollution. The prevention and control of air pollution in cities imply the study 
and the knowledge of those processes and mechanisms which govern its spa-
tial distribution. As shortly discussed in this chapter, the dispersion of pollut-
ants is strongly affected by several factors, such as variations in street canyon 
geometry, wind speed and direction, thermally stability conditions, tree plant-
ing and moving vehicles. While some of these aspects have been extensively 
studied in the literature, there are some aspects of research which still lack of 
attention, and future works are expected to focus more extensively on thermal 
investigation, turbulence produced from moving vehicles, deposition and 
aerodynamics effects of trees and study the effect of combining various physi-
cal factors [21].

Such studies are crucial for providing suggestions on better designing a 
city for improved wind and thermal conditions as well as people’s health. It 
is important to develop design guidelines which should include building 
dimensions, width of streets, allowable emissions from stationary sources 
(e.g. industry), nonstationary sources (e.g. vehicles) and location of indus-
tries within the city. Cool roofs and tree planting, such as other barriers, 
should also be investigated in detail to provide a cooler and safer environ-
ment [51].

S. Di Sabatino et al.



93

References

 1. Hilber C, Palmer C. Urban development and air pollution: evidence from a global panel of cit-
ies. Grantham Research Institute on Climate Change and the Environment, Working Paper No. 
175. http://www.lse.ac.uk/GranthamInstitute/wp-content/uploads/2014/12/Working-Paper-
175-Hilber-Palmer-2014.pdf; 2014. Accessed 30 Dec 2016.

 2. Ahmad K, Khare M, Chaudhry KK. Wind tunnel simulation studies on dispersion at urban 
street canyons and intersections  – a review. J Wind Eng Ind Aerodyn. 2005;93:697–717. 
https://doi.org/10.1016/j.jweia.2005.04.002.

 3. Britter RE, Hanna SR.  Flow and dispersion in urban areas. Annu Rev. Fluid Mech. 
2003;35:469–96. https://doi.org/10.1146/annurev.fluid.35.101101.161147.

 4. Blocken B, Tominaga Y, Stathopoulos T.  CFD simulation of micro-scale pollutant disper-
sion in the built environment. Build Environ. 2013;64:225–30. https://doi.org/10.1016/j.
buildenv.2013.01.001.

 5. Gallagher J, Baldauf R, Fuller CH, Kumar P, Gill LW, McNabola A.  Passive methods for 
improving air quality in the built environment: a review of porous and solid barriers. Atmos 
Environ. 2015;120:61–70. https://doi.org/10.1016/j.atmosenv.2015.08.075.

 6. Lateb M, Meroney RN, Yataghene M, Fellouah H, Saleh F, Boufadel MC.  On the use of 
numerical modelling for near-field pollutant dispersion in urban environments. A review. 
Environ Pollut. 2016;208:271–83. https://doi.org/10.1016/j.envpol.2015.07.039.

 7. Soubbotina TP.  Beyond economic growth. An introduction to sustainable development. 
2nd ed. Washington, DC: World Bank; 2004. https://openknowledge.worldbank.org/han-
dle/10986/14865 Accessed 30 Dec 2016

 8. United Nations. World urbanization prospects: the 2014 revision (CD-ROM edition). 
New York: Department of Economic and Social Affairs, United Nations; 2014. https://esa.
un.org/unpd/wup/Publications/Files/WUP2014-Report.pdf Accessed 30 Dec 2016

 9. UN-Habitat. Urbanization and development: emerging futures. World cities report 2016. 
Nairobi: United Nations Human Settlements Programme (UN-Habitat); 2016. http://wcr.
unhabitat.org/main-report Accessed 30 Dec 2016

 10. Ericson B, Hanrahan D, Kong V (2008) The World’s worst pollution problems: the top ten 
of toxic twenty. Project report Blacksmith Institute, New York. Available from: http://www.
worstpolluted.org. Accessed 30 Dec 2016.

 11. Parrish DD, Stockwell WR. Urbanization and air pollution: then and now. EOS Earth & Space 
Science News. https://eos.org/features/urbanization-air-pollution-now; 2015. Accessed 30 
Dec 2016.

 12. AMS.  Meteorological glossary. American Meteorological Society. http://glossary.ametsoc.
org/wiki/Main_Page; 2015. Accessed 30 Dec 2016.

 13. Barlow JF.  Progress in observing and modelling the urban boundary layer. Urban Clim. 
2014;10:216–40. https://doi.org/10.1016/j.uclim.2014.03.011.

 14. Cui P-Y, Li A, Tao W-Q.  Buoyancy flows and pollutant dispersion through different scale 
urban areas: CFD simulations and wind-tunnel measurements. Build Environ. 2016;104:76–
91. https://doi.org/10.1016/j.buildenv.2016.04.028.

 15. Kumar P, Ketzel M, Vardoulakis S, Pirjola L, Britter R. Dynamics and dispersion modelling of 
nanoparticles from road traffic in the urban atmospheric environment - a review. J Aerosol Sci. 
2011;42:580–603. https://doi.org/10.1016/j.jaerosci.2011.06.001.

 16. Vardoulakis S, Fisher BEA, Pericleous K, Gonzalez-Flesca N.  Modelling air qual-
ity in street canyons: a review. Atmos Environ. 2003;37:155–82. https://doi.org/10.1016/
S1352-2310(02)00857-9.

 17. Tominaga Y, Stathopoulos T. CFD simulation of near-field pollutant dispersion in the urban 
environment: a review of current modeling techniques. Atmos Environ. 2013;79:716–30. 
https://doi.org/10.1016/j.atmosenv.2013.07.028.

5 Spatial Distribution of Air Pollutants in Cities

http://www.lse.ac.uk/GranthamInstitute/wp-content/uploads/2014/12/Working-Paper-175-Hilber-Palmer-2014.pdf
http://www.lse.ac.uk/GranthamInstitute/wp-content/uploads/2014/12/Working-Paper-175-Hilber-Palmer-2014.pdf
https://doi.org/10.1016/j.jweia.2005.04.002
https://doi.org/10.1146/annurev.fluid.35.101101.161147
https://doi.org/10.1016/j.buildenv.2013.01.001
https://doi.org/10.1016/j.buildenv.2013.01.001
https://doi.org/10.1016/j.atmosenv.2015.08.075
https://doi.org/10.1016/j.envpol.2015.07.039
https://openknowledge.worldbank.org/handle/10986/14865
https://openknowledge.worldbank.org/handle/10986/14865
https://esa.un.org/unpd/wup/Publications/Files/WUP2014-Report.pdf
https://esa.un.org/unpd/wup/Publications/Files/WUP2014-Report.pdf
http://wcr.unhabitat.org/main-report
http://wcr.unhabitat.org/main-report
http://www.worstpolluted.org
http://www.worstpolluted.org
https://eos.org/features/urbanization-air-pollution-now
http://glossary.ametsoc.org/wiki/Main_Page
http://glossary.ametsoc.org/wiki/Main_Page
https://doi.org/10.1016/j.uclim.2014.03.011
https://doi.org/10.1016/j.buildenv.2016.04.028
https://doi.org/10.1016/j.jaerosci.2011.06.001
https://doi.org/10.1016/S1352-2310(02)00857-9
https://doi.org/10.1016/S1352-2310(02)00857-9
https://doi.org/10.1016/j.atmosenv.2013.07.028


94

 18. Li X-X, Liu C-H, Leung DYC, Lam KM. Recent progress in CFD modelling of wind field 
and pollutant transport in street canyons. Atmos Environ. 2006;40:5640–58. https://doi.
org/10.1016/j.atmosenv.2006.04.055.

 19. Di Sabatino S, Buccolieri R, Salizzoni P. Recent advancements in numerical modelling of flow 
and dispersion in urban areas: a short review. Int J Environ Pollut. 2013;52:172–91. https://doi.
org/10.1504/IJEP.2013.058454.

 20. Blocken B. 50 years of computational wind engineering: past, present and future. J Wind Eng 
Ind Aerodyn. 2014;129:69–102. https://doi.org/10.1016/j.jweia.2014.03.008.

 21. Yazid AWM, Sidik NAC, Salim SM, Saqr KM. A review on the flow structure and pollutant 
dispersion in urban street canyons for urban planning strategies. Simulation. 2014;90(8):892–
916. https://doi.org/10.1177/0037549714528046.

 22. Gromke C, Ruck B. Influence of trees on the dispersion of pollutants in an urban street canyon - 
experimental investigation of the flow and concentration field. Atmos Environ. 2007;41:3287–
302. https://doi.org/10.1016/j.atmosenv.2006.12.043.

 23. CODASC.  Concentration data of street canyon database. Laboratory of Building- and 
Environmental Aerodynamics, IfH. Karlsruhe Institute of Technology. http://www.windforsc-
hung.de/CODASC.htm; 2008. Accessed 23 Nov 2016.

 24. Oke TR.  Street design and urban canopy layer climate. Energ Buildings. 1988;11:103–13. 
https://doi.org/10.1016/0378-7788(88)90026-6.

 25. Oke TR. Boundary layer climates. 2nd Edition. Abingdon: Routledge; 1987.
 26. Tiwary A, Robins A, Namdeo A, Bell M.  Air flow and concentration fields at urban road 

intersections for improved understanding of personal exposure. Environ Int. 2011;37:1005–18. 
https://doi.org/10.1016/j.envint.2011.02.006.

 27. Soulhac L, Garbero V, Salizzoni P, Mejean P, Perkins RJ. Flow and dispersion in street inter-
sections. Atmos Environ. 2009;43:2981–96. https://doi.org/10.1016/j.atmosenv.2009.02.061.

 28. Di Sabatino S, Leo LS, Cataldo R, Ratti C, Britter RE. Construction of digital elevation models 
for a southern European city and a comparative morphological analysis with respect to north-
ern European and north American cities. J Appl Meteorol Climatol. 2010;49:1377–96. https://
doi.org/10.1175/2010JAMC2117.1.

 29. Yee E, Biltoft CA. Concentration fluctuation measurements in a plume dispersing through a 
regular array of obstacles. Bound-Layer Meteorol. 2004;111:363–415. https://doi.org/10.1023/
B:BOUN.0000016496.83909.ee.

 30. Allwine KJ. Overview of JOINT URBAN 2003 an atmospheric dispersion study in Oklahoma 
City. Proceedings of the AMS symposium on planning, nowcasting, and forecasting in the 
urban zone, Seattle, Washington, USA, January 11-15; 2004.

 31. Wood CR, Barlow JF, Belcher SE, Dobre A, Arnold SJ, Balogun AA, Lingard JJN, Smalley RJ, 
Tate JE, Tomlin AS, Britter RE, Cheng H, Martin D, Petersson FK, Shallcross DE, White IR, 
Neophytou MK, Robins AG. Dispersion experiments in central London: the 2007 DAPPLE 
project. Bull Am Meteorol Soc. 2009;90:955–69. https://doi.org/10.1175/2009BAMS2638.1.

 32. Buccolieri R, Sandberg M, Di Sabatino S. City breathability and its link to pollutant concentra-
tion distribution within urban-like geometries. Atmos Environ. 2010;44:1894–903. https://doi.
org/10.1016/j.atmosenv.2010.02.022.

 33. Buccolieri R, Salizzoni P, Soulhac L, Garbero V, Di Sabatino S. The breathability of compact 
cities. Urban Clim. 2015;13:73–93. https://doi.org/10.1016/j.uclim.2015.06.002.

 34. Iqbal QMZ, Chan ALS.  Pedestrian level wind environment assessment around group of 
high-rise cross-shaped buildings: effect of building shape, separation and orientation. Build 
Environ. 2016;101:45–63. https://doi.org/10.1016/j.buildenv.2016.02.015.

 35. Mao J, Yang W, Gao N.  The transport of gaseous pollutants due to stack and wind effect 
in high-rise residential buildings. Build Environ. 2015;94:543–57. https://doi.org/10.1016/j.
buildenv.2015.10.012.

 36. Tominaga Y. Visualization of city breathability based on CFD technique: case study for urban 
blocks in Niigata City. J Vis. 2012;15:269–76. https://doi.org/10.1007/s12650-012-0128-z.

 37. Janhall S. Review on urban vegetation and particle air pollution – deposition and dispersion. 
Atmos Environ. 2015;105:130–7. https://doi.org/10.1016/j.atmosenv.2015.01.052.

S. Di Sabatino et al.

https://doi.org/10.1016/j.atmosenv.2006.04.055
https://doi.org/10.1016/j.atmosenv.2006.04.055
https://doi.org/10.1504/IJEP.2013.058454
https://doi.org/10.1504/IJEP.2013.058454
https://doi.org/10.1016/j.jweia.2014.03.008
https://doi.org/10.1177/0037549714528046
https://doi.org/10.1016/j.atmosenv.2006.12.043
http://www.windforschung.de/CODASC.htm
http://www.windforschung.de/CODASC.htm
https://doi.org/10.1016/0378-7788(88)90026-6
https://doi.org/10.1016/j.envint.2011.02.006
https://doi.org/10.1016/j.atmosenv.2009.02.061
https://doi.org/10.1175/2010JAMC2117.1
https://doi.org/10.1175/2010JAMC2117.1
https://doi.org/10.1023/B:BOUN.0000016496.83909.ee
https://doi.org/10.1023/B:BOUN.0000016496.83909.ee
https://doi.org/10.1175/2009BAMS2638.1
https://doi.org/10.1016/j.atmosenv.2010.02.022
https://doi.org/10.1016/j.atmosenv.2010.02.022
https://doi.org/10.1016/j.uclim.2015.06.002
https://doi.org/10.1016/j.buildenv.2016.02.015
https://doi.org/10.1016/j.buildenv.2015.10.012
https://doi.org/10.1016/j.buildenv.2015.10.012
https://doi.org/10.1007/s12650-012-0128-z
https://doi.org/10.1016/j.atmosenv.2015.01.052


95

 38. Abhijith KV, Kumar P, Gallagher J, McNabola A, Baldauf R, Pilla F, Broderick B, Di Sabatino 
S, Pulvirenti P. Air pollution abatement performances of green infrastructure in open road and 
built-up street canyon environments – A review. Atmos Environ. 2017;162:71–86.

 39. Di Sabatino S, Buccolieri R, Pappaccogli G, Leo LS. The effects of trees on micrometeorology 
in a real street canyon: consequences for local air quality. Int J Environ Pollut. 2015;58:100–
11. https://doi.org/10.1504/IJEP.2015.076587.

 40. Kumar P, Wiedensohler A, Birmili W, Quincey P, Hallquist M. Ultrafine particles pollution and 
measurements. Compr Anal Chem. 2016a;73:369–90.

 41. Kumar P, Khare M, Harrison RM, Bloss WJ, Lewis AC, Coe H, Morawska L. New directions: 
air pollution challenges for developing megacities like Delhi. Atmos Environ. 2015;122:657–
61. https://doi.org/10.1016/j.atmosenv.2015.10.032.

 42. Heal MR, Kumar P, Harrison RM. Particles, air quality, policy and health. Chem Soc Rev. 
2012;41:6606–30. https://doi.org/10.1039/c2cs35076a.

 43. HEI.  HEI review panel on ultrafine particles. Understanding the health effects of ambient 
ultrafine particles HEI perspectives 3. Boston, MA: Health Effects Institute; 2013. https://
www.healtheffects.org/publication/understanding-health-effects-ambient-ultrafine-particles 
Accessed 30 Dec 2016

 44. Kumar P, Robins A, Vardoulakis S, Britter R. A review of the characteristics of nanoparticles 
in the urban atmosphere and the prospects for developing regulatory controls. Atmos Environ. 
2010;44:5035–52. https://doi.org/10.1016/j.atmosenv.2010.08.016.

 45. Kittelson DB, Watts WF, Johnson JP. Nanoparticle emissions on Minnesota highways. Atmos 
Environ. 2004;38:9–19. https://doi.org/10.1016/j.atmosenv.2003.09.037.

 46. Buonanno G, Morawska L, Stabile L, Wang L, Giovinco G. A comparison of submicrometer 
particle dose between Australian and Italian people. Environ Pollut. 2012;169:183–9. https://
doi.org/10.1016/j.envpol.2012.03.002.

 47. Kumar P, Morawska L, Birmili W, Paasonen P, Hu M, Kulmala M, Harrison RM, Norford L, 
Britter R.  Ultrafine particles in cities. Environ Int. 2014;66:1–10. https://doi.org/10.1016/j.
envint.2014.01.013.

 48. Kumar P, de Fatima AM, Ynoue RY, Fornaro A, de Freitas ED, Martins J, Martins LD, 
Albuquerque T, Zhang Y, Morawska L. New directions: from biofuels to wood stoves: the 
modern and ancient air quality challenges in the megacity of São Paulo. Atmos Environ. 
2016b;140:364–9. https://doi.org/10.1016/j.atmosenv.2016.05.059.

 49. Kumar P, Goel A. Concentration dynamics of coarse and fine particulate matter at and around 
the signalised traffic intersections. Environ Sci. 2016;18:1220–35. https://doi.org/10.1039/
C1036EM00215C.

 50. WHO. Ambient (outdoor) air quality and health. http://www.who.int/mediacentre/factsheets/
fs313/en; 2016. Accessed 30 Dec 2016.

 51. Hajra B. A review of some recent studies on buoyancy driven flows in an urban environment. 
Int J Atmos Sci. 2014;2014:362182. https://doi.org/10.1155/2014/362182.

5 Spatial Distribution of Air Pollutants in Cities

https://doi.org/10.1504/IJEP.2015.076587
https://doi.org/10.1016/j.atmosenv.2015.10.032
https://doi.org/10.1039/c2cs35076a
https://www.healtheffects.org/publication/understanding-health-effects-ambient-ultrafine-particles
https://www.healtheffects.org/publication/understanding-health-effects-ambient-ultrafine-particles
https://doi.org/10.1016/j.atmosenv.2010.08.016
https://doi.org/10.1016/j.atmosenv.2003.09.037
https://doi.org/10.1016/j.envpol.2012.03.002
https://doi.org/10.1016/j.envpol.2012.03.002
https://doi.org/10.1016/j.envint.2014.01.013
https://doi.org/10.1016/j.envint.2014.01.013
https://doi.org/10.1016/j.atmosenv.2016.05.059
https://doi.org/10.1039/C1036EM00215C
https://doi.org/10.1039/C1036EM00215C
http://www.who.int/mediacentre/factsheets/fs313/en
http://www.who.int/mediacentre/factsheets/fs313/en
https://doi.org/10.1155/2014/362182


97© Springer International Publishing AG 2018
F. Capello, A.V. Gaddi (eds.), Clinical Handbook of Air Pollution-Related Diseases, 
https://doi.org/10.1007/978-3-319-62731-1_6

G. Lolli  
Centro Studi Internazionale SIT, Bologna, Italy
e-mail: g.lolli@giuliololli.com

6Outdoor Air Pollution: Effects,  
Measure and Perception

Giulio Lolli

Outdoor air pollution, or environmental pollution, is often associated to modern life 
and industrialization. We believe it is an actual problem, or at most we date it back 
to the industrial revolution in the nineteenth century. We would think differently if 
we consider what Seneca wrote about Rome in 61 AD, so almost 2000 years ago in 
a preindustrial era: “As soon as I had escaped the heavy air of Rome and the stench 
of its smoky chimneys, which when stirred poured forth whatever pestilent vapours 
and soot they held enclosed, I felt a change in my disposition”.

Air pollution was even then perceived as serious and with severe health effects. 
What relates Seneca’s Rome with the modern times is the size of the city. The impe-
rial capital was more than 1 million inhabitants, an incredible concentration of peo-
ple for the time; today where most the pollution is concentrated is also in the urban 
areas, where several millions of people live. It is more a matter of how much more 
than what is emitted (i.e. how dangerous it is) compared to the ability of the environ-
ment to balance it [1]. Moreover not only pollution is often related to human activi-
ties, this is an objective fact, but what matters most is how it is perceived subjectively. 
Measured by satellites, the highest world concentration and amount of particulate 
matter (PM), one of the most discussed pollutants, is located in the Sahara region. It 
is generated naturally by the abrasion of the sand particles under the wind shear and 
can reach several g/m3. Nobody talks about it. In comparison, several orders of 
magnitude less PM (μg/m3) in one of our metropolis have much more severe conse-
quences and generate huge media coverage. In the following pages, we will try to 
discuss not only what the air pollution effectively and objectively is but also how it 
is perceived by the people in contact with it and what is then its impact on our life.
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6.1  Perceptive Distinction

The distinction between objective (instrument measurable) and subjective (human 
perceived) pollution is becoming the focus of the research in the recent years. From 
one side the public authorities (regulators) have to define objective criteria for envi-
ronmental and health protection; at the same time, they have to address the public 
opinion, driven by subjective perception. A small concentration of a non-toxic but 
very odorous substance could be sometimes more critical than an undetectable one. 
For this reason the environmental protection industry is also developing assessment 
methods which are a combination of objective concentration and perceivable con-
centration. Examples of that are sort of “electronic noses”, whose measured value is 
crossed with panels of “real noses”, so people should correlate the objective mea-
sure with the subjective perception. This is the actual frontier of research [2–6].

Another important distinction is the target group of people affected by the pollu-
tion. Children and older people are often affected by air pollution more in compari-
son to healthy adults. Air pollution is related with pathologies of the respiratory 
system, which are accentuated if associated to other pathologies, like cardiovascular 
disorders, typical of the ageing population. In small children the airways have a 
smaller section and thus are prone to blocking or restrictions, which are associated 
to respiratory diseases like asthma. Localized pollution near a hospital, kindergarten 
or hospice should then be minimized.

Thus pollution is defined as multidimensional problem where substance, concen-
tration, timing (when), location (where) and population should be considered at the 
same time.

Based on this multidimensional approach, the type of pollution which affects our 
lives at most is the one associated with transportation, heating or more in general 
combustion processes. These processes have a strong local impact: the big metropo-
lis where the traffic and heating density are at most is also where the majority of the 
people live; thus the effects are also greater and perceived at most. These processes 
can also have a long-lasting and diffuse effect. The emitted CO2 is also responsible 
of global warming, which is a planetary effect. If pollutants like nitrogen or sulphur 
oxides are emitted, they can generate acid rains thousands of kilometres away from 
where the (diffuse) emission took place. We will see what these pollutants are, how 
they can be mitigated with modern environmental technologies and what their 
effects on human beings are.

6.2  Particulate Matter (PM)

Particulate matter is a complex mixture of particles, either solid or liquid (aerosol) 
suspended in air. They vary very much in size, composition and origin. Primary 
particles originate mainly from combustion processes and consist of a carbonaceous 
core with different chemicals (sulphates, metals or polycyclic aromatics) adsorbed 
onto the surface. The core is formed by an incomplete combustion, where locally 
the oxygen amount was not high enough. High temperatures in the flame and locally 
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low concentration of oxygen lead to thermal pyrolysis of the combustible with for-
mation of solid carbonaceous particles, which are then less reactive and are often 
expelled as PM. For this reason, for example, diesel engines which inject locally the 
fuel into the combustion chamber and use a self-induced detonation are more prone 
to generate PM compared to gasoline engine where a premixed air-fuel vapour mix-
ture is taken into the combustion chamber in the aspiration phase and ignited by a 
spark. For the same reason, for example, heating systems based on methane or natu-
ral gas are intrinsically cleaner in terms of PM compared to systems running on oil, 
coke or wood itself. The natural gas mixes readily with air, and its combustion is 
practically complete, leading no particulate residue. Oil has to be vaporized first 
with air, leading to a comparable risk as in combustion engines. Coke or wood is 
solid. Their combustion is more complicated, and the chance to have locally oxygen 
deficiency is much higher. They are also large producers of PM, even if wood is 
publicized as environmentally friendly, as is renewable; from an emission prospec-
tive, it is not so clean.

Besides the primary particles generated during the (incomplete) combustion pro-
cess, secondary particles are generated by chemical reactions between the primary 
particles and gases present in the atmosphere like nitric oxides, sulphur oxide or 
ozone, which are strong oxidants, generating aerosols of metal sulphates or nitrates. 
Thus the specific composition of PM varies strongly by region, time of the year and 
of the day and weather conditions and is not only determined by the emitting source. 
For this reason PM is often classified based on diameter more than composition. 
Particles with a diameter less than 10 μm are named PM10; particles with a diam-
eter less than 2.5 μm are called PM2.5 (or fine particulates), and particles with a 
diameter less than 0.1 μm are called PM0.1 (or ultrafine particulates).

Particle size is the most important factor in determining where particles are 
deposited in the lung. Compared with large particles, fine particles can remain sus-
pended in the atmosphere for longer periods and be transported over longer dis-
tances. Some studies [7, 8] suggest that fine particles have stronger respiratory 
effects in children than large particles. Particles greater than 10 μm rarely make it 
past the upper airways, whereas fine particles smaller than 2 μm can make it as far 
as the alveoli. Many studies have noted an association between particulate air pol-
lution and mortality among people of all ages. Some data suggest that exposure to 
particulate matter may be associated with decreased birth weights. There are data 
from Brazil, Central and Eastern Europe and China to support this association 
[9–12].

6.3  Ozone

Ozone is often associated with the ozone depletion in the upper atmosphere and not to 
pollution. This “good” ozone is a naturally occurring form of oxygen that provides a 
protective layer shielding the Earth from harmful ultraviolet radiation. “Bad” ozone 
occurs in the lower atmosphere. Ozone is the major component of urban smog and a 
potent respiratory irritant that can also synergistically enhance a child’s reaction to 
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other air pollutants and pollen. Ozone is a secondary air pollutant formed in the atmo-
sphere from a chemical reaction between hydrocarbons and nitrogen oxides in the 
presence of heat and sunlight. One important fact about ozone is that it requires sun-
light for its formation, so it tends to peak on hot summer afternoons from 3 to 5 pm. 
As it is formed by hydrocarbons released into the atmosphere, it is strongly associated 
to the hydrocarbon combustion processes. It is an important pollutant in many parts of 
the industrialized world. It is rarely measured in developing countries.

Patients may better understand the effects of acute ozone exposure if clinicians 
describe it in terms with which they are familiar, e.g. it is “like sunburn of the 
lungs”. After exposure to ozone, people with asthma have increased bronchial reac-
tivity to subsequent allergens. Most of the acute respiratory effects such as cough 
and shortness of breath are thought to be reversible. Recent studies show that long- 
term exposure to ozone is associated with decrements in lung function that persist 
into the second decade [13].

Chronic exposure to ozone pollution has been associated with de novo develop-
ment of chronic lung disease, mild pulmonary fibrosis and modest increases in 
small airway obstruction. Lifetime exposure to ambient ozone is negatively associ-
ated with lung function measures that reflect small airway physiology. There is an 
association of exposure to ozone with chronic phlegm, wheeze (apart from colds) 
and higher composite respiratory index. These are considered early indicators for 
pathological changes that might progress to chronic obstructive pulmonary disease. 
Some evidence has linked ozone to chronic lung scarring, especially at the bronchi 
alveolar junction [14].

6.4  NOx

Air is composed primarily of Nitrogen (N2 ca. 80%) and Oxygen (O2 ca. 20%). 
Nitrogen is an inert part, while Oxygen is more reactive and is necessary for life and 
combustion. Only at very high temperatures, like the ones present in a flame or 
combustion engine, radical processes occur, and these two gases combine forming 
nitrogen oxide (NO). NO in contact with O2 can oxidize further to nitrogen dioxide 
(NO2). Being derived and interchangeable molecules, in environmental chemistry 
they are often referred as NOx. In engine optimization, this process has to be bal-
anced with formation of PM. Increasing the engine temperature, improve the com-
bustion and reduce PM; however increase NOx formation. Finding the right optimum 
between PM and NOx is the tricky part, especially in diesel engines.

NOx are very reactive. Especially NO2 can photochemical react with O2 to form 
Ozone and NO. If this process is wanted in the troposphere, regenerating the pro-
tecting ozone layer, it is very dangerous at ground level. NO2 can also react with 
water forming HNO3 or nitric acid. This contributes also to acid rains. It is also clear 
that when NOx gets in contact with the water present in our lungs, an acidification 
of the pulmonary tissues occurs. NOx has also an effect on blood vessel tonicity. 
Exposure to NOx, especially in children, has been scientifically associated to 
increase respiratory disorders and increase morbidity [15, 16].
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6.5  CO

Carbon monoxide (CO) poisoning is probably better known for the cases of suffoca-
tion which happens inside households with old combustion systems. CO is formed 
by an incomplete combustion of hydrocarbons or fuels in general. This incomplete 
combustion is often associated to a malfunctioning system. The main issue arises 
from the fact that CO is completely odourless, so it cannot be perceived and leads to 
death by fixing itself to the iron present in the haemoglobin, leading to tissue suf-
focation and death. Infants and children have an increased susceptibility to CO tox-
icity because of their higher metabolic rates. Children with existing pulmonary or 
haematological illness (such as anaemia) or other conditions that compromise oxy-
gen delivery are also more susceptible to adverse effects of exposure to CO at lower 
levels than are healthy children. Chronic exposure to low levels of CO causes head-
aches [17].

As odourless gas, CO is not perceived as a problematic pollutant. Large amounts 
of CO are, for example, contained in cigarette smoke. Combustion engines produce 
modest amounts of CO due to the fast and incomplete combustion, but this is nor-
mally completely abated in the post combustion treatment.

6.6  SO2

Sulphur dioxide (SO2) is formed by the combustion of sulphur. A previously impor-
tant source of SO2 was in the last 30 years the combustion of hydrocarbons. S occurs 
naturally in oil. The amount varied depending on the field where it is extracted. The 
heavier fractions like diesel or naphtha produced from sour oilfields could contain 
several % of S. The petrochemical industry developed the so-called hydrodesul-
phurization processes, and modern regulated fuels are considered sulphur-free, as 
they contain less than 5 parts per million (ppm) of S. The actual main source of 
atmospheric SO2 are today volcanic activities or specific industrial activities, espe-
cially related to the mineral industry. These activities are generally located far away 
from urban centres, so these are not perceived as critical.

6.7  CO2

Carbon dioxide (CO2) is not properly a pollutant. It is naturally contained in the 
atmosphere at around 400 parts per million (ppm) or 0.04% and is breathed out by 
every living organism. However its level in the atmosphere has increased in the last 
century generating the so-called greenhouse effect or global warming. The reason is 
that CO2 absorbs very strongly in the infrared spectrum. The sunlight that reaches 
the ground (energy) is then absorbed and re-emitted as infrared radiation (heat). It 
can then escape into the space or be absorbed by CO2 or other molecules increasing 
the atmosphere temperature. Maintaining a low and acceptable CO2 concentration 
would prevent more serious effects on the long term.
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Managing CO2 emissions also collide slightly with the reduction of the other 
pollutants, especially for transportation. In the last year, due to a manipulation scan-
dal, diesel engines are now under a critical eye. As we said before, due to the higher 
pressures and temperature they can reach, and for the injection method they use, 
they are prone to higher emissions of pollutants, especially NOx and PM compared 
to gasoline engine. Moreover in the last 40 years, the gasoline engines had devel-
oped the so-called three-way catalytic converter [18]. This is an exhaust posttreat-
ment based on a mixture of precious metals which can reduce to extremely low 
levels the NOx and CO emissions. It works by monitoring the oxygen level in the 
exhaust gases, to maintain a relatively fat mixture, so that the amount of CO or par-
tially burned hydrocarbon and NOx is balanced. The reaction which the catalyst 
promotes (in a very simplified way) is

 2 2 2 2 2CO NO CO N+ +→  

Thus it converts the pollutant CO and NO into N2 which is inert and CO2 which 
is unavoidable.

In diesel engines the direct motor control is not possible as the engine must oper-
ate always in lean mode (so with excess of oxygen). Special NOx treatments have 
been developed also for diesel engines; however they require a postinjection of a 
reducing agent. The most widely used is a urea solution in many countries known as 
“AdBlue”. This must be tanked separately and filled up every 2–3 refuelling. This 
technology is widely spread for heavy-duty trucks but is not well accepted by the 
normal city driver.

An alternative technology includes an NO absorbent, which is regenerated peri-
odically by post-burning of fuels for a short period of time. This is often associated 
to filters for the particulate matter which are also regenerated in a similar way. These 
technologies are however relatively complex and costly, resulting in general in die-
sel cars emitting more NOx and PM than gasoline ones.

The advantage of the diesel engine is that, due to the higher pressures and tem-
peratures, it is more efficient. The mileage is about 20% higher compared to a gaso-
line counterpart. CO2 emissions, so greenhouse emissions, for a modern diesel car, 
are around 100 g CO2/km while for gasoline around 120 g CO2/km. If we bring CO2 
in the pollution emission spectrum, it is then difficult to compare diesel and gasoline 
engines as we have to compare different emission levels of different pollutants. 
Meeting the Kyoto objectives without the CO2 efficiency of diesel engines would be 
difficult.

Another important CO2 source besides combustion engines, so transportation, 
is energy production. The quote of renewable energy produced worldwide is 
increasing, and the largest economies are fortunately leading. China is the main 
producer and user of photovoltaic panels and wind turbines. Germany is also 
very close to meet its 2020 targets. Even if the quote of “green” renewable and 
low-CO2-impact energy increase, a complete replacement is still far away, as on-
demand and flexible energy sources are needed to guarantee supply and stabilize 
the network. This base supply will be guaranteed by traditional power plants. The 
first large-scale experiments of carbon capture are also available. In 2012 the 
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German power giant RWE had constructed in its lignite power plant in 
Niederaußen a CO2 separation and washing unit which delivers high purity CO2 
for the beverage and chemical industry [19]. Part of this CO2 could then used by 
the nearby polyurethane producer Covestro in its “Dream Production” process. 
This process produces one of the two components required to generate polyure-
thane foams. Soft foams are used in upholstery (i.e. car seats, mattresses or 
sofas), while hard foams in building insulation. The process bound the CO2 into 
the polymer backbone and replaces up to 30% of fossil raw materials with it. Not 
only is it a carbon sequestration and a saving of raw materials, but when used as 
building insulator, such a hard foam can save in its life cycle up to seven times 
the CO2 required to fabricate it [20].

6.8  Natural Pollutants

Besides the anthropogenic pollutants, there is a large variety of naturally occurring 
pollutants. For example, huge quantities of methane are generated naturally by 
anaerobic fermentation processes. Methane is a greenhouse gas with a global warm-
ing potential (GWP) 25 times higher than CO2. Every year 600 million tons of 
methane is released into the atmosphere (equivalent to 15 billion tons of CO2). 
Thirty percent of these are related to fermentation under seas or lakes, like in Siberia 
during the summer period, when the ice cap melts. 39% are generated by the fer-
mentation of grass in the kettle stomach and 17% in the cultivation of rice under 
water. These processes are only partially related to human activities, even if inten-
sive farming and breeding practices can sharpen it.

6.9  Pollens

Another very important natural source of pollution is given by plants. Each one of 
us, not only the people affected by allergies, is aware of the pollen season. Pollens 
are emitted by plants during their reproduction cycle. Pollen is the male reproduc-
tive structure of flowering plants. They are intrinsically active biological species, 
and this can trigger biological activities, like immune responses. Pollen exposure 
has long been recognized as a stimulant for symptoms of allergic disease, especially 
for allergic rhinitis (hay fever). Pollen grains range in size from about 10 to 100 μm; 
the most common types are in the range of 15–30 μm. However, pollen allergens 
have been documented in air on much smaller particles. In this they are comparable 
to PM. Pollen is produced seasonally. In general, tree pollens are released early in 
the year, grasses during late spring and early summer and weed pollens in the late 
summer and autumn.

There is an association between grass pollen counts and admissions of patients 
with asthma in Mexico City in both dry and wet seasons [21]. In England, thunder-
storms following periods of high pollen counts are more likely to lead to asthma 
epidemics [22].
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6.10  Mould

Moulds are an important pollutant of the outdoor air. Exposure to moulds can cause 
severe asthma morbidity and mortality. Sixty species of moulds have spores that are 
proven allergenic. Many patients with respiratory allergies are particularly sensitive 
to moulds. Odds of death from asthma are twice as high on days with outdoor mould 
spore counts above 1000 spores/m3 [23]. Daily increases in mould spore counts are 
associated with daily increases in hospital admissions for asthma [24]. There may 
also be a synergistic effect between ozone and some mould spores. That is, the com-
bined effects of exposure to ozone and mould spores are greater than the effects of 
either exposure alone [25, 26].

 Conclusions
As we have seen, the sources of air pollution are much diversified. Natural pol-
lution can be as severe as man-made. The perception of the pollution is also very 
much critical. The most perceived and with human health effect pollution is the 
one which happens in the cities, as there is where most people live. This is clearly 
mainly man- made. Many pollutants are also linked one with the other. For exam-
ple, a reduction of PM could be associated with an increase in NOx and vice 
versa. The effects on the health are often synergistic. Ozone, as irritant of the 
airways, increases the effect on the health of many other pollutants like pollens, 
mould or PM. Under this light it is clear that the topic of air pollution is very 
complex and not only driven by measurable parameters. The most important 
aspect is to find the right balance between our life, our health and our interaction 
with the environment.
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Abbreviations

CO Carbon monoxide
CO2 Carbon dioxide
COPD  Chronic obstructive pulmonary disease
ETS Environmental tobacco smoke
IAQ Indoor air quality
IHD  Ischaemic heart disease
LPS Lipopolysaccharide
PAH Polycyclic aromatic hydrocarbons
PM Particulate matter
UFP Ultrafine particle
VOCs Volatile organic compounds

7.1  History of Indoor Air Pollution

The importance of indoor air was recognized already in ancient Rome, where oils 
were burned to provide light and homes were heated with wood, vegetation and 
animal dung [1]. Studies on skeletons buried by volcanic eruptions and lungs of 
ancient human mummies have revealed signs of inflammation and anthracosis typi-
cally caused by long-term exposure to coal and soot [2]. Biological contaminants in 
indoor air are not new either; the adverse effects of moisture-damaged indoor envi-
ronment have been reported for at least 2500 years, as the problem with “plague of 
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the house” is mentioned already in the Old Testament (Third book of Moses, 
Leviticus 14, 34–57).

The first published investigations on impact of poor ventilation on health 
appeared in the mid-nineteenth century, showing how the levels of CO2, microbes 
and total organic matter are linked with ill health [3]. The number of scientific stud-
ies on indoor air pollution has increased rapidly since the 1960s and even doubled 
during the last decade (Fig.  7.1). The focus of interest has slightly shifted from 
decade to decade along the changes in buildings and behaviour of people: In the 
1960s radon and tobacco smoke were the original (and still existing) hot topics, fol-
lowed by formaldehyde and asbestos in the 1970s, house dust mites and sick build-
ing syndrome in the 1980s, asthma and allergies in the 1990s and finally combustion 
particles and moisture-damaged buildings around the new millennium. The recent 
trends include a strong research interest on the protective exposures and synergistic 
effects of pollutants, showing a gradient towards studying “exposomes” instead of 
single exposures. Fortunately the exposure to many of the indoor pollutants with 
known health risks (e.g. asbestos, formaldehyde, naphthalene) has been reduced 
due to regulatory efforts or discontinued use, but the exposure to chemicals such as 
plasticizers, surfactants and flame retardants has been on the rise, and many of these 
chemicals are suspected endocrine disruptors [5].

7.2  Importance of Indoor Air Quality (IAQ)

The quality of indoor air is not a trivial thing. A comparative risk assessment of 
burden of disease caused by different risk factors ranked household air pollution 
from solid fuels as third on the list of top ten global health risks. In addition, another 
indoor-related risk cluster, tobacco smoking (including second-hand smoking), was 
ranked second on the same list, right after high blood pressure [6]. The numbers are 
staggering no matter which way you look at the problem: in 2012 household air 
pollution was estimated to cause 4.3 million premature deaths annually [7] in addi-
tion to the increased medication use, sick leaves and lowered performance in 

Fig. 7.1 Number of indoor 
air-related papers published 
in 1975–2016. Bibliographic 
search of Web of 
Knowledge http://apps.
webofknowledge.com, topic 
“indoor air”, accessed 
9.1.2017. (update of 
bibliographic search by [4])
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learning and working. The leading cause of death related to indoor air pollution is 
stroke, followed by ischaemic heart disease (IHD), chronic obstructive pulmonary 
disease (COPD), lower respiratory infections and lung cancers [7]. The adverse 
health effects are not distributed evenly among social economic groups as house-
hold air pollution affects particularly women and children [8].

Reducing exposure to air pollutants indoors would have a major effect on public 
health as people spend approximately 90% of their time in different indoor environ-
ments [9]. The close proximity to pollutant source makes the indoor emissions even 
more critical; it is thousand-fold more likely for pollutants emitted indoors to be 
inhaled compared to outdoor emissions [10]. The indoor exposure to smoke from 
cooking and heating as well as pollutants originating from ambient air could be 
controlled with relatively simple actions, yet about half of the world’s households 
are still affected by indoor smoke from solid fuels [11, 12]. Unfortunately adoption 
of new techniques is not always straightforward or enough to reduce pollutant con-
centrations to recommended levels [13]. Sometimes the intervention efforts may 
even have unintended adverse consequences, e.g. tighter constructions aiming to 
improve thermal comfort may lead to accumulation of indoor contaminants or con-
densation of water in building structures.

7.3  Indoor Air Pollutants

Altogether there are more than 60 risk factors associated with increased burden of 
disease by household air pollution [8]. Rated by their impact on burden of disease, 
the top five indoor exposure agents are particulate matter (particularly combustion 
particles), bioaerosols, radon, carbon monoxide and volatile organic compounds 
[12]. Also asbestos, nitrogen and sulphur oxides, ozone and carbon dioxide are 
highlighted in the following chapter for their role as significant indoor contami-
nants. Many of the risk factors are linked with more than one source, and most of 
the sources are linked with several pollutants (Table 7.1).

In addition to the ambient air, the other main sources of indoor exposure include 
combustion appliances (cooking and heating), smoking, water systems (leaks, con-
densation leading to moisture damage), building site (source for radon from soil or 
groundwater) as well as materials and chemicals used indoors [12]. However, also 
environmental conditions such as relative humidity and temperature affect the 

Table 7.1 The key exposure agents and their main emission sources in indoor environments

Pollutant Source
Particulate matter Ambient air, combustion sources (stoves, fireplaces, furnaces, candles), 

tobacco smoke, cooking, resuspension of dust
Bioaerosols Moisture-damaged building materials (microbial growth), ambient air 

(pollen), building occupants, pets (dander), pests (insects, rodents)
Radon Uranium-bearing bedrock and groundwater, construction materials
Carbon monoxide Combustion sources, gas appliances, tobacco smoke, ambient air
Volatile organic 
compounds

Household chemicals (cleaning agents, perfumes, deodorants, 
pesticides, solvents), combustion sources, tobacco smoke
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indoor air quality or, at least, how the indoor air quality is perceived by the occu-
pants. For example, odorous compounds such as formaldehyde influence the per-
ceived indoor air quality already at very low concentrations, which may result even 
in acute effects of the exposed individuals even though the health-based guidelines 
are met [14].

Ventilation is one of the most important factors affecting indoor air quality, dilut-
ing the exposure agents originating from indoors. A comparison of the alternative 
control strategies showed that, in addition to the adequate ventilation, also filtration 
of the incoming air and controlling the indoor sources are necessary to reduce the 
indoor exposures to an acceptable level [15] although, in some cases, ventilation 
may even be source of contaminants if not designed or maintained properly [16].

7.3.1  Particulate Matter

Over half of the total annual burden of disease associated with indoor exposures is 
related to exposure to outdoor air fine particulate matter indoors; thus particulate 
matter is by far the most significant exposure agent impacting public health [12, 17]. 
Particularly harmful particulates originate from combustion appliances (cooking, 
heating), carrying a mixture of chemicals such as polycyclic aromatic hydrocarbons 
(PAH) along them. Other important indoor sources of PM are candles, printers and 
vacuum cleaners [18]. As far as health effects are concerned, the most relevant par-
ticles are within the size fraction of inhalable particles (aerodynamic diame-
ter  ≤  100  μm), which can be further classified into thoracic (aerodynamic 
diameter ≤ 10 μm) and respirable fractions (aerodynamic diameter ≤ 4 μm) accord-
ing to their ability to penetrate further into the lungs. However, particle penetration 
into the lungs is dependent also on the activity levels and breathing route, which 
have been estimated to significantly decrease the actual 50% cut sizes for thoracic 
and respiratory fractions [19]. In addition to mass concentration, size distribution 
and composition of the airborne particles, also the shape of the particles affects the 
adverse health effects associated with the exposure. For example, mineral fibres like 
asbestos are notorious for their ability to cause mesothelioma, lung cancer and 
asbestosis, and for this reason the use of asbestos is banned in most of Europe. 
However, due to heavy asbestos use during earlier decades and the long latency 
period of the onset of these diseases, Europe is still carrying most of the global 
asbestos-related disease burden, and correspondingly the countries that still have 
not banned asbestos are likely to have a substantial burden of asbestos-related dis-
ease in the future [20].

7.3.2  Gaseous Pollutants

The most dangerous gaseous component of indoor air pollution is considered to be 
radon, a radioactive, lung carcinogenic compound with a linear dose-response 
curve, no apparent threshold and increased risk of adverse health effects already at 
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concentrations below the action levels regulated by health authorities. The exposure 
to radon is heavily dependent on the location of the building, as the main source of 
radon is the soil beneath the building containing uranium and its decay products. 
The elevated indoor air concentrations could be lowered with relatively easy inter-
ventions, which emphasizes the importance of educating the general public about 
the possible issues with radon [21, 22].

Combustion products (e.g. carbon monoxide, nitrogen and sulphur dioxide) orig-
inating from traffic (outdoor air), cooking or heating are another important group of 
gaseous exposure agents partly responsible for the adverse health effects of house-
hold fuel combustion. Surprisingly, indoor exposure to carbon monoxide is among 
the highest causes of acute lethal intoxication in Europe and most likely even under-
estimated as a public health risk [12]. Carbon monoxide is a colourless, non-irritant, 
odourless and tasteless gas, which explains why emissions from faulty, poorly 
maintained or poorly ventilated combustion appliances may lead to toxic or even 
lethal exposures. In addition to emissions from incomplete combustion and exhaust 
from vehicles, tobacco smoke can be a significant source for CO exposure [21].

Volatile organic compounds (VOCs) are a group of irritating volatile compounds 
emitted from materials and household chemicals, cooking and heating systems and 
also infiltrated indoors with ambient air. Epidemiological data is available only for 
some of the most common VOCs such as benzene, naphthalene and formaldehyde, 
which are all either known or suspected carcinogens and respiratory toxicants [21]. 
There are indications that mixtures of VOCs are more potent than individual com-
pounds, leading to probable underestimation of the public health role of VOCs [12].

Exposure to ozone is linked with location of the building, as the main source of 
ozone is ambient air, where ozone is formed in photochemical reactions. However, also 
office appliances such as printers and photocopiers can produce significant amounts of 
ozone indoors, and increased levels of ozone may be intentionally produced in the 
process of disinfecting or removing unwanted odours in indoor spaces [23].

Concentration of carbon dioxide (CO2) in occupied indoor environment is higher 
than outdoors due to CO2 produced by occupants themselves, although CO2 is emit-
ted also from combustion processes. The levels causing acute toxicity are clearly 
higher than the typical indoor concentrations, but peak CO2 levels have been used as 
an indicator of poor air quality or inadequate ventilation. In addition, there are indi-
cations that already low levels of CO2 impair cognitive functions such as decision- 
making [24] and accumulating evidence on the effect of low ventilation rates on 
learning and school performance [25–28].

7.3.3  Bioaerosols

Biological material is a part of both particulate and gaseous indoor air pollutants, 
but merits a chapter on its own as bioaerosols are in the top three exposure agents 
associated with burden of disease attributed to IAQ, either due to exposure to bio-
aerosols from outdoor air or increased microbial exposure due to building damp-
ness. Bioaerosols are a heterogeneous group of compounds originating from 
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microbes (viruses, protozoa, bacteria, fungal spores, fragments and metabolites), 
plants (pollen, plant debris), animals (fragments from pets and pests) and humans 
themselves. To some extent it is normal to be exposed to biological materials in 
indoor air, considering that shedding of the skin and commensal bacteria of the 
occupants themselves are major contributors to the biological fraction [29]. There 
are indications that exposure to diverse microbial components such as lipopolysac-
charide (LPS), β(1 → 3)glucans, extracellular polysaccharides and muramic acid 
may even be necessary or beneficial for the development of immune system and 
protective for atopy and asthma [30], posing a major challenge for the research on 
the bipolar health effects of environmental exposure to microbes.

One of the major sources for microbial exposure indoors is excess moisture in 
building structures, which enables the growth of fungi and bacteria present in build-
ing materials and dust. However, the adverse health effects associated with damp-
ness in buildings are not necessarily related only to bioaerosols, as the moisture 
damage may increase also e.g. emissions of VOCs from materials. Exposure to 
moisture-damaged indoor environment is the most important health risk determi-
nant after exposure to combustion particles, particularly for respiratory symptoms 
and asthma [12]. In the absence of reliable bioindicators of exposure or diagnostic 
tools to recognize mould-exposed individuals, it is recommended to monitor and fix 
leaks in water systems as well as replace moisture-damaged or mouldy materials 
proactively.

Exposure to pollen and other bioaerosols originating from outdoor air is highly 
dependent on season, location of the building (surrounding vegetation) and filtering 
capacity of the ventilation system. Exposure to bioaerosols from outdoor air is an 
important cause of allergic rhinitis and asthma and considered to be as important 
contributor to burden of disease e.g. exposure to radon indoors. Worryingly, climate 
change is predicted to increase pollen production and even allergenicity of some 
plant proteins [12, 31].

 Conclusions

People spend the majority of their lives in indoor environments such as homes, 
offices, health care facilities and public buildings, so the poor quality of indoor 
air is a major public health issue. However, indoor air exposures are problematic 
both for research and regulatory systems because of the wide range of pollutants, 
sources and causes. World Health Organization has established guideline values 
and numerical standards for indoor air pollutants to assist e.g. building manag-
ers, architects and engineers, to achieve good air quality [21]. Similarly, WHO 
has published a specific guideline aiming to control mould growth indoors [32] 
and indoor combustion of solid fuels [33]. Unfortunately the mechanism of the 
adverse health effects and “safe” exposure levels are not known for many of the 
indoor air pollutants. Reduction of harmful exposure would be possible with 
relatively simple actions, but the interventions may fail due to the lack of knowl-
edge or motivation to change the behaviour of the occupants and traditionally 
used appliances in the households.
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8Air Pollution and the Health 
Preservation: The Point of View 
of a Clinician and of a Cardiologist

Antonio Vittorino Gaddi and Michela Dimilta

“It is a challenge preventing and taking care of diseases caused by pollution, rather it is the 
challenge of this century and maybe of those upcoming”.

8.1  Introductions and Definitions

Air pollution remains a major issue in terms of health promotion. Although the implica-
tion for the patient may be clear, the way through clinicians approach to those diseases 
or health issues related to air pollution is complex and not necessarily easy to define.

Some clarifications may be useful to understand the discussion on air pollution 
and clinical practice better. Therefore some definitions are needed:

 a. With the term “diseases”, we do not refer to taxonomies which are proper of 
medical specialities but rather to any change or alteration in state of health that 
may undermine someone’s wellness.

 b. “Polluting substances” refer to molecules, particles or compounds (air, water, 
ground, food) which come from different sources, such as chemical substances, 
toxins, biological active or inactive components or radiation; however, the most 
common air pollutants are particularly considered as most of the available stud-
ies mainly refer to a selected number of toxins.

 c. With the expression “caused by polluting substances”, we intend any alteration 
of the state of health caused or triggered by pollution. It includes all the condi-
tions and outcomes (symptoms, signs, fatal or nonfatal events) linked to one or 
more pollutants (causing addictive or synergic effects).
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A further consideration is needed: comorbidity, which includes also the idea of mul-
tifactoriality of some physiopathological processes, plays a crucial role in several med-
ical conditions and in different stages of life, from maternity to childhood up to old age.

Some aspects of the complexity which derives from all these interactions are 
augmented exponentially by the number of pollutants and by environmental and 
genetic factors that take part and modulate physiopathological processes. This prob-
lem will be discussed in deep in a further chapter (see Chap. 14). Clinical consider-
ations and methodological implications will be developed, instead, in the chapter on 
old age and air pollution (see Chap. 10).

In addition, since we are just starting to understand the real effect of air pollution 
on human health. A new clinical discipline is needed. This discipline has to be cre-
ated from the scratches in order to give answers to real needs of people exposed to 
pollutants, and this is an urgent need.

Thus, we will try to analyse the most relevant situations from a clinical point of 
view; those are the topics that ask for prompt answers and actions, asked from gov-
ernments and exposed people.

Diseases caused by pollution represent a big challenge for the following 
reasons:

 a. Considering the practical results that can be realistically achieved, this is a field 
of medicine where theoretically final and relevant results can be reached. This 
has practical implication in terms of public health and prevention but also for the 
management of single cases affecting individual patients. In fact, the cause of 
disease (viz. one or more pollutants) is known, measurable and removable. If we 
consider air pollutants as risk factors (considering the definition given by McGill) 
for the development of a disease, the logical consequence is that removing such 
factors we should be able to avoid the effects and consequently the disease; it 
also means that within certain temporal and exposure limits, the effect of pollut-
ants on human health may be reversible.

 b. In order to achieve a result to avoid the development of diseases caused by pol-
lution, a complete action is required. It should combine prevention (pre- primary 
and primary prevention) and therapeutic management of the disease that in the 
particular case of acute or chronic exposure to pollution results in the so- called 
secondary and tertiary prevention (depending on the timing of the intervention 
which can be premature or late) [1] as summarized in Table 8.1. Air pollution in 
fact can be considered a relatively new event, when compared to the natural evo-
lution of the human race, and so are its effects on health? Thus, strategies of 
disease control and prevention can be set up ex novo, allowing each country to 
properly design public health policies aimed to prevention; furthermore, diseases 
caused by pollution share common physiopathological processes; this allows the 
implementation of an action aimed to an early, integrated, efficient prevention, 
where prevention is intended as a continuous process that embraces the pre-pri-
mary, primary, secondary and tertiary one. This is particularly true when the 
harm caused by pollutants is part of a long-lasting almost obsessive—and for this 
reason predictable—process. It must be necessarily an advantage for the practi-
cal medicine.
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 c. The challenge can be won only if we are able to measure the effects, with a step- 
by- step process. The development of strategies based on strict and controlled 
procedures however based on logical, methodological and steady physiopatho-
logical principles is not enough. Measuring the final outcomes is a key, also to 
modulate the action. Moreover, the best available knowledge cannot be sufficient 
to create proper responses even when driven by the two fundamental ethical 
principles of maximum advantage and of non-harm. Because of the long-lasting 
effects of air pollution, which can show up even decades after the exposure, any 
planned intervention on the population takes time and involves lots of profes-
sionals for a very long time (years or decades) together with a lot of resources. 
Hence, markers are needed to dynamically evaluate the outcomes of the inter-
vention and at the same time the state of health of that same population (meaning 
monitoring the effective implementation of the strategies of prevention and 
whether those strategies are actually effective in improving the quality of life of 
the individuals and of the population as a whole). However, the reader must not 
be amazed if some standards which are part of preventive and curative medicine 
do not exist or only few are known. Often, in fact, the definition and the certifica-
tion of an outcome are tricky and may be disputable as well as its interpretation. 
Some of the standards defined for the evaluation of acute stages, for instance 
(e.g. the result of a chirurgical operation or the duration of a recovery), although 
used worldwide, provide only short misrepresented visions (standards of result, 
process, pertinence, cost, replaced or actual, predictive and perspective or 

Table 8.1 Some relevant aspects of clinical and preventive medicine integrated

Preventive and clinical medicine integrated believes:
  Integrations between preventive lines destined to different conditions/diseases, in particular if 

they are based on risk and/or common aetiopathogenetic factors, in particular for diseases at 
high prevalence

  Integrate information (sanitary and health education) related to prevention: citizen, patient 
and families must receive comprehensible and specially coherent signals which must also be 
coherent with whom those given by all medical staff

  Integrate strategies of primary (and pre-primary) and secondary (tertiary) prevention
  Integrate curative stages with those preventive when it is possible
  Integrate the concept of prevention both with whom of conservation or protection of health 

and with that of wellness
  Integrate each other actors of prevention: citizens, patient, doctor, personnel of sanity area, 

employees of clinic, districts, teacher, etc. (defining precisely roles, teaching them how to 
practice preventive actions with perseverance and coherence with each other, practically 
avoiding negative interferences!)

  Integrate normative documents and simplify virtuous interactions between different 
administration and between them and private individuals (and mass media); that means 
predicting and removing major obstacles which could prevent the first realization and the 
maintenance of preventive campaign

  Integrate at the best facilities for prevention and care, proposing—when it is possible—
solutions which are not based only on hospitals or districts or on specific kind of persons. In 
particular, it should be avoided that different areas (physical or functional) have different 
projects for what concerns objective and means

  Integrate actions aimed at modifying behaviour and/or identifying risk conditions, etc. with 
those that are formative (of any level) or even just informative

  Remember that formation (intended as education) is the base of any possible kind of prevention
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historical, etc.). The group of diseases caused by pollution represents on the 
contrary one of those fields of medicine where a system of bank marking of 
rational phenomenon can be proposed, and the expected outcomes can theoreti-
cally be reproduced in chronic and on entire populations. Considering this from 
a technological point of view, the problem is not easy to identify, but this 
approach appears possible at least.

 d. Another element in favour of this kind of vision is that this new class of diseases 
caused by pollutant:
• From an aetiological point of view, can be equalled to infective diseases (bac-

terial, viral and maybe even those subviral and linked to new kind of agents) 
which spread out through air and food.

• Seem to depend on damages at cellular level; the mechanisms of damage 
seem to strengthen those of other factors of genetic diseases.

This approach resembles a more traditional one in medicine, that is, synthetically, 
the idea that removing environmental risk factors, common to numerous pathologies, 
is an augmented probability of intervening favourably on more than one disease [2]; 
in lots of cases, the efficacy has been demonstrated experimentally. This is also in 
strict analogy with what happens in the fight against cigarette smoke (prevention of 
atherosclerosis in every district, myocardial infarction, cerebral vascular disease, any 
ischemic cerebral vascular disease, claudicatio intermittens, claudicatio penis, COPD, 
lots of tumour, not only those of the lung, etc.).

Furthermore, tobacco smoke is in each aspect an “individual and local anthropo-
genic pollutant” that increases the effect of those coming from environment and 
industries.

8.2  Diseases Caused by Pollution: The Clinical Vision

The clinical vision starts from the individual; this human being (man, woman, child) 
is a mixture of good and bad elements (which can be considered “internal”) and is 
exposed during his life to good and bad elements (or “external”); according to a dif-
ferent vision, these elements are risk and protective factors, although this can be 
considered a narrow interpretation; in a wider scheme, those are biochemical pro-
cess, micro- and macromolecules that generate complex micro- and macro- 
interactions which in themselves are not even good or bad. Yet, those create effects 
that could trigger further effects that may change the state of tissues, organs, appa-
ratuses and the whole organism; these results can be good or bad, improving or 
worsening the state and/or the perception of health of an individual.

The same idea of disease is a convention that, indeed, does not exist from a strict 
ontological point of view. Diagnoses are just convenient definitions created by us, 
generally based on the “least common denominator” of aggregations that are not 
numerically true. In fact, the single patient is the only thing that exists. The unique 
individual never corresponds with a single definition of disease, not even in the most 
difficult and extreme cases.
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8.2.1  Should We Classify Chemical Substances and Diseases or 
Should We Standardise Individuals?

Is classification really useful in the medical practice? Or neither of these proposed 
choices should be followed? In clinical practice the last and irrevocable purpose is 
the cure and/or conservation of the state of wellness (prevention intended in all its 
possible meaning). This is also necessary and sufficient to start individual or mass 
actions which could exclude the need to create classifications and diagnostic 
cadres.

In other words, occidental traditional medicine is based on the following 
sequence:

 1. Diagnosis (trying to understand the mechanisms of diseases and to predict its 
evolution, symptoms, outcomes, etc.)

 2. Prognosis (quo ad vitam vel quo ad valetudinem)
 3. Therapy (to improve prognosis)

Any efficient medical action that improves the prognosis (in spite of how the 
result has been achieved and provided that the risk–benefit ratio is acceptable) 
should be considered justifiable and possible. This is particularly true in complex 
and serious scenario such as the “pandemic” caused by pollution.

In our opinion the debate on “health and pollution” should not be based on 
disciplinary divisions; the analysis cannot follow traditional (cardiology, pneu-
mology, etc.) or interdisciplinary (as neuro-psycho-endocrine-immunology that is 
the current trend nowadays) approach. It should rather be principally based on 
individual cases and should be developed according the system medicine’s 
viewpoint.

On the other hand, the majority of scientific publications in air pollution derives 
from studies coming from single disciplinary frameworks, with a clear predomi-
nance of pneumology. There are lots of studies where sufficient cognitive elements 
are missing; so, the clinical vision based on scientific evidences is limited, and this 
is the reason why we have only information limited to single organ and specific 
diseases. Few studies, instead, have tried to measure different parameters that take 
also into account the state of health and of general wellness of single individuals. 
For these reasons, the systematic analysis of literature cannot be unmerged in chap-
ters organized in organs or disciplines.

Nevertheless, we have tried to keep an open mind, trying to approach the prob-
lem according to a new clinical vision; thus, some chapters of this textbook refer to 
specific categories of people particularly exposed and sensitive to the effect of air 
pollution (elderly, children, pregnant women), underlying when possible the prob-
lem of comorbidity and analysing problems from an interdisciplinary perspective.

Therefore, a not interdisciplinary clinical description is hereby offered, based on 
the few available studies; a more relevant overview of the available literature will be 
presented in other chapters (viz. those on cardiovascular and cardiopulmonary 
disease).
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However, a multimedia and interdisciplinary approach remains the first step 
towards a more clinician vision. This has also been demonstrated by studies about 
the complexity of asthmatic syndromes, where a holistic approach suggests the 
existence of “variants underlying particular endotypes gene” which interact in turn 
with detrimental environmental stimuli (e.g. smoking, viral infection and air pollu-
tion) that determines the final clinical view, in this case the diagnosis of asthma 
versus COPD or other pulmonary conditions (c.d. Dutch hypothesis) [3]. In addi-
tion, recent extensive studies, using the method of wide-genome study, are giving 
further data about specific genes which are responsible of the effects of some pol-
lutants [4].

This is an interesting vision, as it is based on a genetic and environmental clas-
sification identifying progressively restricted groups of people whose prognosis is 
better defined.

Paradoxically, some epigenetic studies—that analyse the relationship between 
exposition to pollutants and preterm birth—suggested a new system to identify 
women at risk of preterm birth, allowing “the development of new preterm birth 
prevention measures” [5]. There is a lot of interest about studies of epigenetic mark-
ers related to pollution, and this kind of research could lead to some results of clini-
cal interest in a few years [6]. Nevertheless, today they still suggest that the control 
of the space-time distribution of air pollutants is an appropriate policy for birth 
defence and protection [7].

There are few case reports in literature about people exposed to pollution, despite 
entity of the phenomenon. Some of these concern the induction of supraventricular 
arrhythmias caused by voluntary exposition to fine particulates [8] or ventricular 
arrhythmias [9] or cor pulmonale (caused directly and not by cigarette smoke) [10] 
or other pulmonary diseases, also linked to wood smoke or other kind of indoor pol-
lutants [11]. It should not be underestimated those single cases concerning exposi-
tion to low concentration of “occult” carbon monoxide [12]. Other clinical reports 
are omitted as they are not exhaustive and anecdotal and however based on the 
description of each specialized aspect.

Therefore, today, doctors are confused and are put in a difficult position when 
dealing with a patient exposed to pollutants, also relying only on the few suggestions 
that come from literature and the available few guidelines for prevention and treat-
ment [13–14]. The majority of those guidelines focused on single specialities and 
fields of application; this is not useful as this is a problem that needs the cooperation 
of experts coming from different areas and of everyone involved (people, chemical 
or climatology expert, engineer, nurse and doctor, public health officers, policymak-
ers and so on).

This approach, however, is simply missing. There are some specific guidelines 
for single pathologies or specific pollutants (such as those of WHO about formalde-
hyde) [15]; and we can find several standards used to define normal, optimal or 
acceptable values of the concentration of single chemicals in the air [16–21]. On the 
Internet, recommendation to reduce polluting emissions and to measure pollutants 
or measures for individual protection are freely available, like those of US 
Environment Protection Agency (EPA), the United Nations Environment 
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Programme, from the Chinese government—that are deeply modifying the indus-
trial framework in order to reduce pollutants emission—and the European 
Environment Agency. Some of them are mentioned somewhere else in this book 
though the clinical information provided in these documents are modest and in any 
case not easily accessible for both healthcare workers and patients.

Therefore, today, preventive and curative campaigns (refer to mainstream speci-
fied in the chapter “Main actions and possible claims against pollution”) allow and 
justify the adoption of all kind of behaviours suggested by the practical common 
sense of doctors and healthcare workers, of those guided by the knowledge of the 
human physiopathology and of those based on the advices coming from any study 
which get successful results, the only restrain being the feasibility of the suggested 
actions when applied to specific patients and/or specific communities.

According to a physiopathological approach, it is essential to reduce individual 
exposition to pollutants by using any kind of means. This can be obtained by reduc-
ing the exposition time, by completely removing or reducing drastically contacts 
with pollutants and/or finally by reducing the pollutant doses. Practical recommen-
dations are exposed in detail in the chapter “Basic Principles for treatments of air 
pollution related diseases”. The basic concept is however the use of masks or intra-
nasal spirals or other personal protective equipment in order to avoid the contact 
with pollutants in the first place (e.g. inhalation, contact with eyes and mucosae, 
contact with open wound on the skin or even contact on intact skin for specific pol-
lutants) and also to avoid particulate and volatile organic compounds, when it is 
possible, or gas through the use of air depuration systems, changing air when exter-
nal pollution is inferior (or less dangerous) than the one indoor. Those are relatively 
simple rules. In addition, if people could measure pollutant substances, they can 
easily and promptly detect the danger, increasing their defences at the same time, as 
authoritatively suggested by EPA.

Somehow, we are dealing with rules dictated by the common sense, partially 
already substantiated by the favourable results coming from literature. Unfortunately, 
the technology is still inadequate in this field. Most of the products available on the 
market (as masks, air purifying, antipollution devices) are ineffective, underutilised 
or badly employed.

Some years ago, in an article provocatively titled “From Good Intentions to 
Proven Interventions: effectiveness of Action to reduce the Health Impacts of Air 
Pollution”, Luisa V Giles [22] identified two principal strategies:

 a. Reduce individual baseline cardiovascular risk factors (and we also suggest the 
extension to non-cardiovascular risk factors).

 b. Incorporate everything about health problems depending on pollution “into land- 
use decisions”.

That approach seems to be even today totally acceptable: in particular, the first sug-
gestion falls entirely within the holistic vision of medicine. The favourable or not 
favourable positions coming from literature to each preventive and curative inter-
vention are mentioned in the following chapters.
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9Legal and Ethical Implications  
of Air Pollution

Chiara Rabbito

9.1  The Birth and the Development of Environmental  
Ethics and the Need of Legal Obligations

The study of ethics as applied to the environment began to develop in the 1970s. 
However many of the reflections and in-depth environmental ethics are rooted in 
philosophy, literature, and science, which, on several occasions and in several vari-
ants, stressed the important link between man and nature and the close living rela-
tionship between all bodies and the Earth.

A decisive contribution was provided by Charles Darwin’s studies (The Origin of 
Species, 1859, and The Descent of Man, 1871) [1, 2] as its evolutionary theory. It 
provided a vision of such breadth and complexity to contradict of the simplistic 
concept of the centrality of man in the natural world and its hierarchical superiority 
over all other species.

Another critical step in environmental ethics development was represented by 
the birth of a new science: ecology that studies the relationship between the environ-
ment and living organisms and, therefore, between the environment and man.

Do not forget another branch of science that has seen the birth in the last century: 
ethology. It studied the biological, social, and mental similarity between animals 
and humans. Because animals demonstrate emotions, sensitivity, and conscious-
ness, they are given the status of sentient beings, with characteristics of cognition 
and sociality in some cases very similar to those of humans.

The environmental ethics father was Aldo Leopold, who, in his collection of 
essays entitled A Sand County Almanac [3], spoke for the first time of a “land ethic” 
in which there is a Copernican Revolution of the ethical principles: nonethic that 
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comes from man but an ethics which is born from the Earth, as a balanced system 
of reciprocal interactions between symbiotic organisms with the same importance. 
The main innovation, of great influence to the ethical environment, is that the view 
proposed by Leopold is not individualistic or humanistic but holistic: you do not get 
to the environment starting from man but is regarded as a single whole community 
the human, the animal, and the natural one.

Another influential article was The Shallow and the Deep, Long-Range Ecology 
Movement: A Summary, written by the Norwegian philosopher Arne Næss [4] and 
published by the journal Inquiry, in which the philosopher stresses the need to 
rethink the man-environment relationship, to protect the life and the nature.

In general, environmental ethics will reflect on three fundamental propositions:

 1. The Earth and its creatures have a moral status; they are therefore worthy of ethi-
cal concern.

 2. The Earth and its creatures have an intrinsic value; therefore they have a moral 
value as such, not an instrumental value resulting from the fact that responds to 
human needs.

 3. Men should take into consideration the fact of living in an ecosystem, which, in 
addition to men, includes other forms of life and the environment.

Not only, then, can one of our actions have an effect far from where the action 
took place, but we must also consider that our isolated action could occur within an 
existing biological system in which a small effect, sometimes insignificant, it may 
interact with other systems, causing changes in other forms of interdependent life.

Moreover, since environmental issues almost always involve actions that may 
have an effect on living creatures including men, every action that affects the envi-
ronment must be assessed in the light of the common good. Therefore, environmen-
tal ethics is also seen as part of social ethics.

In the contemporary ethical debate, there are many voices that seek to recognize 
the nature and the beings that have intrinsic value, a value in itself, by the very fact 
of their existence within the terrestrial habitat. This recognition of an intrinsic value 
is opposed to the vision, often dominant in the past, of the instrumental value of the 
Earth and its creatures, and evaluated the utility report that man could draw [5, 6].

Given the seriousness and urgency of the current situation, and in order to protect 
the environment and natural beings that inhabit it, it (who is “it”?) has gradually 
asserted the thought that, next to the recognition of their moral dignity, it is also 
necessary to impose certain virtuoso behaviors through binding regulations, as ema-
nation of the power of states, and predict, in case of noncompliance with those 
behaviors, specific legal responsibilities.

Since the end of the twentieth century, most Member States’ legal systems have 
begun to standardize environmental issues.

We describe below the main legislative measures and international agreements 
aimed at protecting the environment, with particular reference to those pertaining to 
the protection of our atmosphere and air pollution limitation.
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9.2  The Kyoto Protocol

One of the most important global agreements regarding environmental pollution is 
the Kyoto Protocol.

Kyoto Protocol is an international agreement concerning the so-called “global 
warming.”

It started in the United Nations Framework Convention on Climate Change 
(UNFCCC) in 1992 during the UN Conference on Environment and Development 
which was held in Rio de Janeiro (Earth Summit).

In 1995 the UNFCCC participants met in Berlin to define the main objectives 
regarding emissions. The meeting continued on December 11, 1997, in the Japanese 
city of Kyoto where the participants agreed in general terms on emissions targets 
and signed the Kyoto Protocol.

The Kyoto treaty, however, became effective only in 2004, since for the treaty to 
become effective, it required that the treaty was ratified by no less than 55 signatory 
nations and nations that had ratified would produce at least 55% of polluting emis-
sions; the latter condition has been reached only in November 2004, when Russia 
ratified the Protocol on February 16, 2005.

The treaty mandates a reduction in the emissions of pollution elements (carbon 
dioxide and five other greenhouse gases, such as methane, nitrous oxide, hydrofluo-
rocarbons, perfluorocarbons, and sulfur hexafluoride) by an amount not less than 
8.65% of emissions recorded in 1985—regarded as the base year—in 2008–2012.

Assuming that the Earth’s atmosphere contains 3 million megatons (Mt) of CO2, 
the Protocol requires industrialized countries to reduce their emissions by 5% of 
these gases. Human activities enter 6000 Mt of CO2 per year into the atmosphere, of 
which 3000 by the industrialized countries and 3000 by the developing countries; 
so, with the Kyoto Protocol, they should enter 5850 annually instead of 6000.

To date, 175 countries and a regional economic integration organization (EEC) 
have ratified the Protocol or have started the procedures for ratification. These coun-
tries account for 61.6% of global emissions of greenhouse gases.

The Kyoto Protocol also provides for the acceding countries the possibility of 
using a system of flexible mechanisms for the purchase of emissions credits.

The aim of the flexible mechanisms is to maximize the reachable reductions with 
the same investment.

The mechanisms are:

• Clean Development Mechanism (CDM) allows industrialized countries and 
“economies in transition” to implement projects in developing countries that pro-
duce environmental benefits in terms of reducing greenhouse gas emissions and 
economic and social development of the host countries and at the same time 
generate emission credits (CER) for countries that promote the activity.

• Joint implementation (JI) enables developed countries and “economies in transi-
tion” to implement projects to reduce greenhouse gas emissions in another coun-
try of the same group and to use credits, in conjunction with the host country.
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• Emissions trading (ET) enables the exchange of emission credits between indus-
trialized countries and economies in transition; a country that has achieved a 
reduction of their greenhouse gas emissions exceeding its target can thus release 
(using ET) such “credits” in a country that has not been able to meet its commit-
ments to reduce greenhouse gas emissions.

9.3  The Doha Conference and the CPO21

A major limitation of the Kyoto Protocol has been represented by the non- 
participation of the United States, alone responsible for 36.2% of total emissions, 
which signed the protocol without ratifying it, and Canada, whose emissions have 
increased by 18.2% in the period 1990–2012, who withdrew without signing the 
protocol.

After the Kyoto Protocol, there were other negotiations culminated in 2009 in the 
Copenhagen Conference which was attended by delegations from 192 countries, all 
members of the UNFCCC. The conference did not have the desired result as they 
failed to reach an effective agreement between the industrialized countries, histori-
cally responsible for global warming, and emerging countries, which did not intend 
to limit their growth. The result was a “nonbinding” political declaration by the 
participating states that has limited to a maximum of 2° temperature increase. This 
result is considered by many experts to not be enough, as they estimate the tempera-
ture increase caused by the greenhouse equal to 3°C.

Major successes can be attributed to the Doha Conference in 2012, which initi-
ated the second phase of the Kyoto Protocol beginning January 1, 2013. The confer-
ence adopted an amendment that defines the rules governing the second phase of the 
Protocol.

The second phase will run for 8 years, in order to ensure that there is no gap 
between its conclusion and entry into force of the new global agreement in 2020.

The participating states also agreed on a timetable to adopt a universal climate 
agreement by 2015 and settled ways and means to gradually increase funding and 
technological support to developing countries in order to mobilize $100 billion, 
both for the adaptation and mitigation, within 2020.

The most recent and relevant event aimed to limit global emissions of gases 
responsible for the greenhouse effect was represented at the Paris Conference on 
climate change (COP 21), held from November 30 to December 12, 2015.

This was the 21st annual session of the conference of the UN Framework 
Convention on Climate Change (UNFCCC) of 1992 and the 11th session of the par-
ties of the Kyoto Protocol of 1997.

The objective of the conference was to reach, for the first time in over 20 years 
of mediation by the United Nations, a binding and universal climate agreement, 
accepted by all nations.

The result was the so-called Paris Agreement, a global agreement on reducing 
climate change, the text of which met with the consensus of the representatives of 
the 196 participating parties. The agreement, however, as the Kyoto Protocol, will 
become legally binding if ratified by at least 55 countries which together represent 
at least 55% of global emissions of greenhouse gases.
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According to the organizing committee, the key outcome was to provide for an 
agreement to secure the objective of limiting the increase in global warming to less 
than 2°C compared to preindustrial levels.

In the 12-page document, members agreed to reduce their carbon monoxide pro-
duction “as soon as possible” and to do their best to keep global warming between 
1.5°C and 2°C. The agreement provides for human emission of greenhouse gases to 
be zero, to be achieved during the second half of the twenty-first century.

Each country that ratifies the agreement will be required to set a goal of reducing 
emissions, but the amount will be voluntary. There will be a mechanism to force a 
country to set a target by a specific date but no retribution if the target set is not satis-
fied: there will only be a “name and shame” system or a list of noncompliant coun-
tries, with the aim to encourage them to implement the plan on climate.

The differences with the Kyoto Protocol thus consist in:

• The absence of a “punishment mechanism” as judged ineffective and responsible 
for the exit of some countries from the Protocol

• Application of the principle of “transparency” to the industrialized countries as 
well as to developing countries

9.4  The Fight Against Air Pollution by the European Union

The European Union from its very beginning has shown sensitivity to the problems 
caused by air pollution and tried to limit it in order to protect health and the environ-
ment, because according to EU figures, it is the main cause of environment-related 
premature death.

The legal basis of the actions taken by the EU against air pollution can be found 
in Articles 191 to 193 of the Treaty on the Functioning of the EU (TFEU)1 [7].

1 Article 191
(ex Article 174 TEC)

 1. Union policy on the environment shall contribute to pursuit of the following objectives:

 – Preserving, protecting and improving the quality of the environment,
 – Protecting human health,
 – Prudent and rational utilization of natural resources,
 –  Promoting measures at international level to deal with regional or worldwide environmental 

problems, and in particular combating climate change.

 2. Union policy on the environment shall aim at a high level of protection taking into account the 
diversity of situations in the various regions of the Union. It shall be based on the precautionary 
principle and on the principles that preventive action should be taken, that environmental dam-
age should as a priority be rectified at source and that the polluter should pay.
In this context, harmonization measures answering environmental protection requirements shall 

include, where appropriate, a safeguard clause allowing Member States to take provisional measures, for 
non-economic environmental reasons, subject to a procedure of inspection by the Union.
 3. In preparing its policy on the environment, the Union shall take account of:

 – Available scientific and technical data,
 – Environmental conditions in the various regions of the Union,
 – The potential benefits and costs of action or lack of action,
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 –  The economic and social development of the Union as a whole and the balanced develop-
ment of its regions.

 4. Within their respective spheres of competence, the Union and the Member States shall cooperate 
with third countries and with the competent international organizations. The arrangements for Union 
cooperation may be the subject of agreements between the Union and the third parties concerned.
The previous subparagraph shall be without prejudice to Member States’ competence to negotiate in 

international bodies and to conclude international agreements.
Article 192
(ex Article 175 TEC)

 1. The European Parliament and the Council, acting in accordance with the ordinary legislative pro-
cedure and after consulting the Economic and Social Committee and the Committee of the 
Regions, shall decide what action is to be taken by the Union in order to achieve the objectives 
referred to in Article 191.

 2. By way of derogation from the decision-making procedure provided for in paragraph 1 and 
without prejudice to Article 114, the Council acting unanimously in accordance with a special 
legislative procedure and after consulting the European Parliament, the Economic and Social 
Committee and the Committee of the Regions, shall adopt:

a. Provisions primarily of a fiscal nature;
b. Measures affecting:

 – Town and country planning,
 –  Quantitative management of water resources or affecting, directly or indirectly, the avail-

ability of those resources,
 – Land use, with the exception of waste management;

c.  Measures significantly affecting a Member State’s choice between different energy sources and the 
general structure of its energy supply.

The Council, acting unanimously on a proposal from the Commission and after consulting the 
European Parliament, the Economic and Social Committee and the Committee of the Regions, 
may make the ordinary legislative procedure applicable to the matters referred to in the first 
subparagraph.

 3. General action programs setting out priority objectives to be attained shall be 
adopted by the European Parliament and the Council, acting in accordance with the ordinary legisla-
tive procedure and after consulting the Economic and Social Committee and the Committee of the 
Regions.

The measures necessary for the implementation of these programs shall be adopted under the terms 
of paragraph 1 or 2, as the case may be.
 4. Without prejudice to certain measures adopted by the Union, the Member States shall finance 

and implement the environment policy.
 5. Without prejudice to the principle that the polluter should pay, if a measure based on the provi-

sions of paragraph 1 involves costs deemed disproportionate for the public authorities of a 
Member State, such measure shall lay down appropriate provisions in the form of:

 – Temporary derogations, and/or
 – Financial support from the Cohesion Fund set up pursuant to Article 177.

Article 193
(ex Article 176 TEC)
The protective measures adopted pursuant to Article 192 shall not prevent any Member State 

from maintaining or introducing more stringent protective measures. Such measures must be com-
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Although in recent decades the air pollution in Europe has decreased in general 
terms, the Union’s objective is to achieve “levels of air quality that do not give rise 
to significant negative impacts on human health and the environment” and has not 
yet been reached. Especially in urban areas (“hot spots”), where most of the 
Europeans live, the air quality standards are often violated. The most problematic 
contaminants are currently fine particles and ground-level ozone.

That’s why the latest EU laws on air pollution aim to achieve full compliance 
with the existing legislation on air quality by 2020 and establish new long-term plan 
for 2030.

Among the results achieved are substances such as sulfur dioxide (SO2), carbon 
monoxide (CO), benzene (C6H6), and lead (Pb) which decreased considerably in the 
European Union from the 1970s to today.

There are three legal mechanisms available to the EU in the field of air pollution: 
the definition of general air quality standards designed to limit the concentration of 
air pollutants in the environment; setting limits (national) for total emissions of pol-
lutants; and the elaboration of specific legislation aimed at pollution sources, for 
example, aimed at limiting industrial emissions or to establish rules on vehicle 
emissions, energy efficiency, and fuel quality.

The main measures taken by the European Union: first it must be mentioned 
Directive 2008/50/EC [8] on ambient air quality that incorporates much of the leg-
islation. It aims to reduce air pollution to levels which minimize harmful effects on 
human health or the environment.

According to the strategy on air pollution of 2005 (reduce the concentration of 
fine particles PM2.5 by 75%, that of ground-level ozone (O3) by 60% and the acidi-
fication and eutrophication by 55%), the main atmospheric pollutants, which it lim-
its the dispersion in the environment, are sulfur dioxide, nitrogen dioxide, nitrogen 
oxides, particulate matter, lead, benzene, carbon monoxide, and ozone.

Member States are required to define zones to assess and manage the air quality, 
monitor long-term trends, and ensure that the information on air quality is made avail-
able to the public. The measures are also designed to maintain ambient air quality 
where it is good, but, if they exceed the limit values, it is necessary to take measures.

The directive introduces for the first time an air quality objective environment for 
fine particulate matter (PM 2.5).

The Directive (2004/107/CE) [9] fixes target values (less stringent than the limit) 
for arsenic, cadmium, nickel, and polycyclic aromatic hydrocarbons.

Directive 2001/81/EC [10] defines national emission limits for certain atmospheric 
pollutants and establishes national emission ceilings for four atmospheric pollutants 
(SO2, NOx, VOC, and ammonia (NH3)), the main chemicals responsible for acidifica-
tion, ozone at ground level, and soil eutrophication, in order to reduce the harmful 
effects, setting as terms of reference years 2010 and 2020. It requires that states shall 
annually communicate information concerning emissions and projections for all 

patible with the Treaties. They shall be notified to the Commission.
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pollutants concerned and draw up programs for the progressive reduction of national 
emissions to conform to the individual national emission ceilings.

Member States had to comply with the limits set by 2010; however, at least one 
limit has not been respected by several states, sometimes over many years.

At the end of 2013, the commission presented a package of measures entitled “Clean 
Air for Europe,” which had two main objectives: compliance with applicable legislation 
and the reduction of the impacts of air pollution on long-term health and on the environ-
ment. It proposes the revision of the National Emission Ceilings Directive, updating the 
national limits for 2020 and 2030 for the four pollutants currently regulated (SO2, NOx, 
VOC, and ammonia (NH3)), as well as other two: fine particulate and methane (CH4). 
The package also includes a proposal for a new directive on the limitation of emissions 
of certain pollutants originating from combustion plants (in addition to large combustion 
plants which are already covered) and a proposal for ratification of the amended 
Gothenburg Protocol to the Economic Commission for Europe Convention (UNECE) 
on air pollution to abate acidification, eutrophication, and ozone at ground level.

9.5  EU Measures Relating to Transport  
and Industrial Emissions

In view of their polluting potential, a series of directives were issued to limit pollu-
tion caused by road transports. Directives set emission limits for different categories 
of vehicles such as cars, light commercial vehicles, trucks, buses, and motorcycles; 
they also govern the quality of fuel and its sulfur and lead content.

As of September 2014, the Euro 6 emission standards for passenger cars and 
light vans have been extended to all new vehicle models. In 2015 the Euro 6 came 
into force for the registration and sale of all new cars and new light vans (light com-
mercial vehicles and cars for special needs have the terms extended for 1 year). It 
sets emission limits for a number of air pollutants, especially for nitrogen oxides 
(NOx) and particulate matter (PM).

Member States are obliged to deny the approval, registration, sale, or introduc-
tion of vehicles (and their replacement pollution control devices) that do not meet 
the limits in question.

Regulation (EC) No. 595/2009 [11] was issued in order to limit emissions from 
heavy-duty vehicles (buses and trucks), and from January 2013, the limits are those 
set by Euro 6.

Regulation (EC) No. 715/2007 [12] lays down rules for in-service conformity, 
durability of pollution control devices, on-board diagnostic (OBD) systems, and the 
measurement of fuel consumption. It also regulates the accessibility of information 
for the repair and maintenance of the vehicle to independent operators.

In addition, in order to further reduce pollution from car emissions, the EU intro-
duced a ban on the sales of leaded petrol and the obligation to make sulfur-free fuels 
available within the union.

Directive 2009/33/EC [13], on the promotion of clean and energy-efficient road 
transport, requires public authorities to take account of energy and environmental 
impacts on the purchase of vehicles, in order to promote and stimulate the market of 
clean vehicles and energy-efficient.
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Moving on to the naval transport, in order to reduce air pollution caused by ships, 
Directive 2012/33/EU [14] restricts the sulfur values of marine fuels in European 
seas. The general sulfur limit will be reduced from 3.5% to 0.5% by 2020, in accor-
dance with the limits approved by the IMO. In certain sulfur emission control areas 
(SECA), such as the Baltic Sea, the English Channel, and the North Sea, the direc-
tive from 2015 will apply a standard even more stringent: 0.1%.

Additional emission limits have been provided for non-road mobile machinery, 
such as excavators, bulldozers, and chain saws, for agricultural and forestry tractors 
and recreational craft.

9.6  The Ozone Problem and the Montreal Protocol

The Montreal Protocol aimed to protect the air, in particular with regard to the ozone 
layer. The ozone layer is threatened by a number of substances that have caused its 
reduction, with very dangerous consequences for human health and the environment.

The first official study on the subject was commissioned by the World 
Meteorological Organization (WMO), which in 1975 made public the report entitled: 
“The ozone layer changes as a result of human activities,” which identified in chlo-
rine floro carbides (CFC) and in halon gas primarily responsible for the depletion of 
the stratospheric ozone layer (which is between 10 and 50 km altitude, a crucial filter 
of the UV rays of the sun). In the same year, the UNEP (United Nations Environment 
Program) convened a meeting of experts designated by governments and intergov-
ernmental organizations in order to verify and analyze the collected data.

The work of the experts confirmed the correlation between depletion of the 
ozone layer in the atmosphere and the increase in the presence of gases mentioned 
above and foresaw, if they are not taken appropriate action, destruction of the ozone 
layer by 2050.

This realization by the states led to the Convention (Vienna Convention, 1985) 
which was followed by the signing and ratification of the “Montreal Protocol” 
signed September 16, 1987, entered into force on January 1, 1989, and subject to the 
reviews of 1990 (London), 1992 (Copenhagen), 1995 (Vienna), 1997 (Montreal), 
and 1999 (Beijing). More than 192 states have ratified it.

The Montreal Protocol sets targets and timelines for reducing the production 
and use of substances harmful to the stratospheric ozone layer, in order to 
 eliminate them completely. Substances identified as harmful are chlorofluoro-
carbons, carbon tetrachloride, 1,1,1 trichloroethane, halons, HCFCs, and methyl 
bromide.

In almost all existing uses, CFCs have been replaced by hydrochlorofluorocar-
bons (HCFCs). HCFCs are of molecules with similar properties, and therefore good 
substitutes for CFCs, but with a lower ozone depletion potential (ODP). However, 
they are not totally harmless for the ozone layer. For this reason, even HCFCs have 
been incorporated in a phased program of reduction of use leading to the suspension 
of their production by the end of 2019.

The Meeting of the Parties of the Montreal Protocol (MOP) meets every year in 
order to assess the validity and effectiveness of the Protocol control measures imposed, 
update the implementing rules and, where necessary, make changes to the treaty.
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The developing countries have, compared to the developed countries, a lengthen-
ing of the time, called “grace period” of 10 years.

In 1990, the second conference of the parties (London, 1990), the Multilateral 
Fund (MLF) for ozone was established. The Fund is the financial mechanism of the 
Protocol that allows developing countries to achieve the objectives of the Protocol 
through the implementation of projects:

• The technological conversion
• Technical assistance
• Institutional strengthening
• Training and information activities

The Fund is financed by developed countries every 3  years. The Executive 
Committee of the Multilateral Fund (Executive Committee) meets three times a 
year which has functions of:

• Monitoring the financial situation, the allocation of donations, and funding of 
projects

• Evaluation of the implementation of the agencies’ activities (UNEP, UNDP, 
UNIDO, World Bank)

• Evaluating and approving projects
• Issuance of guidelines and procedures
• Definition of intervention strategies

The European Union made the Montreal Protocol operational in 1994 with the 
EC Regulation 3093/94, which aims to lay down uniform rules in all Member States 
for the gradual elimination of harmful substances. The 1994 regulation was repealed 
and replaced by EC Regulation 2037/00. This regulation anticipates the total ban-
ning of production and use of CFCs by 2015.

Beginning January 1, 2010, the new Regulation (EC) 1005/2009 [15] on sub-
stances that deplete the ozone layer and Regulation (EU) No. 744/2010 [16] in 
regard to the critical uses of halons which replace the previous Regulation (EC) 
2037/2000 [17] were in effect.

With regard to the results achieved, it must be said that they are reasonably posi-
tive as the entry into force of the Montreal Protocol, the atmospheric concentrations 
of CFCs, and related hydrocarbons have stabilized or declined in much of the world 
but in China and India have increased.

9.7  The Regulatory Bodies and Environmental  
Pollution Control Bodies

9.7.1  IARC: International Agency for Research on Cancer

It is an intergovernmental agency affiliated to the World Health Organization 
(WHO) of the United Nations. It is headquartered in Lyon and is involved in con-
ducting scientific research concerning the causes of cancer and mechanisms of 
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carcinogenesis. One of their tasks is to conduct a systematic and comprehensive 
review of all the scientific literature published in journals subject to peer review 
related to carcinogenicity evaluation of a given agent.

The experts and researchers of the IARC are also instructed to classify the carci-
nogenic potential of each agent identified by approved scientific literature.

The classification is made with regard to the following categories:

• Sufficient: experts believe that it is detectable that there is a causal relationship 
between exposure to the agent of interest and cancer in humans.

• Limited: a positive relationship was observed between exposure and cancer; the 
causal relationship is possible but cannot exclude errors or the role of chance.

• Inadequate: the available studies are insufficient to prove a causal relationship, or 
no data is available on cancer in humans.

• Lack of carcinogenicity: There are several studies on the basis of which it can be 
assumed that there is no association between exposure to the agent and cancer 
(although the possibility of a very small risk cannot be excluded).

Based on the above classification agents, mixtures and exposures are divided into 
five groups:

• Group 1—carcinogenic to humans: This category is used when there is sufficient 
evidence of carcinogenicity in humans. In June 2016, 118 agents have been clas-
sified as carcinogenic to humans.

• Group 2A—probably carcinogenic to humans: This category is used when there is 
limited evidence of carcinogenicity in humans and sufficient evidence in animal exper-
iments. In some cases an agent may be classified in this category when there is inade-
quate evidence in humans, sufficient evidence in experimental animals, and strong 
evidence that the mechanism of carcinogenicity observed in animals also applies to 
humans. Exceptionally, an agent may be classified in this category solely on the basis 
of limited evidence of carcinogenicity in humans. The evidence of carcinogenicity in 
humans of a “probable carcinogen” is greater than those of a “possible carcinogen.” In 
June 2016, 80 agents were classified as probably carcinogenic to humans.

• Group 2B—may be a human carcinogen: This category is used for agents for 
which there is limited evidence of carcinogenicity in humans and less than suf-
ficient evidence of carcinogenicity in experimental animals. In June 2016, 289 
agents have been classified as possible human carcinogens.

• Group 3—not classifiable: This category is used for agents for which the evi-
dence of carcinogenicity is inadequate in humans and inadequate or limited in 
experimental animals. Exceptionally may be placed in this agent group for which 
the evidence in humans is inadequate but the evidence is sufficient in animals, 
while there is strong evidence that the carcinogenicity mechanisms in animals 
are not operative in humans. Also classified in this group are agents that do not 
fall under any other category. In June 2016, 502 agents are not classified accord-
ing to their carcinogenicity to humans.

• Group 4—probably not carcinogenic to humans: This category is used for agents for 
which there is no evidence of carcinogenicity in humans and in experimental animals. 
In June 2016 one agent was classified as probably not carcinogenic to humans.
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9.7.2  European Environment Agency (EEA)

The EEA is an EU body which aims to monitor, through a network system, the 
environmental conditions of the territory of European States. It is based in 
Copenhagen.

It is formed by representatives of the Governments of Member States, a represen-
tative of the European Commission, and two scientists appointed by the European 
Parliament; there is also advisory contribution of a committee of scientists.

The Agency was established in Directive 1210/1990 of the EEC and amended by 
EEC Directive 933/1999; it became operational in 1994.

All EU Member States are automatically participants in the Agency; other 
European countries may join as a result of special agreements with the EU.

The Agency is responsible for compliance with EU legislation on air emissions 
and air quality; it gives its opinion on the union’s policies on air pollution and air 
quality, along with long-term strategies aimed at improving air quality in Europe.

In addition, the EEA collects and makes available the data on air pollution in 
Europe, analyzes and evaluates the trends related to air pollution and containment 
measures, and studies and reports about the interactions between air pollution and 
phenomena such as climate change. It also assesses how transport, industrial activ-
ity, and energy consumption impact pollution.

9.7.3  The US Environmental Protection Agency (EPA)

The US Environmental Protection Agency (EPA) is the US Agency chartered to 
protect the environment and is responsible for determining the acceptable levels of 
exposure to pollutants and to protect the environment and human health through 
compliance with the laws passed by the US Congress.

The Agency was created based on the proposal of President Nixon and became 
operational on December 2, 1970. It is headed by a director, who is appointed by the 
US President and confirmed by a vote of the Congress. The administrator has the 
rank of a cabinet member of the US government.

9.8  A Case Worthy of Analysis: The Chinese Situation 
and the Current Legal Measures

As it is known, in China the rapid and broad industrial development has caused, in 
recent decades, the progressive worsening of the situation of environmental pollu-
tion, including air pollution [18].

A particularly serious situation, in the case of air pollution, occurred in Beijing 
in 2012–2013 and 2013–2014 winters.

The 2012–2013 winter recorded very high levels of concentration of capital finer 
particulate matter (PM2.5), with peaks of 886 mg/m3, higher by more than 35 times 
the limit of 25 mg/m3 considered acceptable within 24 hours by the “WHO” [19].
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During winter 2013–2014, the situation repeated itself: the levels of PM2.5 have 
reached 500 mg/m3 and were maintained at high-risk levels for over a week.

In 2014 the report of the Ministry of Environmental Protection on air pollution 
monitoring of Chinese cities determined that in 2013 only 3 out of 74 cities recorded 
a defined air quality “healthy.”

To counter air pollution, the Chinese government has repeatedly taken measures 
to curb the phenomenon, including the following among others:

• In 2012 an air monitoring system has been established in 74 Chinese cities, with 
real-time publication of data on the concentrations of ozone and PM2.5, and this 
has contributed greatly to raising awareness of the citizens with respect to air 
pollution.

• In September 2014, the “National Action Plan, Pollution Prevention and Control 
of the Air” was approved for the years 2013–2017, with an investment by the 
government of 277 billion dollars, and the goal by 2017 is to bring the levels of 
PM2.5 at 60 mg/m3 in Beijing [20, 21].

• Legislation was approved that requires the reduction of the sulfur content in fuels by 
the oil industry, conforming to EU standards. The new standard requires a reduction 
of emissions by the most polluting vehicles currently circulating in the country and 
the adoption of advanced technologies in the control of vehicle emissions.

• A new goal was established for renewable energies.
• An encouraging result was achieved in the reduction of SO2 emissions, the main 

precursor of fine particles, and forming of acid rain: the aggressive policy intro-
duced in 2006 with the 11th Five-Year Plan has produced an important result, 
even surpassing the target set of 10% reduction, mainly thanks to the installation 
of desulfurization systems in many of the country’s electrical power plants.

In terms of legislation, the first framework to reduce pollution and protect the 
environment was passed in 1987. It is the “Environmental Protection Law,” a law 
which provided guidelines on environmental protection. Since then, two revisions 
were carried out, respectively, in 1995 and 2000.

However, in the first decade of this century, that legislation was beginning to be 
inadequate in the face of the rapid and extensive industrialization process undergone 
in the country and the increase in Chinese water, air, and soil pollution.

With the obsolescence of the existing legislation, on April 24, 2014, the National 
People’s Congress approved the reform of the Environmental Protection Law (EPL). 
The law as amended came into effect January 1, 2015.

The current EPL contains more than 20 additional articles as compared to the 
previous version and introduces tough new measures and sanctions on environmen-
tal protection.

On the penalties, the amendment introduced covers the criteria with which they 
are imposed: in front of the ineffectiveness of one-time fines as a deterrent paid 
which the polluters felt free to continue in the unlawful conduct, the new amend-
ment introduces a system of penalties which provides a continuum of fines, imposed 
at regular intervals and gradually increased.
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In the previous system, it was much less expensive for a company to pay the fine 
and continue its polluting behavior, rather than to adapt or replace the equipment in 
accordance with the standards for environmental protection. The current system, 
based on the principle of eliminating any gains from illegal activities, attempts to 
correct this distorted outcome.

The law also provides information and reporting requirements for the transpar-
ency purposes: business and local government authorities need to disclose specific 
information regarding the quality of the environment, the control of air, and any 
environmental accidents.

It must also be made known the fines imposed and information about the collec-
tion and the methods of use of the penalties paid by companies in order to discharge 
polluting substances (Arts. 53, 54 EPL).

Companies have also the obligation to declare the names of the pollutants used 
and the method of treatment of the waste, in addition to information about the 
implementation and operation of appropriate system for pollution control (Art. 55 
EPL).

Noted the growing awareness of the Chinese public on the matter, the legislature 
formalizes in the section entitled “Information disclosure and public participation,” 
the right to the involvement of citizens, directly and severely affected by the prob-
lem. To the point that is legitimized, the role of so-called whistle-blower (literally 
“spy”) means any natural or legal person has the right to report, remaining anony-
mous, the environmental damage caused by any institution or individual or any 
violation of the law by the bodies responsible for environmental control and of the 
implementation regulations.

Before starting a business in a number of industrial categories, companies will 
have to make an environmental impact assessment (EIA) and make it public in order 
to allow even private citizens affected by the operation to deliver its opinion on the 
compatibility of the project with respect to the environment and possibly to report 
alleged wrongdoing to the competent authorities (Art. 19 EPL). Investments in real 
estate, on the other hand, need to first perform an ECA (energy conservation assess-
ments), the lack of which can lead to delays in construction.

In the opposite perspective, there are reward measures for companies that adhere 
diligently to standards, such as a tax incentive (Arts. 21:22 EPL).

In terms of legal protection, in accordance with Art. 58 EPL, have locus standi in 
front of the competent Courts all the Chinese NGOs who are registered with the 
Department of Civil Affairs (engaged in the field of environmental protection) and 
that they are operating for at least 5 years without having committed any offense.

This law helps to complete the Chinese regulatory framework on pollution, for 
which, taken as a whole, cannot be attributed to serious shortcomings or specific 
gaps [22].

The issue of the fight against pollution in China is therefore now moving on the 
side of the effective application of the rules rather than on the lack of them. So it is 
no longer a matter of verifying and discussing the existence of the rules but instead 
on enforcing their application and the subsequent effectiveness.
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9.9  Conclusions in Perspective “de jure condendo”

The phenomenon of environmental pollution, and the damage it causes, doesn’t 
know territorial limits. National borders have, in relation to these problems, no 
meaning, neither as a deterrent or barrier. Pollution is now a global issue, and as 
such it must be understood by the law.

The above is especially true for air pollution.
It follows that the protection of the environment, and air quality as far as we are 

concerned, should be done through regulations and measures as global as possible 
or at least international. Lawmakers have already taken note of this peculiarity of 
the subject matter of their discipline.

A very similar situation occurred with the spread of information-communication 
technologies and the consequent widespread worldwide use of the Web.

As it has become clear to the legislators of many states, regulation of everything 
that is related to the use of the web can no longer be characterized by a local foot-
print, regional or even national, risking its complete ineffectiveness.

The web phenomenon is worldwide and the same should be the laws, in every 
respect: the prosecution of computer criminals and the protection of privacy in data 
processing but also in regard to e-commerce and provision of ICT services, includ-
ing their taxation.

A similar perspective must accompany the legislation of environment protection. 
Surpassed then the nationalistic perspective, there are now some decades of joint 
effort by states, in particular of the leading manufacturers of polluting substances in 
the sense of legislating in a concordant manner and choose commitments and com-
mon goals.

There are international agreements achieved: the conventions and the working 
groups that have been described in the preceding pages. Unfortunately, the instru-
ment in international law which has been used so far is not the best way to get rel-
evant results quickly and territorially uniform, because it is not in most cases rules 
and direct application but the legal instruments that require national ratification and 
more detailed rules issued at the state level.

The times are then long (assuming that the rules are endorsed) and the outcomes 
are uncertain.

The above is with the exception of the European Union, in case of regulations, 
since in this case it is directly applicable within each Member State. Unfortunately, 
the principle of national sovereignty does not allow doing the same in the case of 
protocols, agreements, and international conventions. Therefore, these are problems 
that cannot be solved with the address rules.

Instead an effort is needed by all countries of the world in the sense of adoption 
of stringent rules, to apply them immediately and punish those who do not apply the 
rules. A real commitment as territorially uniform as possible is required. The law 
can be the driver but does not constitute the decisive factor; this will rather be sought 
in the global awareness of the need for intervention. Rather, the pulse will be ethi-
cal, cultural, or political.

9 Legal and Ethical Implications of Air Pollution
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The severity of the phenomenon of environmental pollution is significantly 
proven to the jurist by a progressive increase both in Europe and globally of recourse 
to criminal law. The polluting behavior was recognized in many cases as a criminal 
offense and was therefore provided by criminal sanctions.

Can the use of criminal law be an effective environmental protection?
The issue is debated, but the use of criminal sanctions is certainly testimony of 

the importance of the environment as a protected asset and the severity of the attacks 
it suffers, as in the case of the Chinese legal framework that we have analyzed.

Unfortunately, moving environmental protection under criminal law is affected 
by the well-known problems that this protection can provide, as often stressed by 
environmental groups. First of all, the length of trials may make it impossible or 
very difficult to obtain a limiting action or reduction of the damage caused to the 
environment, while it would be much more important to be timely before more 
damage is done.

Another aspect is related to the necessity of reporting of pollutants behavior 
while it is produced: it can be difficult to identify those committing a violation when 
they are doing it and where in the country, especially if it is very broad.

As we have seen in China’s new criminal law to respond to this problem, the 
formation of the “whistle-blowers” is statute to reward informants.

You may agree or disagree with this type of solution, but it is unquestionably the 
need for monitoring as most comprehensive and frequently as possible throughout 
the country to block, if possible outset, each pollutant behavior rated as unlawful. 
This is not a simple task, nor inexpensive.

From what has been said, it is clear how the legislation to combat pollution, 
including air pollution, requires joint efforts and consistent enforcement by all 
states, timeliness of action, efficacy, and measures actually disincentive of danger-
ous or forbidden behavior, regardless of the laws used and the sanctions proposed.
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10Air Pollution in Infancy, Childhood 
and Young Adults

Fabio Capello and Giuseppe Pili

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 

F. Capello and G. Pili



149

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.
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11Air Pollution and Elderly

Domenico Sabatini

11.1  News Regarding the Epidemiology of Ageing

The percentage of senior citizens aged 80 years or over made up 14% of the total popu-
lation of senior citizens in 2013, and it is predicted that this could increase to 19% in 
2050. If this prediction is confirmed to be true, there will be 392 million people aged 
80 years or over by 2050, meaning there will be three times the current figure.

The increase in the population aged 80 years or over is occurring at a faster pace in 
less developed countries than it is in more developed ones (Fig. 11.1). In 1950, there 
were 6 million senior citizens aged 80 years or over in less developed countries and 8 
million in more developed ones; in 2013, senior citizens aged 80 years or over were 
already more numerous in less developed countries than any others. By 2050, it is pre-
dicted that the number of people aged 80 years or over will reach 268 million in less 
developed countries compared to a mere 124 million in more developed countries.

Further, in addition to experiencing the demographic phenomenon of an ageing pop-
ulation, developing countries are also experiencing other socio-economic phenomena 
tied to “civilisation”, such as that of urbanisation, which is relevant to our discussion. 
Urbanisation is “the demographic transition from rural to urban location” [2], which on 
one hand offers the opportunity to increase the population’s health, but on the other hand 
increases conditions that put health at risk, including, and most notably, air pollution.

In fact, outdoor air quality in the principal cities of low- and medium-income 
countries is rapidly deteriorating. With the steady growth of traffic in countries such 
as China and India, air pollution has surpassed the standard limits on vehicle emis-
sions. The number of deaths due to air pollution between 2005 and 2010 increased 
by roughly 5% in China and by roughly 12% in India.
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Although rapid economic growth has had numerous benefits on these countries, the 
adverse consequences of urbanisation on health present significant policy challenges. In 
rapidly changing countries, such as China and India, frequently updated urbanisation 
data is crucial in order for health policies to mitigate these adverse effects on health, 
primarily within highly vulnerable populations, such as senior citizens and children.

Beyond the quantitative justifications supplied by epidemiology (or indepen-
dently of them), the specific interest for the effects of air pollution on senior citizens 
stems also from other angles.

11.2  Frailty, Susceptibility and Vulnerability

“Ageing” is a process of progressive decline of bodily function that leads to the 
biological frailty of individuals and therefore to the maintenance of the functions of 
organs and systems to the limits of their capacity.

In the “oldest old” individuals, the functional indicators of the cardiovascular, 
respiratory and urinary systems approach pathological values and represent objec-
tive measures of frailty [3–5].

In the context of biological frailty, alterations of the immune system (and the 
progressive deterioration of the capacity to respond to infections and vaccinations) 
often mentioned in literature represent just one aspect—certainly an important 
one—of a problem that is much vaster [6]. Nevertheless, these alterations are the 
only reference found in literature (together with some minor references to the 
“senile lung”) concerning the physiology of ageing.

General and specific conditions of senior citizens’ susceptibility to pollutants are 
shown in Table 11.1.

Various pathologies and clinical conditions seem to be the best indicators that the 
subject is “fragile” and susceptible to the effects of air pollution. These are asthma, 
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Fig. 11.1 Population aged 80 years or over in the less and more developed regions, 1950, 2013, 
2025 and 2050 (taken from the Department of Economic and Social Affairs, Population Division. 
World Population Ageing 2013. Available online: http://www.un.org/en/development/desa/popula-
tion/publications/pdf/ageing/WorldPopulationAgeing2013.pdf) [1]
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chronic obstructive pulmonary disease (COPD), coronary heart diseases, hyperco-
agulable conditions, heart failures and disorders of the heart’s rhythm. In senior citi-
zens, these conditions frequently overlap. Thus, in the absence of definite biological 
references, there is no general consensus that age can be an independent indicator 
of greater susceptibility to the effects of air pollution; in fact, greater susceptibility 
of senior citizens to pollution-related diseases is generally better explained by 
comorbidity. The other side of the coin shows that comorbidity (like pharmacologi-
cal treatments, history of occupational exposure, etc.) can constitute an important 
confounding factor [8].

“Susceptibility” is defined as an elevated risk of a particular disease or event that 
verifies itself within a population that is subjected, together with others, to the same 
atmospheric exposure. Generally, susceptibility indicates a basic medical condition 
(e.g. respiratory diseases, cardiovascular diseases, diabetes, obesity, etc.) or a per-
sonal biological characteristic (e.g. age, female gender, race, etc.) capable of deter-
mining an increase of risk.

“Vulnerability” is different. It refers to a population at greater risk of either more 
frequent exposure to pollutants or exposure to higher levels of pollutants [9].

There is increasing evidence that the effect of toxic contents in the air varies from 
one individual to the next based on their level of sensibility, meaning the degree of 
vulnerability, frailty or sensitivity of the individual to exposures, stimuli and 
influences.

Susceptibility results from the complex interrelationships of various mecha-
nisms. It has been suggested that those who suffer most from air pollution are 
people, mainly females and/or senior citizens, who are already at risk due to seri-
ous cardiovascular or pulmonary diseases [10]. Equally, lower socio-economic 
standing can influence susceptibility to illnesses. Mortality due to exposure to 
atmospheric pollutants—as mentioned in many texts—mainly concerns senior 
citizens, individuals with lower levels of education [11, 12], individuals who live 
in low- income areas and individuals who do not have access to health care. This 
suggests that air quality guidelines designed to protect the general population 
may be insufficient to actually protect older and more disadvantaged populations 
[9, 13, 14].

The importance of social factors concerns every country, from developing coun-
tries [15] to North America to Europe [16, 17]. A diagram summarising the condi-
tions of susceptibility discussed so far can be found in Fig. 11.2.

Table 11.1 Factors influencing air pollution responses in the elderly (taken from a 
T. SANDSTROM) [7]

Smoking history
Occupational exposure history
Environmental exposure history
Infections history
Altered immune response with age
Impaired homeostasis
Altered deposition of PM in diseased airways
Antioxidant and nutritional status
Respirators, cardiovascular and other concurrent diseases
Medication
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11.3  Outdoor Environments and Senior Citizens

Epidemiological studies on the adverse effects of air pollution on senior citizens 
focus on the more commonly monitored air pollutants (primarily SO2, CO, NO2, O3 
and PM as a primary and secondary particulate), but they often estimate, based on 
the individual case, different levels of intensity in outcome [2, 9].

In addition, the growing importance of other outdoor air pollutants (e.g. volatile 
organic compounds (VOC) including benzene) is signalled.

Fig. 11.2 Potential risk factors for individual susceptibility to pollution-related diseases (taken 
from ANNESI-MAESANO) [10]
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Lastly, an emerging problem is the unregulated pollution from ultrafine particles 
(UFPs, diameter <100 nm). UFPs are omnipresent and it has been hypothesised that 
they may have greater potential for adverse effects on health with respect to their 
larger counterparts, although studies regarding long-term exposure are needed in 
order to confirm this. The primary source of outdoor urban concentrations of UFPs 
is motor traffic. Recent analysis has suggested that the average exposure to UFPs in 
Asian cities is roughly four times as much as that in European cities.

What remains unclear is the toxicological importance of various metals known 
as transition metals (e.g. iron, vanadium, nickel, copper and zinc) and of specific 
PM-related components capable of triggering oxidative stress and inflammation and 
thus probably capable of inflicting biological damage. Data, even merely estimative, 
regarding the effect of each of these substances on the health of senior citizens has 
not been found within the relevant literature [9].

The fact that pollutants, even in concentrations inferior to the standards that are 
normally tolerated, represent a serious public health problem for senior citizens has 
been signalled for some time and by numerous sources [18]. This citation has been 
willingly extracted from research performed in Switzerland, which, in addition to 
its historical neutrality, should also represent the cleanest environment.

On the other hand, there is no concentration threshold for pollution from particu-
lates below which there will be no observation of a greater incidence of mortality 
due to cardiovascular and respiratory causes. In other words, harmful effects of air 
pollution on health exist even when the level of pollutants is low, and this is due to 
the interference of other factors, including seasonal climate change and temperature 
[19]. Few works have studied the variability of air pollution in diverse weather and 
seasonal conditions or temperatures. Some contradicting results have been found 
[20]. More recent works, some specifically regarding senior citizens, have identified 
air pollution data that is both threatening and reassuring for health in connection 
with even daily climatic variations. From this stems an indication to consider, even 
from such perspective, the effect of exposure to air pollution, particularly on the 
populations that are considered more susceptible, in order to better formulate rec-
ommendations and advice for prevention [21, 22].

11.4  Indoor Environments and Senior Citizens

Indoor air quality (IAQ) refers to internal air that we breathe within confined spaces, 
including housing, public and private offices, communal structures, environments 
intended for recreation and public transport. Industrial environments are excluded, 
since the quality of the air contained in these environments is strictly correlated with 
the type of manufacturing activity taking place and is subject to controls and spe-
cific laws [23].

From the WHO’s communication in 2000 (in which the theme appeared to be 
confined to developing countries and their closed and poor dwellings as well as their 
utilisation of coal and biomass in the form of wood, manure and crop residues for 
the purpose of domestic energy) [24, 25], we have suddenly, and in very little time, 
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come to research this same problem within our own environments to find numerous 
polluting substances stemming from “civilised” sources and from the return to the 
burning of biomass, for economic reasons or for fashion.

The agents that pollute indoor environments, as well as their sources, are numer-
ous and variously referred to according to the criterion of nomenclature. Depending 
on their origin, they are divided into derivatives from biological contaminants, from 
combustion processes and from construction materials; or, on the basis of their char-
acteristics, they are divided into chemical, physical and biological products.

The knowledge of each polluting agent is certainly important in order to under-
stand its effects and to find its prevention. See, for example, research that specifically 
concerns formaldehyde [26] and volatile organic components (VOCs) [27, 28]. Even 
more important for the understanding of this phenomenon and for the deepening of 
our knowledge is the idea that indoor air pollution—just like outdoor air pollution—
is a dynamic process. Therefore, the usual approach to indoor air pollution, which 
treats the indoor environment as a closed box, leads not only to mistakes but also to 
reading errors; in short, it produces prudent estimates for the concentration of pri-
mary indoor air pollutants, but it ignores secondary pollutants. A kinetic framework 
of the problem would be better, one that considers indoor production, outdoor-to-
indoor transport, indoor-to-outdoor transport and indoor chemistry [29].

For our purposes, indoor pollutants, detected by three meta-analyses [29–31], are 
in good practice the following (summarised along with their possible sources in 
Table  11.2): suspended particles (TSP), i.e. PM10 (particles of aerodiameter 

Table 11.2 Main indoor pollutants and potential internal sources (taken from the Italian Ministry 
of Health [23]

Sources Pollutants
Gas or coal combustion processes for 
heating and/or cooking, fireplaces and 
wood stoves, vehicle exhaust fumes

Combustion products (CO, NOx, SO2, particulates)

Building materials and insulation Asbestos, artificial vitreous fibres, particulates, radon; 
biological agents (due to the presence of moisture 
and/or dust)

Coating materials and carpets Formaldehyde, acrylates, VOCs and biological agents 
(due to the presence of moisture and/or dust)

Furnishings Formaldehyde, VOCs and biological agents (due to 
the presence of moisture and/or dust)

Liquids and products for cleaning Alcohols, phenols, VOCs
Photocopiers Ozone (O3), toner powder, volatile hydrocarbons 

(VOCs)
Cigarette smoke Polycyclic hydrocarbons, VOC, formaldehyde, CO, 

fine particulates
Air conditioning systems CO2 and VOCs (due to shortage of hourly changes or 

excess recycling); biological agents (due to lack of 
cleaning/maintenance)

Dust Biological agents (indoor allergens, dust mites)
Individuals Co2 and biological agents (bacteria, viruses, etc.)
Animals Indoor allergens (hair, etc.)
Natural sources (lava, tuffs, granite, etc.) Radon
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< 10 μm) and PM2.5 (fine particles, particles of aerodiameter < 2.5 μm), biomass, 
O3, NO2, CO, SO2, VOCs (volatile organic compounds such as aldehydes, ketones, 
esters, etc.), allergens, microorganisms and ETS (environmental tobacco smoke).

Sources of indoor air pollution include fuel combustion for cooking, heating, 
tobacco smoking, paints, glues, polishes, pesticides and building products.

Amongst the VOCs, formaldehyde is found in numerous construction materials 
and commonly used products (some insulation materials, certain fitted carpets and 
textiles, some glues, disinfectants and other household products). Cooking is also a 
source of immediate VOC emissions according to the cooking method (fossil fuel, 
oil, wood or kerosene stove) and the food cooked (acrolein derived from oil and fat 
heating reactions).

Some notes on VOCs. Although VOCs exist in outdoor environments, their con-
centration indoors is two to five times superior than their concentration outdoors 
(for formaldehyde it is 10–20 times) [26], to the point that they are generally con-
sidered “indoor pollutants”.

Normally, the occupiers of these buildings are exposed not to a single substance 
but to a mix of polluting substances, in varying concentrations within time and 
space, emitted by sources that differ in quantity and type (see Table 11.3).

The adverse effects on health caused by breathing in these chemical substances 
can range from temporary irritation of eyes and throat, nausea, headaches and severe 
respiratory symptoms to long-term diseases such as cancer; damage to the liver, 
kidneys and central nervous system; or immune system dysfunctions [30].

Some notes on organic pollutants. Few studies have addressed the effects of 
indoor allergens on respiratory health of senior citizens, probably because allergic 
sensitisation diminishes with age. Amongst the studies cited in a recent meta- 
analysis [33] on the effects of indoor damp and mould contamination on health, a 

Table 11.3 Classes of VOCs 
and their possible emission 
sources (taken from Shaobin 
Wang [32])

VOC class Environment and sources
Aliphatic and cycle hydrocarbons 1, 2, 4, 5, 7, 9–11
Aromatic hydrocarbons 1–7, 9, 11, 12
Aldehydes 1–12
Terpenes 1–4, 7–10
Alcohols 1–9, 11
Esters 1, 2, 4, 7–9
Halocarbons 1, 2, 7, 11
Glycols/glycol ethers/glycol esters 1–4, 7, 9
Ketones 1–4, 6–12
Siloxanes 11
Alkene 2, 7
Organic acids 2, 3, 7–9, 11
Ethers 9
Other VOCs 1, 2, 4, 7, 11

(1) Established buildings. (2) New and renovated buildings. (3) 
School. (4) New car interiors. (5) Carpets. (6) Floor coverings. 
(7) Wood-based panel and furniture. (8) Solid woods. (9) Paints. 
(10) Cleaning products. (11) Unflued gas heaters and electric 
ovens. (12) Office equipment
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Norwegian study [34] examined the relationship between mould and respiratory 
symptoms in individuals aged 61 to 82. The study showed that there is a significant 
association with respect to phlegm, chronic cough and dyspnea.

In general—as is reported in the prologues of several works—people spend 
80–90% of their time indoors. Senior citizens (and in particular very old senior citi-
zens) spend an even greater proportion of their time indoors, due to their reduced 
activity and their decline in physical autonomy, or simply because of a lack of stim-
ulation. As such, they are potentially more exposed to indoor air pollution compared 
to the rest of the population [35, 36]. In other words, senior citizens risk spending 
more time at home and, as such, risk being exposed to indoor pollutants for longer 
periods of time than the remainder of the population, thus making them more vul-
nerable to these pollutants [31]. As such, independently of the type of indoor pollut-
ant, even the presence of substances at low concentrations can have an important 
biological impact on senior citizens, due to the long periods of exposure.

Senior citizens suffering from breathing problems are at an augmented risk of 
infection of the respiratory tract, particularly if they smoke or have developed 
advanced COPD. In senior citizens with COPD, higher levels of PM2.5 are associ-
ated with worse health conditions; in addition, indoor levels of PM2.5 are signifi-
cantly higher in a smoker’s household [37].

Moreover, it should be considered that physiological, age-dependent anatomo-
functional changes can contribute in a significant manner to a predisposition for 
lower respiratory tract infections in healthy senior citizens. In addition, ageing 
comes with a gradual decline in many aspects of immune function, thus generally 
increasing the risk of respiratory infections [31].

Current findings do now allow us to define a causal relationship between expo-
sure and respiratory health outcomes in senior citizens, due to a lack of information 
regarding lifetime exposure to air pollution and particularly regarding the intensity 
and duration of the exposure or the age of exposure. Nevertheless, we may be 
granted a conclusion: senior citizens spend more time indoors, where they are easily 
exposed to bad air quality; the data (although there is few of it and it is often derived 
from very heterogeneous research or from inconclusive results) regarding the effects 
of exposure to indoor air pollutants on the respiratory health of senior citizens shows 
that health is threatened by ETS, PM, VOCs, use of biomass and possibly by mould.

11.5  General Effects of Air Pollution on Health

Exposure to air pollution has impacts on the health of senior citizens that have been 
variously analysed in scientific work. These studies take into consideration both 
short- and long-term effects and utilise different outcomes for each of these, gener-
ally mortality and numerous indicators of morbidity.

A review conducted by Bentayeb, which reinterprets 18 studies on morbidity and 
11 on mortality [38], as well as another review by this group, which adds further 3 
and 5 studies, respectively [2], concluded that the effects of various outdoor air pol-
lutants on the health of senior citizens are solidly proven with respect to short-term 
exposure and less supported for long-term exposure. These effects concern 
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morbidity and cardiopulmonary mortality, but consistent evidence exists to support 
the fact that senior citizens exposed to outdoor air pollution experience more hospi-
tal admissions for asthma and COPD and more COPD mortality than the rest of the 
population.

11.5.1  Short-Term Effects

The relationship between short-term exposure to air pollution and its acute effects 
on health is determined primarily through time-series studies, studying the effects 
on a population defined by a period of exposure. For senior citizens, morbidity in 
the acute phase is well documented through hospital admissions and/or medical 
appoints both at home and in the surgery.

There is strong evidence of an association between short-term exposure to air 
pollutants and respiratory morbidity, primarily represented by exacerbations of 
COPD, acute dyspnea and respiratory infections. Symptoms in subjects aged over 
65 may appear several days after an increase in levels of exposure (and anyway with 
a short best lag time to develop asthma exacerbations with respect to those aged 
below 65) [39] and can persist for a number of days.

In summary, the relationship between short-term exposure to air pollution and 
morbidity in senior citizens is well documented. In general, research also shows 
sufficient proof of mortality in the short term, which appears to be attributable in 
particular to pulmonary and cardiopulmonary causes. In older people (>65 years), 
research has found a prevalence of pulmonary pathologies related to PM10, whereas 
cardiopulmonary mortality seems better related to O3 [2].

The same linear relationship between PM10 and mortality is found by Simoni in 
other works and in other parts of the world, even with other pollutants (PM 2.5, SO2, 
NO2, O3, CO).

The summary in Fig. 11.3 associates pollutants with effects on diseases.

11.5.2  Long-Term Effects

Mortality tied to exposure in the short and medium term is substantially lower than 
that tied to long-term exposure, when observed in the same cohorts using survival 
analysis. These observations indicate the importance of intra-urban variations in 
long-term pollution for the purpose of estimating an association between exposure 
and mortality. They also suggest that the impact of air pollution on public health 
may be dominated by long-term exposure.

Generally, it is said (and written) [9] that exposure to elevated levels of pol-
lution in the long term can reduce life expectancy by a few years. The long-term 
effects on the health of senior citizens have been investigated by longitudinal 
studies, but these are not numerous [38]. Chronic exposure to elevated levels of 
air pollution is especially tied to the respiratory health of senior citizens and has 
been related to incidence of COPD, chronic bronchitis, asthma and emphysema 
[40, 41].
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11.6  Effects of Air Pollution on Organs and Systems

11.6.1  Respiratory System

Arguments regarding respiratory physiology of ageing indicate that some measure 
of pulmonary function (such as forced vital capacity or FEV1) increases until one 
reaches adulthood and then declines for the remainder of one’s life. Smoking con-
tributes to the more rapid progression of airflow obstruction, as demonstrated by a 
decrease in FEV1; it is hypothesised that PM air pollution has similar, but weaker, 
effects. As such, in non-smokers, exposure to long-term PM results in pulmonary 
retention of fine particles and small airway remodelling that contribute to causing 
CODP [13].

There is scientific evidence that, due to pulmonary (and cardiovascular) comor-
bidity, senior citizens have reduced ventilatory capacity and are more affected by 
the damages that stem from exposure to air pollutants [31].

Forbes and colleagues, in a study performed in order to explain the relationship 
between chronic exposure to certain pollutants and pulmonary function in adults, 
found that the association between reduced FEV1 (but not FVC) and PM10, NO2 
and SO2 was greater in senior citizens. The explanation, according to the authors, 
could be a cohort effect; in other words, senior citizens who live in more polluted 
areas have worse pulmonary function due to the greater exposure to air pollution 
that they have had in the past. However, another explanation should be considered, 
and that is that senior citizens are more susceptible to the effects of air pollution on 
the lungs [42].

There is an evident link between ageing and respiratory diseases. Senior citizens 
are at higher risk of suffering from various respiratory diseases, such as CODP, 
asthma, pneumonia and tuberculosis, compared to other age groups. Women appear 
to be at even higher risk than men. In old age, various forms of airway obstruction, 

Fig. 11.3 Main respiratory health effects due to outdoor pollution exposure in the elderly: CO 
(carbon monoxide), NO2 (nitrogen dioxide), PM (particulate matter), SO2 (sulphur dioxide), O3 
(ozone), BS (black smoke) and COPD (chronic obstructive pulmonary disease). Taken from 
Marzia Simoni [2]

D. Sabatini



197

such as asthma, emphysema and chronic bronchitis, tend to overlap. As such, it 
could be argued that, in the older population, respiratory diseases depend on higher 
intensity and longer duration of exposure to environmental risk factors. Therefore, 
senior citizens are at higher risk of respiratory diseases, even after controlling, for 
their entire lifetime, active smoke and occupation [31].

Air pollution induces subclinical pulmonary inflammation and leads to the 
release of humoral mediators in pathways, and later in systemic circulation, contrib-
uting to the functional deterioration of other tissues and organs. Long-term expo-
sure to air pollution could also lead to changes in profiles of inflammation markers 
in lower pulmonary airways, thus worsening the anatomofunctional conditions of 
the lungs [43]. In other words, air pollution acts as a trigger for exacerbations of 
CODP by increasing oxidative stress and therefore aggravates exacerbations of 
CODP; many studies have correlated PM-related exacerbations of respiratory 
symptoms with transient declines in pulmonary function [13].

11.6.2  Cardiovascular System

Epidemiological and clinical studies have always shown that air pollution is associ-
ated not only with respiratory diseases but also with cardiovascular ones. The most 
common heart disease in senior citizens following exposure to air pollution is shown 
in Table 11.4.

Cardiovascular morbidity and mortality caused by short-term or prolonged expo-
sure to air pollution are summarised in Table 11.5.

11.6.2.1  Blood Pressure
Although several studies have evaluated the response of blood pressure (BP) to expo-
sure to acute air pollution, many contradictions can be found within their results.

Table 11.4 Cardiovascular disease categories and International Classification of Diseases (ICD) 
codes

Disease category ICD-9 ICD-10
Arrhythmia 427 146–149
Cardiac disease 390–

429
100–152, 197.0,197.1, 198.1

Cardiac failure 428 150
Ischaemic heart disease 410–

413
120, 121, 122, 124, 125.2

Myocardial infarction 410 121, 122
Stroke 430–

438
160–166, 167 (excluding 167.0, 167.3), 168 (excluding 
168.0), 169, G45 (excluding G45.3), 646

Total cardiovascular 
disease

390–
459

100–199 (excluding 167.3, 168.0, 188, 197.8, 197.9, 
198.0), G45 (excluding G45.3), G46, M30, M31, R58

ICD-9, 9th Revision, used January–June 1998; ICD-10, 10th Revision, used July 1998–December 
2001
Taken from Ref. [58]
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Some studies show positive relationships between recent exposure to PM and 
BP, while others have found negative results and insignificant results. The reasons 
behind these contrasting inconsistencies stem from different characteristics within 
the examined populations or from different methods used to measure BP or perhaps 
from the fact that the study of BP was not the primary outcome of interest for many 
of these studies [44–46].

Research specifically concerning senior citizens reveals the same inconsisten-
cies and even adds further ones, such as the detection of increased BP (or increased 
differential pressure) especially in subjects on antihypertensive medication [46, 
47]. The reason for this could be an increased vulnerability of hypertensives 
towards particulates or towards the presence of confounding risk factors within 
the examined populations, such as obesity. On the other hand, we note the protec-
tive value of antihypertensive drugs, following evidence that not taking antihyper-
tensive drugs is a strong predictor of increased BP (both systolic and differential) 

Table 11.5 Overall summary of epidemiological evidence of the cardiovascular effects of PM2.5, 
traffic-related, or combustion-related air pollution exposure at ambient levels (taken from Brooks, 12)

Health outcomes
Short-term exposure 
(days)

Longer-term exposure 
(monthsa, years)

Clinical cardiovascular end points from epidemiological studies at ambient pollution 
concentrations
Cardiovascular mortality ↑↑↑ ↑↑↑
Cardiovascular hospitalisations ↑↑↑ ↑
Ischaemic heart diseasea ↑↑↑ ↑↑↑
Heart failurea ↑↑ ↑
Ischaemic strokea ↑↑ ↑
Vascular diseases ↑ ↑b

Cardiac arrhythmia/cardiac arrest ↑ ↑
Subclinical cardiovascular end points and/or surrogate measure in human studies
Surrogate makers of atherosclerosis N/A ↑
Systemic inflammation ↑↑ ↑
Systemic oxidative stress ↑ ↑
Endothelial cell activation/ blood 
coagulation

↑↑ ↑

Vascular/endothelial dysfunction ↑↑
BP ↑↑
Altered HRV ↑↑↑ ↑
Cardiac ischaemia ↑
Arrhythmias ↑

The arrows are not indicators of the relative size of the association but represent a qualitative assessment 
based on the consensus of the writing group of the strength of the epidemiological evidence based on 
the number and/or quality, as well as the consistency, of the relevant epidemiological studies
↑↑↑ indicates strong overall epidemiological evidence
↑↑ indicates moderate overall epidemiological evidence
↑ indicates some but limited or weak available epidemiological evidence
Blank indicates lack of evidence
N/A indicates not applicable
aCategories include fatal and nonfatal events
bDeep venous thrombosis only
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[45], which leads us to report a preference—though purely conceptual—for beta 
blockers, ACE inhibitors and ARBs due to their respective ability to block sympa-
thetic nervous system responses and their antioxidant and anti-inflammatory 
responses.

To this day, available data suggests that short- and long-term exposure to PM2.5 
can cause an elevation in arterial BP—at least in more sensible subjects and in cer-
tain situations—in addition, the effects of short-term exposure on health vary 
depending on the susceptibility/vulnerability of the patient. For example, a young or 
healthy individual (and therefore not a senior citizen) will probably be only slightly 
affected by short-term exposure to even higher levels of PM2.5 [44].

On the other hand, a patient with hypertension (especially if it is badly con-
trolled) and/or with underlying coronary disease (even if he is asymptomatic and 
seemingly healthy) can be much more sensitive to haemodynamic changes stem-
ming from short-term exposure due to their trigger effect [48].

Rapid increase in BP and/or arterial vasoconstriction could conspire to provoke 
instability/rupture of atherosclerotic plaque and therefore promote an acute CV 
event. This event could manifest itself as myocardial ischaemia, heart attack (with 
underlying coronary atherosclerosis) or stroke (in the presence of unstable carotid 
atherosclerosis). BP and haemodynamic changes, together with myocardial isch-
aemia of any cause, can increase the risk of heart failure in patients whose left 
ventricular function is compromised. So far, the most likely mechanism for a rapid 
haemodynamic response appears to be an imbalance of the autonomic nervous sys-
tem (ANS). Nevertheless, it is possible that reductions of bioavailability of nitric 
oxide, which modulates basal arterial tone towards vasoconstriction or vasodilata-
tion of ET in other haemodynamically active molecules (such as angiotensin II), 
also play a role in certain circumstances [44].

We are still unsure about whether long-term PM exposure is capable of promot-
ing the development of chronically elevated BP levels and even of overt hyperten-
sion. This research has to be strengthened by additional proof. In the MESA study 
[47], participants who lived close to highways had a significant increase in the left 
ventricular mass index, analogous to that which is obtained with 5.6 mm Hg increase 
in long-term systolic blood pressure.

On the other hand, it is less clear whether long-term PM exposure increases the 
risk of developing overt hypertension. And anyhow, even a slight elevation (mean-
ing 10/5 mm Hg) in chronic BP can increase the risk of future cardiovascular events 
by up to 50% within a large population [44].

11.6.2.2  Arrhythmias: Heart Rate Variability
Air pollution has been associated with anomalies in repolarisation of ECG, with 
ventricular arrhythmias and with atrial fibrillation [49, 50]. In accordance with these 
observations, elevated cardiovascular morbidity and mortality deriving from expo-
sure to PM seems to be, in large part, caused by cardiac arrhythmias and by sudden 
cardiac arrest. The mechanism responsible would be the alteration of the autonomic 
cardiac balance and/or the impairment of cardiac ion channels induced by systemic 
oxidative stress.
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Even still, many issues remain unclear, such as the importance of gaseous co- 
pollutants or the role played by pollution sources with respect to cardiovascular 
disease; equally unclear is the type of susceptible patient [51].

Heart rate variability (HRV), dependent on physiological factors such as postural 
changes, movement, respiratory rhythm, etc., is the answer to the cardiac autonomic 
control, which reflects the modulation of the rhythmic activity of the sinus node [52].

Reduction in HVR is a factor that demonstrates risk of cardiovascular morbidity 
and mortality [52]. Numerous studies, and within these there have been recent meta- 
analyses, regarding the effects of short-term exposure to air pollution (particularly 
PM2.5) have demonstrated a decrease in HVR; the existing relationships are par-
ticularly strong in senior citizens, people with persistent cardiovascular disease or 
diabetes or people with reduced antioxidant defences [53]. Relevant mechanisms 
are, from time to time, identified as systemic inflammation, oxidative stress and 
modifications in ion channel function or in cardiac autonomic function.

From the first studies specifically concerning senior citizens, which correlated 
HVR with long-term exposure to air pollution, literature on the subject has notably 
improved, and recent meta-analyses have concluded that long-term exposure can 
substantially impact autonomic cardiac function in the same way short-term expo-
sure can [9, 54].

There are few reports on the possibility that drugs may, in some way, carry out a 
“protective” cardiac function, or otherwise an “aggravating” function; some studies 
have limited themselves to touching upon this issue by simply communicating 
experimental feedback, for example, that people who utilise calcium channel block-
ers and beta blockers have lower relationships between O3 and PM2.5 with LF heart 
rate [55]. Others have signalled (and sometimes even emphasised) the antioxidant 
and anti-inflammatory action of certain drugs, from which we can extract a “protec-
tive” action, whether demonstrated or hypothetical [56].

11.6.2.3  Ischaemic Heart Disease
Long-term exposure to elevated levels of PM2.5 increases risk of death by isch-
aemic heart disease, equally, so does exposure to PM10. Short-term exposure to air 
pollution increases hospital admissions due to ischaemic heart disease when con-
centration of PM2.5 and/or PM10 is elevated. Exposure can concern a period of a 
few hours or a couple of days [9].

In triggering an acute cardiac event, the patient’s susceptibility (e.g. the presence 
of persistent heart disease) is very important, as suggested by Pope’s angiographic 
study [57]. Numerous studies of various dimensions have looked at general morbid-
ity and mortality with particular attention towards cardiovascular morbidity and 
mortality. Some studies have focused specifically on senior citizens; for example, 
Barnett’s study [58] looked exclusively at cardiovascular disease and compared the 
results of populations aged under and over 65. Analysis of individual cardiac pathol-
ogies showed that, in senior citizens, there is a significant relationship between 
increase in air pollution levels and increase in hospital admissions due to ischaemic 
heart disease and myocardial heart attacks, whereas the same relationship was not 
found for the younger group.
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The immediate effect of air pollution on the duration of ventricular repolarisation, 
on its morphology and on its variability (QTc duration, T-wave complexity and T-wave 
amplitude) is reported by multiple sources as representing the substrate of vulnerabil-
ity of the myocardium, a key factor in the mechanisms of sudden death [59].

Numerous studies have demonstrated the association between ischaemic mor-
bidity/mortality and short-term exposure. On the contrary, few studies have found 
the same relationship for long-term exposure. Van Hee’s study concerned the adult 
population and showed that long-term exposure to air pollution altered ventricular 
repolarisation even in subjects without a history of cardiovascular disease and with-
out calcification of coronary arteries [60]. Mordukhovich’s study, which specifically 
looked at senior citizens (males of an average age of 76), reported a positive rela-
tionship between sub-chronic long-term exposure to PM2.5 and QT interval dura-
tion (which was even stronger for long-term exposure in subjects with higher 
oxidative stress allelic profiles). Mordukhovich defers to future high-powered stud-
ies the role of further evaluating the association between long-term exposure to 
polluting substances and QT interval duration, especially for the purpose of identi-
fying susceptible subgroups [61].

Even ST-segment depression is noted as being associated with increased expo-
sure to PM2.5 and to black carbon in cardiac patients. The risk of ST-segment 
depression associated with air pollution may be even greater in subjects with myo-
cardial injury in the first month following the cardiac event [62]. Alterations in ECG 
repolarisation, even to the point of obvious ST-segment depression, associated with 
air pollution, as detected in numerous studies, including those specifically concern-
ing very old individuals (up to 88 years old), are signs of subclinical ischaemia [63]. 
Together these could indicate an effect on the heart of a systemic inflammation.

11.6.2.4  Heart Failure
Heart failure is the most common cause for hospital admissions and readmissions in 
senior citizens; it makes up 5% of all diagnoses behind hospital discharges [64, 65].

The data collected by Healthcare Cost and Utilization Project (HCUP), which 
collects information regarding diseases with which patients are admitted to hospi-
tals in the United States [66], shows that in the period between 1997 and 2008, heart 
failure was the most common cause for hospital admissions in the population aged 
between 65 and 84 and aged above 85.

The mechanisms behind myocardial infarctions, which are best known and 
described by their relationship with air pollution, are incredibly different from those 
that cause heart failure. These mechanisms can concern an increased demand for 
cardiac function, or an impairment of cardiac performance (such as reduced con-
tractility), or increased myocardial injury [53]. Think, for example, about the addi-
tional work the heart has to perform when exposure to air pollution particulates 
becomes associated with hyperkinetic arrhythmia or with an increase in systemic 
arterial pressure with vasoconstriction, or with an increase in pulmonary and right 
ventricular pressure, etc. [64].

In addition, in the case of senior citizens, think of the physiological modifica-
tions of the heart that normally compromise ventricular diastolic filling by reducing 
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compliance, therefore causing the heart to work in a condition that can be termed as 
diastolic heart failure. To this we must then add any type of concomitant myocar-
dial, ischaemic or degenerative disease. Based on this consideration, evidence that 
air pollution correlates closely with diastolic function in elderly women appears 
particularly interesting [67].

11.6.3  The Brain

11.6.3.1  Brain Stroke
Exposure to air pollution is certainly correlated with strokes. Unfortunately, we do 
not currently have any more useful information that would help us better understand 
this problem and would therefore help us develop advice or recommendations.

In the prospective study addressed only to postmenopausal women (Women’s 
Health Initiative Observational Study), long-term exposure to PM2.5 was associ-
ated with cardiovascular events (including strokes) and mortality [68].

On the other hand, in a study contained in the Cancer Prevention Study II carried out 
by the American Cancer Society, no significant association was found between stroke 
mortality and PM air pollution [69]. A Korean study found that PM10 and gaseous pol-
lutants (nitrogen dioxide, sulphur dioxide, carbon monoxide) are important risk factors 
for stroke mortality, especially for senior citizens and women, who were found to be 
more sensitive towards the effect of these particulates [70]. When different types of 
strokes were analysed separately, it was revealed that air pollution was associated with 
ischaemic strokes but not with haemorrhagic strokes. The authors explained these find-
ings through the stimulating effect on blood coagulation/viscosity stemming from free 
radicals produced by air pollutants, which can cause ischaemia but not haemorrhaging, 
and quoted other previous studies that had obtained similar results [71].

A Finnish study demonstrated that toxicological and epidemiological research 
suggests that smallest particles cause greater systemic damage. The study also eval-
uated the effects of various types of particles, including ultrafine particles (<0.1 μm), 
on strokes. The conclusions reached in this study were that the relationship between 
daily levels of air pollution and death caused by strokes concerned particularly peo-
ple aged over 65 and that PM2.5, ultrafine particles and carbon monoxide are asso-
ciated with an increased risk of fatal strokes, but only during warmer seasons. The 
effect of the season is attributable to seasonal differences in exposure or air pollu-
tion mixture.

A large recent study (the first European multicentre study) looked at long-term 
exposure to air pollution and the incidence of strokes and found suggestive evidence 
of an association between PM2.5 and strokes, though the main estimate did not 
reach statistical significance. Stronger associations were found in subjects ≥ 
60 years old and in non-smokers. The association was also observed below the cur-
rent European limit values, which indicated that, as often reported for other dis-
eases, the harmful effects of fine particles exist even at low concentrations [72].

Lastly, a Danish study looked at the effects of short-term air pollution (particu-
larly ultrafine particles) on stroke-related hospital admissions, clinically 
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classifying them in a very precise fashion. The results indicated possible effects of 
air pollution stemming from traffic, mainly UFPs, on ischaemic stroke-related hos-
pital admissions, especially for mild ischaemic strokes of likely thrombotic origi-
nal (without AF) [73].

11.6.3.2  Cognitive Decay
The neurotoxicity of exposure to air pollution has been well known for a while and 
is widely demonstrated by experiments carried out on animals and by autopsy stud-
ies carried out on humans.

From the beginning of this century, Calderón-Garcidueñas has carried out stud-
ies on dogs and people and has signalled in the brain increased levels of inflamma-
tory mediators, deposition of β-amyloid, presence of markers of oxidative damage 
to the DNA as well as evidence of interruption in the blood-brain barrier in subjects 
that lived in cities with high levels of air pollution compared to those exposed to 
lower levels.

Note: the reconstruction of the studies that led to researching the relationship 
between pollutants and cognition in humans is taken from the prologue of the works 
cited at numbers [74].

However, despite the many known actions of pollutants (cardiovascular and sys-
tematic), the potential relationship between exposure to common environmental 
toxicants and cognitive capacity in senior citizens has received relatively little con-
sideration compared to exposure to other non-environmental risk factors. The first 
study that found a consistent relationship between black carbon and impairment of 
cognitive functions in humans dates back to 2008 and was carried out on children 
[75]. The first epidemiological study on adults occurred the following year and 
examined the effects of PM and ozone on cognition [76]. The first epidemiological 
study that looked at the relationship between black carbon and cognition of older 
men (mean age 71 ± 7) over a period of 11 years began in 2011 [77]. The conclusion 
was that traffic-related air pollution can have a negative effect on cognitive ability. 
In addition, the effect can be greater in smokers or in obese and overweight subjects, 
that is, in conditions defined as pro-inflammatory.

The study gave reasonable advice: “Given the ubiquitous nature of the exposure, if 
traffic-related air pollution is causally related to cognitive impairment in older adults, 
implementation of interventions to reduce exposure, including establishment of more 
stringent emissions standards, would be expected to have substantial benefits”.

The pollutant-cognition relationship (studied in adults and older subjects) has 
expanded in recent years in order to consider other substances (O3, PM2.5 and NO2) 
and has better explained the cognitive deficits within specific domains [78]. This has 
also opened the door to the possibility that subclinical atherosclerosis has a mediat-
ing role in the pathogenesis of cognitive impairment.

11.6.3.3  Depressive Syndrome
From Bullinger’s first observations 1989 [79], that exposure to low levels of pol-
lutants (in this case SO2) could influence subjective psychological well-being 
without causing depression, to Szyszkowicz’s observations (2010) [80], that there 
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is a possible relationship between air pollution and attempted suicide (until more 
recent confirmation) [81], to numerous occasional reports that relate, particularly 
in hypothetic manner, air pollution with mood, interest in this subject has been 
consolidated in recent years. This interest immediately directed itself towards the 
older population, within which depression is one of the most common mental 
health issues.

A 2012 Korean study found that growing concentrations of PM10, NO2 and O3 
were significantly associated with depressive symptoms (measured by the Geriatric 
Depression Scale, short form SGDS-K) in an older population (average age 71). 
The individual items that explore emotional symptoms were more likely to be asso-
ciated with these three polluting substances than the items that explore somatic or 
affective symptoms [82].

Other researches followed this same train of thought; for example, a relationship 
between pollution from biomass and depression in premenopausal women was 
found [83] and a collection of advice regarding the association of air pollution and 
depression in adults was reported [84]. No positive relationship was found by a 
group of Boston researchers between depressive symptoms and short- or long-term 
exposure to air pollution in a population of 732 senior citizens (aged >65, average 
age 78.1), when utilising the Revised Centre for Epidemiological Studies Depression 
Scale (CESD-R) [85].

The research was challenged on methodological grounds and has been com-
pared with other recent works, though not numerous, which had communicated 
perfectly opposite results, for example, by stating that the air pollution/depression 
relationship does exist [86]. Wellenius [87] responded to these dissenting observa-
tions by saying that, “…it is worth noting that there are very few other studies 
available for direct comparison, and thus this remains very much an open research 
question. Additional studies in diverse populations are clearly needed to confirm or 
refute the presence of an association between air pollution and depressive 
symptoms”.

On an end point expanded to include mental health (and not specifically 
directed at depression), it appears that, in China, senior citizens that live in cities 
have better mental health than senior citizens that live in rural areas [88]. On the 
contrary, in Finland, senior citizens in the countryside experience better mental 
health conditions [89]. Beyond geographical differences and diverse methodolo-
gies (in the Finnish study, mental health was included in the general health sta-
tus), we believe that depression, in addition to its symptoms and the complexity 
of its nosology (the last DSM V classification dates to 2013), presents many 
socio-economic components that have varying effects on senior citizens, which 
should be explained in relation to their predominant meaning and thus not in rela-
tion to air pollution.

While waiting to learn more about this topic, scientific studies on depression and 
air pollution have turned to more complex areas of research. Madrigano, in a study 
of much broader interest, tried to find a mechanistic correlation, through DNA 
methylation, between air pollution and morbidity. In this context, he found that 
older males (average age 72) had a positive correlation between PM2.5 and mood, 
grossly divided into optimistic or pessimistic character [90].
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11.7  Conclusions and Suggestions

Numerous scientific papers on the topic of air pollution have paid particular atten-
tion to the older population or have been specifically addressed to it. However, these 
refer to senior citizens as subjects, varying from case to case, who are over 60 years 
of age, or aged between 65 and 75, or over 85; this definition of an age range never 
refers to an objective biological fact or to a consolidated convention. It follows that 
current information on senior citizens is not comparable, and any attempt at gener-
alising risks is naïve and misleading.

The affirmation that senior citizens are “susceptible” (see paragraph 2) is generic; 
the application of biological mechanisms of susceptibility (see, e.g. paragraph 2 on 
the immune response to infectious diseases and vaccinations and paragraph 4) 
should contain more specific references.

It is also true that, on the subject on fragility, geriatrics has written the impossible, 
and from that philosophy, we have never obtained a practical notion. However, the 
assumption that 80 years of age represents the biological and epidemiological transi-
tion to old age [3] is a long-established notion and deserves better consideration.

The safeguarding of physical autonomy is one of the cardinal principles of clini-
cal geriatrics, and, as such, the fight against immobility and hypokinesia is its most 
important therapeutic practice.

Physical activity is one of the few non-pharmacological therapies that has, for years, 
achieved consolidated success even in official medicine. Cardiologists were the first to 
believe in the effectiveness of physical activity, and the indispensability of its prescrip-
tion, with respect to primary and secondary prevention of myocardial infarctions. The 
guidelines of the two most prestigious American societies of cardiology (AHA/ACC) 
on secondary cardiovascular prevention (contained in the 2006 update) [91] recom-
mend doctors to encourage everyone to undertake moderate intensity aerobic activity, 
such as fast walking for 30–60 min, 7 days a week (minimum 5 days a week).

In geriatrics, this recommendation has encountered too many arbitrary transla-
tions, which oscillate between two opposing principles: the first, “old age does not 
exist” and, the second, “elders should be guarded, not treated”. Physical activity 
should be prescribed to senior citizens with the same conviction and the same sci-
entific principles with which we prescribe drugs, with the addition of the art of 
adapting trials and guidelines specifically to that person.

The decision of whether or not to direct someone towards physical activity, in the 
present context, should be followed by considerations of where and when, in accordance 
with all the outdoor/indoor valuations within our knowledge [92]. It is therefore impor-
tant to understand indoor environmental conditions of these senior citizens, such as their 
house and their retirement residence [93, 94] as well as the neighbouring outdoor condi-
tions and any small quarters in which their whole life usually takes place [8, 95].

One last important consideration regarding clinical geriatrics is that older senior 
citizens (aged >80), normally, breathe deeply (without arriving to dyspnea) and 
therefore introduce greater amounts of pollutants into their systems even when at 
rest or carrying out minor daily activities [96]. Therefore, we should give senior citi-
zens (and their assistants) the same advice we would give individuals who, in the 
same environment, would carry out intense aerobic activity.
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The biopsychosocial model was a new way of looking at the person developed 
by Engel in the 1980s [97] and variously proposed in subsequent years on the basis 
of a definition of health established by the WHO (World Health Organization) in 
1947: “Health is a state of complete physical, mental and social well-being and not 
merely the absence of disease or infirmity”. Geriatrics has applied this model to its 
own methodology and has derived from it a need to take care of senior citizens in a 
multidimensional manner, because physical, mental and environmental health—
together—form the senior citizen’s health.

Our topic—independently of geriatrics and old age—constantly repeats this 
holistic vision of the person and of health. And anyway, research often shows an 
impression (when there isn’t clearly a statement) that a strictly biomedical vision of 
the problem is scarcely effective, or even unrealistic (see paragraph 2).

The supervision of individual organs and systems for the purpose of primary and 
secondary prevention is certainly useful, if specifically addressed to pollution-
dependent symptoms and signs and if it considers the overall health of a person 
within their environment; otherwise, it would entail the multiplication of investiga-
tions and prevention of further diseases in a world that is already overly committed 
to preventing old age.

Polypharmacy, defined by some as the “modern epidemic” [98], is a predomi-
nant geriatric term addressed in recent years for reasons of economic expendi-
ture and, sometimes, for concern of safeguarding public health and as a response 
to the absence of scientific nature (to the point of complete irrationality) of 
pharmacological choices and prescriptions. Polypharmacy of senior citizens 
depends on multiple factors, of which comorbidity is merely the easiest to con-
sider and to explain, but not the most important. Other factors are equally 
important, such as:

 (a.) multi-specialist medicine for the elderly, which amplifies prescriptions and 
often creates overlaps and redundancies;

 (b.) drugs that, according to Rochon, fall within the “prescribing cascade” [99], 
meaning they are prescribed to alleviate the side effects of the principal drug, 
with the risk of creating new side effects;

 (c.) drugs that fall within the expression “medicalisation of old age” (taken from 
Ivan Illich), meaning they are utilised—scientifically—according to guide-
lines, and mocked by Tinetti centuries ago [100], or they are shifted from sci-
entific research onto adults-elderlies and applied to centenarians;

 (d.) self-prescribed drugs, which have been recommended by friends and family or 
by trusted barkers or are “welfare drugs”, whose only scientifically proven 
advantage is the benefit to pharmacists.

The effect of air pollutants on drugs and the reciprocal interferences would be 
an interesting subject, but it is not yet legible within scientific literature. In the 
meantime, the antipollution pharmacological proposal for primary prevention 
should be carefully considered. Drugs that show contradictory result (such as 
arterial hypertension and strokes) are certainly not justifiable; “general” drugs, 
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such as those with antioxidant or anti-inflammatory actions, are probably useful 
but should be recommended with caution [56, 101]. Drugs that follow reason-
ableness but not evidence (e.g. beta blockers and ARBs as better anti-hyperten-
sion drugs due to their antioxidant and hypotensive actions, or calcium channel 
blockers since they are protection of arrhythmias incurred by possible alterations 
of the myocardial calcium channels—see paragraph 7B.2) are only good as top-
ics of discussion.

Susceptibility to air pollution brought about by individual diseases (paragraph 6) 
is continuously reported in scientific research; in general, it concerns respiratory 
and cardiovascular diseases as well as diabetes.

The allocation of individual diseases to senior citizens in the name of comor-
bidity is certainly a complex theme, and one that cannot be studied in depth here, 
but it must be at clarified that comorbidity is not generally a list of diseases, but 
rather the sum of pathology/gravity, where gravity is a measure of the single 
pathology and moves the importance of the problem from the disease to the func-
tion [102, 103].

The effects of air pollution on individual organs and systems in senior citi-
zens were described in paragraph 6. The need for a structured medical examina-
tion is the foundation of clinical geriatrics and has been suggested sporadically 
in scientific works as being an effective intervention method. The doctor (and 
here we think of general practitioners, leaving specialist to their sub-fragmented 
entities) should all know the diseases, and their causes, in order to identify their 
effects on this or that system. But in our case (in a population that notoriously 
struggles to communicate general malaise) diseases, often with no declared 
symptoms, are attributed to misleading causes, or worse, are interpreted by 
assistants of any kind.

The suggestions for primary and secondary prevention aimed at senior citizens 
are the same that are aimed towards the rest of the population, therefore utilising 
well-made tools that can be found in absolutely reliable papers, websites, brochures, 
groups and entities. Reports will have to indicate the quality of air considering that, 
in good account, the older population is particularly susceptible and therefor sensi-
ble even to low concentration pollutants.

In addition, messages must be refined by taking into account the individual’s 
overall exposure including the protection from simultaneous exposure to heat and 
smog, the promotion (or the exclusion) of physical activity, advice regarding known 
interferences with drugs and diet, etc. Therefore, any attempt to “geriatrise” general 
advice will only reinterpret it along the lines of reasonableness and common sense.

Eighty years of age—as we have said multiple times, even in the introduction to 
this same paragraph—indicated the boundary between the biology of adult age and 
that of old age, meaning it is the beginning of biological frailty, as defined in para-
graph 2. Above and below that boundary, we will still have to consider comorbidity 
and the degree of physical autonomy (as well as psychological and social).

Dividing the older population into two age groups—one from 65 to 80 (which 
includes younger and medium-aged senior citizens and which is biologically closer 
to adults) and one over 80—would make sense, in that it would follow almost 
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objective criteria and could be advantageous; for example, we could provide the 
population below 80 with advice regarding long- and short-term exposure to air pol-
lution, and to that over 80 advice regarding short-term morbidity and mortality. 
However, in medical practice we will always find ourselves working with excep-
tions (which in these cases would become the rules), such as 65-year-old subjects 
with debilitating diseases or other comorbidities and 85-year-old patients that are 
healthy and almost omnipotent. From this stems a need (and an obligation) to alter 
and readapt general principles on the basis of each patient.

Paraphrasing Brook [9], a single valid reason pushes us to focus our attention 
and resources towards the primary prevention of damage caused by air pollution, 
and this reason is the absolute efficacy of the protection of groups at risk, with obvi-
ous short-term benefits. Other reasons, such as the reversibility of some functional 
damage, are less valid when applied to the over 80 population. Beyond the fact that 
reductions of PM levels exclusively decrease cardiovascular mortality, the possibil-
ity of reversible alterations to the respiratory system has not been proven (indeed it 
has been denied) [104].

Recommendations should be made to family doctors [105] and, more generally, 
to health professionals who interact with senior citizens as well as to the patients 
themselves, so as to put them in a position where they can accurately perceive the 
threat of exposure to air pollution on their health and they can implement protective 
behaviour. It is a matter of using intervention strategies capable not only of provid-
ing knowledge and understanding its benefits, so as to increase awareness regarding 
the seriousness of the problem, but also of modifying behaviour and aiming it 
towards the preservation of health [106].

Recommendations that tend to modify habits and behaviours should be viewed 
in terms of their effectiveness and should always be personalised to the specific age 
and functional status of the individual. Essentially, recommendations should be 
based predominantly on pragmatic logic (and not naivety), in accordance with 
which if the greatest proportion of pollution-related diseases stem from long-term 
exposure, then all interventions that keep people away from sources of long-term 
exposure should be associated with the greatest health benefits.

Recommendations must come from evidence-based scientific demonstrations. 
The treatment of traditional cardiovascular risk factors, when adequately proposed, 
could diminish the vulnerability of patients towards air pollution. This is equally 
true for patients suffering with respiratory diseases and in general for those with 
illnesses and biological conditions that increase the risk of pollution-based patholo-
gies [17] and therefore for all senior citizens aged above 65 with a cardiorespiratory 
disease as well as those over 80 with no somatic pathology. Even the recommenda-
tions that have not been shown to reduce adverse effects should anyway constitute a 
series of prudent and feasible measures [9].

The conscious knowledge amongst people of air quality indexes, of warnings 
issued by informational organisations and of consultations with health workers can 
significantly influence change in outdoor activity in a way that will avoid exposure 
to air pollution. This is to say that it is possible, through information, to educate 
people—regardless of their old age—towards new and protective behaviour [107].
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Note M. Simoni [2] cites two Latin American studies, which, although conducted in different 
times, show similar results:

Saldiva PH, Pope CA, Schwartz J, Dockery DW, Lichtenfels AJ, Salge JM, Barone I, Bohm GM: 
Air pollution and mortality in elderly people: a time-series study in Sao Paulo, Brazil, Arch 
Environ Health 1995; 50:159–63.

Romieu I, Gouveia N, Cifuentes LA, De Leon AP, Junger W, Vera J, STRAPPA V, Hurtado-Díaz 
M, Miranda-Soberanis V, Rojas-Bracho L, Carbajal-Arroyo L, Tzintzun-Cervantes G: Multicity 
study of air pollution and mortality in Latin America (the ESCALA study), Res Rep Health Eff 
Inst 2012;171:5–86.
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12.1  Introduction

Drug consumption in our modern society has reached unequaled proportions and it 
is still increasing. Recent data on the revenue of the worldwide pharmaceutical mar-
ket pointed out a potent increase in the global drug market starting from the 390.1 
billion US dollars for 2001 up to 1057.2 billion US dollars of revenue for 2014 (data 
taken from statistical website). We consider this data only for their general signifi-
cance, and we cannot examine the market of the different classes of drugs, but we 
report these data only to realize the massive diffusion of drugs in the world and the 
dimensions of this phenomenon. On the other hand, pollution represents another 
reliable problem due to its global dimensions. These two issues are not distinct, but 
they overlap one to another and they can influence heavily the human health. In fact, 
drugs and pollutants are metabolized by the same enzymatic systems, which will no 
longer be able to process these massive doses of substrates. In this chapter, we will 
consider the interactions between drugs and environmental pollutants based on sci-
entific evidence which appeared recently on the literature.

12.2  Drug Metabolism

To better understand the possible interactions between drugs and pollutants, it is 
important to briefly revise the different phases and machinery of the human drug 
metabolism. It is important to point out that the main aim of the human metabolism 
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is to eliminate all xenobiotics introduced by different ways into the human body and 
able to interfere with its homeostasis; this process is called detoxification. This 
important goal should be reached very fast in order to avoid any effects on the body 
machinery. The main strategy to maximize the xenobiotic elimination is generally 
based on the increase of their hydrophilicity in order to improve their elimination 
and/or excretion through the key system represented by kidneys into the urine. 
Different chemical reactions can contribute to this important process, and they are 
usually enzymatic reactions that take place mainly in the liver, although several 
enzymatic systems are ubiquitous in the body. The kidney is the major organ for 
drug excretion. It excretes hydrophilic drugs and drug metabolites through glomeru-
lar filtration. Detoxification process is related to different chemical modifications 
carried out on xenobiotic compounds to facilitate their elimination; however, the 
same chemical reactions responsible for these important processes might transform 
nontoxic xenobiotics into a toxic one by unmasking and/or activating some reactive 
chemical functions. More details about these processes will be reported below.

12.3  Metabolic Processes

Drug metabolism via the cytochrome P450 system has emerged as an important 
determinant in the occurrence of several drug-drug interactions. A greater degree 
of interaction predictability has been achieved through the identification of P450 
isozymes and some of the drugs that share them. Six different P450 isozymes—
CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP2E1, and CYP3A4—that play 
important roles in drug metabolism have been identified. Of these six isozymes, 
shared metabolism by the CYP3A4 isozyme has resulted in several clinically sig-
nificant drug-drug interactions. More information about the effects of certain 
drugs on enzyme-mediated biotransformation has led to identification of enzyme 
inducers and inhibitors, providing even greater insight into the nature of the inter-
actions. Cytochrome P450 represents a family of isozymes responsible for bio-
transformation of many drugs via oxidation. The enzymes are heme-containing 
membrane proteins, which are located in the smooth endoplasmic reticulum of 
several tissues. Although a majority of the isozymes are located in the liver, extra-
hepatic metabolism also occurs in the kidneys, skin, gastrointestinal tract, and 
lungs. Significant inactivation of some orally administered drugs is due to the 
extensive first-pass metabolism in the gastrointestinal tract by the CYP3A4 
isozyme.

12.4  Metabolic Reactions

Toxicants or their metabolic precursors, called protoxicants, are characterized by a 
common behavior with other compounds assumed by the human body (i.e., drugs), 
and in particular, they are subject to different processes as absorption, metabolism, 
temporary storage, distribution, and finally excretion. These compounds may gen-
erally undergo chemical modifications by enzymatic systems which normally 

V. Tumiatti et al.



217

process endogenous substrates. For example, the monoaminooxidase enzymatic 
system may process endogenous catecholamines as well as basic xenobiotic com-
pounds leading to deaminated and/or to oxidized xenobiotic compounds. This kind 
of reactions is normally referred to as biotransformations. To note, that exist also 
some biotransformation reactions not linked to an enzymatic system such as hydro-
lysis and some oxidation/reduction processes. However, the following metabolic 
phases classified as phase I and phase II reactions and reported herein are 
enzymatic.

The chemical nature of the xenobiotic is heavily related to the probability to be 
processed by an enzymatic system. In particular, compounds characterized by a 
high polarity (i.e., carboxylic acids) have a low degree of probability to undergo 
enzymatic processes, and also they hardly enter in the body (we simplify the situ-
ation not considering the presence of dedicated transport systems in the intestinal 
lumen). Nevertheless, if this occurs, they are quickly excreted. Also volatile com-
pounds are hardly subjected to enzymatic modifications due to their short stay in 
the body. The xenobiotics subjected more frequently to enzymatic reactions are 
those characterized by a lipophilic nonpolar backbone. These species present low 
hydrosolubility and, if not metabolized, the ability to bioaccumulate in the lipid 
tissues.

12.5  Phase I Reactions

The metabolic reactions are classified in two main classes and normally reported as 
reactions of phase I and phase II. They can occur at the same time, although they act 
in different ways on the xenobiotic structures. As reported, they are important to 
mitigate the effects of toxic substances.

Phase I reactions are those able to introduce reactive and polar functional 
groups into lipophilic xenobiotic backbone. The products are promptly conju-
gated with other hydrophilic compounds naturally present in the body to form a 
substance which can be readily excreted. The most important reactions of this 
phase are normally oxidation of different chemical groups characterized by car-
bon, nitrogen, sulfur, and phosphorous atoms. Reduction reactions also occur on 
reducible chemical groups by addition of hydrogen or removal of the oxygen 
atom. This class of metabolic reaction can include also some hydrolysis processes 
if a hydrolysable group exists on the xenobiotic chemical structure (i.e., ester, 
amides). This kind of reactions normally occurs in endoplasmic reticulum. Herein, 
we report a list of the different reactions of phase I with a brief description of their 
characteristics.

Epoxidation Normally it involves an addition of an oxygen atom to an unsaturated 
system. It occurs also on aromatic rings activating the reactivity of such compounds 
toward nucleophilic species (i.e., DNA) in a process called intoxication. The most 
famous example is related to the epoxidation of benzene ring introducing an epox-
ide group on the aromatic structure and increasing its reactivity. The resultant epox-
ide can also undergo to hydration by addition of water to the epoxide ring, resulting 
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in a phenol function. If this function is located on a benzene ring, the new function-
ality is called phenolic group and this process is very important to eliminate the 
aromatic compounds. This route is defined as aromatic hydroxylation.

Hydroxylation This process consists on the introduction of a hydroxyl group on the 
carbon chain and occurs in two typical positions, the first one called Ω and the sec-
ond one Ω−1, which correspond to the last or the penultimate carbon atom of the 
chain, respectively. If an aromatic ring is present, it can occur also on the first car-
bon atom linked to the aromatic ring (benzylic position).

Oxidative reactions also occur on non-carbon atoms such as oxygen, nitrogen, 
sulfur, and phosphorous leading sometimes to more toxic compounds. In addition, 
some oxidative reactions can be mediated by flavin-containing monooxygenase 
(FMO) which is specialized in the oxidation of amino derivatives such as neu-
rotransmitters (adrenaline, noradrenaline, serotonin, dopamine, and others) to car-
boxylic acid. This kind of reactions normally occur in the synaptic cleft just to stop 
the activity of neurotransmitters, but it can also take place on different substrates 
such basic xenobiotics, leading to more polar derivatives which can be easily 
excreted.

Oxygenated compounds, characterized by an alcoholic group, can be oxidized to 
aldehyde or carboxylic acids. This reaction is very important to metabolize ethanol 
but also to eliminate some toxic aldehydes (detoxification process) deriving from 
the body metabolism which can be oxidized to carboxylic acids. These compounds 
can undergo to phase II reactions and promptly eliminate (Table 12.1).

In addition to the oxidative reactions, also reductive metabolic reactions can 
occur on the different substrates. This kind of reactions is less common than the 
oxidative ones. Reductase enzymes are mainly located in the liver and to a lesser 
extent also in the lungs and kidneys. In addition, some reductions of xenobiotics can 
also occur in the intestines due to the presence of gut flora. In particular, aldehydes 
and ketones can be reduced to alcohol, sulfoxides to sulfides, disulfides to thiols, 
alkenes to alkanes, and finally azo and nitro groups to amines (see Table 12.2).

Finally, another class of metabolic reactions able to modify the structure of xeno-
biotics is represented by hydrolysis reactions. They may occur when on the xenobi-
otic structure hydrolysable functional groups such as esters and amides are present. 
This process consists on the addition of a water molecule to the hydrolysable group 
leading to a cleavage of the molecule in two species. In the case of ester, a molecule 
of carboxylic acid and another of an alcohol will be provided and, in the case of an 
amide, a carboxylic acid and an amine. The two enzymes responsible of these two 
processes are called esterases and amidases, respectively, and normally they are 
ubiquitous in the body. The resulting compounds might be more or less toxic than 
the parent compounds.
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12.6  Phase II Reactions

Phase II reactions are also defined as conjugation reactions because they link 
together two molecules, the xenobiotic compounds or their metabolites, with a sec-
ond one which normally occurs in the organism. Xenobiotics, metabolites, or other 
chemical species interact with an activated conjugation agent leading to new com-
pounds characterized by an increased hydrophilicity and thus more easily remov-
able. In this process, reactions of phase I are useful to introduce some “chemical 
handles” on the xenobiotic backbone in order to facilitate the conjugation process.

The classification of these important reactions is based on the different conjugat-
ing agent. One of the most common is the glucuronic acid which derived from a 
molecule of glucose with its sixth carbon atom oxidized to a carboxylic acid. It is 
activated in position 1 by a UDP group, where it can be attached by a nucleophilic 
group. Different atoms present on xenobiotics and endowed with nucleophilic abil-
ity are able to react with UDP-activated glucuronic acid (UDPGA), in particular 
nitrogen, sulfur, and oxygen atoms. The carboxylic group is normally ionized at 
physiological pH increasing the water solubility of the conjugated metabolites.

A second type of conjugation reaction involves glutathione (GSH) as conjugat-
ing agent. This molecule is characterized by a thiol group able to react with electro-
philic species. These compounds are very dangerous for the cell organization 
because they can easily interact with electron-rich structures such as DNA and pro-
teins causing serious damage to the cells. Different xenobiotic species such as epox-
ides, aromatic hydrocarbons, aromatic and alkyl halides, aromatic nitro compounds, 
and others are very reactive and can react with GSH. GSH is formed by the conden-
sation of three amino acids like glycine, cysteine, and glutamic acid. It acts as a 

Table 12.2 Main reductive metabolic reactions

Functional groups Process Products
R
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C O
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strong nucleophilic agent thanks to the loss of a proton on thiol group. It interacts at 
the beginning with the electrophilic species giving a GSH conjugate, and later there 
is a loss of the glutamyl and glycinyl residues with a final acetylation leading to a 
mercapturic acid conjugate. This final compound is readily excreted thanks to its 
high water solubility (see Table 12.3).

Another strategy to improve the hydrophilicity of xenobiotics is represented by 
the transfer of a sulfate on their structure, thanks to the enzymatic activity of sulfo-
transferases using 3′-phpsphoadenosine-5′-phosphosulfate (PAPS) as donating 
group. The presence of this residue facilitates the excretion of the conjugated xeno-
biotic due to the improvement of its water solubility. Other minor reactions of con-
jugation are also reported in literature, and they comprise condensation with some 
amino acids such as glycine, glutamine, taurine, and serine. Finally, the migration 
of an acetyl or a methyl group on nucleophilic residues is reported as strategy to 
firstly inactivate xenobiotic toxicity and secondly to eliminate them from the organ-
ism. The donors of the two chemical groups are acetyl coenzyme A and 
S-adenosylmethionine (SAM), respectively.

Table 12.3 Main activated conjugating agents
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12.7  Bases of Interactions Between Drugs and Pollutants

As reported in literature by Ariens [1] some years ago, interactions between chemi-
cals may occur during the different phases of the toxication and detoxication pro-
cesses in the human body, in particular, in the pre-absorption (exposure), 
chemokinetic (distribution), and chemodynamic (action) phases. Only in the last 
years it has been considered the interactions between drugs and pollutants, although 
the concentration values of the latter cannot reach remarkable values. This result has 
been possible thanks to the development of new techniques of detection and cellular 
investigations. The interactions can be of different types: noninteractive (indepen-
dent) and interactive (synergistic or antagonistic). Normally, the small molecules 
may enter into the cells and/or excreted by one or more than the following basic 
mechanisms: passive diffusion, active and facilitated transport, and endo- and exo-
cytosis. The first mechanism is the most common of uptake and excretion of lipo-
philic chemicals. Most of the interactive reactions may occur during the facilitated 
and active transport phase considering that chemicals able to use these processes 
should resemble to the endogenous compounds. Both modes of transport have an 
important role in the excretion of exogenous chemicals, including common metabo-
lites deriving from their conjugation with glucuronic acid. A lot of examples for 
competition between the different metabolites of exogenous chemicals for the active 
excretion system at renal level have been so far reported. Little is known about the 
cellular distribution of exogenous chemicals in the different cell compartments and 
this process may play an important role in their cell distribution. As reported above, 
it is crucial to consider the possibility of biotransformation of the chemical species 
by enzymatic reactions which may deeply influence their chemical properties and 
consequently their behavior inside the cells. These exogenous chemical species and 
their metabolites may interact with different targets inside the cells leading some-
times to toxic effects. These targets are usually represented by enzymes, nucleic 
acids, membrane receptors, and cofactors, but in addition, they may modify the 
physicochemical environment (i.e., pH, redox potential, ionic composition). Finally, 
the formation of reactive species from the xenobiotic metabolism should be consid-
ered, which may lead to massive cell damages. We can mention the formation of 
highly reactive electrophilic or free radical metabolites and/or the formation of reac-
tive oxygen species (ROS). The presence of two or more chemicals can be respon-
sible of multiple cell damage due to the contribution of each species to the entire 
process. This contribution can be additive or synergistic. The final result will still be 
a damage to some cell structures which should be repaired to avoid the triggering of 
the apoptotic pathway, which leads to the cell to death.

In addition to common pathways of metabolization of pollutants and drugs, other 
different mechanisms, involved in possible interactions between drugs and pollut-
ants, were very recently taken into account [2]. A particular outward transport sys-
tem is represented by P-glycoprotein system (P-gp), which is a natural detoxification 
system expressed in normal tissues characterized by secretory or barrier functions. 
It is found in the small and large bowel, biliary canaliculi, proximal tubules of the 
kidney, vascular endothelial cells of the central nervous system, placenta, adrenal 
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glands, and testicles. This system consists of an efflux pump through which a drug 
or other substances can be (r)ejected outside the cell. It is presently accepted as an 
important factor of distribution and excretion of drugs. Possible interactions of pol-
lutants with this system can reduce its efficacy in the outward drugs transport 
thereby sensitizing the human body to toxic chemicals that would otherwise be 
effluxed. Such system is also responsible for many cases of drug resistance in bac-
teria, cancer cells, and plasmodia due to its ability to reject the drug, once diffused 
in the cell compartment through the cell membrane, outside the cell again. More 
generally, it is reported on the ability of different pollutants to act as inhibitors, 
substrates, or inducers of different drug transporters systems. In a review published 
on Expert Opinion [3], the authors reported a brief overview of the different drug 
transport systems involved in the interaction with drugs or other substances. These 
systems may also competitively interact not only with pollutants but also with dif-
ferent xenobiotic conjugates, preventing the drug efflux and leading to an increase 
in their concentrations inside the cells, which is responsible for their toxic effects. 
Now a list of some examples related to interactions between pollutants and drugs 
will be reported below. It will be given a brief description of the interaction between 
pollutants and drugs just to better understand the context and the dimension of the 
problem, referring to the cited articles for more details.

12.8  Examples of Interactions Between Drug(s) 
and Pollutant(s)

We have reported the general mechanisms of human body detoxification. It is clear 
that cross interactions between different chemicals (pollutants and/or drugs) may 
lead to a general inhibition of the chemical metabolism resulting, in the case of 
drugs, in an increase of their concentration in human body and consequent amplifi-
cation of their side effects. It is the case reported by Li et al. [4] about the inhibition 
of drug metabolism due to the presence of endocrine-disrupting chemicals (EDCs) 
in the body. In particular, they investigated the effect of EDCs on the metabolism of 
zidovudine (also known as azidothymidine (AZT)), a special drug used in the pro-
tocol for AIDS treatment. EDCs are well-known chemicals widely distributed and 
able to interact with the human hormone system by mimicking or blocking hormone 
activity. One of the most famous EDCs is bisphenol A (BPA) used as monomer for 
the production of polycarbonate and also as precursor of epoxy resins. There are 
scientific evidences about the contamination of babies by BPA, because they can be 
frequently exposed to this contaminant. In fact, they normally assume liquid milk 
by cans which can be contaminated by BPA. The exposure to this contaminant has 
been correlated with different diseases such as cardiovascular disease and diabetes 
as well as to an increase of inflammation and oxidative stress. BPA is mainly elimi-
nated through its conjugation with activated glucuronic acid (UDP-
glucuronosyltransferases). The interaction of this pathway with other chemicals can 
inhibit the elimination of different drugs causing an increase of their staying and 
levels in the human body with relative intensification of their side effects.
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Investigations about the influence of BPA on the elimination of azidothymidine 
(AZT) were carried out, through in vitro experiments by Li et al. [4]. These experi-
ments verified a concentration-dependent inhibition of BPA toward AZT glucuroni-
dation. On these bases, the authors conclude that metabolic elimination of some 
clinical drugs can be affected by the presence of BPA through the influence on the 
UDP-glucuronosyltransferases.

Another paper on the same topic published by Verner et al. [5] confirmed these 
results by determining the influence of different drugs on glucuronidation of BPA 
and nonylphenol in the hepatocytes of rats. BPA and nonylphenol are endowed with 
endocrine-disrupting properties. BPA is a component of polycarbonate plastics; 
nonylphenol derives from the biodegradation of nonylphenol polyethoxylates, used 
in many products such as latex paints and cosmetics. Their toxic effects are linked 
to the ability of these compounds to interact with estrogen receptors, and their traces 
were found in human blood, breast milk, and fetal serum samples. They are exten-
sively metabolized in the rat liver and intestine mainly as glucuronic acid conju-
gates. The simultaneous exposure to these chemicals together with drugs can 
potentially cause pharmacokinetic and pharmacodynamic interactions.
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The elimination of these chemicals is normally very fast as inactive glucuroni-
dated metabolites. A metabolic inhibition of this important pathway by drugs such 
as naproxen, salicylic acid, ibuprofen, and diclofenac can lead to a dramatic increase 
of the internal levels of the chemicals due to a potential competitive interaction by 
drugs with the conjugation system. Furthermore, the conjugation of some drugs 
with glucuronic acid may lead to a depletion of cofactor UDPGA, thus influencing 
the biotransformation of BPA and nonylphenol and impacting on the toxicity of 
these chemicals. The results of this investigation demonstrated that the biotransfor-
mation of these chemicals through glucuronic acid conjugation was significantly 
inhibited by many drugs in freshly isolated rat hepatocytes [5].
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The same group more recently has investigated the role of naproxen, salicylic 
acid, and valproic acid on the pharmacokinetics of trichloroethylene (TCE) and its 
metabolites in rats. TCE is a volatile chlorinated hydrocarbon solvent widely used 
in a large spectrum of industrial applications. It is estimated that about 3.5 million 
of workers are exposed to TCE each year and about 60% of the worldwide produc-
tion is released in the atmosphere and in oceans. It represents a serious environmen-
tal hazard since its recycling and disposal is problematic. TCE can be easily inhaled 
by the workers, and also general population can be exposed to this pollutant which 
was detected in the ambient air in a concentration range of 0.01–0.3 ppb or higher 
concentrations in drinking water. Several health risks were reported about its 
assumption by the humans. In the website of Agency for Toxic Substances and 
Disease Registry, it is reported that TCE is carcinogenic to humans (evidence for 
cancer is based on kidney cancer, limited evidence for non-Hodgkin lymphoma and 
liver cancer, as well as various tumors in animals). The co-exposure to TCE and 
drugs can present more potential dangerous effects due to a possible cross interac-
tion. This can be due to the pharmaceuticals metabolism which can affect those of 
TCE in the liver. In particular, its pharmacokinetics and pharmacodynamics and in 
general its toxicity in target tissue can be improved by the simultaneous drug con-
sumption. This investigation was carried out on rats treated with the different drugs 
(bolus dose equivalent to tenfold greater than the recommended daily dose) and 
exposed to TCE inhalation (50 ppm for 6 h). It is worth to mention the metabolism 
of TCA because it can define its possible interactions with drug metabolism. TCE is 
oxidized in the first step to chloral hydrate and then in trichloroacetic acid or by 
reduction in trichloroethanol. In parallel, it can be conjugated with GSH leading to 
a cysteine derivative. Haddad and coworkers considered three common drugs in this 
study which can undergo GSH conjugation as well as other metabolic CYP-
dependent pathways, demonstrating an influence of naproxen on TCE metabolism. 
This interaction should be taken into account for adequate risk evaluation and man-
agement related to TCE exposure [6].

The same group investigated the effect on TCE metabolism by the presence 
of 14 widely used drugs in human-suspended hepatocytes. The drugs comprised 
in this investigation are mainly excreted as glucuronic acid conjugates in order 
to maximize their elimination from the human body. Also TCE is metabolized 
by the same pathway, and the competition for the same process can lead to an 
increase of the drugs and/or TCE levels in the human body resulting in an 
increase of side or toxic effects. As reported above, it is important to note that 
TCE is classified as carcinogenic substance, but also its main phase-I metabo-
lites (chemical structure modifications) are associated with harmful effects. The 
results of this investigation revealed that of the entire group, only two drugs are 
endowed with the ability to interact with TCE metabolism. In particular, 
naproxen and carbamazepine are able to inhibit the formation of the conjugate 
between trichloroethanol (a metabolite of TCE) and glucuronic acid. The 
authors conclude that it is necessary to carry out an in vivo investigation for an 
adequate assessment of the risk to human health due to the metabolic interac-
tions between TCE and the 14 investigated drugs [7].
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The drugs are administered usually when necessary or for short period, unlike 
drugs of abuse that are taken for long period, and in this case, it is interesting to 
investigate the interactions between these compounds with pollutants. Carvajal 
et al. [8] reported some experimental evidence on this subject. Starting from the 
continuing exposure of humans to a variety of environmental neurotoxicants includ-
ing herbicides, insecticides, fungicides, and pesticides, which alone can already 
cause health problems, they reported the effects of these chemicals when adminis-
tered simultaneously with drugs of abuse such as heroin, cocaine, methamphet-
amine, and alcohol. The first report was on formaldehyde, a volatile compound 
widely used in the wood industry, which demonstrated the capacity to exhibit cross- 
sensitization with cocaine depending both on the dose and on the pattern of expo-
sure to this volatile chemical. A second report is based on the possible interactions 
between heavy metals and drugs of abuse. The human exposure to these agents is 
very common through a variety of sources, and it can alone produce deleterious 
effects on human health. The different data reported in the literature contribute to 
forming a framework not very clear on the possible interactions between heavy met-
als and drugs of abuse. In fact, some studies demonstrated a possible potentiation of 
the effects of the different drugs of abuse in the presence of different heavy metals; 
on the other hand, other investigations showed an attenuation of the effects. The 
situation is still unclear, and the authors concluded that exposure to lead during the 
development can cause long-term changes in the response that these individuals 
give to drugs of abuse in adulthood. A lot of investigations were carried out on the 
effects of ethanol with neurotoxicants. Ethanol is the most famous and common 
drug of abuse used worldwide. In Europe it has been estimated that the pro capita 
consumption of alcohol is about 10 l of pure ethanol per year, with the consequent 
problems related to health and socioeconomic effects. On this basis, we can assume 
a more likely exposure to pollutants and neurotoxicants by alcohol consumers. One 
of the effects observed in animals exposed to ethanol for 8 weeks and lead is an 
increase of the latter in the blood and brain. Other effects were observed after lead 
or aluminum exposure together with alcohol, demonstrating the possible interac-
tions between them. These effects range from the decrease of dopamine levels to 
reduced behavioral sensitivity to cocaine, indicating an intriguing framework of 
interactions. In the case of pesticides, it has been firstly considered the direct effects 
of these chemicals on the different target organs and/or systemic pathways and sub-
sequently the possible interactions with the drugs of abuse. In particular, several 
investigations were devoted to elucidate the interactions between organophosphate 
and nicotine or ethanol. Epidemiological studies described a persistent intolerance 
to these two drugs of abuse in German workers involved in the manufacturing of 
chemical weapons during the World War II. The same was observed more recently 
in veterans of Gulf War, who presented intolerance to low doses of ethanol. 
Unfortunately, no more studies were carried out on the direct exposure of humans 
to these agents. Investigations on animals showed the enhanced effects of nicotine, 
partially explained through the inhibition of the enzyme acetylcholinesterase by the 
organophosphates, leading to acute cholinergic overstimulation at nicotinic and 
muscarinic synapses of peripheral autonomic and central nervous system. In 
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addition, other receptor systems were considered in order to explain the acute and 
lethal action of exposure to organophosphate agents such as glutamatergic and 
GABAergic receptor systems. Several more data were collected relatively to a pos-
sible interaction between alcohol and organophosphates deriving from the observa-
tion that the exposure to organophosphate reduced voluntary ethanol drinking and 
increases its sedative effect. In conclusion, the authors suggest that organophos-
phates can affect the brain systems at the central level involved in neurobehavioral 
response to ethanol. However much studies need to be developed in order to further 
identify and characterize the mechanisms involved in such interactions.

As reported above, Nicklisch et al. [2] reported on the ability of pollutants to 
interact with P-gp system; in particular, they identified specific congeners of organo-
chlorine pesticides, polychlorinated biphenyls, and polybrominated diphenyl ethers 
able to inhibit mouse and human P-gp (Fig. 12.1). They have approached the prob-
lem in the classical way starting from the structure of P-gp and verifying the ability 
of different pollutants to interact with it. To this aim, they carried out a series of 
biochemical and cellular assays on human and mouse P-gp in order to identify spe-
cific POPs able to inhibit this transport system. Interestingly, they validated the 
results on one of these congeners (polybrominated diphenyl ether) by using X-ray 
crystallography and verifying the binding of this chemical in the ligand pocket of 
the transporter, providing the first snapshot of a pollutant binding to P-gp. Finally, 
to provide more details about the environmental relevance of the different POPs on 
P-gp, they measured their level in yellowfin tuna (Thunnus albacares) and used 
these data to examine the effects on the human health of a representative POP mix-
ture influencing the transport activity of human P-gp. They found relevant values of 
POPs in some samples of tuna tissues (total POPs 12.6 μM) which could affect 
vulnerable populations such as neonates, in which the xenobiotic metabolism is still 
not fully active. We have reported in detail the results of this paper just to demon-
strate that interactions between drugs and pollutants are not only hypotheses. 
Scientific evidence coming from ongoing toxicological studies reveal the potential 
toxic effects of pollutants-drugs interaction.

Furthermore, it was observed that other chemicals can interfere with other drug 
transport systems. Fardel et al. [3] reviewed environmental chemicals as substrates, 
inhibitors, or inducers of drug transporters. They reported that a long series of 
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environmental contaminants interact with different transporter causing an increase 
in the toxic effects of the drugs due to the lower rate of elimination. In addition, the 
authors also reported the ability of some environmental chemicals to modulate the 
drug transporter expression. This means that pollutants can interact with intracel-
lular receptors, which translocate into the nucleus where they dimerize with recep-
tor nuclear translocators and interact with specific responsive elements. Based on 
this mechanism, many contaminants can interact with xenobiotic-sensing receptors 
such as aryl hydrocarbon receptor (AhR), pregnane X receptor (PXR), constitutive 
androstane receptor (CAR), and peroxisome proliferator-activated receptor alpha 
(PPAR alpha) and, after their activation (agonistic behavior), alter the expression of 
these transporters. Besides this mechanism, some environmental chemicals are able 
to modulate transport systems without drug-sensitizing receptor interactions. For 
example, low doses of ochratoxin A (mycotoxin) to rats induce expression of 
organic anion transporter (Oat1,3,4,5), which causes an accumulation of this substance 
in the kidney leading to a probable nephrotoxicity. The opposite effect was observed 
with high doses of ochratoxin A.  Finally, an organophosphate called diazinon 
showed to induce the P-gp expression in intestinal Caco-2 cells, without affecting 
the levels of RNA messenger of multidrug resistance protein (MDR1). Other indica-
tions arise from transporter knockout mice which reveal the role of the transport 
systems in the deposition of the chemicals in the different body districts. The pres-
ence of such transport at intestinal level may have a role in carcinogenesis processes 
because they can determine the intake or not of particular substances which can 
contribute to cancer formation or can contribute to defeat the body from carcino-
gens. The role of transporters was also demonstrated at the level of blood-brain 
barrier, which is responsible for the penetration of pesticides in the brain leading to 
neurologic disease. However, it is worthy to note that the deposition of different 
chemicals inside the body sometimes depends on passive transport system based on 
the concentration gradient between the outer and inner part of the cell membrane.

At the end of this overview on the effects of the pollutants on the pharmacokinetics 
and pharmacodynamics of the different drugs, we would like to show the results from a 
paper of Ahmad and coworkers. They reported one of the first examples of the direct 
effect of pollutants on the conformation and biological activity of a protein such as 
human serum albumin (HSA) [9]. In particular, they analyzed the structural changes in 
HSA induced by different pollutants such as 1- and 2-naphtol and its isostere 8-quinoli-
nol by circular dichroism, fluorescence spectroscopy, and dynamic light scattering. 
From these investigations, the authors discovered that the interactions between pollut-
ants and HSA determined changes in HSA tertiary structure, enhancing its thermal sta-
bility and enzymatic activity as beta-lactamase. The authors postulated and concluded 
that in humans exposed to these pollutants, (a) the determination of HSA concentration 
by enzymatic assay can be erroneous, (b) the beta-lactams’ resistance can be enhanced, 
and (c) the dose regime of beta-lactams antibiotics, and those of other drugs able to 
interact with HSA, should be carefully considered.
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Other papers were published concerning the possible interactions of different 
pollutants with drugs. Scientific evidence has arisen from these investigations about 
potential interactions between drugs and pollutants, which however need to be con-
firmed through in vivo experiments to better mimic the conditions which may occur 
in the human body when exposed to different kind of pollutants at different concen-
trations. Finally, chronic effects should be also considered to have a whole vision of 
all effects.

 Conclusions
Environmental pollutants may theoretically affect the pharmacokinetics of sev-
eral drugs prescribed to and used by humans. The result is a contaminant-drug 
interaction that can involve drug transporter activity or expression. Since the 
exposure to environmental pollutants can induce toxic effects on the liver or 
kidney, i.e., organs involved in drug disposition, they can alter the functional 
expression of hepatic or renal transporters and decrease biliary or renal clear-
ance. Recent studies has evidenced that several pollutants can act as endocrine 
disruptors and, by this way, may impact on hormone-regulated drug transport-
ers and modify carrier-mediated transport of drugs. However, the consequences 
of those interactions are scarcely defined. Further studies should be performed 
to characterize the in vitro interactions for a wide range of pollutants through 
the use of high-throughput screening technologies. In a second step, in vivo 
studies should be realized to define the repercussion of transporter modulation 
on the pharmacokinetics of drugs that are substrates of pollutant- targeted 
transporters. In a third step, the results from the in vitro and in vivo toxicologi-
cal studies should be integrated with data from exposure science. This step is 
critical. Experimental studies are often conducted with dose levels much higher 
than those achievable in human population. Furthermore, human population is 
exposed to a mixture of environmental pollutants. The components of the mix-
ture can interact with each other, and the effects of the pollutants in the mixture 
toward transporters can be synergistic, additive, or antagonistic. An aspect 
deserving attention is that the biological responses in humans throughout the 
life span can be influenced by the exposures from the environment, diet, behav-
ior, and endogenous processes. In 2005, Dr. Christopher Wild coined the term 
“exposome” and suggested that the exposome “encompasses life-course envi-
ronmental exposures (including lifestyle factors), from the prenatal period 
onwards” [10]. The concept of exposome can play a pivotal role in defining the 
human exposure to environmental pollutants because it places that exposure 
within the broader context of diet, behavior, and other exogenous and endog-
enous agents and incorporates how human body reacts to environment pres-
sures, including epigenetic changes and mutations, as well as its biochemical 
reactions.
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13Epigenetic Effects of Air Pollution

Ernesto Burgio and Agostino Di Ciaula

13.1  Introduction

According to the WHO, 12.6 million deaths globally (23% of all deaths) were attrib-
utable in the 2012 to the environment, and, considering both death and disability, 
the global burden of environmental-related disease is 22% (95%CI 12–32) [1]. A 
considerable part of this burden is due to atmospheric pollution and principally to 
fine particulate matter (PM) that could be responsible for 3.2 million deaths per year 
and 76 million years of healthy life lost [2]. These assessments are certainly and 
strongly underestimated, since these did not consider a number of diseases (i.e., 
diabetes and other insulin-resistance-related disease, chronic neurological diseases, 
endocrine and immune disorders, perinatal and pregnancy disorders, miscarriage, 
etc.) not “classically” related to environmental pollution but having well- 
demonstrated pathogenic links with it.

In particular, the incidence of a number of chronic diseases including cancer 
(and, principally, childhood cancer [3]), neurodevelopmental disorders [4], psychi-
atric and neurodegenerative diseases (i.e., Alzheimer disease [5]), metabolic disor-
ders such as obesity [6–8], type 2 [9] and type 1 diabetes [10, 11] is rapidly rising 
worldwide, being currently recognized as the twenty-first-century epidemiological 
transition [12].

Genetic factors seem to have a limited impact on the continuous increase of all 
these diseases, taking into account the relatively short period in which these 
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variations are occurring, as compared with the large time window requested to 
establish genetic changes at a population level.

On the other hand, in relation to the origins of noncommunicable diseases, a 
critical role is emerging for environmentally induced epigenetic changes (heritable 
variations in gene activity and expression that occur without alteration in DNA 
sequence [13–16]), principally for the ones that could negatively affect the fetal 
programming (which relates to the concept of developmental plasticity, where genes 
can express different ranges of physiological or morphological states in response to 
the environmental conditions during fetal development) [17], with later health con-
sequences of in utero and/or perinatal exposure and even transgenerational trans-
mission of risk [18, 19].

On the other hand, it is important to emphasize that most of these epigenetic 
changes are potentially modifiable by environmental and therapeutic interventions, 
which could make it possible to put forward definite primary prevention measures.

13.2  What Air Pollution Really Means

According to the WHO, “air pollution” is a heterogeneous mixture of gases and 
solid particles, each component having potential effect on the human body [20]. But 
is this definition really exhaustive?

 – Air pollution is not only a more or less significant increase of indefinite pollut-
ants able to promote respiratory injuries, heart attacks, and strokes in vulnerable 
people for constitutional reasons or age. It is a mixture of toxic gases, heavy 
metals, ultrafine particulate, and persistent and not biodegradable toxic mole-
cules able to enter the human body through airways and/or by foods, to reach the 
blood, to easily cross all biological barriers (including placenta, blood-brain bar-
rier, cell and nuclear membranes), to access the central nervous system and 
embryo-fetal tissues during their early development, to interfere with all the 
inter- and intracellular signaling pathways and with hormonal systems, and, 
therefore, with all the major biochemical and molecular mechanisms, including 
the main steps of gene expression: chromatin variations, transcription and trans-
lation of gene sequences, protein folding, and activation of mobile genetic ele-
ments, in particular in the brain tissue.

 – Air pollution does not only produce thousands of deaths per day (more than 7 
million preventable deaths/year according to the WHO) but is also one of the 
major determinants of chronic systemic inflammation (or subacute low-grade 
inflammation) which accompanies us for most of our lives opening the way to 
atherosclerosis, cardiovascular and cerebrovascular diseases, immunological 
disorders such as allergies and autoimmune diseases, endocrine and metabolic 
diseases including obesity and diabetes, neurodevelopmental and neurodegen-
erative disorders, and cancer. Not coincidentally, all these diseases are largely 
increasing, as already mentioned (the epidemiological twenty-first-century tran-
sition) [12].
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 – Above all, air pollution interferes with cell differentiation and proliferation of:
 (1) Stem cells in various adult tissues (particularly during chronic stress or tissue 

damage, interfering with cell differentiation [21] and/or opening the way to 
proliferative processes [22])

 (2) Embryo-fetal cells during the whole period of ontogenetic development, 
strongly conditioning (throughout life) cell differentiation and, therefore, the 
epigenetic programming of different tissues and organs and of the entire 
system [23]

 (3) The gametes, with potential transgenerational effects, as demonstrated by 
numerous toxicological and epidemiological studies [24, 25]

13.3  A Polluting Agent Widely Pervasive and Toxic 
to the Development: The Ultrafine Particulate

Particulate matter (PM) is composed of particles of different composition and size 
ranging from nanometric scale up to tens of micrometers. PM10 (particles with a 
diameter less than or equal to 10 μm) are usually retained and transformed at the 
level of upper airways/lung. PM2.5 (particles with a diameter less than or equal to 
2.5  μm) penetrate deeply (lower airways) and are able to cross the blood-lung 
barrier.

There is a direct relationship between the air concentration of PM and human 
health [20], with damages starting at a subcellular and cellular level [26–31]. The 
major pathogenic mechanisms induced by acute and chronic exposure to PM include 
oxidative stress [32], vasoconstriction [33], pro-thrombotic [34] and antifibrinolytic 
[33] activity, ischemic damage induction [35], genotoxicity [36], insufficient DNA 
repair [37], and altered gene expression.

No apparent threshold exists below which the association between the air con-
centration of PM and adverse health effects no longer applies [38], and there is a 
direct relationship between PM10, PM2.5, and various diseases for concentration 
levels ranging from 0 to up to 200 μg/m3 [39].

Of note, the health hazards of PM are inversely proportional to the diameter of 
particles, being maximal in the case of ultrafine particles (UFP, < 0.1 μm), which 
are able to cross all anatomic and functional barriers (including the blood-brain 
barrier [40] and the placenta [41]) and to penetrate cells (starting from lung mac-
rophages, directly interfering with local [42, 43]), transporting toxics everywhere 
throughout the body. Moreover, and above all, ultrafine and fine particles are very 
high in number. They have have greater total surface area than particles with larger 
size and are able to absorb and retain a number of toxic substances due to their 
spongy surface [44].

UFP health impacts are quite different than PM10 effects [45] and unfortu-
nately they are not currently regulated by national air quality standards, although 
they represent a major threat to human health [46–50], principally due to their 
high capacity to quickly evade the lungs and to deposit in extrapulmonary tissues 
[51, 52].
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As compared with greater particles, UFP have a largely wide surface in relation 
with volume, are able to transport a large amount of adsorbed toxics and have much 
more pronounced pro-oxidative and pro-inflammatory properties [53, 54].

UFP are not routinely measured in any part of the world and are able to remain 
suspended in the atmosphere for days and to be transported by wind traveling hun-
dreds of kilometers [55]. All toxic particles (including UFP) are generated by com-
bustion processes, including motor vehicles [56] (with an emission rate of about 
1015 UFPs/km [57]) and industrial procedures processing fossil fuels [58–61], bio-
mass [60, 62], or waste [63, 64]. Of note, besides direct emission, particles (includ-
ing UFP) can also take origin in the ambient air (i.e., secondary particulate), 
following chemical reactions between precursors (i.e., sulfur dioxide, nitrogen 
oxides, ammonia) [64–71] and having the same harmful effects of primary particu-
late [71].

Particularly critical targets for UFP are pregnant women and the fetal develop-
ment. Actually the fetal development is a vulnerable period for many toxic sub-
stances, in particular considering the immune system development, which might be 
strongly secondarily affected by maternal exposure [72]. UFP can induce apoptosis 
in cultured human umbilical endothelial cells [73], and it has been shown that nano- 
sized particles are able to cross the human placenta [41, 74], moving easily in fetal 
tissues and in particular translocating in the fetal brain [75], contributing signifi-
cantly to the negative effects of road traffic on brain development [76].

In animal models it has been shown that nanoparticles may be cytotoxic to tro-
phoblasts [77] and are able, in offspring, to alter postnatal growth [78], to damage 
kidneys [79], to induce allergic or inflammatory effects [80] and neurobehavioral 
disorders [81–83], and to affect the reproductive function [84].

13.4  The Epigenome as the Main Link Between Air Pollution 
and Disease Occurrence

Epigenetic mechanisms have been indicated as the key factor in the pathogenesis 
of several diseases, due to exposure to toxic agents [85] during fetal development 
[86, 87]. The epigenome should be considered as a dynamic molecular network 
 surrounding the DNA, opened to the stimuli deriving from the environment that will 
induce (for life) the programming of the phenotype, without changing the DNA 
sequence [87].

Many studies indicate the main epigenetic mechanisms (DNA methylation 
[88], histone acetylation/deacetylation, and noncoding microRNAs mediating 
gene- silencing [89]) having structural or regulatory functions [90] as the essential 
intersection between environmental factors and the inherited nucleotide polymor-
phisms in the determination of noncommunicable diseases, including endocrine 
and metabolic [16, 91], neurobiological [92], and immunological [93, 94] dis-
eases and cancer [14].

Black carbon and PM2.5 are able to decrease LINE-1 and Alu element methyla-
tion, which increases their activity as retrotransposons in human blood cells 
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according to time-related variables [95]. A decreased global DNA methylation in 
whole blood from non-smoking adults has also been associated with environmental 
exposure to NO2, PM10, and ozone [96]. Altered DNA methylation secondary to 
environmental pollution has been linked (also in the short term) with blood pressure 
[97], heart rate variability [98], alterations in cardiovascular biomarkers [99], higher 
fasting blood glucose levels in nondiabetic subjects [98], asthma [100], impaired 
systemic immunity [101], and metabolic diseases [91].

Of note, epigenetic mechanisms may also be involved in transgenerational trans-
mission of risk through exposed pregnant women and/or heritable germline 
epimutations.

It has been recently demonstrated the presence of differential offspring DNA 
methylation in mitochondria-related genes following NO2 exposure during preg-
nancy, with a concurrent altered expression of genes involved in antioxidant protec-
tive pathways [102].

On the other hand, animal studies have suggested that exposure to chemical tox-
ics in adult age or during early life (prenatal exposure) is able to alter the DNA 
methylation patterns in germ cells, with transgenerational transmission of these 
alterations and subsequent phenotypic effects [103]. The epigenetic transgenera-
tional inheritance has been shown in a variety of species, including humans [104]. 
It has been also suggested that induction of epigenetic transgenerational inheritance 
of sperm epimutations by environmental factors is able to promote genome instabil-
ity and acquisition of genetic mutations in later generations, pointing to a combina-
tion of environmental-induced epigenetic and genetic variations in the 
transgenerational determination of phenotypes [105].

13.5  Environment, Epigenome, and Cancer

Unlike the majority of cancers in adult age, childhood cancer has a short latency 
(months or years) before occurrence, which emphasizes the importance of environ-
mental factors causing the disease, acting in a limited and well-recognizable time 
window through specific mechanisms (gametal/transplacental exposure, epigenome- 
mediated alterations in gene expression, epigenetic transgenerational inheritance).

In the last decades (1970–2012), a slow but progressive rise in the incidence of 
some leukemias and brain cancers (the most frequent types of pediatric cancer) has 
been reported in US children and adolescents (0–19 years), with brain cancer sur-
passing leukemia as the leading cause of cancer death in this age group [106].

An increasing trend has also been noticed, in US children, for differentiated thy-
roid carcinomas [107]. Besides US children, a significant increase in cancer inci-
dence rate has been reported (years 2000–2010) among Chinese children [108], and 
an increasing trend for pediatric hepatoblastoma (an embryonal tumor) has been 
reported, in the period 1991–2012, in Germany [109]. Data from 33 population- 
based cancer registries in 15 European countries (ACCIS, period 1978–1997) 
showed an increasing trend (average yearly percentage change of 1.1%) including 
the most common cancer types (soft tissue sarcomas, brain tumors, tumors of the 
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sympathetic nervous system, germ-cell tumors, carcinomas, lymphomas, renal 
tumors, and leukemias [3]). Moreover, ACCIS data showed the maximum increase 
in the first year of age, suggesting a critical role for transplacental and/or transgen-
erational (epigenetic/germline) exposure to environmental toxics.

These data, taken together, would suggest a critical role for environmental fac-
tors and for their epigenetic effects, which seem to be of major importance as com-
pared with the hypothesis of stochastic genetic mutations, whose fast increase in a 
few decades would be difficult to explain. Several observations demonstrated an 
increased occurrence of cancer in children exposed to pollution and/or living in 
contaminated sites [110–115].

An increased risk of neuroblastoma has been detected in children whose mother 
was exposed to solvents (in particular aromatic hydrocarbons) in the preconcep-
tional period [116], and paternal preconceptional occupational exposure to polycy-
clic aromatic hydrocarbons is linked with increased risks of all childhood brain 
tumors [117].

In children, specific variations in DNA methylation have been shown as a poten-
tial mediator of environmental risks in the onset of acute lymphoblastic leukemia 
[118], have been described in malignant gliomas [119], and are associated with 
tumor progression and poor prognosis in brain tumors [120].

Specific epigenetic mechanisms seem to have a critical role also in the determi-
nation of cancer in adults [121–124]. In particular, disturbed epigenetic regulation 
of gene transcription has been described in hematopoietic malignancies [121], 
microRNAs might have a specific role in the promotion of lung inflammation and 
carcinogenesis [125], and DNA methylation seems to have direct relationships with 
carcinogenesis [123, 126]. Also in adults, epigenetic changes are linked with envi-
ronmental exposure to toxics. In fact, it has been shown that traffic-related air pol-
lution is able to induce alteration of the DNA methylation pattern in human lung 
cells [127], Downregulation of miR-144 has been shown critical for air pollution- 
related lung cancer [128], and exposure to polycyclic aromatic hydrocarbons is 
linked with hypo- or hyper-methylation at multiple promoter regions in women with 
breast cancer [129].

Some years ago the English epidemiologist Ernest Knox analyzed the addresses 
of children who died of cancer in Britain between 1955 and 1980, showing that the 
risk increased significantly not so much for children born and/or raised near busy 
roads, gas stations, bus stations, and industrial facilities as for the children of 
women living in these areas during the period of pregnancy [130, 131]. Both the 
ACCIS data and the Knox studies that focused on the relationship between air pol-
lution and cancer (according to Knox a quarter of childhood cancer has this origin) 
brought a significant contribution to the thesis of a possible transplacental or trans-
generational transmission of children cancer [14], which is also confirmed by the 
presence of the common leukemic fusion genes, TEL-AML1 t (12; 21) (p12; q22) 
or AML1-ETO t (8; 21) (q22q22) in the cord blood of 1:100 children [132]. More 
recently, a national registry-based case-control study [ESCALE (Etude Sur les 
Cancers et les Leucémies de l’Enfant)], carried out in France, led to assess the 
effect of exposure to road traffic exhaust fumes on the risk of childhood leukemia 
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and supported the hypothesis that living close to heavy-traffic roads may increase 
the risk [133].

13.6  The Link Between Air Pollution and Chronic 
Neurological Diseases

The brain is a specific target of air pollution, which might induce neurotoxicity 
mainly through oxidative stress and neuro-inflammation, leading to chronic neuro-
developmental disorders [134] and neurodegenerative diseases [135].

Environmental factors are able to affect the epigenetic mechanisms involved in 
brain development during fetal life, also through the activation of the maternal 
immune system during pregnancy [136]. Prenatal exposure to PAH air pollutants 
contributes to ADHD and other neurodevelopmental disorders by disrupting the 
development of left hemisphere white matter, whereas postnatal PAH exposure dis-
turbs white matter expansion in dorsal prefrontal regions [137].

Air pollution is responsible for cognitive disorders during childhood mainly due 
to oxidative stress [138], and several studies linked autism spectrum disorders 
(ASD) with pollution in particular for exposures occurring during periods of marked 
neuro- and glio-genesis [139].

The risk of autism significantly increases in the case of fetal exposure to air pol-
lutants produced by urban traffic and industrial emissions [140, 141], in particular 
during the third trimester [140, 142].

Gene-environment interaction through epigenetic mechanisms seems to have a 
major role in increasing the risk of ASD in susceptible children [143], and definite 
inherited alterations of DNA methylation could affect gene expression, contributing 
to ASD susceptibility [144].

Growing interest also exists in the association between environmental pollution 
and neurodegenerative disorders such as Alzheimer and Parkinson diseases [145], 
considering in particular the role of early (i.e., prenatal and postnatal) exposures in 
the occurrence of these diseases in later life [146] and the epigenetic mechanisms 
(i.e., DNA methylation, chromatin remodeling, miRNAs) operating in this way 
from prenatal life throughout lifetime [147–150].

Of great impact were the studies conducted in the last decade by pediatricians 
and epidemiologists in one of the most polluted megacities of the world, Mexico 
City, which showed that air pollution (especially UFPs and heavy metals) may favor 
the accumulation of misfolded proteins (hyperphosphorylated tau (HPπ), alpha- 
synuclein, and beta-amyloid) and their early deposition in the brain of dogs [151], 
adolescents [152], and even children [153] in cerebral areas exactly coinciding with 
the anatomical distribution observed in both Alzheimer and Parkinson diseases.

Of particular relevance in this context appears to be the Latent EARly-life associ-
ated regulation model (LEARn), in which many early exposures to environmental 
agents remain latent for decades to manifest themselves again at maturity or senes-
cence, increasing the production of Aβ and opening the way to Alzheimer disease 
(AD) [154, 155]. These models attest the great role that the environmental pollution 
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seems to have in the genesis of neurodevelopmental and neurodegenerative diseases 
that are in great increase all over the world, by interfering epigenetically on the 
programming of the nervous system [156, 157]. Many scientists and researchers 
have recently pointed out that this awareness could, at the same time, open the way 
to effective strategies of primary prevention based on the reduction of atmospheric 
pollution and more generally on the detoxification of our environment [158, 159].

13.7  The Epigenetic Relationships Between the Progressive 
Rise in Metabolic Diseases and Environmental Pollution

Obesity has more than doubled since 1980 worldwide [160, 161], and the obesity 
epidemic continues to spread [162] with no evident reversal trend, although a grow-
ing number of countries have adopted specific policies to prevent the obesity epi-
demic [162].

Similar to obesity, in the past few decades, the incidence of type 2 diabetes 
has doubled, with a rising rate also observed in children [163, 164]. 
Increasing epidemiological trends have also been shown, in pediatric age, for 
type 1 diabetes [10, 11, 165].

Gene-environment interactions [91, 166–171] and epigenetic mechanisms [16] 
have a crucial role in the determination of obesity [171]. Maternal exposure to tox-
ics during pregnancy is able to influence the metabolic phenotype of the offspring 
through in utero programming of later obesity [172], mainly by epigenetic mecha-
nisms [173], and elevated maternal serum concentrations of persistent organic pol-
lutants in the first trimester of pregnancy are related to the onset of obesity in 
offspring [174].

Specific variations in the DNA methylation patterns are associated with body 
mass index (BMI) and waist circumference [175] and, remarkably, in monozygotic 
twin pairs discordant for BMI [176].

The US National Institute of Environmental Health Sciences/National Toxicology 
Program (NIEHS/NTP) listed, in the year 2012, more than 200 human studies which 
described specific relationships between environmental pollutants, obesity, and type 
2 diabetes [177]. Nowadays, a growing role is emerging for the effects of endocrine- 
disrupting chemicals (EDCs) in the onset of obesity both in children and in adults 
[178, 179]. EDCs, in particular, dysregulate epigenetic mechanisms [180, 181] 
(mainly by increasing histone deacetylation and altering DNA methylation [181–
183], inducing an increased adipocyte formation and an increased fat storage [184–
186]. Besides environmental toxics introduced with contaminated food (i.e., 
pesticides, BPA, phthalates, POPs), a major role in the determination of metabolic 
diseases seems to be played by air pollutants.

Environmental exposure to PM10 and NO2 has been linked with insulin resis-
tance in German school-aged children [187], with a critical role for oxidative stress 
induced by air pollution [188]. DNA methylation is strongly influenced by air con-
centrations of PM2.5, which are able to influence, in the short medium term, fasting 
blood glucose levels [98].
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Furthermore, an association between chronic exposure to pollutants, type 2 dia-
betes [189], insulin resistance [187, 188], and type 1 diabetes (T1D) [190] has been 
also shown in children.

The MIREC study showed that maternal exposure to nitrogen dioxide and PM2.5 
during pregnancy increases adiponectin levels in umbilical cord blood, underscor-
ing the effects of air pollution on fetal metabolic function and on the potential devel-
opment of childhood obesity [191]. Maternal exposure during pregnancy seems to 
be relevant also in the case of T1D, since an association has been described between 
elevated levels of ozone and NOx during pregnancy and the disease occurrence in 
offspring [192]. The epigenome has a central role in the onset of T1D [94, 193], as 
suggested by a number of studies linking DNA methylation [194], histone post-
translational modifications [195], and microRNA dysregulation [196, 197] with the 
onset of this chronic disease in children [190]. As the incidence of type 1 diabetes 
has doubled every 20  years over the last few decades, a trend that could not be 
explained by genetic factors and suggests strong environmental effects, it is impor-
tant to note that the different DNA methylation profiles in twins point to strong 
epigenetic effects in the etiology of the disease [198].

 Conclusions
The effects of air pollution on the onset and clinical history of both acute and 
chronic (in particular noncommunicable) diseases are a pressing public health 
issue, considering the progressive epidemiological rise of widely diffused 
conditions such as metabolic, allergic and autoimmune, and neurodevelop-
mental and neurodegenerative diseases and cancer both in adults and in 
children.

All these health effects are potentially avoidable through primary prevention 
measures, and the growing knowledge of epigenetic mechanisms actually repre-
sents a powerful tool to reduce their incidence and their costs, in particular point-
ing to the safeguard of pregnancy and the perinatal period.

However, there is also an urgent need for research protocols focusing on envi-
ronmental exposures and early nutrition, in order to provide better insights into 
pathogenesis.

In this context it will be necessary, above all, to focus on the epigenetic regu-
lation of inflammatory pathways that are a likely candidate for persistent changes 
in metabolic and brain function, as a consequence of the perinatal exposure to 
environmental toxicants. The results of such studies could provide the opportu-
nity for more and more effective strategies of primary prevention, necessary to 
reduce the increasing burden of chronic diseases linked to environmental pollu-
tion and especially to the atmospheric pollution of our cities.
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14.1  Foreword: How Are Diseases Caused  
by Pollution Classified?

In order to understand complexity when applied to air pollution-related diseases, it 
may be useful to understand the implication of classification in medicine. In this case, 
the problem is to set and classify diseases caused by pollution; therefore, in this chap-
ter we focus on the principles of classification passing through historic profiles.

The most ancient classifications were approximate and methodical, based on 
body topography or aetiology. The traditional distribution a capite ad calcem was 
more an order of didactic exposition than a real classification, as explained by Mirko 
D. Grmek [1].

Thanks to the development of a new medical vision regarding the modern clini-
cal concept of disease in particular, the hope of a natural disease classification rose 
in the eighteenth century. The branch of medicine which is in charge of the afore-
mentioned systematic classification is nosology that is based on the idea that it is 
possible to identify a disease in an unambiguous way. In fact, it depends on aetiol-
ogy, pathogenetic mechanism or symptoms. The classification based on organ and 
anatomical systems, even though still being used, is too complicated because of the 
fact that some pathologies hit more than one organ.

Since the nineteenth century, however, pathology took the place of nosology in 
order to study living system changes by biochemical and biophysical 

mailto:profgaddi@gmail.com


254

mechanisms, passing from trigger causes to clinical symptoms. This was due to 
the impossibility of elaborating a coherent clinical system and a natural classifica-
tion of diseases.

In spite of this, a compromise has been reached because of the necessity of an 
epidemiologic control: this is an artificial classification composed by different areas 
of clinical coherence. The beginning of international statistic classification of dis-
eases goes back in 1893, when the international nomenclature of death cause ide-
ated by Jacques Bertillon was adopted at the Chicago Conference. After some years 
in which lots of revisions were made, in 1993 the tenth revision of the classification 
of diseases was publicized, the first one that seemed to be completed [2]. It is a uni-
fied system of codex ICD and is called the International Statistical Classification of 
Diseases and Related Health Problems, Tenth Revision (CIM-10). Since it was the 
result of some agreements of different experts, it presented various contradictions. 
For this reason, the traditional system of numeric codification was substituted by an 
alphanumeric system. The number of categories passed from 17 to 21, where the 
majority of categories are defined by the localization of disturbs. To make the CIM- 
10 completely operative, it was completed with an international nomenclature of 
diseases and a group of related healthcare classification.

Despite this need of classifying diseases, however, we can understand that it is 
difficult to mark clear boundaries. This is owed to the fact that diseases are the con-
sequence of an extremely complex interaction of several factors which operate con-
temporarily or in sequence on an organism. This new concept becomes detached 
from the old reductionist vision which had represented a failure in the clinical think-
ing, trying to simplify everything, and is the reason of systems medicine: the sci-
ence of complexity.

Systems medicine is an interdisciplinary field of study that looks at the systems 
of the human body as part of an integrated whole, incorporating biochemical, physi-
ological and environment interactions. It is based on systems science and systems 
biology and considers complex interactions within the human body in light of a 
patient’s genomics, behaviour and environment.

In 1992 the earliest uses of the term systems medicine appeared in an article on 
systems medicine and pharmacology by B. J. Zeng [3] and in a paper on systems 
biomedicine by T. Kamada [4].

A key feature of systems medicine is that existing networks, through dynamic (time- 
dependent) interactions, manifests ‘emergent properties’ that define the whole and that 
these properties are not simply the sum of the features of its component parts. […] Nearly 
all major classes of human diseases are genetically complex, with more than a single gene 
contributing risk for disease development.

An important theme in systems medicine and systems biomedicine, as just men-
tioned, is the development of computational models.

Those models are one of the keys and at the same time the problem and the solu-
tion that can help to understand what complexity is when applied to medicine.

Thus, classification opens the door to this major field of research, still largely 
unexplored.
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14.2  Complexity: An Overview

Speaking about pollution is a hard task. As we will see, air pollution fits perfectly 
the model of complexity when applied to medicine and human health. Air pollution, 
in fact, is composed by a mix of different airborne chemicals, particulate, organic 
molecules and microorganisms, which have different interactions with human tis-
sues and cells. Different components cause direct or indirect effect alone, in combi-
nation or in synergy with other chemicals and microorganisms. Different sources, 
concentrations, time and ways of exposure produce different effects visible imme-
diately or anytime afterwards (hours, days, weeks, months, years, decades).

We need some definitions for a better comprehension of the idea of complexity. 
First of all, we need to separate concepts such as complicated and complex. These 
terms have different meanings based on the context. They may concern decision 
making, forecasting methods and/or system’s composition.

The adjective complex comes from the Latin complexus (from the verb complecti 
meaning “tighten, understand, embrace”), and it is defined as “consisting of many 
different and connected parts”, while the noun complexity is defined as “character-
istic of a system (hence called complex), conceived as an organic and structured 
aggregate of parts interacting with each other, according to which the global behav-
iour of the system is not immediately attributable to that of the individual constitu-
ents, depending on the way in which they interact”. The adjective complicated 
(comes from the Latin verb complicare meaning “fold together, wrap”) can be 
defined as “neither simple nor easy; confusing, intricate” or “involving many differ-
ent and confusing aspects” [5, 6].

These definitions help us to understand that a system may be defined by one of 
these terms, none or both.

We can use the model described in the Stacey matrix to give a clearer definition [7] 
(Fig. 14.1).
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complexity

Complicated

complicated
decision-making

Political
decision-making

Chaos
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chaotic
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Fig. 14.1 The Stacey matrix
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In this model, we have all the types of decision making based on two variables: 
certainty and agreement. Certainty concerns about the knowledge of the problem 
and its causes, links and possible outcomes. Agreement means “harmony or accor-
dance in opinion or feeling”, but also “The absence of incompatibility between two 
things; consistency” [6]. The decision makers then may be close to agreement or 
not. What kinds of decisions exist?

 1. Rational decision making
It lays in the region on the matrix which is close to certainty and close to agree-
ment. In this region, decision makers use techniques which gather data from the 
past and use that to predict the future. They plan specific paths of action to 
achieve outcomes and monitor the actual behaviour by comparing it against 
these plans. The goal is to repeat what works to improve efficiency and 
effectiveness.

 2. Political decision making
Some issues have a great deal of certainty about how outcomes are created but 
high levels of disagreement about which outcomes are desirable. Neither plans 
nor shared mission is likely to work in this context. Instead, politics become 
more important. Coalition building, negotiation and compromise are used to cre-
ate the organization’s agenda and direction.

 3. Judgemental decision making
Some issues have a high level of agreement but not much certainty as to the 
cause and effect linkages to create the desired outcomes. In these cases, monitor-
ing against a preset plan will not work. A strong sense of shared mission or 
vision may substitute for a plan in these cases. Comparisons are made not against 
plans but against the mission and vision for the organization. In this region, the 
goal is to head towards an agreed upon future state even though the specific paths 
cannot be predetermined.

 4. Chaos
Situations where there are very high levels of uncertainty and disagreement often 
result in a breakdown or anarchy. The traditional methods of planning, visioning 
and negotiation are insufficient in these contexts. One personal strategy to deal 
with such contexts is avoidance—avoiding the issues that are highly uncertain 
and where there is little disagreement. While this may be a protective strategy in 
the short run, it is disastrous in the long run. This is a region that organizations 
should avoid as much as possible.

 5. Complexity zone
There is a large area on this diagram which lies between the anarchy region and 
regions of the traditional management approaches. Stacey calls this large central 
region the zone of complexity—others call it the edge of chaos. In the zone of 
complexity, the traditional management approaches are not very effective, but it 
is the zone of high creativity, innovation and breaking with the past to create new 
modes of operation. In these regions, we can present models which extrapolate 
from past experience and thereby can be used to forecast the future. This is the 
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hallmark of good science in the traditional mode. It is useful that decision makers 
have a diversity of approaches to deal with the diversity of contexts.

We have five zones in the diagram. One is the zone of simple decisions. Two and 
three are zones of complicated decisions. Four and five is the zone of complex deci-
sions. We can extract parameters and values to define these concepts (see Table 14.1).

These distinctions used to describe decision making can be used to talk about 
systems too. We must consider how much we know about a system and if it possible 
to forecast outcomes based on our model. Systems do not have the agreement aspect 
strictly, but science is a matter of study and discussion, and this aspect may generate 
other problems or solutions.

14.3  Complexity in Medicine and Healthcare

Complexity is part of the nature including what is visible, measurable, invisible and not 
measurable (nevertheless theoretically possible), intended as a whole system that sur-
rounds us and our existence. This axiom is crucial as it contains in itself the meaning of 
complexity when it is applied to biological systems based on the elusive concept of life.

A first step towards complexity is the idea that what is complex for fundamental 
systems (studied by physics and chemistry) cannot be applied to life (prokaryote 
and eukaryote cells and cells’ clusters). The second step is that complexity applied 
to basic biological system cannot be applied to upper life forms according to a non- 
linear and noncontinuous complexity scale (invertebrate, vertebrate, mammals). 
The third step is that complexity applied to the previous system cannot be applied 
to the human being.

A simple observation suggests that the augmented complexity in humans depends 
on larger and unquantifiable sets of variables where the whole life experience is 
considered. It means that memories, opinions, emotions, relationship, instincts, 
dreams and hopes are gathered with the whole system of biological events and func-
tions with a concatenation of causes and effects. This chain of events and interac-
tions is also spread on a timescale which varies according to subjective and objective 
scales (for instance, the chronological age may not correspond to the actual age of 
an individual: a person can look and appear older than another one of the same age, 
presenting also the same biological features of people older than him).

Table 14.1 Complexity in decision making according to the definition of scales of certainty and 
agreement

Decision makers Data Forecast
Simple Agree Clear and collectible Systematic
Complicated Not agree Clear and collectible Systematic

Agree Unclear and/or uncollectible Systematic
Complex Not agree Clear and collectible Unsystematic

Agree Unclear and/or uncollectible Unsystematic
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This complexity is summarized by a number of studies which try to disclose the 
fine biological mechanisms and laws that rule the human physiology or biochemis-
try, as well as the ones that lead to the development of diseases and pathological 
conditions. Each subject treated and researched may consist of a large number of 
publications, showing some sides of the truth and many gaps in the knowledge of 
the human nature. Every discovery is not definitive, and it shall be valuated with 
others which come from similar (or non-similar) studies.

This process generates big data, and complex computational systems may try to 
handle them, or reductionist models can try to synthetize them. The results are sim-
ulations which miss information in any case and oversimplify (or overcomplicate) a 
reality not known precisely.

To understand better the idea of complexity in upper biological life forms, it is 
important to think that biological systems are made of the whole of the physical, 
chemical and organic systems that are on the lower side of the scale: quantum sys-
tems with their own complexity organized in hadrons and molecules from sub-
atomic structures, chemical interactions which rule simple reactions and subcellular 
structures with their own level of complexity, and cellular clusters organized in 
colonies or tissues and eventually in organs, apparatuses and organisms. Every level 
also has its own complexity, so with an added complexity that is the combination of 
these complex systems in a whole.

This idea can be summarized also in the same origin of life, where limited infor-
mation coming from two gametes generate, during ontogenesis, an exponential 
mass of information that theoretically did not exist when the cell was born [8]. In 
addition, the spiritual essence of the human race should be mentioned, as a plausible 
and controversial factor able to augment the complexity.

Planet Earth is part of a complex system that selected different life forms 
through the millenniums together with their ecosystem with its fine balance. 
Human beings are a selection of a number of events that led to the rise and fall of 
species and environments. The fine-tuning of what the human organism is in every 
single individual today is part of this selection that can possibly push complexity 
ahead.

This is not only a problem that can be resolved with the integration of the knowl-
edge coming from different fields, as in the idea of the systems medicine. It can be 
considered a starting point but it shows only a partial truth because it is not know-
able totally.

In addition, human beings interact and create relationships and interactions, cre-
ating complex social systems where roles, obligations and responsibilities are cre-
ated, accepted and discharged [9]. These systems create behaviours, push policies, 
implement decisions and build societies, and they are surrounded by an environ-
ment which humans have mutual exchanges with.

Considering air pollution, the whole idea of complexity is crucial, because it 
implies the interaction of a very complex system (the multitude of components of 
air pollution, their interaction between themselves and with the environment accord-
ing to different spatial and temporal scales) with another very complex system (the 
human body and in general the human life).
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A medical phenomenon is said complex [10] when—although measurable and 
observable—its evolution (which conventionally and schematically we can call dis-
ease) follows not entirely predictable rules, those that depend on a number of 
(n = > 1) interaction/iterations of relatively simpler systems. The result or the effect 
cannot be predicted by summing the single effects coming from each subsystem. In 
addition, the logic of individual interactions (or their sum) is not fully known and 
this information may remain unknown.

Airborne pollutants (whether still floating in the atmosphere, deposited or 
became part of new ecological cycles) or their combination creates changes to the 
human body at different levels (subatomic particles composing the atoms of the 
body, up to the full organism with organs and apparatuses). This interaction depends 
on exposures which happen in different fashions and periods with single, cumula-
tive or synergic effects. These effects could manifest their consequences in different 
stages and in different times (immediate outcomes, short-, medium- and long-term 
outcomes) or with a combination of all the previous.

From a medical point of view that creates unpredictable experimental models, 
the population, the effect or intervention, the comparison and the same outcomes 
may remain completely unknown and unmeasurable with the current logic of 
research.

14.4  Complexity in Air Pollution and Human Health

Why do we need such definitions for pollution? Because it’s a complex problem 
which we may study in order to make it complicated. Daniel Vallero talked about 
the risk of disease due to pollution. He began the chapter introducing an equation:

 R H E= ´  

R (risk): it’s the risk of a specific disease due to a substance.
H (hazard): they are chemical and physical properties of a substance which may 

cause negative effects.
E (exposure): it’s the time of exposure to that substance.

The risk of disease increases based on the type of pollutant and time of exposure. 
We may say we have a function with two variables. We can imagine an x-axis which 
is “type of pollutants”, a y-axis “time of exposure” and a z-axis “risk of disease” 
(Fig. 14.2).

There is an important note. This graph doesn’t represent an exact, correct and 
mathematic function. It has the goal to clarify some valid concepts. Imagine we 
have two types of pollutants (a, b). We can see that pollutant a has low level of risk 
[7] at the beginning and it increases to a higher level [11]. We can see pollutant b has 
already a high level of risk at the beginning and it increases not as well as pollutant 
a. We can extract some information from this model. The two pollutants are differ-
ent because the outcomes are not the same in the same period. Pollutant a is less 
dangerous than pollutant b because its risk of disease is similar to the other in the 
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worst case only. If a pollutant starts with a high level of risk, it may increase but not 
so much. How much can a high risk become higher? On the contrary, a pollutant 
with a low level of risk may have different outcomes based on its type. We may 
assume we can create models for every kind of pollutant in order to create solutions 
but it’s not true. We began talking about concepts such as complicated and complex, 
and you may find that graph quite simple. There are other variables we didn’t men-
tion. Every person has different parameters such as age, sex, previous diseases, etc. 
Pollutants don’t act singularly often. A pollutant mixed with others may create new 
outcomes. It’s like the pollutants a and b create a new one with different conse-
quences. The list can increase so the number of variables concurs in the risk factor. 
The human eye cannot see further than the third dimension, so we cannot put a 
graph of this function with all these variables. This part shows the complexity of the 
problem because there are so many variables that results may not be predictable 
accurately. We know the obstacles if we face the whole problem, but we don’t say a 
solution cannot be found.

We may assume we can choose specific variables and see how R changes. We 
have to maintain not chosen variables constant in order to put a noticeable graph. 
Let us make an example (Fig. 14.3).

These graphs belong to Goran Krstic’s work [12] about the relation between 
apparent temperature and mortality due to PM2.5 in Metro Vancouver. In this sce-
nario, he shows mortality levels based on apparent temperature values. In this case, 
the constants are exposure time, people’s age, type of disease, place and type of 
PM. The two graphs are different because one of these constants has changed and it 
is the exposure time. Other variations might occur if we imagine to change another 
constant. The idea is that we are able to plot scenarios based on our purposes. We 
know the variables and the constants we need if we’re interested on studying 

Fig. 14.2 Risk of disease 
based on the type of 
pollutant and time of 
exposure (see text for 
details)
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Fig. 14.3 Mortality per 100 K elderly population from circulatory and respiratory causes associ-
ated with apparent temperature (3-day and 7-day all-season models)

diseases on elderly people in specific places. This method is objective oriented and 
it enables to focus on the relevant information cutting off the useless ones. This 
example suggests a way of studying different cases. What can we expect for the 
future? Will we be able to forecast outcomes accurately? We said that this problem 
is composed by many variables, so we can expect even more related data exist. Big 
data studies are important tools for a solid solution. Artificial intelligences are 
another important tool in our opinion. IBM’s Watson [13] is inspiring. Watson was 
created as a question-answering computer system capable of answering questions 
posed in natural language. The formidable feature of this system is its ability to 
adapt step by step. We won’t describe the whole functions of this machine but the 
idea it suggests is quite interesting. We know that complex problems don’t allow a 
systematic way of forecasting because they can change or evolve. Artificial intelli-
gences such as Watson could do it too, so they might be the complex solution for 
complex problems.

 Conclusions
The acknowledgement of the idea of complexity may be the only actual fact that 
we can know about life. Air pollution in this sense adds a new level of uncer-
tainty, because it is a complex phenomenon in itself and because the real effect 
on humans is unknown.

Understanding how air pollutant interacts with the human cells and tissues 
implies the research of new knowledge which needs an open-minded approach, 
able to overcome the restraints of research models where the form is more impor-
tant than the discoveries. The risk may be science trespassing into philosophy 
and pure speculation. On the other side, the ideas are the driving force of research 
which may lead to innovation and not confirmations of known theories.

Thus, air pollution can instil new insights in science, inspiring a new genera-
tion of researchers. This is because air pollution will remain a growing concern 
in the decades to come, and most of its effects will probably continue to show up, 
even in the desirable case of reduced emissions with a proper environmental 
administration.
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At the same time, no good will come from approaches which ignore complex-
ity and moreover the human beings intended as individuals who live and interact 
in groups and societies, not restricted in simple concepts of geographical and 
temporal boundaries.
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15Air Pollution and the Nervous System: 
Diseases of the Brain Caused by Air 
Pollutants and Air Pollution

G.L. Lenzi and F. Bonsanto

15.1  Definition of Air Pollution in 2017: Historical 
Background

The WHO estimates that air pollution causes no less than 2.5% of all deaths in 
developed countries, corresponding in 2012 to seven million people [1] and repre-
senting one eighth of total global mortality. It would seem logical that both morta-
lity and its correlate morbidity, as expressed in hospitalization, should be a 
worldwide, growing, public health concern [2]. The damages due to air pollution 
regard not only humans but also fish, animals, trees, etc. Air pollutants destroy 
human artefacts, buildings and masterpieces as well. Corrosion of monuments (now 
known to be due to acid rains) is a long-lasting acknowledged problem, as wit-
nessed by the poor remains of the “Fonte Gaia” in Siena’s, Piazza del Campo, com-
pleted in 1419 by Jacopo della Quercia but placed under the roof of the town hall for 
protection in 1858. An identical fountain replaced the original in the square 
(Fig. 15.1).

We quote here the definition from Sermin et  al. “Air pollution collectively 
describes the presence of a diverse and complex mixture of chemical, particulate 
matter (PM), or of biological material in the ambient air which can cause harm or 
discomfort to humans or other living animals. The sources of air pollution can either 
be natural (e.g. volcanic eruptions) or manmade (e.g. industrial activities), and air 
pollution emerge as a serious health problem especially in rapidly growing 
countries”[3].
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The harm and discomfort potentially may affect all living aspects of biology, 
from grass to crops to trees to invertebrate animals, and, as said above, human arte-
facts as well. Finally, PM may be solid or liquid, be transported with the winds and/
or diffused by the rain. It may be deposited on or absorbed by skin.

This definition appears to consider air as a passive, neutral carrier: the pollutant’s 
damages are due to pollutants carried in the air, PMs or biological material. This 
approach seems to avoid evaluation of:

 (a) The effects of PMs (and biological material) on some basic aspects of air that 
are relevant for life and well-being, such as transparency and clarity, which 
allow for full permeability of solar photons.

a

b

Fig. 15.1 (a) Effects of air pollution and rain over four centuries on the Fonte Gaia by Jacopo 
della Quercia in Piazza del Campo in Siena (from Eugenio Müntz; http//www.ilpalio.org/siena471.
htm). (b) Copy by the sculptor Tito Sarrocchi (1858), from Siena

G.L. Lenzi and F. Bonsanto

http://www.ilpalio.org/siena471.htm
http://www.ilpalio.org/siena471.htm


265

 (b) The hazards of air pollutants such as ozone, CO2, CO and other humanly gener-
ated gases.

Furthermore, air transports other important hazards for human beings as well as 
animals and vegetables. One important example is environmental noise, so often linked 
to airports and/or nearby highways: its damages may just superimpose those of engine’s 
exhaust. Electromagnetic waves may be one other example of something that is “con-
tained” in the air and that could be harmful. We will discuss environmental noise in the 
more general panorama of air pollution effects on superior cerebral activities, due to its 
potential major contribution to the striking increase in the last years of psychiatric pre-
sentations such as depressions and general anxiety syndromes with panic attacks.

Electromagnetic waves will not be discussed, as the continuing use of cellular 
phones seems to be impossible to be prohibited on the bases that it is “unhealthy”.

It is important to underline that in the Sermin et al. definition (of air pollution) 
reported above, nothing is said about the mechanisms involved in air pollutions 
causing the final harm or discomfort: these may be direct or indirect on the target 
individual or organ, and consequently the pollutant may act directly and/or indi-
rectly. That is, the air pollution per se may be a risk factor just because the normal 
aspects of air in the atmosphere are impaired even before entering in contact with 
the target individual and/or organ. In other words, the air pollutants may act by 
directly impairing the nervous system or through impairment(s) of human body 
functions (respiratory, circulatory, endocrine, metabolic, etc.) which then indirectly 
(in a secondary way) affect the nervous system. Possibly they may act just because 
they are present in the air that surrounds the individual. All these mechanisms may 
be more or less harmful depending on the genetics and the age of the target. 
Socioeconomic factors are also claimed to influence the degree of final damage.

Continuing, while it seems politically correct to speak about air pollution in the 
western countries, it is considered politically incorrect to apply these same words to 
the developing, third-world countries. In particular in developing countries and rap-
idly growing economics, air pollution will continue to increase as a major health 
problem, but these countries so far do not agree to international treaties for placing 
pollution under control, thus causing a dangerous domino effect.

In my personal experience in the 1960s, the “… dense smog that engulfed the 
city < of London > …” which was the core for one of the first reports highlighting, 
in 1953, the effects on health of air pollution [4] was very similar to the dense fog 
that accompanied me in 2010 during a trip from New Delhi to Agra, comparable 
now to the yellow air that engulfs Shanghai (Fig. 15.2). It is noteworthy that on 
March 5, 2017, the government of China officially announced their intention to give 
blue skies back to the Chinese population.

We are strongly convinced that the global hazard to health, as defined by OMS, 
is due not only to the PM inhaled or entering in contact with the nasal mucosa and 
the skin but also to the very fact of living in a turbid non- transparent non-clear envi-
ronment, with fading colours and a disorderly yellow or grey overcast descending 
on the town.

While air pollutant’s effects on cardiovascular and respiratory diseases are well 
recognized since quite a few decades, and currently under important scrutiny and 
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investigation (cfr [5]), the central nervous system as a target for air pollutants is a 
more recent issue. The available data are not very numerous, as shown in Table 15.1 
[from Ref. [12] with references up to 1 year ago. In this same important chapter 
from Ref. [4], out of the 78 references, only one regarding air pollution versus CNS 
and published before the year 2000 is listed.

In the new millennium, the immunology of the CNS and all the different aspects 
of immune functions appear to be “hot” topics. Accordingly, the effects of air pollu-
tion on the immune system and, through these effects, on the CNS, with pathologi-
cal changes called chronic inflammation or other definitions (such as oxidative 
stress, microglia activation and so on), are also a “hot” topic: scientists working on 
multiple sclerosis and related neuro-immunological diseases claim an important 
harmful influence from air pollutants (see below).

However, all considered, an important hiatus appears to remain between basic 
scientific studies on air pollution and clinical neurosciences and in particular 
between air pollution and brain diseases, being these diseases labelled as neurologi-
cal and/or cognitive and/or psychiatric.

15.2  Definition of the Nervous System at 2017

Before initiating an overview on the topic of this chapter “Air pollution and Nervous 
System Diseases”, it is important to define what “nervous system diseases” means 
in the year 2017.

Fig. 15.2 Air pollution in China
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Table 15.1 Particulate exposure and CNS effects

Animal/human experimental:
Calderón-Garcidueñas et al. 
(1999, 2003, 2004, 2008b)

Mexico City air pollution associated with CNS inflammatory 
and neurodegenerative changes increased brain COX-2 and 
β-amyloid (humans), DNA damage and neuronal tangles (dogs)

Campbell et al. (2005) Two-week ultrafine/fine PM near-highway exposure in 
ovalbumin- sensitized mice led to increased brain NF-κB and 
IL-1α

Crüts et al. (2005) Diesel exhaust exposure caused an increase in fast-wave EEG 
activity in humans

Veronesi et al. (2005) Five-month exposure to ultrafine/fine PM induced loss of 
dopaminergic neurons in substantia nigra of ApoE-/- mice

Elder et al. (2006) Twelve-day exposure to Mn oxide ultrafine particles led to 
inflammatory cell activation and oxidative stress in olfactory 
bulb and other brain regions

Kleinman et al. (2008) Six-week exposure to concentrated near-highway ultrafine PM 
in ApoE-null mice led to activation of inflammatory mediator 
transcription factors

Gerlofs-Nijland et al. (2010) Four-week diesel exhaust exposure induced elevations in rat 
striatal TNF-α and IL-1α

Suzuki et al. (2010) Mice exposed in utero to diesel PM had reduced locomotor 
activity

Fonken et al. (2011) Ten-month PM2.5 exposure led to oxidative stress and 
inflammatory changes in mouse hippocampus and to decreased 
learning and memory

Allen et al. (2013) Mice exposed as neonates or adults to ultrafine PM have 
preference for immediate reward upon behavioural testing

Guerra et al. (2013) Two-month coarse/fine/ultrafine Mexico City ambient air 
exposures in rats led to region- and PM size-specific increases in 
oxidative stress, inflammation and unfolded protein responses

Epidemiological
Rauh et al. [6] Second-hand tobacco smoke exposure in pre- and post-natal 

periods associated with decreased cognitive function in children
Calderón-Garcidueñas et al. 
(2008a, 2011)

Mexico City air pollution associated with cognitive changes in 
children

Suglia et al. [7] Decrease in verbal and non-verbal intelligence and memory in 
children in association with traffic-related particles

Zeng et al. [8] Poor air quality in China associated with poor cognitive function 
in older adults

Power et al. [9] Cognitive function declines in older men in association with 
black carbon exposure

Volk et al. (2011, 2013) Proximity to roadways and exposure to traffic-related pollutants 
or PM2.5 in utero or in early life predict higher likelihood of 
autism

Weuve et al. [10] PM2.5 and PMl0 levels associated with cognitive function decline 
in adult females

Wellenius et al. [11] Association between proximity to roadways and cognitive 
function changes in elderly

Becerra et al. (2013) PM2.5 and ozone exposure during pregnancy increase odds of 
autistic disorder in children

From: Ref. [12], p. 270
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The indication “nervous system diseases” is in general reserved for the organic 
diseases of the nervous system, i.e. neurology.

One of the most respected textbooks in the international panorama of neurology 
is Brain’s Diseases of the Nervous System, first published by Prof. W. Russell Brain 
in 1933, which reached its twelfth edition in 2009, and was edited by Prof. Michael 
Donaghy [13]. In accordance with our premise, the title of this textbook indicates 
that the contents are exactly the diseases of the nervous system. And in his preface 
to the first edition, W. Russell Brain wrote “… Neurology is more dependent than 
many other branches of medicine upon anatomy and physiology”. That was in 1933. 
Eighty-three years later, we would like to add neuroimaging. However, in the 2009 
edition index, there is no trace of “air pollution” or “pollution” or similar references. 
Chapter 5 “Toxic and Environmental Disorders” (Ref. [13], p. 141–163) explores 
many CNS disease, from alcohol toxicity to metal toxicity to environmental and 
physical insults. However, besides the Parkinsonian syndromes attributed to carbon 
disulphide and carbon tetrachloride mixtures in grain workers (Ref. [13], p. 152), air 
pollution is not taken into consideration.

The same is true for the textbook edited by Anthony Schapira in 2006 [14]. 
Nothing is mentioned about air pollution. In addition, the relationships between pol-
lutants and neurodegenerative disorders such as ALS (see below) and Parkinson’s 
disease (PD) (see below) receive little attention.

However, in 2017, it is acknowledged that there are diseases different from those 
listed in the neurological textbooks indicated above, as well as and including many 
or all other neurological textbooks referring to the nervous system (cfr Table 2.1 in 
Ref. [13], p. 19), and where clinical presentations from the brain, such as dementia, 
are not present. The absence of anatomical and/or pathological changes at post- 
mortem and cultural influences as well (as an example, the development of psycho-
analysis) has brought about (in the second half of the last century) a regrouping of 
these other brain diseases under the labels: psychiatry, psychopathology, psychology 
or others.

A potential link between neurology and psychiatry (or similar psychological 
disciplines) may be the identification of “psychologically determined disorders” 
(see Chap. 4 in Ref. [13]), with sections on pseudo-neurotoxic disorders and on 
mass sociogenic illnesses presenting as neurological diseases. These may be mass 
anxiety hysteria or mass motor hysteria, following mass exposures to substances, 
usually odorous, that act through an inhalation mechanism [15]. Sometimes, these 
sociogenic illnesses concern potential harmful mechanisms such as pollutants con-
tained in the chemtrails that are observed in the clear sky.

In the “classical” neurology, when “… physical manifestations predominate, the 
underlying psychological cause may be ignored” ([13], p. 129). However, the data 
shown in Sects. 15.9 and 15.10 suggest that these underlying psychological causes 
may have deep roots in the physiology of our central nervous system.

To be completely fair, one must acknowledge that neurologists, and neurology, 
are well aware that in many neurological illnesses there are “associated psychiatric 
states”([13], p. 133) such as anxiety, depression and symptoms such as fatigue, clum-
siness, gait disorders, headache, memory loss, cognitive impairment and others. 
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Clinical presentations with a dramatic cognitive impairment and a complete memory 
loss may be due to depression (the depressive pseudo dementia—see below) and 
therefore have to be recognized and treated accordingly. The physician assigned to 
the job has to have a complete neurological and psychiatric background and forma-
tion. In the same way, neurologists are often confronted with psychiatric adverse 
events, sometimes serious, due to neurological-neurosurgical therapies, such as in 
deep brain stimulation in Parkinson’s disease [16] or L-dopa therapy side effects, as 
hallucinations and delusions.

The Webster’s dictionary definition of psychiatry is “a branch of medicine that 
deals with mental, emotional or behavioural disorders “. As it will be shown later 
on, many nervous system’s diseases due to air pollution concern or comprehend 
mental, emotional and behavioural impairments, in addition to classical- 
neurological signs and symptoms. However, in the psychiatric field, very few 
traces are to be found of problems linked or due to air pollution and air pollutants. 
In a possibly related area, the clinical features of “Substance Use Disorders” have 
been studied and described, but always or mainly from the point of view of a vol-
untary use of a “… substance despite significant substance-related problems” [14].

It appears that the brain’s disorders caused and/or linked to air pollution are sci-
entifically and culturally in a limbo, where perhaps the conflicts of interest between 
the different medical branches play a major role.

Let us make a quick example: dementia is a clinical concept, but it is widely 
acknowledged that dementia could be the result of:

 (a) A neurodegenerative disease (such as Alzheimer’s disease, Pick’s disease, 
Huntington’s chorea, etc.)

 (b) A cerebrovascular disease (vascular dementia)
 (c) A cerebrospinal fluid disease (idiopathic normal pressure hydrocephalus)
 (d) Many others

Neurologists, psychiatrists, GPs and physicians are often confronted with the 
difficulty of differential diagnosis and with the several multifaceted problems of 
management of demented patients in their everyday routines, considering that in 
2017 these diseases affect millions of elderly people. In a nearly complete under-
valuation of these hard data on pathogenesis, “dementia” has been inside the psy-
chiatric panel of WHO up to a few years ago. And now in many western countries, 
geriatricians are claiming their central role in the treatment of these disorders (per-
haps again with some conflict of interest, to be politically incorrect).

Therefore, the diseases of the brain have been selected as the headline of this 
chapter. Accordingly, a full description will be made of the different clinical presen-
tations related to air pollution and air pollutants actions on the nervous system, be it 
the CNS (the brain and the spinal cord) or the PNS (roots and peripheral nerves), 
with neurological signs and symptoms or without, with psychiatric signs and symp-
toms or without and with cognitive signs and symptoms or without. A consideration 
will also be made of all these signs and symptoms due to malfunctioning of nerve 
cells, of their fibres and connections, of their networks, of their glial relationships 
and so on: the malfunctioning of the brain’s normal work.

15 Air Pollution and the Nervous System
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15.3  The Diseases of the Brain

In mammals, and therefore in man, the nervous system is formed by a central part 
(CNS) and by a peripheral part (PNS). CNS comprehends the brain which is com-
posed of the cerebrum, cerebellum and brainstem inside the skull, the spinal cord 
and the vertebral channel: the largest amount of neurons and of glial cells lies within 
the CNS. The PNS is composed of the spinal roots, with their neurons, and of the 
peripheral nerves, with the glial cells surrounding the nerve fibres.

The human brain reaches a volume of 1300–1500 cm3. It has been calculated 
that in 1 mm3 (= 0.001 cm3) of the brain, there are 100,000 neurons (and three 
times more glial cells) and 4 km of nerve fibres (the axons) that connect neurons 
with other neurons and with glial cells as well. The total number of neurons in the 
human brain is approximately 85 billions. The neuron-to-neuron main contact is 
the synapse. Attributing to a single neuron 10,000 synapses, the estimated total 
number of synapses reaches upwards to 8.5 hundred trillions that furthermore may 
work in different allosteric positions (such as the receptors). All this bring us up to 
many billions of biological transistors or chips that are not something stable and/or 
fixed, but that renew every day, in a mere 1 mm3. If we add the multiple connec-
tions with glial cells, and the many potential (still largely unknown), the system 
appears amazingly complex. Every microsecond, there are micro-parts that became 
obsolete, or damaged, in need of fast repair, or fast renewing, in particular at the 
level of the synapse. With 2788 unique proteins already identified as integral to 
the composition of each synapse, the systems controlling the microenvironment of 
the synapses and of these proteins should be both complex and delicate. One 
of  these systems is the ubiquitin- proteasome system (UPS) that works to ensure 
that old proteins are discarded to make way for new ones and that the proper com-
ponents of building materials are available [17]. We will again address this ubiqui-
tin system in Sect. 15.7.

This amazingly complex nervous system works 24 h/day, full-time, throughout 
one’s lifespan. To work properly (in quantitative terms, without any relationship to 
the quality of the CNS performances!!) CNS needs a continuous, very delicate, 
hydro-electrolytic and energetic homeostasis, a continuous influx of glucose and 
oxygen, through the blood supply (CBF, cerebral blood flow), to maintain constant 
for both the CMRO2 (cerebral metabolic rate for oxygen) and the CMRGlu (cere-
bral metabolic rate for glucose), at general as well as regional levels. In addition, the 
brain needs a regular alternation of sleep and wakefulness.

Global or regional impairments in these basic aspects of the brain’s work (cfr 
[18]) result in modifications of physiological mechanism that, up to a certain extent, 
are coped within the normal possibilities of the neuron(s) and/or fibre(s) and/or 
network(s). Cognitive aspects such as consciousness or mental activities are not 
impaired in a noticeable way, but it is possible that poor motor performances (to be 
out of practice) as well as decreased creativity (lack of creativity) may reflect these 
modifications, still within normal limits.

When compensatory mechanisms can no longer maintain a function within the 
considered normal limits (for a particular individual, but possibly for a group 
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exposed to an air pollutants), neuropsychiatric signs and symptoms appear. These 
clinical presentations will be named “diseases of the brain” collecting together the 
different clinical presentations that the nervous system offers in response to air pol-
lution and air pollutants actions, be it on the CNS (the brain and the spinal cord) or 
on the PNS (roots and peripheral nerves) and in general all the signs and symptoms 
due to malfunctioning of nerve cells, of their fibres and connections, of their net-
works and of their glial relationships.

With this in mind, a central paresis will be considered to be caused by a decreased 
function of the central motor system, mainly of the pyramidal cells (Area 4 in the 
Fig.  15.3), while an impairment in decision making and in problem solving as 
caused by an impairment of the lateral-frontal association areas and of their inter-
relationships (Areas 6, 8, 9, 10 in the Fig. 15.3).

It is well known that the studies on correlations between neurological presenta-
tions and anatomical localization of a lesion began with the observations of Paul 
Broca on Napoleonic war veterans in 1861, nearly two centuries ago. Therefore, 
they are already accepted in classical neurology. However, the correlations between 
problem solving and activation of particular cortical areas are definitely more recent 
and still largely debated (cfr [19]). In addition, the anatomical and physiological 
bases of autism, neurosis, panic attacks and psychoses are completely uncertain. 
Diseases due to a neurotransmitter deficit, such as Parkinson’s disease, could be 
modified by therapies such as statins presumably acting on completely different 
organs and systems outside CNS (cfr [20]), showing that it’s “a long way to 
Tipperary”. Perhaps technologies correlating neuroimaging and function may be 
helpful to understanding the human brain functional connectome (cfr [21]) and 
therefore the diseases of the brain.

I am not sure what this has to do with diseases of the brain?

Area 39,40
Wernicke’s area

Area 6

Area 44, 45
Broca's area

Area 8
Area 9

Area 10

from the original Brodmann's cytoarchitectonic map

Fig. 15.3 Brodmann areas 
in the cerebral cortex of 
man
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15.4  Penetration of Air Pollutants into the Nervous System

A range of very different particles such as dust, pollen, soot, smoke, liquid droplets 
and others can contaminate air. They may have their origin in nature, or they may be 
due to human activities.

How they enter the human body through the respiratory tract has been described 
in a different chapter in this handbook.

The principal air pollutants may be divided in groups respecting the areas in 
which they are produced: (a) urban and (b) non-urban (rural). The urban airborne 
particulate matter (PM) can be divided into three main groups: PM10 (coarse parti-
cles), PM2.5 (fine particles) and PM0.1 (ultrafine particles, UFP), depending on their 
properties (less than 10 μm to less than 2.5 μm in aerodynamic diameter and less 
than 0.1 μm in thermodynamic diameter.

Urban particles are generated by mechanical break-up of larger solid particles 
(PM10), by combustion sources and heating processes including various precursor 
gases (PM2.5), by natural processes, such as volcanoes, or by industrial activities, 
such as internal combustion engines, power plants and fumes (UFP).

Non-urban particles are often coarse, due to agricultural processes as well as to 
pollen grains, mould spores and plant and insect parts, but they may be due to 
evaporation of sea spray. Since fine particles are largely formed by gases, their pre- 
sence in non-urban environment is minor, and it is different from zone to zone 
(highway borders are not different from urban areas). However, we have to consider 
in the non-urban air pollution effects as those due to acid deposition, impaired vis-
ibility and ozone, which are caused by fine particles.

As to the direct effects on the human body (and, the concern here is on the ner-
vous system, directly or indirectly), environmental effects must be included that act 
both directly and indirectly on the brain. Further on and in more detail, the psycho-
logical effects of living in a contaminated and dilapidated environment, which 
appears not only to increase the individual’s tendency to depression but also to 
decrease immunological reactions, will be considered. In addition to the effects of 
the main components (directly emitted and secondary compounds) themselves, 
some compounds react with other particles to form reaction products with important 
effects. One of these important reaction products is tropospheric ozone.

Inhaled larger PM, from their site of deposition in the respiratory tract, is cleared 
by macrophage phagocytosis in the alveoli and transported by mucociliary clear-
ance to the naso-oro-pharynx and then, via swallowing, to the gastrointestinal tract. 
The smaller PM, the UFP, can have a similar clearance, or they may relocate into 
the blood or lymph, enter in contact with peripheral vegetative nerve fibres and 
thus penetrate the brain directly. Air pollutants may enter the human body through 
the skin, both via blood and lymphatic vessels as well as through the peripheral 
sensory nerve fibres. A particular aspect of this penetration mechanism lies in the 
olfactory bulb: up to the 11% of the UFP deposited on the olfactory mucosa may 
be detected in the olfactory bulb, that is, in the brain [22]: it could be relevant to 
remember that this is the same pathway followed by polio virus (around 30 nm) to 
reach and infect the brain. Magnetic nanoparticles, formed by combustion and/or 

G.L. Lenzi and F. Bonsanto



273

friction derived heating, <200 nm in diameter, can enter the brain directly through 
the olfactory nerve [23]. A similar direct penetration may occur in the trigeminal 
ganglion, where it is possible for the PM and in particular the UFP to enter in con-
tact with peripheral sensory axons through the skin. Interestingly, a similar mecha-
nism, through an enteric neurotropic pathogen pathway, has recently been 
demonstrated in Parkinson’s disease, since the risk of developing this classical 
neurodegenerative disorder appears to be decreased in those patients who under-
went vagotomy decades before the neurological presentation [24]. Furthermore, it 
has been reported that nanoparticles (gold, 40–80 nm in diameter) may cross syn-
apses (cfr [4], p. 277). This same mechanism may be active throughout our skin, 
both directly (penetration of pollutants) and indirectly (impaired signals to nerve 
endings).

The uptake into the brain from blood and lymph circulations is deterred by the 
presence of the blood-brain barrier (BBB), which, with its tight junctions, restrict 
this penetration pathways, as it does for many substances and therapeutic drugs, 
such as antibiotics. Inflammations, as well as osmotic agents, disrupt the BBB and 
open it to a free passage of components.

Another translocation pathway to CNS (the brain and spinal cord) is represented 
by the cerebrospinal fluid (CSF) [25], through the choroid plexus, which forms the 
blood-CSF barrier (not the BBB, which is formed by the microvascular endothe-
lium of the brain). PM entering the CSF (as well as the drugs eventually injected) is 
quickly washed away through the CSF circulation and Pacchioni’s granulations.

Figure 15.4 illustrates the potential translocation pathways for UFP to the brain.
Particle deposition depends on the particle’s size, density, shape, hygroscopicity 

and ambient humidity. This is evident for the nasal absorption of the different PM, 
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Fig. 15.4 The potential translocation pathways for UFP to the brain. Modified from Ref. [12], 
Fig. 10.4, p. 275
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and the experimental data support this concept (cfr [4]). It could be important to add 
to these aspects the lipophilic properties of a pollutant. Hexanes are a striking exam-
ple of severe work intoxication that may be due to skin absorption as well as to 
inhalation. Hexanes are utilized as cheap solvents to obtain glues for shoes and 
leather products, as well as to extract cooking oils (such as soy oil) and in food- 
based soybean oil extraction. Since hexane has considerable vapor pressure at room 
temperature, inhalation may cause both acute and chronic exposure. Inhalation of 
n-hexane at 2500–1000 ppm for 12 h produces drowsiness, fatigue, loss of appetite 
and paraesthesias in the distal extremities. Occupational hexane poisoning has been 
described in many countries, including Italy, as far back as 1974 [26], as well as 
trigeminal and/or peripheral neuropathies which have been reported in glue sniffers 
(cfr [27]).

It has been affirmed that the entrance of the nervous system into the field of air-
borne pollutant’s damages has to be pinpointed in 2002 [28]. However, the epide-
miological studies on idiopathic PD have detected over the years quite a few risk 
factors that may strongly be connected with air pollutants, such as rural residence, 
exposure to pesticides and herbicides, farming, wood pulp mills and iron and steel 
production. Many of these pollutants may enter the nervous system through an 
enteric neurotropic mechanism as well (cfr [24]). Regional differences in the PD 
prevalence are well documented over more than 30 years (cfr [28]), however, with 
differences and variations in the collection and analysis of data that have often made 
the meta-analysis contradictory. The final results of a meta-analysis, performed on 
all the epidemiological studies on PD published from 1985 to 2010 [23] indicated 
that “In our analysis of the prevalence of PD by age and geographic location, indi-
viduals 70–79 years of age in Asia had a significantly lower prevalence of PD (646 
per 100,000) compared with individuals of the same age in Europe, North America, 
and Australia (1.602 per 100.000; p < 0.05)….The data were insufficient to make 
comparisons between geographic locations …” ([28], p.  1587). In contrast, the 
meta-analysis performed by Pezzoli and Cereda in 2013 [29] concluded that “The 
literature supports the hypothesis that exposure to pesticides or solvents is a risk 
factor for PD”. Therefore, if studies on clinical consequences of the inhalation of 
heavy metals in workers of industries employing aluminium, copper, iron, mercury, 
zinc and manganese have mostly been negative (or—to be more accurate—not so 
positive as to induce courts or institutions to offer a compensation to the affected 
workers), the inhalation of their solvents is an evident risk factor for PD.

Similar data have been published for Alzheimer’s disease (AD) well before 2002: 
a study in the Seattle area on 23.000 persons aged 60 years or more, who entered the 
study between 1987 and 1992, had shown that organic solvents, such as benzene, 
toluene, phenols and alcohol, increased AD odd’s ratio in males to 6.0 [30].

Stroke too has been associated with air pollution on epidemiological, clinical and 
experimental backgrounds. Both short-term and long-term air pollution exposures 
have been linked to hospitalizations for ischaemic stroke and—with some 
discrepancies—to ischaemic stroke mortality [31]. The link with haemorrhagic stroke 
appears less strong. All these relationships may be viewed in the general panorama of 
air pollution and cardiovascular (or, better, cerebro-cardiovascular) diseases
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It will be interesting to see if the same group (Ref. [5]) will present similar data 
on carotid and vertebral arteries, twin sisters of the coronaries.

Nervous system damages resulting from pollutants entering the nervous system 
through other pathways have been demonstrated, as in the cases of heavy metals or 
chemical compounds, such as in the “frozen cases” of Parkinsonism caused by 
methyl-phenyl-tetrahydropyridine (MPTP), injected as a synthetic substitute for 
heroin [32]. In the same way, lead intoxication has been linked to the aetiology of 
Alzheimer’s disease (AD), as well as to accelerated declines in cognition in adults 
[33]. It is debated as to whether these toxic substances may act through air inhala-
tion, but it probably is true for heavy metal powders derived, for instance, from 
engine combustion. Environmental NPs have been shown to increase the rate of 
protein fibrillation, thus linking neurodegenerative disorders to air pollution [34]. 
The development of nanotechnologies and nanomaterials (NMs), with their capacity 
to bypass or cross the BBB, may therefore be the cause of a new generation of air 
pollutants with CNS damage, through mechanisms such as oxidative stress, autoph-
agy and lysosome dysfunction [35]. However, the access pathways to the CNS of 
nanomolecules such as titanium dioxide, silicon dioxide, zinc oxide, copper oxide, 
iron NPs, and carbon nanotubes as well as their presence in the environment might 
pose this neurotoxicity problem only in particular conditions, such as their produc-
tion or utilization sites (04-15). Recent reports on both combustion-derived NPs and 
manufactured or engineered NPs (04-16) stress the hazard of these compounds, 
which may penetrate the CNS through inhalation or the nasal mucosa (cfr Fig. 15.4), 
as magnetite nanoparticles do. Clinical and behavioural aspects of neurotoxicity 
induced by nanoparticles will be discussed in Sect. 15.6.

15.5  The Effects of the “Pollutants” on the Biology 
of the Nervous System

Nervous system damage due to air pollution may be secondary to respiratory, car-
diovascular, inflammatory and autoimmune diseases, described elsewhere in this 
book. Thus, the adverse effects on the CNS may be due to triggering the release of 
soluble inflammatory mediators from primary entry organs or secondary deposition 
sites. In addition to these secondary mechanisms, we have to consider a primary, 
direct effect, taking into account that “Although the exact mechanisms underlying 
brain pathology induced by air pollution are not fully understood, several lines of 
current evidence point out that neuroinflammation, oxidative stress, glial activation, 
and cerebrovascular damage might be the primary pathway” ([3], p. 1). All these 
damages cause a final cellular death, a common hallmark in neurodegenerative 
diseases.

These processes (neuroinflammation, oxidative stress, glial activation, cerebro-
vascular damage, BBB breakdown) may be linked and/or interact in multiple ways. 
For multiple sclerosis (MS), the important role of oxidative stress has been sug-
gested by several AA, on findings from cerebrospinal fluid samples, blood samples, 
tissue homogenates and animal models (cfr [36]). In physiological conditions, 
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neurons, astrocytes and oligodendroglia express molecules that bind to receptors 
on microglia and inhibit microglia activation. The inflammation causes the forma-
tion of an initial phagocytic lesion that contains few CD8-positive T-cells, with an 
initial tissue injury that induces activation of microglia, infiltration of the nervous 
tissue, secondary recruitment of T-cells and B-cells, macrophages for the removal 
of debris, further tissue injury and so on. It has been shown that the preactivated 
microglia is more easily converted into a cytotoxic form when exposed to a pro- 
inflammatory cytokine milieu, which happens in systemic inflammation. For these 
processes, the effects of the release of iron from myelin debris, which occurs in 
active MS lesions, amplify the first wave of oxidative stress and thus create new 
waves and progression of the disease. A similar harmful effect may be due to mito-
chondrial injury and the consequent ATP deficiency, leading to the failure to 
remove sodium from the inside of the neuronal membrane to the extracellular 
space. Accumulated sodium is replaced by calcium ions, with activation of cal-
pains, and the beginning of the proteolytic degeneration of cytoskeletal proteins 
[37]. Finally, several factors related to local supply-to-demand oxygen balance 
may add their negative effects on the final picture. An explanation of the old data 
is seen in oedematous tissue swelling and increased oxygen consumption due to 
inflammatory infiltrates, found on particular locations of MS plaques on the bound-
ary zones between major cerebral arteries, the so-called watersheds [38], more 
recently confirmed with MR [39]. These concepts have, very recently, been further 
expanded by the demonstration of the presence of meningeal lymphocytic follicula 
and of their possible pathogenic role both in the primary progressive MS (P1MS) 
and in the late transformation of relapsing-remitting MS (RRMS) into a secondary 
progressive MS (P2MS) (cfr [40]). Oxidative stress is indicative of an imbalance 
between the production of reactive oxygen species (ROS) and the cells ability to 
detoxify reactive intermediates or to repair cellular damage due to ROS. ROS are 
highly hazardous because of their unpaired electrons, thus impairing the normal 
redox state of the tissues with final production of peroxides and free radicals that 
may lead to neuronal death. The therapeutic war against free radicals is one of the 
main targets in the therapy for ageing and age-related diseases such as stroke and 
neurodegenerative pathologies. Under normal conditions, ROS are easily neutral-
ized by cellular antioxidants defences such as glutathione and antioxidant enzymes; 
however, if the ROS production increases and/or if the defence mechanisms are 
diminished, a pro- inflammatory response is generated. This is particularly true for 
the brain, due to its high oxidative metabolic activity, its low antioxidant enzyme 
concentrations (such as superoxide dismutase and catalase), its low endogenous 
content in antioxidants and its high content in redox metals such as iron and cop-
per; the nanomaterials (cfr [41]), that are increasingly engineered and utilized, are 
a potential source of pollutants that penetrate the nervous system through inhala-
tion and then induce an increased production of ROS. Recently, the presence of 
biologically formed nanoparticles of the strongly magnetic mineral magnetite 
(well known to have redox activity, surface charge and a powerful magnetic behav-
iour) has been found in the human brains (they may enter through the olfactory 
bulb [23] or through other nerves as well (cfr [24])) of people living in Mexico City 
(cfr [42–44]).
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Experimental data on the activation of several inflammation-related transcription 
factors to astrocyte activation in CNS have been reported by several AA, with 
related cortical damage as well as with loss of dopaminergic neurons in the substan-
tia nigra, with dose-related relationships (cfr [5]). Neuronal and microglial cell lines 
or primary cultures of these cells have been exposed to concentrated ambient air 
particles, diesel exhaust particles and toxic gases such as ozone, to bacterial endo-
toxins or toxic elements (heavy metals such as manganese), with results still to be 
digested by the scientists specifically working on these aspects. This is a huge pro-
blem due also to the “…long list of confounding parameters experimentally …“ 
obscuring the results [5] nonetheless by clinicians. The same “long list” appears to 
apply to clinical data, such as on stroke; this will be discussed later on. In our opin-
ion, it is important to distinguish scientifically proven hypotheses from chemtrails. 
This is particularly true for brain’s diseases, affecting large populations of human 
being, such as stroke, dementia, anxiousness and depression.

Direct damage to the nervous tissue, with accumulation of beta-amyloid (a hall-
mark for AD) and of alpha-synuclein (a hallmark for PD), as well as deficits in 
cognition, memory and executive function and increased prefrontal lesion (as mea-
sured with MR imaging), has been demonstrated in several studies by Calderòn- 
Garciduenas et  al., from the University of Montana (cfr [42–44]), without, 
unfortunately, pollutant’s characterization. If it was noteworthy that animals living 
in Mexico City, and exposed to the same air pollutants as the inhabitants, showed 
damage to the nasal mucosa and the olfactory bulb, as well as in subcortical and 
cortical structures, in comparison to control groups of mongrel canines living in less 
polluted rural areas, the correlation between a particular air pollutant and the final 
CNS damage was outside the experimental protocol. Similar findings have been 
shown in the brains of patients living in Mexico City, who were presenting a high 
density of nanoparticles formed by the highly magnetic iron salt magnetite [23].

The developing brain appears to be a relevant target for air pollutants, because of 
its high neuronal proliferation and differentiation rates, its hypermetabolism (a child 
shows a CMRO2 many times higher than an 18-year-old) and its imperfect BBB 
[45, 46]. Placenta may serve as a powerful barrier against environmental hazardous 
substances, but it is not enough protection against all or many components of air 
pollution. Maternal smoking, alcohol and drugs consumption and abuse, as well as 
exposure to industrial chemicals, are well documented hazards. Out of the air pol-
lutants, ozone has been one of the best investigated both in animals and in humans, 
showing disruption of the monoaminergic systems, in particular in the cerebellum. 
The hazards on the developing brain are well demonstrated by the reports on cogni-
tive functions in exposed children, which will be reviewed below.

15.6  The Effects of the Principal “Pollutants” 
on the Functions of the Nervous System

So far the basic mechanisms through which the air pollutants may impair the bio-
logical functioning of both nerve cells and glia, of the brain vessels and of the BBB 
have been summarized. It must be underlined that many aspects of the normal 
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physiological interactions between neurons and glia and BBB and vessels are still 
far from being fully understood and clarified. It is possible to imagine a black box 
in which we know some of the inputs, some of the physiological relationships and 
some of the pathophysiological changes induced by pollutants. But the greater part 
of what is happening inside the black box is still unknown. However, the outputs 
may be measured in terms of particular aspects of the “brain work”, comparing 
normal functions with impaired functions. This section will include these impair-
ments (of the physiological functioning of the “brain”) in terms of the intercon-
nected nets and pathways leading to a final result of the “brain work” (cfr [17]). In 
a broad pathophysiological sense, impairments of the (basic) neurological functions 
(motor and sensory, consciousness) and of the cognitive activities (superior cortical/
cerebral activities, content of consciousness, memory, intelligence, attention, prob-
lem solving, etc.), leading to psychological and finally psychiatric aspects and 
impairments of these cerebral activities (mood, behaviour, autism, schizophrenia 
and so on), will be examined.

Air pollutants that enter the human body through the skin affect peripheral nerve 
endings, with a dying back mechanism that produces a decreased function of motor 
or sensory fibres or of both, as well as central effects since the debris travels onto 
the neuronal bodies, then to the spinal cord and finally to the other parts of the CNS.

It is seen not only in a polyneuropathy indicating the PNS impairment (cfr Ref. 
[25]) or the impairments of cranial nerves [27] but also in the CNS with damage 
which may be seen as lesions of the spinal cord, with a clinical presentation of spas-
tic paraparesis, with sensory deficits in the same territories and with EEG altera-
tions, as described by our group in glue workers [26].

Healthy young male volunteers were exposed for 1 h to full diesel exhaust, and 
the electrical activity of their brains was monitored by means of quantitative 
electroencephalography in a crossover study [47]. A significant change in the 
median power frequency in the frontal lobes, with an increased beta-2 EEG wave 
activity, was observed after 30 min of exposure, indicating that cortical stress could 
lead to functional changes.

Experimental studies on zinc oxide nanoparticles, that may reach the brain 
through inhalation or translocation along the nasal mucosa and the olfactory nerve 
pathways, have shown in old animals an increased oxidative stress level, impaired 
learning and memory abilities. The experimental changes induced by zinc nanopar-
ticles appear to be very similar to those involved in the onset and progression of 
neurodegeneration [48].

A recent meta-analysis of papers dealing with the effects of outdoor air pollution 
and noise on cognitive and psychological functions in adults has shown that “both 
exposures were separately shown to be associated with one or several measures of 
global cognitive function, verbal and nonverbal learning and memory, activities of 
daily living, depressive symptoms, elevated anxiety, and nuisance” [49]. However, 
no consistent data are available on the relationship between length of exposure and 
progression of the deficits, caused by a nonpollutant related air pollution, as in the 
case of noise. As said above, it appears that embryos and children are more sensitive 
to these mechanisms of pollution; however, little is known on the possible recovery 

G.L. Lenzi and F. Bonsanto



279

of brain functions after removal of the pollutants or moving the subjects into cleaner, 
unpolluted environments (“more suitable airs” Manzoni A; Cinque Maggio). 
School-aged children living in Boston (USA) and chronically exposed to traffic 
particles showed a decrease in cognitive functions of the order of two IQ points [7]. 
Similar data were later obtained in older men living in the Boston area, with an 
inverse correlation between levels of exposure and cognitive functions [9]. 
Accordingly, data on larger cohorts, both in 15.973 older adults in China [8] and in 
19.409 nurses in the USA [49] have confirmed these damages in cognitive func-
tions. Furthermore, the higher baseline exposure was correlated with a faster rate in 
decline over time [10]. Again in Boston, the residential proximity to major road-
ways has been correlated with impaired cognitive functions ([11]; cfr [24]). The 
same is for long-term particle exposure [50] and for ozone and PM10 [51].

In 2011, WHO published an important report on the “Burden of disease from 
environmental noise” [52], reviewing the evidence available to obtain a quantifica-
tion of the damage, in terms of lost DALYs, on the relationship between environ-
mental noise (END) and specific health effects, including cardiovascular disease 
(61,000 years lost), cognitive impairment (45,000 years lost), sleep disturbances 
(903,000 years lost), annoyance (654,000 years lost) and tinnitus (22,000 years 
lost). These results indicate that at least 1 million healthy life years are lost every 
year due to traffic-related noise within Western Europe. This environmental noise 
pollution—in our opinion—has to be considered within the different mechanisms 
of the more general air pollution. The complex clinical presentations linked to 
annoyance have to be considered as resulting from impairments of the cortical 
circuitries regulating behaviour and mood, and it is important to underline that 
these impairments are more evident in children [53, 54] and in the elderly: how-
ever, these aspects are still debated and await better nosology. Annoyance may lead 
to anxiousness, to depression and to cognitive impairment, depending on the initial 
definition and on the protocols utilized. The WHO publication includes stroke 
within the chapter on cardiovascular diseases, beside the fact that worldwide nearly 
half of the deaths labelled cardiovascular are due to stroke. Cognitive impairment 
is particularly evident in children and seen in tasks involving central processing 
and language, such as learning, attention and memory. It is important to report the 
studies concerning the relocation of Munich’s airport in 1992. Prior to relocation, 
high noise exposure was associated with deficits in long-term memory and reading 
comprehension. The deficit disappeared when the study was repeated 2 years after 
the closure of the old airport and its relocation. This good news, meaning the pos-
sibility of complete recovery if the exposure ceases, was counterbalanced by the 
(quite obvious) report that the same cognitive damages were found in children who 
again became exposed to noise near the new airport (cfr [52]). How these aspects 
may be linked to the annoyance reported in the exposed children as well as in the 
exposed adults, and how they may be interpreted with the growing number of 
individuals (let’s not call them patients so far !) showing severe serotoninergic 
problems, will be discussed further, in Sect. 15.10.

Tobacco smoke particles have been shown to be very similar to ambient parti-
cles. Primary tobacco smoke has more gases and less combustion particles than 
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second-hand smoke that may result in a decrease in cognitive and academic abili-
ties when the exposure happens during childhood [6] or when there is prenatal 
exposure and conditions of material hardship [55]. Higher current exposure to 
second-hand smoke is correlated with deficits in superior cognitive abilities [6]. 
The number of scientific reports is very high, and we refer to the report from the 
Centers for Disease Control and Prevention, Atlanta, 2010 [56]. In fact, there is an 
important inconsistency in general assessments of children’s cognition and intel-
ligence, which in our opinion reflects the debate on the real nature of cognition and 
of intelligence, in spite of how we may measure them. The topic is hot, and com-
mercial interests may well be a major factor in confounding a sound and safe 
approach.

Neurodevelopmental disorders have been linked to many factors: medical, 
genetic and environmental as well. A very low birth weight and foetal alcohol expo-
sure (even in absence of stigmata of foetal alcoholic syndrome) are certainly associ-
ated with these disorders that may have different clinical presentations, such as 
autism (or, better, autism spectrum disorders (ASD), including Asperger’s disease), 
attention-deficit/hyperactivity disorder (ADHD), intellectual disability, social com-
munication disorders, stuttering and many others. In a population-based case- 
control study in Southwestern Pennsylvania, it has been reported that the “Living in 
areas with higher levels of styrene and chromium during pregnancy was associated 
with increased risk of ASD, with borderline effects for PAHs and methylene chlo-
ride. ….It is unclear … whether these chemicals are by themselves risk factors or if 
they reflect the effect of a mixture of pollutants. Future work should include spatio-
temporal estimates of exposure to air toxics, taking into account the dynamic move-
ments of individuals during daily life” [57]. However, we have to remember that, for 
many decades, the first seminal papers in the 1940s by the child psychiatrist Leo 
Kanner, showing the first identified autism, made the hypothesis that infantile 
autism resulted from rejection of the infant by emotionally cold parents (“refrigera-
tor mothers”). This put a lot of pain and guilt on the already unhappy parents, until 
further research disclaimed this hypothesis. Modern society is affected by politi-
cally incorrect (in our opinion) attitudes such as NIMBY and compensation. The 
multiple varietals of hypotheses on autism may just reflect the inconsistency of the 
data, and we have to accept that unproven hypotheses remain simply hypotheses. 
The debate on autism may be considered a reflection of similar debates on many 
psychiatric diseases. Exposures to toxins, chemicals, poisons and other substances 
have been hypothesized to cause autism, only because anecdotal case reports sug-
gested that such exposures may play a role in isolated cases of autistic disorder, 
giving support for a request of compensation, not taking into account the fact that a 
causative role for toxins in the development of autism in general has not yet been 
demonstrated. The same is true for organochlorine pesticides dicofol and endosul-
fan during the first trimester of pregnancy. In some parts of the world, exposure to 
specific toxins may influence local autism rates. For example, the high incidence of 
autism in areas of Japan has been hypothesized to be due to a toxic effect of certain 
fish. Although toxins may play a role in the development of isolated cases of autism 
in Japan, they have not been proved to be the principal cause of autism there. 
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Another possible explanation for the high autism rates in Japan is the reported 
excellent training of Japanese clinicians; low rates elsewhere may reflect the limited 
abilities of those clinicians to correctly diagnose autism (cfr [58, 59]). This consid-
eration reflects the difficulties involved in comparing data obtained in different 
countries using different methods and protocols by different groups, a problem 
affecting experimental research since Galileo.

The same concerns should apply to the interpretation of experimental data and 
their application to clinical problems, regarding recent experimental data [60]: these 
AA have described how exposure to air pollution early in life produces harmful 
changes in the brains of mice, producing a widespread neuroinflammatory response, 
changes in CNS neurotransmitters and diffuse glial activation, leading finally to an 
enlargement of the lateral ventricles, “… a neuropathology that has been associated 
with poor neurodevelopmental outcome, autism, and schizophrenia”. However, 
these changes, as well as an increased hippocampal glutamate, occurred predomi-
nantly or only in male mice: a gender difference that is not observed in humans. 
Furthermore, enlargement of lateral ventricles is frequently observed in normal age-
ing, without clinical counterparts. It seems without doubt that exposure to air pol-
lutants and to noise is something to always be avoided, in particular for children. 
People should make better use of their good common sense in accepting the inter-
pretations of the available experimental data, to avoid—for example—what hap-
pened to the unfortunate “refrigerators mothers”, incriminated, even before the 
theory was approved scientifically, for they are responsible for their babies’ autism. 
It is true that emotional development of mothers has a major effect on the emotional 
development of the new baby (cfr [61]), but the risks are in terms of further difficul-
ties in emotional relationships and not in causing the presentation of ASDs. Beware 
of chemtrails! And of  the “no-vax” hysteria !

15.7  Air Pollutants and the Pathogenesis of Particular 
Neurological and Psychiatric Diseases: 
Neurodegenerative-Neurocognitive Disorders 
(SDAT, PD, ALS), Stroke and Depression

The last 70 years after the end of the World War II have shown a continuous general 
increase in life expectancy worldwide, in parallel with an increase in the incidence 
and prevalence of many diseases, due to their correlation with age. For the brain, 
neurodegenerative-neurocognitive disorders (including dementia) and stroke are, 
from an epidemiological point of view, the two most important health problems 
which refer nosologically to neurology, while depression (including anxiety) is the 
largest health problem referred to psychiatry. The burden of the “mental disorders 
and other disorders of the brain” has been expressed, for Europe in 2010, in terms 
of the size of expenses for their treatment (Table 15.2) [62], which are proportional 
to the lost DALYs. How much of this burden is due to “growing older”, and how 
strong may be the contribution of other aspects of modern life that have shown a 
similar increase after World War II?
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Considering that air pollution and pollution of the air (including noise) have 
certainly increased in this same temporal span, with some geographical dislocation 
of particular air pollutions, as seen above, in regard to the Munich airport, we could 
be legitimized to consider these pollutants as an additional component to the 
pathological mechanisms of these disorders. Again, it is not easy to discriminate 
sound data from hypotheses.

One of the more important human pathologies linked to ageing is dementia, due 
in a majority of cases to a neurodegenerative disorder. Dementia however is only a 
clinical syndrome, affecting 5% of the world population older than 65 years of age, 
with a prevalence that doubles every 5  years: in subjects older than 80  years, it 
reaches 40%. It has been calculated that in 2015 there are 46.8 million people 
affected by dementia.

The cost of dementia in 2015 has been calculated in 818 billion US dollars. 
Nearly 60% of patients affected by dementia live in medium- or low-income coun-
tries [63]. It has been not easy to distinguish between the effects of “normal” ageing 
and dementia as a disease, since the time of the “De Senectute” written by Cato 
Major in 44 BC. Modern dementologists have developed the concept of mild cogni-
tive impairment (MCI), to indicate a patient at risk of being affected by a dementia, 
whatever the form may be.

For neurological textbooks, neurodegenerative disorder is an old definition, 
based on pathological classification proposed by Van Bogaert in 1949 [65] and it 
included all these various neurological presentations with a primary involvement of 
a neuronal system or of large cortical areas, with unknown aetiology and with clear- 
cut post-mortem findings of degeneration of those neuronal systems and/or cortical 
areas. The time course was a progressive worsening, leading to death. Therapy was 
only palliative. This concept of neurodegenerative disorder is no longer accepted by 
modern neurology (cfr [13]), but it is maintained in other international textbooks 
(cfr [14]). The majority of the neurodegenerative disorders are accompanied by 
cognitive impairment, as in primary dementias. In psychiatric textbooks (cfr 02-05), 
all these clinical presentations are included in a large nosological group, the 
neurocognitive disorders (NCDs), with some caveats, such as “Although cognitive 
deficits are present in many if not all mental disorders (e.g. schizophrenia, bipolar 
disorders), only disorders whose core features are cognitive are included in the 
neurocognitive disorders” or such as “The NCDs are unique among DSM-V catego-
ries in that these are syndromes for which the underlying pathology, and frequently 
the aetiology as well, can potentially be determined (02-05, p. 591). In general, in 
psychiatry the term dementia is reserved to older adults, and it indicates an acquired 
cognitive deficit. The term neurocognitive disorder is utilized in younger individu-
als, and it may reflect the progression of a variety of damages to the brain, be it 
congenital, toxic, traumatic or others.

Primary neurodegenerative dementias include Alzheimer’s disease (AD; 2.12% 
in the general population; 50% of all cases with dementia; 190/100.000 aged 65 or 
older/year; 46.8 million worldwide), Lewy body dementia (LBD) together with 
Parkinson-dementia complex (PDD; 4–30% of all cases with dementia; 
4–7/100.000/year; 15–20 million worldwide) and frontotemporal dementia (FTD; 
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5–10% of all cases with dementia; 4–15/100.000/year; 2–5 million worldwide). 
These four clinical presentations represent 60–70% of all the presentations labelled 
as “dementia”, that is a “…clinical syndrome of impairment in multiple domains 
of cognitive function, which must include impairment of episodic memory, in a 
patient who remains alert with normal arousal” ([13], p. 978). The rarer presenta-
tions, such as subcortical dementias, prion dementias, cerebral infections and 
inflammatory disorders, inherited metabolic and storage disorders will not be dis-
cussed. Vascular dementia, which accounts for 30% of all the dementias, and which 
may be present in many cases of primary neurodegenerative dementia as well, will 
be discussed later on in this section. On the whole, clinical presentation commonly 
labelled as dementias is now a real epidemic, which may be due not only to the 
increased lifespan which has increased in the last 70 years but also to changes in 
the environment that have really exploded during this same time period. These 
“epidemics” will be discussed in Sect. 15.10.

Primary dementias pathologies differ from AD to LBD to FTD to PDD, leading 
to the actual differentiation between taupathies and synucleinopathies. However, all 
these clinical presentations show an accumulation of protein catabolites in the tissue 
(extracellular space the taupathies, intracellular space the synucleinopathies), their 
precipitates assuming particular shapes and forms.

In AD, neuropathology shows the presence of senile plaques and neurofibrillary 
tangles. The senile plaques are observed in the association cortices and are com-
posed of beta-amyloid peptide (a protein derived from a much larger transmem-
brane molecule, the amyloid precursor protein). The neurofibrillary tangles are 
intraneuronal depositions consisting of paired helical filaments with the microtubule- 
associated protein tau, being the major component. AD is accompanied by a severe 
neuronal cellular loss, maximal in the hippocampus (a core center for memory) and 
in associated cortical areas. Neuronal loss is evident in subcortical nuclei, in par-
ticular in the amygdala (a relay center for integrate visual inputs with emotional 
experiences [64]) and in the nucleus basalis of Meynert, which is the origin of the 
cholinergic subcortical projection system (therefore, replacement of the cholinergic 
deficit is actually the core of the AD therapy).

LBD pathology affects both cortex and midbrain, and it is characterized by the 
intraneuronal presence of Lewy bodies and by Lewy neurites, reported also in 
Parkinson’s disease and in PDD. Actually, many AA do not see a major difference 
between LBD and PDD.  Lewy bodies are intraneuronal inclusions mainly com-
posed of alpha-synuclein [65], and they are diffused throughout the CNS, with dif-
ferent severity from region to region in different patients, which is the reason for the 
many different clinical presentations. Synuclein and tau proteins are linked in some 
way, since the toxicity of beta-amyloid seems to depend on the presence of 
microtubule- associated protein tau, the hyperphosphorilated forms of which aggre-
gate and deposit in AD as neurofibrillary tangles; however, this “hot” topic is out-
side the targets of this chapter (cfr [66]).

FTD is composed of different disorders which are considered together since they 
share the common involvement of the frontal and/or the temporal lobes, with the 
clinical presentations reflecting the predominant anatomical distribution of the 
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neurodegeneration. Neuropathological backgrounds are variable, ranging from 
Pick’s disease, aspecific frontal lobe atrophy, asymmetrical cortical degenerations, 
hereditary taupathies and some particular motoneuron disease. Neurons may show 
tau inclusions and ubiquitin inclusions, and sometimes links with prion dementias 
have been described (cfr [67]).

Aetiology of neurodegenerative dementias is multifactorial, a synonym often 
used to mask poor knowledge. Risk factors include genetic predisposition as well as 
environmental factors. A history of cerebral trauma or of general anaesthesia has 
also been cited. The Apolipoprotein E (ApoE) has been demonstrated to be deeply 
involved in AD pathogenesis. ApoE is a major cholesterol carrier, which supports 
lipid transport and injury repair in the brain. ApoE has polymorphic alleles, and the 
individuals carrying the e4 allele are at increased risk of AD compared with those 
carrying the more common e3 allele. Subjects with an e4/e4 genotype have an OR 
14.9 in comparison to e2/e4 (OR, 2.6) or e3/e4 (OR, 3.2), while e2/e2 seems to be 
protective against AD, with OR, 0.6.

Genetic studies have indicated that many chromosomes may be implicated in AD 
pathogenesis (as well as for the other neurodegenerative dementias), but it is pre-
sumed that genetics account for 70% of the risk, and the remaining 30% include 
environmental factors and human lifestyle patterns [68, 69]. Air pollutants (PMs), 
organic solvents [29] and in particular long-term exposure with bioaccumulation 
over an individual’s lifetime are speculated to affect the nervous tissue. Accordingly, 
although different neurodegenerative diseases have somehow different pathologies 
and clinical presentations, as said above, they appear to share common mechanisms 
such as protein aggregation, oxidative stress injury, neuroinflammation, microglial 
activation, apoptosis and mitochondrial dysfunction, which have been described 
above as due (also) to air pollutants. A model (LEARn, latent early- life associated 
regulation) with an underlying “two-hit” theory, which combines genetic and envi-
ronmental risk factors, has been proposed, suggesting that AD risk is established 
early in life and exacerbated by many humanly generated factors, such as obesity, 
lack of instruction, lack of exercise, hypertension, diabetes, air pollutants exposure 
and many others. The interaction between the genetic risk factors and the environ-
mental-personal risk factors is counteracted by the capacity of the brain to cope with 
injury and with ageing processes, the so-called “reserve”, that may be divided into 
a “brain reserve” and a “cognitive reserve”. Brain reserve refers to differences in the 
brain structure that may increase tolerance to pathology; cognitive reserve refers to 
differences between individuals in how tasks are performed that might enable some 
people to be more resilient to brain changes than others. This concept (of brain or 
cognitive reserve) provides an explanation for differences between individuals in 
susceptibility to age-related brain changes or pathology related to AD and to the 
other neurodegenerative dementias. Epidemiological studies suggest that lifelong 
experiences, including educational and occupational attainment, and leisure activi-
ties in later life, can increase this reserve. For example, the risk of developing AD is 
reduced in individuals with higher educational or occupational attainment. However, 
we have seen the cognitive decline of presidents and premiers, who certainly had a 
higher educational and/or occupational attainments. Greater understanding of the 
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concept of cognitive reserve could lead to interventions aimed at slowing down 
cognitive ageing and/or reducing the risk of dementia, but it is crystal clear that 
education and lifestyles are two of the main components of this “brain-bank 
account” where individuals deposit their individual patrimony to later be spent in 
ageing. It could be said that socioeconomic factors are therefore quite important. 
Rentals in proximity of airports or highways may be more affordable than rentals 
located near parks, and thus children from low-income families may be condemned 
from birth to an increased risk factor for later developing a neurodegenerative dis-
order. The findings reported in many paper referred (cfr Refs. [7, 29, 42–45, 49, 68] 
and other) to in this chapter may be reinterpreted under the light of equal chances of 
an individual’s to develop or not brain or cognitive reserves.

For PD, many of the concepts and findings reported above are fully valid. PD is 
the second largest neurodegenerative disease, with an annual incidence of 
15–20/100.000 people and a prevalence of 1–2/1000/year; it is slightly more fre-
quent in men (2.0%) than in women (1.3%). Approximately, 4–6 million people 
worldwide are affected by PD.

It is due to a neuronal degeneration localized in the pars compacta of the mesen-
cephalic substantia nigra, resulting in a dopaminergic failure in the striatum, the 
main target of the nigral neurons; these circuits are crucial for the execution of 
movements and postural functions, explaining the nature of PD symptoms. 
Histological examination of these affected regions show the presence of both Lewy 
bodies and of Lewy neuritis, with definite alpha-synuclein pathology. As for AD, 
also in PD, age appears to be the leading risk factor, but epidemiological studies 
have detected a variety of other risk factors, including rural residence, exposure to 
well water, pesticides and herbicides, farming, wood pulp mills and iron and steel 
production, indicating that the exposure to unidentified environmental toxin(s) may 
have a noticeable contribution in the development of PD. Medical doctors appear to 
be at higher risk for PD in respect to other professions. Protective factors for PD 
may be detrimental for other human diseases, such as smoking or excess coffee 
drinking. Vagotomy has been shown to decrease the risk of developing, decades 
later, PD (cfr [24]). The important role of environmental factors is supported by the 
link with encephalitis, by post-encephalitic Parkinsonism and by a low concordance 
in monozygotic twins. The 1983 epidemic of Parkinsonism caused by MPDP (cfr 
[32]) has been briefly described in Sect. 15.4, and it represents a clear-cut demon-
stration of how a toxin, acting on mitochondrial and oxidative factors, may cause 
CNS damage that mimics closely human PD. One similar finding may be consid-
ered in the reduced activity of the ubiquitin proteasome system due to epoxomicin, 
a product of actinomycetes found in soil and in some root vegetables [70]. We have 
discussed these aspects in Sect. 15.4, and there is an ongoing debate on the relation-
ship between PD and rural activities as well as with activities employing organic 
solvents. Heterogeneity in risk estimates makes final statements unsafe. To illustrate 
just one example, the route of exposure to air pollutants (e.g. inhaled or transcutane-
ous) has never been investigated.

Risk appears to increase as the duration of exposure increases, but this is also 
true for age. Synergy between different pollutants and toxins could also be relevant, 
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making the situation even more complicated. Well worth taking in high consider-
ation is the concern of Pezzoli and Cereda [27] who state “Although some com-
pounds have been withdrawn from the market in industrialized countries, they are 
still in use in developing parts of the world”. However, PD incidence seems to 
decrease with therapy acting on different targets, such as statins (cfr [20]), as said 
above. Therefore, as multifactorial as the risk factors may be, multifactorial may be 
the strategies to counteract the pathology/ies. New hypotheses on PD causes are 
emerging in these last years (cfr [24]).

Amyotrophic lateral sclerosis (ALS) (motoneuron disease; Lou Gehrig disease; 
ALS/MND) is the most common fatal neurodegenerative disease affecting motor 
neurons, both at cortical level as well as in the cranial nerve motor neurons and in 
the spinal cord. Incidence (2/100.000) and prevalence (6–8/100.000/year) are fairly 
uniform throughout the world, with the exception of a few high-incidence foci, such 
as the @Kii Peninsula of Japan and the island of Guam. The disease predominantly 
affects middle-aged and elderly individuals, though younger individuals can also be 
affected, and frequently individuals with a previous intense and/or professional 
sports activity, such as Lou Gehrig, who gave the disease one of its eponyms. The 
clinical presentation is dramatic, with progressive paralysis and death within a few 
years of onset. Cognitive defects can also accompany motor deficits. At histology, 
ubiquitin-rich cytoplasmic inclusions are demonstrated in the remaining motor 
neurons, signaling enhanced repair activity.

All the mechanisms described for neurodegenerative dementias and PD have 
been claimed in ALS, with the (usual) interplay of genetic factors, oxidative stress, 
excitotoxicity, mitochondrial damages as well as injury from neighbouring non- 
neuronal glial cells. Recent data have reported an increased risk of developing 
motor neuron disease in military personnel, in airline pilots and in Italian profes-
sional football players [71, 72]. Current data suggest that about 40% of ALS cases 
are environmentally determined. The data on war veterans also suggest that, if the 
final trigger remains unknown, risk factors may well include multiple vaccinations, 
physical activity and traumatic injuries, besides environmental exposure. A very 
recent study on occupational history has confirmed the consistent association 
between occupational pesticide exposure and ALS.  In contrast, lead exposure 
showed a protective effect against ALS [73].

Multiple sclerosis is generally considered an autoimmune disorder, but many 
other factors have been claimed to be present since the early description by Charcot 
in 1868. Geographical distribution of MS shows that the disease has a higher preva-
lence in medium-temperate countries, but it is difficult to attribute these differences 
to the presence of some air component or pollutant. Since MS is linked to neuroin-
flammation, the neuroinflammatory properties of some air pollutant have been 
claimed to be part of the mechanisms leading to MS (cfr Sect. 15.5; [74]). In recent 
years, acrolein, a beta-unsaturated aldehyde, that is both a product and a catalyst of 
lipid peroxidation, has been shown to induce demyelination in an animal model of 
MS, and that sequestering acrolein promoted functional recovery and a decrease 
amount of demyelination [75]. Acroleine, as an air pollutant, has many exogenous 
sources, since it is emitted during various manufacturing processes, during burning 
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cigarettes, from the exhaust of combustion engines, as well as vapours from over-
heated cooking oil. Acrolein is also generated by endogenous sources, through the 
oxidation of various compounds, in particular in conditions such as trauma, stress 
and ageing, at concentrations 40 times greater than normal, and it is 100 times more 
reactive in respect to similar compounds generated in the oxidative stress. 
Furthermore, acrolein remains active in the body much longer than commonly stud-
ied oxidative species; most oxygen radicals decay within fractions of a second, 
while acrolein persists for 7–10 days. It has been suggested [75] that acrolein could 
sustain or even further aggravate the inflammatory environment presumably liable 
for functional deterioration in MS, as well as in other pathological processes of the 
nervous tissue where oxidative stress may play a role.

Stroke and cerebrovascular diseases (CVD) represent the second cause of death 
worldwide, and they are the first cause of invalidity. Stroke is strongly correlated 
with ageing. In the western world, below aged 45, the incidence is 13/100.000, and 
prevalence is 65/100.000/year, to climb to 2224 and 8796, respectively, for those 
over 75 years old.

In the third-world and generally in the developing and underdeveloped countries, 
these data are completely different, due to the fact that the mean lifespan often does 
not surpass 50 years of age. Mortality is correlated with ageing, as the severity at 
onset of symptoms. In parallel, the therapeutic response with early thrombolysis is 
better in lightly affected patients treated earlier, definitely worse in severe patients 
treated towards the end of the therapeutic window (around 5–6 h from onset). Males 
are more affected (1.25×) in respect to women. 70–80% of strokes are ischaemic, and 
20% are reoccurences (often are preceded by a TIA or a very minor stroke). 10–12% 
are haemorrhages, and 2–5% are subarachnoid haemorrhages (these are due in gen-
eral to the rupture of an aneurysm). Besides age and gender, that are unmodifiable 
risk factors so far, the other main but modifiable risk factors are obesity, lifestyle 
(such as social isolation and loneliness) [76]), hypertension, nonvalvular atrial fibril-
lation and diabetes. Also stress and socioeconomic factors have, in our opinion, a 
major influence, often influencing lifestyle. Stroke and CVD in general produce 
depressive symptoms unrelated to the severity of the neurological deficit [77], and 
both stroke and CVD are correlated with air pollution. All these aspects, in relation 
to air pollution, are dealt in different Chapters of this Handbook (cfr Ref. [1]).

Stroke is strictly correlated with vascular dementia, representing the clinical 
result of multiple strokes or of strokes affecting critical regions. The clinical pro-
gression from the first stroke to the stage of dementia is classically stepwise, each 
step signalling a new stroke. Vascular dementia (VD) represents 30% of all pre-
sentations of dementia, but it should be remembered that many cases of AD (or 
other neurodegenerative dementias) show, at a careful neuroimaging, the presence 
of old vascular (mainly ischaemic) lesions. Accordingly, the first case described 
by Alois Alzheimer [77], and later described in greater detail by Gaetano Perusini 
[78], shows, at the histological examination, the presence of several vascular 
lesions as well. That is, cases with a typical VD progression will show at the 
pathological examination the presence of AD beta-amyloid depositions and vice-
versa [79]. It follows that all the above considerations regarding the relationships 
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between air pollution and air pollutants with both dementia and stroke are equally 
valid for VD and for the many forms of mixed dementia; notwithstanding how 
they are finally labeled.

Depression (mood disorder) affects, in Europe, 33.3 million people; in compari-
son to dementia, 6.3 million and in stroke 8.2 million are affected. It may be consid-
ered to be linked to anxiety disorders that affect 69.1 million people in Europe in 
2010 [80]. Depression is—in our opinion—a symptom and not a disease. It has to 
be evaluated within the history of the patient, both familiar, past medical and recent 
medical. It is important to consider if it is the patient himself who is willing to tell 
the physician about his depression or if the situation has to be evaluated through a 
relative of the “silent depressed patient”. DSM-V (cfr 02-05) correctly separates the 
depressive phase of a bipolar disorder (where the patient is very silent and a bipolar 
history quite evident from the relative’s comments) from the depressive disorders 
due to disruptive mood disorder, dysthymia, premenstrual, dysphoric disorder, sub-
stance-/medication-induced depressive disorder and many others (where the patient 
is very keen to pour onto the ear of the poor physician the effects of a continuous 
negative rumination, with an avalanche of symptoms, complaints, criticisms, 
bereavements, sadness, incomprehensiveness (obviously quite all due to bad behav-
iour of other persons!!), which are the core and the motivation for their depressive 
mood). The common features of both these clinical presentations (which are very 
different in their pathogenesis, prognosis, treatment) are the presence of sad, empty 
or irritable moods, by somatic symptoms and by cognitive impairment. However, in 
the patient who talks, talks, talks, the cognitive impairment is limited to a maladjust-
ment with the situations of his/her life, while in the silent, bipolar patient, it may be 
severe enough to appear to be dementia (the so-called depressive pseudodementia). 
Children may be affected by these diseases, showing persistent irritability and fre-
quent episodes of their behaviour being extremely out of control. However, while 
they will seldom develop into typical bipolar disorders, they may very frequently 
develop into unease, then anxiety and maladjustment with possible unipolar depres-
sion later on.

Later in Sect. 15.10, the possible environmental causes of these clinical presenta-
tions, associated with discomfort, bereavements, annoyance, anxiousness, negative 
ruminations, panic attacks and so on, and their relationships to air pollution will be 
discussed. Bipolar disorders, with their important genetic background, appear to be 
less prone to be influenced by air pollutants.

However, the neurotransmitter system that appears to be the underlying mecha-
nism for depression is the aminergic system. A serotoninergic involvement is also 
found, particularly in ruminative patients, while dopamine appears to be more spe-
cifically involved in schizophrenia. There is evident that a monoaminergic depletion 
in the CNS could be correlated with depression, and it has been supported by many 
reports, including studies in cell cultures ([79]; cfr Sect. 15.5). It follows that air 
pollution due to diesel engine exhausts could bring on depression since these pollut-
ants induce aminergic neurotoxicity, possibly through oxidative stress mechanisms. 
In Canada, researchers have reported short-term effects of air pollution from com-
bustion of fossil fuels in motor vehicles, coinciding with sharp increases in 
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emergency department consultations because of depression and suicide attempts 
[81, 82]. Ozone too has been shown to be disruptive for the monoaminergic 
systems.

In the elderly, depression is one of the common mental health problems, and it is 
correlated with increased mortality and suicide. Known risk factors are alcohol and 
substance abuse, sleep disturbances, bereavement, concomitant severe medical con-
ditions and gender (female). AA from Korea reported that increasing concentrations 
of PM10, NO2 and O3 were significantly associated with depressive symptoms in the 
elderly population [83]. Mechanistic studies linking air pollution to depression are 
lacking, and in general, studies on depression in relation to air pollutants and air 
pollution are not numerous, and it could be politically incorrect to endeavour to 
pursue the causes for this low interest.

15.8  When the Story Began? La “Ville Lumière”: A Hypothesis 
from the Impressionists

Epidemiological data presented above ([1, 52]; cfr Table 15.2) have underlined the 
burden (human, economical, etc.) of the “diseases of the brain”, with depression, 
anxiousness and dementia in the pole positions. These figures are prone to increase 
in the next decades and may be considered as the epidemics, the black death of the 
third millennium. Humanity—especially in western countries—has witnessed a 
decline in deaths caused by infectious diseases (such as pneumonia, typhoid fever, 
tbc, polio, etc.), and the winners of these battles have been awarded with the most 
prestigious prizes. Society is actually supporting both scientists fighting against 
cancer and cardio-cerebrovascular diseases, as well as the research for genetically 
determined diseases. However, it seems that very little is done to understand (We 
will not use the verb “to fight”) one of the simplest questions about these third 
millennium epidemics: why now? Why are we seeing these epidemics just now after 
the end of the World War II? One of the reasons for this lack of insight could be the 
answer, more or less satisfactory, that the human lifespan has increased and is 
viewed as a major achievement of the modern society. Humans have succeeded in 
living longer. That is all very nice, yet one must accept that half of the oldest elderly 
population will be demented. That is not nice at all. Why is humanity suffering from 
depression and why are we seeing an increasing number of young people, from the 
teen years onwards, showing anxiousness with panic attacks, negative ruminations 
and phobias? Why are these questions left to philosophers and to sociologists and 
why are they not examined with a biomedical neuroscientific approach?

A simple examination of the major changes in lifestyle worldwide would have 
shown that, parallel to a prolonged lifespan, many other (perhaps negative) changes 
have occurred since 1950.

Placing the beginning of this story with an anecdote from the time of the impres-
sionists, Paris in 1900 (as well as London) was suffering from devastating air pollu-
tion. This phenomena is well described in Puccini’s La Bohème song “Nei cieli bigi 
guardo fumar dai mille comignoli Parigi”. (In grey skies I watch the smoke of a 
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thousands pariginian chimneys) [84]. The (then unknown) impressionist painter 
Van Gogh was advised by his physician to move to Provence to get rid of a very 
annoying eye inflammation, due to this terrible air pollution. When he arrived in 
Arles, he discovered a new world full of clear light and of bright colors, and he 
wrote to his close friend Gauguin to leave everything in Paris behind and to join him 
where the light was light and the color was colorful. Paris in 1900 was called la ville 
lumière, but this ville lumière had killed the natural light and the colors: the lumière 
had poisoned the air and the light.

The killing of the natural light quickly changed the habits of the (civilized) men, 
no longer subject to the light of the sun for their daily activities and productivity. For 
centuries, all human activities stopped during winter, even wars, due to the difficul-
ties and/or impossibilities for moving. In a way, it was as an obliged winter rest. 
Nowadays, after the discovery of artificial light and electricity, the hours for work-
ing (or enjoying life) are theoretically infinite. All these activities could be spent 
completely away from solar light and from solar photons, and humanity does not 
worry about the loss of the principal beneficial properties of air and solar light. 
Before analysing what this air pollution was causing if only just through the filtering 
of the solar photons, let us analyse the causes of the air pollution: that is the air pol-
lutants themselves and how some of them have increased significantly during the 
last 70 years.

Since 1950, the following sources of air pollutants have shown an exponential 
increase: car engines, diesel engines, factories engines, highways, airports and air-
crafts, found everywhere. In towns, warming engines, cooling engines, engines, 
engines, engines.

In rural areas, thousands of products have been created to increase agricultural 
production, regardless—or sometime just because—of their killing capabilities on 
other biological species, including men. Could all these put together be called a pol-
lution/pollutant epidemic?

As said above, the epidemiological data reported above are showing that the 
diseases affecting millions of people and with a dramatic increase since 1950 are 
depression, anxiousness with mood disorder (and panic attacks) and dementia. Out 
of these three epidemics, only dementia appears linked to brain ageing. Depression 
and more so anxiousness with mood disorder and panic attacks are increasingly 
detected in young people. So the interpretation that these increases in incidence and 
prevalence are just due to the ageing of the brain appears unsatisfactory. Certainly, 
elderly people are more prone to depression, but we have reported data showing 
how these depressive aspects are increasingly reported in young people, and how 
they appear to be correlated with environmental factors, including air pollutants, as 
well as with socioeconomics factors and gender. Experimental observations on the 
effects of these pollutants on neurons, glia, synaptic activities, metabolic activities 
and other aspects of the brain’s work have been published by many AA, but they are 
still awaiting a systematic collocation (statistical analysis?). What is still absolutely 
unknown so far is the future consequences of the damages that appear so much more 
readily produced in children by the air pollutants and by the air pollution in general, 
including noise. With the two curves, pollution and disease, both growing 

15 Air Pollution and the Nervous System



292

exponentially, could it not be a possible abstract working hypothesis to study the 
possible links between the growth of pollution and the growth of these important 
diseases of the brain (depression and anxiousness syndromes with mood disorders 
and panic attacks)?

15.9  About the Qualities of the “Air”: Air Pollution Versus 
Pollution of the Air

Scientific literature on the effects of air pollutants and air pollution on cognitive and 
functional aspects of the brain, including mood changes, anxiousness, panic attacks, 
bereavement, discomfort, annoyance, negative ruminations, intrusive thoughts and 
so on, have been described above. The main pathway of penetration into the nervous 
tissue has been identified as inhalation and therefore the lungs. However, other bio-
logical pathways are also the nasal mucosa and the skin. Previous sections have 
reviewed some of the available data.

Now, one different aspect of air pollution will be discussed one that it is not 
strictly connected with the quality and specifications of the different inhaled pollut-
ants that constitute the bulk of air pollution. The aspect of air pollution presented in 
this section is not the cause of the loss in luminosity, in transparency and in vivacity 
of the colours seen in Paris in 1900 but the loss itself of these normal characteristics 
of solar light (which Van Gogh and Gauguin rediscovered in Provence) which 
occurs when air is polluted. The presence of pollutants in the air as shown in 
Fig. 15.2 causes, besides many other medical problems, a physical change, that is, 
the loss of absorption of billions of solar photons, which are just stopped short in the 
polluted atmosphere. Humanity is deprived of billions of photons, and, as far as the 
human body is concerned, the eyes and the skin are the two human organs most 
affected. It could be correct to include in this concept “the pollution of air” also 
“non-particulate” pollutants such as noise or electromagnetic waves: this is outside 
however the borders of this chapter. It will be enough to underline that both noise 
and electromagnetic waves are particulate [85].

It was commonly assumed that human (and mammalian) retina contained only 
two classes of photoreceptors, rods and cones, with two different pigments, 
respectively, the rhodopsins and the photopsins (which are really three different 
kinds). In the last 20 years, many studies have pointed out that a third class of 
mammalian photoreceptors exists, working with a new light-sensitive molecule, 
called melanopsin, assigned not to the classical vision of objects but to signal the 
ambient light levels (irradiance) to the brain [86]. Surprisingly, these photorecep-
tors are the retinal ganglion cells (RGCs): a part of them shows the unique ability 
to communicate directly, and not, as for all the other receptors of mammalian 
brain, with the higher visual cortices. A smaller part (<5%; the intrinsically pho-
tosensitive ipRGSs) of the ganglion cells, characterized by a very large dendritic 
tree diameter, is signaling to SCN, and in particular to the suprachiasmatic nucleus 
(the site of the mammalian central circadian clock) and to the olivary pretectal 
nucleus, other aspects of the irradiance, the level of pupillary contraction, the 
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neuroendocrine regulation and the circadian physiological rhythms to the light/
dark cycle, all behaviours that are remarkably tonic and require prolonged inte-
gration of ambient light levels [87]. Production of melanopsin is under control of 
a specific gene (opn4), and in transgenic mice lacking this gene, it has been shown 
that the normal circadian behaviours are impaired, with loss of the photoentrain-
ment (Fig. 15.5, from Ref. [88]).

The visual functions of the human eye are regulated by the classical photosen-
sory pigments (rhodopsin and photopsins) present in rods and cones receptors that 
activate the classical (non-melanopsin) RGCs. The melanopsin positive ipRGCs 
(<5%) respond directly to ambient light and mediate a variety of nonimage forming 
visual functions, namely, circadian photoentrainment of the SCN, pupillary light 
response and regulation of sleep and mood. Classical RGCs may have a role in these 
nonimage forming visual functions, as well as the ipRGCs may contribute to image 
forming. RGC retinal ganglion cells, ipRGCs intrinsically photosensitive retinal 
ganglion cells, SCN suprachiasmatic nucleus

It should be remembered that the circadian rhythms of our physiology and behav-
iour—biological aspects fundamental for our well-being—are regulated by the 
hypothalamic SCN, the master circadian oscillator, which requires regular synchro-
nization with the daily and seasonal fluctuations of the environmental photoperiod, 
and its different levels of irradiance. Current studies are addressing the role of mela-
nopsin in signaling to the brainstem’s neurosecretory nuclei the level of irradiance. 
Its impairment may possibly be connected with the pathogenesis of circadian and 
sleep abnormalities observed in neurodegenerative disorders, also in their early 
phase [89, 90]. Furthermore, melanopsin levels, determined by irradiance, may be 
the biological basis for the recurrent depressions in fall and winter that are so com-
mon in patients presenting with seasonal affective disorder (SAD), now classified 
(cfr Ref. 02-05) as “seasonal pattern for recurrent major depressive disorder that 
occurs at a specific time of the year and fully remits otherwise”. Recurrent depres-
sions are common also in patients who do not present with a major depressive dis-
order but who present with the phobic-obsessive syndromes with panic attack or 
with generalized anxiousness; observed more and more often in our outpatient clin-
ics and also seen with disruptive mood dysregulation disorders, as the hormones 
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regulating mood and sleep become unbalanced due to seasonal changes, giving ori-
gin to these “winter blues”. Individuals with low levels of melanopsin have been 
found to frequently suffer from mood and sleep disorder [91, 92], and melanopsin 
gene variants (a single missense variant, P10L of Opn4 gene) are also associated 
with increased risk of SAD in humans [93]. It is not possible today to exclude that 
other factors (or other genes) may contribute to this imbalance; together with the 
melanopsin mechanisms, other signals of a decreased arrival of solar photons may 
reach the mood regulating centers in the SCN. The seasonality of depressive epi-
sodes in a large cohort of these patients and the return to normal non-depressive 
behaviours in response to therapies showing a resetting of the body’s internal clock 
(thus restoring the sleep-wake cycle and mood issues in SAD patients) are clearly 
pointing out the positive effects of light on the human brain’s clock and photoen-
trainments. Many psychiatric groups claim a positive effect with light therapy, in 
accordance with the data on melanopsin. Finally, it could be supposed that, as a 
Darwinian inheritance, also human skin may not be so indifferent to changes in 
solar light, and not only as summer’s sun-burns. It would not be surprising if future 
research might demonstrate melanopsin-like properties in some skin receptor, as 
well as other photo-pigments acting on the SCN and circadian activities.

Serotonin (5-HT) and the 5-HT agonists can modify the response of the SCN in 
mammals [94], altering the photic effects on the SCN circadian oscillator, which is 
due to a transcription-/translation-based molecular clock that autonomously regu-
lates activity patterns in near 24-h rhythms. It appears that there is an endogenous 
inhibitory serotoninergic input to the biological clock that generates circadian 
rhythms in mammals, as well as behavioural changes related to the seasonal irradi-
ance or photoperiod, arriving to the SCN from the serotoninergic nuclei of the 
brainstem, namely, the dorsal raphe nucleus of the mesencephalon [95]. The circuit 
therefore is formed by the ipRGCs (activated by light) that project directly to the 
SCN and to the DRN [96], with DRN neurons firing back on the SCN, through a 
serotoninergic pathway. In addition, SCN has to be reset periodically so that circa-
dian rhythms are synchronized to the light/dark cycle. Light is by far the most potent 
synchronizing agent, and this action is mediated through the ipRGCs.

The relevance of this tuning of the human body in general and of the human brain 
connectome in particular to daily and seasonal irradiance is signaled by reports 
indicating the effects of ipRGCs on modulation of cognitive performance [97] and 
enhancement of alertness [98] and depression, with a decrease of depressive behav-
iour when the activity of ipRGCs is enhanced [99].

15.10  Effects of the“Pollution of the Air” on the CNS: The New 
Pandemics: Number of People Affected and Costs

Section 15.6 (cfr Ref. [52]) and Sect. 15.7 (cfr: Ref. [79]) dealt with numbers 
regarding the diseases of the brain, quantified in term of lost DALYs and affected 
individuals. The 2011 CDBE study group report has shown that sleep disturbances 
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and annoyance are ten times more costly (as lost DALYs), then cardiovascular dis-
eases or cognitive impairment. The 2010 EEC CDBE report has shown [80] that 
depression affects, in Europe, 33.3 million people, to be compared with dementia 
(6.3 millions) and stroke (1.3 millions). However, anxiety affects 61.3 million peo-
ple in Europe today. Physicians may be more interested in carotid occlusions due to 
air pollution [5], but economists and politicians, key persons in the allocation of 
funds both for research and medical care, may be more interested in the larger 
numbers.

The same CDBE report (Table 15.3, from Ref. [81]) compares data obtained—
with the same methodology—in 2010 and in 2004, showing striking increases for 
some disease, less or no significant changes for other brain diseases. Anxiety disor-
ders rise 60% in costs (+24 billions €); mood disorders rise 7% (+7 billions €); 
dementia rises 90% (+ 50 billions €); stroke rises 22% (+ 5 billions); Parkinson’s 
disease rises 30% (+3 billions €). On the contrary, brain tumours, epilepsy and 
migraine show a decrease in the number of subjects affected and of related costs.

Table 15.3 Comparison of 2010 and 2004 estimates, excluding diagnoses and indirect costs that 
were not included in the 133C2005 study

Estimates in 2010 Estimates in 2004

Number of 
subjectsa 
(million)

Costs per 
subjectb 
(€PPP, 
2010)

Total costs 
(million 
€PPP, 2010)

Number of 
subjectsa 
(million)

Costs per 
subject 
(€PPP, 
2010)

Total costs 
(million 
€PPP, 2004)

Addiction 15.5 4227 65,684 9.2 6229 57,275
Anxiety 
disordersc

61.3 1076 65,995 41.4 999 41,372

Brain tumour 0.24 21,590 5174 0.14 33,907 4586
Dementia 6.3 16,584 105,163 4.9 11,292 55,176
E3110754 2.6 5221 13,800 2.7 5778 15,546
Migraine 49.9 370 18,463 40.8 662 27,002
Mood disordersd 33.3 3406 113,405 20.9 5066 105,666
Multiple 
sclerosis

0.54 26,974 14,559 0.38 23,101 8769

Parkinson’s 
disease

1.2 11,153 13,933 1.2 9251 10,722

Psychotic 
disorderse

5.0 5805 29,007 3.7 9554 35,229

Strokef 1.3 21,000 26,641 1.1 19,394 21,895
Traumatic brain 
injuryf,e

1.2 4209 5085 0.71 4143 2937

Total 178.5 2672 476,911 127.0 3040 386,175
aIncluding also persons with zero costs
bWeighted mean from all countries and diagnoses
cExcluding PTSD
dReferred to as “affective disorders” in 2005
eExcluding indirect costs
fIncludes only incident cases in 2010
From Ref. [81], Table 4
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If a threshold is allowed to be drawn, calling “normal” an increase below 50% 
(for these 6 years), very possibly due to better scrutiny, better diagnostics, better 
knowledge of the problem and so on (thus explaining the +66% increase in costs for 
MS, with only 0.5 million people affected), then the increases in anxiety disorders 
and dementias appear to achieve a different dimension in respect to all the other 
diseases of the brain: dimensions due to the number of affected people (61.3 and 6.3 
million people, respectively) and to the total costs (65,995 million € and 105,163 
million €, respectively) for care.

Only mood disorders achieve a comparable cost (33.3 million people affected 
with 113,405 million € being the costs), but the border with anxiety disorders is 
quite foggy (remaining within the field of air pollution!!).

These brain diseases seem today to achieve the dimension of a new III millen-
nium pandemic or new epidemics; furthermore, in our clinical experience, there are 
no indications that they are slowing down. Outpatient clinics are increasingly popu-
lated by these patients, complaining, ruminating, hyperventilating and panicking.

Some of the increases from 2004 to 2010 reported in Table 15.3 may be—at least 
partially—explained by the increase of lifespan, as, for example, the 22% increase 
in stroke costs with a +18% in people affected. However, when the increase in num-
ber of people affected by dementia (+90%) is compared with the increase in people 
affected by cerebrovascular disease and stroke (+22%), taking into consideration 
that for one patient affected by CVD and stroke there are five to six patients affected 
by dementias, one must realize that the simple increase in lifespan cannot be the 
considered main factor. Accordingly, it should be remembered that many reports 
have indicated that an increased lifespan also represents a prolonged exposition to 
air pollutants and air pollution, with all the harms and hazards that this prolonged 
exposure may produce on the nervous system. Experimental and clinical data, in 
adults, in elderly and in children, have demonstrated that these pollutants and this 
pollution damage neurons, glia and neuronal functions.

It was underlined in the previous section how in the last 70 years many normal 
habits in human lives have changed, with respect to what they were up until World 
War II. In particular, humanity has moved indoors from outdoors, freeing itself from 
slavery to solar light, of weather conditions and of seasonal conditions. These 
changes combined with billions of engines working and billions of tons of fuel 
burning have provided men these “freedoms”. Human beings are growing accus-
tomed to a decrease of light and a decrease in the purity of solar light, accustomed 
to grey skies and accustomed to increased background noise. Lifespan is increased, 
but often elderly individuals “survive” in complete loneliness and social isolation, 
risk factors for stroke, for coronary heart disease and for depression (cfr [75]). Data 
on worldwide fuel consumption and data on worldwide air pollution are showing 
that their yearly increases continue, aside from all the concerns for the environment. 
The two curves, increase in fuel consumption and increase in people affected by 
anxiousness or by dementia, have a noteworthy similarity. The trend of these curves 
to be parallel could have meant nothing, if a consistent bulk of data, only a small 
amount of which is quoted here, had not shown how truly correlated they are. 
Pollutants, pollution and noise all cause anxiousness; sleep disturbances; decreased 
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capacities in learning, memory and intelligence; a decrease in the brain reserve and 
in the cognition reserve that are correlated with increased risk of cognitive impair-
ment (MCI) and dementia. All of them are increasing exactly in the same time 
period. It must be underlined, once again, how pollutants and pollution change the 
natural aspects of solar light that are fundamental for our internal clocks related to 
circadian rhythm, to seasonal rhythm and to human endeavours and efforts.

The working hypothesis proposed here at the end of our chapter is that the brain’s 
malfunctions and diseases of its connectome are the combined product of many risk 
factors. Some are unmodifiable (such as genetics and age); some are modifiable if 
better recognized (such as air pollutants and noise); others are still largely unrecog-
nized (such as pathogenetic for brain diseases, such as depression, mood disorders, 
anxiousness with panic attacks, MCI and dementia). It has been shown that one of 
these brain diseases, that affects nearly 100 million people in Europe in the present 
decade, is represented by the disorders of mood, including anxiety, negative rumina-
tions, panic attacks, discomfort, annoyance, complaints, bereavements and SAD, 
and is also clearly different from bipolar disorders and by unipolar depression. Data 
has been presented showing how the solar light influences, through hyper- specialized 
receptors in the human retina, human beings’ adjustments of circadian rhythms, to 
weather conditions and to seasonal conditions. Serotonin appears to be the neu-
rotransmitter that from the raphe nuclei and other serotoninergic brainstem nuclei 
modulates the sensitivity of the CNS clock.

Experimentally induced serotonin depletion causes a profound alteration of the 
daily activities of mammals that mimics human depression. Therapies with inhibi-
tors of the serotonin uptake, that prolong the activity of the normally produced 
serotonin in the human brain, appear to be successful in helping patients to move 
out of their brooding, their negative ruminations, their anxiousness, and also they 
appear to decrease both the frequency and the intensity of the panic attacks. 
Accordingly, many groups claim that a therapy with blue light achieves similar 
results (cfr [98, 99]).

In our working hypothesis, the continuous prolonged decrease of solar photons 
activation of the ipRGCs, due to the pollution of air, may result in a decreased 
secondary stimulation of the SCN, with hazards for the endogenous clock and circa-
dian rhythms, therefore requesting an increased serotoninergic activation from the 
mesencephalic raphe nuclei. For a few years, this compensatory mechanism may be 
able to cope with the situation, but at a certain moment, and possibly this “when” is 
genetically and/or socially determined, it cannot maintain this increased production 
of serotonin. Sleep disturbances and mood depression begin to reappear. Physical 
manifestations that may possibly have an underlying psychological cause proceed in 
parallel with psychological bereavement, with an inexplicable unhappiness.

Epidemiological data show that the moment when this imbalance occurs is con-
sistently earlier in one’s lifespan: accordingly, one may not forget all the reports (cfr 
[6, 53–55]) indicating how children are particularly sensitive to damages on their 
cognition, memory and intelligence, due to air pollutants.

If not treated, these clinical presentations—with anxiousness and with negative 
ruminations and panic attacks, often with SAD (the winter blues) - will increase 
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their burden with depressive feelings and,  in elderly people, with decreased cogni-
tive abilities.

Chemtrails may be a useful representation of the pollution of the air that the IIIth 
millennium is now increasingly producing and experiencing: when chemtrails will 
become thousands upon thousands, totally covering the sky, there will no longer be 
room for the sun’s light to reach humanity. Prometheus is dead.
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16Air Pollution and Cardiovascular 
Diseases (Risk Factors 
and the Myocardial Cell Defence)

Antonio Vittorino Gaddi

16.1  Cardiovascular and Cardiopulmonary Diseases Caused 
by Air Pollution: Integrated Prevention

Several researches provide compelling evidences on the cardiovascular effects of 
fine particulate matter (PM) for the development of atherosclerosis and cardiovas-
cular disease and in triggering acute cardiac events [1]. PM10, PM2.5 and PM0.3 are 
strongly associated with increased incidence of myocardial infarction (MI), stroke, 
arrhythmias and vascular dysfunction; fine and ultrafine particles showed direct tox-
icity on both endothelial and myocardial cells, whilst all PMs (including gross dust) 
showed indirect toxic effects that are able to promote systemic inflammation [2].

The more recent systematic review on the effects of indoor pollution (IP) on the 
cardiovascular system [3] outlines the effects of IP on coronary heart disease (CHD) 
and describes possible effects on heart rate (HR) and HR variability, on hyperten-
sion and lipid profile and on vascular pathology. This paper, published on British 
Medical Bulletin—like many others that we omit for brevity—is strongly influ-
enced by the conventional although arguable selection criteria adopted in meta- 
analysis and systematic reviews.1 Moreover, this scientific approach is appropriate 
(feasible) for those clinical conditions characterized by a fatal or nonfatal “new 
event” and therefore with an inception point easily knowable, which corresponds to 
a “late” symptom in the context of severe events (e.g., a coronary acute 
syndrome).

1 That is, of 580 published publications, only 26 were analysed. It is very difficult to prove that 
these highly selective processes and these criteria will lead to a level of information and knowledge 
greater than that of other modern methodological approaches.
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It is therefore impossible to select the appropriate inception cohorts or follow the 
evolutionary history of a disease. Not surprisingly, a recent study on 47,000 emer-
gency department critical care accesses at Shanghai Hospital clarifies the effects of 
the outdoor pollution on all subtypes of coronary heart disease (symptomatic or 
only detectable by instruments), demonstrating strong effects of PM10, SO2 and NO2 
on sudden cardiac death; moderate effects on acute myocardial infarction and 
angina; weak effects on ischaemic cardiomyopathy; and “no effect on occult CHD” 
(defined as EKG ST depression or other signs of ischaemia).

A recent estimate of total cardiovascular death’s burden in China demonstrated 
that PM10 is responsible for a total of 1252 cardiovascular death out of 28,365 with 
a total loss of about 27,000 years of life due to cardiovascular diseases, mainly in 
women [4]. These data do not consider the AP role as cofactor of other genetic and 
environmental risk factors; thus, probably, the total burden is higher, as suggested 
by several researches demonstrating that the impact of fine and ultrafine particulate 
matter on cardiovascular diseases generally is equal or exceeds those on pulmonary 
diseases.

The authors’ conclusion is that “air quality improvement has become necessary 
to protect public health”. This is certainly true; but to protect the health, we need to 
know “how to do it” and then to have other studies on the interactions between tra-
ditional risk factors, pollution (of air, water and food) and the history of the evolu-
tion of the coronary disease in each individual.

In fact, the slow effects and the linkages between type and concentration of pol-
lutants and the slow evolution of chronic degenerative diseases (also characterized 
by steps of remission and phases of progression) are less defined; this is due to the 
intrinsic difficulties of this type of studies and to the high number of variables that 
can influence the evolution of the disease.

Uzoigwe et al., in a review on the effect of indoor and outdoor pollutants on the 
cardiovascular and the pulmonary system [5], stress the need to elucidate the bio-
logical mechanisms underlying the link between air pollution and cardiovascular 
diseases in order to develop new therapeutic strategies and diet prevention of 
AP-induced diseases.

A similar position was proposed recently by Cascio et al. [6] that underline the 
need of knowing the pathophysiologic framework underneath the association 
between exposure to AP and premature cardiovascular mortality, pragmatically sug-
gesting the “insights for public health translation”.

Probably, this is one of the possible ways to plan studies aimed to understand the 
real effect of different pollutants on the cardiovascular system, even if it does not 
face the problem of complexity (see Chaps. 1 and 14) that is particularly relevant in 
case of AP and the cardiovascular system (both complex systems interacting in a 
complex way).

In general, the possible mechanisms of damage of the pollutants on the cardio-
vascular system may depend from the strengthening or synergy between long-term 
exposures to air pollutants and the traditional cardiovascular risk factors (genetic, 
environmental and behavioural) and on the effect of pollutants on vascular throm-
bosis and electrical dysfunction. Because chronic and acute exposure is usually 
concomitant with systemic inflammation, with changes in the autonomic nervous 
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system balance and in the pro/antithrombotic and pro/anti-fibrinolytic balance [6], 
it seems logical that a preventive approach directed to minimize the exposure to all 
risk factors and the pollutant remains a key factor.

A summary of the profile of the available studies, which is also an index of the 
topics treated, is reported in Table 16.1.

16.2  Hypertension

Hypertension is one of the main risk factor for both cardio- and cerebrovascular, 
fatal and nonfatal new events. Air pollution is now regarded as an independent risk 
factor2 for cardiovascular morbidity and mortality and not only as an “etiologic 
component” of diseases. Some authors estimate that air pollution explains at least 
the 10–25% of incidence of coronary disease that is unexplained by traditional risk 
factors [1].

From the public health’s point of view, a recent systematic revision underlines 
that even a small mean effect of air pollution on blood pressure (increments of few 
mmHg) would have “enormous global public health implications” [7], taking into 
account the ubiquity of air pollution and the high prevalence, worldwide, of 
hypertension.

A recent research performed in Canada demonstrated that recent exposure to 
several pollutants, SO2, NO2 and PM2.5 (during cold season) and SO2 and O3 (during 

2 The individual components of the air pollution have toxic effects directly on the cells, tissues and 
organs and must therefore be regarded as etiologic factors of disease. For other, in the recent litera-
ture, many “non-specific” measures of air pollution (as the total PM or the Air Quality Index) are 
directly associated with other risk factors and to the incidence of cardiovascular new events, irre-
spective of causal link.

Table 16.1 Summary of the risk profiles as per the available research on air pollution and cardio-
vascular diseases

No. Disease Acute Chronic Indoor Outdoor Chapter
1 Coronary atherosclerosis + + Ghiselli G
2 Carotid atherosclerosis + + Ghiselli G
3 Atherosclerosis (other) D + Ghiselli G
4 Vessel diseases (other than 

atherosclerosis)
D D

5 Myocardial infarction ++ ++ Present
6 Other ischaemic heart diseases +D + Present
7 Heart failure + Present
8 Arrhythmias + ++ Present
9 Pulmonary hypertension +D + ++ D Present/Cipolla M
10 CODP/lung diseases Cipolla M
11 Heart and lung infectious diseases ++ + ++ ++
12 Pulmonary embolism and deep 

vein thrombosis
Present

13 Stroke/other cerebrovascular Lenzi GL
14 Hypertension ++ +D + ++ Present
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the warm season), has a statistically significant positive association with the number 
of emergency department visits for hypertension or hypertensive crisis. The authors 
conclude that several air pollutants can be capable of elevating blood pressure lead-
ing to an increase of emergency visits [8].

Several researches suggested a direct effect of pollutant on blood pressure in the 
short-term period in men and women (both with and without previous known hyper-
tension) [9–11] rising the request for medical attention [12]. The hypertensive effect 
is demonstrated also in children [13] and seems related to all the tested pollutant 
(O3, NO2, SO2, CO and PM10) (see also Chap. 10).

Moreover, the acute effect of exposition at extremely high concentrations of both 
fine particles and black carbon particles rises systolic and diastolic blood pressure 
and insulin resistance: The authors underline that these results provide important 
global public health warnings that “air pollution may pose a risk to cardio metabolic 
health” of billions of people, particularly in China [14].

The long-term exposure also rises blood pressure values; however, in the long 
term, the correlation seemed less evident [15], perhaps secondary to methodological 
reasons, because of several interfering cofactors. However, NO2 traffic-related 
emissions3 increase systolic blood pressure [16], although in a Danish cohort, the 
NOx exposition was not associated with incident hypertension [17]. On the con-
trary, in a study on 24,000 Chinese men, a positive association between blood pres-
sure values and hypertension was found for SO2, PM10 and O3 [18].

Probably, the presence of diabetes, blood lipids and obesity strongly influences 
the relationships between pollutant and hypertension [19, 20].

Several physiopathological mechanisms were proposed to explain the relation-
ship between the exposure to some air pollutants and the rise in systolic blood 
pressure: probably, the factors involved are many. The literature has highlighted, in 
experimental animals, an effect on air pollutant reactive oxygen species (ROS) 
mediated by upregulation of the Rho-associated protein kinase (ROCK) pathway 
[21]. Recently, Cascio et al. also suggested an interesting hypothesis on the role for 
the biological component of air pollution, like endotoxin or β-1,3-d-glucan con-
tained in particulate matter [22], thus opening a new scenario in air pollution 
research.

16.3  Pulmonary Hypertension and Heart-Lung Diseases

Pulmonary hypertension, chronic obstructive lung diseases and right heart failure 
mutually reinforce each other: they are not only “coexisting” comorbidity but on the 
contrary often constitute a single alteration of the heart-lung system; they also have 
common multifactorial causes.

We think that in the future this is bound to become one of the main areas of air 
pollution-related pathologies; however, today integrated researches on these topics 
(or, better, on this type of patients) are not available. Particularly in low- and 

3 NO2 is used as a marker of traffic exposition.
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medium-income countries, billions of people are exposed to indoor pollutant, and 
the incidence of the deaths and physical disabilities induced by these diseases rose 
in the last decades.

Bloomfield et al. in a publication with the evocative title “Waiting to Inhale….” 
reviewed the recent articles on this matter and suggested a joined approach to these 
diseases. In fact, the common causes of pulmonary hypertension4 potentiate the 
effect of indoor air pollution [23]; moreover, chronic exposure to air pollutants 
probably accelerates and worsens the clinical course of pulmonary hypertension, of 
COPD (see Chap. 14) and of right heart failure.

Moreover, Bloomfield suggests that there may be a “direct link between expo-
sure to household air pollution and right heart failure”: in other words, that indoor 
air pollution is a direct cause of right heart failure, independent of pre-existing dis-
eases or comorbidities [23].

The role of tobacco smoking on pulmonary hypertension is well known [24], and 
probably the smoke plays a double role: it has a direct action on smokers, but it also 
increases the level of CO, CO2 and PM in the house air (second- and third-hand 
smoking; see also Chap. 9), even if the effect of second-hand smoking was not con-
firmed by all studies [25].

Indoor air pollution probably worsens the high-altitude-induced pulmonary 
hypertension [26].

The associated burden is significant: the social cost of pulmonary hypertension 
is very high, whilst the quality of life of patients is very low [27]; however, the 
patient awareness of air pollution-related risk for the heart and lung remains 
scarce [28].

Possibly, the physiopathology of pulmonary hypertension secondary to air pollu-
tion depends on the thickening of the pulmonary arteries and on an increased sys-
tolic pressure in right heart via T-cell-produced cytokines, interleukin (IL)-13 and 
IL-17A [29, 30]; PM decreases endothelium-dependent relaxation and eNOS pro-
duction in pulmonary arteries [31].

16.4  Heart Failure

Experimental researches on healthy volunteers demonstrate the inotropic effect of 
some pollutants on the heart; the endothelial dysfunction and BNP increase after 
exposition to diesel exhaust [32–34] and confirm the efficacy of diesel exhaust filter 
in lowering the toxic effects [34].

The air pollution effects (PM and NO2) on several cardiovascular diseases and on 
congestive heart failure are also linked to heterogeneous social factors and to race, 
with some preliminary evidences that confirm the so-called Hispanic health paradox 
for sensitivity to NO2 ethnicity [35]. In patients with cardiomyopathy and also in 

4 Human immunodeficiency virus, schistosomiasis, haemoglobinopathies, interstitial lung disease 
and COPD, healed tuberculosis infection, high altitudes and chronic pulmonary hypertension 
(thromboembolic)
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nonhospitalized patients affected by heart failure, the short-term exposition to PM2.5 
and CO affects both perceived (symptoms) and factual parameters of heart function 
[36]. Cardiomyopathy confers susceptibility to the inflammatory and the rhythmo-
genesis effects of acute PM2.5 inhalation [37]

Few years ago, a large study performed in Guangzhou (China) [38] provided a 
good epidemiologic evidence that outdoor pollution exacerbates heart failure symp-
toms and probably rises the access to emergency departments in general free-living 
population. Similar conclusions were derived from a study performed in the UK 
with a different experimental approach [39]. An interesting [40] research performed 
in Kenia demonstrates an effect on isolated right heart failures in women exposed to 
dust (occupational) or poor kitchen ventilation and HIV [40].

However, we have few information on long-term exposure to different pollutants 
and on progression, therapy response and outcomes of different types of heart 
failures.

A meta-analysis published by Shah et al. [41] only confirmed the effects of acute 
of pollution on mortality and on access to hospital for heart failure. This relevant 
paper demonstrated an association between single pollutants and cardiovascular 
risk. The details of these studies are summarized in Table 16.2 (values refer to heart 
failure hospitalization plus death).

Ozone resulted to be not associated with both hospitalization and death by heart 
failure. Quantitative reviews fail to demonstrate clear and definite correlations 
between ozone exposition in long period and death from lung pathologies and other 
diseases [42].

However, several authors suggested the inclusion of the above (or similar) values 
into recommendatory acts of the European Union and of other countries [43].

Probably, the toxic effects of air pollution on the heart are relevant in the long 
term and must be added to all other causes of myocardial damage; the outcome 
depends on the sum (and the synergic action) of all the injuries among which air 
pollution affects a patient during his or her entire life; an example of this type of 
pathological interaction comes from studies that demonstrate specific geographical 
associations between air pollution exposition in youth and in early stage of life and 
lung infection with consequent rheumatic heart disease complications [44].

16.5  Ischaemic Heart Diseases (IHD)

The effect of air pollution on coronary heart disease (CHD) and coronary artery 
disease, mainly due to early onset of coronary atherosclerosis, is described also 
in another chapter of this book (see Chap. 17). In this paragraph, we summarize 

Table 16.2 Association 
between single pollutant, 
concentration and 
cardiovascular risk

Carbon monoxide 1 ppm 3.52% (95% CI = 2.52–4.54)
Sulphur dioxide 10 ppb 2.36% (95% CI = 1.35–3.38)
Nitrogen dioxide 10 ppb 1.70% (95% CI = 1.25–2.16)
PM2.5 10 mg/mc 2.12% (95% CI = 1.42–2.82)
PM10 10 mg/mc 1.63% (95% CI = 1.20–2.07)
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the relationships between pollutants and ischaemic heart disease (like myocar-
dial infarction and its complications as angina pectoris, effort-induced ischaemia, 
etc.).

A recent time-series study performed in Beijing on 369,469 IHD cases and 
53,247 deaths demonstrated a non-linear, significant, dose-response relationships 
between PM2.5 and both morbidity and mortality. During the 3 years of the study, the 
researchers observed that “there were 7703 cases and 1475 deaths advanced by 
PM2.5 pollution over expected rates if daily levels had not exceeded the WHO tar-
get” [45]. A successive study carried out in Shanghai on over 600,000 CHD outpa-
tients confirmed that exposure to PM10 and PM2.5 was associated with an increased 
risk of and leads to a marked increase in emergency department visits. Several 
 factors, including season, gender and age, influence the association [46], and 
their associations were effect modifiers.

The association between cardiovascular diseases, including myocardial infarc-
tion, and PM2.5 and PM10 was also demonstrated in a very exhaustive meta-analysis 
on 59 articles (out of 1464 published papers): short-term exposures to particulate 
matter (between 0.3 and 10 μm) are associated with increases in mortality. However, 
the author concludes that evidence of constituent-associated health effects, long- 
term effects and morbidity in China is still inadequate [47]. These conclusions are 
very cautious and rigorous from a scientific point of view. We can add that that 
applies to all over the world and not only for China.

The meta-analysis supports an inverse relationship between HRV, a marker for a 
worse cardiovascular prognosis, and particulate air pollution [48].

The sum of more pollutants (in particular, the sum of PM2.5, NO2 and O3) is cor-
related with the incidence and severity of the myocardial infarction [49]; the same 
author demonstrated an association between myocardial infarction and pollens [50] 
that are a new emerging environmental risk factor and a biological constituent of 
pollution.

 Conclusions
A number of studies demonstrate that air pollution has a central role in the devel-
opment of cardiovascular diseases.

In relation to hypertension, from the scientific point of view, there is a great 
confusion: The number of studies is insufficient, whilst the number of variables 
is very high. We are in the field of complexity, and we cannot consider satisfac-
tory nor conclusive the available data.

However, from the clinical-pragmatic point of view, we can argue that air pol-
lution is a worsening factor when the values of the arterial pressure are consid-
ered, so that we need to alert people (children, adults and the elderly) about the 
risk and the possible outcomes. Fortunately, the arterial hypertension can be 
effectively cured.

The association with pulmonary hypertension and heart-lung diseases is also 
being researched. The studies carried out so far are few and sectorial. The litera-
ture lacks the holistic view of the individual; in addition, the same idea of air 
pollution affecting the cardiopulmonary system is missing or scarcely expressed. 
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From the clinical point of view, however, an interesting scenario is presented 
because on the one hand there is enough evidence to support that exposure 
(chronic and indoor) to pollution increases the pulmonary hypertension and on 
the other hand such effects of pollution can be prevented, both on the general 
population (primary prevention) and on subjects at high risk or already suffering 
from pulmonary hypertension.

The clinical findings and preliminary scientific conclusions on cardiac failure 
and IHD are common, not only because of synthesis, but also because the clinical 
picture of the two “diseases” is often confused in the literature; especially in the 
elderly, the two conditions overlap; this is interesting as most of fatal and nonfa-
tal cases studied in clinical trials come from this cadre (see also Chap. 11). From 
a scientific point of view, the studies supporting the idea of a relationship between 
air pollution and heart failure are numerous and are more than the one presented. 
We have quoted only part of those, as detailed reviews on these topics are easily 
available. There are still not enough data for the long-term effects, but we have 
solid evidences to conclude that the PM and some gases substantially increase 
the risk of ischaemic heart disease and cardiac failure and, in a wider sense of all 
the other cardiac diseases, including cardiac arrhythmias [51, 52], cardio-meta-
bolic risk factors, like obesity [53, 54], hyperlipidaemias (few studies available; 
see also Chap. 16) [55] and diabetes [56–60]. The latter has been studied in the 
long term too.
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17Air Pollution and Atherosclerosis

Marilisa Bove and Giancarlo Ghiselli

17.1  Introduction

There is increasing concern around the impact that air pollution has on human 
health. The Global Health Observatory of the WHO has determined that world-
wide air pollution contributes to 5.4% of all deaths from any causes [1, 2]. The 
higher impact has been recorded in highly industrialized countries as well as in 
developing countries with large population residing in urban areas. Along with 
cigarette smoking and secondhand smoke, the exposure to polluted air is now 
recognized as an important environmental contributor to cardiovascular morbidity 
and mortality. Indeed, ambient air pollution ranks among the top ten modifiable 
disease risk factors along with low physical activity, high-sodium diet, high cho-
lesterol, and drug use. Studies reporting an association between high levels of air 
pollution and health deterioration had been published with increasing frequency 
since the end of the last century [3–8]. However, convincing epidemiological evi-
dence has become available only recently [9–18] and has called the attention of 
the medical community, regulatory agencies, and public administrators on air pol-
lution as a main risk factor for cardiovascular disease morbidity and mortality in 
the population at large.
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17.2  Air Pollution and Atherosclerosis:  
The Epidemiological Evidence

In the past two decades, a number of human cross-sectional, time-series, and cohort 
studies have suggested a strong link between the level of particulate matter (PM) 
from industrial, farming, household, or mobile exhaustions and the progression of 
atherosclerosis [19, 20]. The first focused epidemiological study published in 2005 
investigated 798 residents of Los Angeles [21]. Air pollution exposures were esti-
mated individually based on PM values recorded by local pollution-monitoring sta-
tions. The study concluded that for every 10 μg/m3 rise in PM, aortic intima-media 
thickness (ITM) increases by 4% after adjustment for potential confounding vari-
ables. Similar conclusions were reached by assessing the effect of living close to a 
main urban road [22]. The coronary artery calcium, used as a biomarker of coronary 
atherosclerosis, was found to increase by 60% in the sample exposed to the higher 
PM burden. Halving the distance between the residence and a main road resulted in 
a 10.2% increase in coronary artery calcification. In a large prospective multicenter 
study (Multi-Ethnic Study of Atherosclerosis and Air Pollution, aka MESA Air), the 
relationship between long-term air pollution exposure and the progression of sub-
clinical atherosclerosis has been investigated over several years [23–25]. In the 
study, long-term exposure to PM 2.5 was found to be significantly associated with 
decreased endothelial function and increased IMT progression even during a rela-
tively short follow-up period. Importantly, the trial demonstrated that reducing 
exposure to PM 2.5 can slow IMT progression. Recently, the German Heinz Nixdorf 
Recall Study group has reported that long-term exposure to fine PM is an indepen-
dent risk factor associated with subclinical atherosclerosis [26, 27]. The study 
included a population-based cohort of 4814 randomly selected participants, and 
thoracic aortic calcification was used to monitor the progression of atherosclerosis. 
The studies cited and others have been the subject of recent excellent review articles 
[24, 28–33]. The reader is directed to this literature for an in-depth examination of 
the study design and the conclusions reached in different population cohorts. A 
consensus panel has recently concluded that increased levels and exposure to PM 
are strongly and positively associated to accelerated progression of atherosclerosis 
[34]. The findings have been a significant driving factor for researchers to identify 
mechanism(s) by which PM affects the cardiovascular system and particularly the 
progression of atherosclerosis. In this review article, the experimental evidences 
linking exposure to polluted air to the development of atherosclerosis are 
presented.

17.3  Effect of Air Pollutants on Atherogenesis 
in Experimental Animals

Air pollutants are heterogeneous both physically and chemically. The complex mix-
ture includes particles of different size (mainly PM 10, PM 2.5, and PM of size 
lower than 1  μm), fumes, and gases such as carbon monoxide (CO), nitrogen 
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dioxide (NO2), sulfur dioxide (SO), and ozone (O3). The particles are a mix of dust 
and liquid droplets composed of chemicals, acids, metals, and soil. Air pollutants 
from different sources are endowed with distinct health risk profiles and each may 
be preferentially linked to pulmonary diseases, systemic inflammation and oxida-
tive stress, endothelial dysfunction, pro-thrombotic and coagulant changes, or to the 
progression of atherosclerosis.

Investigations on the pathogenesis mechanism underlying the pro-atherogenic 
effect of various air pollutants have made use of atherosclerosis-prone animals. To 
this end, Suwa et al. have utilized Watanabe heritable hyperlipidemic (WHHL) rab-
bits that naturally develop systemic atherosclerosis [35]. The animals were exposed 
to PM 10 concentrate suspended in saline by intrapharyngeal instillation twice a 
week for 4 weeks. The results indicated that repeated exposure to urban air PM 10 
elicits a systemic inflammatory response and accelerate atherosclerosis in the coro-
nary arteries and aorta of the animals. The severity of the atherosclerotic lesions 
correlated with the extent of PM 10 phagocytosed by alveolar macrophages in the 
lung. The qualitative histological observations demonstrated extensive atheroscle-
rosis in the aorta, increase of the lipid-laden areas, and increased cellular lipid turn-
over. In another study [36], female WHHL were exposed to PM 10 by intratracheal 
instillation twice a week for 4 weeks, and the recruitment of BrdU-labeled mono-
cytes into the vessel walls and the atherosclerotic plaques were measured through 
quantitative histology. The exposure to PM 10 increased the number of BrdU- 
labeled monocytes adherent to the endothelium covering the plaques and promoted 
the subendothelial migration of the monocytes at the site of plaque formation. In 
order to investigate the effect of air pollution on the ultrastructural properties of 
atherosclerotic plaques induced by PM 10 in WHHL rabbits, concentrated ambient 
particulate matter was instilled into the lungs of the rabbits twice per week for 4 
weeks [37]. When examined by transmission electron microscopy, atherosclerotic 
plaques of PM-treated rabbits displayed increased accumulation of macrophage- 
derived foam cells compared to saline-treated animals. In addition, type IV collagen 
was present in the thickened extracellular matrix material beneath the endothelium 
at the site of plaque formation. These ultrastructural changes are likely to increase 
the probability of plaque rupture that may trigger a thrombotic event.

Atherosclerosis-prone mice (apoE−/−) fed with a high-fat diet [38], exposed to 
PM 2.5 at tenfold ambient concentrations for 6 h/day, 5 days per week for a total of 
6 months, had a significant increase of lipid content in the aortic arch compared to 
animal fed with the same diet and breathing filtered air. The exposed animals dis-
played marked increases in macrophage infiltration, expression of the inducible iso-
form of nitric oxide synthase, increased generation of reactive oxygen species, and 
greater immunostaining for the protein nitration product 3-nitrotyrosine. In a simi-
lar study, apoE−/− mice were exposed to concentrated PM 2.5 ultrafine particles, 
and the progression of their atherosclerosis is compared to that in animals breathing 
filtered air [39]. The exposure to PM 2.5 resulted in a much earlier appearance of 
large atherosclerotic lesions. A deterioration of the HDL anti-inflammatory capacity 
and a significant increase of the level of genetic markers for systemic oxidative 
stress were also recorded. To investigate the effect of diesel exhaustion particles on 
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the progression of atherosclerosis induced by a pro-atherogenic diet [40], apoE−/− 
mice fed with a Western diet received a twice-a-week oropharyngeal instillation of 
diesel exhaust particulate or alternatively saline for 4 weeks. A larger number of 
atherosclerotic lesions per vessel and more buried fibrous caps were observed in 
animals instilled with the solution containing diesel particulate matter. The pro- 
atherosclerotic effect was concomitant with pulmonary inflammation and systemic 
oxidative stress. In a recent study [41], atherosclerosis development accelerated in 
apoE−/− mice exposed to ambient ultrafine particles (UFP) with diameter smaller 
than 180 nm. UFP contain pro-oxidant or otherwise toxic organic chemicals. When 
these agents were removed by heating the UFP, the level of biomarkers of oxidative 
stress and the sizes of arterial plaques were significantly reduced. This has led the 
authors to conclude that removal of organic constituents from ambient particles 
affords a significant reduction of toxic cardiovascular effects of air pollution expo-
sure. In order to investigate the gene expression alterations leading to accelerated 
atherosclerosis, global gene expression analysis was performed on atherosclerotic 
plaques from apoE−/− mice exposed for 6 h/day, 5 days/week for 5 months, to fil-
tered air or concentrated (tenfold) ambient air from an area located 40 km north of 
New York City [42]. The gene expression profiling showed upregulation of genes 
linked to inflammation, proliferation, matrix remodeling, and oxidative stress, 
involved in classical mechanisms of atherosclerosis and plaque progression.

The impact of chronic exposure to urban air on the susceptibility of LDL to oxi-
dative modifications and the development of anti-oxLDL antibodies in blood has 
been investigated in hyperlipemic mice (LDLR−/−) exposed to ambient or filtered 
air for 4 months [43]. Exposure to polluted air led to a significant increase of circu-
lating oxidized LDL shown as well by the immune response to the modified lipo-
proteins. When ApoE(−/−) or LDLR(−/−) mice were exposed to filtered air or 
concentrated ambient PM 2.5 for 6 months [44], PM 2.5 increased the quantity of 
oxidized cholesterol (7-ketocholesterol) carried by low-density lipoproteins leading 
to its accumulation in atherosclerotic plaques. At the cellular level, macrophages 
from mice exposed to the particulate matter displayed increased uptake of oxidized 
lipoproteins. In apoE−/− mice, both acute and subchronic inhalation of traffic- 
generated air pollution lead to increased plasma oxLDL as well as the expression of 
the oxLDL receptor LOX-1 in vascular endothelial cells [45]. Expression of LOX-1 
is increased in systemic arteries following exposure to diesel and gasoline emissions 
and ozone. Blocking LOX-1 through injection in animals of specific anti-LOX1 
antibodies prevents exhaust-induced aortic lipid peroxidation and inflammation. 
Diesel exhaust emissions contain a large number of ultrafine particles, enriched in 
organic content such as polycyclic aromatic hydrocarbons. The exposure of 
apoE−/− mice to diesel exhaust for 2 weeks reduced HLD anti-inflammatory and 
antioxidant activity. These changes were negatively correlated with paraoxonase 
enzymatic activity in plasma and to activation of the 5-lipoxygenase pathway in the 
liver, leading to the formation of peroxidated lipids [46].

Animal studies have allowed researchers to address the key question of the rela-
tionship between the dose of exposure to pollutants and the progression and magni-
tude of atherosclerosis effect based on specific end points. To this regard, particularly 
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instructive experiments have been carried out to compare the effect produced by PM 
to that produced by passive tobacco smoke on the atherosclerosis progression in 
apoE−/− mice [47]. By performing noninvasive (high-resolution ultrasounds) 
sequential measurements of the plaques in the aortic arch, PM at doses one-third 
those of tobacco smoke induced comparable degrees of plaque at similar time 
points. The results demonstrate that PM induces atherosclerosis at a pace compa-
rable to that of passive smoke inhalation, but at much lower μg/mm3 concentration. 
The results also demonstrated a nonlinear dose-response effect of PM and the pro-
gression of atherosclerosis. Whereas exposure to low levels of PM is associated to a 
rapid increase in cardiovascular risk, the strength of the correlation lessen as the 
concentration of inhaled PM increases. To investigate this effect further, the dose- 
response effect of the inhalation of increasing concentration of diesel engine emis-
sions on atherosclerosis has been evaluated in apoE−/− mice [48]. In this experiment, 
the animals were exposed for 6 h/day for 50 days to increasing concentrations of 
diesel-exhausted material or to particulate-filtered diesel exhaust. The exposure to 
the emissions induced dose-related alterations in gene markers of vascular remodel-
ing and aortic lipid peroxidation. An increase number of macrophages and accumu-
lation of collagen was observed, consistent with the presence of advanced and more 
fragile atherosclerotic plaques prone to rupture.

17.4  Atherogenic Activity of the Particulate Matter 
and Potential Mechanisms of Action

An important question relates to the mechanisms underlying the transference of 
toxicity from pulmonary exposures to PM to the development of atherosclerosis. 
The inflammation hypothesis [49–51] proposes that inhaled particles bind to or are 
taken up by the lung alveolar macrophages and epithelial cells and activate the cells 
to an extent that induces a marked pulmonary inflammation. Inflammatory and pro-
oxidative mediators (e.g., cytokines and activated immune cells) then enter the cir-
culation and alter cardiovascular function. There is ample experimental evidence 
that exposure to air PM initiates an inflammatory response and oxidative stress in 
the lung [52–54]. The inhaled air pollutants can trigger local oxidative stress by 
reacting with protective secretions of the airways, thus generating reactive oxygen 
species (ROS) through the Fenton reaction [55, 56]. Ultrafine particles may also 
penetrate the cells of the alveolar surface and upon reaching the mitochondria affect 
the cell respiratory cycle [57]. When the PM-generated ROS overwhelm the pulmo-
nary stress response system, an inflammatory reaction is triggered which releases 
mediators and further activates pro-inflammatory transcription factors. The released 
mediators (e.g., cytokines and ROS) readily enter the circulation, cause systemic 
injury to endothelial cells, and enhance the endothelial barrier permeability [58]. 
This facilitates the entry of fine and ultrafine PM into the blood stream where they 
can reach peripheral tissues and elicit further inflammatory and toxic effects [59–
61]. A plethora of pro-inflammatory cytokines are released from alveolar macro-
phages following exposure to PM [62, 63]. PM 2.5 particles are recognized by 
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intimal macrophages via Toll-like receptors (TLRs), TLR2 and TLR4. The binding 
of the particulate to macrophages activates the NF-κB pathway which in turn leads 
to the releases of cytokines and chemotactic agents [64, 65]. The involvement of 
TLR4 in the PM 2.5-mediated reaction of macrophages has been demonstrated in 
TLR4-deficient mice. In spite of being chronically challenged with PM 2.5, the 
animals displayed a normal cytokine profile [66]. There is compelling evidence that 
PM 2.5-derived ROS at level found in the body following exposure to polluted air 
have the potential to trigger an atherogenic cascade by generating oxidized LDL 
and altering the function of vascular cells [59, 67, 68]. The oxidized lipoproteins are 
taken up by vessel-resident macrophages, which in the process are converted into 
lipid-laden foam cells. Macrophages can also phagocytize PM 2.5 and, as a conse-
quence, undergo apoptosis [69]. Necrotic remnants of macrophages contribute to 
the formation of the atheroma necrotic core which is surrounded by foam cells, 
smooth muscle cells, and extracellular matrix. In endothelial cells, PM 2.5 increases 
ROS level through p38 mitogen-activated protein kinase and heat shock protein 
27-dependent pathways [58]. ROS may be also generated through a cell intrinsic 
pathway via the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 
pathway. PM exposure induces the production of NADPH oxidase-derived superox-
ide in monocytes and aortic tissue thus contributing through an alternative pathway 
to atherosclerosis progression [66]. Finally, ROS by scavenging the vasodilator NO 
produced by the endothelial cells can trigger vascular constriction leading to hyper-
tension [70]. The pro-atherogenic effect of air PM mediated by the induction of a 
pro-inflammatory and pro-oxidant state is enhanced when the pollutant itself has 
high oxidizing potential as in the case of ozone or PM 2.5, which contains organic 
chemicals, transition metals, and high surface areas, all of which can contribute to 
local generation of ROS.
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18Air Pollution and Lung Diseases

Maurizio Cipolla, Mario Sorgenti, Carlo Gentile, 
and Marwa Maria Bishara

18.1  Introduction

During the twentieth century, major innovations made by man, in the industrial, 
agricultural, technological, and transport fields, have led to the appearance of 
numerous atmospheric, climatic, and biophysical changes. Air pollutants can be 
defined as a heterogeneous group of substances able to alter the natural chemical 
composition of air, leading to an impact on human health and the environment. 
According to recent estimates of the World Health Organization (WHO), more than 
90% of European citizens are exposed to annual levels of contaminants (higher than 
those indicated by WHO in the Europe report of 2 May 2015 [1]), resulting in 
approximately 600,000 deaths per year. Air pollution may contribute to the develop-
ment, concern, or exacerbation of some of the most common respiratory diseases, 
particularly bronchial asthma and chronic obstructive pulmonary disease (COPD). 
The most vulnerable population groups are represented by children and elderly 
people suffering from chronic diseases. Respiratory diseases, caused by pollutants, 
are known to prevail in industrialized areas, and their severity is correlated to time 
of exposure to pollution and atmospheric pollutants. Numerous studies have been 
conducted in pulmonology and allergology fields, with the aim of improving levels 
of treatment and prevention of respiratory diseases caused by pollutants. In this 
chapter, we will analyze the direct and indirect effects of pollution on the lungs, the 
major pollutants responsible, the diseases they cause, and possible treatments and 
prevention strategies (Table 18.1).
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18.2  Direct Effect of Air Pollutants on the Respiratory System

In the early 1970s, it was noted that air pollution can cause adverse effects on human 
health. Thanks to developments in medical research and application of new tech-
nologies, which have enabled more sensitive and accurate measurements; it was 
possible to identify air pollutants and determinate their impact on human health. 
Numerous epidemiological studies have demonstrated the significance, as well as 
the direct and indirect impact of air pollution on the lungs. The presence of solids, 
liquids, and gases, in the air we breathe, is a constant irritant, which could result in 
short-term and long-term effects on the respiratory system, some of which are not 
yet fully known.

18.2.1  Indoor and Outdoor Pollution

Contaminants that damage the respiratory system are present both “outdoors,” par-
ticularly in cities with a high rate of motor vehicle traffic, and “indoors,” meaning 
inside buildings or housing. Main outdoor pollution sources are represented by the 
burning of coal and petroleum products from traffic, heating and cooling, and 
industrial activities. Several studies [2–4] have demonstrated the correlation 
between exposure to outdoor air pollution and the functional decline of respiratory 
system among adults [5]. At the same time, it was also shown that a reduced expo-
sure to pollutants can partly restore lung function. The main sources of indoor 
pollution are represented by people or animals, cigarette smoke, dust (receptacle of 
microorganisms), structures, building materials, furniture, equipment (air condi-
tioners, humidifiers, plumbing), consumer products, household activities, and out-
door air.

18.2.2  Chemical Composition and Sources of Gaseous Pollutants

To better define pollution’s impact on the respiratory system, the different contami-
nation should be divided into solids, liquids, and gaseous fuels based on their chem-
ical composition.

Table 18.1 Exposition limit value, averaging time, and % population over exposed in urban area 
to many common pollutants

WHO exposition limit values 
(μg/m3)

Averaging 
period

% population exposed beyond 
limits

PM25 50 1 day 96
PM10 25 1 day 88
O3 100 8 h 98
NO2 200 1 h 94
SO2 20 1 day 46
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Gaseous pollutants, which are known to have a greater impact on the health of 
the respiratory tract, are nitrogen and sulfur oxides, ozone, carbon monoxide, ben-
zene, and polycyclic hydrocarbons (3–4 benzopyrene, benzoanthracene).

These substances are able to damage the bronchial and pulmonary mucosa, caus-
ing numerous respiratory diseases. The harmful effects of nitrogen oxides on the 
respiratory system can occur either acutely (e.g., inflammation and irritation of the 
mucous membranes of the upper and lower respiratory tract: decreased respiratory 
function and pulmonary edema) or chronically (pulmonary changes at cellular level 
and increased susceptibility to bacteria). Nitrogen monoxide (NO) not only causes 
inflammation of the upper and lower airways and pulmonary edema but also pos-
sesses an eye irritant that can lead to hematomas, resulting in formation of methe-
moglobinemia. In severe cases, exposure to this pollutant can also lead to death. 
Following its emission, nitrogen oxide gradually oxidizes to nitrogen dioxide 
(NO2), which is about four times more toxic than NO. To date, the biochemical 
mechanisms through which the NO2 induces its toxic effects have not been fully 
elucidated.

However, it is known that the oxidation of NO causes severe damage to cell 
membranes, as a result of protein and lipid. Acute effects include inflammation of 
the mucous membranes, decreased lung function, and pulmonary edema. The long- 
term effects include increased incidences of respiratory diseases, lung disorders at 
cellular and tissue level, and increased susceptibility to bacterial and viral lung 
infections. The group most at risk is people with asthma and children. The main 
sources of NO are related to industrial civilization and involve combustion pro-
cesses, such as the use of vehicles with diesel engines, gasoline, or LPG and the 
production of heat and electricity. In the presence of other pollutants, for example, 
hydrocarbons, ozone, and other free radicals produced by photo dissociation reac-
tions, they can trigger a complex of chemical reactions that lead to the formation of 
photochemical smog. Also sulfur oxides, better known as sulfur dioxide (SO2) and 
sulfur trioxide (SO3), are hazardous air pollutants. In particular, sulfur dioxide is 
extremely soluble in water and is easily absorbed by the mucous membranes of the 
nose and respiratory tract, causing a strong irritating effect. Prolonged exposure to 
even very low concentrations (a few parts per billion (ppb)) can cause pharyngitis, 
fatigue, and sensory tract disorders (eyes, nose, etc.) or, more rarely, tracheitis, 
bronchial spasms, difficulty in breathing, asthma, chronic bronchitis, and 
emphysema.

This phenomenon allows SO2, carried by the particles, to reach deeper into the 
lungs, with serious medium- and long-term effects. The main source of these pollut-
ants is fossil fuels (coal and petroleum derivatives), in which sulfur of a high impu-
rity is present. Atmospheric concentrations are greater in winter, owing to the 
addition of home heating. A well-known element, ozone (O3), also damages the 
respiratory system, acting at intracellular level and oxidizing the sulfhydryl groups 
in enzymes, coenzymes, proteins, and unsaturated fatty acids. In this way, the O3 
causes damage to the membranes of cellular organisms. The main target is the respi-
ratory system, in which the main damage is borne by the macrophages on the walls 
of the small pulmonary arteries. Acute effects include dryness of the throat and 
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nose, increased mucus production, cough, pharyngitis, bronchitis, decreased lung 
function, chest pain, decreased lung bactericidal capacity, eye irritation, and head-
aches. The consequences of chronic exposure are fibrosis, teratogenic effects, and 
effects on the parathyroid and on the reproductive organs. The role of O3  in the 
etiology of lung tumors has not yet been completely clarified: it is a typical second-
ary pollutant, which is formed in the atmosphere, as a result of photochemical reac-
tions in load of precursor pollutants produced by combustion processes, such as 
NO2, NO3, hydrocarbons, and aldehydes. Air pollution contributes to the increase of 
ozone’s concentration in the air. Predicted environmental concentrations tend to 
increase during the summer, as heat favors the production of such gases. For the 
same reason, during the day, levels are lower in the morning, and when the photo-
chemical process begins, it reaches a peak in the early afternoon and then falls 
gradually toward the evening, owing to the decrease of solar radiation. Carbon mon-
oxide is another pollutant whose negative effects are well known. Its ability to com-
pete with oxygen in the bond with hemoglobin in blood, for which it has higher 
affinity, forms carboxyhemoglobin (COHb). In this way, what occurs is a reduction 
in the ability of the blood to carry oxygen; consequently, the amount that is released 
in the tissues is less. The COHb is 75 times more stable than oxyhemoglobin, and it 
was shown that the concentration present in the blood is related to the amount of CO 
present in inhaled air [6]. The damage caused by COHb to human health occurs 
mainly at the expense of the cardiovascular and nervous systems, and the most sen-
sitive individuals are anemic patients and pregnant women. However, it cannot rule 
out a direct or indirect involvement of the respiratory tract. The main sources of 
carbon monoxide production are exhaust fumes, especially gasoline, discharge from 
industries, involved in the treatment and disposal of waste, and oil refineries and 
smelters. Among aromatic pollutants, the most important structure is the benzene 
ring (C6H6), which acts primarily on the central nervous system and cardiovascular 
system. In fact, in cases of acute poisoning, following an initial period of agitation 
and dizzy spells, the main symptoms are shortness of breath, wheezing, and chest 
tightness, accompanied by physical weakness and headaches. Higher concentra-
tions of aromatic pollutants can lead to symptoms such as excitement, euphoria, and 
exhilaration, followed by fatigue, drowsiness, and respiratory arrest. Among the 
long-term effects, it is important to highlight the relationship between exposure to 
this agent and the development of hemopoietic tumors and lung cancer. Motor vehi-
cles represent the main sources of benzene emissions, i.e., about 85% is released 
into the atmosphere through exhaust gases, while the remaining 15% gets released 
via fuel evaporation during refueling operations. Airborne concentrations increase 
during the winter period, where stagnation conditions of air pollutants are more 
frequent. Other harmful aromatic compounds, affecting the respiratory system, are 
the polycyclic aromatic hydrocarbons (PAHs), which, besides irritating the nose, 
throat, and eyes, are recognized for their mutagenic and neoplastic properties. PAHs 
are considered to be the most carcinogenic of all airborne pollutants, including ben-
zopyrene (BaP). PAHs have been included in group 1 of the IARC classification: 
they are present everywhere in the atmosphere, are produced by the incomplete 
combustion of organic material, and are derived from the use of oil fuels, gas, coal, 
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and wood in the production of energy. Emissions are more common in winter, as it 
is favored by the stagnation of air pollutants. The most important source are motor 
vehicles, followed by thermal plants, thermal power plants, and incinerators. 
Polycyclic aromatic hydrocarbons are most often associated with airborne dust. In 
this case, the size of the airborne particles is the main parameter which influences 
entry and deposition in the respiratory system and, therefore, relative toxicity. 
Present in the urban cycle, they are generally associated with particles having an 
aerodynamic diameter of 2 microns and, therefore, easily reach the alveolar regions 
of the lungs, hence the blood and then body tissue. Finally, it is important to men-
tion the presence of Radon (Rn), a dangerous inert gas, which could be an important 
predisposing factor in the development of lung cancer, second only to cigarette 
smoking. The main source of this gas is the terrain (other sources, of lesser extent, 
may be construction materials, especially if volcanic such as tuff or granites and 
water), from which it is dispersed into the environment, accumulating in enclosed 
areas, where it becomes dangerous.

18.2.3  Chemical Composition and Production Sources of Solid 
and Liquid Pollutants

As for solid and liquid pollutants, total suspended particles are of great importance. 
This term encompasses a heterogeneous group of micro-solid and micro-liquid par-
ticles released into the atmosphere. Suspended particles, of less than 10 μm in diam-
eter (PM10), are of particular danger to the respiratory tract and the cardiovascular 
system. To identify and quantify the effects that these particles play on lung health, 
it is very important to determine the size and chemical composition of the particles. 
In fact, the degree of penetration into the respiratory tract is inversely proportional 
to the diameter of such particles and is also influenced by their ability to react with 
other pollutants, such as PAHs, heavy metals, and SO2. Obviously symptoms are 
closely related to the area of deposition: particles deposited in the upper airways 
(nasal cavity, pharynx, and larynx) mainly cause local irritation, such as dryness and 
inflammation.

Particles deposited in the bronchial trachea tract may cause constriction, 
decreased respiratory capacity, exacerbation of chronic respiratory diseases (asthma, 
bronchitis, and emphysema), and possibly cancer. Particles, with a diameter less 
than 5.6 μm, can be deposited in the respiratory bronchioli, while those with a diam-
eter of less than 1.1 μm could even reach the pulmonary alveoli. This can cause 
inflammation, fibrosis, interstitial spaces, or even neoplasms. The fine particles can 
also indirectly induce systemic effects on specific target organs, following the 
release of pollutants in biological fluids conveyed by it. The most sensitive groups 
are patients with asthma and chronic bronchitis. Synergistic effects were also dis-
covered when combining the exposure of suspended particles with SO2. The main 
sources of such particles are emission from industrial plants and motor vehicles. 
Sources of heat are found to contribute to a lesser extent. We must specify that a 
fraction of the particles present in the atmosphere are of secondary origin or a result 
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of chemical reactions that start from primary gaseous pollutants (emitted by the 
atmosphere itself) and secondary gaseous pollutants (as a result of human activi-
ties). These dust particles are more common in highly urbanized areas, but even 
rural ones are not negligible. The concentration is higher in winter. In Table 18.2, 
the diameter of microparticles is associated with the capacity of penetration and 
diseases caused.

18.2.4  Chemical Composition and Production  
Sources of Metal Pollutants

The most toxic metals for lung function are aluminum (Al), cadmium (Cd), nickel 
(Ni), mercury (Me), lead (Pb), chromium (Cr), arsenic (As), and asbestos. These 
pollutants, in addition to developing specific respiratory diseases, can lead to lung 
cancer. Trace elements, such as arsenic, cadmium, and nickel, often exist as air 
pollutants.

As a result of industrial emission, airborne concentrations of some metals, in 
urban and industrial areas, can reach values of 10–100 times higher than those of 
rural areas. The exposure to trace elements, associated with multiple effects on the 
health of the lungs, is still not entirely known. Responsible sources, for the natural 
increase in the amounts of metals, are mainly mining, smelters and refineries, energy 
production, waste incineration, and farming. Heavy metals are present in the atmo-
sphere in the form of airborne particles; the size of the particles, to which they are 
associated and their chemical composition, strongly depends on the type of emis-
sion source. In winter, stagnation conditions of air pollutants are more frequent. In 
particular, people subjected to the constant inhalation of air containing cadmium, 
beryllium, or those metals happy alloys are at higher risk of developing lung cancer. 
People exposed to nickel and chromium are not only at risk of developing lung 
cancer but are also at risk of developing neoplasms of nasal and paranasal sinuses. 
Finally, those subjected to arsenic, in addition to developing cancers of the lung, can 
be subject to skin cancer. Lead (Pb) is a highly toxic element, found in traces in the 
air. Not only it may affect the respiratory system, but all the other organs are poten-
tial targets. Effects are extremely varied and include anemia and damage to the 
central and peripheral nervous system, kidneys, reproductive system, and 

Table 18.2 Correlations behind size of the MPS, areas of deposition, and symptoms

Dimensions (μm) Areas of deposition Symptoms
9–5.8 Nose Dryness and rhinitis
5.8–4.7 Pharynx Dryness and pharyngitis
4.7–3.3 Trachea and primary bronchioli Bronchoconstriction, bronchitis, 

asthma, pulmonary emphysema, 
pulmonary fibrosis, interstitial, lung 
cancer

3.3–2.1 Secondary bronchioli
2.1–1.1 Final bronchioli
1.1–0.65 Alveoli
0.65–0.43 Alveoli
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cardiovascular, hepatic, endocrine, gastrointestinal, and immune system. Lead (Pb) 
absorbed through the lung epithelium enters the bloodstream and is distributed in 
decreasing amounts in the bones, liver, kidneys, muscles, and brain. Acute intoxica-
tion is rare and only occurs after ingestion or inhalation of large quantities of Pb. 
Lead’s toxicity could be partly explained by binding to sulfhydryl groups of pro-
teins or replacing essential metal ions that interfere with various enzyme systems. 
Groups most at risk are children and pregnant women. The main source of air pol-
lution is vehicle exhaust fumes during winter.

18.3  Indirect Effects of Pollution to the Respiratory System

18.3.1  Atopical Increase in Lung Disease

Environmental changes that have occurred over the last century have had a signifi-
cant impact on the presence of pollen and onset appearances of respiratory allergic 
diseases. Climate change has had an impact on the presence and variety of vegeta-
tions and, subsequently, the spread of pollen, both qualitatively and quantitatively. 
In particular, over the last 40 years, there has been a lengthening of the flowering 
seasons in the Northern Hemisphere at higher latitudes, which was not common 
before.

There has also been an increase in flora and fauna migrating toward the poles and 
higher altitudes. In addition to the damaging oxidative pollution, “stressed” woody 
plants have been stimulated to produce pollen, containing a higher concentration of 
allergenic proteins “pan-allergens,” widely found in plant and identified as 
“pathogenesis- related proteins (PRP).” This phenomenon is a direct result of prema-
ture, prolonged exposure to pollen and fungal spores, resulting in an increased 
sensitization.

18.3.2  The Spread of Neophyte Plants and the Appearance 
of New Allergens

Over the last 500 years, approximately 12,000 plant species, especially decorative 
garden plants, have been imported to Europe, from every corner of the globe. Most 
of these plants have remained in commercial and private gardens, while 300 species 
have, over time, spread to other habitats (the so-called neophytes). About a dozen 
(the so-called invasive plants) of them prevents the growth of other plants and have 
thereby become a serious problem. The infestation of weeds is partly man-made but 
in part also depends on weather changes. An early example of an invasive plant is 
the Robinia pseudoacacia, also known as acacia. It settles among all other native 
tree species, causing them to disappear, along with many herbaceous and shrub spe-
cies. Since this is a species of legumes, it may play an active role in allergen sensi-
tization. Another major plant pest is the Ailanthus, the “Tree of Heaven,” kind of 

18 Air Pollution and Lung Diseases



334

Simaroubaceae, whose leaves give off an unpleasant smell. It is able to colonize 
bare or semi-fertile land, often found along railroad tracks. The pollen of the 
Ailanthus can also produce allergic reactions. In addition there is also the Buddleja 
davidii, a type of Scrophulariaceae, which is a shrub native to the Far East, known 
for its large, purple, florescent cone. Another plant species also able to give allergic 
reactions is the American pokeweed, of the Phytolaccaceae family, curiously called 
“Turkish grape,” native to the American continent, which invades all uncultivated 
areas and heaps of rubble. The Solidago canadensis and S. gigantea, of the 
Compositae family, are also potentially allergenic. These plants, with their thick, 
florescent yellow coloring, are used for decoration purposes. The Jerusalem arti-
choke (Helianthus tuberosus), imported for food as edible tubers, belongs to the 
composite family that can also create an allergic reaction. The Carpobrotus acinaci-
formis or “Hottentot figs,” a type of Aizoaceae, is a succulent plant and weed, which 
grows in the sand or on rocks and blooms from April to May. Other species include 
Ambrosia, an inconspicuous herb that flowers in the fields and along the paths and 
creates allergic reactions or even severe forms of asthma in patients over 60. Pollen 
generation is highest between the second half of August and the first half of 
September.

Alterations of local flora, caused by numerous invasive plants, are not easy to 
remedy. The best solution would be to find a natural predator or parasite for each 
plant type; the effects of introducing another organism, however, are often unpre-
dictable and potentially harmful.

18.3.3  Climate Changes and Increased Infectious Diseases

Climatic changes caused by air pollution have required amendments in the man-
agement of infectious diseases. It has in fact changed the incidence and severity 
of specific climate-related infectious diseases. The impact on air temperature, 
caused by pollution, makes for easier transmission of infectious diseases such as 
Legionnaires’ disease, tuberculosis, malaria, and yellow fever. Climatic varia-
tions and changes in humidity are increasing incidence of bacterial infections not 
transmitted via human to human but through the inhalation of the aerosol flows 
and/or contaminated water, such as Legionnaires’ disease. These diseases are 
common in air-conditioned areas, humidifiers, cooling towers, etc. Legionella 
bacteria, in particular, are able to penetrate and adhere to the walls of the respira-
tory tract. The mucociliary clearance may be reduced as a result of exposure to 
air pollutants. Once they have penetrated, these bacteria tend to induce the acti-
vation of ineffective, cell- mediated immunity. This results in bacterial prolifera-
tion and subsequently cellular breakdown. The infection that follows may 
manifest in the form of pneumonia. Macroscopic abscesses are frequently 
observed on the central necrosis. Most common clinical manifestations include 
symptoms such as high fever, headaches, myalgia, cough, hemoptysis, and chills 
or less frequently gastrointestinal symptoms such as abdominal pains, nausea, 
vomiting, and diarrhea.
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18.4  The Effects of Pollution on the Respiratory System

18.4.1  Main Diseases Caused by Pollution

Epidemiological evidence, both clinical and experimental, demonstrated a correla-
tion between the current levels of air pollution, both indoors and outdoors, and the 
development of diseases and respiratory symptoms. The respiratory system is the 
first line of defense against the onset and progression of diseases caused by air pol-
lutants. The intensity and level of damage depend on the amount of pollutants 
inhaled and their level of cellular deposition. Short-term effects of outdoor air pol-
lution include changes in the level of lung function, respiratory symptoms, and mor-
tality from respiratory causes. Long-term effects, on the other hand, include damage 
to lung growth, chronic obstructive pulmonary disease (COPD), lung cancer, and 
possible development of asthma and allergies [7]. In addition to lung disease, 
directly caused by environmental pollutants, an increase of some infectious dis-
eases, related to the impact of air pollution on climate, flora, and fauna, can also be 
detected.

18.4.2  Effects of Air Pollution on Health

Table 18.3 summarizes the main effects of air pollution on society. It is evident that 
these effects can vary, depending on nature and amount of contaminant, period of 
exposure, and individual’s susceptibility. Symptoms shift from mere annoyance that 
cease with time, without the use of therapies, to hospitalization or, in severe cases, 
death of the person exposed to pollutants.

18.4.3  Clinical Symptoms

The effects of air pollution on the respiratory system vary according to the nature of 
inhaled substances, concentration in the air, and amount entered into the lungs. 
Acute respiratory symptoms due to high concentration of air pollution may appear 
shortly after exposure. The symptoms may include irritation of the airways, wheez-
ing, coughing, chest tightness, and asthma attacks. During these attacks, which can 

Table 18.3 Effects of air 
pollution on society

Effects of air pollution on society
Nuisance manifestation
Development of symptoms
Medicinal use
Limitation of activities
Prescribed specialist consultations
Admissions to emergency room
Hospital admission
Death
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be sudden or gradual, one may witness a deterioration of lung function in patients 
with pre-existing lung disease. Chronic effects may occur following exposure to 
low or moderate levels of pollution for long periods or repeated exposure to high 
levels of pollution. The symptoms include coughing and chronic bronchitis, 
increased incidences of chronic obstructive pulmonary disease, increased inci-
dences of lung tumors, and ultimately increased mortality from cardiopulmonary 
causes.

18.4.4  Lung Damage

The respiratory system possesses important defensive mechanisms to counter 
mechanical and chemical effects of inhaled particles. Some pollutants have an 
irritant effect on the respiratory system. In particular, cough receptors found in the 
airways trigger the reflex to eject it when stimulated by a foreign body. The pol-
luting particles are a stimulus to these receptors, causing the onset of cough. A 
second mechanism is the one related to inflammations generated by oxidative 
stress, involving epithelial cells and alveolar macrophages. This toxic stress may 
cause degeneration of the epithelial cells with various effects. On the one hand, 
the excretion of excess mucus and other secretions becomes more difficult in the 
presence of pollution. On the other hand, the release of vasoconstrictor and vaso-
dilator substances causes changes to vascular permeability, resulting in edema. 
Oxidative stress plays a central role in the mechanisms by which air pollutants are 
damaging to health. For example, microparticles contain transition metal atoms 
that may mediate chemical reactions, resulting in the synthesis of free radicals 
and oxidizing substances. The respiratory system is equipped with defenses to 
counteract oxidative stress, such as vitamins C, A, and E and the tripeptide gluta-
thione. When subjected to excessive amounts of air pollutants penetrating into the 
lungs, there is a reduction of antioxidant defenses and a high prevalence of free 
radicals that damage lung cells. Even nitric oxide undergoes changes, as a result 
of air pollution exposure. This substance is an endogenous regulator that gets 
produced through the action of enzyme systems called nitric oxide synthase 
(NOS) and endothelial, epithelial, and some inflammatory cells. Pulmonary dis-
eases, enhanced with nitric oxide (FENO), are an indicator of airways inflamma-
tion. The measurement of FENO distinguishes asthmatic patients from 
non-asthmatics.

Human macrophages play a role in the functional changes brought about to lungs 
damaged by air pollution. These immune system cells, when exposed to inhaled 
pollution particles inside the lungs, release a series of cytokines, including tumor 
necrosis factor α, interleukins 6 and 1β of the inflammatory protein 1α macrophages, 
granulocyte-colony-stimulating factor, and other mediators, leading to the activa-
tion of nuclear factor kB or activator protein 1.The result of this signaling is a mas-
sive migration of neutrophils in the lungs and the recruitment and activation of T 
lymphocytes [8] which damages the epithelium of the pulmonary alveoli, resulting 
in the manifestation of other diseases.
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18.4.5  Investigations

The diagnosis of lung diseases following exposure to air pollution is based mostly 
on direct or significant medical history and physical examination, followed by func-
tional diagnosis through basic spirometry and after administration of a single dose 
of bronchodilator or after a short asthma therapy cycle. Such measurements are 
noninvasive tests that evaluate the presence or absence of obstructive alteration 
compatible with bronchial asthma framework, or other diseases, such as chronic 
obstructive pulmonary disease or other lung diseases, and assess the extent and their 
reversibility. To run the test using a spirometer, the patient is advised to avoid taking 
bronchodilators, 8–12 hours prior to testing. One of the most important values tasted 
is the FEV1 (forced expiratory volume in 1 s). This parameter is reduced following 
exposure to large amounts of air pollutants. The spirometric values will reflect the 
modifications of the respiratory volumes, recorded by the spirometer, related to lung 
damage induced by the contaminants. Of course in the event of fibrosis, a restrictive 
framework will occur, with a reduction in the forced vital capacity (FVC) and FEV 
a Tiffeneau-Pinelli index (FEV/FVC) unaltered. In the case of COPD instead, there 
will be an obstructive framework, with decreased FVC, FEV, and FVC. A patient 
with acute asthma may show reduced volumes as in COPD; however, via pharma-
codynamic tests, it will be possible to demonstrate the reversibility of bronchial 
obstruction. This test is carried out by running a spirometry baseline on a patient, 
before and after administration of the bronchodilator. There is also a second option, 
the bronchial provocation test with meta-choline (TBPM), using methacholine (a 
muscarinic antagonist), to evaluate the bronchial hyper reactivity and then the pos-
sible presence of asthma in remission. Patients, chronically exposed to air pollution, 
such as PM10 particles, have shown a reduction in vital lung capacity during per-
forming spirometry tests. Chest radiography is a useful examination and very com-
mon in lung diseases. It involves the use of direct X-ray chest, made in two 
projections (anteroposterior and lateral side). In the event of pneumonia, caused by 
legionella, it is possible to identify, but not specify, the presence of pulmonary 
infiltrates.

The high-resolution CT scan of the chest (HRCT) allows you to evaluate the 
anatomical and functional alterations of various diseases. The test is highly sensitive 
and specific and can be especially useful in the diagnosis and staging of cancers of 
the respiratory tract. It is also frequently used in the analysis of bronchus obstructive 
pulmonary diseases. The percutaneous oximetry apparatus is a noninvasive exami-
nation, useful for assessing cardiorespiratory functions, able to detect the percent-
age (%) oxyhemoglobin saturation. The results provide a measurement of the 
amount of dissolved oxygen present in the arterial blood. In this way it is possible 
not only to determine the level of available oxygen in a patient, at a certain time, but 
also to update the data in real time. The arterial blood gas analysis is more invasive 
and enables the assessment of the individual’s lung function, acid-base balance, and 
electrolyte content in the blood. The sputum test is a very important test in evaluat-
ing respiratory infections. It allows one to make an etiological agent responsible for 
diagnosing infections. Identifying the elements responsible for the main allergies 
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requires a blood or dermal test checking for signs of allergies. The PEF (peak expi-
ratory flow) is a more specific test used in the field of pneumology in assessing 
adverse effects caused by air pollution. This test evaluates the maximum speed at 
which one is able to expel air from the lungs. Tests for carbon monoxide diffusion 
(DLCO), which study the pulmonary gas exchange measuring the alveolar-capillary 
diffusion of carbon monoxide, reveal the presence of various lung diseases and in 
particular those characterized by interstitial. In the end, eNO test (exhaled nitric 
oxide) can help in diagnosis and treatment of asthma. It measures the level of nitric 
oxide gas in an exhaled sample of your breath and is helpful in distinction to asth-
matic patients from non-asthmatics.

18.5  Prevention of Diseases Caused by Air Pollution

18.5.1  Behavioral Norms Useful in Minimizing Exposure 
to Pollutants

Considering the short- and long-term effects of exposure to several airborne pollut-
ants, it is advisable to adopt behavioral patterns that could diminish the inhalation 
of such pollutants. Some ways to curb respiratory tract infections could be avoiding 
long-term exposure to air conditioning in polluted areas, practicing sports in green 
areas, and of course abstaining from smoking. For those who live on the ground 
floor in polluted areas, it would be appropriate to install airtight windows and 
arrange, where possible, windows in covered courtyards, rather than on the road. 
Needless to say it would be useful to open the windows that face the street only at 
times when traffic is less. Other measures include avoid placing the jets of air con-
ditioners and ventilation systems on streets carrying heavy traffic. Recirculate the 
air inside ones car when driving in traffic or through tunnels. Equip one’s home and 
appliances with thermostats, in order to maintain a constant, comfortable ambient 
temperature, thus minimizing unnecessary energy losses. Finally, use appropriately 
graduated face masks for adequate protection against various types of airborne 
pollutants.

Something that requires underscoring is that the more sensitive groups such as 
children, the elderly, people with chronic respiratory diseases, and pregnant women 
need particular care.

18.5.2  Allergen Monitoring Systems for the Cure and Prevention 
of New Allergies

Undoubtedly the relationship between climate change, allergens, and allergic dis-
eases requires further study. However, in order to improve the prevention and treat-
ment of these diseases, it has become necessary to monitor the activities of allergens 
in the atmosphere. Improved forecasting of pollen and fungal spores is paramount, 
in order to promptly implement preventative remedies necessary in combatting 
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diversified allergens. The scenario that lies ahead includes likely future climate 
changes, with significant variations in allergic and other disease types, which will 
need to be addressed with appropriate mitigation measures and in an adequate 
manner.
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19.1  The Ocular Surface

The ocular surface system consists of the cornea, conjunctiva, lacrimal and 
Meibomian glands, nasolacrimal duct, and their associated tear and connective tis-
sue matrices, as well as the eyelids and eyelashes, all integrated by continuous epi-
thelia and interconnected nervous, endocrine, immune, and vascular systems [1]. 
This functional unit protects the eye from the external environment and provides for 
an optimal refractive surface of the cornea through the production of an efficient 
tear film [2].

The cornea has the highest dioptric power of the optical complex. It needs to be 
avascular in order to be transparent and receive its nutrients through diffusion from 
the tear film and aqueous humor. The cornea is one of the body structures most 
densely innervated; the innervations come from axons of the sympathetic ganglion 
and trigeminal ganglion. The epithelium is the external layer; underneath is 
Bowman’s layer, stroma, the recently recognized Dua’s layer, Descemet’s mem-
brane, and at the most inner level the endothelial cells [3, 4]. The corneal epithelium 
is a stratified, non-keratinized squamous layer. It has three types of cells: the most 
external type of cells are the superficial epithelial cells, in the middle are the wing 
cells, and located on top of the inner layer are the basal epithelial cells. Due to its 
histological nature, the epithelium has the primary function of providing a barrier to 
the cornea and to the entire eyeball. Bowman’s layer is composed of thin, type I, III, 
V, and VI collagen microfibrils. It is not an independent membrane but a modifica-
tion of the most superficial portion of the stroma of the cornea. The stroma repre-
sents the main support of the corneal structure and comprises up to 90% of its 
volume. This compartment is about 450 μm thick and contains nerves, stromal 
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keratocytes with different morphologies, and type I and V collagen fibers. Dua’s 
layer is a strong acellular layer in the pre-Descemet’s cornea, made of 5–8 thin 
lamellae of tightly packed type I, VI, and VI collagen bundles running in longitudi-
nal, transverse, and oblique directions [5]. The Descemet’s membrane represents 
the basal membrane of the posterior epithelium. It is formed by very thin filaments 
of type IV collagen, which are arranged in a very regular pattern. The endothelium 
is a monolayer of cells that aids in keeping the corneal transparency not only by its 
barrier function but also by its ionic pump function.

The tear film covers the ocular surface and provides major refractive power of 
the visual system, nutrition, lubrication, and protection [6]. It forms a thin film layer 
of 8 μm thick. Although typically considered as formed of three layers (namely, the 
external lipid layer, the central aqueous layer, and the inner mucin layer), it is now 
recognized that the tear film is more a lipid boundary layer with aqueous phases 
incorporating differing concentrations of mucins throughout. Meibomian and Moll 
glands produce the lipid component, mainly wax esters, triglycerides, free fatty 
acids, as well as neutral diesters. Lacrimal glands produce the aqueous component 
and goblet cells which are located in the conjunctiva, secrete the mucin, and contain 
membrane-associated glycoproteins. Other components of the tear film are metabo-
lites and electrolytes. Interestingly, the proteins contained in the tear film take part 
in other processes, for instance, they work as antimicrobials and anti- inflammatories 
and also help in healing processes after trauma, as well as mechanical protection to 
the surface of the cornea.

19.2  Ocular Surface Disease

Factors disturbing the delicate homeostatic balance of the ocular surface system can 
adversely affect tear film stability and osmolarity, resulting in cellular osmotic, 
mechanical, and inflammatory damage with dry eye disease (DED) onset [11]. 
DED, in general, is the most frequent disorder in ophthalmological practice, and its 
prevalence varies from 10.8% to 57.1% depending on the population studied 
[7–10].

The updated Dry Eye WorkShop (DEWS) definition states that “dry eye is a 
multifactorial disease of the tears and ocular surface that results in symptoms of 
discomfort, visual disturbance, and tear film instability with potential damage to the 
ocular surface. It is accompanied by increased osmolarity of the tear film and 
inflammation of the ocular surface.” The major classes of DED are aqueous tear 
deficient and evaporative. The first category refers chiefly to a failure of lacrimal 
gland secretion. The latter has been subdivided to distinguish those causes that are 
dependent on intrinsic conditions of the lids and ocular surface and those that arise 
from extrinsic influences, for example, from environmental, occupational, and 
pollution.

There are a lot of tests performed to diagnose DED and to monitor the efficacy 
of the therapy. The main tests are summarized briefly below:
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 – Schirmer test type I is obtained by putting paper strips over the lower lid margin, 
midway between the middle and outer third, and by evaluating the measurement 
of the wet paper after 5 min. It is an estimation of tear flow production stimulated 
reflexly by insertion of a filter paper into the conjunctival sac.

 – Tear film breakup time (BUT) is defined as the interval in seconds between the 
last complete blink and the first appearance of a dry spot or disruption in the tear 
film. It is an index of tear stability.

 – Ocular surface staining is used to show the damaged areas of cornea and con-
junctiva where colorants can deposit. Usually in the clinical practice, fluorescein 
is used to grade the staining of the cornea (Fig. 19.1) while lissamine green to 
grade the staining of the conjunctiva. Three systems for quantifying staining of 
the ocular surface are currently used, the van Bijsterveld system [12], the Oxford 
system [13], and a standardized version of the NEI/Industry Workshop system.

 – Tear osmolarity is obtained by the collection of small nanoliter tear sample by a 
standard micropipette and then automatically transferred to a chip surface. A 
precise readout is obtained in seconds after the transfer.

 – Ocular Surface Disease Index (OSDI) is the most used questionnaire about sub-
jective symptoms employed in the clinical practice to assess the efficacy of such 
treatment or to grade disease severity; it consists of 12 questions about 3 major 
items: visual function (6 questions), ocular symptoms (3), and environmental 
triggers (3). It is validated in dry eye population and used as outcome measure in 
randomized clinical trials.

19.3  Environmental Dry Eye Disease

Human eyes are very susceptible to ill effects of air pollution. The dense innervation 
present at the ocular surface is extremely sensitive to the environmental agents; 
furthermore, the ocular mucosa is constantly exposed to the external environment 

Fig. 19.1 Representative 
image of corneal epithelial 
damage. The fluorescein is 
deposited as green spots in 
the central and inferior 
region of the cornea. The 
black spots in the central 
cornea represent areas of 
thinning and break of the 
tear film
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protected by only a thin layer of tear film. Environmental factors are associated with 
ocular surface inflammatory conditions, and they cause a clinical subtype of dry eye 
disease that is called environmental dry eye disease (EDED) [14]. EDED is a single 
clinical entity with a unique set of symptoms and clinical findings different from the 
other forms of DED.  The most common symptoms are sorrow eyes and visual 
fatigue. Clinical findings are alterations in blinking rate and tear film breakup time 
and corneal epithelial damage. Tear film instability, which derives from the expo-
sure to environmental factors, compromises the corneal epithelial barrier function 
resulting in corneal and conjunctival epithelial chronic damage and inflammation. 
The individual risk factors for EDED are similar to those in other population affected 
by the other types of DED: aging, female sex, allergic or autoimmune conditions, 
and contact lens wearing. Environmental causative factors can be divided into two 
categories: outdoor risk factors, like exposure to open areas with extreme tempera-
tures, gases, suspended particles, intense UV exposure, petrochemical industries, 
and urban traffic, and indoor environmental conditions, like closed ambient with 
variations in airflow, low humidity, and excessive time in front of computer and 
other video displays. The two categories can be often associated, for example, a 
desiccating environment can lead to increase in tear film evaporation, with a conse-
quent exposure of the ocular surface to hazardous environmental elements that trig-
ger or exacerbate EDED symptoms. Since the anterior ocular surface is the most 
densely innervated area of the body, it is very sensitive to irritants and adverse 
environmental conditions, but the cutoff limits of the most harmful pollutants and 
environmental risk factors to the ocular surface capable to induce EDED are still 
unknown. For example, airborne particle deposition velocity onto the ocular surface 
depends on external physical factors like turbulence, presence of electrostatic field, 
and temperature difference between the ocular surface and the surrounding air. The 
amount of particles on the ocular surface is the result of that once deposited from the 
air and removed by the tear film [15]. Furthermore the risk of DED is higher with 
the increasing values of atmospheric pressure [16].

Environmental factors cause ocular discomfort mediated by the activation of 
ocular surface receptors, which induces pro-inflammatory cytokines, chemo- 
attractant expression, and elaboration of extracellular stromal matrix. These mecha-
nisms induce alterations in tear film composition and ocular surface components, 
which may persist even after the individuals are no longer exposed to the related 
environmental factors: slower blinking rate and larger lid opening, eyelid margin 
alterations, corneal epithelial damage, loss of goblet cells and hyperplasia, lower 
mucous production, and low lysozyme levels in tears. Tear film osmolarity is an 
important indicator of ocular surface injury, and an increase in tear osmolarity is 
considered the single best marker of DED. It has been shown that a significant asso-
ciation between air pollution levels and tear film osmolarity exists [17]. Mucins play 
a critical role in ocular surface homeostasis because they provide the clearance of 
allergens, pathogens and debris, lubrification, and antimicrobial activity. Responses 
of the ocular surface to irritation include an increase in mucin levels and goblet cells 
hyperplasia. These changes are common in taxi drivers and traffic controllers 
exposed to ambient levels of particular matter (PM) and nitrogen dioxide (NO2). 
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They represent an adaptive ocular surface response to ambient air pollution which 
causes a relative decrease in tear film osmolarity. However a chronic exposure to 
high levels of environmental pollution induces a long-term reduction in goblet cell 
count and mucin levels and consequent tear film hyperosmolarity [18].

There is a significant association between traffic-derived air pollution exposure 
and ocular discomfort symptoms measured by OSDI, and in these subjects, there is 
a significant increase in frequency of meibomitis and low BUT values [19].

19.4  Conjunctivitis

The ill effects of air pollution on human eyes are mostly irritation and inflammation, 
with conjunctivitis being a major clinical picture. The major signs are conjunctival 
hyperemia and papillary reaction of the superior and inferior tarsal conjunctiva 
(Fig. 19.2), while the pathognomonic symptom is itching.

A study by Chang and co-workers [20] investigated the associations between 
outpatient visits for nonspecific conjunctivitis and air pollution levels. This analysis 
found that ozone (O3) has the greatest impact on causing conjunctivitis, followed by 
nitrogen dioxide (NO2) and sulfur dioxide (SO2). Their effects were more prominent 
in winter. The exact pathophysiological mechanisms linking air pollutants and con-
junctivitis are not well known. However possible causes have been identified in the 
changes in the lacrimal pH, caused by the acidifications of tears in an atmosphere 
with a high oxidant power (NO2, O2).

Furthermore, air pollutants seem to play a key role in determining allergic reactions 
in ocular mucosa as already demonstrated in the lung. A study by Riediker and coau-
thors [21] showed that rhinoconjunctival symptoms in pollen-allergic patients seem to 
be strongly influenced by air pollutants represented by nitrogen oxide (NOx) and ozone 
(O3) throughout the pollen season. Indeed, it showed the existence of a threshold level 
below which pollen or their allergens do not provoke any symptoms and that this 

Fig. 19.2 Papillary 
reaction of the inferior 
tarsal conjunctiva
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threshold seems to be lowered by increasing air pollution. Therefore, susceptibility 
toward allergens might be increased in areas with increased levels of air pollutants. 
Symptoms were related to even low levels of pollutants, suggesting that rhinoconjuncti-
val tissue is very sensitive to irritant stimuli during an ongoing allergic inflammation.

Another study showed that outpatient visits for allergic conjunctivitis were signifi-
cantly associated also with ambient particulate matter with an aerodynamic diameter of 
2.5 μm or less (PM 2.5) during the non-pollen season [22]. There are several possible 
reasons why PM 2.5 has a stronger association with allergic conjunctivitis than other air 
pollutants. The first reason is the physical form in the atmosphere, since PM 2.5 are 
particles and the other air pollutants are gases. Conjunctivitis induced by PM 2.5 is prob-
ably due to inflammation related to friction caused by these particles on the conjunctiva. 
PM 2.5 may also affect tear film stability, causing breakup and thinning of the film by 
disrupting the tear lipid layer. Furthermore, ultrafine PM 2.5 may also increase the levels 
of inflammatory cytokines in tear fluid. In addition, PM 2.5 has been noted to have an 
adjuvant effect containing various airborne particles, such as pollutants, aerosols, pol-
lens, bacteria, and fungi. It is likely that components of PM such as pollen and fungi are 
related to its adjuvant effect on allergic reactions in patients with allergic conjunctivitis.

19.5  Blepharitis

Air pollution has also proven to have deleterious impact on eyelid margin disease, and 
these effects were observed even though air pollutant concentration levels met the 
established normal ranges of air quality. In a recent study, all cases of changes in the 
eyelids were recorded, and clinical findings were rated on a scale from zero (normal) to 
two (severe alterations) [23]. These changes were then correlated to air pollution. 
Eyelid debris were significantly correlated with air pollutants measured, while an 
increase in Meibomian gland secretion was significantly correlated with NO2 levels 
only. Increases of 28.8 μg/m3 in the concentrations of particulate matter and 1.1 ppm in 
the concentrations of carbon monoxide (CO) were associated with increases in cases of 
blepharitis on the day of exposure. An increase of 51.1 μg/m3 of NO2 levels caused a 
raise in the number of cases of augmented Meibomian gland secretion at the same day 
of the clinical examination. There are several postulated mechanisms involved in the 
effects of air pollutants on the eyelid margin disease: these mechanisms involve oxida-
tive stress on the site of particulate matter deposition, through overloading of the anti-
oxidative defense system, conformational changes in the structure of antioxidants such 
as essential fatty acids by nitrogen dioxide, and chronic inflammation [24].

19.6  Cataract

Age-related cataract is another eye disease, probably influenced by outdoor and 
indoor air pollution. According to the World Health Organization (WHO), more than 
one million people become blind worldwide each year, and cataract accounts for 
more than 50% of these cases. A broad range of factors may influence cataract onset. 
These include aging, cigarette smoking, exposure to UV radiation (sunlight), 
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ionizing radiation, microwave radiation, high temperatures, and metabolic condi-
tions such as malnutrition, diabetes, and chronic severe diarrhea. Exposure to indoor 
air pollution generated by combustion of traditional biomass fuels (wood, charcoal, 
animal dung, and crop wastes) and coal is a significant environmental hazard, pre-
dominantly affecting populations of developing countries [25–27]. Recently, several 
epidemiological studies have provided evidence of an association between cooking 
with solid fuels and cataract development [28–30]. Wood combustion was found to 
be an important factor in the etiology of age-related cataract. Typical occupational 
cataracts were thoroughly described in ore-melting oven (steel) workers and workers 
exposed to organic solvents (TNT) and to ionizing radiation (rarely seen nowadays 
due to efficient protection). The therapy for environmental-related cataract is surgical 
regardless its cause because the clinical picture is not reversible.

19.7  Retinal Diseases

Environmental tobacco smoke (ETS) has been proposed to be a risk factor for age- 
related macular degeneration [31]. In vitro studies showed that benzo(e)pyrene 
(B(e)P), a toxic element contained in cigarette smoke, is toxic for human retinal 
pigment epithelial cells [32]. It causes cell death and induces apoptosis by the 
involvement of multiple caspase pathways.

Remky et al. [33] measured retinal vessel diameters using non-mydriatic fundus 
photography in a medical and ergonomic field study of occupational exposure to 
carbon disulfide (CS2). They found that chronic exposure to carbon disulfide may 
lead to retinal vein changes with larger caliber and retinopathy. Resch and coauthors 
[34] investigated the effect of inhaled CO on retinal and choroidal blood flow and 
found that CO inhalation caused the widening of retinal arteries and veins indepen-
dent of the significant increase of carboxyhemoglobin. Retinal blood flow, subfo-
veal choroidal blood flow, and fundus pulsation amplitude increased significantly in 
response to CO inhalation. Recent studies have suggested that exposure to exhaust 
particles and ambient air pollution increases carotid intima-media thickness and 
reduces ocular blood flow velocity. Memişoğullari et al. [35] assessed the relation-
ship between serum homocysteine, a potential parameter for atherosclerosis, and 
ocular blood flow velocity and resistivity index in 22 highway toll collectors and 24 
control subjects using color Doppler ultrasonography. The authors showed signifi-
cant correlations between serum homocysteine level and ophthalmic artery resistiv-
ity index in both highway toll collectors and controls and suggested that exposure to 
exhaust particles might increase serum homocysteine level, which in turn could lead 
to reduced ocular blood flow and increased resistivity index.

19.8  Retinoblastoma

Retinoblastoma is a malignant tumor of the retina that occurs most commonly in 
young children. Approximately two third of cases are diagnosed before the age of 2 
years and almost the totality before the age of 5 years, suggesting that exposures 
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occurring during the perinatal period are likely to be important to retinoblastoma 
development. Retinoblastoma occurs due to a loss or mutation of both alleles of the 
RB1 gene. In hereditary retinoblastoma, a defective allele is inherited from a parent 
because of a hereditary or de novo mutation in parental germline cells; most of these 
cases present as bilateral disease. In sporadic retinoblastoma, both alleles are inac-
tive somatically at some point after conception, and these cases most frequently 
present as unilateral disease. Little is known about retinoblastoma etiology. Few 
studies analyzed the possible association between air pollution and retinoblastoma, 
but no clear relation was observed. In a recent study, the ambient exposure to spe-
cific air toxics in the perinatal period was analyzed in relation to retinoblastoma 
development [36]. One hundred three cases ascertained from California Cancer 
Registry and 30,601 controls were included in the study. Using logistic regression 
analyses, authors modeled the risk of retinoblastoma due to air toxic exposure, sepa-
rately for exposures in pregnancy and the first year of life. Retinoblastoma risk was 
found to be increased with pregnancy exposure to benzene (Odds ratio [OR] = 1.67) 
and other toxics which primarily arise from gasoline and diesel combustion: tolu-
ene, 1,3-butadiene, ethyl benzene, ortho-xylene, and meta/para-xylene; these six 
toxics were high correlated. Retinoblastoma risk was also increased with pregnancy 
exposure to chloroform (OR = 1.35), chromium (OR = 1.29), paradichlorobenzene 
(OR  =  1.24), nickel (OR  =  1.48), and in the first year of life, acetaldehyde 
(OR = 1.62). Overall survival, eye salvage and preservation of vision are largely 
dependent on the stage of presentation, but the mortality remains still high world-
wide [37].

19.9  Ultraviolet Light Damage

The human eye is constantly exposed to sunlight and artificial lighting. Light trans-
mission through the eye is fundamental to its unique biological functions of direct-
ing vision and circadian rhythm [38]. The sun supports life on our planet, but its 
life-giving rays also pose dangers. The sun’s primary danger is in the form of ultra-
violet (UV) radiation. Artificial sources, like welding machines, tanning beds, and 
lasers, can also produce UV radiation. There are three types of UV radiation: UV-C 
is absorbed by the ozone layer and does not present any threat, while UV-A and 
UV-B radiation can have long- and short-term negative effects on the eyes and 
vision.

If the eyes are exposed to excessive amounts of UV radiation over a short period 
of time, photokeratitis can likely occur. Symptoms include pain, red eyes, foreign 
body sensation, gritty feeling in the eyes, extreme sensitivity to light, and excessive 
tearing. Fortunately, these symptoms are usually temporary and rarely cause perma-
nent damage to the eyes. On the other hand, the longer the eyes are exposed to solar 
radiation, the greater is the risk of developing cataract or macular degeneration 
later in life. The removal of these wavelengths from ocular exposure would greatly 
reduce the risk of these diseases. One way this may be easily done is by wearing 
sunglasses that block wavelengths below 400  nm (marked 400 on the glasses). 
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However, because of the geometry of the eye, these glasses must be wraparound 
sunglasses to prevent reflective UV radiation from reaching the eye. Additional pro-
tection may be offered by contact lenses that absorb significant amounts of UV 
radiation.

In addition to UV radiation, short blue visible light (400–440 nm) that is part of 
the visible light spectrum is a risk factor for the adult human retina. This wavelength 
of light is not essential for sight and not necessary for a circadian rhythm response. 
Many digital devices emit this shorter-wavelength visible light. The sun emits blue 
light, as do artificial light sources, such as LEDs, computers, and smartphones. 
Lenses that absorb harmful blue light but allow beneficial blue light transmission 
are entering the marketplace. It is also possible to apply a special clear coating to 
traditional lenses to enhance their ability to block these harmful rays while using 
computers and smartphones.

To provide adequate protection for your eyes, sunglasses should:

• Block out 99 to 100 percent of both UV-A and UV-B radiation
• Screen out 75 to 90 percent of visible light
• Have lenses that are perfectly matched in color and free of distortion and 

imperfection
• Have lenses that are gray for proper color recognition

The bad protection from UV light provided by cheap sunglasses is a current 
issue. When it’s really bright out, squint, and pupils’ constriction to tiny dots occurs 
to limit the amount of light getting in. When people put on sunglasses, the effect is 
the same as being in darkened room, the pupil dilates to let in more light. Cheap 
glasses that don’t block UV rays may offer some relief from visible light and reduce 
the need to squint, but the additional exposure to UVA and UVB due to pupil dila-
tion can allow much more harmful light into the eyes than if the cheap sunglasses 
are not worn at all.

19.10  Management of Environmental Dry Eye Disease

Environmental dry eye disease chore treatment includes the same medications and 
interventions available for the other types of DED. In addition the golden rule in 
case of eye irritation is to avoid vigorous eye rubbing so as to prevent increased 
allergy and chance of contacting infection.

Few additional helpful tips include:

• Cool compress to closed eyes for 5 min twice per day
• Frequent use of tear substitutes prescribed by the ophthalmologist to dilute aller-

gens and air pollutants
• Use of appropriate sunglasses outdoors
• Avoid direct splashing of water to open eyes
• Avoid contact lens wearing and eye makeup if eyes are feeling sore
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20.1  State of the Art

Actually, effects of air pollutants on skin are generally well known and discussed 
[1–5].

Irritant contact dermatitis (ICD) is provoked by a direct damage of the skin 
caused by the irritant substances. It develops if the exposure of the substance or 
substances is sufficient or if the skin is particularly susceptible as is found in 
atopic dermatitis (AD) patients. The most common irritants found in the environ-
ment are soaps, detergents, water, solvents, and a dry atmosphere. The occurrence 
of irritant contact dermatitis depends upon the degree of exposure [6–8]. A strong 
relationship between high concentration of air pollutants (ozone, nitrogen diox-
ide, and fine particulate matter with a median aerodynamic diameter of less than 
2.5 μm) and urticaria is confirmed by a large Canadian observational study [9, 
10]. It also generally ascertained a link between climate and pollutant-induced 
eczema [11].

Even allergic contact dermatitis (ACD) is caused by delayed allergenic mecha-
nisms Th1 (T helper 1) response. Common causes are nickel, fragrances, rubber 
additives, preservatives, plants, and medicaments.

Environmental acne, called chloracne, results from various chemical exposures, 
and the eruption may be mild, involving localized exposure, or covered areas of the 
body or severe, explosive, and disseminated with involvement of almost every fol-
licular orifice [12]. Chloracne almost always represents a cutaneous sign of sys-
temic exposure to highly toxic chemicals. Chloracne results from environmental 
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exposure to certain halogenated aromatic hydrocarbons, such as polyhalogenated 
naphthalenes, polyhalogenated biphenyls, and dibenzofurans, contaminants of 
polychlorophenol compounds – especially herbicides (2,4,5-T and pentachlorophe-
nol) and herbicide intermediates (2,4,5-trichlorophenol), contaminants of 
3,4-dichloroaniline and related herbicides (propanil, methazole, etc.) [13].

Chemical leukoderma is defined as pigmentation or hypopigmentation of the 
skin due to industrial exposure to one chemical or more chemicals known to have a 
destructive effect on epidermal melanocytes [14]. A connection between traffic- 
related soot (both volatile organic compounds and NO2) and exposure and increased 
lentigo formation is clear demonstrated [15–17]. The most commonly chemicals 
able to provoke leukoderma are hydroquinone, monobenzylether of hydroquinone, 
monoethyl ether of hydroquinone (p-ethoxyphenol), monomethyl ether of hydro-
quinone (p-methoxyphenol), p-cresol, p-isopropylcatechol, p-methylcatechol, 
p-nonylphenol, p-octylphenol, p-phenylphenol, p-tert-amylphenol, p-tert- 
butylcatechol, p-tert-butylphenol, N,N′,N″-triethylenethiophosphoramide (thio-
TEPA), mercaptoamines, and physostigmine.

Scleroderma-like diseases and quartz-induced scleroderma, in addition to 
changes of the skin similar to those caused by scleroderma, also involve other organ 
systems but are not consistent with classical scleroderma [18]. Factors inducing 
scleroderma-like diseases are vinyl chloride, bis(4-amino-3-methylcyclohexyl) 
methane, quartz, bleomycin, pentazocine, L-tryptophan, and silicons.

Environmental skin cancer [19], besides effects of ionizing and UV radiations 
[20], is strongly associated to exposure to agents as polycyclic hydrocarbons (tar 
distilling, coal gas manufacturing, briquettes manufacturing, shale oil compounds, 
refinery exhaust compounds) [21, 22].

20.2  Edge of Knowledge

In the last two decades, scientists and clinical researchers have been committed on 
evaluating and protecting skin from UV damages.

Moreover, in the last years, as a result of an increasing interest and pressure from 
cosmetic industry, researchers’ focus is shifting to evaluating effects on the skin of 
prolonged or repetitive exposure to high levels of air pollutants; even if, it is inter-
esting to note that most papers are published in technical works (chemistry, environ-
ment, etc.) and not in medical journals.

Chemico-physical studies have demonstrated that volatile organic compound 
(VOC) dimensions – responsible of soot carbonaceous particles’ formation – are on 
the order of nanometers, precisely in the field of hyperfine particles (<10 nm) [23] 
and how they can pass through skin barrier [24].

Transdermal uptake directly from air that is demonstrated could be comparable 
to or larger than intake via inhalation for many semivolatile VOCs [25–27].

However, today knowledge regarding the pollutants’ transdermal absorption by 
skin is quite limited.
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According to present knowledge, there are some mechanisms by which air pol-
lutants affect skin health:

 1. Skin chemical impairment
 2. Production of reactive oxygen species (ROS)
 3. Subsequent induction of inflammatory cascade

Epidemiological studies on the cutaneous impacts of particulate matters (PM) 
showed that PM affects the development and exacerbation of skin diseases [28].

Exposure to high level of PM10 and PM2.5 has been related with a squalene 
peroxidation [29], a lower level of vitamin E and an increase of lactic acid [30].

PM and polycyclic aromatic hydrocarbons (PAHs) enter the skin via nanoparti-
cles and generate quinones [31], which are redox cycling chemicals that produce 
ROS and pro-inflammatory cytokines secretion (TNF-alpha, IL-1alpha, and IL-8) 
[32, 33]. Such prolonged exposure to reactive oxygen species (ROS) can be linked 
with a significant increase of matrix metalloproteinases (MMPs), enzymes contrib-
uting to the breakdown of collagen while inhibiting new collagen formation and 
increasing inflammatory skin diseases and skin aging, which includes skin hyper-
pigmentation [34], atopic and urticarial skins, a higher frequency of red dermogra-
phism, an important seborrheic status at the forehead level, and a lower level of 
dandruffs [30].

Also, ultrafine particles (UFPs) including black carbon and polycyclic aromatic 
hydrocarbons (PAHs) enhance the incidence of skin cancer. Mainly the water- 
soluble faction, as transition metals with redox potential, plays an important role in 
the initiation of oxidative DNA damage and membrane lipid peroxidation [35]. The 
link between chemical compositions and particle toxicity tends to be stronger for 
the fine and ultrafine PM size fractions [36, 37].

20.3  New Frontiers

Recent toxicological investigations demonstrated that VOCs are able to penetrate 
skin tissues [38, 39].

In order to understand the effects of new vehicles penetrating the skin, it is useful 
to remind how dermal absorption is a complex process [40] whereby substances are 
transported across the skin’s biomembrane and into the body’s living tissues 
[41–43].

Such process is strongly influenced by the skin’s particular absorption character-
istics. As a result of topical contact, substances which do not evaporate or are not 
mechanically removed may penetrate into the epidermis and subsequently reach the 
hypodermal vascular network via the dermis. During this process, an absorbed sub-
stance may also undergo a biotransformation [44, 45].

In addition to the skin’s properties, characteristics of the substance being 
absorbed also influence dermal absorption, including the same substance, vehicle 
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(for dissolved substances), occlusion, concentration, and exposure pattern. The 
most important substance properties affecting transdermal absorption are [46]:

 1. Liposolubility
 2. Molecular weight (smaller molecules penetrate more easily)
 3. Dilution factor of compound or vehicle substance
 4. Electron configurations and dissociation constants (the greater is the molecule’s 

polarity and/or ionization, the less is the penetration)
 5. The presence/absence of specific elements favoring/inhibiting penetration

Given the above, in our opinion, on one side, it is useful to make some assump-
tions, and, on the other, further work remains necessary to deepen them.

The first consideration is related to the specific pathway represented by the skin 
and the health consequences related to pollutants entry into the body through it.

Pollutant entrance via ingestion, actually, is partially detoxified by enzymes and 
acids present in the stomach, intestine, and liver before being metabolized and 
transferred into the blood. This detoxification process does not take place through 
the transdermal passage. Through this pathway further defense filters do not exist 
and pollutants enter intact into the blood stream: it is therefore reasonable to expect, 
for equal exposure, major damages to health and a larger involvement of other 
organs [47].

A further consideration must be made about the body area affected by the pollu-
tion skin contact. As well reported in literature, the skin on different areas of the 
same organism has different absorption patterns; e.g., scrotal skin is 12 times more 
permeable than forearm skin and forehead skin more than cheek skin [48]. In this 
regard, in 1775, the first cancer of any type to be linked with environmental expo-
sure was scrotal squamous carcinomas in British chimney sweeps reported by 
Percivall Pott [49].

In-depth studies need to be undertaken in this topic in order to ascertain the true 
damage extent caused by the transcutaneous pollution passage, and empirical data 
should be collected in order to verify what type of clothing may constitute a defense 
and an adequate barrier to prevent pollution passage directly to the blood through 
the skin.

A further area of research should be focused on common hygiene and skincare 
processes when exposed to pollutants. Are commonly used detergents and cosmet-
ics an aid to erase pollutants settled on the skin? Or do they favor a more rapid and 
increased absorption? If new studies should be undertaken along this route, it is 
possible to make some assumptions.

A first consideration can be made regarding cleansing products acting by 
contrast. In such products, surfactants, using electrical charges, make hydro-
philic pollutants. Can these polarity changes affect the pollutants’ permeability 
deposited onto the skin? Some studies seem to demonstrate that cleansing by 
affinity might be the best answer in order to eliminate pollutants without increas-
ing absorption, just for the skin defensive capacity versus high lipophilic com-
pounds [50].
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A further consideration is related to the conveying action carried by cosmetic 
ingredients when linked with pollutants. Polar or nonpolar interface with skin com-
ponents can affect properties of carrier substances.

Such substances also remain onto the skin for a long time, and they are devel-
oped to be more easily absorbed and penetrate into the deeper layers of the dermis. 
If they have the ability to link with pollutants, can they accelerate their transcutane-
ous absorption and ease a direct passage to the blood and lymphatic system?

New researches should investigate the full role of the pollutants transcutaneous 
penetration, the role of common skin cleansing and makeup may have in facilitating 
or preventing pollutants absorption, and the role of different tissues and clothes can 
play in protecting or in exposing the skin to these pollutants.
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21Air Pollution and Endocrine-Disrupting 
Chemicals
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21.1  Air Pollution and Air Pollutants

Over the past decades, rapid industrialization and economic development have been 
concomitant with large migration from rural areas to cities [1]. This outlook has 
resulted in urban growth, modernization, and increased concentration of air pollut-
ants, in turn ensuing increased number of exposed people [2]. Atmosphere being a 
geochemical reservoir of organic compounds partition’s into gaseous and airborne 
particulate phase that interact with oceans, land, and living organisms [3]. The source 
and concentration of pollutants in outdoor and indoor atmosphere vary based on 
point of discharge. The outdoor pollutants are resultant of coal and oil combustion in 
power plants; disposal of industrial, medical, and municipal solid waste; motor vehi-
cles emissions; industrial and sewage treatment plant discharges; and biomass burn-
ing. The causatives of indoor pollutants are unvented combustion, building materials, 
furnishings, paint, floor and wall coverings, cleaning products, cosmetics, detergents, 
pesticides, and electronic appliances [4]. The shift-ups in inhaling the above pollut-
ants indeed justify the presence of toxic endocrine-disrupting chemicals (EDCs) 
body burden in every human being’s blood, urine, and body tissues [5].

21.1.1  Air Pollutants in Terms of EDCs

EDCs are synthetic chemicals used in industrial, agricultural, and household appli-
cations, noted for specific property in disrupting endocrine system. On inhaling 
these chemicals as air particulates, they enter different systems of the body and 
disrupt normal homeostasis by either mimicking or blocking hormones. EDCs 

mailto:jayshreeannamalai@yahoo.com


362

downstream effects start either by interacting with nuclear, hormone, or orphan 
receptors or by modifying enzymatic pathways involved in steroid biosynthesis or 
metabolism [6]. The long-range transport of EDCs via atmosphere and ocean routes 
makes their ubiquitous presence and source of exposure [7]. Distribution of EDCs 
in the atmosphere is governed by three equilibrium partitioning coefficients: air- 
water, water-octanol, and octanol-air (Table 21.1).

Table 21.1 Solubility, partition coefficients, and half-life of major EDCs in the atmosphere

Endocrine-disrupting chemicals
Water solubility 
at (mg/L) 25 °C

Log 
KOW

Log 
KOC

Log 
KOA

Mean 
half-life in 
air (h)

Phthalates
Di (2-ethylhexyl) phthalate 0.27 7.6 5.83 12.55 6
Dibutyl phthalate 13 4.9 3.80 8.63 7.4
Diethyl phthalate 1080 2.6 2.18 7.02 22.2
Bisphenol A 120 3.32 3.20 12.8 24
Polychlorinated biphenyls
2,2′,3,4,5′-Pentachlorobiphenyl 0.0463 6.24 n.a. 9.16 3330
2,3′,4′-Trichlorobiphenyl 0.353 5.7 n.a. 8.92 2720
Polycyclic aromatic hydrocarbons
Anthracene 0.045 4.540 4.47 7.34 60
Benzo[a]anthracene 0.011 5.91 5.30 10.80 300
Benzo[a]pyrene 0.0038 6.04 6.01 10.71 40
Phenanthrene 1.1 4.57 4.36 7.45 1040
Naphthalene 31.7 3.37 3.11 5.13 1210
Brominated flame retardants
2,2′,4,4′-tetrabromodiphenyl ether 0.011 6.0 n.a. 9.8 22,416
2,2′,4,4′,5-pentabromodiphenyl 
ether

0.0024 6.8 n.a. 11.2 40.8

Decabromodiphenyl ether 0.02–0.03 9.9 n.a. 13.1 318
Pesticides
Hexachlorobenzene 0.0062 5.73 3.59 4.47 4310
γ-Hexachlorocyclohexane 17 3.72 3.04 n.a. 3330
Dioxins and furans
2,3,7,8-Tetrachloro-dibenzofuran 0.085 6.31 n.a. n.a. 2190
2,3,7,8-Tetrachloro-dibenzo-p-
dioxin

19.3 ng/L 6.8 7.15 9.70 1860

Alkylphenols
4-Nonylphenol 7.0 5.8 4.63 n.a. 5.0
4-tert-octylphenol 5.0 5.3 3.42 n.a. 6.1
4-tert-butylphenol 700 3.3 n.a. n.a. 6.3
Perfluorinated chemicals
Perfluorooctane sulfonate 570 na 2.57 6.63 2736
Perfluorooctanoic acid 9.5 × 103 na 2.06 5.73 2160

Ref: HSDB [16], ATSDR [17], HSDB [18], EPA [19], Medellin-Castillo et al. [20], WHO [21], 
Safdari and Golmohammadi [22], Yuyin et al. [23], Mackay et al. [24], Kidd and James [25], Earl 
et al. [26], HSDB [27, 28], ATSDR [29], ATSDR [30], Chen and Bunce [31], WHO IPCS [32], 
Kelly et al. [33], Arnot et al. [34], Farmer et al. [35], Lewis [36], Hansch et al. [37], Yuyin et al. 
[23], Hollifield [38], Ripping [39], Mackay et al. [40], HSDB [28, 41], SRC [42], Groshart et al. 
[43], EPA Factsheet [44], Arnot and Gobas [45], and Zhu and Zou [46]
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21.1.2  Major EDCs Causing Pathetic Disorders

Chemical production in the preceding 20 years correlates to the growing incidence of 
endocrine-associated pediatric disorders that include male reproductive disorders, 
early female puberty, leukemia, brain cancer, and neurobehavioral disorders [5]. Early 
life exposure to EDCs has also been implicated to the alteration of developmental pro-
gramming, resulting in higher susceptibility to obesity, respiratory disorders, asthma, 
diabetes, cancer, endometriosis, neurological disorders, thyroid disorders, and cardio-
vascular disease [8–15]. The major EDCs involved in all of the above anomalies are 
phthalate esters (PEs), bisphenol A (BPA), polychlorinated biphenyls (PCBs), polyaro-
matic hydrocarbons (PAHs), polybrominated flame retardants (BFRs), pesticides, 
dioxins, alkylphenol (APs), perfluorinated compounds (PFCs), and heavy metals.

21.2  Emerging Sources of EDCs

Numerous chemicals were developed to meet wide range of medical, scientific, 
agricultural and industrial needs. Despite their socioeconomic benefits, the release 
of chemicals into the environment and exposure had led to serious health conse-
quences irrespective of ages and species (Fig. 21.1).The source and point of dis-
charge of major EDCs into the atmosphere are as follows:

Fig. 21.1 Schematic representation of air pollution sources, emerging EDCs, and health issues
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21.2.1  Phthalates

PEs are dialkyl or alkyl aryl esters of phthalic acid commonly used as plasticizers 
and encountered as indoor pollutant [47]. They are used in the manufacture of poly-
vinylchloride (PVC) products, building materials, toys, clothing, cosmetics, per-
fumes, food packaging, and medical appliances [48]. Phthalates are not physically 
bound to the polymers making their diffusion easier out of the plastics into the 
environment. Release of household and industrial wastewater from production and 
processing units and disposal of materials are sources of phthalates occurring in the 
atmosphere [49].

21.2.2  Bisphenol A

BPA is an organic compound composed of two phenol rings connected by a methyl 
bridge, with two methyl functional groups. It is a high-volume production chemical 
used worldwide in the manufacture of polycarbonate plastics including numerous con-
sumer products like food and water containers and bottles. BPA is also found in the resin 
linings of food and beverage cans and dental sealants [50], leaching readily from many 
of these products lead to exposure in large segments of the population [51].

21.2.3  Polychlorinated Biphenyls

PCBs are aromatic, synthetic chemicals formed by two linked benzene rings with 
some or all of the hydrogen substituted by chlorine atoms. PCBs have been used 
commercially since 1929 as insulating fluid in transformers, capacitors, and plasti-
cizers in open systems comprising numerous building materials including adhe-
sives, caulk, ceiling tiles, paints, and sealants [52].

21.2.4  Polyaromatic Hydrocarbons

PAHs are a large group of organic compounds with two or more fused aromatic 
rings. Based on origin, pyrogenic PAHs are formed by the incomplete combustion 
of fossil fuels, forest fires, and tobacco smoke; petrogenic PAHs are present in crude 
oil, its product, and coal [53]. PAHs enter the environment primarily through sew-
age, road runoffs, smelter industries, and oil spills [54, 55]. The offshore PAHs enter 
water through oil seeps, spills, and discharges from offshore oil installations [56].

21.2.5  Polybrominated Flame Retardants

In ancient Egypt about 450 BC, alum was used to reduce the flammability of wood, 
and ever since that time flame retardants have been used in various materials. 
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The halogen-containing compounds are used today as flame retardants in electronic 
equipment, textiles, plastics, paints, and printed circuit boards preventing fire 
 eruptions by capturing free radicals [57].

21.2.6  Pesticides

Pesticides are substances or chemical mixture intended for preventing, destroying, 
repelling, or lessening the damage of pest (Fig.  21.2). This includes herbicides, 
insecticides, fungicides, and rodenticides used in agriculture and public health. 
Occupational exposure to pesticides in agricultural workplace occurs during 
 preparation (mixing and loading) and application (spraying) [58].

Fig. 21.2 Structure of major EDCs causing potential threat to health: (1) Di (2-ethylhexyl) 
phthalate, (2) bisphenol A, (3) polychlorinated biphenyl, (4) polyaromatic hydrocarbon, (5) bromi-
nated biphenyl ethers, (6) atrazine, (7) polychlorinated dibenzo-dioxins, (8) nonylphenol, and (9) 
perfluorooctane sulfonate
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21.2.7  Dioxins

Dioxins are a group of 210 organic chemicals, among which 75 congeners are poly-
chlorinated dibenzo-p-dioxins (PCDDs), and 135 are polychlorinated dibenzo- 
furans (PCDFs). Prior to industrialization, low concentrations of dioxins existed in 
nature due to natural combustion and geological processes [59]. Presently, in indus-
tries though dioxins are not produced commercially, they are formed as by-products 
when reaction temperature is not well controlled in chemical manufacturing pro-
cesses [60]. Dioxins are also produced in small concentrations when organic materi-
als are burned in the presence of chlorine ions or atoms in the fuel formulae [61].

21.2.8  Alkylphenol

APs are widely used as nonionic surfactants in detergents, pesticides, herbicides, emul-
sifiers, paints, cosmetics, plastic ware, and even in jet fuel [62]. They are commonly 
found in wastewater discharges and effluents from sewage treatment plants [63].

21.2.9  Perfluorinated Compounds

PFCs are synthetic compounds characterized by long, fully fluorinated carbon chains 
with different functional head groups resisting them to degradation [64]. PFCs are 
used in variety of products to resist grease, oil, stains, and water and are also used in 
fire-fighting foam [65]. PFC contamination in the environment originates from direct 
or indirect anthropogenic sources. Direct source includes manufacture and use of per-
fluoroalkylated acids (PFAA), whereas indirect sources include product impurities 
and production of chemicals that may degrade to PFAA [66].

21.2.10  Heavy Metals

Heavy metals are commonly defined as metals those having a specific density of 
more than 5 g cm3. The main threats to human health from heavy metals are associ-
ated with exposure to lead, cadmium, mercury, and arsenic. Heavy metals are being 
used in many different areas for thousands of years. Lead has been used for at least 
5000 years, early applications including building materials, pigments for glazing 
ceramics, and pipes for transporting water [67]. Cigarette smoke contains about 30 
metals, of which cadmium, arsenic, and lead are in the highest concentrations [68].

21.3  Mechanism Behind Endocrine Disruption

EDCs exert numerous disrupting mechanisms interfering endogenous hormonal 
functions depending on certain factors such as exposure level, duration, age, and 
susceptibility (Table 21.2). Owing to this action, EDCs are able to disrupt two or 
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Table 21.2 Nuclear receptors, biological half-life, and concentration of EDCs in the atmosphere 
and humans

Endocrine- 
disrupting chemical

Nuclear 
receptors

Biological 
half-life

Concentration in the 
atmosphere

Concentration in 
humans

Phthalates PPARs, 
CAR/PXR, 
GR

From hours to 
days

Indoor: DEP, 
2.29 mg m−3; BBP, 
3.97 mg m−3; DEHP, 
2.43 mg m−3

Prenatal 
phthalate 
metabolite in 
urine of mothers, 
2.54–816 μg L−1 
Monoesters of 
DEHP in 
children’s urine, 
91.3 μg L−1

Outdoor: as 
particulates North 
Sea to Arctic, 
0.03–5.03 ng m−3; in 
gaseous phase 
1.11–3.09 ng m−3

Bisphenol A ERs, AR, 
TR,GR

6 h In blood, urine, 
fat, and fetal 
tissue, 
0.1–10 ng mL−1

Polychlorinated 
biphenyls

CAR, PXR Longer than 
90 days

Indoor: New York 
city schools, 
<50–807 ng m−3; in 
classrooms, 
236–2920 ng m−3

In blood of 
mothers, 
190 μg kg−1 
lipid; in 
children-boys, 
222 μg kg−1 
lipid; girls, 
153 μg kg−1 
lipid; umbilical 
cord blood, 
168.2– 
566.8 μg kg−1 
lipid

Outdoor: in 
Turkey–urban: 
gaseous phase, 
23.5 ng m−3; 
suburban: gaseous 
phase, 109.7 ng m−3

Polyaromatic 
hydrocarbons

AhR, ERα, 
ERβ, PKCs, 
CYP1A

Benzo(a)pyrene, 
2.2–12.4 days

Occupational region: 
aluminum 
production plants, 
6 ng m−3; coke 
ovens, 135–
200,000 ng m−3; iron 
foundries, 
6400 ng m−3

In lung tissues of 
African- 
American males, 
0.784 ng g−1; 
Caucasian males, 
0.407 ng g−1; 
African- 
American 
females, 
0.308 ng g−1; 
Caucasian 
females, 
0.279 ng g−1

Outdoor: France: 
rural, 92 ng m−3; 
urban, 127 ng m−3; 
suburban, 
149 ng m−3

(continued)
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Table 21.2 (continued)

Endocrine- 
disrupting chemical

Nuclear 
receptors

Biological 
half-life

Concentration in the 
atmosphere

Concentration in 
humans

Brominated flame 
retardants

PXR, ERs, 
TR

In serum, from 
weeks to months; 
infant, several 
years

Indoor: In Belgium 
and UK-school, 
78–1741 ng g−1; 
home, 
33–1019 ng g−1; 
office, 
80–384 ng g−1; 
e-waste dismantling 
hall, 20 ng m−3

Mean levels in 
adipose tissue: 
Europe and Asia, 
<5 ng (g lipid)−1 
North America, 
>200 ng 
(g lipid)−1 In 
fetal liver, 
4–98.5 ng 
(g lipid)−1 In 
breast milk, 
1.57–73.9 ng 
(g lipid)−1

Outdoor: e-waste 
site, 
4.49–398 pg m−3

Pesticides ERα, AR 5 years Indoor: DDE, <5 to 
>15,000 mg 
(kgBW)−1

Outdoor: rural, 
384 pg m−3; urban, 
379 pg m−3

Dioxins Via AhR: 
PPARγ, ERs

7–11 years Outdoor: Germany, 
rural, 5–50 fg m−3; 
urban, 
20–220 fg m−3; 
suburban, 
10–100 fg m−3

In adipose tissue, 
3.6pg (g lipid)−1 
In blood, 2.2 ppt

Alkylphenols ERs, AR, 
CAR

NP in blood: 
2–3 h

Indoor: in Japan, 
4-t-BP, 387 ng m−3; 
4-t-OP, 45.7 ng m−3; 
4-NP 680 ng m−3

In urine, 
0.4–13.9 ng ml−1 
In adipose tissue, 
57 ng g−1(Spain)

Outdoor: NP in 
USA: 
0.01–81 ng m−3

Perfluorinated 
compounds

ERs, AR, 
PPARs

PFOS, 5.4 years Indoor: FASAs, 
20–300 pg m−3; 
FASEs, 
20–200 pg m−3

Serum-level 
medians: PFOS, 
19.9 μg L−1; 
PFOA, 
3.9 μg L−1PFOA, 3.8 years Outdoor: Northern 

hemisphere, 
972 pg m−3; Central 
Europe, 243 pg m−3; 
Asia, 2466 pg m−3; 
Northern America, 
403 pg m−3
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Table 21.2 (continued)

Endocrine- 
disrupting chemical

Nuclear 
receptors

Biological 
half-life

Concentration in the 
atmosphere

Concentration in 
humans

Heavy metals ERα, ERβ, 
GPR30 (non 
nuclear)

As, 3–5 days Cd level in outdoor 
and precipitation: 
Northern Europe, 
0.05–0.2 ng m−3and 
0.02–0.1 μg L−1; 
Central Europe, 
0.2–0.5 ng m−3and 
0.04–0.2 μg L−1; 
Southern Europe, 
0.06–0.12 ng m−3

Cd, Pb, and Hg 
levels in blood:
Urban, 0.62, 
20.0 and 
0.43 μg L−1

Cd, > 20 years Suburban, 0.82, 
21.5, 0.47 μg L−1

Rural, 0.87, 22.5 
and 0.33 μg L−1

Ref: Pie et al. [72], Xie et al. [73], Thomas et al. [52], Demircioglu et al. [74], Morville et al. [75], 
Sjodin et al. [76], Tian et al. [77], Ali et al. [78], Devi et al. [79], WYGE [80], Ying [81], Saito et al. 
[82], Dreyer et al. [83], Barber et al. [84], Oono et al. [85], Stock et al. [86], Jahnke et al. [87], Gilbert 
[88], Graef [89], Ling et al. [90], Goldman et al. [91], Sponder et al. [92], Aas and Breivik [93]

more endocrinal functions with widespread consequences on the biological pro-
cesses controlled by vulnerable endocrine glands. In vivo studies predict activation 
of hormonal receptors at nanomolar (nM) levels and enzymatic disruption at micro-
molar (mM) levels resulting in genomic instability and alteration of hormonal feed-
back regulation [69]. EDCs exert their actions through nuclear hormone receptors 
such as estrogen receptors (ERs), androgen receptors (ARs), progesterone receptors 
(PRs), thyroid receptors (TRs), and retinoid receptors (RXR) [6]. Indeed, EDCs are 
also capable of acting through nonsteroid receptors, transcriptional coactivators, 
enzymatic pathways, and genomic mechanism [70, 71].

21.3.1  Metabolic Disruption Through Hormone Receptors

Hormone receptors belong to a class of classic hormone receptors that recognize 
only one or a few molecules with high affinity. Thyroid hormone (TH), mineralo-
corticoid, glucocorticoid, retinoic acid, estrogen, vitamin D, progesterone, and 
androgen receptors belong to this class. Interaction of EDCs with these receptors 
results in developmental and reproductive effects, as well as metabolic alterations.

21.3.1.1  Estrogen Receptor
Estrogen receptors (ERα and β) have well-established roles in reproduction; in addi-
tion to that, they are also involved in brain development and function of many other 
organs such as the skin, bone, and liver (Fig. 21.3). At the molecular level, ERs and 
estrogens regulate glucose transport, glycolysis, mitochondrial activity, and fatty acid 
oxidation [94]. Based on experimental evidences, early exposure to BPA enhances 
adipocyte differentiation or permanently disrupt adipocyte-specific gene expression 
and leptin synthesis [95, 96]. Estrogenic surfactant octylphenols potentially elevate 
adipocyte production of resistin through activation of the ER and regulate 
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extracellular signal kinase pathways [97]. Resistin secreted by adipocytes causes insu-
lin resistance and predisposition to type 2 diabetes [98]. BPA also affects ERα activity 
in the pancreas and increases insulin secretion [99].

21.3.1.2  Thyroid Hormone Receptor and Glucocorticoid Receptor
TH activity is mediated by the TRs, TRα, and β which form heterodimers with RXR 
to bind the promoter sequences of target genes. Elevated TH levels accelerate 
metabolism, increase lipolysis and hepatic cholesterol biosynthesis, and provoke 
weight loss; the exact vice versa exists with low TH levels. In contrast to TR, GR 
forms homodimers and resides in the cytosol, forming complexes with molecular 
chaperones, and influences gene expression. Glucocorticoids act through GRs pro-
moting gluconeogenesis, increasing blood glucose levels, and mobilizing the oxida-
tion of fatty acids. Based on experimental evidences, BPA and PEs stimulate 
GR-mediated lipid accumulation and synergize with a weak GR agonist to increase 

Fig. 21.3 Schematic representation of endocrine glands, hormones, receptors, significant func-
tions, and antagonistic EDCs
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expression of adipocyte-specific markers [100]. The effects of BPA on TR during 
development may be significant in long-term body weight increase, while BFRs 
decrease glucose oxidation, characteristically associated with obesity, insulin resis-
tance, and type 2 diabetes [101, 102].

21.3.2  Metabolic Disruption Through Xenosensors

The body is protected from the accumulation of toxic chemicals by a complex strat-
egy that takes place in the liver, regulating the expression of drug-metabolizing 
enzymes and transporters. This adaptive response integrates at least three xenosen-
sors: pregnane X receptor (PXR), constitutive androstane receptor (CAR), and aryl 
hydrocarbon receptor (AhR).

21.3.2.1  Pregnane X Receptor and Constitutive Androstane 
Receptor

PXR and CAR regulate gene expression by forming heterodimers with RXR that bind 
to xenobiotic response sequences present in the promoters of their target genes. PXR is 
located primarily in the nucleus and is strongly activated upon ligand binding. In con-
trast, in the absence of ligand, CAR is retained in the cytoplasm through association with 
the cytoplasmic CAR retention protein (CCRP) and heat shock protein 90 (HSP90) 
[103]. PXR and CAR are highly expressed in the liver and act as master regulators of 
detoxification pathways [104]. Based on experimental evidence, EDCs such as nonyl-
phenols (NPs), DEHP, MEHP, PCBs, BPA, PFCs PFOA, PFOS, and organochlorine 
methoxychlor are reported to activate PXR and CAR [105–107]. DEHP induces CAR-
dependent activation of the nuclear receptor pathway, controlling the cellular clock and 
functions in energy metabolism [106]. EDC activated PXR and CAR also tends to regu-
late several CYP (cytochrome P450) family members involved in detoxifying pathways 
by metabolizing steroids and other endogenous hormones [103].

21.3.2.2  Aryl Hydrocarbon Receptor
AhR is a ligand-activated transcription factor which mainly senses and mediates the 
toxic effects of dioxins TCDD. The inactivated AhR protein resides in the cytosol and, 
upon ligand-mediated activation, translocates into the nucleus and heterodimerizes 
with the ubiquitously expressed aryl hydrocarbon receptor nuclear translocator 
(ARNT). Then AhR/ARNT complex binds to specific regulatory DNA sequences to 
regulate gene expression [108]. Recently, AhR has also been implicated as a regulator 
of energy metabolism, organogenesis, embryonic development, the cell cycle, immu-
nosuppression, and carcinogenicity. Experimental studies report that certain EDCs 
such as PCBs and TCDD trigger inappropriate activation of AhR unrelated to detoxi-
fication. This affects the genes in an AhR-dependent manner linked to hepatic circa-
dian rhythm, cholesterol biosynthesis, fatty acid synthesis, glucose metabolism, and 
adipocyte differentiation [109, 110]. AhR also disrupts ER signaling pathways by 
increasing ER proteasomal degradation and modulating estrogen levels via CYP 
expression and altering ER transcriptional activity [111, 112].
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21.3.3  Peroxisome Proliferator-Activated Receptors

PPARs are sensor receptors with large ligand-binding domain that accommodates 
variety of ligands, primarily lipid derivatives. In presence of ligand, PPARs het-
erodimerize with RXR and bind to the PPAR response elements localized in the 
promoter regions of target genes [113]. PPAR is composed of three isotypes: 
PPARα, β/δ, and γ. PPARα is expressed predominantly in tissues characterized by a 
high rate of fatty acid catabolism such as the liver, kidney, heart, and muscle. PPARβ 
shares partially overlapping functions with PPARα and has a role in cell differentia-
tion and survival [114, 115]. PPARγ functions in adipogenesis, lipid storage, inflam-
matory responses, and the control of insulin sensitivity [116]. Plasticizers, 
surfactants, pesticides, and dioxins modulate PPAR activity, although fairly little is 
known about the molecular mechanisms and the physiological outputs involved. In 
utero exposure induces alterations in fat structure and metabolism, with a disorga-
nization of hepatic and gonadal architecture, steatosis in the liver, and an increase in 
lipid accumulation and mature adipocytes [117].

21.4  Endocrine System and Determination of EDC’s Dose 
Response

Available literature and reports suggest that endogenous hormones and EDCs 
act at extremely low serum concentrations, typically in the picomolar to nano-
molar range. But question arises whether the risk assessment studies and animal 
model studies are certainly able to round off such low dose. Complementally, 
low-dose effect is defined as any biological change that occurs in the range of 
typical human exposures or the dose lower than those typically used in standard 
protocols and toxicology assessments [118]. As an account, endocrine system 
displays specificity in response to endogenous hormones via hormone receptors 
that may be found specifically in a single cell or few cell types or throughout the 
body; e.g., thyroid- stimulating hormone (TSH) receptors are found specifically 
in thyroid gland, while thyroid hormone (TH) receptors are found throughout 
the body [119]. The receptors found in multiple cell types may also vary in 
response or effects as different co- regulators influence the behavior of target 
genes [120, 121].

Concentrations of active endogenous hormones vary based on the age and physi-
ological status of the individual; for instance, plasma testosterone levels are less 
than 1 ng mL−1 in male children but increase to approximately 5–7 ng mL−1 in adult; 
during menses, estradiol levels are typically less than 100 pg mL−1 but, prior ovula-
tion, spikes to 800 pg mL−1 [122, 123]. In addition, it is noted that active concentra-
tions of endogenous hormones vary from species to species and even vary between 
strains of the same species [124]. Apart from endogenous hormone mechanism, 
EDCs to which exposure is increasing in day-to-day life also mimic and exert sev-
eral mechanisms in binding to hormone receptors (Fig. 21.4). Single EDC is able to 
regulate several pathways; in contrast the atmospheric exposure remains to be 
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mixture of EDCs, and occupational exposure may be of higher dose, the effect of 
which may vary from low-dose response. Considering all of the above, though 
oblique statement prevails in determining the mechanism, concentration, and effects 
of EDCs, the postulated mechanisms, determined toxic levels, and health effects 
may not be unnoticed.
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22Health Consequences Due to Prenatal 
Endocrine-Disrupting Chemical 
Exposure

Annamalai Jayshree and Namasivayam Vasudevan

22.1  Consequences on Health Secondary to EDC Exposure

There are several characteristics of the endocrine system that must be taken into 
account to understand the full mechanisms and consequences of exposure to EDCs. 
Similar to hormones, EDCs function at very low doses in a tissue-specific manner. 
EDCs also exert nontraditional dose responses due to the complicated dynamics of 
hormone receptor occupancy and saturation [1]. Thus low doses have more impact 
on a target tissue than higher doses, and the effects are entirely different. The age at 
which an individual is exposed to an EDC also has important implications on result-
ing health consequences. Indeed, it is clear that exposure to EDCs during develop-
ment results in different effects than exposures during adulthood [2].

22.1.1  Prenatal Exposure

Studies suggest that when embryos are exposed to EDCs in terms of critical win-
dows of in utero development, leading to altered programming in tissue structure 
and function. In return, this predisposes to a higher disease risk later in adult life [3]. 
Fetuses are exposed to EDCs by maternal exposure via placenta. Effects of low- 
dose exposure during development last long even after EDCs disappear from the 
body. To accentuate this concept, the term “fetal basis of adult disease” (FeBAD) 
has been coined to describe the interactions between the developing organism and 
the environment that determines the propensity of an individual to develop disease 
later in life. This prediction extends beyond the fetal period to include the early 
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postnatal developmental period while the organs continue to undergo substantial 
development [4].

Based on the experimental data and EDCs involved, consequences of prenatal 
exposures are discussed below.

22.1.1.1  Obesity
Obesity delineating an excessive body fat has become a fast-growing human health 
crisis heaving worldwide attention. Obesity and overweight are known to seriously 
affect human health, and it tends to be prognostic to number of diseases such as type 
2 diabetes, hypertension, stroke, gout, liver disease, asthma and pulmonary prob-
lems, gall bladder disease, kidney disease, reproductive problems, osteoarthritis, 
and certain forms of cancer [5]. In addition to this, it is further linked to psychologi-
cal problems including social discrimination, poor self-esteem, and depression [6]. 
Obesity is of significant health risk for children and adolescents than adults since 
obesity has dramatically increased the incidence of type 2 diabetes [7, 8].

EDCs Involved

Polycyclic Aromatic Hydrocarbons and Air Pollution
Epidemiological data strongly support causal association between maternal smok-
ing and increased risk of obesity or overweight in offspring [9]. Benzo(a)pyrene has 
also been shown to inhibit lipolysis and cause increased fat accumulation [10]. Air 
pollution near roads is suggested to contribute to obesity, insulin resistance, and 
inflammation in later part of life on exposure during childhood or fetal development 
[11–13].

Bisphenol A
The chemical structure of BPA enables it to fit into the binding site of the estrogen 
receptor in turn activating both nuclear and cell membrane localized estrogen recep-
tors [14]. BPA and its derivatives are suspected to act as obesogens by inducing 
adipocyte differentiation and the expression of genes involved in adipogenesis [15, 
16]. In laboratory studies, BPA-exposed female mice fed a high-fat diet consumed 
more food and gained more weight than control animals on the same diet. This sug-
gests that early-life exposure to BPA might lead to sexually dimorphic alterations in 
hypothalamic energy balance circuitry, resulting in increased susceptibility to 
developing diet and induced obesity and metabolic impairment [17].

Brominated Flame Retardants
Flame retardants have been associated with various adverse health outcomes, 
including obesity and altered or inappropriate thyroid function [18–20]. Other 
effects include early female puberty, weight gain before puberty and continued to 
adulthood, male cardiac hypertrophy, glucose intolerance, and increased serum lev-
els of thyroxine, as well as reduced hepatic carboxylesterase activity in the dams 
[21]. Subsequent studies report that the obesogenic effects of BFR might be medi-
ated by binding to and activation of PPAR γ [22, 23].
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Polychlorinated Biphenyls
Exposure to PCB remains ubiquitous because of its improper disposal and bioac-
cumulation in the environment, although banned in most developed countries. 
Studies suggest that these lipophilic pollutants which have accumulated at high lev-
els in adipose tissue serve as factors in epidemic obesity [24]. In a survey by 
NHANES 1999–2002, an association between waist circumference and BMI in 
individuals with detectable levels of PCBs and other persistent organic pollutants 
also suggests contribution to the ongoing obesity epidemic [25].

Phthalates
Prenatal and neonatal exposure to DEHP in pregnant mice led to increased body 
weight, numbers and size of adipocytes, and activation of PPAR γ in male offspring, 
suggesting sexually dimorphic effect. Activation of PPAR γ leads to the expression 
of its target genes and differentiation of cells into adipocytes [26]. Thus PEs have 
the ability to increase adipose tissue mass both during development and in adult-
hood, although the mechanism and sensitivity in these periods are probably 
different.

Perfluorinated Compounds
Human and animal studies on the metabolic effects of PFOA compounds are incon-
clusive. Young adult mice exposed in utero to perfluorooctanoic acid were over-
weight and had increased serum levels of insulin and leptin [27].

Symptoms
The primary warning sign of obesity is being above-average body weight, and the 
symptoms include breathing disorders (e.g., sleep apnea, chronic obstructive pul-
monary disease), certain types of cancers (prostate and bowel cancer in men, breast 
and uterine cancer in women), coronary artery (heart) disease, depression, diabetes, 
gallbladder or liver disease, gastroesophageal reflux disease (GERD), high blood 
pressure, high cholesterol levels, joint disease (osteoarthritis), and stroke. High 
blood pressure, high cholesterol levels, breathing problems, and joint pain (in the 
knees or lower back) are also common.

Diagnosis
A measurement called the body mass index (BMI) does not directly measure body 
fat but is a useful tool to assess the health risk associated with being overweight 
or obese. A BMI of 18.5–24.9 is considered within the healthy range. The BMI is 
calculated using kilograms (kg) and meters (m) instead of pounds (lb) and inches/
feet. 1 lb equals 0.45 kg and 1  in. equals 0.0254 m. BMI = body weight (kg)/
height2 (m).

Body fat is calculated using skin calipers that measure the thickness of skin. 
Body shape also plays a significant role, since weight around the waist poses a 
greater risk of heart disease and diabetes than big hips and thighs. Waist circumfer-
ence is a good measure of abdominal obesity; women with a waist more than 35 in. 
or men with a waist more than 40 in. are at increased risk.
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Treatment
Weight reduction is achieved by consuming fewer calories and increasing activity 
and exercise. Certain approaches include modified diet and lifestyle, regular 
 exercise, prescription weight loss medications and surgery. Some common types of 
surgeries are:

 1. Gastroplasty—also known as stomach stapling where a small pouch is created in 
the stomach that allows only limited amounts of food to be eaten at one time.

 2. Laparoscopic adjustable gastric banding—an adjustable band is placed around 
the stomach with minimal invasive surgery.

 3. Gastric bypass—this is the most effective weight loss surgery. However, it also 
carries a greater risk of complications, both short term and long term. A small 
pouch in the upper part of the stomach is created, and a hole is made in the small 
intestine beyond the normal stomach attachment. Then the pouch is attached to 
the hole, bypassing the rest of the stomach and top part of the small intestine.

22.1.1.2  Asthma
Asthma is the most common chronic disease in childhood with increased prevalence 
over the past decades [28, 29]. In relation to this, air pollution is one of the sources 
consistently linked to exacerbate the prevalence of asthma via both indoor and out-
door exposures.

EDCs Involved
Based on the outdoor studies, increases in asthma incidence or asthma symptoms 
were observed among the children exposed to higher levels of traffic-related air 
pollution [30, 31]. Pre-birth and post-birth exposures to tobacco smoking are also 
independently associated with increased asthma incidence [32]. Although air pol-
lution exposures before 2–3 years of age appear to have more significant role in 
asthma development, the effect of pre-birth or in utero exposure is not much stud-
ied except PAH [33, 34]. In accordance to indoor studies, household air and dust 
contain higher concentrations of consumer product chemicals such as pesticides, 
PCBs, BFRs, phthalates, and certain volatile organic compounds which are sug-
gested to be associated with asthma [35–38]. However, inadequate information is 
available on the contribution of many of these EDCs in asthma. Among personal 
care and cosmetic products, fragrances are shown to exacerbate asthma, and PEs 
(di-ethylhexyl phthalate) are also reported to be associated with asthma and wheez-
ing in children [39].

Symptoms
Shortness of breath, chest tightness or pain, trouble sleeping caused by shortness of 
breath, coughing or wheezing, a whistling or wheezing sound when exhaling 
(wheezing is a common sign of asthma in children), and coughing or wheezing 
attacks that are worsened by a respiratory virus, such as a cold or the flu.
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Diagnosis
 1. Physical examination—to rule out other possible conditions such as a respira-

tory infection or chronic obstructive pulmonary disease (COPD).
 2. Tests to measure lung function—quantity of air moves in and out while 

breathing.
 (a) Spirometry—to check quantity air exhaled after a deep breath and rate of 

exhalation
 (b) Peak flow—to check the rate of breathe

 3. Additional tests include methacholine test, nitric oxide test, imaging tests, allergy 
tests, sputum eosinophil test, and provocative testing for exercise- and cold- 
induced asthma.

Treatment
 1. Medications

 (a) Long-term asthma control medications—generally taken daily, are the cor-
nerstone of asthma treatment. Types of long-term control medications 
include inhaled corticosteroids, leukotriene modifiers, long-acting beta ago-
nists, combination inhalers, and theophylline.

 (b) Quick-relief (rescue) medications—are used for rapid, short-term symptom 
relief during an asthma attack or before exercise. Types of quick-relief medi-
cations include short-acting beta agonists, ipratropium (Atrovent), and oral 
and intravenous corticosteroids.

 (c) Allergy medications—if asthma is triggered or worsened by allergies. This 
includes allergy shots (immunotherapy) and omalizumab (Xolair).

 2. Bronchial thermoplasty—heats the insides of the airways in the lungs with an 
electrode, reducing the smooth muscle inside the airways. This limits the ability 
of the airways to tighten, making breathing easier and possibly reducing asthma 
attacks. Recommended in case of severe asthma.

22.1.1.3  Reproductive Disorders
Development of the mammalian reproductive systems begins in early pregnancy 
with specification and migration of germ cells, followed by morphogenesis of the 
gonads, reproductive tract structures, and external genitalia. As the reproductive tis-
sues form, they differentiate under the influence of numerous molecules including 
growth factors, transcription factors, and steroid hormones. Gross morphogenesis 
of reproductive tissues is largely complete before birth, but slow growth and regional 
and cellular differentiation continue through the onset of puberty. During puberty, a 
rapid phase of growth and additional structural and cellular reorganization occurs, 
regulated in large part by steroid hormones. In this case, EDC interruption via ges-
tational exposure is strongly correlated with increased female and male reproduc-
tive tract structural anomalies including rare forms of cancer, infertility, genital 
abnormalities, poor pregnancy outcomes in female offspring, and urological cancer 
in male offsprings [40, 41].
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Male Reproductive Disorders

Testicular Dysgenesis Syndrome
Prenatal exposure to EDCs causes Leydig and Sertoli cell dysfunction due to impair-
ment of germ cell and androgen insufficiency. This condition leads to the abnormal 
development of the fetal testis, causing testicular dysgenesis syndrome (TDS) that 
constitutes three anomalies: urogenital tract disorder, distortion of semen quality, 
and testicular cancer (TC) [42].

Urogenital Tract Malformation

Hypospadias
Hypospadias is a congenital abnormality of the male genitalia characterized by 
incomplete development of the urethra such that the external urethral opening 
is on the ventral surface of the penis or on the scrotum, rather than at the tip of 
the penis [43]. The development of the penile urethra is complete by 12 weeks 
after ovulation (at 14 weeks of gestation) and depends on the secretion of tes-
tosterone by the fetal testes [44]. The urethra opening in the glans or corona 
(sulcus) is called distal, and this mild form of hypospadias often does not 
necessitate any treatment. If the urethral meatus is located in the penile shaft or 
penoscrotal area, the hypospadias is called proximal, and these require surgical 
management [45].

EDCs Involved
The etiology of hypospadias is still unknown, but the most common risk factors for 
hypospadias include low birth weight, relatively high maternal age, genetics, mater-
nal subfertility, smoking, and paternal exposure to solvents and pesticides [46, 47]. 
The in utero exposure to environmental estrogens, antiandrogens, phthalates, or 
chemicals such as 2,3,7,8-tetrachlorodibenzo-p-dioxin may contribute to increased 
hypospadias.

Symptoms
Symptoms include a downward urinary spray (in older children with more severe 
hypospadias), downward curve of the penis (chordee), extra foreskin along the top 
side of the penis (hooded appearance), and an abnormal appearance of the tip of the 
penis (the glans).

Diagnosis
It is based on a physical examination. In cases of severe hypospadias, the absence of 
testicles in the scrotum, sex determination evaluation is performed.

Treatment
Treatment involves surgery to reposition the urethral opening and, if necessary, 
straighten the shaft of the penis. During surgery, a pediatric urology surgeon uses 
tissue grafts from the foreskin or from the inside of the mouth to reconstruct the 
urinary channel in the proper position, correcting the hypospadias.
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Cryptorchidism
Cryptorchidism is a condition where one or both testicles fail to descend into the 
scrotal sac at the time of birth. The prevalence of cryptorchidism at birth is 2.5–9% 
[48]. It affects 1–1.9% of 3-month-old boys and 0.8–1.5% of 18-month-old boys 
[49]. Mutations in the gene for insulin-like factor 3 (INSL3) and its receptors have 
been recognized as the causes of cryptorchidism; in some cases, chromosomal alter-
ations and Klinefelter syndrome are also significantly involved. The role of INSL3 in 
testicular descent is mainly related to its effects on gubernaculum differentiation 
during the transabdominal and inguinoscrotal phase.

EDCs Involved
Risk factors for cryptorchidism include genetic predisposition, preterm birth, low 
birth weight, and prenatal exposure to EDCs or tobacco in either the mother or the 
father [50, 51]. The inguinoscrotal phase is androgen dependent, and exposure to 
EDCs may affect normal androgen production and consequently interrupt normal 
descent of testes. Parental exposure to pesticide and phthalates is relatively studied 
cause for cryptorchidism [52].

Symptoms
Undescended testicles may be palpable or unpalpable. About 80% of cases with palpable 
undescended testicle are felt during physical examination. The testicle is usually located 
at the end of the inguinal canal, a channel that carries the spermatic cord toward the penis 
and scrotum in males. Unpalpable undescended testicles are felt during a physical exami-
nation. There are three main types based on location and morphology: abdominal, unde-
scended testicle in the abdomen; inguinal, the testicle moved into the inguinal canal; and 
atrophic or absent, the testicle is either very small or has never formed.

Diagnosis
The detection methods include:

 (a) Ultrasound scan—to locate the testicle, if it is in the groin
 (b) MRI scan—to show whether the testicle is in the groin or abdomen
 (c) Laparoscopy—corrective surgery involving small incision in abdomen
 (d) Open surgery—necessary in rare complicated cases, to explore directly inside 

the abdomen

Treatment
In around half of all patients with cryptorchidism, the testicle descends within 
3 months. However, in 1–2 of every 100 cases, testicles do not descend by the time 
a child is 6 months old, and a surgery called orchidopexy or orchiopexy is needed. 
This surgical procedure is commonly used to free undescended testicle and implant 
it into the scrotum. It is usually done between the ages of 6 and 18 months, as delay-
ing the operation may increase the long-term risk of developing testicular cancer or 
infertility. The testicles in the scrotum are provided with lower temperature to pro-
duce sperm than rest of the body.
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Distortion of Semen Quality
Despite the potential importance and relevance of early-life exposure to EDCs, the 
epidemiological evidence on the relationship between semen quality and adult is 
limited [53].

EDCs Involved

Phthalates
PE metabolites are associated with increased DNA damage, a lower sperm concen-
tration, and density as well as decreased motility and morphology [54, 55]. 
Phthalates are known to alter gene expression encoding enzymes involved in testos-
terone biosynthesis and PPAR-α activation in a dose-dependent manner [56].

Polychlorinated Biphenyls
In a study, the role of environmental estrogens like PCBs was evaluated in relation 
to the deterioration of semen parameters in men who were infertile without obvious 
etiology. Semen was analyzed, and PCB concentrations were measured in 21 infer-
tile men and 32 controls. PCBs were found in the seminal plasma of infertile men, 
but not in that of controls. Increasing seminal PCB concentrations showed a signifi-
cant negative effect on the ejaculate volume, total progressive motility, sperm vital-
ity, and sperm osmoregulatory capacity [57].

Dioxins
In the case of pregnant mothers exposed to the Seveso disaster, they had median 
serum dioxin concentration of 26.0 ppt at conception, whereas the median for the 
comparison group was 10.0 ppt. At the age of 4–5 months—a critical time point for 
proliferation of Sertoli cells that determines spermatogenic potential in adult-
hood—21 of 39 boys who were breastfed had increased median dioxin of 40 ppt. In 
later life, these men had significantly decreased sperm concentration, total sperm 
count, and total number of motile sperm.

Pesticides
Several epidemiological studies suggest an association between pesticide exposure and 
altered semen quality [58].In a small study on male partners of pregnant women, urinary 
concentrations of pesticide biomarkers in 34 men with sperm concentration, motility, and 
morphology below the median were compared to 52 men with above- median semen 
parameters (controls). An elevated odds ratio for poorer semen quality in relation to uri-
nary concentrations of alachlor mercapturate, 2-isopropoxy-4-methyl-pyrim-idinol (diazi-
non metabolite), atrazine mercapturate, 1-naphthol (carbaryl and naphthalene metabolite), 
and 3,5,6-trichloro-2-pyridinol (chlorpyrifos metabolite) was found [59, 60].

Symptoms
Although most men with male infertility do not notice symptoms other than 
inability to conceive a child, signs and symptoms associated with male infertility 
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include problems with sexual function (difficulty with ejaculation or small vol-
umes of fluid ejaculated and erectile dysfunction); pain, swelling, or a lump in the 
testicle area; recurrent respiratory infections; inability to smell; abnormal breast 
growth (gynecomastia); decreased facial or body hair or other signs of chromo-
somal or hormonal abnormality; and lower than normal sperm count (fewer than 
15 million sperm per milliliter of semen or a total sperm count of less than 39 
million per ejaculate).

Diagnosis

 (a) Physical examination and medical history.
 (b) Semen analysis—to measure the number of sperm, abnormalities in the shape 

(morphology), and movement (motility) of the sperm.
 (c) Scrotal ultrasound—to find whether there is a varicocele or other problems in 

the testicles.
 (d) Hormone testing—hormones produced by the pituitary gland, hypothalamus, 

and testicles play a key role in sexual development and sperm production. 
Abnormalities in other hormonal or organ systems contribute to infertility. A 
blood test measures the level of testosterone and other hormones.

 (e) Post-ejaculation urinalysis—sperm in urine indicates sperm traveling backward 
into the bladder instead to the penis during ejaculation (retrograde ejaculation).

 (f) Genetic test—in case of low sperm concentration, subtle changes in the Y chro-
mosome, a sign of genetic abnormality is checked.

 (g) Testicular biopsy—involves removal of samples from the testicle with a needle 
and determining sperm production.

 (h) Specialized sperm function tests—to check sperm survival and penetration into 
the egg after ejaculation.

 (i) Transrectal ultrasound—to check for blockages of the tubes that carry semen 
(ejaculatory ducts and seminal vesicles).

Treatment

 (a) Surgery—in the case of varicocele, it is surgically corrected, or an obstructed 
vas deferens is repaired. In the case where no sperm are present in the ejaculate, 
sperms are often retrieved directly from the testicles or epididymis using sperm 
retrieval techniques.

 (b) Hormone treatments and medications—hormone replacement or medications 
in cases where infertility is caused by high or low levels of certain hormones or 
problems with the way the body uses hormones.

 (c) Assisted reproductive technology (ART)—involves obtaining sperm through 
normal ejaculation, surgical extraction, or from donor individuals and insertion 
into female genital tract or by performing in vitro fertilization or intracytoplas-
mic sperm injection.
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Testicular Cancer
Testicular cancer (TC) is the most common type of malignancy in men aged 
15–40 years in industrialized countries and is the most frequent cause of death from 
solid tumors. Approximately 95–98% of all TCs are testicular germ cell tumors 
(TGCT) and 1–5% of TC result from hyperplasia of testicular somatic cells (Sertoli 
and Leydig cells). TGCTs consist of a diverse group of neoplasms based on ana-
tomical locations within the testis. Histopathologically, TGCT has been classified 
into two main categories: seminomas, which features similar to those of prostate 
gland cancer, and non-seminomas, which include mixed germ cell tumors, embryo-
nal carcinomas, teratomas, choriocarcinomas, and yolk sac tumors [61, 62].

EDCs Involved
Studies report epidemiologic evidence between PCB congeners linked and TC risk 
[63, 64]. A recent study consisting of 125 patients and 103 controls concluded that 
serum concentration of PCBs and hexachlorobenzene were statistically significant 
for increased risk of TC and lower semen quality [65].

Symptoms
TC affects usually only one testicle; symptoms include lump or enlargement in 
either testicle, heaviness in the scrotum, dull ache in the abdomen or groin, sudden 
collection of fluid in the scrotum, pain or discomfort in a testicle or the scrotum, 
enlargement or tenderness of the breasts, and back pain.

Diagnosis

 (a) Physical examination.
 (b) Ultrasound—to determine the nature of the testicular lumps (solid or fluid 

filled) and position (inside or outside testicle).
 (c) Blood tests—to determine the levels of tumor markers (in the case of TC, cer-

tain substances in blood elevates).
 (d) Determination of cancer stage—in stage I, cancer is limited to the testicle; in 

stage II, cancer had spread to the lymph nodes in the abdomen; in stage III, 
cancer had spread to other parts of the body. Testicular cancer most commonly 
spreads to the lungs and liver.

Treatment

 (a) Surgery—to remove testicle (radical inguinal orchiectomy) or nearby lymph 
nodes (retroperitoneal lymph node dissection)

 (b) Radiation therapy—used in the case of seminoma type TC after surgery
 (c) Chemotherapy—drugs to kill cancer cells

Prostate Cancer
The prostate gland develops from endodermal origins and is highly dependent on 
androgen receptor activity for its development [66]. Androgen-dependent expansion 
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of both stromal and epithelial compartments of the prostate occurs throughout sex-
ual maturation, growing from 1 g at birth to 20 g following puberty. Expression of 
5-α reductase and aromatase by the prostatic mesenchyme is necessary for conver-
sion of androgens to testosterone and estrogen by aromatase, in turn significant in 
cell proliferation and morphogenesis [67]. The prostatic stroma expresses ER-α 
while prostate epithelial cells express ER-β. Prostate cancer (PC) is the most com-
mon solid cancer in males associated with chronically elevated estrogens [68]. The 
prostatic zones differ in their cancer susceptibility; the inner zone is the common 
site of benign prostatic hyperplasia (BHP), while the outer zone is most likely the 
site of PCs [69].

EDCs Involved

Pesticides
In a large epidemiology study, involving more than 55,000 pesticide applicators, it 
revealed a direct link between increased prostate cancer rates on exposure to methyl 
bromide, a fungicide with unknown mechanism of action [70]. Chlorpyrifos, fono-
fos, coumaphos, phorate, permethrin, and butylate of 45 common agricultural pes-
ticides showed significant correlation with exposure and increased prostate cancer 
rates in men with a familial history of PC [70, 71].

Bisphenol A
BPA has a significantly lower potency than endogenous estrogens in vitro and is 
agonist for both ER-α and ER-β. BPA induces ER through non-genomic pathways 
with an EC50 equivalent to 17 β-estradiol, suggesting that in vivo estrogenic activity 
of BPA may be due to non-genomic activation of ER [72, 73].

Polychlorinated Biphenyls
PCBs have estrogenic or antiandrogenic activity that perturbs the prostate gland. An 
extensive epidemiological study of capacitor-manufacturing plant workers and elec-
tric utility workers exposed to high levels of PCBs revealed a strong exposure- 
response relationship for prostate cancer mortality [74–76]. Evidences also suggest 
that PCBs inhibit estrogen sulfotransferase activity in the liver and effectively 
increase bioavailable estrogen in the body [77].

Cadmium
Cadmium has been shown to act as a ligand for the ER and tends to have prolifera-
tive action on human prostate cells through an ER-dependent mechanism rather 
androgen dependence [78]. As cadmium bioaccumulates in the body, further epide-
miological analysis of cadmium and prostate cancer risk is warranted, particularly 
among men with occupational exposures.

Arsenic
Epidemiological studies have shown association between arsenic exposure and 
prostate cancer mortality in Taiwan [79]. It has also been documented that arsenic 
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mediates endocrine disruption, specifically through interaction with ERs and activa-
tion of estrogen-regulated genes [80]

Symptoms
Prostate cancer may cause no signs or symptoms in its early stages. Prostate cancer 
in more advanced stage causes trouble in urinating, decreased force in the stream of 
urine, blood in the semen, discomfort in the pelvic area, bone pain, and erectile 
dysfunction.

Diagnosis

 (a) Digital rectal exam (DRE)—to check for abnormalities in the texture, shape, or 
size of prostate gland

 (b) Prostate-specific antigen (PSA) test—to check for elevated levels of PSA in 
blood indicating prostate infection, inflammation, enlargement, or cancer

If an abnormality is detected on a DRE or PSA test, ultrasound and prostate 
biopsy are done to confirm the presence of cancer. If the spread of cancer is sus-
pected, imaging tests are recommended that include either bone scan, computerized 
tomography (CT) scan, magnetic resonance imaging (MRI), or positron emission 
tomography (PET) scan. Then cancer stage is assessed: stage I signifies very early 
cancer is confined to a small area of the prostate; in stage II, cancer cells may be 
aggressively grown on both sides of the prostate gland; in stage III, cells spread 
beyond the prostate to the seminal vesicles or other nearby tissues; and in stage IV, 
cancer has grown to invade nearby organs, such as the bladder, or spread to lymph 
nodes, bones, lungs, or other organs.

Treatment
For men diagnosed with very-early-stage prostate cancer, treatment may not be nec-
essary; instead active surveillance, regular follow-up blood tests, rectal exams, and 
possibly biopsies are performed to monitor progression of cancer. If cancer is pro-
gressing, following treatment may be required.

 (a) Radiation therapy—treatment of prostate gland to external radiations requiring 
5 days a week for several weeks or treatment involving placement of many rice- 
sized radioactive seeds in prostate tissues which would deliver a low dose of 
radiation over a long period of time.

 (b) Hormone therapy—medication with luteinizing hormone-releasing hormone 
(LH-RH) that stops body testicles from producing testosterone, medication 
with antiandrogens to prevent testosterone from reaching cancer cells, or sur-
gery performed to remove testicles (orchiectomy) that in turn would reduce 
testosterone levels in body.

 (c) Surgery—to remove prostate gland, some surrounding tissues, and few lymph 
nodes (radical prostatectomy).
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 (d) Freezing prostate tissue—cryosurgery or cryoablation involves freezing tissue 
to kill cancer cells.

 (e) Chemotherapy—this treatment is opted in cases where cancer has spread to 
distant areas of the body and where hormonal therapy been left ineffective.

 (f) Biological therapy—this is an immunotherapy involving the body’s immune 
system to destroy cancer cells.

Female Reproductive Disorders
Experimental studies evidence that EDCs on exposure have the potential to impair 
ovarian physiology leading to morphological and functional alterations of the 
female reproductive system [81]. Early exposure to EDCs has been linked to repro-
ductive tract malformations, precocious puberty [82], alterations of the 
hypothalamic- pituitary- ovarian axis, disorders in ovulation [83], fertility and 
fecundity, endometriosis, premature ovarian failure, and development of PCOS 
traits [4].

Polycystic Ovarian Syndrome
Polycystic ovarian syndrome, a heterogeneous syndrome characterized by persis-
tent anovulation, amenorrhea, and hyperandrogenism in the absence of thyroid, 
pituitary, and adrenal disease [84, 85]. In the ovary, conscription and growth of fol-
licles occur without selection of dominant preovulatory follicles leading to accumu-
lation of multiple, small, antral follicles [86]. Hyperfunctioning of the theca and 
relative hypofunctioning of the granulosa cells accompany the acyclicity of the syn-
drome. PCOS has its origins both within and outside the hypothalamic-pituitary- 
ovarian axis contributing to feedback mechanisms and neuroendocrine functioning, 
ovarian steroidogenesis, insulin resistance, and obesity. Obesity and insulin resis-
tance predominantly occur in about 50% of women with PCOS while obese women 
have a 12% risk of having PCOS [87].

EDCs Involved

Bisphenol A
In an epidemiological study constituting 71 PCOS and 100 healthy women, BPA 
levels were higher in PCOS women compared to normal ovulating non- 
hyperandrogenemic women [88]. In another study, female workers from BPA- 
exposed and unexposed factories in China add evidence that BPA has a deleterious 
impact on women’s hormone homeostasis showing positive association between 
increased urine BPA concentration and higher prolactin and progesterone levels 
[89]. Developmental BPA exposure is reported to disrupt oogenesis, early meiosis, 
and normal follicle growth leading to accelerated follicle transition and increased 
incidence of atretic follicles [90–93]. BPAs are also reported to induce modifica-
tions in ovarian steroidogenic enzymes including 17β hydroxylase (P450c17), cho-
lesterol side-chain cleavage enzyme (P450scc), and steroidogenic acute regulatory 
protein (StAR) implicating PCOS hyperandrogenism. There are two in  vivo and 
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in  vitro mechanisms behind BPA-increasing androgens. The first mechanism 
involves interaction between BPA and sex hormone-binding globulin (SHBG) dis-
placing androgens and disturbing androgen/estrogen balance, in turn leading to 
increased levels of circulating androgens. The second mechanism involves BPA-
induced downregulation of androgen metabolism or hydroxylation by decreasing 
testosterone 2α-hydroxylase and testosterone 6β-hydroxylase activities [94].

Symptoms

 (a) Irregular periods—the most common characteristic.
 (b) Excess androgen—elevated levels of male hormones (androgens) may result in 

excess facial and body hair (hirsutism), adult acne or severe adolescent acne, 
and male pattern baldness (androgenic alopecia).

 (c) Polycystic ovaries—enlarged ovaries containing numerous small fluid-filled 
sacs.

Diagnosis

 (a) Physical examination of height, weight, and blood pressure
 (b) Pelvic examination for signs of masses, growths, or other abnormalities
 (c) Blood tests—to measure hormone levels and exclude possible causes of men-

strual abnormalities or excess androgen that mimic PCOS
 (d) Ultrasound examination of ovaries and the thickness of the lining of uterus

Treatment
PCOS treatment is generally focused on management of individual’s main con-
cerns, such as infertility, hirsutism, acne, or obesity. To treat these, lifestyle change 
to reduce weight through a low-calorie diet combined with moderate exercise activ-
ities is recommended. Followed by medications to regulate menstrual cycle, ovu-
late, and reduce excessive hair growth.

Reproductive Tract Anomalies
The differentiation of germ cells in the ovaries begins in the first trimester of intra-
uterine life; later, between the second and third quarter, primordial follicles are 
formed, and then follicles enter a latency period lasting from 15 to 50 years old in 
women [81]. The oocytes are non-degenerative cells with a longer life in the human 
body, and consequently they are exposed to the effects of EDCs during the entire 
period of their existence. Formation of normal ovarian follicles in the fetus depends 
on a balance between systemic concentrations of estrogen, inhibin, and activin. The 
uterus and fallopian tubes develop from two ducts known as the Müllerian ducts. 
During normal development, these ducts unite together, and single uterus with an 
open cavity and two fallopian tubes is formed [95]. Malformations of such structure 
to double, bicornuate, septate, or arcuate uterus are known as Müllerian anomaly, 
uterine anomaly, or reproductive tract anomaly. Estrogen exposure during the 
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critical period of formation of follicles changes follicular dynamics and leads to the 
above consequences.

EDC Involved
BPA crosses the placental barrier and has been linked to several adverse human 
reproductive effects, including recurrent miscarriage [96–98]. BPA tends to affect 
meiosis in ovaries, accelerate follicle transition, reduce oocyte quality in women 
undergoing in vitro fertilization, impair uterine endometrial proliferation, decrease 
uterine receptivity, and increase implantation failure [99, 100].

Symptoms
Women with double uterus have normal sex lives, pregnancies, and deliveries. 
Rarely double uterus and other abnormalities of uterine development are associated 
with infertility, miscarriage, premature birth, and kidney abnormalities.

Diagnosis

 (a) Pelvic examination—to examine uterine anomalies
 (b) Ultrasound and sonohysterogram—to check for abnormalities in the shape of 

uterus
 (c) Magnetic resonance imaging (MRI)—to create cross-sectional images

Treatment
Double uterus has no signs or symptoms; treatment is rarely needed. Surgery to 
unite a double uterus is rarely done—to sustain a pregnancy, in case of partial divi-
sion within uterus and no other previous medical explanation of pregnancy loss. In 
case of double vagina adding to double uterus, an operation to remove the wall of 
tissue separating the two vaginas is done making child birth slightly easier.

Uterine Leiomyomas
Uterine leiomyomas (UL, fibroids) are benign smooth muscle tumors of the myo-
metrium causing morbidities including menorrhagia, abdominal pain, pelvic pro-
lapse, infertility, and miscarriage in women. Fibroids range in size from seedlings, 
undetectable by the human eye, to bulky masses that can distort and enlarge the 
uterus. As UL occurrence is common among young women, size of leiomyomas 
increases with increased secretion of estrogens by ovaries and later decreases in size 
after menopause. It is the most common indication for hysterectomy in premeno-
pausal women and can be effectively treated by gonadotropin-releasing hormone 
(GnRH) [101]. The level of ERs in leiomyomas is higher than in normal myome-
trium, indicating that leiomyoma is more sensitive to stimulation by estrogen [102].

EDCs Involved
BPA is suspected EDC for the increasing prevalence of uterine leiomyoma since 
BPA binds ERs and acts as an estrogen [103]. In an animal model study, exposure 
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to BPA for 18 months increased the occurrence of myoma in mice [7, 8]. However, 
to verify the effect of BPA in growth of leiomyomas, a close sequential monitoring 
and epidemiological study is needed.

Symptoms
UL sometimes remains symptomless, but in some patients the symptoms include 
heavy menstrual bleeding, menstrual periods lasting more than a week, pelvic pres-
sure or pain, frequent urination, difficulty in emptying the bladder, constipation, and 
backache or leg pain.

Diagnosis

 (a) Pelvic examination—to check for irregularities in the shape of uterus and the 
presence of fibroids

 (b) Ultrasound—to check for abnormalities transabdominally and transvaginally
 (c) Blood tests—to check for anemia due to chronic blood loss during abnormal 

menstrual bleeding and other bleeding or thyroid disorders
 (d) MRI—to identify type, size, and location of fibroids
 (e) Hysterosonography—to observe submucosal fibroids and endometrium images
 (f) Hysterosalpingography—to view highlighted X-ray images of uterine cavity 

and openings of fallopian tubes
 (g) Hysteroscopy—to examine uterine walls and openings of fallopian tubes

Treatment

 1. Medications are hormone based to regulate menstrual cycle, heavy menstrual 
bleeding, and pelvic pressure. This treatment does not eliminate fibroids but may 
shrink them.

 2. Noninvasive procedure—the ultrasound transducer focuses sound waves (soni-
cations) into the fibroid to heat and destroy small areas of fibroid tissue.

 3. Minimally invasive procedures involve:
 (a) Uterine artery embolization—small embolic agents are injected into the 

uterus arteries, cutting off blood flow to fibroids and causing them to shrink 
and destroy.

 (b) Myolysis—a laparoscopic procedure involving radiofrequency energy, elec-
tric current, or laser destroying the fibroids by shrinking their blood vessels. 
A similar procedure called cryomyolysis that freezes the fibroids may also 
be done.

 (c) Laparoscopic or robotic myomectomy—fibroids are removed by breaking 
them into smaller pieces called morcellation.

 (d) Hysteroscopic myomectomy—opted in case of submucosal fibroids.
 (e) Endometrial ablation—uses heat, microwave energy, hot water, or electric 

current to destroy the lining of uterus, either ending menstruation or reduc-
ing menstrual flow.
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 4. Traditional surgical procedures:
 (a) Abdominal myomectomy—in case of multiple fibroids, very large fibroids or 

very deep fibroids, open abdominal surgical procedure is done to remove the 
fibroids.

 (b) Hysterectomy—a major surgery involving removal of the uterus, only proven 
permanent solution for UL.

Premature Ovarian Failure
Premature ovarian failure (POF), cessation of proper ovarian function before the 
age of 40, occurs in about 1% of reproductive age women [104]. In such case, 
ovaries fail to produce normal amount of estrogen and fail to release ova regu-
larly, and early symptoms of menopause occur associated with other comorbidi-
ties. As the total ovarian follicle is established before birth in humans [105], 
EDC interference at early stage of development decreases ovarian follicle rest-
ing pool resulting in POF. The three possible mechanisms involved in causing 
POF include acceleration of apoptosis, blockage of follicle maturation, and pre-
mature activation of the follicle. Disruption of germ cell migration from the 
genital ridge into the developing gonad also results in ovarian dysgenesis [106].

EDCs Involved

Bisphenol A
Exposure to BPA and other EDCs leads to multioocyte follicles (MOF), a potential 
precursor of premature ovarian failure, with the process being mediated by ER-β agonist 
actions [107]. In animal studies, cystic adenomas were observed in the group of mice 
receiving higher doses (1 μg/kg) of BPA, but not in the controls. This data supports the 
hypothesis that BPA exposure causes adverse effects on the reproductive system during 
critical periods of differentiation [108]. The increased expression of genes involved in 
ovarian meiosis also explains the effects of BPA on female germ cells [109].

Pesticide
4-Vinylcyclohexene diepoxide (VCD) is considered as an occupational ovotoxic 
chemical [110]. Repeated doses of VCD may accelerate the apoptotic process of 
atresia and selectively destroy primordial and primary follicles in rats and mice 
[111]. Therefore, women exposed to VCD are considered at risk of POF. Methoxychlor 
(MXC), an estrogenic compound, has been demonstrated to show inhibition of 
growth and implantation of embryo and ovarian atrophy due to inhibition of follicu-
logenesis, leading to reduced atretic follicles and ovulation [112].

Symptoms
Symptoms of POF are similar to those experienced by menopaused and estrogen- 
deficient women. Infertility is a common complication along with irregular or 
skipped periods (amenorrhea), hot flashes, night sweats, vaginal dryness, irritability 
or difficulty in concentrating, and decreased sexual desire.
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Diagnosis

 (a) Physical examination—pelvic examination.
 (b) Pregnancy test—to check for the possibility of an unexpected pregnancy in a 

woman of childbearing age.
 (c) Follicle-stimulating hormone (FSH) test—FSH is a hormone released by the 

pituitary gland that stimulates the growth of follicles in ovaries. Women with 
premature ovarian failure have abnormally high levels of FSH in the blood.

 (d) Estradiol test—the blood level of estradiol, a type of estrogen, is usually low in 
women with premature ovarian failure.

 (e) Prolactin test—high levels of prolactin, the hormone that stimulates breast milk 
production, in blood can lead to problems with ovulation.

 (f) Karyotype—to examine all 46 of chromosomes for abnormalities. Some women 
with premature ovarian failure may have only one X chromosome instead of 
two or may have other chromosomal defects.

 (g) FMR1 gene testing—the FMR1 gene is the gene associated with fragile X 
syndrome, an inherited disorder that causes intellectual problems. The 
FMR1 test checks both X chromosomes to make sure they appear to be 
normal.

Treatment
Treatment for POF usually focuses on the problems that arise from estrogen defi-
ciency. Certain recommended therapies are:

 (a) Estrogen therapy—to prevent osteoporosis and relieve hot flashes and other 
symptoms of estrogen deficiency by compensating with estrogen that ovaries no 
longer produce

 (b) Calcium and vitamin D supplements—important for preventing osteoporosis 
and are recommended if needed after bone density test.

Aneuploidy
Aneuploidy is an error in cell division that results in the daughter cells having either 
missing or extra number of chromosomes. Meiotic aneuploidy causes 10–20% of 
birth defects or results in spontaneous miscarriage of the fetus, whereas mitotic 
aneuploidy causes solid tumor cancers. When an extra copy of chromosome 21 is 
present, the fetus has Down syndrome, and if only one copy of the X chromosome 
is present, then the fetus suffers from Turner syndrome [113].

Turner Syndrome
It is relatively rare (about 1 out of 2500 live births), and approximately 10% of 
spontaneously aborted fetuses have this disorder. This indicates that most victims of 
Turner syndrome do not survive fetal life. In general, lacking one or more chromo-
somes is usually fatal [113].
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Down Syndrome
Extra copies of the autosomal chromosomes also usually result in death. One extra 
copy is called trisomy. Trisomy of three of the smallest chromosomes (numbers 13, 
18, and 21) usually does not result in fetal death but instead results in severe birth 
defects and, in most cases, early childhood death. An individual with extra copies of 
chromosomes 21 develops Down syndrome, though they are able to survive adult-
hood, they have significant health problems such as developmental delays and men-
tal retardation. Other than this, an individual with two X and one Y chromosome 
(XXY) develops Klinefelter syndrome: a sterile male with many female body char-
acteristics; an individual with three X chromosomes (XXX) develops into a sterile 
female, and an individual with extra copies of the Y chromosome (XYY) results in 
outwardly normal males with neurocognitive development [113].

EDCs Involved

Bisphenol A
Chromosomal arrangements in human eggs prior to fertilization have revealed a high 
frequency of chromosomal misalignment in relation to the spindle called congression 
failure. Studies suggest that variations in hormonal conditions either because of intrinsic 
changes related to aging in women or contamination by hormonally active compounds 
like BPA may lead to congression failure resulting in aneuploidy. In an animal study, 
BPA in pregnant dams during mid-gestation affected the developing ovaries causing 
anomalies in meiotic prophase including synaptic defects while in mature animals 
exposed in utero increased aneuploid oocytes and embryos. Such alterations led to cell 
cycle arrest and oocyte death, thus depleting the complement of normal oocytes [93].

Symptoms
Down syndrome individuals have intellectual and developmental problems ranging from 
mild to moderate. Though not all children with Down syndrome have the same features, 
some of the more common features are flattened facial features, small head, short neck, 
protruding tongue, upward slanting eyes, unusual for the child’s ethnic group, unusually 
shaped or small ears, poor muscle tone, broad, short hands with a single crease in the palm, 
relatively short fingers and small hands and feet, excessive flexibility, tiny white spots on 
the colored part (iris) of the eye called Brushfield spots, and short height.

Infants with Down syndrome may be average size, but typically they grow slowly 
and remain shorter than other children the same age. In general, developmental 
milestones, such as sitting and crawling, occur at about twice the age of children 
without impairment. Thus, it is recommended to screen for Down syndrome in 
pregnant women, regardless of age.

Diagnosis
Screening and diagnostic tests are recommended to all pregnant women, regardless 
of age.
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Screening Tests During Pregnancy

 1. Blood test—to measure the levels of pregnancy-associated plasma protein-A 
(PAPP-A) and the pregnancy hormone known as human chorionic gonadotropin 
(HCG). Abnormal levels of PAPP-A and HCG indicate problem with the baby.

 2. Ultrasound—to measure a specific area on the back of neonate’s neck known as 
a nuchal translucency screening test. When abnormalities are present, more fluid 
than usual tends to collect in this neck tissue.

 3. Cell-free fetal DNA analysis—done using circulating mother’s blood after 
10 weeks of gestation. In case of unclear results, any of the following samples is 
used but these samplings carry higher risk of miscarriage.
 (a) Amniocentesis—amniotic fluid surrounding the fetus used to analyze the 

chromosomes of the fetus.
 (b) Chorionic villus sampling—cells are taken from the placenta to analyze the 

fetal chromosomes.
 (c) Cordocentesis (percutaneous umbilical blood sampling)—fetal blood is taken 

from a vein in the umbilical cord and examined for chromosomal defects.

Diagnostic Tests for Newborns
After birth, the initial diagnosis of Down syndrome is often based on the baby’s 
appearance. Chromosomal karyotype test is done to analyze the presence of extra 
chromosome 21 present in all or some cells.

Treatment
Children with Down syndrome are stimulated at an early age with appropriate sen-
sory, motor, and cognitive activities involving development of motor, language, 
social, and self-help skills. This may involve a team of specialist including primary 
care pediatrician; pediatric cardiologist; pediatric gastroenterologist; pediatric 
endocrinologist; developmental pediatrician; pediatric neurologist; pediatric ear, 
nose, and throat (ENT) specialist; pediatric eye doctor (ophthalmologist); audiolo-
gist; physical therapist; speech pathologist; and occupational therapist.

Breast Cancer
More recently, epidemiological studies have revealed that the intrauterine environ-
ment may influence the risk to develop breast cancer later in life. The typical factors 
influencing the development of breast cancer include age at menarche, first preg-
nancy, menopause, lactation, and exposure to EDCs. All of these factors are related 
to lifetime exposures to ovarian hormones. During postnatal life, the mammary 
gland undergoes massive architectural changes, comparable to those usually associ-
ated with organogenesis. These changes occur in response to alterations in endog-
enous hormone levels such as those associated with puberty and pregnancy. Many 
studies also suggest developmental exposure to EDCs (exogenous hormone) mim-
ics and alters normal patterns of tissue organization resulting in disruption of 
stromal- epithelial interactions [14, 114]. Thus, both epidemiological and 
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experimental data are consistent with the hypothesis that excessive estrogen expo-
sure during development may increase the risk of developing breast cancer.

EDCs Involved

Bisphenol A
In animal studies, BPA is shown to readily cross the placenta [115, 116] and bind 
α-fetoprotein which is an estrogen-binding protein that prevents maternal estro-
gen from entering the circulation of the fetus with negligible affinity relative to 
estradiol, resulting in an enhanced bioavailability during neonatal development. 
In this case, BPA present in fetus and amniotic fluid during maternal exposure was 
higher in concentrations than that of maternal blood. In another study, BPA-
exposed pregnant dams exhibited altered growth parameters of the mammary 
gland anlagen. Changes in the appearance of the mammary epithelium such as 
decreased cell size, delayed lumen formation, and increased ductal area were 
observed. In stroma, BPA exposure promoted advanced maturation of the fat pad 
and altered localization of fibrous collagen [14]. On puberty, the area and number 
of terminal end buds relative to the gland ductal area increased, whereas cell death 
decreased in BPA-exposed offspring compared with controls. These effects may 
be attributed to an increased sensitivity to estradiol that has been observed in the 
BPA-exposed animals [117].

When BPA was administered to pregnant dams, fetal exposure to BPA, from 
gestational d9 to postnatal d1, resulted in the development of carcinomas in situ 
in the mammary glands of 33% of the rats at the time of puberty, whereas no neo-
plasias were observed in control [118]. Fetal exposure to BPA significantly 
increased the number of precancerous lesions (intraductal proliferation) by three 
to four times, and the lesions were highly proliferative and contained abundant 
ER-positive cells, suggesting that the proliferative activity in these lesions may be 
estrogen mediated [119].

Dioxins
Prenatally exposed rats to TCDD increased number of terminal buds at the time of 
puberty, in turn increasing the propensity of cancer by altering mammary gland 
morphogenesis [120]. Contrastingly, another study revealed that the prenatal expo-
sure to TCDD resulted in impaired development of terminal end buds that remained 
in the gland for prolonged periods, whereas in control terminal end buds were tran-
sient structures that regressed when ductal development was complete [121].

Symptoms
Breast lump or thickening that feels different from the surrounding tissue; change in 
the size, shape, or appearance of a breast; changes to the skin over the breast, such 
as dimpling; a newly inverted nipple; peeling, scaling, or flaking of the pigmented 
area of skin surrounding the nipple (areola) or breast skin; and redness or pitting of 
the skin over the breast.
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Diagnosis

 (a) Breast examination—for the presence of any lymph nodes in the armpit or other 
abnormalities in breast

 (b) Mammogram—screening for abnormalities
 (c) Breast ultrasound—to produce images of breast lump (solid mass or a fluid- 

filled cyst) structures deep within the body
 (d) Removing a sample of breast cells for biopsy
 (e) Breast magnetic resonance imaging (MRI)
 (f) Computerized tomography (CT) scan
 (g) Positron emission tomography (PET) scan

Treatment
Breast cancer treatment options are based on type, stage, size, and sensitivity of 
cancer cells to hormones.

 1. Breast cancer surgery.
 (a) Removal of the breast cancer (lumpectomy)—the tumor and a small margin 

of surrounding healthy tissue are removed.
 (b) Removal of the entire breast (mastectomy)—in case of skin-sparing mastec-

tomy, the skin over the breast is left intact to improve reconstruction and 
appearance.

 (c) Removal of a limited number of lymph nodes (sentinel node biopsy)—to 
determine whether cancer has spread to lymph nodes in the armpit.

 (d) Removal of several lymph nodes (axillary lymph node dissection)—if cancer 
is found in the sentinel lymph nodes.

 (e) Removal of both breasts—in case of increased risk of cancer in the other 
breast because of genetic predisposition or strong family history.

 2. Radiation therapy—external beam radiation is commonly used after lumpec-
tomy for early-stage breast cancer.

 3. Chemotherapy—uses drugs to destroy cancer cells and decrease the chance that 
the cancer will recur. This is also known as adjuvant chemotherapy.

 4. Hormone therapy—termed hormone-blocking therapy, used to treat breast can-
cers that are sensitive to hormones such as estrogen receptor-positive 
 (ER- positive) and progesterone receptor-positive (PR-positive) cancers.

 5. Targeted drug—to treat specific abnormalities within cancer cells.
 6. Supportive (palliative) care—focuses on providing relief from pain and other 

symptoms of serious illness.

Endometriosis
Endometriosis is an estrogen-dependent gynecological disorder occurring in 6–10% 
of women associated with pelvic pain, infertility, and dysfunctional immune sys-
tem. This disorder involves an inappropriate uncontrolled growth of endometrial 
cells confined to the lining of the uterus.
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In the case of nonmalignant tumors, cells lose their normal control, often dedif-
ferentiate, and grow in an inappropriate place. These endometrial cells attach to the 
organs and tissues and are able to invade the underlying tissue. This leads to the 
formation of deep lesions and abnormal bands of fibrous tissue causing pelvic tis-
sues and organs to stick to each other. The endometrial lesions are often fluid-filled 
cysts and are highly invasive [122].

EDCs Involved

Dioxins
As with all dioxin-like toxicants and coplanar PCBs, cell function is mediated by 
AhR and is well expressed in both endometrium and immune cells [123, 124]. 
This AhR agonistically affects the inflammatory processes by increasing estrogen 
levels, suppressing progesterone level, and inducing immune dysfunction, all of 
which in turn initiate endometrial menstruation [125]. Seveso disaster evidences 
the dioxin toxicity among vulnerable (in utero and neonates) exposure groups at 
the time of the accident are now detected with endometriosis, postulating early 
year exposure [126].

Polychlorinated Biphenyl
Studies demonstrate that adult body burden assessment studies alone are unlikely to 
reveal the true association of PCBs to the subsequent development of endometriosis, 
as the toxic effects of PCBs are greater when exposure occurs earlier in life [127, 128].

Symptoms

 (a) Painful periods (dysmenorrhea)—pelvic pain and cramping accompanied by 
lower back and abdominal pain.

 (b) Pain with intercourse is common with endometriosis.
 (c) Pain with bowel movements or urination during period.
 (d) Excessive bleeding—occasional heavy periods (menorrhagia) or bleeding 

between periods (menometrorrhagia).
 (e) Infertility—endometriosis is first diagnosed in some women seeking treatment 

for infertility.
 (f) Other symptoms include fatigue, diarrhea, constipation, bloating, or nausea, 

especially during menstrual periods.

Diagnosis

 (a) Pelvic examination—to check for abnormalities, such as cysts on reproductive 
organs or scars behind the uterus.

 (b) Ultrasound—to identify cysts associated with endometriosis (endometriomas).
 (c) Laparoscopy—to check for endometrial tissue outside the uterus and find the 

location, extent, and size of the endometrial implants.
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Treatment
Treatment for endometriosis usually involves medications or surgery. The approach 
depends on the severity of symptoms.

 (a) Medication—pain reliever such as the nonsteroidal anti-inflammatory drugs are 
used to ease painful menstrual cramps.

 (b) Hormone therapy—supplemental hormones effectively reduce and eliminate 
the pain of endometriosis. The rise and fall of hormones during the menstrual 
cycle causes endometrial implants to thicken, break down, and bleed. In case of 
hormone medication, though it is not a permanent fix for endometriosis, it slows 
the endometrial tissue growth and prevents new implants of endometrial 
tissues.

 (c) Conservative surgery—surgery removes as much endometriosis as possible 
besides preserving the uterus and ovaries and (conservative surgery) increases 
chances of pregnancy success.

 (d) Hysterectomy—in severe cases of endometriosis, surgery to remove the uterus 
and cervix (total hysterectomy) as well as removal of both ovaries may be the 
best treatment.

Precocious Puberty
Precocious puberty (PP) is defined as development of pubertal changes before the 
age of 8 years in girls along with an increase in gonadotropin, sex steroid, acceler-
ated somatic development, and bone age. Advanced progression of secondary sex-
ual characteristics occurs in children with PP leading to compromised adult height, 
poor social adaptability, and emotional disorders [129]. PP is of two classes.

Central precocious puberty (CPP)—due to early maturation of the hypothalamic- 
pituitary- gonadal (HPG) axis. The frequency of CPP is 1 in 5000–1 in 10,000. It is more 
common in girls, female/male ratio ranging from 3:1 to 23:1 [130]. Childhood obesity, 
intrauterine growth retardation, parental obesity, diabetes, and cancer are associated 
with early thelarche as hormones stays at an abnormal level for a long time [131]. CPP 
among girls is also observed with central nervous system pathologies: hydrocephalus, 
meningomyelocele, neurofibromatosis, and hypothalamic hamartomas [132–134].

Peripheral precocious puberty (PPP) or gonadotropin-independent precocious 
puberty—endogenous or exogenous estrogen in girls in excess leads to PPP mani-
fested with recurrent follicular cyst and irregular vaginal bleeding. PPP is due to 
mutations in the gene encoding the alpha subunit of the Gs protein. Primary hypo-
thyroid is obvious among thelarche in girls without accelerated growth. Some may 
have elevated prolactin, galactorrhea, or ovarian cysts [130].

EDCs Involved

Polybrominated Biphenyls
PBB exposure effects after an industrial accident in the state of Michigan in 2000 
were studied among pregnant women and their daughters who were breastfed. The 
girls with intrauterine exposure to high PBB concentrations (>7  ppm) were 
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compared with the girls who had no exposure (<1 ppm); menarche was observed to 
occur 1  year earlier in those who were exposed to high concentrations of 
PBB. Breastfed girls were also observed to have pubarche 1 year earlier than the 
girls who were not breastfed. No significant difference in terms of breast develop-
ment was studied [135, 136].

Pesticides
Studies in relation to intrauterine exposure to high doses of pesticides reveal the 
incidence of early thelarche and early pubarche in girls. Effects of DDT and its 
metabolite DDE on pubertal development have been investigated in several studies. 
One year earlier menarche was observed among girls exposed to high amounts of 
DDT/DDE in the intrauterine period [137]. In animal studies, endosulfan showed 
estrogenic effect by inhibiting follicle-stimulating hormone (FSH), luteinizing hor-
mone (LH), and testosterone production [138].

Polychlorinated Biphenyls
While there is no clear relationship detected between intrauterine or postnatal expo-
sure to PCB and age of puberty or menarche, few studies report occurrence of men-
arche significantly earlier in girls exposed to PCB 52, 70, 101, +90, and 187 
subgroups [139, 140].

Dioxins
On exposure to dioxins, reduction in testicular volume in boys and delayed breast 
development in girls but no change in age of menarche or pubarche were observed 
[141].

Phthalates
Serum samples from 41 girls from Puerto Rico with premature breast development 
and 35 control cases were analyzed for determining the possible presence of phthal-
ate esters. Girls with premature breast development, 28 of 41 (68%), had measur-
able levels of phthalates [dimethyl, diethyl, dibutyl, and di-(2-ethylhexyl)] compared 
with 6 of the 35 (17%) control samples [142].

Bisphenol A
BPA is suggested to have estrogenic effects causing precocious puberty. In animal 
studies, rats exposed to BPA showed earlier signs of puberty and abnormal pattern 
of ovulation cycle [143].

Lead
Girls with high serum lead levels were observed to have delayed menarche and 
pubarche [144, 145].

Symptoms
PP symptoms include early development of breast (early thelarche) and first period 
(menarche) before age 8 in girls and enlarged testicles and penis, facial hair (usually 
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grows first on the upper lip), and deepening voice before age 9 in boys. Symptoms 
such as pubic or underarm hair, rapid growth, acne, and adult body odor are noticed 
in both boys and girls.

Diagnosis

 1. Physical examination and reviewing family medical history.
 2. Blood test—to determine gonadotropin-releasing hormone (Gn-RH) stimulation. 

In children with CPP, Gn-RH causes other hormone levels to rise. In children 
with PPP, other hormone levels remain the same.

 3. X-rays of hand and wrist to determine whether bones are growing too quickly 
(bone age).

 4. Additional tests for CPP
 (a) MRI—to check if any brain abnormalities are causing the early start of 

puberty
 (b) Thyroid test—to check for hypothyroidism which would sign for fatigue, 

sluggishness, increased sensitivity to cold, constipation, a drop in school 
performance, or pale, dry skin

 5. Additional testing for PPP
 (a) Blood test—to check hormone levels
 (b) Ultrasound—in girls to check for an ovarian cyst or tumor

Treatment
Treatment for precocious puberty depends on the cause. The primary goal of treat-
ment is to enable the child to grow to a normal adult height.

 (a) Treating central precocious puberty—most children with CPP have no underly-
ing medical conditions and are treated effectively by Gn-RH analogue therapy. 
The medication is continued until normal age of puberty reaches.

 (b) Treating an underlying medical condition—in this case, if tumor is involved in 
producing hormones, it is surgically removed which in turn will stop progres-
sion of puberty.

22.1.1.4  Thyroid Disorders
Thyroid hormones are involved in regulating metabolism, bone remodeling, cardiac 
function, and neurodevelopment. During pregnancy, fetus relies entirely on trans-
placental transfer of maternal thyroid hormones for the development of brain as its 
absence or even a marginal low thyroxine level causes reduction in cognitive func-
tions by reducing neuronal growth and differentiation in the cerebral cortex, hip-
pocampus, and cerebellum [146, 147].

Mechanism Involved
EDCs disturb overall activity of the thyroid gland by interfering with TSH receptor, as 
thyroid-stimulating hormone (TSH) stimulates all steps of the hormone production. 
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The function of the sodium iodide symporter (NIS) or thyroid peroxidase (TPO) is 
affected either by stimulation or inhibition. In human, EDCs interfere with thyroid-
binding globulin (TBG) compromising the bioavailability of thyroid hormones to the 
nuclear thyroid hormone receptors (TR) [148]. EDCs are also known to decrease T4 
half-life in serum by inducing activity of the hepatic uridine diphosphate glucuronyl 
transferase that glucuronidate T4 [149]. In order to compensate the increased metabo-
lism of T4, thyroid hormone production is increased [150]. Albeit, the compensating 
capacity of the thyroid gland combined the long-term effects of numerous EDCs that 
accumulate with time resulting in euthyroid goiter or hypothyroidism.

EDCs Involved

Polychlorinated Biphenyls and Dioxins
Many of these compounds, especially the hydroxylated metabolites, have high 
degree of structural resemblance to thyroxine (T4). In experimental animal studies, 
exposure to PCBs or dioxin resulted in the reduction of serum thyroid hormone 
levels, especially affecting T4  in dose-dependent manner [151, 152]. In a study 
among US-Vietnam war veterans who had sprayed Agent Orange, high serum 
TCDD levels were associated with increased serum TSH levels [153]. Infants of 
women exposed to the Seveso industrial accident also had elevated neonatal TSH 
levels compared to infants whose mothers were not exposed to TCDD [154].

Polybrominated Flame Retardants
Derivatives of BFRs exhibited higher thyroid hormone activities than parental com-
pounds, indicating that hydrogen bonds are an important factor governing thyroid 
hormone activities [155, 156]. BFRs interfere with thyroid function at several lev-
els, by interacting with TR, binding proteins and hepatic clearance resulting in the 
impairment of TH-dependent metamorphosis [157, 158]. PBDE acts through induc-
tion of hepatic enzymes involved in glucuronidation [159] or by downregulating the 
transport protein transthyretin (TTR) and transmembranal thyroid hormone trans-
port [160].

Pesticides
Among numerous chemicals constituting pesticides, both persistent organochlorine 
and nonpersistent such as organophosphorus, carbamates, and pyrethroids interfere 
with thyroid function. Methoxychlor is found to decrease hepatic deiodinase activ-
ity [161].

Perfluorinated Chemicals
High level and continuous exposure to PFOA show negative association between 
PFOA and T4 as the study of 506 employees from PFC manufacturer company had 
shown reduced thyroid function due to high level of exposure [162]. Several animal 
studies have found decreased levels of T4 after both short-term and long-term expo-
sure to PFOS [163, 164].
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Phthalates
A study among 76 pregnant women reported significant negative association 
between the metabolite of dibutyl phthalate and T4 (free and total) [165]. In another 
study, negative associations between DEHP exposure and free T4 and total T3 were 
reported in adult men. In the study of children exposed to similar concentration of 
PEs as adult, it showed negative association with serum levels of T3 and height 
attainment [148].

Bisphenol A
BPA binds to thyroid hormone receptor (TR) as a weak ligand and acts as an 
antagonist to T3, inhibiting TR-mediated transcriptional activity [166, 167]. 
Derivatives of BPA are reported to show higher affinity for the receptors [157, 
168]. Developmental studies in rats suggest that BPA specifically antagonizes 
the β-TR and less effective antagonist to α-TR. This thereby inhibits negative 
feedback of thyroid hormone at pituitary level, resulting in elevated T4 levels 
with unchanged serum TSH similar to that of thyroid hormone resistance syn-
drome [169].

Lead
Lead adversely affects the pituitary-thyroid axis through an unknown mechanism. 
Several occupational studies have demonstrated a pattern of low peripheral T4 lev-
els with inappropriate low serum TSH concentrations. Long-term low-level expo-
sure among male adolescent automobile mechanics also exhibited negative 
correlation between blood lead levels and free T4 with no difference in serum TSH 
or T3 levels compared to unexposed controls [170].

Symptoms

Hypothyroidism
Symptoms based on severity of the hormone deficiency and age of occurrence are 
as follows:

 (a) Adults—in adults the symptoms include fatigue, increased sensitivity to cold, 
constipation, dry skin, weight gain, puffy face, hoarseness, muscle weakness, 
elevated blood cholesterol level, muscle aches, tenderness and stiffness, swell-
ing in joints, heavier or irregular menstrual periods, thinning hair, slowed heart 
rate, depression, and impaired memory.

 (b) Infants—in offspring’s born without thyroid gland or with impaired function, 
hypothyroidism occurs associated with other complications such as yellowing 
of the skin and whites of the eyes (jaundice); frequent choking; a large, protrud-
ing tongue; puffy appearance to the face; constipation; poor muscle tone; and 
excessive sleepiness and in case not treated leads to severe physical and mental 
retardation.

 (c) Children and teens—the symptoms are almost similar to that of adults; in addi-
tion other symptoms are stunted growth, delayed development of permanent 
teeth, delayed puberty, and poor mental development.
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Diagnosis
Blood test—to measure the level of TSH and thyroid hormone, thyroxine

Treatment
Standard treatment for hypothyroidism involves prescription of the synthetic thy-
roid hormone.

22.1.1.5  Developmental Neurotoxicity

Developmental Susceptibility of the Brain to EDCs
The developing human brain is inherently much more susceptible to injury caused 
by toxic agents than the brain of an adult. The susceptibility stems from the fact that 
during the 9 months of prenatal life, the human brain develops from a strip of cells 
along the dorsal ectoderm of the fetus into a complex organ consisting of billions of 
precisely located, highly interconnected, and specialized cells. Optimum brain 
development requires neurons that move along precise pathways from their points 
of origin to their assigned locations; establish connections with other cells, both 
nearby and distant; and learn to communicate with other cells [171].

All these processes take place within a tightly controlled time frame, in which 
each developmental stage has to be reached on schedule and in the correct sequence. 
Because of the extraordinary complexity of human brain development, windows of 
unique susceptibility to toxic interference that arises have no counterpart in the 
mature brain or in any other organ. If a developmental process in the brain is halted 
or inhibited, there may be little potential for later repair; otherwise the consequences 
are permanent [172]. During fetal development, the placenta offers some protection 
against unwanted chemical exposures but is not an effective barrier against environ-
mental pollutants [173].

Neuro-Disorders
One in every six children has a developmental disability, and in most cases these 
disabilities affect the nervous system. The susceptibility of infants and children to 
EDCs is enhanced by their increased exposures, augmented absorption rates, and 
diminished ability to detoxify many exogenous compounds, relative to that of adults 
[174, 175]. The most common neurodevelopmental disorders include learning dis-
abilities, sensory deficits, developmental delays, cerebral palsy, autism, and atten-
tion deficit hyperactivity disorder [176]. These disorders are difficult to treat, and 
the disabilities are permanent, exorbitant to family and society [177–180].

EDCs Involved

Polychlorinated Biphenyls
Several studies have reported negative associations between prenatal exposure of 
PCBs and measures of cognitive function in infancy or childhood, learning, mem-
ory, and IQ [181]. The Netherland and Michigan cohort studies have also reported 
associations between PCB exposures and problems such as inattention, impulsive-
ness, and ADHD-related behaviors [182, 183]. In addition to the cognitive and 
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ADHD-like effects observed, children from Taiwan exhibited sexually dimorphic 
behavior with boys displaying a deficit in spatial abilities [184].

Polycyclic Aromatic Hydrocarbons
A cohort study of Polish Caucasians reported adverse effects of exposure on fetal 
growth and cognitive development [185, 186]. Animal studies have reported neuro-
developmental and behavioral defects including depression-like symptoms and 
memory impairment in the absence of other overt toxicological effects on PAH 
exposure during prenatal and neonatal periods [187, 188]. Benzo(a)pyrene is also 
been reported to alter levels of noradrenaline, dopamine, and serotonin underlying 
the anomalies in learning and cognitive development [189].

Phthalates
Studies suggest more ADHD-like behaviors among 4–7-year-old children and 
autistic- like behavior among 7–9-year-old children among mothers who had higher 
urinary levels of low molecular weight phthalate metabolites during pregnancy 
[190, 191]. Prenatal exposure to PEs also tends to be associated with decreased 
masculine behavior in preschool boys [192].

Bisphenol A
The gestational BPA concentrations are positively associated with aggression and 
hyperactivity in children; this association is stronger in girls than in boys. BPA levels 
in maternal urine are also associated with higher hyperactivity in 2-year-old girls, but 
not boys [193]. These results suggest that developmental exposures to BPA may have 
sexually dimorphic effects on behavior later in life. In contrast, in a mixed-race 
mother-child cohort study, child urinary BPA concentrations at 3 years of age were 
associated with higher emotional reactivity scores in children [194]. Animal studies 
that show changes in dopaminergic system in the forebrain on exposure to BPA sug-
gest action via estrogen receptors to alter dopamine signaling, leading to possible 
hyperactivity and attention deficits in humans [195, 196].

Pesticides
Prenatal exposure to chlorpyrifos (CPF) is linked to developmental cognitive effects 
such as reduced head circumference, lower birth weight, abnormal reflexes, attention 
deficits, neurodevelopmental abnormalities, and significant reduction in childhood IQ 
by 5–7 points [197]. Another investigation also reveals link between CPF exposure and 
brain structure in children ages 5.9–11.2 years from a community- based cohort [198]. 
Magnetic resonance imaging of the agriculture-based subjects revealed enlargement of 
multiple brain regions in individuals with high CPF exposure, specifically in regions 
that are critically involved in various cognitive and behavioral processes including 
attention, social cognition, reward, emotion, and inhibitory control [199–202].

Heavy Metals
Cadmium has been shown to decrease calmodulin (CaM) protein which modulates 
calcium/CaM-dependent kinases (CaMKs), enzymes involved in the regulation of 
neurotransmitter synthesis, neurotransmitter release, and synaptic plasticity [203].

A. Jayshree and N. Vasudevan



411

Attention Deficit Hyperactivity Disorder
ADHD is a brain disorder marked by an ongoing pattern of inattention (lacks per-
sistence, difficulty in sustaining focus, and disorganized), hyperactivity (excessive 
fidgets, taps, talks, and extreme restlessness), and impulsivity (hasty actions, mak-
ing important decisions without considering long-term consequences) that inter-
feres with functioning or development.

Symptoms
ADHD symptoms start before age 12 and, in some children, are noticeable as early 
as 3 years of age. ADHD symptoms can be mild, moderate, or severe, and they may 
continue into adulthood. ADHD occurs more often in males than in females. The 
symptoms include:

 (a) Inattention—fails to pay close attention to details or makes careless mistakes in 
schoolwork, has trouble in staying focused in tasks or play, is appearing not to 
listen, has difficulty in following on instructions, has trouble in organizing tasks 
and activities, avoids tasks that require focused mental effort, loses items (toys, 
school assignments, pencil) needed for tasks, be easily distracted, and is forget-
ting to do some daily activities.

 (b) Hyperactivity and impulsivity—fidget with or tap hands or feet or squirm in the 
seat, have difficulty in staying seated, be in constant motion, run around or 
climb in situations when it’s not appropriate, have trouble playing or doing 
activities quietly, are talking too much, are blurting out answers, are interrupt-
ing the questioner, have inability to delay gratification, are socially intrusive, 
and are interrupting or intruding on others’ conversations or activities.

Diagnosis
There is no specific test for ADHD, but making a diagnosis includes:

 (a) Medical examination—to rule out possible causes of symptoms
 (b) Information gathering—such as any current medical issues, personal and fam-

ily medical history, and school records
 (c) Interviews or questionnaires for family members
 (d) Determination of ADHD criteria from the Diagnostic and Statistical Manual of 

Mental Disorders
 (e) ADHD rating scales—to collect and evaluate information about the child

Treatment
Standard treatments for ADHD disorder in children include medications, education, 
training, and counseling.

Autism Spectrum Disorder
Autism spectrum disorder (ASD) is a serious neurodevelopmental disorder that 
impairs a child’s ability to communicate and interact with others. It also includes 
restricted repetitive behaviors, interests, and activities. These issues cause signifi-
cant impairment in social, occupational, and other areas of functioning.
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Symptoms
Some children show signs of ASD in early infancy; others with ASD develop nor-
mally for the first few months or years of life but later suddenly become withdrawn 
or aggressive or lose language skills that they have already acquired. Every child 
with ASD has a unique pattern of behavior and level of severity—from low func-
tioning to high functioning. Severity is based on their social communication impair-
ments, restrictiveness, and repetitive nature of behaviors, along with how these 
impact the ability to function.

 (a) Social communication and interaction—the child fails to respond to his or her 
name or appears not to hear; resists cuddling and holding; lacks facial expres-
sion and eye contact; has delayed speech; speaks in abnormal tone; repeats 
words or phrases verbatim; is unable to understand simple questions; is unaware 
of feelings; and has inappropriate social interaction by being passive, aggres-
sive, or disruptive.

 (b) Pattern of behavior—performs repetitive movements, such as rocking, spin-
ning, or hand flapping; develops specific routines and gets disturbed at the 
slightest change; moves constantly, resistant to change; has odd movement pat-
terns, such as clumsiness or walking on toes; has odd, stiff, or exaggerated body 
language; is unusually sensitive to light, sound, and touch and yet oblivious to 
pain; is becoming fixated on an object or activity with abnormal intensity or 
focus; and is having odd food preferences, such as eating only a few food or 
eating only foods with a certain texture.

Diagnosis
 (a) ASD varies widely in severity, making diagnosis difficult. There is no specific 

medical test to determine the disorder. Instead, a specialist in ASD observes a 
child’s social interactions, communication skills, and behavior that have devel-
oped and changed over time.

 (b) Check whether child meets the symptom criteria in the Diagnostic and Statistical 
Manual of Mental Disorders (DSM-5).

 (c) Other tests include genetic disorder test—to identify the presence of fragile X 
syndrome.

Treatment
No cure exists for autism spectrum disorder. The goal of treatment is to maximize 
child’s ability to function by reducing ASD symptoms and supporting development 
and learning.

Congenital Adrenal Hyperplasia
CAH is an autosomal recessive disorder that induces elevated adrenal andro-
gens, particularly testosterone, in the fetus. The cause is deficiency in the 
enzyme 21 hydroxylase. It occurs in 1  in 14,500 live births. Girls with CAH 
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exhibit male features in the external genitalia and usually are treated with corti-
costeroids. Even with treatment, CAH girls, presumably due to elevated prena-
tal testosterone, display some masculine proclivities in toy choice, 
rough-and-tumble play patterns, and choice of playmates, choosing boys as 
often as girls, departure from normal girl choices [204]. CAH can serve as a 
striking model of the potency of developmental hormonal conditions to influ-
ence sexually dimorphic behaviors.

Symptoms
There are two major types of CAH.

 (a) Classic CAH—This more severe form of the disease is usually detected in 
infancy or early childhood. The most obvious sign in girls is often abnormal- 
appearing genitals that look more male than female, which may include an 
enlarged clitoris—a condition called ambiguous external genitalia. The con-
dition is not typically as easily seen in baby boys, although some affected 
male infants have an enlarged penis. Other symptoms in infants include 
poor weight gain, weight loss, dehydration, and vomiting. In children and 
adults, the symptoms include very early puberty, rapid growth during child-
hood, irregular menstrual cycles in women, and infertility in both women 
and men.

 (b) Nonclassic CAH—This milder form usually becomes evident in late childhood 
or early adulthood. The symptoms in women include irregular or absent men-
strual periods; masculine characteristics such as facial hair, excessive body hair, 
and a deepening voice; and infertility. The symptoms in both women and men 
include early puberty, rapid growth during childhood, severe acne, low bone 
density, and obesity.

Diagnosis
 (a) Physical examination
 (b) Blood and urine tests—to measure levels of cortisol, aldosterone, and 

androgens
 (c) Prenatal testing—amniocentesis and chorionic villus sampling based on family 

history
 (d) Karyotyping—to determine the sex of a child

Treatment
 (a) Medications—replacement hormone medication given to boost the levels of 

deficient hormones and restore them to normal levels.
 (b) Surgery-—to correct the appearance and function of the genitals. The surgery is 

typically performed between 2–6 months of age.
 (c) Prenatal management—when CAH is diagnosed in the fetus, pregnant 

mother is given powerful corticosteroid drug that may cross placenta and 
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suppress the activity of the fetus’s adrenal glands. By reducing the secretion 
of androgens, female genitals are allowed to develop normally, and mascu-
line features that may develop later in female fetuses are also reduced. In the 
case of male fetus, shorter course of lower-dose corticosteroid drug treat-
ment is recommended.

 (d) Prognosis—many children with CAH successfully manage the condition by 
staying on replacement hormone medications.

22.1.1.6  Epigenetics and Disease Susceptibility
The term epigenomics generally refers to the changes in gene expression that takes 
place without change in the DNA sequence [205]. Epigenetic changes occur by 
molecular modification in both DNA and chromatin. The more-evidenced DNA 
methylation occurs at carbon-5 position of cytosine in CpG dinucleotide and chro-
matin packing in DNA by posttranslational histone modifications [206–208]. The 
other epigenetic mechanisms affecting gene expression are noncoding of RNAs 
(microRNAs) and regulation of higher-level organization chromatins within 
nucleus. These are the general mechanism by which prenatal and postnatal expo-
sures are linked to phenotypic changes later in life [205]. Alteration of epigenetic 
marks has a central role in determining the functional output of the information that 
is stored in the genome. The three genomic targets that are susceptible to gene 
expression changes owing to EDC’s perturbation are the promoter regions of some 
housekeeping genes, transposable elements lying adjacent to genes, and regulatory 
elements of imprinted genes. These target regions are rich in CpG dinucleotide 
sequences, which unmethylate or methylate; in some cases, histone modifications 
occur in these region [209, 210]. Epigenetic changes may inherit mitotically in 
somatic cells by providing long-term effects on gene expression or may inherit 
transgenerationally in germ cells, affecting the health of future generations 
[211–213].

Major EDCs that have been implicated in promoting toxicity for multiple gen-
erations are BPA, polycyclic hydrocarbons, and pesticides [214–218]. In a study, 
pregnant rat was exposed to methoxychlor (an estrogenic pesticide), and it caused 
defects in spermatogenic capacity that were transmitted through four subsequent 
generations. In addition, transgenerational phenotypes included adult-onset dis-
eases such as kidney diseases, immune abnormalities, behavioral changes, learning 
disabilities, prostate lesions, and cancer [53, 211, 219–222]. The loss and subse-
quent reestablishment of the epigenetic profile in the developing embryo comprise 
a critically sensitive period during which the system is particularly vulnerable to 
environmental influences. Thus, though exposure to EDCs may not result in obvi-
ous phenotypes, the exposure can alter the epigenetic programming of both somatic 
and germ cells inducing subtle functional changes leading to disease later in life and 
in future generations (Fig. 22.1).
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23Postnatal EDC Exposure and Prevention 
of Endocrine Disruption
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23.1  Postnatal Exposure

23.1.1  Lung Cancer

Lung cancer is the most common cancer in the world, and about 87% of lung 
cancer cases are caused by cigarette smoking. Extensive epidemiologic data 
clearly suggests cigarette smoking as the major cause of lung cancer. In addition 
to lung cancer, smoking also causes oral, oropharyngeal, hypopharyngeal, 
laryngeal, and esophageal cancers as well as pancreas, bladder, and renal pelvis 
cancer [1, 2].

23.1.1.1  EDCs Involved and Mechanism
About 95% of the smoke is made up of gases, chiefly nitrogen, oxygen, and carbon 
dioxide. The particulate phase contains at least 3500 compounds and most of the 
carcinogens [3]. Nickel, chromium, cadmium, and arsenic are all present in tobacco, 
and their metal carcinogenicity depends on the valence state and anion [4]. Thus, 
although some metals are effective pulmonary carcinogens, the role of metals in 
tobacco-induced lung cancer is murky. Substantial levels of cocarcinogens such as 
catechol, methylcatechols, pyrogallol, decane, undecane, pyrene, benzo[e]pyrene, 
and fluoranthene are also present in cigarette smoke [5]. Among the PAHs, benzo[a]
pyrene (BaP) is the most extensively studied compound, and its ability to induce 
lung tumors via acting as ligands of AhR upon local administration or inhalation is 
well documented [6, 7]).

Numerous studies have shown that the AhR plays an important role in the devel-
opment of lung cancer. The main mechanism behind lung cancer is the activation of 
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the AhR that has a variety downstream effects including formation of DNA adducts 
via CYP1A/1B1-dependent metabolic activation, tumorigenesis, inflammation, cell 
proliferation, and loss of cell-cell adhesion [8]. Because of its high level of expres-
sion in human bronchial epithelial cells, AhR has many physiological consequences 
in the lung such as its effects on cell proliferation and differentiation, cell-cell adhe-
sion interaction, cytokine expression, mucin production, and xenobiotic metabo-
lism. In a study, urban particulate matter induced lung cancer in wild type (AhR+/+) 
but not in AhR-null mice, suggesting that AhR plays a mechanistic role in the devel-
opment of lung tumorigenesis by urban particulate matter, and this occurred through 
CYP1A1 induction [9].

23.1.1.2  Symptoms
Generally, lung cancers do not cause signs and symptoms in its earliest stages. 
Symptoms of lung cancer in advanced stage may include cough that prolongs, 
changes in chronic cough, coughing up blood, shortness of breath, chest pain, 
wheezing, hoarseness, losing weight, bone pain, and headache.

23.1.1.3  Diagnosis
 (a) X-ray and CT scan – to check for abnormal mass, nodules, and small lesions in 

the lungs
 (b) Sputum cytology – to check for the presence of lung cancer cells
 (c) Tissue sampling – biopsy

Lung Cancer Staging
Spread of cancer beyond lungs is assessed further based on MRI, positron emis-
sion tomography (PET), and bone scans. The stages of lung cancer include stage 
I, where cancer is limited to the lung and the tumor is generally smaller than 2 in.; 
stage II, where tumor may have grown larger than 2 in. or may be a smaller tumor 
involving nearby structures, such as the chest wall, the diaphragm, or the lining 
around the lungs (pleura) or nearby lymph nodes; stage III, where tumor may have 
grown very large and invaded other organs near the lungs; and stage IV, where 
cancer has spread beyond the affected lung to the other lung or to distant areas of 
the body.

23.1.1.4  Treatment
 (a) Surgery – involves removal of nodules or lesions and margin of healthy tissues. 

Procedures involved include:
 1. Wedge resection – removal of small section of lung that contains the tumor 

along with a margin of healthy tissue
 2. Segmental resection  – removal of a larger portion of the lung but not an 

entire lobe
 3. Lobectomy – removal of entire lobe of one lung
 4. Pneumonectomy – removal of the entire lung

 (b) Other treatment methods are chemotherapy, radiation therapy, targeted drug 
therapies, and additionally palliative care.
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23.1.2  Type 2 Diabetes

Occurrence of type 2 diabetes is pronounced after a prolonged period of insulin 
resistance which is the main factor disrupting blood glucose homeostasis. Insulin 
resistance is characterized by a decreased action of insulin in peripheral tissue. 
Insulin is a key hormone involved in glucose homeostasis, synthesis and storage of 
fat, protein synthesis, and non-metabolic functions such as cell growth and differen-
tiation [10]. Apart from insulin, glucagon, somatostatin, and pancreatic polypeptide 
are involved in glucose homeostasis; all of these hormones are secreted by islets of 
Langerhans containing insulin β-cells, glucagon α-cells, somatostatin δ-cells, and 
pancreatic polypeptide PP-cells.

23.1.2.1  EDCs Involved

Bisphenol A
In vitro and animal studies suggest that low-dose BPA exposure acting through 
diverse endocrine signaling pathways leads to the impairment of pancreatic islet 
morphology, insulin resistance, and β-cell dysfunction which are key mechanisms 
involved in the development of impaired glucose tolerance and diabetes [10–15]. 
This evidences the association between BPA exposure and the development of type 
2 diabetes with increased insulin secretion from pancreatic beta cells, decreased 
glucose tolerance, increased uptake of glucose by adipocytes, and adiponectin 
release [10, 14, 16]).

In an experimental study, histological evaluation of pancreas from 12-week-old 
female mice revealed significantly increased insulitis in mice exposed to 
1 mg/l BPA, while the insulitis was less severe at the higher BPA exposure. 
Serum glucose levels in 1 mg/mL BPA group tended to be hyperglycemic. The 
high BPA exposure also seemed to counteract the diabetes development in 
females and also in male nonobese diabetic mice for both BPA concentrations. 
Prior to insulitis, both BPA concentrations resulted in increased apoptosis and 
reduced numbers of tissue-resident macrophages in pancreatic islets. Long-
term BPA exposure at a dose of three times higher than the tolerable daily 
intake of 50 mg/kg appeared to accelerate spontaneous insulitis and diabetes 
development [17].

Phthalate Esters
PEs have been associated with type 2 diabetes and insulin resistance in human pop-
ulations [18–22]. However, there are limited epidemiologic data in assessing the 
risk of metabolic dysfunction associated with exposure to EDCs during pregnancy 
[23, 68].

Arsenic
Among the maternal blood evaluated in first tri-semester for heavy metals, arsenic 
at elevated level was suggested to have association with impaired glucose toler-
ance [24].
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23.1.2.2  Symptoms
Increased thirst, frequent urination, extreme hunger, unexplained weight loss, pres-
ence of ketones in the urine, fatigue, irritability, blurred vision, slow-healing sores, 
frequent infections, such as gums or skin infections, and vaginal infections are com-
mon symptoms of diabetes. Apart from these symptoms, high blood sugar (hyper-
glycemia), increased ketones in urine (diabetic ketoacidosis), hyperglycemic 
hyperosmolar nonketotic syndrome, and low blood sugar (hypoglycemia) may 
accompany.

23.1.2.3  Diagnosis
The risk factors for type 2 diabetes include body mass index of higher than 25 
(regardless of age), high blood pressure, sedentary lifestyle, high cholesterol levels, 
delivered a baby that weighed more than 4 kg (9 lbs), history of diabetes in preg-
nancy, and with the history of polycystic ovary syndrome, heart disease, or close 
relative with diabetes. Tests for diabetes include:

 (a) Glycated hemoglobin (A1C) test – indicates average blood sugar level for the 
past 2–3 months by measuring the percentage of blood sugar attached to hemo-
globin, the oxygen-carrying protein in red blood cells. A1C level of 6.5% or 
higher indicates diabetes, between 5.7 and 6.4% indicates prediabetes, and 
below 5.7% is normal.

 (b) Random blood sugar test – blood sample taken at a random time; a random 
blood sugar level of 200 milligrams per deciliter (mg dL-1) or higher suggests 
diabetes.

 (c) Fasting blood sugar test – taken after an overnight fast, blood sugar level less 
than 100 mg dL-1 is normal, 100–125 mg dL-1 is prediabetes, and 126 mg dL-1 
or higher is diabetes.

 (d) Oral glucose tolerance test – after fasting blood sugar level test, a sugary liquid 
is drunk, and blood sugar levels are tested periodically for the next 2 h. A blood 
sugar level less than 140 mg dL-1 is normal, between 140 and 199 mg dL−1 is 
prediabetic, and more than 200 mg dL−1 indicates diabetes.

23.1.2.4  Treatment
Eating a healthy diet, maintaining a healthy weight, and participating in regular 
activity also are important factors in managing diabetes. Treatment of type 2 diabe-
tes primarily involves monitoring of blood sugar along with diabetes medications, 
insulin, or both.

23.1.3  Metabolic Syndrome

Metabolic syndrome (MetS) is a combination of disorders including impaired glu-
cose tolerance or insulin resistance, dyslipidemia, high blood pressure, and obesity 
[25]. Insulin resistance is suggested to be the main cause of MetS that in turn 
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increases the risk of cardiovascular diseases, stroke, and type 2 diabetes. The EDCs 
involved in MetS involve primarily estrogen receptors and other unveiled mecha-
nisms related to the above disorders.

23.1.3.1  Symptoms
MetS is mostly not associated with specific symptoms, though large waist circum-
ference may be a visible sign. Other than this, the symptoms may be related to the 
disorders as mentioned above.

23.1.3.2  Diagnosis
MetS is diagnosed based on certain criteria that include:

 (a) Large waist circumference – waistline that measures more than 35 in. (89 cm) 
for women and 40 in. (102 cm) for men

 (b) High triglyceride level – 150 mg dL-1 or higher in blood
 (c) Reduced high-density lipoprotein (HDL) cholesterol – >40 mg dL−1 in men or 

>50 mg dL−1 in women
 (d) Increased blood pressure – 130/85 mmHg or higher
 (e) Elevated fasting blood sugar – 100 mg dL−1 or higher

23.1.3.3  Treatment
Healthy lifestyle, exercises, and medications to control blood pressure, cholesterol 
levels, and blood glucose are recommended.

23.1.4  Cardiovascular Diseases

Cardiovascular disease (CVD) refers to the conditions involving narrowed or 
blocked blood vessels that can lead to a heart attack, chest pain, or stroke. Other 
conditions, such as those that affect heart’s muscle, valves, or rhythm, are also con-
sidered as forms of heart diseases.

23.1.4.1  EDCs Involved

Phthalates
PEs are reported to significantly decrease human embryonic stem cell viability, 
along with a reduction in cardiac differentiation, following mono-ethylhexyl phthal-
ate (MEHP) exposure [26]. Based on epidemiological studies, higher urinary 
phthalate levels have been linked to increased blood pressure in adolescent popula-
tions and increased coronary risk in elderly populations [27–29]. A significant asso-
ciation between higher MEHP urinary levels and LDL cholesterol levels but not 
blood pressure was also observed. As the report suggests, a positive association 
between MEHP urinary levels and the echogenicity of vascular plaques tends to be 
an indicator of lipid infiltration and a predictor of future cardiovascular death [27].
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Bisphenol A
Studies report higher BPA urine concentrations to be associated with an increased 
risk of coronary artery disease, hypertension, carotid atherosclerosis, angina, myo-
cardial infarction, and decreased heart rate variability [27, 30–32]. Higher BPA uri-
nary levels have also been associated with LDL and HDL cholesterol levels and the 
echogenicity of vascular plaques [27, 28].

Polychlorinated Biphenyls
The first human evidence to PCBs and cardiovascular toxic effects was focused on 
the high exposure of PCBs in workers or residents near accidental spills [33–35]. 
Similarly, epidemiological studies also have reported an elevated incidence of 
hypertension in populations highly exposed to PCBs [36–39].

23.1.4.2  Symptoms
CVD symptoms depend on the type of heart disease; certain disease and symptoms 
are as follows:

Atherosclerotic Disease
In this type of CVD, narrowed, blocked, or stiffened blood vessels are observed 
that prevent heart, brain, or other parts of the body from receiving blood. The 
symptoms include chest pain (angina); shortness of breath; pain, numbness, 
weakness, or coldness in legs or arms if the blood vessels in those parts of your 
body are narrowed; and pain in the neck, jaw, throat, upper abdomen, or back. 
Among women shortness of breath, nausea, and extreme fatigue are mostly 
observed.

Heart Arrhythmias
This is characterized by an abnormal heartbeat that may be too fast, too slow, or 
irregular. The symptoms include fluttering in chest, racing heartbeat (tachycardia), 
slow heartbeat (bradycardia), chest pain or discomfort, shortness of breath, light- 
headedness, dizziness, and fainting (syncope).

Heart Defects
Serious congenital heart defects include the following symptoms: pale gray or 
blue skin color (cyanosis) and swelling in the legs and abdomen or areas 
around the eyes. In an infant, shortness of breath during feedings leads to poor 
weight gain.

Dilated Cardiomyopathy
This CVD is characterized by thickening and stiffening of the heart muscle. The 
symptoms are breathlessness with exertion or at rest; swelling of the legs, ankles, 
and feet; fatigue; irregular heartbeats that feel rapid, pounding, or fluttering; and 
dizziness, light-headedness, and fainting.
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Heart Infection
There are three types of heart infections:

 (a) Pericarditis – affects the tissue surrounding the heart (pericardium)
 (b) Myocarditis  – affects the muscular middle layer of the walls of the heart 

(myocardium)
 (c) Endocarditis  – affects the inner membrane that separates the chambers and 

valves of the heart (endocardium)
Varying slightly with each type of infection, symptoms include fever, shortness 
of breath, weakness or fatigue, swelling in your legs or abdomen, changes in 
heart rhythm, dry or persistent cough, and skin rashes or unusual spots.

Valvular Heart Disease
The four valves of the heart, aortic, mitral, pulmonary, and tricuspid valves, open 
and close to direct blood flow through the heart. These valves may be damaged by 
a variety of conditions leading to narrowing (stenosis), leaking (regurgitation or 
insufficiency), or improper closing (prolapse). Depending on the damage, symp-
toms include fatigue, shortness of breath, irregular heartbeat, swollen feet or ankles, 
chest pain, and fainting (syncope).

23.1.4.3  Diagnosis
Physical examination and blood tests are followed by:

 (a) Electrocardiogram (ECG) – records electrical signals to detect irregularities in 
heart’s rhythm and structure.

 (b) Holter monitoring – also detects heart rhythm irregularities that are not regular 
during ECG examination.

 (c) Echocardiogram – shows detailed images of heart’s structure and function.
 (d) Cardiac catheterization – shows pressure in heart chamber is measured.
 (e) Cardiac CT scan – checks for heart problems.
 (f) Cardiac MRI – evaluates heart based on image produced.

23.1.4.4  Treatment
CVD treatment includes changes in lifestyle and food habits, medication, and sur-
gery if needed.

23.1.5  Neurodegenerative Disorder

This is a central nervous system (CNS) disorder characterized by loss of neuronal 
cell function and atrophy of the affected nervous system structures [40].

The most common chronic neurodegenerative diseases are Alzheimer’s disease 
(AD), Parkinson’s disease (PS), and multiple sclerosis (MS). These disorders have 
complex etiologies with insidious onset, protein aggregates, selected neuronal 
degeneration, and characteristic clinical syndromes [41].
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23.1.5.1  EDCs Involved

Heavy Metals
Metals are crucial for the maintenance of cell homeostasis and preservation of life. 
They show important structural, regulatory, and catalytic functions in different 
types of proteins, such as enzymes, receptors, and transporter [42]. Alterations in 
metal homeostasis have been suggested to cause neurodegeneration via association 
of metals with proteins and subsequent induction of aggregate formation. In addi-
tion, metals can cause neurodegeneration through a vicious cycle by disrupting 
mitochondrial function, which depletes ATP, induces reactive oxygen species (ROS) 
production, and ultimately causes cell death by apoptotic and/or necrotic mecha-
nisms [43]. Certain heavy metals that tend to cause neurodegeneration are as 
follows:

 1. Aluminum – it induces neuropathy that includes neurofibrillary degeneration, 
oxidative stress, and inflammatory response [44].

 2. Copper – long-term exposure showed increased levels of brain amyloid-β pro-
tein and in neuro-inflammation, the hallmarks of AD development [45].

 3. Lead – early exposure is known to impact physiological development that may 
possibly increase susceptibility to neurodegeneration (AD, PD, MS) in later life 
by increasing the expression of amyloid precursor protein and increasing the 
production of amyloid-β protein [46].

 4. Cobalt – industrial exposure is associated with adverse effects on neuromuscular 
transmission and neurological status [47, 48].

 5. Cadmium – occupational exposure has been linked to neurological symptoms 
and neurobehavioral problems involving loss of attention, psychomotor speed, 
and memory. In vitro studies show self-aggregation of the tau peptide R3, thereby 
potentially impacting AD pathogenesis by mechanisms including astrocyte and 
neural cell toxicity [48, 49].

 6. Manganese – brain biopsy of a single human subject with high manganese (Mn) 
level revealed multiple neuritic plaques and neurofibrillary tangles, characteris-
tic of AD [49].

 7. Mercury – a well-known neurotoxin; in vitro studies have demonstrated increase 
in tau protein hyperphosphorylation and the increased formation of amyloid-β 
protein [50].

Pesticides
Many pesticides target the nervous system of insect pests and similarly are neuro-
toxic to humans by adversely affecting cell signaling, disturbing neurochemical 
processes, and causing neurotoxicity [51]. Epidemiological studies illustrate that 
exposure to organochlorines and organophosphates is associated with an increased 
risk of AD, PD, and MS later in life [52]. A pilot study in a population of North 
Indians reported that increased blood levels of β-HCH and the organochlorine com-
pound dieldrin were associated with significant increases in AD risk, independent of 
the genetic risk factor [53]. Exposure to paraquat and rotenone showed 
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mitochondrial dysfunction in cerebral cortex, which in turn is known to promote 
impairment of cognition function with elevated levels of Aβ protein associated with 
AD and PD etiology [54].

Brominated Flame Retardants
Adult mice exposed to PBDEs showed altered spontaneous behavior, impaired 
learning and memory, and decreased hippocampal cholinergic receptors [55]. In 
vitro studies showed that PBDEs are neurotoxic and amyloidogenic specifically 
causing Ca2 + -ATPase inhibition, amyloid-β peptide release, and apoptosis a key 
neurodegenerative pathology observed in AD [56].

Alkylphenol
Estrogenic effects were seen in octylphenol (OP)-exposed turtles together 
with increased expression of amyloid-like precursor protein-2 and amyloid 
precursor protein, accumulation of which causes neuronal degeneration in AD 
brains [57].

Dioxins
The most potent dioxin congener, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 
was observed to increase in neuronal cell calcium levels and tau phosphorylation via 
upregulation of phospho-glycogen synthase kinase-3 β. These in vitro changes are 
similar to the pathologies of postmortem brain tissues of AD patients [58].

Polychlorinated Biphenyls
Case studies showed that exposure to PCBs produces certain clinical features con-
sistent with AD-type dementia, and cohort studies revealed that women occupation-
ally exposed to PCBs are more susceptible to PD and AD than PCB-exposed men 
[58, 59]. In postmortem studies, PCBs were higher in striatum of PD cases than 
controls [60]. In animal models, PCB exposure was associated with relatively selec-
tive, persistent, reduction of dopamine, primarily affecting caudate, putamen, sub-
stantia nigra, and olfactory tract [61, 62].

Bisphenol A
BPA has been shown to interfere with spine synapse formation in the prefrontal 
cortex and hippocampus that may have clinical implications resembling the events 
in AD [63]. BPA also disrupts expression of the Kcc2 gene through epigenetic 
mechanisms causing neurodevelopmental toxicity [64].

Phthalate Esters
DEHP significantly inhibits acetylcholinesterase activity and upregulates glial 
fibrillary acidic protein as well as myelin basic protein in zebrafish embryos [65]. It 
also causes cognitive dysfunction and increased phosphorylation of tau protein in 
prenatally exposed aged rats [22].

 (i) Alzheimer’s Disease
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AD is characterized by the brain amyloid-β protein that forms dimers and oligo-
mers, leading to protein aggregation visible in the postmortem brains as plaques. 
Plaques are accompanied by aggregates of phosphorylated tau protein called neuro-
fibrillary tangles. These lesions are thought to cause synaptic loss and neuronal cell 
death, resulting in cognitive dysfunction [67, 69].

Symptoms
Initially increasing forgetfulness and mild confusion may be the symptoms and over 
time may lead to loss of memories. People suffering with AD start to lack memory, 
thinking, and reasoning and are not able to make judgment and decisions or perform 
familiar tasks. Change in personality and behavior is noticed, characterized by 
depression, apathy, social withdrawal, mood swings, distrusting others, irritability, 
aggressiveness, changes in sleeping habits, wandering, and delusions.

Diagnosis
 (a) Physical and neurological examination  – involves checking reflexes, muscle 

tone and strength, sense of sight and hearing, coordination, and balance
 (b) Blood test – to rule out other potential causes of memory loss and confusion, 

such as thyroid disorders or vitamin deficiencies
 (c) Mental status and neuropsychological test – to asses level of thinking and mem-

ory skills
 (d) Brain imaging – to check for any abnormalities such as stroke or trauma

Treatment
Though AD is incurable, medications to improve brain cell communication and 
slow down the disease progression, such as providing safe and supportive environ-
ment, doing exercise, and proper nutrition, are recommended.

 (ii) Parkinson’s Disease

PD is a chronic, progressive neurodegenerative disease of aging characterized 
clinically by the classical motor signs of parkinsonism (resting tremor, bradykine-
sia, cogwheel rigidity, postural reflex impairment) and a variable constellation of 
associated features including autonomic, sensory, cognitive, and psychiatric 
changes. These clinical features correspond to the anatomic distribution of patho-
logic changes, consisting of neuronal degeneration and aggregation of the protein 
alpha-synuclein in specific neuronal populations including the substantia nigra, 
locus coeruleus, other brainstem and cortical regions, and the peripheral autonomic 
nervous system [41].

Symptoms
PD symptoms vary from person to person; usually it affects one side of the body and 
sometimes may affect both sides. The symptoms include tremor (shaking of hands 
and fingers when they are relaxed), slowed movement (bradykinesia), rigid muscles, 
impaired posture and balance, loss of automatic movements, and changes in speech 
and writing.
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Diagnosis
No specific test exists to diagnose PD. Sometimes medical history, review of signs 
and symptoms, and neurological and physical examinations are done.

Treatment
Parkinson’s disease can’t be cured, but medications can help control your symp-
toms, often dramatically. In some later cases, surgery for deep brain stimulation 
may be done where electrodes are implanted in specific part of the brain.

 (iii) Multiple Sclerosis

MS is a chronic inflammatory disease, which at least in the early stages is driven 
by immune-mediated processes. The characteristic hallmark of the disease is pri-
mary demyelination in the white as well as in the gray matter. However, neurode-
generation reflected by neuronal and synaptic loss results in permanent neurological 
disability [66].

Symptoms
MS symptoms vary from person to person based on the location of the affected 
nerve fiber.

The symptoms include:

 (a) Numbness or weakness of one or more limbs that typically occurs on one side 
of the body at a time or the legs and trunk.

 (b) Partial or complete loss of vision usually in one eye at a time, often with pain 
during eye movement.

 (c) Prolonged double vision.
 (d) Tingling or pain in parts of your body.
 (e) Electric-shock sensations which occur with certain neck movements, especially 

bending the neck forward (Lhermitte sign).
 (f) Tremor, lack of coordination, or unsteady gait.
 (g) Slurred speech, fatigue, dizziness, and problems with bowel and bladder func-

tion are the other symptoms.

Diagnosis
There are no specific tests for MS. Instead, a diagnosis of multiple sclerosis often 
relies on ruling out other conditions that might produce similar signs and symptoms, 
known as a differential diagnosis. The recommended tests include:

 (a) Blood tests – to help rule out other diseases with symptoms similar to MS.
 (b) Lumbar puncture (spinal tap) – spinal fluid is checked for abnormalities in 

antibodies that are associated with MS.
 (c) MRI – to detect for areas of MS (lesions) in the brain and spinal cord.
 (d) Evoked potential tests – record electrical signals produced by nervous system in 

response to stimuli.
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Treatment
There is no cure for MS. Treatment typically focuses on slowing the progression of 
the disease and managing MS symptoms.

23.2  Precautionary Measures to Prevent  
Endocrine Disruption

On behalf of prenatal and postnatal EDC exposure, there is an urgent need to frame 
certain steps to prevent exposure and enforce them into action by both government 
and nongovernment organizations in developing and non-developing countries. The 
exposure to EDCs begins from maternal exposure to the postnatal—environmental, 
industrial, and indoor exposures. The complete “zero EDC environment or atmo-
sphere” is unpredictable in this industrialized world; instead the following measures 
may be followed to reduce the threating health consequences:

 (a) Educate about EDCs among students, family members, and public. Initiate 
awareness about sources, toxic dosage limit, and extent of EDC interference in 
normal metabolic pathway.

 (b) The possibility to use organic food products has to be raised and application of 
pesticides to be avoided.

 (c) Awareness on the lipophilic nature of the EDCs.
 (d) The sea animals tend to bioaccumulate more persistent organic pollutants (POPs) 

that are drained from domestic and industrial wastewater treatment plants and in 
turn serve as major seafood contaminant. Such contamination needs to be regu-
lated and assured for consumption before proceeding to the market.

 (e) Storing and heating of foods in plastic containers have to be avoided.
 (f) Incineration of municipal solid waste containing plastics and E-waste has to be 

regulated as it is the main source for EDC to be released as air and gaseous 
particulates into the atmosphere.

 (g) Raw fruits and vegetables are the direct source of pesticides, thus proper wash-
ing must be regularized before consumption.

 (h) The closed indoor atmosphere must be dusted and cleaned up regularly to 
avoid concentrated EDCs in the particular environment.

 (i) The traffic regulation and costumed motor service have to be followed to avoid 
release and exposure to PAHs, dioxin, and air particulates.

 (j) The severity of certain chemical usage and its effects on endocrine disruption 
should be labelled on chemicals to avoid mishandling.

 (k) The toddlers and children must be avoided to use plastic teethers and toys.
 (l) The use of fragranced cosmetics and other personal care products needs to be 

avoided.
 (m) Since most of the EDC mechanisms are unknown, more research on endocrine 

disruption by EDCs must be encouraged.
 (n) The rules and regulation laid by the government in regard to EDCs preventive 

measure must be strictly followed.
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 Conclusion

In this chapter we have discussed about air pollution especially, due to EDCs and 
their health consequences in the atmosphere and the predictable diseases based 
on epidemiological evidences. The prenatal exposure insists on neurotoxicity, 
asthma, changes in epigenome, disease susceptibility, cancer, and infertility in 
later life, while in addition to these disorders, on postnatal exposure cardiovascu-
lar diseases, type 2 diabetes, neurodegeneration, and metabolic syndromes are 
also accounted. Though these consequences are predicted based on experimental 
data and continuous research on animal models, a gap of unexplored mecha-
nisms still remains behind EDCs. Daily life depends on chemicals, and there is 
no way to escape mixture of EDC exposure rather than single EDC. It is difficult 
to rule out and address the changing patterns on chemical exposure, since it 
depends on changing needs, chemical production, and their release into the 
environment.

Based on available data, it may be understood that literature is available on 
certain EDCs and their consequences; e.g., BPA is best studied in relation to 
obesity and precocious puberty. Instead there is a need to understand a broad 
range of chemical- chemical interaction in the atmosphere and antagonistic 
response of such chemicals toward ligands and receptors of a cell at various 
species levels. The mechanism of EDCs at low and high doses is not eventually 
the same and also effect of single EDC varies from other; all the above when 
the term “mixture of EDCs” emanates, the statement on effect and mechanism 
is really challenging that has to be surpassed. For this, collaboration among 
research institutes, universities, government heads, and grant commissions 
would serve to better understand the exposure variance, population response, 
transgenerational effects, change in epigenome, and developmental stages. 
Apart from these, notions on elimination of more potential EDCs replaced with 
non-EDCs, equal ban of EDCs in both developing and non- developing coun-
tries, synthesis, and preferred use of green chemicals would greatly tend to 
reduce EDC exposure. To the end, present actions will be the mirror images of 
future generation.

Note: Symptoms, diagnosis, and treatment for the above disorders were referred at www.mayo-
clinic.org.
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24Air Pollution and Cancer

Andrea A. Martoni

Foreword Air pollution (AP) is associated with an increased risk of lung cancer. 
This relationship is well established both for outdoor AP and indoor AP.  In this 
chapter we look at the major scientific evidence supporting the existence of this 
relationship and the current outlook for suitable measures to limit the carcinogenic 
effects of the AP in humans. The primary and secondary literature on the relation-
ship between AP and cancer is very broad, and, as a result of the “clinical hand-
book” character of this publication, we will necessarily refer to the major 
contributions that have been on the subject in recent years. In particular we will 
have as main reference the monograph of the International Agency for Research on 
Cancer (IARC) published in 2015 which gathers expert opinions of the IARC 
Working Group (WG) on the Evaluation of Air Pollution Carcinogenic Risks to 
Humans, which met in Lyon, 8–15 October 2013 [1].

For more details on the AP characteristics, we refer to other specific chapters of 
the present book.

24.1  Carcinogens in Outdoor Air Pollution

Outdoor AP is the presence in the air of substances at a concentration or for a dura-
tion above their natural levels, with the potential to produce an adverse effect. AP is 
a mixture of many different substances, and the exact contents vary depending on 
what sources of pollution are nearby, the location, the time of year, and the weather. 
The most common air pollutants are represented by vehicle emissions, stationary 
power generation, other industrial and agricultural emissions, residential heating 
and cooking, reemission from terrestrial and aquatic surfaces, manufacturing, distri-
bution, and use of chemicals and natural processes.
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Any outdoor AP mixture includes gases and suspended particulated matter (PM) 
that are constantly interacting. Gaseous pollutants include ozone, nitrogen oxide 
(NO) and nitrogen dioxide (NO2), sulfur dioxide (SO2), and numerous volatile 
organic gases. PM is a heterogeneous mixture of liquids and solids with variable 
and dynamic chemical composition and physical characteristics. PM is character-
ized by both its size and its chemical composition. Particle sizes range from the 
nanometer scale up to grains of dust on the order of tens of micrometers, but most 
measurements capture the mass in specific size ranges; for example, PM2.5 is PM 
with particles of aerodynamic diameter less than 2.5 μm and PM10 is PM with par-
ticles of aerodynamic diameter less than 10 μm. These size classes are relevant to 
PM dynamics in the atmosphere and uptake in the human body and reflect size 
ranges used in health studies.

On the whole outdoor air contains many substances that have been classified by 
IARC as Group 1 (e.g., benzene, benzo[a]pyrene, chromium (VI), and dioxin) and 
Group 2A carcinogens. These are both significant components of urban AP mix-
tures and include PM and other compounds (Table 24.1). The table includes also 
diesel engine exhaust in Group 1 substances and gasoline engine exhaust in Group 
2B [2]. The category Group 1 is used when there is sufficient evidence of carcino-
genicity in humans. Group 2A is applied to the agents with probable carcinogenicity 
to humans (i.e., limited evidence of carcinogenicity in humans and sufficient evi-
dence in experimental animals), and Group 2B is used for those agents possibly 
carcinogenic to humans (i.e., limited evidence of carcinogenicity in humans and 
less than sufficient evidence of carcinogenicity in experimental animals). On these 
bases the IARC WG concluded that “there is sufficient evidence in humans and in 
experimental animals for the carcinogenicity of outdoor AP in general and of PM in 
outdoor AP more specifically.”

This statement is supported by strong mechanistic evidence in exposed humans, 
including studies showing increased frequencies of DNA damage, mutations, and 
chromosomal damage in individuals occupationally or residentially exposed to pol-
luted air (Table 24.2). The genetic and related effects in humans and experimental 
systems induced by exposures to outdoor AP and samples derived from outdoor 
AP are summarized in Table 24.3. A large body of evidence clearly indicates that 
humans exposed to elevated levels of outdoor AP have increased levels of chro-
mosomal damage, including chromosome breaks and aneuploidy. Similar effects 
in experimental systems, both in vivo and in vitro, are also well documented. In 
addition, a variety of other genotoxic effects in humans and experimental animals 
exposed to elevated levels of outdoor AP or samples derived from outdoor AP are 
also well documented (e.g., mutations, DNA strand breaks, stable DNA adducts, 
and oxidized nucleobases). A wide range of other effects related to carcinogenesis, 
including oxidative stress, inflammation, and epigenetic alterations, have also been 
observed in exposed humans and animals and in a variety of experimental systems.
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Table 24.1 Agents in outdoor air that are established or probable IARC carcinogens

Agent Carcinogenic group
Metals and fibers
Arsenic and inorganic arsenic compounds 1
Asbestos 1
Beryllium and beryllium compounds 1
Cadmium and cadmium compounds 1
Chromium (VI) 1
Lead compounds, inorganic/organic 2A/3
Nickel, metallic/compounds 2B/1
Silica dust 1
Organic chemicals
1,3-Butadiene 1
Benzene 1
Ethylene oxide 1
Formaldehyde 1
Halogenated chemicals
Ethylene dibromide 2A
2,3,7,8-Tetrachlorodibenzo-para-dioxin 1
Tetrachloroethylene 2A
Trichloroethylene 1
1,2,3-Trichloropropane 2A
Vinyl bromide 2A
Vinyl chloride 1
Vinyl fluoride 2A
Polycyclic aromatic hydrocarbons
Benzo[a]pyrene 1
Cyclopenta[cd]pyrene 2A
Dibenz[a,h]anthracene 2A
6-Nitrochrysene 2A
1-Nitropyrene 2A
2-Nitrotoluene 2A
Mixtures
Biomass fuel (primarily wood), indoor emissions from household 
combustion of

2A

Coal, indoor emissions from household combustion of 1
Coal tar pitch 1
Coke production 1
Creosotes 2A
Diesel engine exhaust 1
Frying, emissions from high temperature 2A
Mineral oils, untreated or mildly treated 1
Polychlorinated biphenyls 1
Polybrominated biphenyls 2A
Tobacco smoke, secondhand 1
Wood dust 1

From IARC [1] modified
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24.2  Air Pollution and Cancer in Humans

Epidemiological studies of relationships between AP exposure and cancer have 
required long periods of observation and large populations from as early as the 
1970s through 2010. Two large cohort studies—the European ESCAPE study [3] 
and the CPS II study in the USA [4, 5]—are particularly informative for their large- 
scale, exposure assessment based on actual measurements, the broad range of expo-
sures considered, very detailed information about potential confounders (e.g., 
duration and intensity of smoking), and standardization of methods. In particular 
the ESCAPE study investigated the long-term effects of AP on a broad range of 

Table 24.2 Summary of genetic effects reported in molecular epidemiology studies of outdoor 
air pollution

Exposure 
scenario

End point reported
DNA 
adducts

Cytogenetic 
damage

DNA strand 
breaks

Changes in gene 
expression

Traffic police + + + NA
Taxi drivers + + + NA
Bus drivers + + NA NA
Mail carriers + + NA NA
Urban residents + + + +
Urban children + + + +

From IARC [1] modified
+ positive, NA not available

Table 24.3 Summary by end point of genetic and related effects induced in humans and experi-
mental systems by exposure to outdoor air pollution or samples derived from outdoor air pollution 
(from IARC [1])

End point Humans
Experimental 
animals

Mammalian 
cells Plants Bacteria Acellular

Mutations (+)a + + + + b

Cytogenetic damage 
(CAs, MN, SCEs)

+ + + + NA NA

Stable DNA adducts + + + NE NE +
DNA strand breaks + +/−c + NE NE +
Oxidatively 
damaged DNA

+ +/−d + NE NE +

Oxidative stress and 
inflammation

+ + + NE NE +

Cell transformation NA NA + NA NA NA
Epigenetic changes + + NE NE NE NA

aLimited information available
bNot applicable
cFew studies, conflicting results
dFew studies, conflicting results
+ positive, – negative, CAs chromosomal aberrations, MN micronuclei, NA not available, NE not 
evaluated, SCEs sister chromatid exchanges
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chronic conditions as asthma, allergies in children, adult respiratory and cardiovas-
cular disease, cancer, and life expectancy. Funded by the EU, the project brought 
together over 20 leading research groups on AP and health from 15 countries to 
analyze over 30 cohort studies including some 900,000 subjects. Cohort studies fol-
low a population over time, and ESCAPE focused on how different levels of expo-
sure to air pollution affected people’s health.

24.3  Lung Cancer

24.3.1  Epidemiologic Notes

Lung cancer has been the most common cancer in the world for several decades. In 
2012, 1.8 million new cases (12.9% of the total) have been estimated, 58% of which 
occurred in the less developed regions. The disease remains as the most common 
cancer in men worldwide (1.2 million, 16.7% of the total) with the highest esti-
mated age-standardized incidence rates in Central and Eastern Europe (53.5/100,000) 
and Eastern Asia (50.4/100,000). Low incidence rates are observed in Middle and 
Western Africa (2.0 and 1.7/100,000, respectively). In women, the incidence rates 
are generally lower and the geographical pattern is a little different, mainly reflect-
ing different historical exposure to tobacco smoking. Thus the highest estimated 
rates are in Northern America (33.8) and Northern Europe (23.7) with a relatively 
high rate in Eastern Asia (19.2) and the lowest rates again in Western and Middle 
Africa (1.1 and 0.8, respectively) [6]. Lung cancer is the most common cause of 
death from cancer worldwide, estimated to be responsible for 1.72 million deaths 
with an increment of 20% from 2005 to 2015 [7].

Lung cancer is a heterogeneous disease characterized by a variety of biomarkers 
and differing histotypes. Non-small cell lung cancer is the most common histologi-
cal subtype, occurring in up to 85% of cases. The disease affects both sexes and its 
incidence is low in people aged <40 years and increases up to age 75–80 years in 
most populations. Unfortunately, the diagnosis of lung cancer is often made late in 
the course of the disease, with almost 70% of patients presenting with locally 
advanced or metastatic disease at initial diagnosis. The 5-year relative survival rate 
varies markedly depending on the stage at diagnosis, from 49% to 16% to 2% for 
patients with local, regional, and metastatic disease, respectively. Because of its 
high fatality (the overall ratio of mortality to incidence is 0.87) and the relative lack 
of variability in survival in different world regions, the geographical patterns in 
mortality closely follow those in incidence.

Although the continuous increase of the number of cases and deaths, the age- 
standardized incidence and mortality rates demonstrate a global declining trend for 
about two decades. In the period 2005–2015, the drop of the standardized mortality 
rate was of -8.1% [7]. However, the decline in incidence and mortality involves 
men, while conversely the global trend in women is increasing. This is considered a 
direct consequence of the tobacco smoking decrease in man as opposed to the 
increase in women occurred in most countries.
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24.3.2  Risk Factor Notes

The geographic and temporal patterns of lung cancer incidence and mortality on a 
population level are chiefly determined by tobacco consumption, the main etiologi-
cal factor in lung carcinogenesis. For smokers, the risk for lung cancer is on average 
tenfold higher than in lifetime non-smokers. The risk increases with the quantity of 
cigarettes, duration of smoking, and starting age. Smoking cessation results in a 
decrease in precancerous lesions and a reduction in the risk of developing lung can-
cer. Former smokers continue to have an elevated risk for lung cancer for years after 
quitting [8].

The epidemiological evidence and biological plausibility support a causal asso-
ciation also between secondhand exposure to cigarette smoke and lung cancer risk 
in non-smokers [9]. The effect of involuntary smoking appears to be present for 
both household exposures, mainly from spousal and workplace exposure [10, 11] 
and perhaps from involuntary childhood smoking exposure [12]. Other factors such 
as genetic susceptibility, poor diet, occupational exposures (asbestos, cadmium, 
nickel, arsenium, beryllium, silica, polycyclic aromatic hydrocarbons), ionizing 
radiation, and AP may act independently or in concert with tobacco smoking in 
shaping the descriptive epidemiology of lung cancer [13].

The actual most important modality of ionizing radiation exposure is represented 
by radon exposure in the home or workplace. Radon is a naturally occurring radio-
active gas that results from the breakdown of uranium in soil and rocks. Indoor 
radon represents a risk factor for lung cancer. In a pooled analysis of 13 European 
case–control studies there was strong evidence of an association between the radon 
concentration at home and lung cancer. The absolute risk to smokers and recent 
former smokers was much greater than to lifelong non-smokers. Radon in the home 
accounts for about 9% of deaths from lung cancer and about 2% of all deaths from 
cancer in Europe [14]. In the USA the Environmental Protection Agency considers 
radon the second leading cause of lung cancer in this country and the leading cause 
among non-smokers [15].

24.3.3  Air Pollution and Lung Cancer

The studies considered by the IARC WG to evaluate the carcinogenic effects of the 
AP in humans are represented primarily by large cohort studies conducted almost 
exclusively in high-income countries, mostly in North America and Europe. Overall, 
studies with quantitative measures of outdoor AP showed positive associations with 
lung cancer in both sexes and in cohort and case–control studies from all regions, 
with the potential confounding effect modification by tobacco smoking. Some stud-
ies provided analyses stratified by smoking or restricted to never-smokers, and asso-
ciations of lung cancer with outdoor AP were similarly observed. The available 
studies used a range of quantitative or qualitative estimates of exposure. Quantitative 
estimates were mainly represented by PM (PM2.5 or PM10) and NO2 or NOx. 
Qualitative or semiquantitative estimates included traffic density or distance from 
heavy-traffic roads.
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The relative risk (RR) estimates for PM2.5 and PM10 were indicative of positive 
associations in almost all the studies. When exposure–response relationships were 
examined, these generally indicated increasing risk of lung cancer with increasing 
levels of exposure to PM. In the ESCAPE study, with a mean length of follow-up of 
about 13 years, there were over 2,000 incident lung cancers. The analysis showed a 
hazard ratio (HR) of 1.22 for each 10 μg/m3 increase in estimated PM10 concentra-
tion. For PM2.5, the HR was 1.18/5 μg/m3. The same changes in PM10 and PM2.5 
were associated with HRs for adenocarcinoma histotypes of 1.51 and 1.55, respec-
tively [3]. In addition, in this study the HRs for lung cancer were similar with and 
without restriction to participants below most of the predefined threshold values, 
suggesting that exposure of populations to PM AP even at concentrations below the 
existing European Union air quality limit values for PM10 (40 μg/m3) and PM2.5 
(25 μg/m3) might increase the risk for lung cancer. PM2.5 is generally believed to 
be most relevant to health effects, including cancer as they penetrate more deeply 
into the lung and are more likely to be retained. However, it was still not entirely 
clear what of the PM components are responsible of the carcinogenic effects. 
Composition of PM and lung cancer was studied within 14 cohort studies in eight 
European countries. The study indicates that the association between PM in AP and 
lung cancer can be attributed to various PM components and sources. PM contain-
ing S and Ni might be particularly important [16].

After the IARC WG evaluation, a systematic meta-analysis of studies examining 
the relationship of exposure to PM2.5 and PM10 with lung cancer incidence and 
mortality was carried out to support the IARC evaluation [17]. The analysis was 
performed in subgroups defined by geographic region, potential confounders and 
effect modifiers, and exposure assessment method. The influence of single studies 
to the overall meta-estimate was also examined. The meta-RR for lung cancer asso-
ciated with PM2.5 was 1.09 (95% CI, 1.04–1.14). The meta-RR of lung cancer 
associated with PM10 was similar but less precise, 1.08 (95% CI, 1.00–1.17). 
Analyses by smoking status showed that lung cancer risk associated with PM2.5 
was greatest for former smokers [1.44 (95% CI, 1.04–2.01)], followed by never- 
smokers [1.18 (95% CI, 1.00–1.39)], and then current smokers [1.06 (95% CI, 
0.97–1.15)]. In addition, meta-estimates for adenocarcinoma histology associated 
with PM2.5 and PM10 were 1.40 (95% CI, 1.07–1.83) and 1.29 (95% CI, 1.02–
1.63), respectively. These results support the decision of the IARC WG to classify 
outdoor AP as a Group 1 carcinogen and further justify efforts to reduce exposures 
to air pollutants.

After the IARC WG report, PM exposure and incident lung cancer were studied 
in the Nurses’ Health Study cohort [18]. Findings confirmed previous studies indi-
cating increased risk of incident lung cancer associated with ambient PM2.5 expo-
sures, especially among never- and long-term former smokers. Few studies have 
directly assessed the relationship between ambient PM2.5 and lung cancer among 
never-smokers. In the AHSMOG-2 Study, an increased risk estimates of lung cancer 
were observed for each 10  μg/m3 increment in ambient PM2.5 concentration 
(RR,1.43; CI, 1.11–1.84) [19]. The estimate was higher among those with longer 
residence at enrollment address and those who spent more than 1 hr/day outdoors. 
A recent Canadian study confirmed the association between lung cancer incidence 
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and long-term exposure to PM2.5, even at lower concentration such as those cur-
rently found in Canadian cities and lung cancer [20]. In this study stratified analyses 
suggested increased PM2.5 risks were limited to those who smoked cigarettes.

Nitrogen oxides (N0x) and N02 are gaseous pollutants used as markers of traffic 
exposure in epidemiological research. The IARC WG found there was a suggestion 
of increasing risk with increasing levels of exposure to NO2 and/or NOx, but results 
were inconsistent. Recently, two meta-analyses evaluated the association between 
traffic-related AP and lung cancer. The first included 36 studies and found expo-
sure to NO2 (RR, 1.06; 95% CI, 0.99–1.13), NO (RR, 1.04; 95% CI, 1.01–1.07), 
SO2 (RR,1.03; 95% CI,1.02–1.05), and fine PM (RR, 1.11; 95% CI, 1.00–1.22) 
were positively associated with a risk of lung cancer. Occupational exposure to AP 
among professional drivers significantly increased the incidence (RR, 1.27; 95% CI, 
1.19–1.36) and mortality of lung cancer (RR, 1.14; 95% CI, 1.04–1.26) [21]. Also 
the second meta-analysis on studies focused on NOx and NO2 found consistent 
evidence of a relationship between NO2, as a proxy for traffic-sourced AP exposure, 
and lung cancer [22]. These two meta-analyses support the IARC classification of 
outdoor AP and particulate matter as Group 1 carcinogenic drawing particular atten-
tion to traffic-sourced AP. Most studies on the association between traffic diesel 
exhaust exposure and lung cancer suggest a modest, but consistent, increased risk 
[23]. A very large pooled study on 13,304 lung cancer cases and 16,282 controls 
from 11 case–control studies conducted in Europe and Canada showed a small, con-
sistent association between occupational exposure to diesel motor exhaust and lung 
cancer with an odds ratio of 1.31 and a significant exposure–response relationship, 
after adjusting for potential confounders, such as smoking and other occupational 
exposures. The effect is similar for non-small cell and small cell lung carcinoma.

A systematic review analyzed the association between professional drivers and 
lung cancer, taking into consideration the potential confounding effect of cigarette 
smoking [24]. The search interested all published cohort and case–control studies in 
English from January 1996 to January 2011. A total of 19 studies were included in 
the meta-analysis, and a significantly increased risk of lung cancer (pooled smoking- 
adjusted RR, 1.18; 95% CI, 1.05–1.33) among professional drivers was observed. A 
higher pooled RR was observed among smoking-adjusted studies reporting 10 years 
or longer of employment (RR, 1.19; 95% CI, 1.06–1.34) compared with the study 
reporting shorter duration of employment (6 years; RR 1.00; 95% CI, 0.92–1.09). 
The IARC WG believes that, while not definitive in themselves because of many 
limitations, the findings of occupational cohort studies suggesting an association 
between professional driving and risk of lung cancer are supportive.

Cohort and case–control studies and meta-analyses involving millions of sub-
jects and many thousands of lung cancer cases in different parts of the world consis-
tently showed an association between exposure to outdoor AP and the risk of lung 
cancer, in both sexes and after adjustment for the main potential confounders. The 
association was present in almost all studies that specifically investigated the asso-
ciation of lung cancer and outdoor AP among never-smokers. Positive exposure–
response relationships were reported in several studies.

It is useful to note also that an epidemiological study involving 352,053 patients 
with newly diagnosed lung cancer during 1988–2009, ascertained by the California 
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Cancer Registry, after adjusting for histology and other potential confounders, sup-
ports the hypothesis that AP exposures could also shorten survival in patients with 
lung cancer diagnosis [25].

24.4  Cancer of the Urinary Tract

Compared with studies focusing on lung cancer, the IARC WG found a limited 
number of studies considering cancers of the urinary bladder as an outcome of 
exposure to outdoor AP. Seven studies with cohort or case–control designs directly 
evaluated the association of cancer of the bladder with measurements of exposure to 
outdoor AP, traffic, or traffic fumes. In several studies, some of which adjusted for 
tobacco smoking, an increased risk of bladder cancer was associated with these 
exposure metrics. Several studies also demonstrated a higher risk among people 
who were occupationally exposed to potentially high levels of outdoor AP after 
accounting for tobacco smoking. Since these studies involved occupations (specifi-
cally taxi, bus, and truck drivers) as surrogate indicators of exposure to outdoor AP, 
but specific air pollutants were not measured, they were not placed as much weight 
by the IARC WG.

24.5  Other Tumors

The IARC WG also reviewed in detail studies of breast cancer, leukemia and lym-
phoma, and several other cancers. The evidence of carcinogenicity for these sites 
was based on a relatively small number of informative studies, and the observed 
associations were inconsistent. A recent study carried out on the Danish population 
found an association between long-term exposure to traffic-related AP (evaluated as 
long-term NOx and NO2 exposure) and acute myeloid leukemia in the general pop-
ulation, but not for other subtypes of leukemia [26].

As for the association between AP and childhood cancers, the IARC WG could 
not rule out weak associations with childhood leukemia and in particular with acute 
lymphoblastic leukemia. Some of these were reported in studies that were informa-
tive because they were large, were population-based, used incidence as the end 
point, used validated exposure assessment methods, had no potential for recall bias, 
and had no or limited potential for selection bias. Although the associations with 
childhood leukemia were suggestive, they were inconsistent.

24.6  Effects of Air Pollution Control Measures on Lung 
Cancer Incidence and Mortality

Because of progressive evidence of health damage by AP exposure, the World 
Health Organization (WHO) issued over the 1980s the first Air Quality Guidelines 
based on available scientific evidence. These guidelines are an important resource 
for governmental authorities as they develop health-based national air quality 
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management strategies, especially in those countries which lack the necessary sci-
entific infrastructure and resources to conduct their own assessments in support of 
public policy. The WHO has updated its Air Quality Guidelines in 2005 [27] with 
intention to be relevant and applicable worldwide and taking into consideration 
large regional inequalities in exposures to AP. The guidelines indicate that by reduc-
ing particulate matter (PM10) pollution from 70 to 20 μg/m3, AP-related deaths can 
be cut by around 15%.

In North America and Europe, concentrations of major pollutants such as PM, 
NO2, and SO2 have decreased substantially in the past 30 years [28]. Instead, in 
many developing countries, concentrations have increased with rapid economic 
development. The decrease in lung cancer incidence and mortality observed in the 
last two decades in many countries is attributable to the overall reduction of the 
tobacco smoking. At present there are few studies that have evaluated the impact of 
the AP reduction on the lung cancer incidence and mortality. Reasons of this mainly 
depend on the need to conduct observations over long periods of time and the need 
to consider the influence of confounding factors, first of all the tobacco smoking. 
The extended follow-up of the Harvard Six Cities study [29], one of the pioneer 
studies on AP impact, carried out from the mid-1970s until 1990, reported that an 
improved overall mortality was associated with decreased mean PM2.5 (10 μg/m3) 
between studied periods (RR 0.73; 95% CI, 0.57–0.95). This reduction was observed 
specifically for deaths due to cardiovascular and respiratory disease and not from 
lung cancer, a disease with a longer latency period and less reversibility. These find-
ings led the authors to speculate that the mortality effects of long-term AP may be 
at least partially reversible over periods of a decade. Similar predictions are also 
spring from the “Ringland project” in the city of Antwerp, Belgium; this project 
plans to reduce PM 2.5 exposure of the urban population putting the entire urban 
ring road into a tunnel and thus filtering AP. The model predicts changes between 
−1.5 and +2 μg/m3 in PM2.5 within a 1.500 m radius around the ring road, for the 
“filtered tunneled ring road” scenario as compared to an “open air ring road” [30]. 
Although the expected change in PM2.5 and NO2 by covering the entire urban ring 
road is associated with considerable health gains for the approximate 352,000 
inhabitants living in a 1.500 m perimeter around the current open air ring road, the 
estimated decrease in lung cancer mortality and decline between the filtered tun-
neled ring road versus open air ring road were of borderline relevance.

On the other hand, a possible positive impact on lung cancer incidence has been 
reported by a quasi-experimental study in Tokyo that evaluated the effect of a diesel 
emission control ordinance introduced in 2003 on mortality rates in 23 wards of the 
Tokyo metropolitan area, from October 2000 to September 2012. Comparison was 
made taking into account change in mortality rates in a reference population with 
the introduction of such a regulation in 2009. The study reported that a decline in 
PM2.5 was associated with percent changes in mortality between the first 3-year 
interval (October 2000 to September 2003) and the last 3-year interval (October 
2009 to September 2012) of −6.0% for all causes and −4.9% for lung cancer in 
particular, suggesting that emission control was associated with improvements in 
both air quality and health outcomes [31].
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The importance to maintain PM under WHO limits is underlined by a recent 
Italian study that estimated the dose–response relationship between female lung 
cancer mortality and available long-term outdoor PM10 concentrations for all the 
Italian province capital city municipalities in the period 2000–2011, considering 
percentage of smokers and deprivation index as additional explanatory variables. A 
rough estimate of the impact of PM10 exposure at level above the WHO guideline 
value of 20 μg/m−3 is between 2920 and 3449 lung cancer deaths out of 22,162 
(13–16%). Maintaining the PM10 concentrations below such WHO recommenda-
tion, an overall saving of nearly 300 lung cancer deaths per year in a population of 
8,146,520 women has been evaluated [32].

 Conclusions
On the basis of large epidemiological, case–control, and cohort studies evalu-
ated by IARC WG as well as the studies on animal models and meta-analyses, 
there is clear evidence that living in places with high levels of particulate AP 
confers an increased risk of developing lung cancer. The carcinogenic effect of 
AP on the respiratory system is independent from the tobacco smoking having 
manifested also in the exposed population of non-smokers. The Global Burden 
of Disease collaboration estimated cancers of the trachea, bronchus, or lung 
represent approximately 7% of total mortality attributable to PM2.5  in 2010 
[6]. Various studies demonstrate the existence of a dose–response relationship 
between AP exposure and lung cancer, and at the same time, there are data 
demonstrating the lack of any threshold for PM below which there is no risk 
for lung cancer. These findings support the WHO view that public health ben-
efits will result from any reduction of PM concentrations, whether or not the 
airborne levels are above or below the limit values. Most sources of outdoor AP 
are well beyond the control of individuals and demand action by cities, as well 
as national and international policymakers in sector like transport, energy waste 
management, buildings, and agriculture.
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25.1  Introduction

Evidences linking air pollution exposure to woman health are growing. Although 
respiratory and cardiovascular systems are the most frequently affected by the expo-
sure to air pollution, recent studies showed that common air pollutants could also 
affect both reproductive health and pregnancy outcomes. In fact, ambient air pollu-
tion can be deleterious both to fertility and pregnancy outcomes [1], but it seems 
also to be associated to higher risk of malignant and benign gynecological 
diseases.

These results are derived from animal studies but also from several epidemio-
logical investigations that suggested the detrimental effects of air pollution on 
reproductive health. Anyway, some limitations of these studies should be acknowl-
edged as there are still few evidences of the biological mechanisms and limited 
available information on personal exposures both for duration and molecules [2, 3]. 
It should also be considered that these studies often have different study designs and 
discordant evaluation of confounding variables (e.g., lifestyle, genetic factors, 
socioeconomic conditions, etc.).

Future toxicological and clinical studies are mandatory to confirm previously 
hypothesized associations and to clarify the mechanism involved. They should be 
also useful in identifying which subgroups of population are most prone to air pol-
lution exposure.
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In the following chapter, we will analyze the major epidemiological and experi-
mental evidences regarding the association between exposure to common urban air 
pollution and women reproductive health.

25.2  Breast Cancer

25.2.1  Introduction

Breast cancer (BC) is the most common female cancer worldwide with nearly 1.7 
million new cases diagnosed in 2012, and it represents about 12% of all new cancer 
cases and 25% of all cancers in women [4, 5]. BC rate increased in the last decades 
in developing countries [6–8], and it represents the second cause of death in several 
countries [5].

The main risk factors for BC [9] are thought to be genetic mutations, family his-
tory of cancer, lifestyle, and reproductive history; anyway, these risk factors can be 
held responsible only for 30–40% of new cases of BC [10].

In general, BC rates are quite different in developed countries when compared to 
developing countries [6, 11], and they are greater in white European women and 
lower in East Asian populations [12, 13]. The geographic location is a strong predic-
tor of the incidence of BC as the highest rates are observed in urbanized areas [14, 
15], and it has been associated with the western lifestyle [15, 16]. Many studies 
suggested that BC rates are greater in urban areas also after adjusting for multiple 
confounders and for known BC risk factors [17, 18].

Being born, but not living, in an urban area in 1900 was associated with an 
increased BC risk [19]. Another study, conducted in Australia, did not find any sta-
tistically significant difference in BC when comparing rural to urban areas [20]. It 
should be considered that several studies linking BC to urban or rural settings did 
not make adjustment for BC individual risk factors such as reproductive and life-
style factors.

Chen and Bina [21] reported that the long-term trend of female BC in the United 
States and in some European countries had the same trend of NO2 or NOx emission 
assuming that the observed differences in BC rates were related to industrialization 
as the risk was higher in industrialized countries (Fig. 25.1).

25.2.2  Breast Cancer and Air Pollution

Exposure to traffic-related air pollution is ubiquitous and it is linked to a wide range 
of chronic diseases.

Little is known about the role of air pollution in cancers of reproductive system 
as few studies have been performed, and they are limited by difficulties in the 
assessment of long-term exposures and of other confounding factors like exposure 
to other known carcinogens in food and water.
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Recently outdoor pollution (e.g., diesel and gasoline exhaust) has been classified 
as carcinogenic for humans by the International Agency for Research on Cancer 
(IARC, [22]).

Rudel et al. [23] has made a report that identified many chemicals, including air 
pollutants, as associated to an increase in mammary gland tumors in the animal, but 
few studies have examined the relationship between air pollution exposure and risk 
of BC in humans. Two case-control studies [24, 25] found some evidence for an 
association, but they did not evaluate specific compounds.

An ecological study [26] explored the association between some industrial 
chemical plus metals and BC failing to find an increased personal BC risk.

Though epidemiological data are limited, there is growing evidence that air pol-
lution, both from industrial source and traffic emissions, could be involved in BC 
risk [27]. Recently many studies have hypothesized that environmental exposure is 
related to an increased trend in mobility and mortality of BC too [22, 28].

In particular, some studies have shown a positive association between long-term 
exposure to air pollution and incidence of BC [29–31].

Others several studies have shown an influence of air pollution on BC risk [21, 
32] particularly if this occurred in early-life periods [24, 31]. Some authors have 
stressed the importance of early exposure of traffic-related pollutants in risk of 
BC.  Furthermore, it is known that the time of menarche is associated with an 
increased risk of premenopausal BC, while the age at the first delivery is associated 
to an increase in postmenopausal BC risk [31].

In a prospective study, Binachon et al. [19] reported an association between BC 
and being born in an urban area but no association with the residence in urban area 
during adult life suggesting the dangerous effects of pollution exposure in early life. 
Anyway, traffic-related air pollution exposure did not seem to increase breast 
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density as evaluated by mammography, assuming that this is not the mechanism 
through which it increases BC risk [33].

Long-term air pollution exposure could also play a xenoestrogen role increasing 
the possibility to have a BC [30] due to traffic-related particles that have significant 
estrogenic activity [34].

25.2.3  Nitrogen Dioxide (NO2) Exposition and Breast Cancer

It is a marker of traffic-related air pollution.
At molecular level the endogenous nitric oxide seems to play an important role 

in the biology of cancer. In mouse fibroblasts, NO2 has an important effect on the 
promotional phase of neoplastic transformation, and, at low levels, it promotes 
tumor growth, while at higher levels it has a cytotoxic effect on malignant cells [35]. 
In addition, peroxynitrite and nitric oxide, both in vivo and vitro [36], seem to be 
able to suppress DNA repairing system. In human BC, NO2 could have a carcino-
genic role through DNA damaging.

Crouse et al. [29] reported an association between the incidence of postmeno-
pausal BC and exposure to ambient concentrations of NO2.

Hystad et al. [37] found, in a large case-control study (3310 invasive, primary 
breast cancer), a positive association between BC incidence and several measures of 
long-term exposure to ambient NO2 mostly among premenopausal women.

In a systematic review and meta-analysis in 2016, Keramatinia et al. [38] evalu-
ated the association between NO2 and BC concluding that there is a tendency 
toward a weak association between NO2 exposure and BC at an individual level, 
while there is a significant association at aggregate level.

25.2.4  Particulate Matter (PM) Pollution and Breast Cancer

PM is a complex mixture of extremely small particles and liquid droplets that get 
into the air.

Bonner et al., in a population-based case-control study, showed that early-life 
exposure to PM doubled the risk of BC (OR, 2.42) [24].

In a large prospective study (3416 cases of BC), the relationship between PM 
concentration and the distance to main roadway with the incidence of BC [39] was 
evaluated, and the author reported that living near (<50 m) the traffic way was asso-
ciated with an increase in BC risk.

The risk is increased for long-term exposure (10  years before diagnosis) in 
women living in China in high-pollution areas [40]. Long-term exposure to PM may 
contribute to the development of BC through the role of xenoestrogens [40, 41].

Reding et al. [42] after an analysis of 47,591 women from the sister study cohort, 
suggested that there is no substantial increase risk for BC if PM2.5 and PM10 are 
considered associated to NO2 overall, but NO2 alone may individually affect BC 
risk, particularly ER- and PR-positive BC.
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Tagliabue et al. [43] in a retrospective study on 2021 BC cases with 7 years of 
follow-up reported that the mortality from BC increased with PM2.5 exposure, but 
some limitation of this study should be acknowledged such as possible lifestyle fac-
tors and comorbidities and that the exposure was assessed only in the area 
(10 × 10 km) surrounding the residence of the women making impossible to know 
the real exposure.

25.2.5  Polycyclic Aromatic Hydrocarbons (PAHs)  
and Breast Cancer

Sources for PAHs can be both outdoor and indoor, such as active smoking and resi-
dential environmental tobacco smoke, diet (grilled/smoked meat), indoor-wood- 
burning stove and fireplace, and vehicular traffic.

Hung et al. [44] demonstrated that mortality from BC in Taiwan is correlated 
with PM10 and PM5 levels suggesting that PAHs contained in PM2.5 could have a 
role in BC evolution.

White et al. [45, 46], in a population-based case-control (1508 BC cases/1556 
controls) study, evaluated the relationship between exposure to multiple sources of 
PHA and BC incidence, concluding that mostly indoor sources were associated to a 
30–50% increase in BC incidence. The potential biologic mechanism for the associa-
tion PAHs and BC [45, 46] could be the abnormal methylation. Furthermore, it 
should be underlined that these particles can have estrogenic action and when inhaled 
they can directly enter the systemic circulation bypassing hepatic metabolism [47].

25.2.6  Bisphenol A and Breast Cancer

This compound can be found in the indoor air environment due to its semi-volatility. 
It is a typical endocrine disruptor, and it can stimulate the epithelial-mesenchymal 
transition of ER-breast cancer cells with downregulation of several genes including 
FOXA1 that is a determinant key of endocrine response [48] or inducing expression 
of HOXC6 that promotes tumor growth factors [49].

Matsumoto et al. in 2005 [50] demonstrated that BPA can be found in the urban 
outdoor pollution with seasonal variations, increasing from autumn to winter and 
decreasing from winter to spring. It represents the main contributor to the estrogenic 
activity in the organic extract from the air particulate.

25.3  Gynecological Cancers

Few data are available regarding the association between air pollution and gyneco-
logical cancers.

Globally, ovarian cancer is the sixth most common cancer among women. The 
annual incidence rate differs among geographic areas. High rates are reported in 
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Scandinavia (15/100000), intermediate rates (10/100000) in Northern America and 
Western Europe, and low rates (3/100000) in developing countries and Japan [15]. 
In high-incidence areas, lifetime risk for a woman to develop ovarian cancer is 
1–2%. The prognosis is poor, with 5-years survival rates less than 40% mainly due 
to advanced stages at the diagnosis. Annually more than 100,000 women are esti-
mated to die from the disease [51].

Up to now, little is known about the etiology of ovarian cancer [52], but some 
factors such as family history of breast or ovarian cancer (5–10% of ovarian can-
cers), reproductive factors such as age at menopause, and infertility are involved, 
whereas pregnancy, tubal ligation, and hysterectomy reduce risk. Oral contraceptive 
use has clearly been shown to be protective. Lifestyle factors such as obesity and 
diet may affect ovarian cancer risk.

While cigarette smoking has been clearly documented as a causative factor for 
other gynecologic cancers, the relationship between smoking and ovarian cancer is 
not so clear, and evidences from many studies are still lacking. Because of the 
marked influence of hormones and reproductive factors, it is possible that endocrine 
disruptors may have an impact on the risk of ovarian cancer. Even if available stud-
ies are still limited, there is growing evidence that environmental (e.g., to talc, pes-
ticides, and herbicides) and occupational exposure could increase the risk of ovarian 
cancer [53].

Iwai et al. [41] in a cross-sectional epidemiological study evaluated the annual 
statistics of life expectancy in Japan and air pollution, demonstrating a significant 
increase in mortality rates for breast, ovarian, and endometrial cancer. In this study, 
breast, uterine, and ovarian cancer correlated significantly with PM levels and in 
particular with PM2.5. Uterine cancer was further divided into cervical and endo-
metrial cancer, as they differ in pathogenesis. After this subgroup analysis, cervical 
cancer showed no correlation to air pollution, while endometrial cancer had a sig-
nificant correlation with PM/PM2.5 levels.

Recently, in Taiwan, Hung et al. [44] showed that women living in areas with 
high levels of PM2.5 had a significantly increased risk of death from ovarian 
cancer.

Occupational epidemiologic studies reported, in women working in the printing 
industry, a strong association with excess risk of ovarian cancer diagnosis [54, 55].

Cervical cancer is considered as the third most common female malignant dis-
ease during childbearing years (20–49 years) [56].

The role of human papillomavirus (HPV) infection is well known as a necessary 
cause in the development of cervical cancer; however, many women infected with 
HPV do not necessarily develop cervical cancer. For this reason, other factors have 
been associated to cervical cancer development, such as lifestyle factors, sexual 
behavior, tobacco smoke, oral contraceptives use, high parity, and co-infections 
such as human immunodeficiency virus infection. These findings suggest a hypo-
thetic role of both genetic and/or environmental factors [57].

It is difficult to establish the link between environmental factors exposure and 
cervical cancer mainly because of confounding factors. Some studies have indicated 
that environmental exposure to chemicals could increase the risk of cervical cancer 
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and that certain groups of women may be especially vulnerable to these environ-
mental risk factors (occupational and domestic settings and general ambient envi-
ronment). In particular, two chemicals, trichloroethylene and tetrachloroethylene, 
have been demonstrated to have a potential association to cervical cancer [58].

Ma et al. [59] revealed that nanomolar concentrations of bisphenol A (BPA) are 
significantly able to promote the in vitro migration and invasion of cervical cancer.

Raaschou-Nielsen et al. [60] performed a study on 54,304 subjects exposed to 
different levels of air pollution, collecting records of 21 types of cancer over a 
period of 10 years. People who lived in areas with higher levels of pollution (con-
centration of NOx molecules) had elevated rates of cervical, brain, and lung can-
cers. The authors concluded that airways were certainly the primary target organs, 
but evidence from experiments in animals confirmed that ultrafine particles can 
migrate to other organs through the bloodstream causing carcinogenesis. Anyway, 
up to now, the association between high automobile traffic and increased rates of 
cervical cancer is not explained by any known mechanism. Raaschou-Nielsen 
pointed out that there may be a possible higher HPV infection prevalence in women 
living in areas with heavy traffic and air pollution.

The first study in a multiethnic sample of women to evaluate the association 
between exposure to traffic-related HAPs and cervical dysplasia prevalence [61] 
suggested that women with high residential exposure to benzene, DPM, or PAHs 
have an increased prevalence of cervical dysplasia compared to women with rela-
tively low exposure to these pollutants. Anyway, it should be considered that traffic- 
related HAPs, such as benzene, DPM, and PAHs, are not as well-regulated and 
monitored as other air pollutants (e.g., ozone), underscoring the need for studies 
evaluating the potential effects of these molecules on disease risk.

Further research is also needed to determine whether it was the air pollution 
itself or some related factor that caused higher rates of cervical cancer [61]; this will 
help us in identifying novel risk factors that may contribute to cervical disease in 
conjunction with HPV infection. These new findings may also be important in the 
future for cervical cancer prevention.

25.4  Benign Gynecologic Diseases

25.4.1  Endometriosis

Endometriosis is defined as the presence of endometrial-like tissue outside of the 
lining of the uterus. This condition can be either asymptomatic or usually character-
ized by menstrual related pain and pelvic pain of variable severity.

The prevalence of endometriosis varies by population and method of diagnosis 
from 4% to 50% [62]. The prevalence of undiagnosed endometriosis of all stages in 
the general population is believed to be 11% while the likely prevalence of severe 
endometriosis is less than 2% [63].

Several risk factors have been proposed as contributors to endometriosis devel-
opment and to disease severity, including anatomic, anthropometric, hormonal, 
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immunologic, inflammatory, and genetic factors [64, 65]. Inflammatory markers are 
elevated in women with endometriosis [66], but this state of inflammation can be 
considered both as a result or as a promoter of the disease [67].

Traffic-related exhaust (diesel and nondiesel) and particulate matter (PM) 
through the bloodstream can deposit in peripheral tissues where they promote local 
and systemic inflammation [68, 69]. In particular, PM of smaller sizes, such as those 
≤2.5 μm in diameter (PM2.5), can cross the bloodstream more easily than PM of 
greater sizes. Diesel exhaust particles have hormonal activity, presenting both estro-
genic and androgenic activity [70–72]. Exposure to diesel exhaust in utero and in 
the postnatal life has been reported to promote the persistence of endometriosis in 
the rat model [73].

Dioxins, through the aryl-hydrocarbon receptor, and endocrine disruptors found 
in diesel exhaust may influence the local hormonal levels surrounding the lesion of 
endometriosis promoting endometriosis progression [74].

In 2014, Mahalingaiah et al. evaluated 84,060 adult women from the Nurses’ 
Health Study II, and of these 2486 had surgically confirmed endometriosis. The 
author reported no evidence of association between endometriosis risk and distance 
to main roads or exposure to PM (PM2.5, PM10–2.5, or PM10) averaged over fol-
low- up or during the previous 2- or 4-years period during adulthood. To our best 
knowledge this is the only available study about the association between air pollu-
tion and endometriosis. Although this study did not support an association of adult 
exposure to PM with endometriosis risk, more research is needed on air pollution 
exposure during both adolescence and adulthood.

25.4.2  Fibroids

Uterine fibroids, known also as leiomyomata, are hormonally responsive clonal 
tumors present in several women of reproductive age. They can be or not clinically 
significant, causing increase in uterine size, heavy menses potentially leading to 
anemia, pelvic pain, increased urinary frequency, and abdominal pain. Their inci-
dence is approximately 70% in white women and 80% in African-American women 
by the age of 50 years [75].

Several risk factors for leiomyomata have been proposed including genetic, 
 hormonal, lifestyle, and diet factors. Numerous studies have evaluated the role of 
exposure to environmental endocrine disruptors, such as diethylstilbestrol, phenols, 
dioxin, and polychlorinated biphenyls, but no clear relationship has emerged [76, 77].

One study evaluated exposure to polycyclic aromatic hydrocarbons and uterine 
leiomyomata expression of the aryl-hydrocarbon receptor [78]. It is known that 
polycyclic aromatic hydrocarbons are typical components of air pollution, and 
they are well known for their hormonal activity through the aryl-hydrocarbon 
receptor in the animal model. Bidgoli et al. demonstrated that in women living 
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closer to a polycyclic aromatic hydrocarbon producing company, there was a 
greater probability to have uterine fibroids with overexpression of the aryl-hydro-
carbon receptor [78].

Mahalingaiaha et al., in 2014, described that chronic exposure to PM2.5 may be 
associated with a modest increase in risk of uterine fibroids (data from 85,251 
women aged 25–42 at enrollment in the Nurses’ Health Study II) [76, 77].

25.5  Gynecologic Endocrine Disorders

25.5.1  Age at Puberty

Signs of pubertal onset in girls are breast development (thelarche), pubic hair growth 
(pubarche), and later, menstruation (menarche). Epidemiological available data 
showed that the age of pubertal maturation has declined over the past 30 years [79, 
80]. Girls showing significant signs of puberty and its progression at an age that is 
2–2.5 standard deviations (SD) earlier than population norms are considered 
precocious.

Precocious puberty is associated with adverse psychosocial and health outcomes 
later in life, including obesity, depression, and higher risk of breast cancer 
[81–83].

Increases in childhood obesity prevalence can be considered as one of the causes 
of this decline in age of pubertal onset, though human and animal studies conclude 
that the trend cannot be explained only by nutritional status [84, 85]. Some studies 
have reported an association between low birth weight and pollution and early tran-
sition to puberty [86].

Growing evidence suggests that exposure to environmental toxicants during crit-
ical windows of susceptibility may be associated with altered pubertal timing [79]. 
Furthermore, children are more vulnerable than adults to the effects of air pollution 
because they breathe more air per unit of body weight than adults [87], and, some-
times, they spend more time outdoors [88].

Several authors reported a link between endocrine-disrupting chemicals (EDCs) 
and altered pubertal maturation [89].

Polycyclic aromatic hydrocarbons (PAHs) and heavy metals can be present as a 
part of particulate matter typical of air pollution from traffic. PAHs are known estro-
genic and endocrine-disrupting elements, and, in animal studies, they have been 
found to interfere with both reproductive and pubertal development [90]. While 
heavy metal exposure has been associated with delayed pubertal development in 
girls [91].

A recent study analyzed in 437 girls, the relationship between traffic-related air 
pollution and pubertal onset, reporting that girls with higher exposure reached one 
pubertal milestone several months earlier than low-exposed girls [92].
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25.5.2  Polycystic Ovary Syndrome

It is estimated that polycystic ovary syndrome (PCOS) affects 5–10% of reproductive- 
aged females worldwide. The pathogenesis of PCOS is unclear: it has a multifacto-
rial etiology, with both genetic and environmental factors.

Up to now a limited number of studies have explored the connection between 
pollutants and PCOS [93, 94]. Persistent organic pollutants are ubiquitous and can 
accumulate in human organism acting as exogenous endocrine-disrupting chemi-
cals that can interfere with hormonal production and function.

In 2015 Yang et al. [95] reported that in 50 women from Northern China, PCOS 
was significantly associated with elevated serum levels of pollutants, including 
polychlorinated biphenyls (PCBs), organochlorine pesticides, and polycyclic aro-
matic hydrocarbons (PAHs).

25.5.3  Age at Menopause

Age at menopause is determined in part by genetic characteristics, but genetic fac-
tors have been suggested to explain only up to 63% of the variation in menopausal 
age. Several factors have been correlated with age at the menopause with equivocal 
results, such as body weight, alcohol consumption, socioeconomic class, age at 
menarche, menstrual characteristics, parity, and exposure to pesticides [96].

Apart from genes, the most important influence on age of menopause is smoking, 
as the relationship between smoking and decreased menopausal age has been 
observed in several studies. However, a few studies have investigated the effect of 
passive smoking on menopausal age with conflicting results [97–99]. Smoking is 
also associated with modifications in hormonal levels during fertile years and in 
premenopausal years. [100–102].

It is possible that smoke exposure during the intrauterine life may affect the fol-
licle pool and influence menopausal age, suppressing the folliculogenesis or damag-
ing follicles. It has been recently demonstrated that prenatal tobacco exposure was 
associated with telomere shortening in children, and this can affect biological pro-
gramming causing premature aging and increased health risks that can be prevented 
by educating pregnant women to not smoke and motivating smokers to quit in early 
pregnancy [103].

Lutterodt et al. suggest that prenatal smoke exposure may damage somatic cells 
in the developing ovary [104].

Few data are available regarding the association between prenatal smoke expo-
sure and age at menopause: a prospective study reported a modest association 
between prenatal smoke exposure and earlier age at menopause [105] while two 
other studies did not observe any association [101, 106].
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25.6  Fertility and Fecundability

Infertility is a complex situation defined by the incapability to conceive after 1 year 
of attempts (or after 6 months if 35 years old or more). It involves female factors 
(tubal, cervical, uterine, ovarian, and hormonal), male factors, and unexplained 
causes. Worldwide the prevalence of infertility has been estimated to be around 10% 
in the last 20 years. In Sub-Saharan Africa and South Asia an increase of prevalence 
has been recently reported [107]. Infertility has been increasing during recent 
decades, and the most important causes of this increase are changes in lifestyle fac-
tors such as a delay in the timing of motherhood, leading to lower ovarian reserve 
and poorer oocyte quality.

It is known that exposure tobacco smoke is associated with poor reproductive 
outcomes: a longer time to conception and an increase of IVF cycles needed [108–
110]. It is also well established that secondhand smoke causes a reduction in IVF 
success rate in exposed women [111, 112].

Several studies on animals have highlighted the effects of air pollution on fertil-
ity, semen quality, and fertilization success rates in IVF. The relationship between 
ambient levels of air pollution and ovarian function was well characterized in a 
mouse study form Veras et  al. [113], which described increases in estrus cycle 
length thereby resulting in fewer estrus cycles and decreased fertility [113].

Up to now the impact of environmental causes on human fertility has not been 
clearly defined, and few studies have analyzed air pollution impact on female fertil-
ity while numerous reports exist for the effects on male fertility.

Air pollution is believed to influence hormonal activity and to be negatively asso-
ciated with early reproductive outcomes such as fertilization and implantation in 
human IVF [114, 115].

Interesting results are given by studies of air quality in IVF settings. Slama et al. 
in 2013 reported a 22% reduction in fecundability associated with an increase of 
10 mg/m3 in PM2.5 [116]. Another study evaluated the effect of air quality on 7403 
IVF cycles from 2000–2007  in northeastern USA: the author reported that NO2 
concentrations both at the patient’s address and at the address of the IVF laboratory 
and PM2.5 concentrations at the IVF laboratory were negatively associated with 
odds of pregnancy during the IVF cycle but statistically significantly after embryo 
transfer [114].

Another IVF cohort study with male infertility factor in Brazil analyzed the 
city- wide average for PM10, and it reported the association of an increased risk of 
miscarriage with high preconception air pollution exposure but no difference in 
pregnancy rates or clinical pregnancy outcomes [115]. Perin et al. also studied the 
effects of PM10 on embryo quality in women undergoing IVF/ET: the author and 
his group did not observe any significant differences between patients’ 
subgroups.
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In literature, some epidemiological data on the impact of air pollution on fertility 
are available. Nieuwenhuijsen et al. reported a reduction in fertility rate with the 
increase of the census tract levels of traffic-related air pollution (particulate matter 
(PM) and oxides of nitrogen (NOx)) in a cross-sectional study over 1-year period in 
Barcelona [117]. The relationship was stronger when considering particulate matter 
with an aerodynamic diameter between 2.5 and 10 μm (PM2.5–10) that was associ-
ated with a 13% reduction in fertility.

Mahalingaiah et  al. in 2016 [118] evaluated over 213,416 person-years with 
2508 reports of infertility. The author observed an association between all size frac-
tions of PM exposure as well as traffic-related air pollution and incidence of infertil-
ity. This study reported a small increase in risk of both primary and secondary 
infertility in those living closer to a major road and that chronic exposure was more 
important than short-term exposure.

According to Checa Vizcaíno et  al., to clarify data present in literature about 
influence of air pollution on female fertility, it is possible to distinguish four major 
components of traffic pollution hypothetically impairing human fertility:

 1. Particular matter, that is a mixture of solid and liquid particles that remains sus-
pended in the air and vary in size and composition ranging from “respirable” 
particles (2.5 μm, PM2.5) that can cross the bloodstream to “thoracic” particles 
(10 μm, PM10) that can penetrate into the lower respiratory system. PM has been 
reported to be associated with reduced fertility and live birth rates and increased 
risk of miscarriage in IVF cycles.

 2. Nitrogen dioxide is derived from the combustion of fossil fuels in stationary 
sources (heating and power generation) and motor vehicles. NO2 has been asso-
ciated with a significant increase in miscarriage rate, but results for fertility rate 
are inconsistent even if a significant decrease in live birth rates was reported in 
the IVF setting.

 3. SO2 derives from the combustion of fuels containing sulfur. It has been found to 
induce chromosomal aberrations in in vitro studies. It was also associated with 
an elevated rate of miscarriages in the general and in the subfertile population.

 4. Carbon monoxide (CO) derives mainly from industrial combustion, automobile 
exhaust, and cigarettes. Its effect is mediated through its binding to hemoglobin 
forming carbon monoxide–hemoglobin (carboxyhemoglobin), which is more 
stable than oxyhemoglobin and prevents red blood cells from absorbing oxygen. 
It is reported to have a statistically significant association with elevated miscar-
riage rates [119].

 Conclusions

Implementation of industry and vehicular traffic led to a great diffusion of air 
pollution with a major impairment of air quality especially in urban areas over 
the last decades. Air pollution is an environmental contaminant containing thou-
sands of harmful compounds derived from exhaust emissions containing a mix-
ture of gaseous, liquid, and solid substances. In air pollution, a great number of 
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components can be found, such as CO, NO2, SO2, O3, Pb, polycyclic aromatic 
hydrocarbons (PAH), and particulate matter (PM) [120].

Epidemiologic and experimental evidences showed that current levels of air 
pollution have a detrimental role on women’s health and reproduction. Exposure 
to ambient PM2.5 is correlated to increased prevalence of chronic diseases (over 
20% increase) in women in a longitudinal color study [121]. Recent data have 
underlined as common and widespread air pollutants could affect both reproduc-
tive health and pregnancy outcomes. Indoor and outdoor air pollution has been 
associated to higher risk of malignant and benign gynecological diseases. Even 
if further research is needed, traffic-related air pollution seems to be associated 
with an increased risk of development of breast cancer especially in premeno-
pausal women. Furthermore, exposure to toxic air pollution particles can have a 
detrimental role on ovarian function starting from the intrauterine time of life 
both affecting time of puberty and of menopause but also harming the fertility 
potential of women. Air pollutants have been also demonstrated to be able to 
decrease the success rate of IVF techniques.

Actual and previous national choices about energy, industry, and mobility are 
affecting populations, even those who do not use these facilities and that cannot 
participate in decision making. Furthermore, levels of air pollution are particu-
larly high in countries where technologies are still old and where laws to pre-
serve the environment are not applied. For these reasons air pollution levels are 
alarmingly increasing in developing and underdeveloped countries where both 
population density and natality are high. This situation is leading to the exposure 
of a growing number of subjects to the deleterious effects of air pollution both in 
the prenatal period and in childhood and adulthood. Exposures to air pollution 
could have a profound impact on health leading also to an increased burden on 
public health.

The best method to reduce health risks associated with air pollution is to 
implement air quality through national management strategies to meet the air 
quality standards. Human exposure to air pollution should be controlled and 
reduced through better traffic management [122], particularly for young women 
before puberty and for pregnant women [31].

Women living in an environment with high levels of air pollution should be 
informed about health risks for her reproductive system and for her future preg-
nancies and children. These women should be advised to reduce also other modi-
fiable risk factors, for example, improving their lifestyle and diet.

Women should be advised about the deleterious effects of tobacco smoke on 
their reproductive organs both increasing risk of malignant diseases and decreas-
ing their reproductive potential. In fact, both active smoking and secondhand 
smoke play a detrimental role in fertility potential of women starting their effect 
during the intrauterine life and continuing through the entire life. Active strate-
gies should be implemented to reduce tobacco smoke exposition, suggesting 
women to quit smoking and to avoid secondhand smoke in their home, car (even 
with the windows down), workplaces, and children’s schools.
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Further educational interventions should be performed to reduce the exposure 
to indoor pollution sources including changing cooking practices and introduc-
ing smoke-free stoves in poor countries. The reported data underline the urge for 
preventive efforts against the dangerous effects of air pollution through imple-
mentation of public health strategies as soon as possible.
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26Air Pollution Effects in Pregnancy

Lidia La Marca and Giulia Gava

26.1  Introduction

The developing embryo and then fetus is believed to be more susceptible than adults 
to environmental pollutants, and birth outcomes can be impaired by air pollution 
exposure affecting gestational length, fetal growth, and possibly causing miscar-
riage/pregnancy loss and congenital anomalies.

Firsthand smoking in pregnancy has been associated to low birth weight, placen-
tal abruption, and sudden infant death syndrome [1]. Anyway, almost 12.3% of 
pregnant women smokes during pregnancy [2], and globally more than a third of 
women are exposed to secondhand smoke [3].

Up to now, numerous studies have shown associations between exposure to air 
pollutants and negative birth outcomes such as low birth weight, preterm birth, and 
congenital anomalies [4, 5]. Furthermore, it has been hypothesized that air pollution 
molecules inhaled by the mother during pregnancy may lead to health impairment 
later in life for the newborn with possible reduction in lung function, increase in 
respiratory morbidity, and alterations of the immune system [6].

There are growing evidences that common air pollutants can contribute to the 
risks of hypertension, cardiovascular events, and diabetes in adults. Recently, simi-
lar associations have been reported in pregnant women highlighting the increased 
risk of hypertensive disorders and gestational diabetes after exposure to air 
pollution.
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Anyway, though evidences are continuously growing, many questions remain 
unanswered: from available data it is still not clear whether those effects are due to 
a specific molecule or to the interactions of different pollutants. Furthermore it is 
not possible to point out if there is a specific trimester in which the exposure can be 
more harmful to fetal development. The exact mechanism through which maternal 
exposure to air pollution can impair gestational outcomes is still partially unknown, 
even if some authors hypothesized that oxidative stress, inflammation and hemody-
namic changes associated with air pollutants can impair oxygen and nutrient trans-
port to the fetus. For these reasons, despite an ever-growing volume of studies, 
scientific literature regarding this topic is still characterized by enormous heteroge-
neity in designs and settings, sometimes leading to several inconclusive results.

26.2  Spontaneous Abortions and Stillbirth

Spontaneous abortion (SAB) is believed to be the most common complication of 
early pregnancy [7] as it occurs in about 17–22% of all pregnancies [8]. Regarding 
the role of tobacco smoke in SAB risk, several published data are inconsistent, 
although several studies concluded that smoking was associated to SAB; Pineles 
et al. [1] recently reported in their review that active and secondhand smoking are 
associated with increased risk of SAB.

The existence of a possible association between SAB and exposure to outdoor 
pollutants during pregnancy is still unclear, and few studies with inconclusive and/
or conflicting results have been published up to now [9, 10].

Anyway, more recently reports of association between air pollution and SAB are 
growing. Green et al. analyzed the link between annual average traffic within 50 m 
and SAB risk in the general population, and the author did not found any associa-
tion, but he reported a significant negative impact in the African Americans and 
nonsmoker’s subgroups [11]. Further studies underlined that the risk of SAB was 
increased in the general population in association to exposure to high levels of NO2 
and SO2 and coal combustion [12, 13].

The association between spontaneous abortion and seasonal variation of air pol-
lutants in Mongolia has been analyzed, and the author reported a strong correlation 
between air pollution and spontaneous abortion [14].

Recently Di Ciaula and Bilancia [15] analyzed records of SAB from 514,996 
residents, and the authors found a correlation of the mean monthly SAB rate with 
higher PM10 or ozone concentration values even if below the legal limits (particu-
larly if industrial areas were analyzed).

Regarding studies conducted in women undergoing in vitro fertilization, Perin 
et al. reported a significant increase in the rate of SAB in women exposed to higher 
levels of PM10 [16]. Also, Checa Vizcaíno et al. in 2016 reported an increased risk 
of miscarriage following exposition to PM10 and NO2 in the IVF setting and to 
SO2 and CO in the in the general and the subfertile population [125].

Stillborn is defined by the Perinatal Mortality Surveillance Report as a baby 
delivered with no signs of life known to have died after 24 completed weeks of 

L. La Marca and G. Gava



481

pregnancy. Worldwide, it is believed that 2.6 million children were stillborn at 
28 weeks or more in 2015, most of all, in low-income and middle-income countries 
[17]. About one third of stillbirths are small-for-gestational-age fetuses and half are 
unexplained [18]. Half of the stillbirths occur during labor, while congenital abnor-
malities are responsible for less than 10% of stillbirths [17].

Stillbirth is still a poorly understood adverse outcome of pregnancy. Even though 
further studies are needed and some studies reported insufficient evidences [19], 
other studies reported that exposure to ambient air pollution can increase the risk of 
stillbirth. Lacasana et  al. reported a positive even if non-consistent relationship 
between air pollution and stillbirth [20]. More recently Siddika et al. [21] in a sys-
tematic review and meta-analysis suggested an elevated risk of stillbirth in relation 
to air pollution, in particular to mean prenatal exposure to NO2, CO, SO2, PM2.5, 
and PM10. The authors also reported that the effects of SO2, CO, PM10, and O3 
were higher in case of third trimester exposure.

26.3  Preeclampsia and Hypertensive Disorders of Pregnancy

Hemodynamic changes typical of pregnancy lead to a higher stress on the cardio-
vascular system, and women during pregnancy are more susceptible to hypertensive 
disorders [22].

Hypertensive disorders of pregnancy (HDP) are hypertensive disorders typically 
occurring during pregnancy; they include gestational hypertension, preeclampsia 
(PE), and eclampsia and they usually regress after delivery [23].

HDP are the most common and serious complications of pregnancy affecting 
2–10% of women after 20 weeks of gestation [24, 25], and they increase the risk of 
maternal and perinatal mortality and morbidity [24, 26, 27].

HDP have also a high rate of recurrence in subsequent pregnancies: 30–50% of 
women who had HDP in their first pregnancy present another HDP in the second 
pregnancy [28, 29], and these women also have a greater risk of chronic hyperten-
sion, heart disease, or stroke later in life [30–32].

In normal pregnancy, blood pressure starts to decrease during the first trimes-
ter, reaching its lowest point in midpregnancy, and then gradually returns to non-
pregnant levels by the term [33]. Previous research indicates that this pattern is 
different in women who develop gestational hypertensive disorders, as their blood 
pressure is stable during the first half of pregnancy and then continuously increases 
until delivery [33, 34]. Gestational hypertension is defined by the new onset of 
hypertension (systolic blood pressure ≥140 mmHg and/or diastolic blood pressure 
≥90 mmHg) at ≥20 weeks of gestation in the absence of proteinuria or new signs of 
end-organ dysfunction. Preeclampsia is a multisystem disorder characterized by the 
new onset of hypertension and proteinuria or end-organ dysfunction or both in the 
last half of pregnancy. Eclampsia is the occurrence of new-onset, generalized, tonic-
clonic seizures or coma in a woman with preeclampsia [25]. The etiology of HDP 
is complex and remains largely unknown. Obesity, multiple gestation, low parity, 
abnormal placentation, damage to blood vessels, inflammation, oxidative stress, and 
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immunological changes are believed to increase blood pressure and to contribute to 
the development of hypertensive outcomes [24, 35].

Environmental exposure to ambient air pollution has been reported to contribute 
to the risks of hypertension and other cardiovascular events in adults and elderly 
[36–39].

Recently, reports of association between air pollution exposure during pregnancy 
and increased risk of HDP are growing [40–42] although the association with PE 
was not confirmed by some studies [43, 44].

Olsson et al. [45] reported a strong association between high levels of nitrogen 
monoxide (NO), used as marker of traffic pollution, and HDP in women who did not 
change their address during pregnancy. van den Hooven et al. [42] pointed out that 
the exposure to higher PM10 levels but not to nitrogen dioxide (NO2) was associ-
ated with an increased systolic blood pressure during pregnancy and with an 
increased risk of gestational hypertension and early symptoms of PE.

Up to now, several studies have reported positive associations between PE and 
air pollutants including nitrogen oxides (NOx), NO, NO2, carbon monoxide (CO), 
ozone (O3), PM2.5, and PM10 [46–48], but others have reported no association 
with PM2.5 or CO [44], with PM2.5 and PM10 [43], and inconclusive findings for 
PM10 and NO2 [42].

To live in proximity to roadways is a risk factor [49–51]; moreover, the risk of 
PE and HDP in pregnancy is increased by the exposure both to ambient air pollution 
and noise [52].

Regarding the time of exposure, there is a statistically significantly increased risk 
of HDP in relation to CO, NO2, and SO2 during the entire pregnancy [53]; in rela-
tion to NO2, SO2, and CO2 [53, 54]; and in relation to PM2.5 both during the first 
trimester [54] and the entire pregnancy [53]. Olsson et al. [45], in a large European 
study, pointed out that the worst period to be exposed to O3 is the first trimester of 
gestation; for Rudra et al. [44], the evidence is for a weakly association between 
eclampsia and exposure to CO2 during the first 7 months. Exposure to PM10 and 
O3 ([42]) and to PM10, PM2.5, and O3 during the first trimester [43] was associated 
with HPD. Exposure to air pollution 4 h before delivery can also influence blood 
pressure at the time of admission in the hospital [55].

Traffic-related air pollution significantly increases the risk of late-onset (after 
34+0 weeks of gestation) PE, and it has a potential relationship with an increased 
severity of PE defined by the author as hypertension over 160/110 mmHg and pro-
teinuria above 0.5 g/24 h, neurological symptoms, renal failure, or HELLP syn-
drome [48].

Moreover, the association between NOx exposure and PE was found statistically 
significant in a population exposed to air pollution levels below those recommended 
by the current air quality guidelines [56].

Recently Pedersen et al. [57] published a systematic review and meta-analysis 
based on 17 papers evaluating the exposure to ambient air pollution (NO2, NOx, 
PM10, PM2.5, CO, O3) and HDP. Even if few studies evaluated traffic density and 
the proximity to major roads, which can be used as an indicator of air pollution, this 
meta-analysis showed an increased risk of HDP in association to exposure to all 
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pollutants. Furthermore, several studies reported that traffic-related air pollution is 
associated with endothelial dysfunction that is a potential predictor of PE [42].

Not only higher levels of PM10 and PM2.5 were positively associated with HPD 
but also neighborhood deprivation and social stress [47], lower socioeconomic 
groups, or previous circulatory or respiratory diseases. The effects were more evi-
dent in younger women (<20 years) or older than 40 years and in women with pre- 
existing or gestational diabetes [58].

It has also been estimated a 10% increased risk in asthmatic women exposed to 
CO during the second trimester and to NOx and SO2 during the first trimester of 
pregnancy, suggesting the major vulnerability to air pollution of women with 
asthma [59].

In conclusion, even if the evidence of the association between air pollution and 
HDP is growing, it is still limited. Most of the studies rely on crude assessment of 
exposure and on scarce information regarding potential confounders and the time of 
exposure. In fact, a large number of epidemiological studies from different part of 
the world have reported different results with respect to significant pollutants and 
time widow of susceptibility [46, 51, 56, 58, 60–62]. It should also been taken into 
account that some pollutants have a large temporal variation and that the approach 
to estimate pregnant women’s exposure was often different.

26.4  Gestational Diabetes Mellitus (GDM)

GDM is a glucose intolerance first diagnosed during pregnancy. It affects 2–6% of 
pregnant women worldwide and 10–20% of pregnancies in high-risk populations 
[63]. Pregnancies affected by diabetes are characterized by a greater risk of adverse 
gestational and perinatal outcomes such as fetal hypoglycemia and birth trauma to 
both mother and infant. Furthermore, both women with a previous GDM and chil-
dren born from a diabetic mother are at greater risk of type 2 diabetes development 
later in life [64]. Known risk factors for GDM are obesity, older age, and family 
history of type 2 diabetes. Anyway, in about half of women with GDM there cannot 
be found any known risk factor, suggesting a role for environmental factors.

PM2.5 exposure in the animal model can induce insulin resistance acting on 
endothelial function and promoting inflammation and oxidative stress [65]. 
Furthermore, several epidemiologic studies have demonstrated an association 
between air pollution exposure and increased risk of type 2 diabetes mellitus in the 
adult [66]. Most of the epidemiologic data regarding the relationship between pre-
natal air pollution exposure and abnormal glucose tolerance in pregnancy showed 
an association even if some studies are not concordant [56, 67–69]. Some other 
studies did not confirm an association [70]; a recent study by Fleisch et al., although 
reporting no relationship between residential PM2.5 exposure and GFM, evidenced 
a correlation between greater exposure to PM2.5 during the second trimester and 
GDM in the youngest [71].

Furthermore, it has been reported that prenatal exposure to endocrine-disrupting 
chemicals can increase the risk of obesity of childhood [72] and that exposure to air 

26 Air Pollution Effects in Pregnancy



484

pollutants in the third trimester is associated to more rapid postnatal weight gain in 
addition to reduced fetal growth [73]. Children born from mothers who lived close 
to a major roadway at the time of delivery was reported to have an increased preva-
lence of markers of adverse cardio-metabolic risk, such as higher total fat mass, in 
early and mid-childhood [71].

26.5  Preterm Birth

Preterm birth (PTB) is defined as birth before 37 weeks of gestation [74]. It repre-
sents a leading cause of infant mortality and morbidity, being also associated with 
adverse effects in child and adult life, such as impaired vision, hearing, and cogni-
tive function, decreased motor function, and behavioral disorders [75].

Many mechanisms have been proposed to explain the increase risk of PTB 
attributed to air pollution: increase of oxidative stress and inflammation [76], 
impairment of placentation [70], and increase of maternal susceptibility to 
infections [77].

Numerous reports of a positive association between PTB and exposure of preg-
nant women to air pollution have been published, but results vary widely among 
studies [45, 78, 79]. Many studies have evaluated the link between PTB and traffic- 
related pollutants or the proximity to traffic sources, and they reported positive asso-
ciations [80, 46, 49, 51]) with few exceptions [81, 82].

Regarding the association between PM and PTB, some studies reported a posi-
tive association [4, 46, 78, 79], while others reported an inverse association [83, 84]. 
Discrepancies can be due to methodological differences, different population sus-
ceptibilities, study settings, and differences in air pollutant molecules considered in 
the analysis. In fact, air pollution composition varies dramatically through seasons 
and setting as it is influenced by the nature of pollution sources. In particular, the 
potential effects of particulate matter (PM) can be mediated by core chemical com-
ponents of PM, such as the elemental carbon and nitrates, or by organic compounds, 
such as quinones, polycyclic aromatic hydrocarbons, or metals [85].

Few studies, performed in the United States, have examined the association 
between PM composition and PTB. The first one was performed in Georgia and 
reported a positive association between PTB and sulfate and water-soluble metals in 
PM2.5, despite a lack of association with total PM2.5 mass [86]. In 2011 a second 
study was conducted in California, and the author found a positive association 
between PTB and organic carbon (OC), elemental carbon (EC), and ammonium 
nitrate in fine PM (PM2.5), even if there was an inverse association with total PM2.5 
mass [84]. On the counterpart, in 2016 Johnson reported that PM2.5 and NO2 were 
not significantly associated with PTB [87]. Recently, Laurent et  al. analyzed the 
relationship between PTB and ultrafine PM (PM0.1) in California over 2000–2008 
and reported that the exposures to both primary and secondary pollutants were asso-
ciated with an increase in PTB [88].

A few studies evaluated the association of PTB to other sources of air pollution 
as oil refineries [89], cement plants [90], or gasoline stations [91] and to exposure 
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to PM from specific sources, such as open-hearth steel mill [92], coal [93], diesel 
[84], or biomass burning [94].

Analyzing the causes of PTB, preterm premature rupture of membranes 
(pPROM), that is, the rupture of membranes before 37 weeks before labor onset, is 
responsible for 1 of every 3 preterm births, and it is associated with significant mor-
bidity for both mothers and newborn, including infection, sepsis, umbilical cord 
compression, risk of placental abruption, and the short- and long-term adverse con-
sequences of neonatal prematurity. pPROM is believed to be caused by pathological 
mechanisms associated with infection and inflammation. In 2016, Wallace et  al. 
analyzed the relationship between mean exposures to particulate matter less than 
10 μm or less than 2.5 μm, nitrogen oxides, carbon monoxide, sulfur dioxide, and 
ozone, among 223,375 singleton deliveries. The author reported that the whole- 
pregnancy exposure to carbon monoxide and sulfur dioxide was associated with an 
increased risk of PROM but not pPROM [95].

Up to now there is still inconsistence regarding the gestational windows of great-
est susceptibility and the specific pollutant most strongly associated with preterm 
birth. Hao et al. in 2016 analyzed 511,658 births in Georgia, reporting trimester- 
specific and total pregnancy associations for several pollutants. In particular, all the 
traffic-related pollutants (carbon monoxide, nitrogen dioxide, PM2.5 elemental car-
bon) were associated to PTB [96].

26.6  Low Birth Weight

Low birth weight (LBW) neonates are defined by WHO as newborns with a weight 
at birth of less than 2500 g, and this condition is a major public health problem 
worldwide especially in low- and middle-income countries [97].

The prevalence is estimated to be 15% worldwide with a range of 3.3–38% [98]. 
LBW babies are approximately 20 times more likely to die than heavier babies, and 
this is an indicator of a wild range of future poor health outcomes in terms of mor-
bidity and disability in neonatal, infancy, and childhood resulting in substantial 
costs to the health systems and imposing a significant burden to the society [98].

For these reasons, it was a goal of the 2012 World Health Assembly to reduce the 
number of LBW babies by 30% by the year 2025 [99]. LBW can be caused by pre-
term birth that is the main cause of death, morbidity, and disability, but it can also be 
due to a restriction of fetal growth that is associated with poor growth in childhood 
and with a higher incidence of adult diseases, such as type 2 diabetes, hypertension, 
coronary heart disease, and stroke (also referred to as the “fetal programming” or 
“Barker hypothesis”) [100].

Epidemiological end experimental data regarding effects of air pollution on fetal 
growth is continuously growing. Particles smaller than 1 μm, corresponding to the 
size range of anthropogenic air pollution, can penetrate the alveolar wall and enter 
the maternal bloodstream reaching the placenta and the fetus [101]. Via blood 
stream, those inhaled particles can affect mother and offspring health at the micro-
vascular level in the human and animal model maybe impairing the mitochondrial 
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function [102, 103]. Air pollution, especially ultrafine particles, has been associated 
to  inflammation through oxidative stress.

Epidemiological studies are pointing out the effects of air pollution on birth 
weight [77, 104]. Stieb et al. in 2012 reviewed sixty-two studies reporting that the 
majority of them found a positive association of reduced birth weight and increased 
odds of low birth weight with exposure to carbon monoxide (CO),nitrogen dioxide 
(NO2), and particulate matter less than 10 and 2.5 μm (PM10 and PM2.5). Data 
based on third trimester exposure were precise especially for Co and PM10 while 
were less consistent for outcomes regarding ozone and sulfur dioxide.

Estarlich et al. evaluated the association between exposure to nitrogen dioxide 
(NO2) and benzene, metrics for traffic-generated pollution, and anthropometric 
measures at birth [105]. The author reported that an increase in NO2 exposure was 
correlated with a decrease in birth length and in birth weight.

Similar results were reported in a different birth cohort study in Spain where the 
exposure to NO2 above 40 μg/m3 during the first trimester was associated with a 
reduction in birth length and weight and with a significant decrease in head circum-
ference [60].

Also PM exposure has been linked to similar birth outcomes. It has been demon-
strated that an increase exposition to PM (PM10) and fine PM (PM2.5) during gesta-
tion was associated with an increased incidence of LBW [106, 107]. Another study 
evaluating a 9-years exposure to PM2.5 in the month and the 3 months before birth 
reported that an increase PM2.5 was associated with a decrease in birth weight [78].

Similarly, it was recently reported that body weight at birth was inversely associ-
ated with PM2.5 exposure and that PM2.5 exposure during the first trimester and 
entire gestation period showed a stronger association with baby weight than the 
exposure during the second and third trimesters [108].

Malmqvist et al. recently published the data from the Maternal Air Pollution in 
Southern Sweden cohort: 48,000 pregnancies from an ultrasound database, birth 
registry, and exposure data based on residential addresses [109]. The author reported 
a negative effect of air pollution with a decrease of abdominal diameter and femur 
length and a reduction of birth weight and of fetal growth late in pregnancy in a 
geographic area with air pollutant levels below those suggested by the current WHO 
guidelines.

26.7  Fetal Malformations

Worldwide about 10% of deaths of children under 5 years of age are caused by 
congenital anomalies. The European Surveillance of Congenital Anomalies 
(EUROCAT) (a population-based registry for the surveillance of congenital anoma-
lies in Europe) reported a perinatal death rate of 9.3/10,000 births of all congenital 
anomaly between 2008 and 2012. Among them, 23.7% was due to chromosomal 
anomalies, 22.6% to congenital heart defects, and 17.2% to nervous system anoma-
lies. About half of all congenital malformations are of unclear etiology and are sug-
gested to have multifactorial causes including environmental exposures.
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Numerous studies have investigated the association of congenital anomalies and 
air pollution, but the evidence of the association between ambient pollutants and 
birth defects is still limited.

Gianicolo et al. and Vinikoor-Imler et al. have suggested that maternal exposure 
to air pollution may play an important role in causing birth defects [110, 111]. The 
potential impact of environmental exposures has been reviewed by Chen et al. in 
2012, and the majority of the included studies concluded that exposure to NO2, 
SO2, and PM2.5 increased significantly the risk of congenital heart diseases [112]. 
This meta-analysis included 17 articles evaluating the risk for a variety of air pollut-
ants (SO2, NO2, PM10, PM2.5, CO, and O3) and anomaly defect outcomes, and 
only one significant combination was found: NO2 concentrations were significantly 
associated with coarctation of the aorta.

Farhi et al. in 2014 reported that increased concentration of PM10 and NOx pol-
lutants during the entire pregnancy were associated with a slight increased risk of 
congenital malformation; in that cohort, specific malformations were more often 
evident in the circulatory systems and genital organs [113].

A growing of epidemiologic evidence has suggested a link between ambient par-
ticulate matter (PM) exposure and fetal anomalies especially cardiovascular malfor-
mations. PM with an aerodynamic diameter less than 10 micrometers (PM10) has 
been associated to an increased prevalence of fetal cardiovascular malformations, 
such as ventricular septal defects and pulmonary valve stenosis [114], patent ductus 
arteriosus [115], and multiple congenital heart defects (Agay-Shay et al. [116]). A 
meta-analysis of air pollutant-anomaly combinations found that PM10 exposure 
was related to an increased risk of atrial septal defects [5]. Liu et al. in 2016 reported 
a positive association between maternal exposure to PM10 during the first 2 months 
of pregnancy and fetal cardiovascular malformations [117]. Zhu et al. recently eval-
uated 188,102 live births and reported that exposure to several air pollutants before 
conception and during early gestation was associated with elevated risk for cleft 
palate, while cleft lip associated or not with cleft palate was linked only to precon-
ception SO2 exposure [118].

However other studies failed to demonstrate any association between particulate 
matter and PM10 and cardiovascular malformations [119–121], and no association 
was found between total suspended particles and congenital heart diseases in 
Brindisi, Italy [110].

Positive associations between air pollutants and orofacial defects have been 
reported [122–124], anyway no significant pooled associations were found in meta- 
analyses [5, 112]. The overall absent associations may be due to the heterogeneity 
in outcome and exposure evaluation, confounders, and the small number of studies.

 Conclusions
Adverse pregnancy outcomes, as preterm birth, low birth weight, gestational 
hypertensive disorders, and gestational diabetes, are well-recognized public 
health concern as they can lead to enormous consequences for the children, 
their families, and the community, with a significant short- and long-term bur-
den to the society. Furthermore, it should be accounted that adverse gestational 
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outcomes are more prevalent and sometimes also more severe in low-income 
families and in developing countries.

It is well known that children, elderly, and pregnant women are more vulner-
able to the effects of air pollution. Embryos and fetuses are particularly subject 
to damage from air pollutants given the susceptibility of developing organs. Data 
regarding the potential detrimental effects of air pollution on pregnancy out-
comes are continuously growing, providing quite strong evidences of a negative 
impact. Consistent data from different continents have demonstrated an increased 
risk of negative gestational outcomes in mothers exposed to air pollution. In 
particular, air pollutants have been associated with several adverse birth out-
comes such as preterm delivery, low birth weight and small for gestational age, 
and increased risk for gestational diabetes and hypertensive disorders.

Given these data, it is mandatory to provide pregnant women with available 
knowledge in order to reduce their exposition to known pollutants possibly 
impairing fetal and mother health. Pregnant women should be counseled about 
the importance of quitting smoking and to avoid secondhand smoke.

Anyway further studies are required to know the spatial scale and particular 
windows of vulnerability during pregnancy. Data collection and analysis in this 
field is particularly difficult as measuring systems may differ and components of 
air pollution are numerous, and, even if widespread, they can differ by geography 
depending on local and regional factors such as development, industry, agricul-
ture, and the natural environment. The developing technology in the monitoring 
systems will help in this field enabling more precise data collection and a more 
clear understanding of the link between air pollution and pregnancy outcomes. 
To organize proper prevention measures in the public health system, it is manda-
tory to know impairing molecules, levels of pollutants, windows of greater sus-
ceptibility, and if some pregnant women are more prone than others to the 
damage caused by air pollution.
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27.1  Introduction

Epidemiologic studies have demonstrated that traffic-related air pollutants, often 
indexed by proximity to roadways, have been associated with adverse reproductive 
outcomes [1], childhood cancers [2], and adult mortality [3]. Growing evidence 
suggests similar associations with allergies and asthma [4].

All over the world, the air pollutant causing most deaths is the particulate matter 
with an aerodynamic diameter ≤ 10 μm (PM10). Exposure to PM10 in Europe has 
been associated with increased all-cause, respiratory and cardiovascular mortality, 
but adverse health effects can occur at lower concentrations [5]. This evidence has 
been used to develop air quality standards for health protection [6].

In this work is described an approach model to treat complex events in the indi-
vidual lives, such as complex diseases and the adverse effects caused by pollution, 
starting from an holistic and comprehensive point of view, integrating the science of 
different disciplines and taking advance by the recent technological improvements. 
They affect the way to collect data, to manage it in suitable containers (different 
from the traditional ones) and to impose new methods for the analysis.

The starting point is the availability of huge amount of structured, unstructured and 
in many cases geolocated data; the Internet of Things (IoT) technology has allowed the 
availability (conscious or unconscious, voluntary or involuntary) of data from each type 
of sensors, making in some cases easier the validation of mathematical models; data 
from users (appropriately validated and processed) produces useful information, for 
example, in medicine in which traditional static medical records acquire dynamic func-
tions in order to be compliant with new medical models treating different types of data. 
Localization on the territory of events (natural, anthropogenic, social, connected to the 

mailto:rinaldi8giovanni@gmail.com


496

health) or models allows to study their modification in time and space adding informa-
tion for further analysis or for a better understanding and knowledge. These data that in 
some cases become huge in quantity produce information only if well treated: the usage 
of mathematical models is fundamental to extract information and produce scenarios 
not only for future predictions but also for better understanding the current situation. The 
result of physical events, the overlapping with people’s health status or social events, 
their modification during the time on the territory, the epidemiology analysis and varia-
tion in time and the prediction models from mathematical modelling are more effective 
if represented through maps, if visualisation techniques are used and if innovative 
approaches to information visualisation are proposed.

To explore and understand the complex relationships between the environment 
and health, a range of disciplines must be engaged to bring expertise on discrete 
portions of the project.

Whereas these disciplines are currently handled separately, we propose a coher-
ent and comprehensive production of information in which physicians, policy mak-
ers, modellers and physics and engineers could in a co-production work produce 
real scenarios for improving people’s health and lifestyle.

27.2  Technology for Health and Pollution Monitoring

Environmental Protection Agency (EPA) of the USA (https://www.epa.gov/p2) in 
the official website makes available a set of pamphlets which explain the harmful 
effects of different pollutants on health. According to the American College of 
Cardiology, American Heart Association, American Stroke Association and other 
National Medical Associations, they affirm that pollutants have dangerous effects 
for the health of people and for people suffering of chronic diseases such as cardio-
vascular disease, diabetes, pulmonary diseases, blood cholesterol, asthma and 
chronic bronchitis. Pollutants produce serious effects (https://www3.epa.gov/air-
toxics/3_90_022.html) such as birth defects, kidney and liver damage, skin rash and 
cancer. Pollutants can trigger heart attacks, stroke and irregular heart rhythms espe-
cially in people who are already at risk for these conditions.

But these effects reported by EPA are not new to the medical research. Since the 
early 1990s, there is growing evidence from epidemiological studies of a relation-
ship between air pollution and illness (not only respiratory) and mortality [7].

A substantial number of epidemiological studies report associations between 
mortality/morbidity and air pollution levels [8–10].

At this stage we wonder what are the instruments used to manage information 
related to the effects of pollutants on the patient’s health.

Among the traditional tools used by clinicians to manage personal health infor-
mation, the Electronic Health Record (EHR), we haven’t found any section 
regarding the effect of pollution on the illness or how lifestyles are influenced by 
pollution. This depends also on by a scarce ductility of the traditional EHRs. 
Despite the results of the medical research, it seems that the enhanced effects of 
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pollution on chronic disease or generally on the health of population are not taken 
into account in the practice.

We have also to consider that the home monitoring of chronic disease such as 
cardiovascular disease, diabetes, chronic obstructive pulmonary disease (COPD) 
and others have reached a high level of maturity [11]. A set of instruments for the 
home monitoring for each disease has been realized by the industry, and in real 
cases they are proposed by clinicians and full adopted by patients [12] (in literature 
we have a long list of projects).

For example, for home monitoring cardiac diseases, the tools generally used are 
electrocardiograph, scales, pulse oximeter and blood pressure monitor [13].

Data are collected using a specific device at home (e.g. a PDA) and periodically 
sent to a medical centre where doctors analyse data and continuously keep moni-
tored the health patient state. From the 1990s in the EU, the USA and all over the 
world, a set of project has been implemented with these logics.

The fundamental concept linked to these projects is not only the home usage of 
telemedicine devices but the integration of information in the patient EHR, so that 
the doctor can assess in overall manner the patient’s state of health.

To better evaluate the health status of people suffering from chronic disease 
according to the pollutant effects, we propose to associate to the traditional monitor-
ing tools also methods and tools able to evaluate and monitor the amount of the 
pollutant in the home air. Instruments for monitoring the most dangerous air pollut-
ant are at the moment expensive (the level of SOx, NOx, COx, PMx, VOC, etc. is 
traditionally evaluated in many cities through detection control units placed at criti-
cal points). So we propose two modalities.

The first is the acquisition of a set of tools monitoring also some pollutants at 
home: CO and PM (e.g. two of the most devices sold at present). Today the market 
offers these monitoring instruments at the cost which is around $ 100, but we are 
confident that when the request will rise, the cost will fall. At the moment the real 
market of these tools is the Far East (China above all), also if in the West countries, 
the awareness to know the air condition we breathe is growing. In fact the website 
of EPA proposes a list of current devices for monitoring the air pollution at home 
that are on the market, and people can buy.

Of course these monitoring devices must be connected to the health monitoring 
set in order to send to the medical centre also the data from the air condition.

The second and at this time more realistic method is the indirect analysis per-
formed by models using data from institutional sites.

The Air Quality Index (AQI) is an index for reporting daily air quality. It tells 
population how clean or unhealthy the air is, and what associated health effects might 
be a concern. The importance of AQI for the aims here treated is that it focuses on 
health effects people experience within a few hours or days after breathing unhealthy 
air. AQI can be calculated in different manner by different countries. Generally AQI 
is calculated by a set of major pollutants (in the USA, e.g. it is calculated by 
ground-level ozone, particle pollution, carbon monoxide, sulphur dioxide; see EPA 
website).
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The purpose of the AQI is to help people to understand what local air quality 
means to people’s health.

The AQI levels distinguish the effects for who sufferers of chronic diseases with 
healthy people; what it is dangerous for sick could still not be for a healthy.

In this option we suggest a connection between the centre that calculates the AQI 
level and the individual suffering chronic disease so that the clinical centre which 
evaluates the clinical monitoring data could know in real time the dangerous effect 
on the health caused by the worsening of the conditions of pollution.

In addition to monitoring the air pollution level at patient’s home, we suggest 
also the devices to clean the home air. They must be switched-on when the air pol-
lutant level exceeds the hazard levels for the patient that undergoes an enhanced 
pollution effect. Also in this case, we must note that at the moment, the market 
offers air cleaning devices at relatively high cost; it is around 100/150 $.

This opportunity to know the AQI level can be considered as an alerting system 
in order to know the air pollution level and in order to act accordingly by activating 
air cleaning systems.

Moreover, the effect of the pollution can be more dangerous for people who 
exercise. We know that physical activity is not useful only by healthy people, but it 
is strongly indicated (moderately and at the level recommended for the degree of 
disease that you suffer) to people who suffer from chronic cardiovascular disease 
and elderly.

The same alerting system previously described can be integrated into the exer-
cise bikes and treadmills with the aim to make available the AQI index to people 
exercising in order to know if it is better exercising outdoors or at home.

At last, we want to emphasize that modern technology can modify the approach 
to face the dangerous effect of the pollution to the people’s health, above all for the 
people affected by chronic disease, which may undergo worsening.

In addition to traditional monitoring systems of clinical parameters, we propose the 
acquisition of devices for the measurement of the air quality or alternatively a central-
ized system that communicates to patient the AQI evaluated in the zone in which the 
home is located. This monitoring has the aim to alert patients in order to suggest the 
switching-on devices for cleaning the air. The same type of monitoring can be applied 
to home device for exercise to suggest physical activities at home or outside.

These new devices of alerting, monitoring and air cleaning are enclosed in the 
home automation technology.

But it is worth to note that this proposal makes sense within an integrated system 
in which data can be managed in comprehensive EHR and in which it created a 
network where data about pollutant level are acquired and managed also through 
models and directed to those who need it.

This brief analysis led us to consider also a new model of treating health data.
This new type of information we have documented in pollution related to health 

has created a division between the accumulation of knowledge and the reliable 
delivery of quality healthcare. Present medical records suffer staticity and are inad-
equate to treat different types of information ensuring consistency between the 
information in the capacity of integration and synthesis. Even if EHR managers and 
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developers have tried to improve in timeliness and accessibility of clinical informa-
tion, most tools do not maximize performance at the point of care as, for example, 
data coming monitoring devices and telemedicine systems. EHR development has 
struggled to keep pace with advances in medical knowledge and information tech-
nology, but the results are not convincing. Most EHRs use an encounter-oriented 
ontology similar to the paper chart so replicating many of the paper chart usability 
issues. It can be difficult for clinicians at the point of care to assemble coherent nar-
rative of illness or therapeutic interventions. In particular the ability to manage nar-
rative (retrieve, analyse, treat) becomes important for complex pathologies and 
where social, natural or anthropic events affects the individual’s health. Moreover 
there are a lot of usability barriers such as distributed display screens, poor naviga-
tional aids, cumbersome input dialogs and confusing on-screen tools that affect the 
traditional medical records. But in addition to problems in the representation and 
visualisation of complex data, we want at the moment to focus on the poor tools of 
data acquisition from monitoring devices or telemedicine tools and the difficulty to 
organize data in a coherent manner regarding external events (like pollution level, 
lifestyles, anthropic events). This would allow to produce real health scenarios, per-
sonalized for the patients that suffer illnesses (chronic or not) that live in a place 
with a certain level of pollution, which have a definite genetic predisposition, which 
have certain lifestyle and so on.

The next generation of EHR, according to the challenge described in this work, 
must be sensitive to healthcare’s complex and culturally textured sociotechnical 
systems, seamlessly integrating with legacy information technology and workflow 
process. They must collect, organize and display covering information streams in a 
coherent manner. So we propose that medical data must be treated in a sort of layers 
in order to allow completive views or only extracting information on the layers of 
interests and analysing the correlation between information among the layers.

Consequently, always to meet the challenges that pollution proposes to health, 
the interface must leverage the best of new technology including multimedia, sum-
mative reporting and machine learning.

27.3  Spatial Analysis and GIS: Models in Health Context

What is geographical information system (GIS)? Why can GIS support analysis in 
health context and in a specific way about pollution related problems? GIS is a 
powerful tool that can analyse event located on the territory and how they evolve in 
the time and space. Its fundamental characteristic is the spatial analysis that estab-
lishes a relationship between entity spatially defined with its specific information 
with the purpose of mining and extracting hidden information. Adding the time 
dimension, it is possible to study and predict the temporal evolution of anthropic, 
physical, natural or social events.

One of the important and powerful features of GIS is the capability to organize 
information in logical layers in order to perform analytical and comprehensive 
analysis.
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The breakdown of physical objects in overlapping layers is a facility in order to 
execute mathematical analysis and physical modelling and at the same time to offer 
a graphic representation of the selected events during time.

But in addition to the ability to make visible events located on the territory, it is 
important to note that the GIS tool offers great opportunities to perform modelling 
of events linking different types of data, typically treated through separate tools.

In the health context, spatial analysis performed by GIS tools is not a new disci-
pline. The type of analysis ranges from the localization of health services in order to 
evaluate the location of health facilities in relation to population and how to get 
these services to epidemiological analysis based on the social characteristics of the 
inhabitants and temporal evolution of local changes.

Air quality is important to our health and environment, but sources of contamina-
tion are often difficult to monitor over time and through the changes in the social 
structure, as well as the effects on the population. GIS technology manages statisti-
cal and spatial data to shows the relationship between poor air quality and occur-
rences of deficient human and environmental health. In this way, a GIS aids to know 
the state of population health through the monitoring of pollutant emissions and the 
effects on the population.

GIS has the capability to:

• Examine attributes of individual features or groups of features and their spatial 
relationships to other features.

• Query the underlying data to analyse the region and export selected data for 
manipulation in other software.

• Explore the nature of the data through thematic maps.

The last point seems particularly important because it introduces the concept of 
geospatial visual analytics, a method to facilitate the integration between users and 
data providing tools for dynamic display and suitable visual interaction opportuni-
ties with the data that can support analytical reasoning and the exploration of data 
from multiple user-customisable aspects, for example, in the area of human health, 
surveillance, emergency management and epidemiology [14].

The usage of GIS and spatial analysis technique for the analysis of the air quality 
and the effect of air pollution on the territory is not a new issue [15, 16]. In these 
works GIS was used as analysis tool in which there were integrated algorithms for 
the description of the pollution sources (due to transportation, residential and indus-
trial sector), considering also time modification and meteorological conditions and 
local entities. Emission sources, proximity analysis and environmental sensitivity 
were located and displayed producing different scenarios, current and as a predic-
tion of the effects. This allowed to produce thematic maps showing the overall emis-
sion inventory (e.g. SOx, NOx, CO, VOC, PMx, etc.), to compare directly different 
zones in the area of concern and to identify the critical ones, regarding each single 
air pollutant.

The approach to modelling impact is based on the concept of integration. 
Environmental problems as air pollutant emission analysis are effectively treated 
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through spatial analysis technique, but they also need of modelling, simulator and 
suitable data preparation methods.

Following this pioneering phase (which unfortunately has not always produced 
the desired results in terms of usage of the tools), what is new at present regards 
mainly the increasing of the monitoring station located on the territory.

By leveraging on the availability of accurate georeferenced data, the detection 
units of pollutants are located at strategic points of the city, the forecast models are 
more accurate, and instantly it is possible to obtain the map of pollution sources and 
the dispersion prediction.

Figure 27.1 summarizes in a schematic view the associations between spatial 
analysis tools distinctive of GIS and mathematical models.

These data must be crossed with the population data and the health of the indi-
vidual to assess the personal effects of pollution.

As discussed previously, EHRs with the addition of information about genomics 
and lifestyles contain these personal information.

But again we must note the lack of the use of such tools in practice, integrated 
with clinical assessment tools of disease.

According to the World Health Organization (WHO) “Environmental health 
addresses all the physical, chemical, and biological factors external to a person, and 
all the related factors impacting behaviours. It encompasses the assessment and 
control of those environmental factors that can potentially affect health. It is tar-
geted towards preventing disease and creating health-supportive environments”. 
[17]. The impact of the environment on human health is substantial. According to 
WHO, environmental hazards are responsible for approximately 25% of the total 
burden of disease. WHO also states that as many as 13 million deaths can be pre-
vented every year by making our environments healthier [18].

As we know researchers will continue to explore the complex, multidimensional 
relationships between pollution and disease. Many of the increasing mentions of 
GIS in peer-reviewed health literature will make their way into environmental pub-
lic health practice. A recent Medline search for “geographic information systems” 
from 1990 to 2009 revealed a total of 3621 results.

Due to the considerable impact of environment on human health, we need tools 
which aim to:

• Map the emission sources responsible for pollution (in air, water and soil)
• Evaluate the effect on the population located on the territory according to the 

meteorological conditions and ground structure
• Implement epidemiological analysis and personal health analysis based on the 

individual
• Formulate plans according to forecasts

Sources of pollutants, population with associated services and facilities, meteo-
rological conditions and segmentation of the diseases localized in the territory are 
all physical entities which are possible to georeferencing on virtual layers using GIS 
facilities.
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Mathematical models associated to these features enrich the spatial analysis 
allowing to create models regarding the emission, the forecast of emission and the 
effect on the population exposition during the time.

These information must be associated to the individual medical records.
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They are composed by: data from health events (health services, interventions), 
data from chronic diseases, information from encounters, prescriptions and medicine 
taken, genetics data, lifestyles and in some cases data from monitoring home devices.

At the moment additional GIS models include mostly environmental health sur-
veillance and epidemiology, exposure surveillance, laboratory services (e.g. testing 
for food-borne illnesses, lead), emergency response (e.g. chemical spills) and out-
door air pollution control.

Many researchers and some agencies are focusing on how the built environment 
influences human health and are taking a more active role in land use planning via 
public health impact statements and tools.

Despite extensive data collection, we need further consistent analysis of the links 
between the environmental exposures and health outcomes (such as asthma, birth 
defects, cancers, lead poisoning and myocardial infarctions). GIS starts out as a 
stand-alone analytic tool for environmental health investigation, health planning or 
epidemiologic research, but spatial analysis capability linked to medical records can 
allow deep analysis about the effect of pollution on the individual health and obvi-
ously on the population health.

“Many GIS-based projects have been successful in supporting public and envi-
ronmental health practice, including those investigating toxic exposure, vector- 
borne disease, health information access, and the built environment” [19].

GIS during the last years has proved an essential scientific tool for health data 
processing, analysis of geographical distribution and variation of diseases and map-
ping, monitoring and management of health epidemics.

In the past, GIS has been applied to estimate the spatial concentrations of air pol-
lutants and many epidemiologic studies have adopted GIS to explore the health 
impact of air pollutants on major diseases.

GIS provides tools and capabilities for performing a wide array of activities asso-
ciated with geographic and spatially referenced information. Associating data with 
location optimizes analysis, visualisation and reporting/communication of informa-
tion, thus maximizing the value of the data.

The first step of analysis (as we described) was led in recent years about the map-
ping of pollutants (static or dynamic using dispersion modelling).

In our new model, we suggest some environmental analysis strictly connected to 
the health of population and to the personal health information.

27.3.1  Outdoor Air Quality

GIS technique allows to improve the accuracy of air pollution health impact assess-
ments according to the health need of the population and according to the health of 
the single individuals.

Spatial analysis is performed examining residential proximity to heavy-traffic 
roadways or any harmful emission source and associated adverse health outcomes. 
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Moreover, estimating at what distances the impact of direct source of emission (e.g. 
traffic emissions) on ambient particulate matter (PM) or other pollutants concentra-
tions is significant related to the disease evaluation of the single individual.

Models associated to GIS allow the estimation of daily air pollution concentra-
tions and the consequences on the health of the single patient.

In the same way, estimating exposure to pollutants related to the disease evalua-
tion of the patients suffering of chronic disease allows to extract information on the 
patient’s health, through the correlation of data.

27.3.2  Water Quality

Monitoring naturally occurring contaminants in public drinking water (such as arse-
nic and nitrates) through GIS spatial analysis, allows to identify vulnerable target, 
growth of diseases and the possible effect on the single patient.

Using maps to display oil spill information, coliform levels for beaches, well 
water quality data, etc. allows to visualise the cross action between pollution and 
population, and through integrated models it is possible to build prediction plans 
which take into account the needs of the population and its health.

Moreover, GIS and spatial analysis can be used to track violations, health advi-
sories and reported illnesses that may be related to drinking water or water 
contamination.

Examining relationships between pollutants levels in water or air and various 
cancers is a new method to realize epidemiological analysis based on the analysis of 
natural and anthropic events located on the territory in which people lives, and 
knowing the single medical records of the individuals personalized health analysis 
can be executed.

27.3.3  Toxics and Waste

Controlling and evaluating waste, junkyard and recycling facilities and identifying 
locations where potentially noxious land uses may be having a disparate adverse 
impact on minority and low-income populations provide useful information about 
the health of the people.

Furthermore, conducting surveillance (exposure assessment) for radiation, asbes-
tos particles, radio frequency exposure, etc. using GIS will allow to monitor the popu-
lation exposure and the effect described on the medical records of the individuals.

27.3.4  Health

Spatial analysis allows to examine environmental conditions (level of pollutants, 
pollens, mould spores and different types of pesticides) connected to health prob-
lems (e.g. asthma, lung disease, cardiovascular disease, the onset of cancers).
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Examining the geographic distribution of disease according to exposure to pol-
lutants and its modifications during the time, it is possible to create a map of disease 
with the connection to the emission sources and to the dispersion of the pollutants 
during the time.

These tools allow to investigate epidemics detecting regions of higher incidence 
of diseases according to exposure to pollutants and analysing the spatial distribution 
of standard morbidity rates per area.

Spatial analysis in different aspect of public health were performed until now to 
examine disease rates and other health statistics by geographical area to assess the 
health of population, to observe variation in health and use of health services as 
comparative approach to need assessments and resources locations and to study 
time trends in disease at local level.

Analysis of spatial distribution of healthcare facilities and studies of variation in 
health treatments and outcomes for planning the development of health services 
have been long used through GIS facilities, so too is study of health and health pro-
motion interventions at community level.

But above all the power of GIS is evident in disease surveillance: analytical epi-
demiological studies of factor affecting the occurrence, progression or outcome dis-
ease; investigation of hazards including industrial sources of pollution, disease 
cluster investigation and the selection of geographically ordered population samples 
for surveys are just some examples.

Here the linkage of health data with population characteristics, environmental 
conditions and healthcare that led us to statistical and epidemiological analysis are 
stressed. But analysis of correlation among disease factors and environment factors 
and the lifestyles (as we focused previously) produce new types of analysis that 
must consider the individual and the personal health.

Now we want to introduce a further element. We have started from the descrip-
tion of the powerful spatial analysis for the analysis of natural and anthropic events 
both in static (sources emission) and in dynamic (dispersion models) actions. Then 
we have described the interesting connection between pollution and health, high-
lighting mainly the epidemiological and statistical studies. Now we want to empha-
size as individual and personalized medicine can take a further impulse.

Traditional epidemiology has taken advantage from GIS technology; it posed 
emphasis on “public health” and on the treatment of “area” of interests. Now this is 
gradually changing, with spatial analysis methods and GIS software tools also play-
ing an important role in the delivery of analysis focused on individuals, besides their 
more traditional role in spatial epidemiology which is instead focused on 
populations.

Our health depends on where we currently live, as well as on where we have 
lived in the past and for how long in each place (this is “place history”) [20]. Place 
history is particularly relevant in conditions with long latency between exposures 
and clinical manifestations, as is the case in many types of cancer and chronic 
conditions.

Patient’s place history should regularly be considered by physicians when diag-
nosing and treating individual patients. It provides useful contextual environmental 
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information (and the corresponding health risks) about the patient and should ide-
ally form (together with genetic/genomic information) an essential and regular part 
of every patient medical record.

Moreover where a person has lived must be considered as part of the context in 
which clinical decision making occurs; so “the place” becomes another useful “vital 
sign”.

Can your address or localization event reveal about your health? It is not only a 
simple or trivial matter for which we know that people living in poor countries or 
disadvantaged areas have more and serious health problems.

It is a complex analysis, but as spatial analysis helps market research organiza-
tions better understand what is happening around you, the knowledge about your 
habitat and likely behaviours hidden within your neighbourhood can be revealed 
when you provide information about your street address.

In this sense, “Exposomics” is the discipline relating to the analysis of exposure 
to and interaction with all environmental stressors both internal (own body, e.g. 
inflammation, lipid peroxidation, bacteria, etc.) and external sources, including 
chemical factors and pollutants. This helps us better understand, manage and pre-
vent chronic disease development. Exposome represents all nongenetic environ-
mental exposure from conception (including lifestyle factors) to complement the 
“genome” when studying disease aetiology [21].

These analysis techniques support Precision Medicine and System Medicine and 
target the health and clinical management of individual persons/patients rather than 
of whole populations.

We want to emphasize that whereas epidemiological analysis using GIS can be a 
natural extension of geostatistics technique based on spatial analysis crossed with 
massive health population data, Precision Medicine and System Medicine can get 
much more effectiveness.

Precision Medicine and System Medicine are two new medical models in which 
the focus is the posed on the individual health [22]. Personal health data, genetics, 
lifestyles and the living places, co-morbidity and the influence of various disease, 
act on individuals in a different way one from the other and allow to build a person-
alized medicine [23].

At present we need to integrate the environmental space in which individual lives 
(described by GIS) and the health information (described by personal medical 
records of the single individuals) with models in which personal health scenario are 
proposed for the health of the single patient.

The spatial analysis ability added to the capability of the modern medical records 
to treat and track the individual health and through virtual layers integrate different 
information (genomics and molecular information, lifestyles, etc.) combined with 
the power of algorithms to elaborate clinical personalized scenarios is the new fron-
tier that we have to reach to consolidate and improve analysis already partially 
taken. As part of a comprehensive study on people’s health, full consideration must 
be given to develop a wider understanding of how both natural and anthropogenic 
characteristics act and interact to modify the environment and how occupational and 
environmental exposures, or lifestyle and habits, contribute to disease incidence.
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We distinguish the environmental components related to disease in inorganic and 
organic. For example, dust (particulate matter) can be composed of biologically 
derived matter from animal or microbial origin and contain fungi/bacteria. Inorganic 
forms of particulate matter can be minerals, such as asbestos or silica, or a suite of 
minerals that can be found in a range of geological deposits, such as volcanic ash or 
sedimentary rock. A great number of information exist in occupational health litera-
ture on particulate matter exposure in occupational settings, mainly due to the fact 
that both the component in question (i.e. the form/type of particulate matter) and the 
exposure can be well characterised.

We know that the concept of exposure must not only consider the release and 
distribution of the element within the environment but also the route by which popu-
lations are exposed.

The ingestion of elevated arsenic levels in drinking water and diet (mainly 
through seafood) has been a widely recognised issue, linked with an assortment of 
health problems, such as cancer, and other noncarcinogenic effects such as skin 
lesions and neurological and hepatic effects. The health effect can be studied 
through the analysis of the route of the pollutant during the time and how this path 
crosses the human actions and population life.

The factor of time (temporal dimension) is fundamental in health studies, where 
all of the connections that create the way from environment to disease must be taken 
into account and also the influence of time on the formation of the contaminant in 
the environment, on the exposure (chronic or acute) and on disease initiation 
(latency). Spatial analysis techniques are of great help in the spatiotemporal model-
ling and visualisation of environmental contaminants and their spread over time and 
space [24]. In the approach supporting epidemiological studies, once a disease has 
been identified, carefully controlled epidemiological analysis can help constrain the 
incidence and distribution. Data can be collected as voluntary or incidental data (the 
latter type describing the use of data originally collected for an alternative purpose). 
The use of cohort and cross-sectional studies instead of aggregated population data 
often proves to be valuable in capturing individual exposure. In addition, by fully 
characterising the nature of the disease, this may allude to the causal agents, as 
already known and documented associations may exist between elements and met-
als, for example, and target organs.

One advantage of a more detailed (personal) epidemiological investigation into 
the disease is the capacity for identifying confounding factors such as disease sus-
ceptibility due to physiological and potentially even genetic variations. Defining 
exposure is difficult and a challenging aspects of any medical investigation, as expo-
sure may occur over long periods of time: days, years and even decades. Further to 
this, the complication arises from the fact that exposure to the dangerous agent may 
have been at some time and place in the past. This is the case for asbestos exposure 
and mesothelioma, where symptoms manifest often several decades after first 
exposure.

There is a further approach in which, if an environmental survey identifies the 
presence of a certain element that could potentially be a dangerous to human health, 
then a wide investigation can be realized to analyse and map the distribution of the 
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component within the domain of interest. Field data and data sourced from other 
methods (monitoring, remote sensing) are usually used to collect sets of variables 
that aim to describe the domain of interest and the link with the population. To com-
plete this connection, we need also the information of medical records of the indi-
viduals in order to extract correlation that can corroborate the hypothesis.

To study environmental factors contributing to diseases, clinical researchers use 
the template for genome-wide association studies. In this context GIS will help 
improve Environmental-Wide Association Study methodologies: by controlling 
exposition to events, it is possible to reduce the uncertainly and improve the analy-
sis. Type 2 diabetes (T2D) and other chronic diseases are caused by a complex 
combination of many genetic and environmental factors. Mathematical models 
associated to GIS features allow to comprehensively associate specific physical 
environmental factors with disease and analyse in deep all the factors and the cor-
relation between data.

Starting from the theory that most chronic diseases are a result of a complex 
combination of genetic processes and the environment (e.g. see [25]), different anal-
ysis were conducted in which taken into account also are environmental factors in 
disease. T2D provides a specific example: while genetics play a large role, specific 
environmental factors are also emerging as risk factors for the disease; for this rea-
son, it is necessary to measure and evaluate both types of factors to better under-
stand complex diseases. In this context GIS tools and spatial analysis associated to 
clinical data from practice (EHR) and to genetic information provide powerful tech-
niques to analyse complex diseases in deep. About the health risk assessment due to 
air pollution, GIS allows to support complex analysis.

The results of a health risk assessment can also quantify the mortality [26] and the 
diseases associated with pollution resulting from transport [27, 28]. The focus on the 
integration of mathematical models and GIS approaches in the analysis of exposure to 
pollutant increases the accuracy of the assessment and allows to produce timely and 
consistent assessment results so that they can support the decision making process on 
urban planning and contribute to a more sustainable mobility in the urban area [29].

Geolocation of emission sources during the time, associated to the variability of 
meteorological conditions, is crossed with information about the population and 
disease collected in EHR; this model produces health risk assessments.

During last decade, GIS-based pollution mapping using interpolation techniques 
such as inverse distance weighting, kriging and land use regression modelling [30] 
was explored by many researchers for epidemiological studies.

In general, the kriging method [31] was used as a statistical mapping technique 
for using data collected at each point location, to predict concentration in each grid 
cell over a spatial domain.

The study sought to investigate the spatiotemporal association between air pol-
lutants and asthma rate [32]. To understand the interrelationships among predictor 
variables, both GIS-based correlation analysis (map correlation analysis) and point 
data correlation analyses were carried out.

We propose accessing and using data that adds intelligence to the medical 
encounter should be the driving force behind modernizing our health information 
technology. There are a lot of interesting experiences.
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By analysing the spatial pattern of hospitalization and air pollutants, major threat 
areas can be visualised in the form of maps with the help of GIS. The University of 
Cincinnati has summarized drinking water quality for US major metropolitan areas, 
using local community drinking water reports listing EPA-regulated contaminants [33].

Another example of interesting usage of GIS and spatial analysis in medicine is 
the probable connection between diseases; the project suggests that breast and pros-
tate cancers cluster spatially, this finding corroborates other studies that have found 
these two cancers share similar risk factors [34].

Using modern geographic mapping techniques, health researchers have con-
cluded that the proximity of roadways to places where children spend a great deal 
of their day experience higher than acceptable levels of exposure to air pollution.

GIS is an appropriate tool to deduce spatial relationships and to facilitate the 
proper understanding and resolving of related complex issues. The use of GIS 
techniques for statistical analysis and modelling (e.g. pollutants and diseases) is 
rarely done in previous studies. However, the past studies have not been fully 
explored and applied in analysing the association between exposure of air pollu-
tion and human health. In order to better understand the disease of the individuals, 
we suggest the integration of the outcomes by spatial analysis with the medical 
records in which also added are the information about genomics, exposomics, life-
style and patient notes.

Continuing our route now, we would like to present other opportunities that tech-
nology has recently made available with the aim to extend the concepts of geore-
ferred data to other types of data.

27.4  Social Networks and Localization of Events: Sharing 
Information to Understand and Improve

Recent improvements that have invested all the area of technology led us to consid-
eration on the capture and utilisation of geospatial data. Traditionally geospatial 
data were acquired by the public agencies; authoritative datasets were dominating 
in topographic domain. But at present new ways of collecting geospatial data have 
emerged, leading to completely new data sources and data types of geographical 
nature. We are now facing a situation where geospatial data acquisition is a com-
modity implemented in everyday devices used by many people. The devices are 
capable of acquiring environmental geospatial information at an unprecedented 
level, with respect to geometric and temporal resolution and thematic granularity. 
They are small, easy to handle and able to acquire data even unconsciously.

Of course this poses problems of accuracy of data, so that it becomes information 
which can be used profitably and becomes important according to the situation to treat. 
For example, in some situations such as disaster context, it is important to get any 
information even if it is not very accurate; social media and services are considered as 
new information sources, for example, for early response and crisis management [35].

But it is necessary to emphasize that in the area of georeferenced data, there is a 
rich of new sensors and data sources which lead to large collections of miscella-
neous and “dirty” data (inaccurate, incomplete or erroneous data). They acquire 
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relevance by intelligent integration and fusion with complementary data; this is the 
specific work of big data technique.

Participatory sensing (PS) [36] combines the use of everyday mobile devices, 
such as cellular phones, GPS technology and location-based services and sensors to 
form interactive, bidirectional mobile sensing information systems. In PS, each 
mobile phone becomes a mobile sensing device capable of capturing, processing, 
transmitting, and receiving information about a particular variable or variables of 
interest. The collective participation of many cellular users in a common sensing 
application brings the possibility to acquire large amounts of data in a simple and 
cost-effective manner with the potential to address large-scale societal or community- 
oriented problems. Data collected in this way are natively georeferenced and can be 
treated by GIS.

Participatory data acquisition is conducted in a conscious process by a user, who 
explicitly selects objects and their features and with this information contributes for 
the comprehensive knowledge. Opportunistic data capture occurs unconsciously, 
mostly with no specific purpose or even a completely different purpose. This pro-
duces unconscious knowledge; information collected for certain scope is used also 
for different one, currently unknown.

So as to carry out air pollution monitoring over an extensive area, a combination 
of ground measurements through inexpensive sensors and wireless GIS will be used 
for this purpose.

At present there are different experimental projects in which portable device, 
comprising solid state gas sensors (e.g.) are integrated to a personal digital assistant 
(PDA) linked through Bluetooth communication tools and Global Positioning 
System (GPS). These integrated devices will allow rapid dissemination of informa-
tion on pollution levels at multiple sites simultaneously. The report on air quality 
generated can be then published using Internet GIS to provide a real-time informa-
tion service. The aim in this case is an increased public awareness and enhanced 
public participation. Of course data collected must be treated. Local deterministic 
and geostatistical interpolation methods can be used for spatial prediction and to 
find out the most suitable method for studying air pollution, based on observations 
at each monitoring site.

We have to consider that the cost of establishing and implementing ordinary 
monitoring systems in each strategic point of the city is extremely high; the use of 
analytical instruments is time-consuming, is expensive, and can seldom be applied 
for real-time monitoring in the field, even though these can give a precise analysis.

Hence, we are conscious that a new generation of detectors, solid state gas sen-
sors, offers an excellent alternative for environmental monitoring due to low cost, 
light weight, extremely small size and also due to the reason that they can be 
deployed anywhere so as to receive data that can eventually be transmitted through 
a wireless GIS network system as a rapid monitoring tool to the general public. But 
at the same time, we have to do necessary consideration about data quality and data 
precision issues.

Data crowdsourced can be useful for growing awareness, but it brings significant 
problems with the accuracy and quality of information.
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The vision of pervasive sensing through “citizens as sensors” poses considerable 
challenges in terms of interoperability involving data formats, service interfaces, 
semantics and measurement uniformity. Thus, one key prerequisite to achieve this 
vision is the broad usage of open sensor standards, we think.

For this reason, we propose to integrate data from authoritative detection control 
units (we assume to be accurate and maintained over time) with data crowdsourced 
by portable miniaturized devices. These information must be treated according to 
algorithms for describing the map of pollutants and the dispersion models.

These projects aim at providing fine grained air quality data to allow citizens and 
urban decision makers to assess environmental conditions instantaneously and intu-
itively. The goal is to provide real-time information on urban processes to support 
short-term decisions at multiple levels, from personal to governmental.

Data collection (voluntary or unconscious), processing and information provi-
sion architecture must be designed and implemented, covering the whole process 
chain from sensor network development via measurement integration to data analy-
sis and information visualisation using GIS facilities; hence, this infrastructure can 
potentially serve as the architectural bridge between domain independent sensor 
network developments and use case specific requirements for end user tailored 
information output for public health monitoring.

A non-exhaustive list of participatory sensing deployments is provided in [37].
We find collection of CO, NOx, noise, air temperature and relative humidity, 

together with the geographic position and time via GPS. Both CO and CO2 emis-
sion and distribution depend on very high temporal and spatial fluctuations which 
are induced by a variety of factors including temperature variability, urban topogra-
phy, time during the day, the urban tunnelling effect, traffic emergence or plant natu-
ral action (we know plants release major amounts of CO2 overnight).

My Place History app, produced by ESRI (Redlands, CA, USA), despite being 
active only in the USA and without connection to any medical records, offers a first 
demonstration of the concept of place history associated to crowdsourced informa-
tion. It is a way to link public health information with personal environmental experi-
ence bringing everyday information into the physician/patient relationship to achieve 
a greater understanding of how local environments affect health [38]. Geolocated 
information from people becomes important for all; but as we will analyse further, 
we must take into account the possible mismatching and senseless considerations 
that can be provided. The proximity to an industrial site can be problematic depend-
ing on the distance and on the weather conditions. The same is true for the concentra-
tion and distribution of various natural contaminants. Whereas living in a zone with 
high concentration of people who have undergone heart attack, it is not sufficient 
claim to be at high risk. These data are poor and without significance if not linked to 
others in order to became information. That’s why in this work, we want to stress the 
importance of the interconnection of the various sources of information (personal 
medical records composed also by images, lifestyle and narrative, geolocated data, 
anthropic data, IoT data, sensors, crowdsourcing data, meteorological data, epide-
miological data, etc.), especially a correct analysis made by robust algorithms ensur-
ing holistic and comprehensive approach.
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At this stage it is interesting to introduce the implications that can have in emer-
gency management the crowdsourced data management. EM involves both spatial 
analysis, environmental structure of the area of interest and obviously the medical 
records of the population. In many cases if well analysed also crowdsourced geolo-
calized information can help the organizational structure of the rescue. The immedi-
ate and far reaching impacts of the disasters (natural or not) highlight the need for 
rapid and effective emergency management. This issue emphasizes the necessity for 
effective regional preparation, response, recovery, and restoration. For emergency 
management personnel to make accurate and timely decisions, they must have situ-
ational awareness, an accurate perception of the situation that they are facing and its 
complex data to be treated. Essential to good situational awareness is the ability to 
provide relevant and timely information to decision makers and the public. Effective 
information collection and sharing has long been recognised as a challenge in emer-
gency management.

With the addition of social media as another input, there is often more informa-
tion available than can be understood at the rate needed (information overload).

Precision Information Environments (or PIEs) provide tailored access to infor-
mation from disparate sources augmented with decision support capabilities in a 
system that is designed around the multiple user roles, contexts and phases of emer-
gency management, planning and response [39].

In those cases, profile and source assessment is just as important as the situation. 
Is the source trustworthy?

The global profile system inside an information environment can be applied to 
emergency management professionals and PIE content sources such as government 
professionals, nongovernmental organizations, private industry and citizens. Each 
type of source is assigned a reputation score (can vary during the time) that is 
adapted over time based on the content they create (and how it is used by others) and 
the people they interact with.

To conclude this short part about the participatory sensing paradigm, we have to 
introduce the implications that can have in the people rising awareness about pollu-
tion and its effect on health.

We have started an experience in China in which WeChat (http://www.wechat.
com/) crowdsourced platform is used in order to publish short message to the people 
about the effects of pollution on the health of individuals.

The platform is conceived in a bidirectional way; a centre provides periodically 
information to people about pollution, whereas people can meet the demands in dif-
ferent ways. Growing the awareness about the effect of the pollution and increasing 
the incidence of messages involving other viral threads. Being source of new infor-
mation triggering data from personal sensors, data about traffic jam, the increasing of 
pollution, the personal effect on own pathology, alert about pollution trend and so on.

The social and physical environment provides the context that can enable healthy 
behaviours. Social networks have the ability to propose the change in lifestyles; 
obesity within a person’s social network becomes a predictor of their own body 
mass index, for example. The possibility of walking can impact the amount of exer-
cise that people get, and access to supermarkets may affect their ability to buy fresh 
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fruits and vegetables. Furthermore, the physical environment (e.g. air quality, pollu-
tion, noise, public transportation access) has direct impacts on health that need to be 
better understood at both population and individual levels. The real power and 
uniqueness of crowdsourcing lies in the active participation of intelligent humans in 
a task assigned to them.

But at last, data from personal sensors, voluntary or unconscious geolocalized data, 
even if well managed can be used both in the ordinary management of the effects on 
the population, tracing the events in health people’s lives, and finally in emergency 
management, they impose the treatment of a huge amount of data.

27.5  Big Data Technique and GIS for Pollution Analysis 
and Health

So far we have stressed as the main problem in order to face the new challenges 
brought by new medical models is the inability to adapt the old data structure of the 
medical records to new source of information and the inability of treating complex 
data in order to extract useful information to support medical practice. Traditional 
EHRs are statics based on method to save and storage data rather than provide clini-
cal scenarios.

This requires integration of information (in type, structure and meaning), capability 
of treating different types of data (not only numerical but also images, unstructured 
information, etc.) and above all the ability to correlate and extract hidden information.

We have also explained as to address studies about the effect of pollution on the 
health we need spatial analysis tools, performed by GIS, and that these data will 
provide useful information if appropriately integrated with personal EHRs.

At last we assist to the huge growth of data about pollution, health and environ-
ment voluntarily or involuntarily taken from sensors or simply managed by people. 
Linking these communicating sensors to computing intelligence is the challenge 
called the Internet of Things or the Industrial Internet. We try to improve the para-
digm from real-time cities to real-time pollution and health.

We are conscious about the richness of data we can have, and we must to search 
methods for using it.

Big data consists of huge, dynamic, varied, comprehensive, detailed, intercon-
nected datasets that can be linked and utilised in different ways. These characteris-
tics offer the opportunity of studies shifting from data-scarce to data-rich static 
snapshots to dynamic unfolding, coarse aggregation to high resolution and rela-
tively simple hypotheses and models to more complex, sophisticated simulations 
and theories [40].

Big data features in brief are the ability to treat huge data in volume; high in veloc-
ity, being created in or near real time; diverse in variety, being structured and unstruc-
tured in nature, and often temporally and spatially referenced; exhaustive in scope, 
striving to capture entire populations or systems (n = all), or at least much larger sample 
sizes than would be employed in traditional, small data studies and detailed as possible 
fine-grinned in resolution [41].
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In general, big data is considered as structured and unstructured datasets with 
massive data volumes that cannot be easily captured, stored, manipulated, analysed, 
managed and presented by traditional hardware, software and database technolo-
gies. This is the environment that we have described so far about the connection 
between pollution and people’s health.

Big data platform for health has these logical features about information: it is shared 
horizontally; more timely and more complete; higher in quality (in terms of sensitiv-
ity), as local populations know what is the baseline behaviour of their own communi-
ties; higher in quality (in terms of specificity), as being local allows to quickly validate, 
verify information and dismiss false positives earlier and geo- aware, noting that local 
citizens have a high authority on what is nearby to them; this piece of information is 
essential for the contextualisation and interpretation of data.

It is common opinion among researchers in health data that big data can offer 
interesting way capable of supporting data processing models useful for the clinical 
practice and obviously for the medical research.

The main idea is to consider the health of patients as “individual” matter strictly 
connected to different information, not only included in a cluster of epidemiological 
status; in this sense other data depending on the peculiarity of the individuals make 
sense: genetic heritage, lifestyles, way of life and environmental constraints also 
geolocalized.

Big data analytics is proving a useful technique that can facilitate action on the 
modifiable risk factors that contribute to a large fraction of the chronic disease bur-
den, such as physical activity, diet, tobacco use and exposure to pollution. It can do 
so by facilitating the discovery of risk factors for disease at population, subpopula-
tion and individual levels and by improving the effectiveness of interventions to 
help people achieve healthier behaviours in healthier environments.

At the moment we address the usage of big data in healthcare to four direc-
tions: the analysis of compliance of health services assigned to the patients as a 
function of the disease; hidden relationships between the information about the 
pathology suffered by the patient and co-morbidity; increasing the capacity to 
understand the behavioural, social, and environmental determinants of health in 
populations and enabling disease prevention efforts. As previously described geo-
calized data about natural and anthropic events, exposomic and other complex 
information directly related to the medical records of the individual (genomics, 
molecular data, lifestyle, physical activity, etc.) complete and integrate the infor-
mation base necessarily.

We must identify modifiable risk factors for disease, such as environmental pol-
lution, diet, exercise, smoke, alcohol, lifestyles, etc., in order to propose interven-
tion to mitigate the risks factor. We want to emphasize that as described previously, 
we need geolocalized information and data from sensors devices (passive – physical 
activity, sleep, movement, etc. – or active, telemedicine). Correlations between risk 
factors and disease can be identified by applying analytics on these datasets.

Identifying personalized risk factors meets the need (from System Medicine 
and Precision Medicine) of giving single patients more effective information about 
how to prevent their own disease and doing so in a way that is more convincing for 
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them to act upon because it is targeted to them specifically as opposed to the aver-
age person typical of epidemiological studies. Specific diet, physical activity and 
so on depend on the individual and may be beneficial to some people but harmful 
to others.

We have already focused on the fact that the current medical records are inadequate 
to face the modern medicine: a lot of stored information is unstructured such as images, 
narrative and texts, and is not provided with tools for using these information.

At this we add a crowdsourcing information on chronic disease that introduces 
the personal expectation during the illness and personal notes. Whereas we know 
that this crowdsourcing information is used for health surveillance and epidemics 
control, these are a source of information for personalized medicine also.

The first step to improving health behaviours is to monitor and measure them, 
and recent technological advances have provided many new ways of doing this. 
Devices or smartphone apps can be used to monitor health behaviours such as phys-
ical activity, sleep quality, medication adherence [42] and diet [43].

A large amount of environmental data is regularly collected in non-health sectors 
and could be an important input into health-related big data. A few examples of 
available data on the physical environment include weather patterns, pollution lev-
els, allergens, land use change, forest fires, particulate matter, traffic patterns, pesti-
cide applications or water quality. Growing capacity for ambient environmental 
sensing, citizen science and the use of drones will expand access to remotely and 
passively captured environmental data.

Genomics is an important risk factor for disease, both as a direct cause of disease 
and as a marker of susceptibility or resistance to other risk factors. High throughput 
genetic information is becoming increasingly easy and inexpensive to collect.

Once research has identified the appropriate risk factor targets for a given person, 
the next step in the disease prevention process is to help that person achieve these 
goals. Big data offers the potential for this important advice to reach each person out-
side of the clinic in a personalized manner, which increases the likelihood of its impact 
improving the traditional advice of the physician during the annual checkup visit.

Moreover monitoring health behaviour and providing real-time feedback on per-
formance in comparison to personalized targets can help people to reach their behav-
iour goals. If possible, behavioural data should be continuously collected without 
additional effort from the patient.

But the core of the system, we know, is a set of shared algorithms able to treat all 
types of data and in order to analyse deep and hidden correlation among data with 
the aim to produce different personalized health scenarios.

27.6  The Comprehensive GIS Model

With these considerations, we can complete our GIS model.
In our model, GIS is used to estimate the association between air pollution (e.g. 

fine particulate matter (PM2.5), sulphur dioxide (SO2) and ozone (O3), (the most 
important pollutants generally used in the AQI index) and human health (e.g. asthma 
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emergency department visit rate and asthma discharge rate for children, elderly or 
people suffering of respiratory or cardiovascular diseases or T2D).

First, we estimated the pollutant level by constructing a spatial model represent-
ing a geographical area using daily average pollutant concentration data. We pro-
vide a static model (map of sources), a dynamic model and a dispersion model. We 
consider three entities: point, describing the point source of emission; line, repre-
senting the emission on routes; and area, representing the area of dispersion.

Second, we linked air pollutant concentration to disease rate (cardiovascular, 
asthma, etc.) within the defined study area. All the pollutants are among the most 
studied of environmental hazards and are at significant levels in air to adversely 
affect human health. Spatial analysis includes the following: proximity analysis in 
which calculated is the distance of the patients by the emission sources (point, areas, 
lines) and inclusion analysis in which we estimate the presence of the patients in the 
area of interest and the persistence in the time.

Third, we extract individual EHRs and update information related to environ-
ment and lifestyles. Data about hospitalization and adverse events (suspected) 
caused by pollution are related to the spatial analysis. Exposomic, genomic, life-
styles and data from practice are integrated, and suitable algorithms are used to 
mine information and extract correlation in order to provide personalized solutions 
to the patients.

Fourth, we add to the dataset information from sensors. We insert different typol-
ogy of sensors: IoT (devices monitoring source of emissions, environmental sensors, 
anthropic events, environmental events, etc.), personal sensors (monitoring health 
status, physical activities, diet, drug assumption, etc.), voluntary sensors (images, 
personal notes, place history, etc.). These are all georeferenced and provide local 
information. Data must be cleaned according to typical big data homogenization 
treatments, before using it. At this stage the personal EHR is completed. In addition 
to the previous information, we collect also information from users, voluntary notes 
on disease and voluntary information from devices but also involuntary data.

Fifth, algorithms are used in order to extract correlation among information and 
mine hidden data. The aim is to provide health scenarios according to Precision 
Medicine model, but also traditionally epidemiological study is possible.

Sixth, provision analysis is provided producing maps and visual outcomes for 
proposing to policy makers new solutions for better living.

 Conclusions
Individual lives own life on a specific territory and moves on it that is permeated 
by anthropogenic or natural events (during the time) which affect the health. 
Moreover he/she has an own genetic heritage that responds in different manner 
(one from the other) to the stresses produced by the external events. During 
the life in this permeated space he is subject to health events. In the modern age 
the data of health events is stored in specific databases regarding exclusively the 
modification of the individual’s health (Electronic Health Records  – EHR). 
Lifestyles, social heritage, educational level and social relationships have a rea-
son and a meaning in the heath life of the individuals. Not only individual notes 
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by the patients regarding the reaction to therapy but also the own feelings regard-
ing the disease is an important matter to take into account during the course of 
the disease.

At present all this information are treated in separated manner by professionals 
in order to describe local events, individual’s health, genetic map and social events.

But each of these information may be related to the individual through a com-
prehensive model [44]. We think that these issues led us to consider a personal-
ized medicine that takes into account not only data coming from health events but 
also genetic data, lifestyles information, social relationships, anthropic and natu-
ral events that permeate the living space of the individuals. This allows to under-
stand correlation between different type of information, through mining data.

In recent years Precision Medicine [45] and System Medicine [46, 47] have 
been presented as possible innovative models in healthcare; these solutions have 
their foundation as well as medical research including on the wide usage of innova-
tive technical solutions according to the new technical solution in health context.

The concepts underlying these approaches concern the systemic perspective 
in order to consider the holistic and composite characteristics of a health problem 
and evaluate the problem with the use of computational and mathematical tools.

They require a coordinated approach across disciplines and across research, 
industry and all the relevant stakeholders.

The creation of a network among the specialists and professionals skilled in 
managing, storing, analysing and mining different sources and types of informa-
tion, according to systems biology projects, research projects and practice informa-
tion, will support new technical methodologies, in order to share information/
resources, and will support suitable algorithms in order to analyse in detail and 
extract correlation by huge amount of data with the aim to offer to patients indi-
vidual health services.

This is the natural result of the adoption of the basic ideas of System Medicine 
and Precision Medicine.

As described, we think that spatial analysis is an important methodology for 
medical research and practice and pollution. GIS technology’s ability to author, 
publish and share critical information about the spatial dynamics of disease makes 
it, without exception, the technology of choice for accelerating the detection and 
identification of disease clusters or personal events. GIS technology’s capacity to 
reach beyond geopolitical boundaries makes it generally usable in public health 
emergencies and responses, but it makes highly desirable in Precision Medicine.

We know that this not only requires a modification of the organizational 
aspects or a different approach to care but is also a technical challenge.

We have already stressed that the existing information systems are deeply unable 
to create relationships with data of other types, losing a wealth of hidden informa-
tion to existing systems. This is the aim of the big data analytics technique.

Therefore there seems increasingly essential the professional figure of the 
data scientist in the field of practical medicine. He/she must analyse different 
types of data and extract information in order to support clinicians in the devel-
opment of personalized medicine scenarios for individuals.
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The goals of prediction, prevention and personalized treatment in the case of com-
plex, rare, chronic diseases can be effectively realized through an intensive multiple 
co-production approach, where the various relevant experts and professionals collabo-
rate together and complement each other in interactive and holistic manners.
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28Basic Principles for Treatment of Air 
Pollution-Related Diseases

Antonio Vittorino Gaddi, Benini Enrica, and Fredrick O. Odoo

28.1  Overview

At present, in the field of air, water and food pollution, it is almost impossible to 
plan and conduct clinical trials with proper audit systems or to follow the method-
ological criteria adopted in other areas of biomedical research. However, it is para-
mount to reach a sufficient level of knowledge on the efficacy, effectiveness and 
safety of different methods and tools for individual protection and for prevention of 
pollution-related diseases (PRD).

Scientific authorities, governments and institutions worldwide agree with the 
general idea that a decrement of the polluting emissions related to health benefits 
and an increment of the level of wellness in the people [1–8].

In the past and in other fields of research, the general approach was and is differ-
ent when risk factor (RF) for human health is considered. The idea that risk factors 
are reversible (viz. the idea that decreasing the level of risk, the incidence of a given 
disease decreases) is not an obvious characteristic also for factors with very high 
predictivity, consistency, coherence, strength of association, specificity or temporal-
ity [9, 10]. However, in other fields of preventive medicine, the “reversibility of the 
RF1” must be demonstrated with ad hoc clinical trials before starting “active” inter-
ventions on a population or to apply counselling and education strategies [10].

1 The risk factor must be reversible. However, the reversibility alone has no value, if it is not proven 
that reducing the risk factor level also reduces mortality (or other measures of effectiveness). It is 
also essential to know the function which correlates the variation of factor with the variation of the 
expected events.
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The overall burden associated with pollution is a dramatic emergence globally. 
Therefore, we must accept higher degree of approximation in the decision-making 
process. These aspects are discussed also in the chapter “Complexity in pollution- 
diseases management” (see Chap. 14).

The theatrical benefits coming from the reduction of some pollutants, as the 
PM2.5, have been also calculated [6, 11], whilst models that consider many factors 
were created; those include especially those related to climate and the circulation of 
air masses in the atmosphere [12].

Moreover, we have some convincing evidences on the health benefits secondary 
to the reduction of pollution coming from studies that analyzed air pollution in spe-
cific work places, from ecological studies [13] and from medium- [14, 15] and long- 
term [16] observations.

There are also relevant studies that have observed the positive effects of the 
implementation of some public health policies, like the one promoted in China to 
prevent or reduce infant mortality, that resulted in a reduction of the 20% in those 
areas subjected to a better pollutant emission control [17].

The risks associated to pollution and the decisions needed to fight this modern 
plague have been widely debated. A relevant publication is the reference book by 
Daniel Vallero [9]. A further analysis in our book would be, therefore, redundant. 
However, we can claim that we are facing today a global emergency; because life, 
health, ability and quality of life of billions of people and of the whole civilization are 
at risk, we “must” move forward, looking for more reasonable preventative measures 
and/or adopting already those supported by favourable preliminary experimentation.

Furthermore, the adoption of political strategies aimed to the containment of the 
emissions, that is, a precise duty of governments and industries, is not sufficient to 
give guarantees to the population for the following reasons:

 (a) The measures adapted to fight the emissions are not efficient or efficacious.
 (b) The prediction models—when available—aimed to establish the usefulness/

utility of such measures are not perfect or incomplete.
 (c) Even if the criticalities indicated in (a) and (b) were resolved, the time needed 

to reverse the course and to restore the minimal acceptable levels of pollution in 
given areas is very long (decades) although this process can hopefully bring 
benefits to the future generations (optimistically from the third generation for-
ward). In the meantime, millions of people will die or will get sick, being the 
contribution of pollution to total mortality estimated between 8% and 12% 
(depending on to the cause of death) [18].

We therefore agree with the conclusions of a recent meta-analysis that suggests 
that “projecting air pollution-related mortality requires a systematic consideration 
of assumptions and uncertainties, which will significantly aid policymakers in 
efforts to manage potential impacts of PM2.5 and O3 on mortality in the context of 
climate change” [12].
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Thus, equipment and devices aimed to protect from air pollution (prevent and/or 
reduce exposure in populations and in clusters of or in single individuals) must have 
some essential requisites. Those (a) are based on logical considerations, (b) must be 
extremely effective (best odds of positive outcomes) and (c) must be easy to under-
stand, easy to use and widely available, highly versatile so that anyone could benefit 
from them.

It is also necessary to define “what people must know” about air pollution so to 
defend themselves from its harms. This does not differ from what was recently pro-
posed for pulmonary diseases [19], but it extends such indications to the entire 
population and should be applied for all the diseases.

Two main actions are consequently needed: the implementation of policies 
aimed to reduce the emission (reducing the chance of exposure) and the widespread 
use of protective equipment and devices (reducing the entity of exposure).

Anyhow, those strategies are sufficient, even when they are properly planned. 
Education, counselling and empowerment of the people must be fostered, so to cre-
ate an extensive awareness of all the problem related to air pollution, promoting 
proactive behaviours and positive attitudes aimed to protect from toxic substances 
individuals and communities (do not pollute, defend yourself, defend others).

Figure 28.1 summarizes this idea.
It is immediately evident that the three points are interdependent on one another; 

particularly the second and the third, in order to be effective, imply an active involve-
ment of people promoting as we have seen active and proactive behaviours.

From these considerations come the essential requisites that we mentioned 
above. The main features are synthetized in Table 28.1.

Those features represent a conditio sine qua non; if those conditions are not met, 
there is no chance of favourable results in the middle and long term. No model of 
prevention and of health protection, however, flawless from a theoretical point of 
view, can be effective without the active involvement of people. It means that every-
one or at least the most prevalent part of the population should take part.

LOWERING POLLUTTANTS

· Continous, all-age, Edu & Training
· Schools, Universities and Society

· Citizen and Doctors
   Lifestyle, Devices & Tools, Drugs....

· Law & Science
· Governments

ANTI-POLLUTION
MENTALITY

PROTECT PEOPLE

Fig. 28.1 Optimal treatments against pollution diseases should be highly effective against several 
pollutants and are effective in all individuals and also in presence of other risk factors (i.e. hyper-
tension, age, etc.). C, little stars shown in Fig. 28.2
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28.2  Basic Principles of Treatment: People’s Viewpoint

To better understand the implications of this issue, we need to better define the term 
“treatment” as it is used in this and in the following paragraphs. We consider treat-
ment of the people at risk to develop air pollution-related disease or that already 
have a disease or a medical condition caused by pollution, all the measure aimed to 
prevent or cure the disease itself. It includes also the concepts of primary, secondary 
and tertiary prevention. The pre-primary prevention (or the prevention of those con-
ditions that are responsible to the exposure to a risk factor) is not included in this 
definition as it is a responsibility of government and industries to prevent/reduce the 
polluting emissions (Fig. 28.1).

Some traditional preventive interventions against individual risk factors might be 
ineffective or poorly effective in patients that have a high pollution exposition 
throughout their life (“E” in Fig.  28.2). Other kinds of anti-pollution treatments 
might be adopted in specific situations (e.g. highly effective programmes against 
one or few polluting substances (like B)), in emergency situation or in areas charac-
terized by specific air pollution.

28.3  What People Must Know

28.3.1  Statement One: Pollutant Exposure, Time and Life

From a clinical point of view, we organize adverse or toxic effects of pollutants in 
function of time. Timing in fact is crucial because the when and how of exposure 
can determine the outcome. The main classification relates to:

Table 28.1 The essential requisites of equipment, devices and strategies aimed to reduce the 
exposure to air pollution and to protect from its effects on health

Feature Aim
Comprehensibility Easy to understand and to use also for less educated people
Applicability Easy to implement also in limited resource settings, in 

complex scenarios or in non-standard conditions
Economic Cost-effectiveness of the devices that should be also available 

for anyone in spite of their social and economic status
Community acceptance Interventions that are accepted and do not disrupt or 

minimally affect the normal routines of people or do not 
create discomforts that may displease people

Long-term compliance Because of the previous features, people do not cease the 
utilization of equipment and devices, nurture positive 
behaviours for all their lives, ask for anti-pollution policies

Capacity to motivate and to 
move to action

Because of the previous features, people do not accept 
passively the effect of pollution and actively seek for solutions

Lifelong effect Secondary to the above features, the use of devices and 
equipment and the diffusion proactive policies and individual 
behaviours promote a long-lasting effect in people and 
communities
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 1. Time of exposition of a subject to a given pollutant (or time*dose, or AUC of 
time and dose, and other indexes). In this category, we can divide different cases 
as:
 (a) Toxic action of a pollutant (or intoxication)—effect’s timescale: very short 

times (acute exposure to high doses) that mainly show immediate effects that 
may or may not result in permanent damages

 (b) Acute action that reveals or unleashes damages resulting in chronic process 
and in a lag phase—effect’s timescale: mainly medium or long term, but 
some effects may show up after the exposure

 (c) Chronic action (inflammatory, carcinogenic, degenerative, etc.)—effect’s 
timescale: mainly long term, but these actions should be distinguished on 
the basis of the duration of the exposure (months, years, decades, whole 
life)

 2. Time of life in which the exposure began (e.g. foetal life, childhood, elderly, etc.)
 3. Age of the subject especially for acute and short-term exposure, as age corre-

sponds to specific physiopathological characteristics and specific behaviour and 
environmental factors

 4. Time of exposure in correlation to the presence/absence of other individual risk 
factors that can contribute to damage primarily or secondarily caused by 
pollution

To these different “times”, we could add the time considered as absolute value 
(expressed according to a known unit of measurement), because the probability of 
any pathological phenomenon is always a function of the time.

We find in literature some experimental data on how pollutants act over the time: 
it has been described acute, chronic, relapsing, variable or constant toxic actions. 
For example, acute exposures exacerbate chronic pollution diseases, like the 

Fig. 28.2 How to decide on which preventive treatments to implement. Individual RF, individual 
risk factors, like genetic or personal RF (hypertension, hypercholesterolemia, age, family history, 
etc.). Pollutants, number of pollutant substances removed/concentration reduced. Effectiveness, 
real effectiveness (including the cost/benefit ratio and the feasibility). See text for details
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increased number of hospitalizations or emergency room visits in patient with 
COPD [20–22]; the chronic exposure of air pollution may have negative effects on 
obesity and on the incidence of metabolic syndrome [23]. There are many cohort 
studies on long-time effects (usually a few years, rarely decades) particularly on 
PM2.5 and on ozone [24]; the long-term studies suggest, in addition, new effects, 
initially not hypothesized, like the action of carbon particles and, in a broad sense, 
of PM2.5 on the autonomic health function [25]. Some authors have tried to analyse 
the bias caused by the measures and absence of temporal series in the different stud-
ies and have concluded that there may be an “overestimation of the impact of air 
pollution on health effects” [26]. Most studies concern different diseases or respira-
tory symptoms and measurable pollutant exposures (e.g. the particle) [27–30].

In recent years, also because of the high increment of the levels of toxicity of 
some polluting substances in some large cities around the world, it has been recorded 
an increase in the number of studies on the acute effects of air pollution (from 
hypertension and cardiovascular to the number of suicides) [31–37].

Almost all the cited studies and many others do not examine specifically the prob-
lem of timing of the exposure, which is essential when providing correct advices to 
people. Literature data are more consistent when the identification of threshold doses 
in a very short time is considered; in those cases, generally the dose range is well 
defined (e.g. it is known that level of PM2.5 between 35 μg/mc and 115 μg/mc can 
cause, in the following days, acute bronchial illnesses that include also respiratory 
tract infection) [38]. On the other hand, we have few information on long periods and 
the effects of the interactions between the polluting substances [39].

When the problem is considered from another point of view, namely, the need to 
offer proper timely protection throughout the entire life, the current index of pollu-
tion and consequently of possible exposure is defective. The Air Quality Index (AQI), 
widely adopted worldwide; the Air Quality Health Index (AQHI), used in Canada; 
and the Common Air Quality Index (CAQI), used in Europe, together with numerous 
other specific indices for single pollutants, do not give the right information to the 
population. In fact, they are used as suggestions (an example of which is reported in 
Table 28.1) that underline the usefulness of avoiding some types of activity or expo-
sures for short periods; they on the contrary do not give any information in relation 
to the continuous exposure, to the long-term effects and to the delayed effect of air 
pollution or on the second- or third-hand effect of high concentration of pollutants. 
People therefore do not know when and how to defend themselves when the whole 
day is considered, let alone when greater units of time are considered. Such types of 
information offer an illusory idea in contrast that adopting specific behaviours in a 
limited range of time (e.g. limiting outdoor physical activity for half an hour a day) 
can be effective in defending people from pollution.

These indexes may be useful to reduce the chance of acute intoxications in case of 
very high AQI levels, but do not clarify the pollution problem, the cumulative effects 
of exposure to pollutants and its delayed or long-term consequences. Moreover, some 
preventive measures try to offer information and protection especially for the subjects 
at risk; yet, it is very difficult to understand who and what really is at risk.
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From Table 28.2, we can also observe that the definition of “moderated alteration 
of air quality” is not identical in the guidelines of different countries, even if those 
are usually very similar. In any case, for most of the people, the meaning of “moder-
ated” is positive, or not negative, and does not raise any alarm. The messages used 
around the world to give information on the level of air pollution and summarized 
in Table 28.2 give suggestions diverse enough to be contradictive; from these mes-
sages, people cannot understand that even a chronic “moderated” exposure can 
cause very serious diseases and can highly impact on people’s health in the long 
term. The whole message that people must defend themselves 24  h a day is 
missing.

In some cases, the simplicity with which people are told that a moderate AQI is 
not harmful or alarming is worrisome. For example, levels of PM2.5 and PM10 that 
can cause acute infectious and noninfectious pulmonary diseases increasing the risk 
of lung cancer are frequently classified as “mild or moderate”.

Therefore, there would be no treatment, also intended as prevention, as we have 
seen, if the main criteria are not met. That is, we must avoid exposition to pollution 
24 h a day, every day of the year and during the various phases of life.

Table 28.2 Examples of key messages used in different countries were addressed to the people in 
case of “moderate” air pollution

At-risk individual: health message General population: health message
Adults and children with lung problems, and adults with 
heart problems, who experience symptoms, should 
consider reducing strenuous physical activity, 
particularly outdoors

Enjoy your usual outdoor activities

Consider reducing or rescheduling strenuous activities 
outdoors if you are experiencing symptoms

No need to modify your usual 
outdoor activities unless you 
experience symptoms such as 
coughing and throat irritation

None reported Reduce unnecessary outdoor activity 
and strenuous outdoor exercise

None reported Air quality is acceptable; however, 
for some polluting substances, there 
may be a moderate health for a very 
small number of people who are 
unusually sensitive to air pollution

Usually sensitive people should consider limiting 
prolonged outdoor activity

None reported

Adults and children with lung problems, and adults with 
heart problems, should reduce strenuous physical 
exertion, particularly outdoors and particularly if they 
experience symptoms. People with asthma may find 
they need to use their reliever inhaler more often. Older 
people should also reduce physical exertion

Slight irritations may occur; 
individuals with breathing or heart 
problems should reduce outdoor 
exercise

Adults and children with lung problems, adults with 
heart problems and older people should avoid strenuous 
physical activity. People with asthma may find they 
need to use their reliever inhaler more often

Reduce physical exertion, 
particularly outdoors, especially if 
you experience symptoms such as 
cough or sore throat
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Men, women and children should always, almost instinctively, automatically, 
adopt behaviours, attitudes and choices that reduce exposure. Cigarette smoke can 
be used as a paradigm in this sense, as most people know that tobacco smoking can 
lead to serious diseases; nevertheless, smokers do not easily give up smoking even 
when they are aware of the risks. Knowledge in this case is not enough. The same 
idea can be applied when discussing strategies to avoid the personal exposition to 
pollution. The key points are:

 (a) Knowledge of what is important to do (see also Chaps. 29 and 34)
 (b) Transform this knowledge into “automatic” and efficient actions that become 

real habits or routines (like washing the hands after going to the toilet or brush-
ing the teeth after eating)

However, to avoid alarmism and to maintain a good and serene quality of life, 
common sense must be used. From this perspective, it is reasonable to consider 
individual threshold of exposure that can be considered acceptable, even when it 
means rising the tolerance. People must have an active defensive attitude from toxic 
substances: it implies the dissemination of useful and trustworthy information, 
avoiding catastrophism and asking people to slowly adopt healthy lifestyles, with-
out disrupting their quality of life, provided that the level risk-benefit ratio remains 
acceptable.

In other words, an ideal educational campaign should contain among the others 
(see Chap. 34) the ideas exposed in the following paragraphs.

28.3.1.1  Timing of Exposure and Interventions
The risk of disease/symptoms depends on the time and the dose of exposure 
(Table 28.3). If people are aware of that, public health interventions can be imple-
mented more easily, even when they may appear extreme in case of major emergen-
cies or long-lasting high level of pollution (potentially lethal or not). On the other 
hand, aware people may effortlessly accept solutions that may sound unpopular like 
limiting the access to cars to some area of a city or reducing the hours of heating in 
private or public places. The optimal condition would be a right balance between a 
watchful and constant request of defence and the diffusion of information on the 
real level of risk, avoiding false alarms, plus the capacity to adopt drastic measures 
when the alarm is real and present.

There are analogies with attitudes and forms of education and empowerment 
suggested in disaster medicine and in major emergency and in mass casualty 

Table 28.3 Scales of exposures and consequent appropriate action and reactions

Dose Acute toxicity Exposure time Alert reaction Scare Consciousness
Low Low Short Not justified Not justified Yes
Low Middle Short Monitor Not justified Yes
Low Middle Lifelong Defend Not justified Yes
High High Short Defend Justified Yes
High Low Decades Defend Not justified Yes
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incidents. The main difference remains the fact that disaster medicine mainly 
applies to acute crisis, whilst air pollution maintains a background chronic activity 
whose effects are still not perfectly known.

In Table 28.3 are summarized the basic actions and reactions to different level 
and timing of pollution. The actual possible combinations are more than the ones 
exposed, but it can offer an overview of the possible and most appropriate response 
to different concentrations of pollutants in the air. It also highlights the differences 
in terms of risk when the timing of exposure changes even when the level of pollu-
tion is similar.

From that summary, the statement “always defend and protect” from air pollu-
tion should follow these rules:

 (a) Do not induce fear, except when there are conditions of grave danger (but in 
accordance with the basic rules of risk communication).

 (b) Induce protective reactions and prompt useful behaviours aimed to defend and 
protect from pollution.

 (c) Increase awareness, also empowering the people.

28.3.1.2  Chronic Exposure and Interventions
Any diseases caused by pollution depend on the chronic action (in years or decades) 
of one or more (additive effect or synergic effect) toxic substances. That risk is fre-
quently underestimated, and people only concentrate on the acute outcomes of acute 
exposures. In the Middle Ages, they used to say “gutta cavat lapidem non vi sed 
saepe cadendo” or, better, as an antique Greek doctor used to say, “with the con-
stancy, a dripping of water also pierces a cliff” (Κοιλαίνει πέτραν ῥανὶς ὕδατος 
ἐνδελεχείῃ). In other and modern words, a constant background activity, even when 
apparently harmless, can cause disruptive damages in the long term.

In conclusion, the key message must be “always defend yourself, through your 
entire life”. The difference from the prior point (Sect. 28.3.1.1) is that in case of 
chronic exposure, it is very difficult to educate people and periodically update them, 
give the right messages and suggest new defensive strategies as they emerge.

We believe that the key element to obtain these results depends on making people 
aware of the problem and of the real risks for individual, communities and societies.

28.3.2  Statement Two: Protect Yourself, Your Family  
and Your Friends

This remains a crucial element for the implementation of effective health policies 
for prevention. The empowerment of the people is a first step to reduce the risks and 
consequently the effect of pollution; as we have seen, to reach this goal, people must 
become aware of the problem and of the risks for their health and their quality of 
life, so to incept healthy behaviours that could help to reduce the exposure. Hence, 
it is paramount to create a new consciousness in people and at a social level. In these 
terms, the general picture is maybe positively changing.
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It has been observed that among the youth, there is a growing understanding of 
the relationships between health and environmental issues [40]; in other cases, as in 
farmers, three factors (age, income, level of education) influence the degree of cog-
nizance of the pollution problem [41, 42]; other studies underline the importance of 
social determinants that influence the environmental risk perception [43]. Many 
other factors have been studied. Unfortunately, families, among which elderly and 
children, who are for a number of reasons the most exposed and the frailest ones 
(see Chaps. 10 and 11), have not been sufficiently studied.

The advantage of involving the family, in addition to those ethical terms that 
largely justify that approach, serves to empower the degree of responsibility of 
adults and correctly educate the young.

It serves also to optimize the behaviours, or the necessary cost of health protec-
tion, and also amplify the final result in terms of health gained in the future (in the 
hypothesis that the whole family adopts effective and efficient measures).

From this point of view, it seems useful to give unified and equally valid mes-
sages to all the family members, other than just identify the ones at high risk, or 
merely the most exposed ones. The message mentioned above (to protect the frail-
est) is still valid, for obvious reasons; however the suggestions on what to do (save 
exceptional cases) must be adopted or be adoptable by the whole family.

An example derived from a real case can be useful to better explain this concept: 
two parents have much concern for their 12-year-old child with mild intermittent 
asthma. They live in an industrial city and are exposed to both indoor and outdoor 
pollution. Measure to protect the child (integrators, medications, anti-pollution 
masks and anti-allergens) are taken only when he has symptoms. The entire focus 
of the family is for the child to avoid contact with pollen and, in days of visible 
smog, to impose the use of a mask. There is no defensive policy adopted to the rest 
of the family. The father, exposed to his environment’s pollution (indoor and out-
door, at the workplace), dies prematurely of lung cancer. A fatality that was proba-
bly avoidable, with protective measures extended to the whole family.

A recent study conducted in Shanghai points out that the majority of the ones 
interviewed “agreed that improving air quality is the responsibility of every citizen, 
and the joint action of governments and all the citizens should be utilized for 
enhanced control” [42]. The level of education and family income results to be the 
best predictors of knowledge and awareness. This indicates a strong social con-
science, at least in the analysed sample; however, it is not sufficient to guarantee that 
the degree of education is sufficient to protect the family as a whole.

For this reason, individual measures must get along with the implementation of 
actions aimed to safeguard clusters of people (families) that share common aims 
and, at a higher level, to protect the communities where these same people live.

28.4  What You Must Know to Defend Yourself

As we have seen and as we will see in several parts of this book, knowing does not 
necessarily mean adopting active and useful habits. However, knowledge is the 
foundation of any life-changing decisions, as the acceptance of behaviours and 
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measures that may impact normal routines as the one needed to have an active pro-
tection again pollution. It is also the base to claim and require actions from govern-
ments and industries aimed to reduce the level of exposure in the population. An 
informed consent is also needed from the ethical and juridical point of view.

In fact, to “educate” is not enough. Concepts can be explained in different ways, 
and some are more effective than others depending also on the target, as reported in 
detail in the case of education and new technologies [44].

To confront air pollution, we must be informed on what the pollution is, the risks 
encountered, etc. Information means, technically, the acquisition of previously 
unknown knowledge (data, ideas). This alone is not enough: we must educate, to 
facilitate the acquisition of theoretical knowledge to develop a know-how and 
enhance personal faculties and vocations.

However, the most important task is to prompt active anti-pollution behaviours 
in people and patients. It means not only to train but rather to give a deeper back-
ground, to improve sensibility and to mould the behaviour, “affecting all the intel-
lectual abilities of the human being, including the emotional one”.

Again, “knowing” does not mean “to endorse” and knowing and endorsing do 
not necessarily mean “adopting” the knowledge to improve the personal state of 
health.

You may know that air pollution can cause damages, but you cannot endorse the 
idea that air pollution should be stopped; you can be perfectly aware of the air pol-
lution damages, and you may also share the idea that an action should be taken to 
prevent and fight tobacco addiction (as reported in the Shanghai Study quoted 
above), but nevertheless you do not defend yourself against pollution.

To obtain consistent results, we must choose the main purpose of our education; 
we must define the population targets to which the messages can be sent; we must 
define when and with what the messages must be proposed (Table 28.4).

Table 28.4 Anti-pollution education strategy (see text) upper part shows some theoretical exam-
ples of possible strategies for antipollution education

eHEdu 
main aim Who

For which 
purpose When With what

Expected 
outcome

To 
educate

All people Rise personal 
knowledge on 
pollution (in 
food, air and 
water)

Always, long 
life

Internet and 
mass media

To be defined

To 
inform

Pregnant 
women

Avoid newborn 
brain damage

Expectant 
mother during 
the pregnancy

Ad hoc courses 
with 
obstetrician

Reduction of 
AP exposition

To form Students Preventive 
measures against 
water pollution

Every year 
(10-h course) 
during the 
primary school

By teacher and 
books

Verify personal 
skill and 
capacity in 
avoiding 
polluted water

The examples might be near to infinite. The table underlines the need of correct Edu-Strategy. 
AP, air pollution
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It is clear that a general director is needed to orchestrate the educative action 
against air pollution; in this process, all the actors and possible stakeholders, from 
the family to school, places of work, advertisers and the media (Internet, WhatsApp, 
WeChat and others), have to take part and have their say. Those industries that work 
in the field of air pollution should also take part in the discussion, giving their con-
tribution and sharing their experience; it can result in a good educational model, as 
long as industries have a strong know-how and are particularly involved.

It is similarly evident that the educational campaigns must not be done at ran-
dom, expressing hearsay rather than scientific knowledge. Those must be coherent, 
convincing, usable and reusable. They must be clear to understand considering the 
different audiences (that potentially come from any social and cultural background 
and any group of age).

There must be procedures adopted to measure the outcomes of these educational 
campaigns.

Carbon monoxide can offer a valid example of that. CO is a toxic and lethal sub-
stance whose dangerousness is very underestimated, due to ignorance (lack of 
knowledge, mainly in rural areas, where people do not think they may be at risk) 
and due to excessive confidence (mainly in urban areas, where people believe that 
in cities technology is safe enough); the risk associated with CO in fact is underval-
ued also by some so-called experts. On the contrary, CO is extremely dangerous not 
only for its known acute and possibly lethal effects for high-dose exposition but also 
at lower concentrations. One recent study for underlines how CO must be studied in 
depth: even a mere increase of 1 mg/mc of CO determines the increase of cardiovas-
cular risk of 4.2% [45]. In addition, it has been recently underlined how some toxic 
and still not perfectly studied CO effects could affect also the central nervous sys-
tem and should lead to public health concerns [46]. The same study suggests that 
these findings must be widely available and that people must be aware of the risks 
related to CO. In terms of education control, the example of CO is particularly help-
ful, because it involves those who smoke [29], those who have a home source of 
chronic production or acute production of CO and those who are exposed to CO 
coming from traffic-related pollution or other particular environments.

Table 28.5 gives an overview of the possible actions aimed to reach this goal. For 
each proposed action (those in the table are just a few examples), there shall be done 
a valuation of opportunity, of cost and of feasibility in order to choose which cam-
paign to activate. Another parameter is the urgency of the single interventions. 
Anyhow, as described above, the idea of imposing only or principally educational 
campaigns as a reaction to emergency situations is not convincing. Air pollution is a 
global problem and complex, which will still last decades. It however deserves well 
programmed strategies and not extemporaneous reactions dictated by emergency.

The basis of all the future campaigns against pollution is still to make people aware 
that “to prevent you must know”. If this basic motivation is missed, all the actions of 
information, learning and education will be more difficult and less effective.

A last recommendation is needed: all the teaching acts aimed to reach the popu-
lation that are done by free citizens, students and professionals must be clear, simple 
and scalable; they must solicit the natural curiosity of man. The fight against 
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pollution must not become a long list of laws, norms and precepts; their use must be 
limited to selected cases (discipline on security, on equipment, etc.). But the exis-
tence of rules, even when appropriate, cannot substitute the education of the 
population.

28.5  Where and How to Defend Themselves

Talking about complexity, there is an exact idea of how much information would be 
sufficient to answer to the question on how to defend (from what) and where. The 
question is still more complex if we think of the timespan we have mentioned in 
Sect. 28.1.

From an educational point of view, we retain that it is not plausible to give all the 
possible answers, in teaching programmes, media, pamphlets and ads or through 
Apps, social media or specifically designed software. The risk of inducing confu-
sion to the population can have highly counterproductive results.

We therefore propose a simplified response, hopefully not too different from the 
most complex solution, dividing the substances that make up air pollution according 

Table 28.5 An example of different Edu-Goal for lowering carbon monoxide deaths and 
incidents

Aim Who/purpose Verify
To inform All people: CO is highly toxic, lethal gas. 

Smokers: Smoking produces an increase of CO 
in your blood and in expired air. Adults: CO is 
produced by traffic, by warming systems (etc)

Per cent of population 
informed—what to 
understand (by 
questionnaires in population 
sample)

To educate Adults, university students, secondary school 
students (other): On CO effects on human health 
and on means to avoid CO production (omissis)
Families, workers, etc.: As measure of CO 
concentration in air (in function of actual risk)

Learning verification

To form All people: Automatic, instinctual, recognition 
of places at risk of high concentration of CO and 
immediate adoption of appropriate defensive 
measures (omissis)

Individual skill and 
behaviour Ad hoc 
questionnaires

To promote 
anti-pollution 
actions

Technicians are more likely to control and 
correct CO production. Citizens avoid highly 
and congested traffic. Citizens are aware that 
normal masks (including nanofibre masks) are 
not useful against CO. Those who buy, sell or 
install air conditioning equipment, gas ovens, 
etc. adopt preventive measures against the 
production of CO. Have in home CO sensors 
and air vents to avoid accumulation of CO, etc

Per cent of adhesion to 
correct action by each 
category. Specific test and 
examine for technicians and 
person designed at security. 
Certifications. Law fulfilment

The table is simplified (real table must be designed as the 28.4 with a row for each correspondence, 
row by row, of aim, what, when, etc.). Complete anti-CO table is a matrix of about 25 row × 10 
columns. Each educative action should be coherent and linked to each other
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to a different classification, based on the dimension of the pollutant, and that depend 
on the location of exposure (Table 28.6).

The table serves to create a problem, rather than find or propose solutions. The 
contents of each box are realistic, the information given are reliable, but the table is 

Pollutant µ ($)

Gas 0.0001

Professional
AG
Mask (°)

Difficult !
Measure
and open
the

(^)

Professional
AG
Mask

Professional
AG
Mask (º)

Professional
AG
Mask (º)

Centralized
Professional
Air Systems

Heavy Metals
and Toxic
Inorganic
Molecules 

0.001  

Professional
AG
Mask (°)

Difficult !
Measure
and open
the

(^)

Professional
AG
Mask

Centralized
Professional
Cleaner

Toxic
Organic
Compounds (*) 

0.01

Perhaps
Specific
Pro Mask

Air Cleaner
(usually
poor
effective/
efficient)

(^)
Specific
Pro Mask

Specific
Pro Mask

Centralized
Professional
Cleaner

Virus 0.5

Perhaps
Specific
Pro Mask
(often
used
surgical or
N95
mask) and 

Only High
Efficient
Semi-pro
Cleaner
(like HEPA
14/ULPA
filters)

Perhaps
Specific 
Pro Mask
(often
used
surgical or
N95
masks) 

Perhaps
Specific 
Pro Mask
(often
used
surgical or
N95
masks) 

Public
Health
Measures

Ultrafine
Particulate
Matter

0.5

1

5

5

Specific
Pro Mask

HEPA14/U
LPA filters (^)

Specific
Pro Mask

Centralized
Professional
Cleaner

Humidity/
Flugge Drops No

Dehumidifiers/
humidifiers No

No

none No

Centralized
Professional
Air Systems

Fine Particulate
Matter

Quality
masks
and
quality

HEPA14/U
LPA like
filters

Quality 
masks and
quality
nose filter

(^)

Quality
masks
and
quality

Centralized
Professional
Air Systems

Bacteria, small
molds

Quality
masks
and
Hygiene 

HEPA14/U
LPA like
filters

Quality 
masks and
perhaps
quality

(^)
Quality
masks

Public
Health
Measures

Almost visible
dust (+) 50

Mask and
Nose
Filters

EPA >11
and other
filtration 

Mask
and
Nose Filters

(^)

Mask
and
Nose filters

Centralized
Professional
Air Systems

Pollens,
Allergens, Molds 50

Quality
masks
and
quality
nose filter

EPA
>11/12 and
other
filtration
systems

Quality
masks
and
quality
nose filter

No

Quality 
masks
and
quality
nose filter

Centralized
Professional
Air Systems

INDOOR

Individual Home

OUTDOOR JOB/SCHOOL

Individual
Workplace

Individual
Street

Perhaps
Specific 
Pro Mask

Table 28.6 Some anti-pollution defence tools: matrix between type of toxic substance and living 
place

Grey box, preventive measures suggested and/or reasonably effective and/or extent of the citizen. 
Light grey box, possible usefulness. Professional AG masks are specific anti-gas masks, profes-
sional and costly, usually specific for one or few gas types. These professional masks are equipped 
with highly specific filters (usually external); perhaps the new nanofiber masks could be used in the 
future (see the following chapters). The table is applicable only to AIR contaminants (pollutant or 
microbes dispersed in the air). The table refers to systemic protection (not included eye, skin, hair 
protection)
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clearly difficult to understand and use by people with no specific competences in 
this field.

Meanwhile, in imposing educational campaigns, we must carefully consider the 
intersection of the matrix presented in Table 28.6, but we have to propose a simpler 
and clearer version to the general population (Table 28.7). We think that this type of 
diagram is simple enough to be understood by all and can contain enough of the 
basic information needed to understand how to protect oneself.

This distinction is based on the general idea that some physical barriers against pol-
lutants (e.g., masks, air purifier) offer a valid protection, while in other cases (e.g., toxic 
gases) there are no adequate defensive means, or they are not available to the general 
population. The microbes represent a separated class because there can be valid and 
different measures: like filtration, similar to that used for fine particles, to pest control, 
hygiene and public health strategies to avoid contact or reduce the microbial load.

28.6  Contrasting Wrong Information and Cliché on Air 
Pollution

In the last decade, the way people access to information has largely changed. 
Especially the development and the easy accessibility of the World Wide Web and 
lately of the social media have made an incredible mass of information available. 
These same contents are often not filtered or come from unreliable sources that may 
(or may not) have interest in diffusing false information. When it comes to air pol-
lution, a number of sites offer a number of solutions that mainly refers to defensive 
measures (medications, diet, equipment). Some of these sites are reliable, some are 
untrustworthy, some have also political claims or endorse ideology linked also with 
ecological issues, some are promoted by retailers that offer useless solutions, and so 
on. Most of those websites give contrasting information, and unfortunately the less 
reliable ones are the ones that often become viral in the socials. The risk of confu-
sion, or of doubt and indecision, is very high. In our opinion at this moment, some 
of the most dangerous cliché to knock down are:

Table 28.7 Simplified matrix of basic “minimal” information about pollutants

Pollutant mm Visible Example Key Word
Very small 
molecules

0.000001 No, not even with 
microscope

Carbon monoxide 
(gas), alcohol or 
gasoline vapours

Measure, 
escape, avoid, 
prevent

Very fine 
particulate 
matters

0.001 No, only with 
microscopes

PM2.5, other fine 
dusts, aggregates of 
chemicals

Defend, 
measure, avoid

Microbes 0.001 No, only with 
microscopes

Virus, bacteria, 
moulds

Defend, 
hygiene 
measures

“Dust” 0.1 Very little: In few cases 
visible by lenses

Pollens, house dust, 
others

Defend, avoid
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Wrong:
 1. Air pollution causes harms to the lungs and respiratory tract, and consequently:

 (a) Air pollution causes harm when the subject manifests symptoms (cough, 
dyspnoea, etc.).

Correct: Air pollution cause harm to the entire body (due to systemic diseases) 
even when there are no symptoms. In many cases, when symptoms are 
manifested, it is often too late to prevent.

Wrong:
 1. The air is polluted when we see smog or clouds or when there is bad weather.

 (a) When the sky is clear, the air is clean.

Correct: The air in some cities is almost always polluted (e.g. Air Quality Index 
>100 for 200 days a year), even when the sky is clear. Smog may be a 
sign of a high concentration of pollutants; just as in some cases, we only 
have clouds and the concentration is not very high.

Wrong:
 1. You can see pollution or smell its bad odour.

Correct: Many toxic gases are odourless, colourless and invisible. Even fine and 
very fine particles cannot be seen under many lighting conditions. In 
some cases, they can simulate a romantic and beautiful sky.

Wrong:
 1. I can decide when to defend myself from pollution in relation to what I see and 

feel.

Correct: We defend against pollution following the values of Air Quality Index 
(or other similar indices), available in the whole world. It is useful to 
measure the pollution in your own living space. Measuring pollution is 
complex, but doable even in the non-professional level.

Wrong:
 1. Air pollution is the principal enemy to health.

 (a) Therefore, we must defend solely or mainly from air pollution.

Correct: The harms of air pollution are summed to those of water, food and soil. 
Pollutants often carry infectious diseases. The harms of pollution are 
summed to those caused by other risk factors (e.g. hypertension, dia-
betes, hypercholesterolemia, hypercysteinaemia, age, etc.)

Correct.2: Health is unique; we must defend from all that causes harm. Air pollu-
tion causes a lot of harm.
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Arguments against commonplaces, prejudices and beliefs on health (and on pol-
lution) have no boundaries and exceed the objectives of this book. The above- 
mentioned examples serve to reiterate the principal facts that (a) we must understand 
what people think and believe; (b) then a study will be done on coherent and com-
prehensible messages; (c) when possible, there will be a measurement of the learn-
ing outcomes and then of the real outcome on health; and (d) when necessary, there 
will be an improvement and update of the messages but always with respect to the 
basics of “educational continuity”, with “interdisciplinary and collaborative gover-
nance” as proposed for academic education in clinical settings [47]:

 1. The principle of “coherence” among the teachings and consequently of the 
sources of information and knowledge. It implies the convergence of the teach-
ings (intended as educational actions) toward shared educational targets

 2. The principle of “non-contradiction”, that is secondary to the previous one. It is 
more focused on the idea that those information and notions that are due to 
become practical actions do not have to be in contradiction among each other. It 
is referred to all those actions related to prevention, prophylaxis, treatment or 
rehabilitation that the patient has to go though.

 3. The principle of “selection” of the teaching contents and of the educational targets: 
a rational scheduling has to be planned according to priority scales, secondary- to 
general-shared criteria (i.e. ethical, political or scientific criteria). This education 
plan can be also secondary to the vocational profile of a single student, to personal 
agreements and to arranged choices that do not follow those same shared criteria, 
but that are more focused to other less known or explored issues. Is on the contrary 
to be banned a casual choice of the educational pathways and target, or a planning 
secondary to biases choices, or to transitory trends. This selection is strongly 
needed also because of the exceptional number of available information. The argu-
ments to be discussed and taught as well have to be selected according to the previ-
ous criteria: educational continuity, coherence and non-contradiction.

 4. The principle of “evaluation” of the outcomes that come from the educational 
action. In some cases, this can be done only through the use of surrogate end- 
points (e.g. with the use of questionnaires that evaluate the level of understand-
ing of a given information), in a proper approach that should require a continuous 
feedback that could set a starting point, followed by short- and long-term evalu-
ations. Whenever it is possible, this kind of evaluation has to be done on the real 
outcomes or at least on close indicators of the outcomes. Nevertheless, this is a 
difficult approach that is uneasy to put into practice

28.7  Do We Need the Ten Commandments?

Governments, institutions responsible for education, mass media and managers of 
information and the citizens themselves must face a complex problem of informa-
tion, education and learning, for the reasons explained in the previous paragraphs 
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but also because part of an unique cultural and learning process, as explained in 
Fig. 28.3; in fact, the field of pollution protection is intertwined with many others.

To achieve a good education and pollution defence, it is necessary to know the 
specific terms regarding chemistry, physics, medicine, etc., and one must know how 
to picture the pollution problem in general terms of health protection and well- 
being. Many studies show factors in socioeconomic characteristics [43, 48–51], 
together with the cultural level or scholastic title with the capacity to defend oneself 
from pollution and to adhere to preventive programmes [41, 42, 52, 53] though with 
some exception, in the case of certain areas in Latin America [54].

In particular, the social disease is a factor that becomes very fragile with respect 
to environmental diseases and, together, is often combined with the level of “liter-
acy” and of the very low knowledge of one’s own health state.

This calls for wise indications, shareable with everyone, men, women and chil-
dren, easy to understand and valid through time (at least in the reasonable limits we 
can hypothesize today) that are at the base of specific learning acts.

These indications must be useable by all, starting from the weakest people, with 
minimal resources, and must be extended, deepened and made to perfection in func-
tion of the level of basic culture of the single population group.

These “laws” (suggestions) must therefore constitute “common knowledge” of 
the population on health and its protection, on which to build a solid education; with 
reference to the emergency of pollution, some Chinese author has recently defined 
it the “airpocalypse of this century” and perhaps of this millennium, but still appli-
cable in another sense to the health sector.

28.8  Some Key Points to Ponder

 1. To protect health, you must know the enemy (what it is, what it causes and how 
to confront it). Inform yourself choosing your sources. Ask for advice from 
doctors and experts.

 2. Protect yourself and your family and your friends. Defend with more attention 
to the more fragile (children, aged, pregnant women, the sick) and the more 
exposed. Inform those who do not know of the risk and means of defence.

 3. Protect your entire body. In particular, the nose, mouth and respiratory tracts 
are entry ways of pollution, but also the eyes, ears, skin, face and hair are always 
exposed. Pollution creates systemic diseases that affect the entire body (heart, 
brain, lungs, reproductive organs, sense organs, etc.).

Literacy
· AQI ? Pollutant ?
· Micron ? Asthma ?

· Prevention, wellness
· Care, Cure

· Specific knowledges
· Active Defense

Health Education

Anti-Pollution Edu

Fig. 28.3 Education on 
pollution defence, health 
education and knowledge 
and culture are coexistent 
(see text)
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 4. Protection every day, every week, and every year. The battle against pollution is 
a resistance match to fight for the entire life.

 5. Pay attention to chronic harm, tied to polluting substances (e.g., lung cancer, 
atherosclerosis and heart attacks or stroke), but also defend from acute causes 
from gases or highly lethal substances or high smog levels (e.g. AQI > 300).

 6. We almost never see pollution and it has no odour. If you want to defend, you 
must know what it is and what it has. Consult the air quality indices (e.g. Air 
Quality Index, AQI) to know, day-to-day, the pollution of your local area or the 
measure of principal pollutants present in your home or garden.

 7. Consider that there are toxic substances in the air but also in food and soil and 
water and have more harmful effects on persons predisposed to diseases of risk 
factors (e.g. hypertension and diabetes).

 8. Choose with maximum attention the instruments with which to defend (e.g. 
masks, intranasal spirals, air purifiers, protective creams, goggles). Use them at 
the useful time, even day and night when appropriate. Choose eco-friendly 
products.

 9. The defence against pollution requires an active behaviour from the citizens. 
Maintain an active role against pollution and also avoid the act of pollution. 
Follow attentively the government and health authority advice.

 10. Do not let fear and irrational behaviour prevail. We can battle pollution and the 
risk of disease that it brings can be reduced.

 Conclusions
The strategies needed to protect people from air pollution are several, but most 
of them still need to a better forge. Air pollution remains a complex matter and 
most of its effects on human health are unknown.

People have a crucial role, as changes in behaviours can represent the only 
escape to the devastating consequences of this new global catastrophe. They also 
have to accept some measure, although unpopular, provided that those do not 
impact on the quality of life.

Education remains the basic; people must become aware of the problem and 
understand that prompt actions are needed now. But awareness may come only 
from a proper dissemination of knowledge and of messages that everyone should 
be able to understand, in spite of the origin, the cultural, social or economic 
background or of the age group.

The goal is the implementation of measures able to constantly protect, every 
hour and every day, people and particularly those more exposed to the effects of 
air pollution as elderly or children.
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29Basic Characteristics of Antipollution 
Devices and PPE

Claudia Bandini, Ibar Sabatini, Michela Dimilta, 
and Giulia Baldessari

29.1  Risks and Effects of Air Pollution

There’s so much pollution in the air now that if it weren't for our lungs there'd be no place 
to put it all. (Robert Orben)

Usually jokes are used to cause healthy and abundant laughter, but, unfortu-
nately, the mentioned quote sums up in a few words a sad and dangerous reality 
which affects everyone. There are 5.5 millions of people who are victims of indoor 
and outdoor air pollution every year, as reported by a recent research from Canadian 
researchers of British Columbia University and Health Effects Institute [1].

This data is upsetting. To make a comparison, consider that in 2001 Twin 
Towers disaster in New York, there have been 2974 victims. Due to exposition to 
toxic chemicals, death rate is equivalent to the victims caused by five 9/11 attacks 
a day, every day. Chemical and toxic exposure mortality has been widely inves-
tigated from researchers in the last 50 years: hundreds of publications are avail-
able in the scientific literature, proposing statistical analysis, panel studies, and 
reviews on air pollution outcomes. In particular, it has been verified the associa-
tion between air pollution chronic exposure and cardiovascular diseases and 
mortality [1–11].
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The WHO database shows that in the first decades of the twentieth century [12, 13], 
cardiovascular diseases (ischemic heart disease, stroke, lower respiratory infections, 
and chronic obstructive lung disease) are the principal causes of mortality 
worldwide.

The majority of the studies [4, 8] are concerned on the effects of short- and long- 
term exposure to the particulate matter (PM) which is mainly produced by automo-
tive vehicles, by domestic heating, and by industrial plants: PM10, PM2.5, and 
ultrafine particles (UFPs).

In particular, fine and ultrafine particulates are considered more dangerous because 
their small size allows the particles to reach easily the alveoli in the lung [14–16].

Studies reveal a certain association between dysfunction of the autonomic ner-
vous system [2, 17, 18]and air pollution, especially the occurrence of myocardial 
infarction [19–21] linked to short exposure, the incident of stroke [22, 23], and lung 
cancer.

Not only particulate matter causes bad effects on human health, but several stud-
ies show that also ozone (O3) [24–30], nitrogen oxides (NOx) [25, 31, 32], sulfur 
oxides (SOx) [25, 33], carbon oxides (COx), and volatile organic compounds (VOC) 
impact negatively on cardiovascular system.

Other dangerous sources are diseases related to microscopic size pathogens or 
submicroscopic ones which are carried by indoor and outdoor air both. Among 
them, we can mention the H1N1 virus, the avian flu, and many other diseases. They 
are carried by animals or by men through continuous immigration flows.

Several pathogens are easily carried by fine particles of dust, droplets, or aerosol. 
They become optimal vehicles toward lower airways until alveolar level. Recent 
studies showed that most of the flu viruses are carried by dust or aerosol particles 
with diameters between 1 and 4 μm. These viruses are carried by PM with diameter 
sizes lower than 1 μm (till 200–600 nm) too. These sizes allow them to reach the 
alveoli and to promote the diffusion and the pathogenic capacity of viruses.

In Fig. 29.1, sizes of particle diameters are reported in order to clarify the differ-
ences between them and their capacity to reach human respiratory system.

We will explain the basic characteristics of antipollution devices and PPE and 
their clinic benefits for civilians:

 1. Abatement of infectivity and pathogenicity indices for both bacterial diseases 
(with a drastic reduction or cancelation of pathogenic bacteria) and in the major-
ity of aero-transmitted viral diseases.

This feature translates into:
 (a) Containment of the number of infected/infectious subjects and sick individu-

als, in the course of epidemic or pandemic diseases (influenza, avian influ-
enza, etc.)

 (b) Individual protection of the patient’s family in the case of contagious dis-
eases at home (highly contagious measles up to 98%; paramyxovirus with 
150–300 nm), communities, or restricted environments

 (c) Effective protection of the support staff and host staff working for immi-
grants from other countries
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 2. Drastic reduction of the risk of importing new strains, bacteria, and fungi 
through uncontrolled immigration flows and to facilitate its dissemination. 
Personal protective equipment against fine and ultrafine toxic dust. All citi-
zens of all ages exposed to outdoor pollution are considered (in some cases 
indoor too).

 3. Protection of travelers in areas with high concentration of particulates and toxic 
aerosols.

 4. Highly effective protection for patients already suffering from cardiovascular 
impairment (e.g., chronic obstructive pulmonary disease stage > IIa or pulmo-
nary hypertension) from dust. We consider outdoor and indoor dust which causes 
or encourages the progression of disease. Reduction in the same patients of the 
risk of bacterial or viral superinfection.

 5. Reduction of the incidence of nosocomial infections.
 6. Protection for patient and staff (of surgery, medication, etc.) from the risk of 

contamination due to open skin lesions, operating rooms, and inhaling 
pathogens.

 7. Protection of health workers, patients, and their families in all at-risk depart-
ments (e.g., infectious diseases, intensive care units, long hospitalizations of 
immobilized or frail patients, etc.).

fungi
2–200 mm

mold spores
1–70 mm

PM10
2.5–10 mm

bacteria
0.5–10 mm

0.1–1 mm

1–5 mm

LOWER
AIRWAYS
lower lungs

alveolar ducts

UPPER
AIRWAYS

PM2.5
0.3–2.5 mm

virus
0.02–0.5 mm

UFPs
<0.3 mm

Fig. 29.1 Sediments of dangerous particles for human health based on types and size
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We will list the main commercial areas based on clinic and medical prevention 
view. They are:

 (a) People and individuals: personal defense from air pollutants, fine dust, and 
ultrafine dust particularly (not retained by the masks sold on the market 
currently)

 (b) Health and non-health border staff. Bilateral and mutual protection from infec-
tivological risks. Reduction of the risk of importing new virulent strains

 (c) Medical staff, nursing staff, and patients in hospitalization and care environ-
ments (better protection for patients in surgery room, reduction of nosocomial 
infections, etc.)

 (d) General population, population clusters and communities, and individual citi-
zens: protection against epidemics and pandemics

29.2  Selection Parameters and Evaluation of Antipollution 
Devices

Instead of trying to invent the methods to eliminate the microbes in the wounds, wouldn’t it 
be smarter not to introduce them in the first place? (Louis Pasteur)

Surely Louis Pasteur in the nineteenth century had a brilliant idea, but unfortu-
nately actual commercial masks can’t still provide a perfect barrier. Aware of high 
risks for human health established in several epidemiological studies on the effects 
of air pollution, we are going to collect the information described in international 
standards, scientific results present in literature, and some medical and technical 
assessments in order to produce solid guidelines which allow the consumer to really 
evaluate the parameters described above.

It is important not to confuse the devices designed for an industrial application 
from those which have an “urban” use (also said home and personal devices). In this 
chapter, we will examine precisely the latter, in particular home detectors, respirator 
masks, and nasal filters.

We talked about how the risk of disease due to pollution is related to how much 
the chemical and physical properties of a substance are dangerous for human health 
and how much time a person is exposed to that substance (R = H × E) [34]. It’s 
easier intervening in the exposure factor for common people. They can move to 
another place or protect themselves in the same location. Antipollution devices have 
this goal: reducing the exposure in order to reduce the risk of disease.

We will focus on describing the logic behind these devices and how producers rate 
them. But now we start considering consumer’s point of view, listing the main character-
istics to take into account when buying an antipollution device (outlined also in Fig.29.2):

 1. Work efficiency: is the product compliant to the most important world stan-
dards (USA and Europe)? Does the device perform as intended?

 2. Possibility to detect the efficiency: does the device show an immediate/evident 
validation of its filtering/monitoring efficiency?
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 3. Health effectiveness: is it theoretically possible that the device could have some 
advantageous clinical effect if used for an adequate time? Does any trial exist, 
proving that there are favorable effects on people or epidemiologic observa-
tions on the outcomes?

 4. Dangerousness: does it expose to risks? Could it produce unknown or toxic 
subproducts, stop working, or become dangerous in certain conditions?

 5. Comfort/portability: does the device fit well/is inconvenient to carry?
 6. Ease of use: is it a “mistake-proofing” device? Is it easy to use even by inexpert 

people as kid and ancients?
 7. Cleanliness/maintenance and reusability: does the object easy to clean and to 

fix in case of break or malfunction? Can it be used more than once? Is it clearly 
stated in instruction handbook how many times the device can be reused 
effectively?

 8. Longevity: is the device resistant? Is there a risk that it would break down when 
used?

 9. Versatility: could it be used in different conditions, environment, or applications?

Cleanliness,
maintenance,

reusability

Ease of use

Work
efficiency

Cost

Ecology

Health
effectiveness

Comfort/
portability

Versatility

Longevity

Appearance

Dangerousness

ANTI-POLLUTION
DEVICE

Possibility
to detect the

efficiency

Commercial
availability

Fig. 29.2 Scheme of evaluation parameters of antipollution devices
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 10. Appearance: does it appear beauty or ugly and awkward?
 11. Cost: has it a fair cost/benefit ratio?
 12. Commercial availability: is the technology commercially available?
 13. Ecology: is the device useful to protect from pollution without affecting nega-

tively the environment? For instance, is it recyclable?

This list represents the major aspects that consumer will have to take into account. 
It’s obvious that the producers are aware of these needs, but they can’t cover them 
all with a single product. We may find, for example, masks with a high grade of 
comfort but with a poor level of reusability, or we may notice other masks with a 
beautiful appearance but that are extremely uncomfortable during operation or a 
detector that is able to reveal very low concentration but just for a restricted selec-
tion of substances. The final choice is up to the consumer.

29.3  Monitoring and Data Collecting

In the previous paragraph, we have indicated the parameters that help to quantify 
the risk of getting disease due to that substance, i.e., hazard and exposure. In this 
section, we want to deepen the characteristics of devices used in monitoring param-
eters to consider in order to use them effectively and technical considerations to 
improve performances.

Let’s start considering the Air Quality Index (AQI), which is an index used by 
worldwide government agencies to inform the population on the rate of air pol-
lution and consequently on the degree of risk for human health. Each country has 
developed own standards and procedures for the calculation of this index; usu-
ally only the main pollutants are considered (ground-level ozone, particle pollu-
tion, carbon monoxide, sulfur dioxide, and nitrogen dioxide), and the final data 
is evaluated based on a scale that shows all the possible range of risks (from low 
to very high).

The substances are not measured all with the same frequency; in fact some are 
monitored every hour, others only once or few times a day.

Although the AQI is a useful information tool, it has got some limits. In fact, this 
index describes a general condition and an average estimate of air quality, and it 
does not allow the population to know if there are specific risks related to certain 
substances, and especially it doesn’t allow to restrict the valuation to a limited area, 
because it describes a condition of large outdoor areas. This means that the data is 
not always truthful and trustworthy for population.

The necessity of local-scale monitoring is dramatically increasing, especially in 
developing countries where indoor pollution, due to solid fuels used for domestic 
uses as cooking and heating, causes millions of deaths. The monitoring of PM and 
other toxic substances has not been implemented only by the governmental agencies 
but by every citizen who wants to protect his own health and that of the people with 
whom he lives.
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Large-scale monitoring is therefore not sufficient, so mobile and personal air 
quality monitoring and pollutant detectors were developed to reveal in real time 
both the indoor and outdoor air quality.

Sampling should be carried out by the device both qualitatively (identifying dif-
ferent types of particles) and quantitatively (measuring the concentration).

Capturing data can also be differentiated according to the extent of the inspected 
area: in addition to monitoring on large scale, there are devices that can monitor spe-
cific indoor areas or make detections around the person that wears it; in this last case, 
the portable device should measure according to the characteristics of respiration; in 
this way, it could be very useful for those doctors who have to identify the causes of 
given pathologies [34].

Table 29.1 contains the main gas hazardous to human health.

Table 29.1 Main harmful gases with sources and effects on human health

Chemical 
formulation Name Source Main effects
CO Carbon monoxide Combustion processes 

(hydrocarbon engines in 
vehicles, power plants, and 
heating systems), tobacco 
smoke

Headache, fatigue, and 
breathing problems (it 
prevents tissue 
oxygenation)
Death

CO2 Carbon dioxide Chemical and industrial 
combustion processes, 
humans and animals 
respiration

It is the greenhouse gas 
most dangerous for the 
increase of planet 
temperature

NOx Nitrogen oxides Combustion processes Irritation to eyes and 
respiratory tract, 
pulmonary edema and 
methemoglobin formation 
risks, photochemical 
smog, soil acidification, 
and eutrophication

SO2 Sulfur dioxide Sulfur-containing fuel 
combustion in industrial 
plants

Acid rains, others

O3 Ozone Irritation of the 
respiratory system

VOC 
(including 
C6H6)

Volatile organic 
compounds

Paints, solvents, cleaning 
products, gasoline, and natural 
gas

Benzene is carcinogenic; 
others contribute to the 
greenhouse effect

C20H12 Benzo[a]pyrene 
(polycyclic aromatic 
hydrocarbons, 
PAHs)

Petrol and wood combustion Carcinogenic effects

PM Particulate matter Combustion in internal 
combustion engines, in 
domestic heating, asphalt and 
tire wear, emissions from 
agricultural and mechanical 
manufacturing, tobacco smoke

Cardiovascular diseases
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The first patents related to air pollution detectors date back to the 1970s, and they 
have been deposed in the USA.

The first forerunner (1972) of currently available devices was covered by a data 
recording surface that allowed to measure the presence of pollutants by evaluating 
the deterioration of the coating that could have been composed by an oily or vapor-
ous chemical substance that reacts to different substances floating in the air in dif-
ferent ways, such as change in color or erosion. A couple of years later in 1974 in 
the USA, a new environmental monitoring device patent was deposed, which was 
innovative for the time but almost rudimentary compared to modern devices; it was 
unable to give an immediate reading of the substance quantity in the air, as the air 
had to pass and react with several layers of dry reagents (each one sensible to a 
different substance) and the chemical reaction products could have been analyzed 
just at a later time by opportunely equipped technicians, therefore just by sector 
specialists.

Thanks to advancements in electronics and communications, as well as the 
development of nanotechnologies and new materials, nowadays different types of 
professional mobile monitoring devices were developed to measure the quantity, the 
size, the type, and the mass of particles and nanoparticles [35]. Also for personal 
use, nowadays low-cost sensors are available in commerce (semiconductors, infra-
red, oxidation, catalytic, electrochemical, etc.). With respect to the professional 
device, they have got both advantages and disadvantages.

Among positive aspects, there are small dimensions, low power consumption, 
low cost, easy application in portable devices, and large distribution for personal 
use; the major disadvantage is in general the low accuracy and sensitivity to particle 
mass concentration with respect to professional instruments.

Nevertheless, in literature research reveal that also dust detector (Sharp 
GP2Y1010) can effectively monitor PM if calibrated appropriately [35]. The low- 
cost detector SYhitech DSM501 was deeply studied: data show the same monitor-
ing accuracy of fixed stations and the capacity of detect the concentration of particles 
with size bigger than 2.5 μm.

An ideal mobile particle monitoring device should permit also the characteriza-
tion of particles based on chemical composition and morphology, and it should 
identify the emission sources [36].

Although it is desirable to develop devices that can detect even small concen-
trations of all dangerous substances, nowadays available technology does not 
yet allow this, so it is wise to choose the device that best suits the needs of the 
consumer.

Now we try to evaluate in Table  29.2 the parameters previously discussed in 
reference to home pollutant detectors.

29.4  Respiratory Protective Devices

“A respirator is a device that protects you from inhaling dangerous substances, such 
as chemicals and infectious particles. Respirators are among the most important 
pieces of protective equipment for working in hazardous environments. Selecting 
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Table 29.2 In deep evaluation of basic characteristics of home pollutant detectors

General parameter Description of parameters Guidelines

Work
efficiency

Is the detector able to monitor 
low concentration of dangerous 
substances?

As a cure, you should buy a device 
able to filter the substance which 
causes the disease. As prevention, 
you should buy a device able to 
filter all the substances which 
cause diseases you fear the most

Does the device recognize the 
chemical and morphology 
composition of the particles?

Possibility
to detect the

efficiency

Does the detector show an 
immediate/evident validation of 
its monitoring efficiency? Can 
consumers understand if device 
have a good efficiency?

You should check product 
features. If the product is an 
electric device, you should check 
its consumption and then if 
cost-effect ratio is worth. You can 
find these information in product 
instructions or in producer’s 
website

Ease of use

How much easy is to use the 
detector even by inexpert people 
as kids and ancients? It is easy 
to understand the recorded 
concentration and if this could 
be dangerous for health? Does 
the device produce an alarm 
sound in case of high 
concentrations of pollutants?

You have to check product 
instructions always. You shall 
know all its features before buying 
it. You can find them in producer’s 
website, sell points, and 
consumer’s forums. In the last 
case, you have to check if the 
website contains valid information 
put by reliable people

Is available a detailed 
instruction handbook? Is it 
necessary to read it carefully?

Cleanliness,
maintenance,
reusability

Does the detector need to be 
cleaned often? Is it easy to fix in 
case of break or malfunction?

Every device has an expiring time. 
You should use it under the rules 
written in the instructions. This 
behavior will help the device to 
work longer so to delay the time to 
buy a new one

Health
effectiveness

Does the device provide some 
advantageous clinical effect if 
used in certain circumstances 
with an adequate attention? 
Does any trial exist, proving that 
there are favorable effects on 
people, or epidemiologic 
observations on the outcomes?

These devices protect from 
pollutants. Your health benefit is 
based on the controlled pollutant. 
Producers show which medical 
standards their device follow 
usually. This is a competitive asset 
for producers and a guarantee of 
effectiveness for buyers

Dangerousness

Does the device produce toxic 
substances?

Producers must show this 
information but they are not 
displayed adequately. You should 
check product instructions and 
producer’s website wisely

(continued)
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Table 29.2 (continued)

General parameter Description of parameters Guidelines

Comfort/
portability

Is the detector handy and light 
or bulky, heavy, and difficult to 
move?

The device management is based 
on consumer’s possibilities. You 
should choose your product 
valuating weight and measures. 
This recommendation should help 
you for choosing a product which 
fits your habits and lifestyle

Versability

Can the device monitor a high 
number of different pollutants 
efficiently? Can it be used both 
for indoor and outdoor 
monitoring?

You buy a device for two reasons 
mainly: cure or prevention. You 
should choose your product based 
on its purpose

Appearance

Does it appear beautiful/
well-looking or is it ugly and 
awkward?

Product appearance is another 
competitive asset for producers. If 
you consider the aesthetic factor, 
you should buy a device which fits 
better the environment

Longevity

Is the device resistant? Is there a 
risk that it would break down 
when used? How much time 
does it work well?

You know how much time you 
must use a device. You should 
check information about devices 
expiring time. Choose the most 
convenient device based on this 
information

Cost

Has it a fair cost/benefit ratio for 
consumer?

Choose how much you would pay 
to cure your disease or to prevent 
one. Then compare your idea with 
market prices

Commercial
availability

Is it easy to buy? Is it also 
available in the shops or just 
online? How much is shipping 
time?

In the worst scenario, choose if 
you prefer to wait to obtain a 
particular product or to buy a 
similar one immediately

Ecology

Is the detector useful to monitor 
pollution without affecting 
negatively the environment, 
generating additional pollution?

You should buy an antipollution 
device which doesn’t create 
pollution. This would be a 
collateral damage for yourself and 
for other people
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the right respirator requires an assessment of all the workplace operations, pro-
cesses or environments that may create a respiratory hazard” [37]; this is the defini-
tion published in General Respiratory Protection Guidance for Employers and 
Workers by OSHA (Occupational Safety and Health Administration-USA).

The prevention from the spreading of airborne epidemics and personal protection 
from contagion and from exposure to toxic particulates can be contained through the 
use of suitable facial filter equipment: wearing a face mask also for short-term exposi-
tions can remarkably reduce the negative effects of pollution on cardiovascular (arterial 
pressure and heart rate) and breathing apparatus [15]. The quality of a facial filtering 
device is not measurable only by its filtering efficacy, but it depends on several aspects, 
such as configuration, material, way of use, or cost. Typologies are obviously numer-
ous, and the consumers have to pay attention in evaluating the best for their needs.

European and US standards classify these instruments as PPE (personal protec-
tive equipment) if their function is protection of who will wear them and surgical 
devices, in case if they have to limit the transmission of infective agents between 
patients and staff during the surgical operations [38].

Since there are no specific regulations for “urban” antipollution devices, we will 
consider and analyze both types trying to underline advantages and negative fea-
tures, limits, and applications of both although the direct comparison is not so easy.

29.5  Classification, Legislation, and Standards

As mentioned above, the European (EN) and the American Standards are the most 
detailed regarding the occupational respirators and surgical masks, as they classify 
and describe accurately the functional and technological characteristics of such 
devices, as well as the methodology to evaluate them. In order to consider a device 
in compliance, all its components must satisfy the technical requirements and posi-
tively pass all the practical tests required by each relevant standard. Among the 
Chinese Standards, there is only one standard regarding respiratory protective 
devices, (YY/T 0969-2013), which specifies use, requirements, test methodologies, 
packing, transport, and storage of single-use medical masks, used for generic medi-
cal (not surgical) applications.

On Table 29.3 are reported the main standards which regulate breathing appara-
tus protection devices.

In the subsequent paragraphs, we will study deeply the technical characteristics 
and peculiarities of particulate and chemical cartridge/gas mask respirators that are 
those products able to filter air pollutants.

In the USA, NIOSH (National Institute for Occupational Safety and Health) 
“develops new knowledge in the field of occupational safety and health and to trans-
fer that knowledge into practice” as reported on its website. One of its many tasks is 
approving Particulate Filtering Facepiece Respirators that comply the standard; all 
the approved devices are reported online, divided according to the type. There are 
seven classes of filters that differ according to the filtering capacity; they are sum-
marized in table GGG.2 (http://www.cdc.gov/niosh/).
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Table 29.3 Principal International Standards about respiratory protective devices in the workplace

Issuing organization
Standards/
regulamentations Title

Occupational Safety 
and Health 
Administration (USA)

OSHA 29 CFR 
1910.134

Respiratory protection standard

The National Institute 
for Occupational Safety 
and Health (USA)

NIOSH 42 CFR 
Part 84

Respiratory Protective Devices

American National 
Standards Institute 
(USA)

ANSI Z88.2-1992 American National Standard for Respiratory 
Protection

ANSI Z88.10-2001 Respirator fit test methods
National Fire Protection 
Association (USA)

NFPA 1404-2006 Standard for Fire Service Respiratory Protection 
Training

NFPA 1500-2007 Standard on Fire Department Occupational 
Safety and Health Program 2007 Edition

Food and Drug 
Administration (USA)

ASTM F2100-
11,ASTM F2299, 
ASTM F1862

Standard specification for performance of 
material used in medical face masks

Council of the 
European Union

89/686/CEE Council Directive of 21 December 1989 on the 
approximation of the laws of the Member States 
relating to personal protective equipment

European Parliament 
and Council of the 
European Union

(UE) 2016/425a Regulation(EU) 2016/425 of the European 
Parliament and of the Council of 9 march 2016 
on personal protective equipment and repealing 
Council Directive 89/686/EEC

European Standards—
European Committee 
for Standardization 
(EU)

EN 136:1998 Respiratory protective devices—full face 
masks—requirements, testing, marking

EN 140/AC:2000 Respiratory protective devices—half masks and 
quarter masks—requirements, testing, marking

EN 143/AC:2006 Respiratory protective devices—particle 
filters—requirements, testing, marking

EN 149+A1:2010 Respiratory protective devices—filtering half 
masks to protect against particles—
requirements, testing, marking

EN 405+A1:2010 Respiratory protective devices—valved filtering 
half masks to protect against gases or gases and 
particles—requirements, testing, marking

EN 529:2006 Respiratory protective devices—
recommendations for selection, use, care and 
maintenance—guidance document

EN 14683:2014 Medical face masks—requirements and test 
methods

EN 14387+A1:2008 Respiratory protective devices—gas filter(s) and 
combined filter(s)—requirements, testing, 
marking

Health and Safety 
Executive (UK)

HSE 282/28 Fit testing of respiratory protective equipment 
used for controlling exposure to asbestos fibres

China National 
Standards and Industry 
Standards (CN)

YY/T 0969-2013 Single-use medical face mask

Canadian Standards 
Association (CA)

CSA Z94.4-02 Selection, use, and care of respirators

Australian Standard 
(AU)

AS/NZS 1715:1994 Selection, use and maintenance of respiratory 
protective devices

aNew regulation on DPI repealing the 89/686/CEE from 21 April 2018
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In Table 29.4 the classification according to European Standards is reported: 
P1, P2, and P3 in EN 143, where P means “particle,” and FPP1, FPP2, and FPP3 in 
EN 149, where FFP means “filtering facepiece particle.” From the first class to the 
third one, the filtering efficiency increases, and the penetration of the particles, 
tested with sodium chloride and paraffin oil, decreases as shown in the table (par-
ticles with diameter 0.6 μm for sodium chloride and 0.4 μm for paraffin oil [39]). 
European Standards specify both the percentage of airborne particles blocked 
from the filter and the threshold limit value (TLV): environmental concentrations 
of airborne chemicals below which workers are able to operate during working 
time without any adverse effect (according to actual medical knowledge) 
(Table 29.5).

Table 29.4 Classes of filters 
for NIOSH-approved 
filtering facepiece respirators Type

Particle filtering efficiency 
(penetrating particle size is 
considered equal to 0.3 μm)

Resistance to 
oil

N95 (most 
common)

95% NO

N99 99% NO
N100 99.97% NO
R95 99.97% Partial
P95 95% Strong
P99 99% Strong
P100 99.97% Strong

Table 29.5 Classes of filters according to EN Standards

EN 
143

Tax of 
protection Comments

EN 
149

Particle 
filtering 
efficiency 
(at 95 L/min 
airflow)

Breathing resistance

Inhal. 
30 L/min

Inhal. 
95 L/min

Exhal. 
160 L/min

P1 Low protection: 
max filtering 
capacity =4 × 
TLV (threshold 
limit value)

All devices are 
designed to 
protect against 
both solid and 
liquid aerosols

FPP1 80 0.6 2.1 3

P2 Medium 
protection: max 
filtering 
capacity = 10 × 
TLV

FPP2 94 0.7 2.4 3

P3 High protection: 
max filtering 
capacity = 30 × 
TLV

Both P3 and 
FPP3 are 
indicated in 
case of 
pandemic 
influenza or 
against 
biological 
agents [40, 41]

FPP3 99 1 3 3
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Filters that are adopted in PPE devices employed in working environments must 
be selected as a function of:

• The typology of toxic substances which the device should prevent the contact
• The job that has to be performed
• The execution modality and the length of the intervention

These simple rules can be also considered true for urban use; it is fundamental 
that the person wearing the device is efficiently protected by toxic substances in the 
air for the whole exposure time for every daily activity (for instance, antipollution 
urban face mask should guarantee filtration efficiency, without affecting negatively 
the breathing during sport activities).

Concerning surgical mask, the European Standard EN 14683, in add to determine 
construction, performance requirements, and test methods for the surgical masks, 
classifies them according to bacterial filtration efficiency (tested using particles of 
mean size of 3.0 ± 0.3 μm), differential pressure, and splash resistance (IIR).

In this standard, surgical masks are considered device of class 1, and there are no 
references to filter capacity against inert particles.

In Table 29.6, the classification according EN 14683 is reported.
In the USA, the organism that regulates medical devices is the FDA (Food and 

Drug Administration) (http://www.centexbel.be/surgical-masks-in-europe-and-the-
usa), which provides in ASTM F2100-11, to test the pressure drop, the bacterial 
filtration efficiency and splash resistance as EN standard does, and in addition it 
determines also the filtration efficiency related to particulate matter, the fire resis-
tance, and the biocompatibility.

Table 29.7 shows classification criteria of surgical masks in base of US norm.

Table 29.6 Classification of surgical mask types according to EN 14683:2014

Test Type I Type II Type IIRa

Bacterial filtration efficiency (BFE) (%) ≥95 ≥98 ≥98
Differential pressure (Pa) <29.4 < 29.4 <49.0
Splash resistance pressure (mmHg) Not required Not required ≥120

aSplash-resistant models

Table 29.7 Classification of surgical mask types according to ASTM F2100-11, ASTM F2299, 
and ASTM F1862 (USA)

Test Level 1 Level 2 Level 3
Bacterial filtration efficiency (BFE) (%) ≥95 ≥98 ≥98
Differential pressure (mmH20/cm2) <39.23 <49.1 <49.1
Filtration efficiency of particles of 0.1 μm ≥95 ≥98 ≥98
Min splash resistance pressure(mmHg) 80 120 160
Flame spread Class 1 Class 1 Class 1

C. Bandini et al.
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Table 29.8 Requirements that must be printed directly on the filtering device of EN-approved 
and NIOSH-approved respirators (67)

EN-approved device NIOSH-approved device
 1. CE mark
 2.  The classification of 

the mask (e.g., FFP2)
 3.  The manufacturer’s 

name

1. NIOSH logo
2.  NIOSH Testing and Certification approval number (e.g., 

TC-84A-XXXX)
3.  NIOSH filter series and filter efficiency level (e.g., N95, N99, 

etc.)
4.  Model number or part number: The approval holder’s 

respirator model number or part number, represented by a 
series of numbers or alphanumeric markings (e.g., 8577 or 
8577A)

5. The manufacturer’s name

Table 29.9 Requirements that must be printed on the packaging of EN-approved and NIOSH- 
approved respirators (67)

EN-approved device NIOSH-approved device
 1. Identification number of notified body
 2. The manufacturer’s name
 3. Type-identifying marking
 4. Classification (class and reusability)
 5.  The number and year of publication of the European 

Standard
 6.  At least the year of end of shelf life (usually mm/yyyy)
 7.  The sentence “see information supplied by the 

manufacturer” or the related pictogram

 8.  The manufacturer’s recommended conditions of storage 
(temperature, humidity) or the related pictograms

 9.  If the filtering device pass the dolomite test, it shall be 
additionally marked with the letter “D”

1. NIOSH logo
2.  NIOSH Testing and 

Certification approval 
number (e.g., 
TC-84A-XXXX)

3.  Seal of the Department of 
Health and Human Services

4.  Applicant’s name and 
address

It is recommended to purchase face masks tested according to the latest European 
or American Standard); both standards provide different recommendations for the 
marking of the device itself and the information printed on the packaging (which is 
intended as the smallest unity commercially available). In Tables 29.8 and 29.9, the 
requirements for EN-approved and NIOSH-approved respirators are reported 
(http://www.cdc.gov/niosh/npptl/topics/respirators/disp_part/) [42, 43].

29 Basic Characteristics of Antipollution Devices and PPE
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29.6  Technical Evaluation of Characteristics and Features 
of Facial Masks

As previously written, active standards rule on the professional and surgical uses. There 
is no legislation or standard which imposes pressing technical characteristics for urban 
use devices. The absence of quality standards for face masks for personal use has caused 
an overflow on the market of devices absolutely inefficient, almost a scam, especially in 
China, where the demand of antismog goods like face masks is highly elevated.

According to World Health Organization, N95 products, certified by NIOSH, can 
be considered devices that provide good protection from air pollution, but we think 
that, due to the high complexity of the topic, a deeper evaluation of most important 
characteristics is necessary.

For instance, surgical mask, although is not considered in International 
Standard a PPE, may similarly be a great effective protection device because its 
quality has to be evaluated according to different points of views. In Table 29.10, 
each general parameter abovementioned was investigated specifically for face 
masks.

29.7  Nasal Filters

This kind of device is similar to masks. It’s meant to be used by common people and 
domestic use. Its purpose is to protect the respiratory tract filtering air pollutants and 
pollen. It’s composed by two “wings” (filters) which are connected by a plastic arc 
as shown in Fig. 29.3.

The wings are built in order to filter pollen, dust, bacteria with size of 1–3 μm, 
and pollution such as PM10 and PM2.5. We know masks, their use, and their fea-
tures. Why should people prefer nasal filters instead of masks? There are some 
differences. Masks cover both mouth and nose but nasal filters work in the nose 
only. Consumers can do actions such as eating, properly speaking, etc. without the 
typical problem of a mask. If you were a mask, you may risk air pollution infiltra-
tion from the sides. Nasal filters work for every direction because they are disposed 
in the nose. You have to pay attention how you breathe. You may do physical exer-
cises or suffer for some form of sinusitis. These (and other) reasons may force you 
to breath with the mouth. This fact makes nasal filter ineffective. You should prefer 
this kind of device for aesthetic reasons. A mask covers the face and it may be not 
well- looking, depending on the model. Nasal filters are more difficult to detect 
because the only visible part is the plastic arc. The Table 29.11 summarizes the 
aspects.

C. Bandini et al.
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 Conclusions

We shall require a substantially new manner of thinking if mankind is to survive. - Albert 
Einstein

The educational aspect is fundamental; people don’t need just to receive infor-
mation and data, but they need also to be adequately motivated so the need of 
action will be perceived as a common necessity. Only if all individuals consider 

Fig. 29.3 Application of 
nasal filters

Table 29.11 Evaluation of basic characteristics of nasal filters

Parameters Nasal Filter Masks
Protection Nose Mouth and nose
Infiltration Breathing by mouth Sides of the mask
Actions not permitted Smoking Speaking clearly, eating, etc.
Portability Small size Dedicated package
Aesthetic Hard to detect Visible
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the health of the whole population worthy of protection as its own, they will be 
able to participate actively to the improvement of the condition of their commu-
nity, by limiting pollutant emissions, by protecting themselves and their families, 
by installing monitoring devices in their own house, or by informing other peo-
ple who are still ignoring the risks involved in air pollution.

Another aspect to improve is the quality of information. We know sellers 
inform about the features of their product and buyers gather information based 
on their needs. At the end of the process, buyers purchase the product. Fig. 29.4 
shows a schematization of the interaction between sellers and buyers.

Buyers of these devices look for a remedy, if they are already sick, or preven-
tion, if they are sane. Sellers should communicate the clinical aspects of the 
devices clearly, and buyers should understand those aspects correctly. We know 
buyer’s point of view (p.o.v.) and seller’s point of view. How should we consider 
clinical information between the two p.o.v.? (Fig. 29.5).

The clinical point of view is one of those aspects that regards both parts. We 
think that improving this aspect may be one important step to lower risk factor of 
disease.

Information

Product bought

Information

SellerBuyer

Fig. 29.4 Information 
exchange during the 
purchase process

Sellers p.o.v. Buyers p.o.v.Clinical p.o.v.

Fig. 29.5 Sellers, buyers, 
and clinical point of view

C. Bandini et al.
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30Exploring the Technologies Behind  
Air- Cleaning Systems and Indoor 
Applications

Patrizio Gagliardi

Despite the fact that it’s not perceived at the same level in all the countries, it’s quite 
assessed that indoor air pollution is among the top five environmental health risks 
[1]. It’s also known that (according to the United States Environmental Protection 
Agency) pollution levels in an urban contest are five times higher inside buildings 
than outside. If you think that it’s quite common that a man working in an urban 
environment spends up to 90% of his time inside a building [2], it’s very simple to 
understand why there are growing interests around indoor pollution problem.

Talking about indoor air pollution often drives to a very simple answer: the best 
way to address this risk is to ventilate a home (or an office) with clean outdoor air, 
together with the elimination or the control of the sources of pollutants. This simple 
answer is not so simple to execute: the opportunities for ventilation may be limited 
by weather conditions, by the building design, or simply by contaminants in the 
outdoor air, a significant problem on the modern cities.

Given that, there is a growing market of air filters and other air-cleaning devices 
that are designed to remove pollutants from indoor air, helping in those contexts 
where it’s not possible to ventilate and/or control pollution sources with success.

Indoor air filters and cleaners can be found in a big variety: some are installed in 
the ductwork of a home’s central system (HVAC) to clean the air in the entire house 
or office (they are quite common in medical facilities and services, often defined by 
law requirements). Some others are portable and can be used to clean the air in a 
single room or in specific areas, clearly not intended to filter the air in the whole 
house. Air-cleaning devices are categorized by the type of pollutants that the device 
is designed to remove or destroy: particulate and gaseous.

mailto:patrizio.gagliardi@sipraengineering.it
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There are two types of air-cleaning devices that can remove particles from the 
air: mechanical air filters and electronic air cleaners, while in order to remove gases 
and odors by either physical or chemical processes, a gas-phase filter has been 
designed. Finally, if the aim is to destroy or at least deactivate indoor air pollutants, 
the air-cleaning devices feature ultraviolet germicidal irradiation (UVGI), photo-
catalytic oxidation (PCO), and ozone generation. Each technology has some pros 
and cons, and a comprehensive analysis must consider factors like effectiveness 
against pollutants, installation cost, running costs, and collateral health effects. The 
filtration system itself can be analyzed in order to identify strengths and weaknesses 
of a typical indoor air-cleaning machine.

30.1  Technology Analysis: The Different Filter Media

30.1.1  Mechanical Air Filters

The purpose of a mechanical air filter is quite self-explanatory: they remove airborne 
particles as they pass through it. This is quite effective in removing bigger particles 
such as dust, pollen, dust mite and cockroach allergens, some kinds of mold, and 
animal dander, and in superior equipments, they can remove smaller particles like 
humidifier dust, lead dust, milled flour, and auto-emission particles. Moreover, in 
professional buildings featuring real HEPA filters, they can stop viruses, carbon dust, 
sea salt, and all combustion smoke.

This kind of technology is quite diffused, especially in HVAC systems, so there 
is a standard efficiency measurement method: the minimum efficiency reporting 
value (MERV) [3], developed by the American Society of Heating, Refrigerating 
and Air-Conditioning Engineers (ASHRAE). Thanks to this measurement method, 
we can make comparisons of air filters made by different companies (Fig. 30.1).

A first consideration must be done: the cost of a centralized solution could be 
very different, depending on the filters implemented and the destination. The impact 
over a single house could be significant, where the same architecture in a multi- 
apartment building can be well accepted because it’s divided in multiple quotes. 
Given that and focusing on mechanical filters, usually a better performance involves 
a higher overall costs: top-performance filters (like HEPA filters, despite they are 
not commonly used in common house environments because of the costs) are 
expensive and require a proper design, together with a suitably sized power source—
high efficiency requires high horsepower and higher electricity costs. A central 
solution, however, is the only way to assure an effective pollution control over mul-
tiple rooms and if correctly sized and developed can reach very high cleaning per-
formances with very low noise.

It may be obvious but a mechanical filter decreases its efficiency with the usage: the 
more pollution it catches, the less pollutants it will be able to catch. Maintenance is 
required, so during the design process a sufficient access for inspection during use must 
be considered. With portable mechanical air purifiers, the maintenance is simpler but 
with two main disadvantages: the local effect, often limited to one room (or possibly a 
part of it), and the fan noise (fanless units typically have low effectiveness).

P. Gagliardi
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Another problem is that these filters are effective against particles floating on the 
air. Smaller particles float longer than bigger ones, so these filters are ineffective 
against big particles. Finally, because the particles that are in the range of air filtra-
tion (10 μm–0.3 μm) settle rather quickly, mechanical air filters are not very good at 
removing them completely from indoor areas. Of course, normal human activities 
(moving, vacuuming, etc.) can stir up particles, but most of the larger particles will 
resettle before an air filter can remove them.

Finally, mechanical air cleaners don’t remove gases from air (some of them can 
remove some smoke particles but not the gas part of smoke).

30.1.2  Electronic Air Cleaners

Electronic air cleaners use a physical process called electrostatic attraction to 
trap charged particles. They divide in two types: electrostatic precipitators and 
ion generators.

Electrostatic precipitators must feature an external power source in order to 
power an ionization section and a collecting plate section. The air cleaner draws air 
through the ionization section (featuring a fan and ducts in some models), in order 
to give particles an electrical charge. The charged particles accumulate on the col-
lector that is oppositely charged: keeping the collector plates clean is necessary in 
maintaining adequate performance (Fig. 30.2).

Ion generators (also called ionizers) work similarly to the electrostatic precipita-
tor, but without collecting plates: they disperse charged ions into the air. These ions 
attach to particles and give them a charge, making them adhere to any nearby sur-
face or combine with other particles and settle on room surfaces. They come in 
different forms and are the simplest form of electronic air cleaner.

Fig. 30.1 A mechanical 
air filter
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Electronic air cleaners can come in a stand-alone form or can be integrated inside 
a HVAC system. Although they are usually effective in filtering small particles and 
are typically not expensive, they have a major disadvantage: they produce ozone, 
someone by design [4]. Ozone is a risk for human health, because it can react with 
a high variety of domestic substances and materials: these chemical reactions pro-
duce harmful by-products that may be associated with adverse health effects in 
some sensitive populations and can produce ultrafine particles (diameter smaller 
than 0.1 μm), formaldehyde, ketones, and organic acids [5].

Another problem comes from the maintenance: the collection plates need frequent 
cleaning, so there’s more maintenance required than with filter-based units and it’s 
possibly more complicated, due to the fact that the mechanical filter is designed to be 
properly disposed, where the collection plate must be manually cleaned and the clean-
ing procedure can be tricky and can pollute water.

As the most electronic air cleaner producers offer them in a portable form, the 
positioning inside the room can affect the performance of the filter itself.

Finally, like mechanical air filters, the electronic air cleaners cannot remove 
gases from air.

30.1.3  Gas-Phase Air-Filtration Devices

Gas-phase air filters are designed to remove gases and odors by using a so-called 
sorbent, a material (such as activated carbon) which adsorbs the pollutants using 
either physical or chemical processes. These filters are typically intended to remove 
one or more specific gaseous pollutants from the airstream that passes through 

Grounded
Air Cleaner MediaIonizing Wires

Dirty Air

Control
Electrode

Electrical Field

Clean Air

Fig. 30.2 Electronic air 
cleaner functioning 
principle
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them, being useless against those pollutants for which they were not designed. A 
premium HVAC system can feature one or more gas-phase air filters, but at present 
no system is expected to remove all of the gaseous pollutants present in the air of a 
typical indoor environment.

For example, one of the most dangerous gases that you can find in a typical home 
is the carbon monoxide, produced from any kind of fuel combustion: many people 
are killed every year in closed areas (offices, plants, at home, etc.) by this gaseous 
pollutant, but despite that no carbon monoxide effective filters can be found in a 
common HVAC system (Fig. 30.3).

Commonly, only activated carbon is implemented inside HVAC and portable 
systems. Less commonly, permanganate alumina or zeolite (incorporated into 
fibrous filter media) can be found. Integrating such filters inside an existing plant is 
usually not complicated.

This specificity is one of the disadvantages of these filters: in order to design a 
HVAC system capable of gas filtering, several different sorbents should be imple-
mented adding costs both in realization and in maintenance (ignoring the fact that 
each layer could introduce a power-related issue over the motors).

Another issue related to these filters is the fact that they usually wear-out very fast 
and some kind of sorbents not only become ineffective but can release in the are some 
of the pollutants they catch before. Moreover, the right maintenance is complicated by 
the fact that there are no reliable measurement systems available to be integrated inside 
indoor air filters, so the user must schedule the correct maintenance by himself, without 
a feedback. The lack of reliable indoor gas- measuring systems is so critical that there is 
no standard to measure and classify the performance of the gas-phase air filters [6–8].

30.1.4  Ultraviolet Germicidal Irradiation Cleaners

The purpose of integrating an UVGI (ultraviolet germicidal irradiation cleaners) 
inside a HVAC or a portable air filter is to improve residential IAQ by deactivating 
(killing) indoor biological pollutants that are airborne or growing inside HVAC sur-
faces (e.g., cooling coils, drain pans, or ductwork, where moist can stack up).

Fig. 30.3 Activated 
carbon filter
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Again, there is no standard test method to evaluate and compare the effectiveness 
of UVGI cleaners used in an indoor environment. Considering that the effective 
destruction of some viruses and most mold and bacteria spores usually requires 
much higher UV exposures than a standard home unit provides [9], the UVGI clean-
ers used in domestic contexts have very limited effectiveness in killing bacteria and 
molds [10].

UVGI systems must be used in conjunction to other filtration systems (like the 
mechanical ones previously mentioned); whether the UVGI is designed to keep the 
ducts of the air cleaner free from mold and bacteria or is intended to kill pollutants 
from the airflow, the maintenance is absolutely critical: the UV lamps must be kept 
working and clean in order to have a result [11, 12].

The positive thing of the UVGI is that, according to the available literature [13], 
no dangerous generated products originate from the usage of these filtering 
systems.

30.1.5  Photocatalytic Oxidation Cleaners

In indoor environments, PCO cleaners are intended to destroy gaseous pollutants 
and their odors by converting them into harmless products, but they are not designed 
to remove particulate pollutants [14].

PCO cleaners feature a UV lamp and a photocatalyst (usually titanium dioxide), 
in order to create oxidants that destroy gaseous contaminants. A quite complex reac-
tion, called photocatalytic oxidation, converts organic pollutants into the carbon 
dioxide and water. This is a young technology, still under development, where some 
manufacturers claim PCO devices can remove tobacco smoke, microorganisms, and 
other indoor particulate pollutants (even though the devices are not meant to remove 
particles), but the market penetration is still low and the effectiveness is limited, 
because of the limited capability of available photocatalysts of destroying gaseous 
pollutants in indoor air [15].

Moreover, PCO of certain VOCs may create by-products that are indoor pollut-
ants if the system’s design parameters and catalyst metal composition do not match 
the compound targeted for decomposition, particularly in the presence of multiple 
reactive compounds commonly found in residential settings [16, 17].

From an engineering point of view, these systems draw a lot of energy to work 
properly, so at now there is no evident benefit in featuring a PCO inside a HVAC 
system (Fig. 30.4).

30.1.6  Ozone Generators

Although we must cite this “technology” talking about air-filtration technologies 
and media, we will not examine in detail the ozone generators because it’s quite 
established that they are wrongly sold as air purifiers and they can cause serious 
adverse health effects (ozone is lung irritant).
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30.2  Analyzing an Indoor Air Filter as System

30.2.1  Power Sources

The choice of a power source depends on many factors: the number of filtering 
stages, the dimensions of the whole plant, the acceptable noise, the costs, etc. 
Nowadays, the smaller systems feature quite commonly high-efficiency brushless 
motors, while the HVAC systems often rely in older (but reliable) technology. 
Switching to constant torque motors (high-efficiency, brushless DC motors that are 
based on the same ECM technology described in ECM 2.3 variable-speed motors) 
can improve the cost-effectiveness, reduce the utility bill, and be sustainable.

A fan that has sufficient capacity (pressure and airflow ratings) to move air 
through the filter media must be included and the power source must be capable of 
driving that fan with the performance required: this is quite simple to achieve in 
small devices but not so obvious in the design of a HVAC system, especially if an 
existing installation is upgraded over time (Fig. 30.5).

30.2.2  Design and Choice

An air-cleaning system must be chosen according to the destination: covering a build-
ing is different than serving a little house, and professional activities (such as medical 
facilities) have totally different requirements from domestic environments.

Ultraviolet Light

Absorbed Pollutants
break down

under UV light
Final products

(CO2 and water)
desorb

Pollutants
adsorb

to surface

Catalyst (TiO2)

Reactor Surface

Fig. 30.4 Photocatalytic cleaning reaction

30 Exploring the Technologies Behind Air-Cleaning Systems and Indoor Applications



574

A portable air cleaner is the most affordable way to purify domestic air: they are 
quite cheap and they can be moved from one room to another without big issues. Of 
course, being small and cheap is a disadvantage in terms of filtering capabilities 
(limited filtering stages and media can be packed), and typically it cannot treat the 
air of a big room in a satisfactory percentage. Many of them are also not so simple 
to service and maintain, having also a life cycle quite limited—they are consumer 
products.

On the other hand, a HVAC centralized system is always preferable when the 
budget and the destination justify the choice. The plenty of space inside the ducts, 
the choice of the power source, and the capability of delivering the airflow where it 
is needed more make them tremendously efficient compared to the portable sys-
tems. In case of buildings to be covered, the centralized solution is proportionally 
more convenient than the portable one. The design process is very important, 
because many factors like the facility of maintenance and operation depend on a 
good initial design.

A centralized system is the only way to feature filtering stages like advanced 
UVGI or gas-phase filters or complex HEPA filters.

30.2.3  Costs and Maintenance

As previously said, costs can vary according to the complexity of the whole air- 
filtering system, and it’s quite obvious that a portable small device will be cheaper 
than a centralized system. Things change if you take a more scientific approach and 
start to consider a parametrized cost, reporting that cost to efficiency against parti-
cles, total cleaning capacity, unitary power consumption, and so on. In this case, the 
parametrized cost can tell another truth.

During the life of the cleaner, filters and sorbents must be replaced, and the plates 
or charged media of electronic air cleaners must be also kept clean. Electronic air 
cleaner efficiency decreases as the collecting plates become loaded with particles, 
so the plates must be cleaned, sometimes frequently, as required by the manufac-
turer. The cleanings should be scheduled to keep the unit operating at peak effi-
ciency; some filters (like the ones commonly adopted over laser printers) feature an 
indicator that helps in remembering when to replace the filter (http://www.cleanof-
fice-feinstaubfilter.de/en/clean-office/clean-office.html), but there is a general lack 
of devices capable of autochecking for normal maintenance.

Fig. 30.5 An 
electronically commutated 
motor

P. Gagliardi

http://www.cleanoffice-feinstaubfilter.de/en/clean-office/clean-office.html
http://www.cleanoffice-feinstaubfilter.de/en/clean-office/clean-office.html


575

During cleaning or replacement of filters, it would be important to ensure that 
pollutants are not reemitted into the air. Excessive movement or air drafts should be 
avoided when filters are removed, and used filters should be placed in plastic bags 
or other containers for disposal. Bigger systems can be serviced by professionals 
who can ensure a high quality at a cost that, divided by the users of the system, 
could be not so significative.

30.2.4  Noise

One could easily argue that the smaller portable devices are the most silent; this is 
not always true, because it depends from the effectiveness of the design and it’s pos-
sible to find small devices that at maximum fan speed are noisier than bigger ones 
[18].

Large HVAC can feature big motors (and auxiliary ones) that are really noisy, but 
they can be placed out of human activities by design reducing (or eliminating at all) 
the disturbance of the noise itself.

30.2.5  Feedback and Closed-Loop Control

Finally, a big issue with common air-cleaning devices is a lack of effective air pol-
lution measurement system on board. To be honest, the industry of consumer-grade 
pollution measurement devices is growing and has reached contradictory results, 
mainly due to the lack of a scientific approach to the problem.

Giving this, air-cleaning devices feature poor measurement systems, and often 
they have no onboard system at all. This has two big consequences: the user can-
not rapidly check the effectiveness of the cleaning process, making it difficult to 
discover faulty situations and obliging to execute maintenance on a scheduled 
basis and not according to the need, and the system cannot feature a reliable 
closed-loop control that could permit a more efficient functioning and a cost 
reduction (Fig. 30.6).

Fig. 30.6 An air quality 
monitoring device
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31Basic Characteristics of PPE (II): 
Industrial Applications

Giulia Baldessari

31.1  Introduction

Throughout history, people, citizens and workers have had to deal with air pollution 
in both the workplace and their homes. For centuries coal was heavily used for 
domestic heat, industrial processes and transportations, causing indoor and outdoor 
air pollution leading to serious health issues including respiratory and cardiovascu-
lar diseases and even death [1]. Since the thirteenth century, London has been 
afflicted by “pea soup fog”, a thick smog caused by air pollution that contains par-
ticulates and sulphur dioxide gas; in China, a study carried out on 3010 miners 
exposed to silica dust and employed for at least 1 year during the 1960s in tin mines 
pointed out that 33.7% of the subjects were identified with silicosis, and most of 
them developed silicosis years after exposure ended [2]; in the 1930s in America, 
over 470 out of 5000 workers died from silicosis while building the Hawks Nest 
Tunnel in West Virginia [3].

An inscription at Hawks Nest State Park reads as follows: “Tragedy brought 
recognition of acute silicosis as occupational lung disease and compensation legis-
lation to protect workers”.

In the early 1900s, one of the first legislations regarding the use of respiratory 
protection devices in the workplace comes from the United States Bureau of Mines 
following a decade in which the number of coal mine fatalities exceeded 2000 
annually.

Facts like the ones described above pointed out a worldwide lack of knowledge 
on work-related disease and contributed to create international congresses and asso-
ciations focused on discussing this theme.

Nowadays, many institutes regulate workers’ health and safety through insertion 
of the knowledge coming from occupational health and safety, whose aim is to 
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maintain and promote workers’ health and working capacity together with the 
improvement of the working environment and work to become conducive to health 
and safety [4].

Among all institutes regarding occupational health and safety, international 
acknowledgments go to the International Labour Organization (187 member states), 
European Agency for Safety and Health at Work (Europe), Health and Safety 
Executive (UK) and Occupational Safety and Health Administration (US).

As a result of the international effort to improve workers’ health, it is important 
to mention that between 1981 and 2004, silicosis mortality rates in America declined 
by 70.6% [5].

31.2  Risk Assessment and Respirator Selection

In the industrial and production sector, employers have a duty to assess the health 
and safety risks faced by their employees. This procedure is known as “risk assess-
ment”, and it is a systematic exam of all aspects of a specific task that can contribute 
to harm the worker.

The first step is the identification of the hazard that could cause injury or harm; 
once the hazard is recognized, the advisable approach is to work on systematic solu-
tions starting with technical and procedural strategies:

 – Eliminate the hazardous substance.
 – Substitute the hazardous substance.
 – Reduce the time of exposure to contaminants with a procedural approach.
 – Separate the working environment and install collective protective equipment 

(e.g. ventilation).

However, even a correct approach can leave a residual risk. The use of a personal 
protective equipment (PPE) should be limited to the residual risk, after the prelimi-
nary approaches have been taken into account.

In selecting the appropriate respirator, one must consider the nature and extent of 
the hazard; the following categories of information must be taken into account [6]:

 – Nature of the hazard: the physical and chemical properties of the air contaminant 
will affect the respirator selection. Physical properties include factors such as 
particle size for dusts and vapour pressure for gases. Chemical properties of the 
air contaminant can affect breakthrough times and the ability of the filter mate-
rial to remove or adsorb the contaminant.

 – Concentrations of contaminants: sampling and analysis of the air in the workplace 
determine what degree of exposure is occurring and thus which is the required 
degree of protection. The result becomes a point of comparison with the occupa-
tional exposure level (TLV) and will determine how much the concentration must 
be lowered by the respirator in order to bring it back to a safe level for employees.
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 – Occupational exposure limit: the main purpose for a respirator is the protection 
against overexposure, by reducing and maintaining exposure to or below the 
threshold limit (TLV) for the related contaminants.

 – Nature of the work operation or process: during the selection of the respirator, 
the motions and the movements that the job requires alongside the equipment 
used should all be taken into account.

 – Time period in which the respirator is worn: selection of the respirator should 
consider the period of time, during the entire shift, in which the employee will 
use the device. For example, it is possible that one single respirator cannot guar-
antee the same level of protection during the shift for all the contaminants pres-
ent in the air because the duration of the respirator depends strongly on the 
concentration in the workplace air. As another example, the use of a respirator 
for a long period may impose the choice of a device with the minimum possible 
physical weight.

 – Physical/psychological stress coming from work activities: heavy works can be 
physically draining; thus certain types of respirators must be excluded from the 
selection in order to ensure that better conditions are also provided when work-
ing under extreme temperature and humidity, which are an important factor con-
tributing to the overall risk.

 – Physical characteristics of the respirator: the protection device can lead to physi-
cal limitations due to its intrinsic design; the selected equipment should not 
impair the worker’s vision, hearing, communication and physical movement nec-
essary to perform jobs safely.

31.2.1  What are the Risks?

Selection of the appropriate filter will depend firstly on the physical nature of the 
harmful contaminant in the air; other parameters contribute to the respirator selec-
tion, including extreme climatic conditions (temperature and humidity) (Table 31.1).

31.2.2  Occupational Exposure Limits

ACGIH (American Conference of Governmental Industrial Hygienists) developed 
some guidelines to assist in the control of health hazard, introducing the TLV 
(threshold limit value) for over 600 chemical substances and physical agents (www.
acgih.org). ACGIH defines the TLV “as the level to which is believed a worker can 
be exposed day after day for a working lifetime without adverse effects” and refers 
to the concentration of the substance in the air usually expressed in ppm (part per 
million) or mg/m3.

Definition of limit values is based on data coming from scientific literature and 
epidemiological studies in the industrial sector, together with experimental research 
on human, animals and cell cultures [8].
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The TLV is just a guideline and the limit can be crossed during a working day if 
other values are taken into consideration:

 – Time-weighted average (TLV-TWA) is the average exposure during 8  h/day, 
40 h/week work schedule.

 – Short-term exposure limit (TLV-STEL) is the spot exposure for 15 min that can-
not be repeated more than four times per day with at least 60 min between expo-
sure periods.

 – Ceiling limit (TLV-C) is the absolute exposure limit that should not be exceeded 
at any time.

Even though limits specified by ACGIH are the most commonly accepted and the 
most complete in terms of number of substances included, similar lists are com-
piled, among others, by OSHA (PEL, permissible exposure limits) [9] and CE 
Commission (IOELV) [10].

Limit values represent a guideline that can only be applied to the workplace and 
cannot be transferred on the everyday life. In this case, in fact the risk of exposure 

Table 31.1 List of risk and their definitions

Risk Definition [7] Examples
Dusts Solid and fine particles that are 

generated from solid organic or 
inorganic materials usually by reducing 
their size through mechanical processes

Silica, coal dust, wood dust, asbestos 
fibres

Fumes When a volatilized solid, such as a 
metal, condenses in cool air, it forms 
airborne particles known as fumes

Formation of fumes in welding process, 
magnesium burning

Mists Mists are formed when tiny liquid 
droplets are suspended in the air. 
Droplets can be generated by a change 
from gaseous to liquid state 
(condensation) or by breaking up a 
liquid into a dispersed state 
(atomization)

Acid mists from electroplating, oil mist 
produced during cutting and grinding 
operations

Gases Gases are formless fluids formed by 
individual molecules present in the air at 
room temperature and pressure

Welding gases, carbon monoxide from 
internal engine combustion, hydrogen 
sulphide

Vapour Vapours are the gaseous form of 
substances that are normally in the solid 
or liquid state at room temperature and 
pressure. They are formed by 
evaporation from a liquid or solid

Solvents in paintings, gasoline

Oxygen 
deficiency

An oxygen-deficient atmosphere has an 
oxygen content below 17–19% by 
volume

Oxygen deficiency may occur in 
confined spaces, such as storage tanks, 
process vessels, towers, drums, bins, 
sewers, underground utility tunnels and 
pits
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has to be applied to 24 h instead of an 8-h work shift, and it is important to consider 
that the entire population can be exposed, including children, pregnant women, the 
elderly and the infirm (Table 31.2).

31.2.3  Filtration Methods

Once the hazardous substance is identified, the next step is to match the right type 
of respirator and filtration technology that will be different depending on the haz-
ardous substance and its form.

Nowadays, the two most widely used filtering technologies in respirator devices 
available on the market are particle filters and gas/vapour filters. All substances in 
the liquid form (fine spray and mists), dusts, fibres, smoke and fume are intended to 
be filtrated by a particle filter: these filters do not protect from gas or vapour, for 
which is used a carbon-based filter (Fig. 31.1; Table 31.3).

Both particle and gas/vapour filters are not fitted to protect against oxygen deficit 
in the air: in this case, an air supplying breathing apparatus has to be considered.

It is common to find more than one risk and more than one chemical in a single 
workplace; for this reason manufacturers develop combined devices that can be 
used to protect against various hazards.

31.2.4  Deciding the Protection Factor

APF (assigned protection factor) is defined by OSHA as “the workplace level of 
respiratory protection that a respirator or class of respirators is expected to pro-
vide to employees when the employer implements a continuing and effective 
respiratory protection program”. The introduction of APF is necessary in order to 
ensure the correct selection of the respirator based on the concentration of the 
hazardous agent in the air. The protection factor needed is based on the ratio of 
two variables:

assigned protection factor APF
concentration of the con

( ) =
CI ttaminant inside the respirator

maximum allowable conce

( )
CO nntration inside the respirator( )  

Table 31.2 Example of occupational exposure limit for H2S (in gaseous form) according to dif-
ferent organizations

Authority/country Name Time-weighted average Short-term exposure limit
NIOSH REL 10 ppm (TWA) 10 ppm (for 10 min)
OSHA PEL 20 ppm (ceiling) 50 ppm (for 10 min)
ACGIH TLV 1 ppm (TWA) 5 ppm (STEL)
UK WEL 5 ppm (TWA) 10 ppm (STEL)
Australia OEL 10 ppm (TWA) 15 ppm (STEL)
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Fig. 31.1 Mechanical filtering mechanisms [11]
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CO value is determined by measurements in the workplace; CI factor is the maxi-
mum breathable concentration for a worker during a day shift, which is the 
TLV-TWA.

Each respirator is categorized by an assigned protection factor, which indicates 
the performance of protection of the respirator and the level of protection that can 
provide. For example, a respirator with an APF = 10 (if used properly) will reduce 
the wearer’s exposure by a factor of 10. The user will therefore breathe 1/10 of the 
amount of the chemical present in the workplace.

Practical example [12]:

• Substance: Toluene (solvent).
• Measured airborne toluene concentration: 350 ppm within an 8-h time-weighted 

average (TWA).
• Toluene TWA: 20 ppm (from ACGIH recommendation)
• Required APF to reduce to TWA = 350/20 = 18
• Select RPE device with an APF above the required protection factor. In this case 

an APF of 20 will be required (it’s important to choose a protection factor above 
the calculated value).

Lists of APD for each respirator are available in OSHA 29 CFR 1910.134 and 
EN 529.

Table 31.3 Filtering mechanisms

Particle Filters Gas/vapour filters
Mechanical filtration Electrostatic filtration Adsorption

Filtering material has a small 
structure net of fibres that stop 
particles bigger than the mesh

Smaller particles are attracted 
to the fibres and held by the 
material electrostatic charge

Adsorption is a process in 
which atoms and molecules 
present in a gas or liquid 
adhere to a solid surface, in 
this case made of activated 
carbon grains

Also particles smaller than the 
mesh are stopped, thanks to 
the combination of other 
mechanical capture 
mechanisms: interception, 
sedimentation, inertial impact, 
diffusion

This capture mechanism helps 
other capture mechanisms, 
especially interception and 
diffusion

Each grain is formed in a way 
to have small pores that 
increase the surface area, 
where the adsorption 
mechanism takes place
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31.3  Respirators Description and Their Characteristics

The European Directive 89/686/EEC (replaced by UE 2016/425 from April 
2018) defines essential requirement which PPE must satisfy at the time of man-
ufacture and before it is placed on the market. The Directive divides the PPE in 
three different categories according to the degree of risk: increasing the cate-
gory level, the risk the PPE protects against is higher, and the certification pro-
cedure becomes more stringent. All respiratory protection devices are Category 
III PPE (Table 31.4).

The purpose of any respirator is to protect the human respiratory system from 
inhalation of hazardous elements; protection can be provided by removing contami-
nants from the inhaled air using filtering technology (air-purifying respirator) or 
supplying an independent source of respirable air (atmosphere-supplying respira-
tor) [11]. Both types can be further subclassified by the mode of operation and their 
basic characteristics.

31.3.1  Filtering Disposable Facepiece

These filtering devices are designed for particle filtration by covering the nose and 
mouth. The mask consists entirely of one or more layers of nonwoven filtering 
material eventually coupled with neutral non-filtering material for structural sup-
port. Facepieces usually present a flexible clip-band in the nose area and a facial 
gasket, both used to improve fitting on the user’s face. Facial gasket is a thick layer 
made of a soft and flexible material that can be attached to the whole mask profile 
covering the nose, cheeks and chin (total gasket) or covering only the nose area 
(partial gasket) (Fig. 31.2).

The mask is maintained into position by the head harness, composed by elastic 
tapes fixed directly on the facepiece body.

Contaminated air enters the filtering material during inhalation, where it is puri-
fied, while the exhaled air passes through the filtering material and the exhalation 
valve (if fitted, both valved or non-valved facepieces are available on the market): 
exhalation valve remains closed during inhalation and it is opened during exhala-
tion, improving the air exchange inside the mask.

Disposable masks can be equipped with an additional carbon layer coupled with 
the filtering material, composed of a non-filtering base material impregnated with 

Table 31.4 Risk degree for protective equipment

Category Description Examples
I—low risk PPE protecting against minimal risk, where user 

himself can assess the protection needed
Gardening gloves, 
sunglasses

II—medium 
risk

PPE protecting against normal risk Life jackets, hearing 
protection, eye protection

III—high 
risk

PPE protecting against mortal danger or can cause 
irreversible damage to health or where the effects 
cannot be identified in sufficient time

Fall arrest harnesses, 
respiratory products, head 
protection
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carbon grains or dust. This layer works as a filter for nuisance odour and vapours in 
small concentration (lower than TLV level), and it is not intended for considerable 
concentration of gas (in fact no requirements of adsorption for carbon layers are 
included in the standards) (Fig. 31.3).

Disposable masks are divided into nonreusable (“NR”, intended for one single 
shift) and reusable (“R”, intended for more than one shift); reusable devices use to 
have complete gasket in order to allow better cleaning after daily usage.

An additional test can be done on all particle filters: the clogging test consists in 
a simulation of the level of blockage that the particles may procure to the device 
after a long-time usage. If the particle filtering device passes the requirement, the 
letter D will be added to the marking.

31.3.2  Half-Face Mask

Half masks are also devices covering both mouth and nose. The main body, also 
known as orinasal, is made of flexible and shaped rubber or silicon that adheres to 
the user’s face; it is kept in the right position through a head harness that buckles 
together at the back of the head and of the neck and can be adjusted to gain the per-
fect adherence of the orinasal to the skin.

A

C
E

F

A – Filtering material
B – Support
C – Nose clip-band
D – Gasket (complete)
E – Head straps
F – Exhalation valve

B
D

F

Fig. 31.2 Disposable facepiece 

Fig. 31.3 Layers in 
disposable facepieces with 
additional carbon material
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Filters are mounted through a specific connector on half masks for air purifica-
tion; filter connections can be designed according to specific standards with regula-
tory dimensions or can have a custom design specifically made by the manufacturer. 
In this second case, the manufacturer will also provide the correct filters that fit on 
the connection (Fig. 31.4).

A half-face mask can be intended for one single filter or for two twin filters 
depending on the design. For twin filters, the weight is divided in two allowing a 
better load distribution on the head.

Coming through the filters, breathable air then enters in the inhalation valve/
valves and comes out from the exhalation valve. Exhaled air will not pass again 
through the filters because the inhalation valves are closed during exhalation; 
likewise during inhalation the exhalation valve is sealed and there is no possibil-
ity for contaminated air to enter into the mask. The housing of the exhalation 
valve is covered to avoid accidental damage of the valve during usage or 
storage.

31.3.3  Full-Face Mask

Full-face mask is a device that covers the mouth, nose and eyes. It is usually com-
posed of a visor made of glass or polycarbonate attached to a facial gasket that 
permits a safe fitting on the user’s face. To the visor the harness is connected usually 
made from five to six adjustable rubber straps. Air circulation works in the same 
way than in half-face masks: when the air (purified by filters) is dragged into the 

A – Main body
B – Head harness
C – Inhalation valves
D – Exhalation valve
E – Valve cover
F – Filter connector

A

B

C

E
B

D

F

Fig. 31.4 Half-face mask
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lungs, the inhalation valve opens while the exhalation valve closes; exhaled air is 
then discharged through the exhalation valve.

The orinasal inside the mask, equipped with inhalation valves, directs the flux of 
exhaled air directly through the exhalation valve avoiding steam formation on the 
visor (Figs. 31.5 and 31.6).

A – Visor
B – Facial gasket
C – Head harness
D – Exhalation valve
E – Orinasal
F – Filter connector
G – Valve cover

A

C

B

D

E

G

F

Fig. 31.5 Full-face mask

Fig. 31.6 Inhaled and 
exhaled air flow in a 
full-face mask
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31.3.4  Filters

Gas masks and half masks are effective only if used with the correct cartridge, can-
ister or filter (these terms are often used interchangeably) for a particular biological 
or chemical substance. Selecting the proper filter can be a delicate process. There 
are cartridges available that protect against more than one hazard, but there is no 
“all-in-one” cartridge that protects against all known gases. It is important to know 
the exact substance present in the workplace and its concentration before choosing 
the right filter.

Filters are colour-coded to help select the right one. European standard and 
NIOSH standard use two different codes for colours (Tables 31.5 and 31.6).

In the European standard, a further classification for gas filters is made by the 
division in three classes, based on their adsorption capacity (class 1 is for low gas 
adsorption capacity, class 3 is for high gas adsorption capacity).

Inside the canister, the filling is usually made of fibrous material (for particle 
filters) or carbon grains (for gas filters); filter types can also be combined, in order 
to achieve a protection to both particles and gases (Fig. 31.7).

Contaminant Filter type Colour code

Particles P White

Organic gases and vapours
(boiling point < 65°C) 

A Brown

Inorganic gases and vapours B Grey

Acid gases E Yellow

Ammonia and its organic
derivatives  

K Green

Mercury
Hg
(incorporates P3 filter) Red-white

Oxides of nitrogen
NO
(for single use only, incorporates P3 filter) 

Blue-white

Specific organic gas and vapours
specified by the manufacturer  

AX
(for single use only) 

Brown

Specific substances specified by
the manufacturer 

SX
Marked with the name of the chemical

Violet

Table 31.5 EN filter classification according to EN 143 and EN 14387

Contaminant Filter type Colour code

Particle P100 Magenta

Organic vapour OV Black

Acid Gas AG White

Organic vapours / Acid Gas OG/AV Yellow

Ammonia and basic gas AM/MA Green

Mercury vapour MV Orange

Multi-Gas and vapour Olive green

Table 31.6 NIOSH filter classification according to 42 CFR 84
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Carbon grains are activated to filter a specific group of chemicals: for example, 
the filters marked with letter A contain carbon specifically activated for adsorption 
of all organic gas and vapours; this carbon will not be able to filter other chemical 
groups, as acid gases or ammonia. Carbon can also be activated for more than one 
chemical group with the capacity of adsorption, for example, not only of organic 
vapours but also of ammonia and acid gases.

In activated carbon filters, adsorption capacity is measured by a parameter 
called “breakthrough time”. It defines how long the carbon grains are able to 
purify the contaminated air containing a certain concentration of gas/vapour. 
Standards regulate breakthrough time for different filter type and classes.

Filter designation must be marked on the canister, together with the related 
colour for gas protection. An example of a canister that protects from particles and 
multiple gases according to European standard is A1B1E1K1 P3, where A, B, E, 

Fig. 31.7 Section for 
particle, gas and combined 
filters
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and K are the letters for the gas protection type, 1 is the class protection for gas 
adsorption capacity and P3 is the maximum protection for particles (99.95% for 
filters according to EN 14387) (Fig. 31.8).

31.3.5  Filtering Half Mask Incorporating Combined Filters

Filtering half mask incorporating combined filters is a particular half mask protect-
ing against both particle and gas/vapour, where all the filters form an inseparable 
part of the device. Both inhalation and exhalation valves are provided, together with 
adjustable harness and buckles. It is a reusable mask, with a shorter life compared 
to a standard half-face mask equipped with filters (Fig. 31.9).

According to the design specification and protection capacity, according to 
European standards, the filtering type is designated with prefix FF followed by the 
gas filter type and class and the particle class protection (e.g. FFA2P3, where A is 
the gas type, 2 is the class protection for gas adsorption capacity and P3 is the pro-
tection for particles—99% for this device, according to EN 405).

31.3.6  Power-Assisted Filtering Device

There are two types of assisted filtering devices: power-filtering devices equipped 
with a full-face mask (negative pressure) and equipped with a hood (positive 
pressure).

The device consists of at least one turbo unit, a battery, one or more particle fil-
ters or combined filters, a corrugated flexible hose and the full-face mask or the 
hood. The powered turbo unit usually is worn fixed to the waist and/or shoulders 
and pulls the ambient air through the filters; then the purified air goes through the 
hose to the mask or the hood.

A DACB

A – different connection type for mounting the filter on the mask
B – example of colours on labels for gas/vapour filter
C – example of colours on labels for particle filter
D – example of colours on labels for combined filter

Fig. 31.8 Filter examples: labelling and connections
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Depending on the protection level and the filters used (particle, gas or combined), 
the devices are designated in different classes both for full-face mask and hood 
devices.

31.3.7  Atmosphere-Supplying Respirator

Those respirators that provide a respirable air to the wearer are called atmosphere- 
supplying respirators: this category includes supplied air respirators and self- 
contained breathing apparatus.

Supplied air respirators provide breathing air through air hoses from an indepen-
dent source, while self-contained breathing apparatuses use a high-pressure air tank 
connected to the mask.

These types of equipment are used when an air purifier is not allowed, for exam-
ple, not only when oxygen concentration in ambient air is low or the characteristics 
of the contaminants are unknown but also if the contaminant is evaluated as 
extremely dangerous.

31.3.8  Fit Testing: A Measure of a Mask’s Correct Fitting

Fit testing is recommended for all tight respirators. The correct placement of the 
device to have a tight seal on the face at all times is essential to prevent exposure. 
The purposes of the test are to check whether the subject is able to wear the respira-
tor correctly and check that the mask ensures a good fit on to the subject’s face.

It can be carried on the whole range of tight-fitting respirators: disposable face-
pieces, half-face mask and full-face mask.

The most widely used method is known as “quantitative fit test” and involves the 
use of a machine that gives a numerical measure of the fit: the concentration of dust 

A – Main body
B – Head harness
C – Inhalation valves
D – Exhalation valve
E – Valve cover
F – Incorporated combined filters
F – Incorporated combined filters

E
A

B

C

B

D

F

F

Fig. 31.9 Filtering half mask incorporating combined filters
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in the air is measured inside the tight-fitting respirator (purified air) and outside 
(ambient air), and the ratio between the two values gives the fit factor (FF), which is 
the parameter that indicates whether the test is passed or not.

A second method is increasingly widespread due to its practicality and simplicity, 
the “qualitative fit test”, which is suitable exclusively for disposable facepieces. It is 
based on the wearer detecting leakage through the face seal region by nebulizing a 
sweet/bitter aerosol towards the mask inside a hood: if the subject perceives the 
sweet/bitter taste, this means that the mask does not guarantee the perfect sealing.

31.3.9  Importance of Comfort and User’s Subjective Feeling

Apart from a technical performance point of view, comfort may represent the most 
important parameter to take into consideration during the development and the 
selection of a respirator. In some cases, the perception of the wearer during the use 
of the respirator is fundamental. Sense of comfort arises from a subjective feeling 
and is the combination of many factors:

 – Ease to breathe through the respirator: this parameter is expressed by means of 
the breathing resistance, defined as the pressure drop before and after the respira-
tor subjected to an air flow. It is measured during both inhalation and exhalation, 
and the lower this parameter is, the more comfortable the respirator will result.

 – Accumulation of moisture and heat: especially during activities that require 
physical effort, the use of a respirator leads to condensation of the water con-
tained in the exhaled air. Hot and humid air together with water droplets accumu-
lated in the mask can produce a feeling of discomfort. The capability to eliminate 
those elements from the mask is determined by the material transpirability for 
disposable facepieces and by the effectiveness of the exhalation valve for all kind 
of respirators.

 – Effectiveness of air recycling: if exhaled air is not expelled completely from the 
mask, the content of carbon dioxide in the mask will increase, and the wearer 
will again inhale CO2 causing breathing difficulties.

 – Pleasantness of the materials in contact with the skin: materials, orinasals, head 
harness and buckles must be smooth and flexible in order to avoid itching sensa-
tion; moreover, materials must be hypoallergenic to avoid skin irritation.

 – Respirator encumbrance: unnecessary weights can cause a premature fatigue on 
the wearer. Additionally if the mask is too large or cumbersome, it may reduce 
the wearer’s field of view.

31.4  Overview on Occupational Diseases and Industrial 
Applications

“Occupational diseases cause huge suffering and loss in the world of work. Yet, 
occupational or work-related diseases remain largely invisible in comparison to 
industrial accident, even though they kill six time as many people each year”. With 
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this sentence, the International Labour Organization (ILO) opened its report on pre-
vention of occupational diseases in 2013. The statement wants to focus on those 
occupational and work-related diseases, which may manifest in the long period, 
after years of work in a harmful environment and after exposure even to small quan-
tities of noxious elements. Extent of those exposures may seem less dangerous and 
the importance of prevention and protection does not always seem so obvious.

In the same paper, ILO estimated that two million people die each year from 
work-related diseases, which is equivalent to more than 5000 death every day. 
Moreover, 160 million cases of nonfatal work-related diseases occur annually [13].

Similar studies are carried out worldwide, investigating the incidence of occupa-
tion and work-related diseases on the global death rate and marking a separation of 
occupational and nonoccupational causes. An example of the delicate distinction 
between occupational and nonoccupational disease is COPD (chronic obstructive 
pulmonary disease) which is one of the leading causes of morbidity and mortality 
both in industrialized and developing countries. Although one of the most important 
causes is cigarette smoke, studies demonstrate that almost 15% of the COPD cases 
in the world are work related (with no significant connection with workers’ smoking 
habits) [14, 15].

Work-Related Lung Disease Surveillance System is a surveillance carried out by 
NIOSH institute presenting tables and figures of occupational-relevant respiratory 
diseases, investigating mortality rate and morbidity rate in the last decades (1968–
2004) in the US working population. The surveillance reveals some remarkable 
facts about the trend changing for some work-related diseases in the USA. The rate 
of mortality for major pneumoconiosis (including silicosis, byssinosis and coal 
workers’ pneumoconiosis) has decreased between the 1960s and the mid-2000s, but 
from this picture, death for asbestosis must be excluded: death cases grow from 
78 in 1968 to 1470 in 2004 [16].

The decreasing of mortality rate for diseases as silicosis in countries as the USA 
(while exposure to silica dust on the workplace has not decreased) shows the impor-
tance of prevention and protection on the workplace: silicosis is in fact one of the 
first diseases of public interest and one of the first recognized causes of work-related 
death.

Despite silicosis had become less of a problem in developed countries, in China 
this is still a major concern, and in the last part of the decade 2000–2010, pneumo-
coniosis represented the 70–80% of the total number of cases reported as occupa-
tional diseases [17].

In the last 20 years, as a result of China’s rapid economic development, regula-
tions regarding health and safety on the workplace have become necessary, and 
only in 1995 the first Labour Law was promulgated, and lately many institutes of 
occupational diseases and prevention and occupational service agencies have 
been founded, each accredited by Chinese health administrative department. The 
Chinese Center for Disease Control and Prevention (China CDC) is an important 
network registering and reporting each verified case of occupational disease and 
poisoning: between 2005 and 2013, the number of occupational diseases reported 
every year has increased by more than 100% (from 12,212 to 26,393 cases per 
year) [18].
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Various other occupational diseases originated from work exposure to chemical 
agents are still a pressing topic. Occupational asthma is a major concern for workers 
that are exposed to miscellaneous chemicals, mineral and organic dust, cleaning 
materials, pyrolysis products and solvents (HSE states that during 2012 and 2014, 
vehicle paint technicians and bakers and flour confectioners had the highest rate of 
new cases per year [19]). Lung cancer is a growing disease caused by occupational 
exposure: in 2013 more than 2000 death were caused by asbestos-related lung can-
cer and more than 2800 cases of death for lung cancer due to other agents; the sta-
tistic branch of HSE sows that the rate of death for mesothelioma continues to 
increase from 1990 to 2010 [20].

The data reported show that although worldwide there is a growing interest to the 
topic of occupational safety and health, a conspicuous number of death cases and 
nonfatal disease are registered every year, both in industrialized and developing 
countries. In this scenario, the importance of prevention and information towards 
workers is undeniable, coming from institutions and employers; indeed the coopera-
tion between these three subjects (workers, institutions, employers) is fundamental 
to assure the enhancement of the current situation on occupational diseases. 
Knowledge of the risk that workers are facing must be clearly transmitted in order 
to familiarize them with the real problems that can originate from lack of protection 
on the workplace. The use of protections for breathing apparatuses is still perceived 
today as an obligation imposed by the employer and not a real need for the health of 
individual workers.

The following section will give an overview of some significant industry sectors, 
focusing on the main characteristics of the hazard and how it is possible to reduce 
the risk.

31.4.1  Welding Industry: A Whole Range of Risks

Welding is a fabrication process that joins materials, usually metal, by causing 
fusion of the surfaces of two workpieces to form one.

Occupational risks associated with welding operations originate mainly from 
welding fumes, a mixture of a large number of organic and inorganic chemicals, 
generated in the heating and melting of the metallic parts. Surveys in multiple pro-
duction sites in different parts of the world revealed the presence of many chemical 
fumes [21–23]: iron, manganese, nickel, chromium and zinc are between the most 
frequent chemicals present in welding fumes.

Many other agents involved in the welding processes represent a potential hazard 
for inhalation exposure and may lead to acute or chronic respiratory disease: acetylene 
gas, oxides of nitrogen, phosgene, tungsten, arsenic, beryllium, cadmium, cobalt, cop-
per, lead, silver and tin. Additionally, the presence of dust and ozone gas is observed in 
almost all welding production sites and aggravates the hazard on the workplace. This 
high variability of chemical components contained in the air during exposure (com-
bined with other factors such as heat, burns, exposure to radiation, noise) allows us to 
understand why welding is considered one of the most dangerous occupation [24].
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Presence of nickel and chromium fumes (especially in welding process of stain-
less steel) raises alarms because of their high level of toxicity [25, 26].

Presence of manganese is detected with the highest concentration: manganese 
fumes are a big concern for welding industries (and, as a consequence, for all those 
jobs where manganese fumes are detected, as ferroalloy smelters and mines) since 
these are toxic if inhaled in high concentration [9].

HSE states that the principal effects caused by welding fumes on breathing appa-
ratus are pneumonia, asthma, cancer, metal fume fever, irritation of throat and lungs 
and temporary reduced lung function. The development of chronic bronchitis is 
more likely after exposure to a combination of dust and irritant gases in the work 
place, as demonstrated in several case studies [27–29].

In the welding industry, the use of facepieces, half mask or full-face mask is 
determined based on the concentration of the welding fumes. When welding fumes 
are close to the exposure limit value, e.g. if a good ventilation system is imple-
mented and the working area is adequately big, a disposable facepiece is recom-
mended. The filtration efficiency of the facepiece depends on the concentration of 
the fumes, and usually it used a facepiece with a carbon layer to filter ozone and has 
relief from its nuisance odour (in average welding activities, ozone gas is beneath 
allowable exposure limit). If fume concentration is highest, a device like a half-face 
mask with particle filter should be considered.

31.4.2  Coating and Painting Industry

In the world of painting and coating, various processes exist and for each one the 
worker is exposed to a different class of chemical substances, therefore to a dif-
ferent risk.

Powder coating is a process involving the use of dry powder applied electrostati-
cally to the item surface that is placed after into an oven to melt and become a uni-
form layer. The advantage of this procedure is the absence of solvents in the painting; 
however, the presence of dust becomes the bigger concern, and a device for protec-
tion against dust and particles must be used. The choice of the device (disposable 
face mask, half- and of full-face mask with particle filters) depends on the dust 
concentration on the workplace.

Some powder coating (as polyurethane power coating) contains isocyanates, 
which are internationally recognized as the leading attributable chemical cause 
of occupational asthma. Specific measures must be taken in this case because 
isocyanates has a low odour threshold (the concentration at which the substance 
can be smelled by the human olfactory system) that is higher than the allowed 
exposure limit. Therefore a gas/vapour filter is not recommended because when 
the filter is saturated and the worker begins to sense the odour, the exposure 
limit has already been exceeded and the worker is receiving no protection. For 
this reason, if any concentration of isocyanate close to the exposure limit is 
measured, a supplied air respirator should be considered to ensure the correct 
protection.
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Electrophoretic painting process consists in the immersion of metal part in a 
water-based solution containing paint: an electric voltage is applied to the part 
(which is metallic, therefore conductive) causing the paint to condense on it.

Risk in this process originates from the galvanic coating bath and depends on the 
galvanic bath type: mists of different elements can be present (chromium, nickel, 
cadmium, zinc, copper or silver and many of their compounds). Usually acid 
vapours evaporate from the liquid bath, causing the presence of H2S and its 
compound.

Depending on the chemical element/compound, a different particle/gas/vapour 
filter will be selected and mounted on a half-face mask (or full-face mask, if a 
higher protection factor is required). If H2S vapours are detected, a gas filter for acid 
gas should be used, combined with a particle filter for mist filtration.

The technique of spray painting consists of covering the item with paint sprayed 
from a device (air gun spray) through the air on the item surface. Paints used in this 
process contain solvents, which are the main concern for this employment. To pro-
tect against solvents, the best solution is to choose a device (half mask usually for 
this application) with filters for organic gases; since during the spraying a consider-
able amount of mist can be created, a combined filter (particle plus vapour/gas) 
should be used.

However, elements like epoxy resins and isocyanates can be contained in the 
varnish used in this process: this leads to the selection of a supplying air respirator.

31.4.3  Asbestos Removal: Danger Caused by Asbestos Fibres

Asbestos is composed by silicate minerals with physical properties that make it 
largely used in addition to building construction materials (e.g. cement) for thermal 
insulation, acoustic insulation and fireproofing. During operation on materials that 
contain asbestos (as drilling, sawing and sanding), a dust made of tiny and respira-
ble asbestos fibres is released in the air. These fibres have an elongated shape that 
can be easily inhaled and carried in the lower region of the lung causing asbestosis, 
reduced respiratory function, pleural mesothelioma and lung cancer and can lead to 
death.

ACGHI set the exposure limit value (TWA) to 0.1 f/cm3 and recognize asbestosis 
fibres as carcinogen (carcinogenicity designation A1) based on the weight of evi-
dence from epidemiologic studies.

Due to its high-risk nature, manufacturers do not recommend the use of dispos-
able facepieces for protection against asbestos; however, a particle filtration system 
must be considered. For lower concentration (1 f/cm3), a half-face mask shall be 
used, and exposure up to 5 f/cm3 implicates the use of a full-face mask. For higher 
concentrations, it becomes necessary to use a device with high protection factor: 
full-face powered air-purifying respirator or full-face supplied air respirator.
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31.4.4  Foundries: High Exposure to Respirable Silica Dust

The iron and steel industry is very diverse in materials and processes, resulting in 
occupational exposures to a wide variety of substances.

Exposure to respirable quartz (a form of respirable crystalline silica, RCS) 
continues to be a major concern in all iron foundry industry; it is used in a metal 
casting process (also known as sand mould casting) characterized by using sand 
as the mould material. Silica is the most commonly used sand base, and for this 
particular process, a large amount of silica dust has to be taken into account (for 
high melting point casting, such as steels, a base sand with a minimum of 98% 
pure silica sand is used [30]). Foundry dust consists predominantly of particles 
below 2.5 μm [31].

A Swedish study [32] tried to determine the occupational exposure to respirable 
dust and respirable quartz in 11 Swedish iron foundries, representing different sizes 
of industrial operation and different manufacturing techniques. Results show that 
for respirable quartz, 23% of all the measurements exceeded the EU-OEL and 56% 
exceeded the ACGIH-TLV. The overall geometric mean for the quartz levels was 
0.028 mg/m3, ranging from 0.003 to 2.1 mg/m3. Similar values were confirmed by 
an assessment in Taiwan foundries [33].

Together with dust, in foundries the presence of metal fumes has a great impor-
tance in choosing the correct protection device. Using X-ray diffraction, different 
compounds can be identified inside foundries: iron oxides, manganese oxide, zinc 
oxide and calcium oxide [34].

In foundries, the presence of dust and fumes requires the use of a particle filter-
ing device: disposable facepieces should be selected for lower concentration; fil-
ters (usually a particle filter mounted on half mask) are necessary for highest 
concentrations.

Effects on health coming from occupational exposure to silica dust have been 
investigated for many years and in many different ways, starting from animal exper-
imentation and epidemiological studies. By breathing RCS there is the possibility to 
develop lung diseases as silicosis, chronic obstructive pulmonary disease (COPD) 
and lung cancer [35].

31.5  Conclusions: Are Industrial Respirators Suitable for Air 
Pollution?

As we have gradually deduced in this chapter, respiratory protection is a delicate 
issue, and the selection of the right respirator must be submitted to the knowledge 
of the type and the extent of the chemicals contained in the air. A transition from the 
methods used in the industrial sector and the evaluation of protection against air 
pollutants present in our everyday life is not straightforward.
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In fact, the introduction of the threshold limit values (TLV) is a key factor in the 
device selection for industrial application, but those same values were not devel-
oped for evaluation of the potential harm deriving from environmental air 
pollution.

In the last few years, institutions have drafted several lists of exposure limit val-
ues that shall not be exceeded during a period of 1 h, 8 h or 24 h and the number of 
permitted exceedances over the limit values each year. Limits and target values are 
suggested for specific air pollutants (some pollutants are not considered in all stan-
dards): sulphur dioxide, nitrogen dioxide and oxides of nitrogen, particulate matter 
(PM10 and PM2.5), lead, carbon monoxide, benzene, ozone, arsenic, cadmium, 
nickel, benzo(a)pyrene and many others (Table 31.7).

By analysing this list of substances, it is easy to understand that a combination of 
different elements constitutes the air pollution, each with different physical proper-
ties. If we consider the seven pollutants present in the highest percentage, we can 
divide them in two categories: particle pollutants and gas/vapour pollutants 
(Table 31.8).

For each category a different filtering technology should be considered. For par-
ticle pollutants (PM2.5 and PM10), disposable facepieces are commonly preferred, 
but many of the serious health concerns regarding air pollution are not filtered by 
this type of respirator. Particulate respirator does not reduce the exposure to gases 
and vapours (such as sulphur dioxide, nitrogen dioxide, carbon monoxide and 
ozone) but is effective uniquely against dusts: in this case a particulate filter respira-
tor should be combined with a carbon filtering device.

Theoretically, the best solution for filtration of air pollutants seems to be a half- 
face mask equipped with cartridges containing carbon suitably activated for adsorp-
tion of those chemicals present in the polluted air combined with a particle filter. 
Nevertheless this kind of device proves to be bulky and too heavy for the daily use 
(the weight for a common half-face mask with combined filter can easily reach 
300–400 g), apart from the fact that the protection given by this ensemble is more 
than what is needed.

Disposable facepieces with an integrated carbon filtering layer/material are an 
appropriate choice for protection against air pollution as long as concentration of 

Table 31.7 Comparison for SO2 maximum allowed values in industrial regulation by ACGIH and 
guideline for outdoor air quality by WHO

SO2 industrial TLV (by ACGIH)
SO2 guideline values for outdoor air quality (by 
WHO)

5 mg/m3 (TWA) (equal to 5,000 μg/m3) 20 μg/m3 (24-h mean)
13 mg/m3 (STEL) (equal to 13,000 μg/m3) 500 μg/m3 (max 10 min)

Table 31.8 Most common 
air pollutants divided on the 
basis of their physical nature

Particle pollutants Gas/vapour pollutants
PM2.5 Sulphur dioxide (SO2)
PM10 Nitrogen dioxide (NO2)
Lead (Pb) Carbon monoxide (CO)

Ozone (O3)
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gases remains low. Carbon layers are usually activated for adsorption of minimum 
quantities of one or both organic and acid substances: specific activated carbon 
should be considered for the adsorption of SOx gases (sulphur oxides) and NOx 
gases (nitrogen oxides) in addition to carbon monoxide. As a matter of fact, the 
majority of industrial disposable masks with carbon layer that can be found on the 
market are intended to filter low concentration of organic (VOC compounds) and 
acid gases. Therefore, the research for a specific activated carbon-based material is 
essential while choosing an antipollution mask and together with the technical fil-
tering performance should be explicitly explained which gases can be filtered by 
the mask.

However, specific regulations regarding adsorption of the carbon layer in dispos-
able facepieces, both for industrial exposure and environmental pollution, do not 
exist. Along with the already existing guidelines on the maximum concentrations 
allowed, the definition of test methods and specific requirement for filtration against 
air pollutants (of all physical nature) should be taken into account by institutions 
and world organizations, in order to ensure the best protection for the entire world 
population and give some parameters to correctly choose the appropriate antipollu-
tion protection device.

Beside the composition of the mask, which is a fundamental aspect to take into 
consideration, the importance of donning the mask correctly should not be underes-
timated. Gaining the perfect sealing of the mask on the face means that the unfil-
tered air will not enter in the mask (therefore will not be breathed by the wearer). In 
fact, even if a small quantity of unpurified air goes through the small interspaces 
between the body of the mask and the user’s face, that air will bring noxious chemi-
cals into the lungs and the mask becomes useless.

Manufacturers’ instructions explain how to don the respirator correctly and may 
explain an easy and immediate test to check if the mask is fitted right. As an exam-
ple, to check the fit of a disposable facepiece, it is recommended to cover the front 
of the respirator with both hands being careful not to disturb the facepiece position. 
If the mask position is correct, by inhaling and exhaling deeply, no air should be 
perceived escaping from the mask boundaries, from the eyebrows, chin and cheeks. 
This is a rough test and sometimes seems to be not enough. In fact, the use of a 
respirator device should go through a more detailed training, even with audio-video 
support if a training face-to-face with a specialized expert is not possible.
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32Sociological Theories on Air Pollution: 
Between Environmental Justice 
and the Risk Society Approach

Antonio Maturo and Veronica Moretti

32.1  Introduction

Substantially, sociology has addressed the problem of pollution from three general 
perspectives: environmental sociology, medical sociology, and theoretical sociol-
ogy. Environmental sociology has focused in large part on social movements and 
deliberative democratic processes originating in opposition to technologies con-
sidered to be pollutant or dangerous, such as incinerators or nuclear reactors. In 
correlation with these topics, environmental sociology has also studied the nexus 
between social inequalities and exposure to pollution, an issue which is also central 
to medical sociology’s important investigation of the relationship between socio-
economic inequalities and health [1]. Indeed, pollution is given a fundamental role 
in the social determinants of health model [2]. Both environmental and medical 
sociology have provided solid scholarship on the consequences of pollution in the 
job place. Theoretical sociology has analyzed pollution through the concept of risk. 
According to Giddens’ [3] well-known observation, at a certain point, we stopped 
worrying so much about what nature could do to us, and we started worrying more 
about what we have done to nature, marking a shift from a society dominated by 
dangers to one dominated by risks. The German sociologist Ulrich Beck [4] has 
proposed what is probably the most consistent theory of risk. In his “risk soci-
ety” theory, Beck emphasizes the globalized character of risks along with their 
“democratizing” nature: nowadays both the poor and those who are better-off are 
exposed to risks – a position challenged by many scholars doing empirical research 
on pollution.
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Air pollution can be analyzed according to different categories. Firstly, we can 
distinguish between outdoor and indoor pollution: “Some of the major sources of 
outdoor pollution include exhaust fumes from vehicles, emissions from manufac-
turing facilities (i.e. factories) and power generation (i.e. smoke stacks of coal fired 
power plants),” while “the main cause of indoor air pollution is inefficient fuel 
combustion from rudimentary technologies used for cooking, heating and lighting. 
There are also natural indoor air pollutants, like radon, and chemical pollutants 
from building materials and cleaning products that also impact health” [5]. 
Undoubtedly, outdoor air pollution can be an important factor affecting the quality 
of the air of indoor spaces as well, in particular when houses have ventilation sys-
tems or are located next to sources of pollution. Conversely, indoor air pollution 
can worsen the quality of outdoor and urban air, especially in cities where houses 
use biomasses or coal for heating and cooking. The combination of indoor and 
outdoor pollution is particularly harmful in poor areas, especially considering that 
in many developing countries, indoor pollution is linked to the combustion of solid 
fuels used for cooking and heating [6]. Industry and automobiles are the first and 
the second causes of air pollution even if there are substantial differences among 
different countries: “In the United States, there is one car for every two people, in 
Mexico one for every eight, and in China one for every 100”; moreover: “The aver-
age number of miles travelled/car/year in the United States has more than doubled, 
from 4570 in 1965 to 11,400 in 1999” [7, p. 574]. Yet, car owners are not always 
the category of people most exposed to pollution. In fact, the WHO estimates that 
more than 600,000 people die each year as a result of outdoor air pollution in India; 
most of them are poor people who live in the most polluted areas and who do not 
own a car [8].

Another important distinction involves visible and invisible forms of air pollu-
tion. Several studies have shown that the visibility of pollution plays a crucial role 
in shaping the way it is perceived [9–11]. Individuals are more aware of bad air 
conditions when dust and fallout are visible and can, above all, be smelled: “it is 
very likely that the ‘invisibility’ aspect of air pollution discourages people from 
drawing strong links between air pollution and health” [11, p. 12]. “Annoyance” is 
a factor that strongly influences the perception of air pollution. Individuals seem to 
be more worried by the short-term consequences of pollution, rather than by the 
long-term ones: “Annoyance involves individual perceptions and attitudes towards 
the exposure influenced by factors such as sex, age and prior exposure to the pollut-
ant” [6, p. 4853].

Working within this general framework, this chapter will investigate the role that 
sociology can play in preventing and containing air pollution. In particular, we 
believe that sociology has an important contribution to make from the environmen-
tal justice perspective [12]. Such an approach demonstrates how the most deprived 
people are the most exposed to health risks from pollution and as such should be at 
the focal point of research and intervention. In addition, sociology can provide new 
data and solid scholarship to institutional programs based on environmental deter-
minants and health promotion demonstrating the most appropriate communication 
strategies for stimulating responsible and “greener” lifestyles and behaviors.
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More specifically, in this chapter, we describe and analyze the main sociological 
theories on the environment and pollution—with a special focus on recent contribu-
tions to risk sociology—and discuss environmental justice and its main pillars: 
popular epidemiology, contested illnesses model, and community-based participa-
tory research. As can be inferred from its terminology, environmental justice is 
closely connected to a social justice perspective and to a governance approach based 
on social participation and prevention.

32.2  Sociological Theories and Pollution

In sociological scholarship, the interaction between individuals and environment 
has been studied from three theoretical perspectives: functionalism, conflictualism, 
and social construction theory.

Functionalism has been the dominant theory for several decades in sociology. Its 
main proponents were Emile Durkheim, Talcott Parsons, Robert K. Merton, and 
Niklas Luhmann. Functionalism defines society as a biological organism. Like in 
biology, society is seen as a system made up of different interrelated parts. Every 
part has a specific function that is necessary to the survival of whole. As such, this 
holistic paradigm emphasizes the conservation and the equilibrium of the system. In 
other words, the social system has a series of needs that must be satisfied through 
reciprocal activities—i.e., functions—carried out by the various components of the 
system. Logically, functionalists consider society as a whole that has specific fea-
tures, this whole being greater than the sum of the individuals comprising it.

For example, according to Durkheim [13], social phenomena should be explained 
by taking into consideration the functions they carry out for the “social organism” 
and not for their essence or for their social meanings. According to Durkheim, a 
certain amount of crime and deviance is “normal” or a society. Making an extreme 
example from the present, we could state that the violence of the hooligans during 
soccer matches is like a relief valve that functions to lessen the frequency of worse 
crimes during the rest of the week. According to Niklas Luhmann’s [14] “cynical” 
functionalism, pollution emerges as a social problem only when it is “perceived” by 
the political system. In other words, policies against pollution will be implemented 
only when the political system realizes that pollution can cause a loss of consensus 
among the voters. Before that, pollution has no social relevance.

Functionalism has been criticized for its static and conservative view of society, 
its emphasis on equilibrium in the system, and its predilection for the status quo. 
The functionalist approach to environmental sociology sees pollution as a necessary 
evil, which, however, may become dysfunctional for society beyond a certain limit; 
at which point, it must be reduced.

The conflictualistic theory—also called “radical” perspective or critical theory—
is in many respects the contrary of functionalism. Though it has several versions, 
it has its foundation in Marxism. According to this theoretical approach, society 
should be considered an arena in which different social classes struggle to get con-
trol of a scarce quantity of resources. The economic structure or material basis of 
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society—that is, the ownership of the means of production—heavily influences the 
“superstructure” (the culture, laws, and religion and the political institutions) of 
a given society. Therefore, the elements of the superstructure become a tool for 
legitimizing and maintaining the dominant class. And consequently, according to 
the proponents of conflictualism, not even the State functions as a neutral power 
but rather supports the capitalistic system. According to conflictualism, capitalism 
and neoliberalism are the cause of environmental deterioration, but the State and 
political institutions cannot do much as they are themselves an instrument of the 
economic power. Pollution, then, can only be reduced following a profound reorga-
nization of society.

Critical consumption and degrowth theory are two “byproducts” of conflictual-
ism which are closely connected to environmental issues. Indeed, critical consump-
tion practices are based on the assumption that individuals should choose the 
goods—or services, like transportation—they consume according to anti- 
neoliberalistic values, such as environmental sustainability, fair trade, labor condi-
tions, health and safety conditions, animal welfare, and human rights. Critical 
consumption can also be seen as the practical expression of degrowth theory. Serge 
Latouche is the principle thinker and proponent behind degrowth theory, which pro-
poses a paradigm shift away from neoliberalism and therefore from the greedy and 
irresponsible use of natural resources [15]. According to this view, society should be 
remodeled in order to foster an ecologically sustainable form of development that 
achieves a state of harmony between humans and nature. Practical examples of criti-
cal consumption include the sharing economy, local markets, energy saving, fair 
trade groups, and other practices that resist neoliberalism. Critics to the conflictual-
istic perspective cite its utopian aspects and economic determinism. Finally, another 
frequently adopted critical approach is the environmental justice perspective, the 
assumption (also based on empirical studies) that the most deprived individuals in 
society are also more exposed to pollution in comparison with members of the 
upper class.

The third sociological theory that is central to research on the environment and 
pollution is the social construction perspective. This theory holds that the real world, 
regardless of its material basis, is also represented as a series of socially and cultur-
ally legitimated ideas, practices, and things. Just as there are several social represen-
tations of cancer, beauty, success—just to make few examples—there are also social 
constructions of environmental problems. As such, it is fundamental to investigate: 
“the process through which environmental claims-makers influence those who hold 
the reins of power to recognize definitions of environmental problems, to implement 
them and to accept responsibility for their solution” [16, p. 185]. According to some 
scholars that adhere to this theory, the “successful” construction of an environmen-
tal problem requires six components: “the scientific authority for and validation of 
claims; the existence of “popularisers” (activists, scientists) who can frame and 
package the “problem” to journalists, political leaders, and other opinion makers; 
media attention that frames the problem as novel and important (such as the prob-
lems of rainforest destruction or ozone depletion); the dramatization of the problem 
in symbolic or visual terms; visible economic incentives for taking positive action; 
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and the emergence of an institutional sponsor who can ensure legitimacy and 
 continuity of the problem” [16, p. 55].

Mayer [17] carried out an exhaustive study of the print media’s coverage of the 
relationship between asthma and air pollution, focusing on the way in which the 
three largest US newspapers depicted a causal link between exposure to air pollu-
tion and the disease’s occurrence over a twenty-year span. Although the print 
media’s coverage of asthma and its environmental correlates had increased over 
time, Mayer found that there was little consistency in how the relationship was 
depicted; at times air pollution was portrayed as the direct cause of asthma, and at 
others it was simply represented as a triggering agent. On this basis, Mayer con-
cluded that: “This lack of coherence and specificity in the portrayal of asthma as an 
environmental disease may weaken regulators’ ability to act in passing air pollution 
reform by lowering the public interest and concern” [17, p. 892].

The social construction perspective, which is less “ambitious” in proposing a 
theoretical framework for understand the relationship between individuals and their 
environment, is strategically different from functionalism and critical theory. Rather 
than offering a comprehensive sociological view of pollution, the social construc-
tion perspective provides a solid methodological basis for empirical investigations. 
This is both its strength and its weakness.

Of the perspectives discussed above, the critical approach is the most prominent 
in the field of pollution studies. Indeed, while it contains some utopic and unrealistic 
elements, there is a lot of empirical evidence that demonstrates how uncontrolled 
consumerism and neoliberal deregulation are at the root of the larger part of envi-
ronmental deterioration and pollution. Also, there is evidence that the negative 
externalities of capitalism—e.g. air pollution—are more burdensome for the most 
vulnerable members of the population.

32.3  Risk Approaches to Air Pollution

The concept of risk has only recently entered the field of sociology, but it has rapidly 
become a pillar of sociological theory and empirical studies. As we already men-
tioned, according to Anthony Giddens, when we stopped worrying so much about 
what nature could do to us, and we started worrying more about what we have done 
to nature, we moved from a society dominated by dangers to a society dominated by 
risks [3]. Risks are a product of human ability and are concerned with catastrophes 
and harmful phenomena occurring in our natural and social environments. They 
arise from technological and scientific development and cause unanticipated conse-
quences. Our society is dominated by risk because it is future-oriented, and there-
fore decisions taken today will produce effects tomorrow. Yet, only rarely can these 
effects be anticipated and foreseen; the world of today is being too complex and 
interdependent to be studied with a linear model of forecasting. For example, finan-
cial speculation on mortgages in Florida could lead to pension reform in Italy. 
Moreover, risks are global: a nuclear disaster in the Ukraine can cause an increase 
of cancer in Lithuania. Also, nowadays, (perceived) risks have increased as a result 
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of the infinite set of scientific tools that we have to analyze reality. In medicine, for 
example, sophisticated diagnostic tools make it impossible for anyone to be consid-
ered completely healthy: we are all “at risk” of something.

Presently, several issues related to the environment (air pollution, climate change, 
water pollution, toxic garbage) can be framed by the sociological concept of risk 
because of the strong impact they have on human life.

There are three sociological approaches that address pollution—mainly air pol-
lution—through the category of risk. The first is the risk society proposed by Ulrick 
Beck and based on the concepts of the globalization and the democratization of risk. 
The second is made up of various groups of scholars who focus their analysis on 
inequalities, demonstrating that the health risks derived from pollution are inversely 
correlated with the socioeconomic position. These scholars emphasize issues of 
social justice. The approach is more of an empirical research orientation than a full- 
fledged theory: through adopting a combined perspective of risk society and envi-
ronmental justice while carrying out empirical investigations.

32.3.1  Risk Society and Air Pollution

The risk society approach stems from the sociological theory of Ulrich Beck [4]. 
Beck has dedicated several books [4, 18, 19] to the analysis of the new risks of 
modernity and the manners by which society organizes itself in order to respond 
to them. According to Beck, accelerated technological development together with 
an irresponsible form of capitalism is responsible for the huge increase in the 
number of risks to which we are exposed. Indeed, the growth of wealth has been 
parallel to the growth in risks—capitalism does not only create “goods,” it also 
creates “bads” [4]. Citing the Chernobyl disaster and climate change, Beck claims 
that the upsurge in technological development has in some cases had devastating 
effects on a global level, with unexpected consequences [20]. Moreover, and this 
is one of most original but also most controversial parts of his theory, Beck states 
that environmental threats these days have a “democratizing” element to them. 
Climate change affects everyone—even the wealthy. Therefore, it reduces social 
differences. Although some individuals are “well equipped” to face the negative 
consequences of climate change, some ubiquitous rather than hierarchical risks 
(air pollution and climate change) affect everyone equally: “hunger is hierarchical, 
smog is democratic” [4, p. 48. Here, Beck mentions the boomerang effect, a pro-
cess that subverts class structure, exposing the wealthy to the risks they contrib-
uted to create. Hence, the protagonists of modernization become victims of their 
own actions: “air pollution, climate change and other “bads” that cannot be cir-
cumscribed by human boundaries (…) have an equalizing effect” [21, p.  111]. 
Consider smog, for example. It is easy to observe that its harmful effects also 
spread to the most affluent areas of cities and to highly modern societies as well. 
Environmental risks—according to the risk society theory—due to their mobility 
and pervasiveness, cannot be delimited [21].
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According to Beck, political policies have also changed in their approach to 
 dealing with air pollution, adapting to new forms of pollution. Indeed, while in the 
past the governments focused more on visible problems (like smog coming from 
 chimney or vehicles), nowadays there is a particular attention given to hidden and 
invisible threats (like toxic substances in food). According to Beck, with a nod to 
social constructionism theory, risks become “visible”—and therefore gains social 
existence—when socially defined within knowledge or knowledge-processing sys-
tems such as science, the legal system, and the mass media: “The hazards, which are 
not merely projected onto the world stage, but really threaten, are illuminated under 
the mass media spotlight” [22, p. 101]. Following this same line of reflection, the 
results of an investigation conducted in three cities in Latin America—Bogota, 
Mexico City, and Santiago—confirm that “association between air pollution levels 
and socioeconomic vulnerabilities did not always correlate within the study cities. 
Furthermore, the spatial differences between socioeconomic vulnerabilities within 
cities do not necessarily correspond with the spatial distribution of health impacts” 
[21, p. 110]. Indeed, the researchers, analyzing local temperature, air pollution, mor-
tality, and socioeconomic vulnerability data concluded that health risks stemming 
from atmospheric conditions and pollutants have no boundaries and do not discrimi-
nate between social classes, as proposed in Beck’s boomerang effect concept.

Yet, at the same time, it is hard to deny—and this is the focus of environmental 
justice perspective—the relationship between exposure to air pollution, vulnerabil-
ity, and socioeconomic position. Therefore, Beck’s proposal about the “democrati-
zation” of risks is true only for some aspects.

32.3.2  Environmental (In)Justice

Bauman’s book Liquid Fear [23] provides a good introduction to the environmental 
justice perspective. Everyone was aware that hurricane Katrina was going to come. 
People had been promptly alerted and had more than sufficient time to find a safe 
place; however, many people were unable to get away, by flying elsewhere or book-
ing a room in a motel. As such, the poor people, as well as those who could not afford 
the cost of leaving their houses, were the most affected. This is not only because 
they lost their property or were impacted more than others; they could not prepare 
themselves in a fair way, compared to the wealthy part of the population. To use 
the example of the Titanic, most of the victims of Katrina were people living in the 
economic class of society, rather than in the business class. The relationship between 
poverty and air pollution has led several scholars and social activists to highlight the 
idea of an environmental injustice: “almost two thirds of the most polluting indus-
trial facilities are found in areas of below average income” ([24]; quoted in [25, 
p. 214]. Indeed, the concept of environmental injustice originates from the fact that 
some communities are much more exposed to environmental risks than others.

Typically, these minorities—who can be very numerous—have a higher risk of 
becoming sick from air pollution. As the sociology of health has demonstrated, 
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there is a correspondence between lower socioeconomic status and an increase 
in vulnerability to illnesses. For example, Clark et al. [26, p. 1] found that “low-
income nonwhite young children and elderly people are disproportionately exposed 
to residential outdoor NO2.” On average in the United States, minorities are 
exposed to 38% higher levels of outdoor NO2 than whites. As such, the expres-
sion “environmental racism” is particularly appropriate [27]. A study carried out 
in Montreal found a significant relationship between the concentration of NO2 and 
neighborhood- level indicators of material deprivation, such as median household 
income, and with indicators of social deprivation, such as the proportion of people 
living alone [28]. In France, a group of epidemiologists found that the most advan-
taged social classes are less exposed to air pollution from traffic in comparison to 
deprived people [29]. Indeed, several studies have shown that “spatial variability 
of level of ambient air pollution can be greater between different neighborhoods 
within cities than those between cities” [28, p. 971]; often the most deprived neigh-
borhoods are also severely polluted.

Often, the inequality pattern with relation to exposure to air pollution runs paral-
lel to access to health services. An epidemiological study carried out in California 
over the period 2005–2007 investigated “racial and ethnic disparities in hospital 
admission and emergency room visit rates resulting from exposure to ozone and 
fine particulate matter levels in excess of federal standards (‘excess attributable 
risk’)” (p. 1163). This study found that: “Black residents experienced the greatest 
EAR, roughly 2.5 times that of white residents. Differences also existed in exposure 
to ambient ozone and PM2 5 pollution, with Hispanics experiencing the highest 
levels of both on average. Baseline event rates differed substantially across groups, 
and in many cases it was these differences that drove the overall disparity” [30, 
p. 1167].

Yet, such inequalities and discriminations do not only occur with outdoor pollu-
tion but are also present in the case of indoor pollution. Burning solid fuels is one of 
the most serious environmental problems in developing countries [31, 32], and “it 
appears that young children in households that use solid biomass fuels are 2–3 times 
more likely to suffer ARI than children in households that use other fuels” [33, 
p.  572]. Using data from four poor provinces in China (Gansu, Guizhou, Inner 
Mongolia, and Shaanxi), Jin et al. [34] examined the relationship between technol-
ogy, user knowledge and behavior, and access and infrastructure in exposure to IAP 
from household energy use. Also here, there was correlation between socioeco-
nomic status and exposure to pollution. Poor people and minorities were the most 
affected by indoor air pollution.

Moreover, “the role of heating as a source of IAP exposure has also created 
unique epidemiological patterns in China, in which both female and male Chinese 
non-smokers have substantially higher rates of mortality from lung cancer and 
chronic respiratory disease than other populations, with those in northern, and 
colder, parts of the country having even higher rates [35]” [34, p. 3169].

In the United States, the abundance of evidence on inequalities and discrimina-
tion in the exposure to air pollution led to the foundation of the The United States 
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Environmental Protection Agency—Office of Environmental Justice. This Agency 
defines environmental justice as:

the fair treatment and meaningful involvement of all people regardless of race, color, national 
origin, or income, with respect to the development, implementation, and enforcement of 
environmental laws, regulations, and policies. It will be achieved when everyone enjoys the 
same degree of protection from environmental and health hazards, and equal access to the 
decision-making process to have a healthy environment in which to live, learn, and work.1

Actually, in several cases, the environmental justice approach does not just “cer-
tify” the nexus between socioeconomic inequalities and exposure to pollution and 
poor health conditions but rather is a vociferous lobbyist of institutions. In several 
instances, this critical perspective results in the direct participation of researchers in 
political actions carried out to modify pathogenic environmental conditions. 
Moreover, as we will see with the CIRG example, this kind of social activism is 
often implemented together with the affected individuals of the polluted areas. In 
this type of so-called “action-research” approach, lay persons sometimes also con-
tribute to the construction of scientific data.

32.3.3  Air Pollution and “Urban Vulnerability As Impact”

The “urban vulnerability as impact” approach should be considered more of a 
research hypothesis than a theoretical framework. In fact, it should be seen as an 
intermediate perspective between Beck’s theory and the critical theory on which the 
environmental justice perspective is based.

It is important to delineate the two concepts that characterize this perspective: 
“urban” and “vulnerability.” The last decades have witnessed a steady growth in the 
number of urban residents, as “(increasingly) urban centers are home to a large 
proportion of the world’s population, economic activity, and physical infrastruc-
tures” [36, p. 142]. Indeed, between 2007 and 2050, the world population should 
increase by 2.5 billion shifting from 6.7 billion to 9.2 billion, and this growth will 
take place mostly in the urban areas of the world. As a consequence, cities and 
megacities—most of them in developing countries—will face what is called the 
“urbanization of poverty” [37].

The second concept is vulnerability. Downing and Patwardhan [38] indicate four 
components of vulnerability: a social system (population group, natural system, or 
an economic sector), the attribute of concern (the level of the threat or the expo-
sure to a hazard), the hazard, and the temporal reference (time period of interest). 
Therefore, it is possible to talk about either natural vulnerability—harm caused by 
climate or pollution—or socioeconomic vulnerability—the capacity (or incapacity) 
to recover from negative events and/or to face unhealthy living conditions [39]. 
The researchers who adopt this third approach point out that scholarship that has 

1 https://www.epa.gov/environmentaljustice.
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investigated socioeconomic factors of adaptive capacity, such as income, poverty, 
and ethnicity, have given mixed results. Some cases have confirmed the environ-
mental justice hypothesis, while others have demonstrated the opposite, the boo-
merang effect, proposed by Beck: “If the health risks are indeed non hierarchical, as 
proposed by Beck, the differences in vulnerability will not be correlated with these 
risks; but if the health risks are socio-economically differentiated, the differences in 
vulnerability will mirror differences in risks” [21, p. 112]. The “urban vulnerability 
as impact” approach emerges to untangle this—at first sight—etiological dilemma. 
Consequently: “To test this hypothesis, we conceive of health risks as a function of 
exposure and socioeconomic vulnerability” [21, p. 112]. Exposure is a concept that 
is relatively easy to operationalize by indicators and indexes since there are several 
tools that measure the levels of air pollution.

As already mentioned, the research conducted by three proponents of the human 
vulnerability as impact approach—Patricia Romero-Lankaob, Hua Qina, and Mercy 
Borbor-Cordovac—is focused on the effects of air pollution and climate change in 
three South American cities: Bogotà, Mexico City, and Santiago. More specifically, 
they investigated whether the health risks related to air pollution and temperature 
extremes are spatially and socioeconomically differentiated. Their main finding con-
firms Beck’s theory: “health risks from atmospheric conditions and pollutants act 
without boundaries or social distinctions within urban areas.” However, at the same 
time, other results resonated with the environmental justice perspective, leading 
the researchers to affirm that: “the influence of socioeconomic status should not be 
underestimated as it plays a complex role in driving and explaining health risks, and 
interacts in intricate ways with the other dimensions of health risks” [21, p. 117].

32.4  Environmental Justice and Air Pollution

The burden of air pollution on health is significant, if not tragic: “airborne particu-
lates have been estimated to account for more than 100,000 deaths annually in the 
US from pulmonary and cardiac disease—more than breast cancer, prostate cancer 
and AIDS combined” [40, p. 113], while indoor pollution from biomass and coal is 
a leading environmental risk in many developing countries [34]. To reduce these 
frightening numbers, institutions have implemented several programs of health pro-
motion and prevention. However, also thanks to the web, there are a growing num-
ber of bottom-up initiatives driven by lay people that act as social activists fighting 
for a healthier place to live.

32.4.1  Air Pollution: Individual Responsibility and the Double 
Burden of Deprivation

In 2009, an impressive group of experts from different disciplines—research-
ers, public policy makers, air quality managers, and NGO representatives – gath-
ered in Vancouver in order to brainstorm and plan effective actions to reduce the 
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health impact of air pollution both at the community and individual-level [41]. 
 Community- level interventions mainly focused on emissions reductions. In gen-
eral, the reduction of the emissions of air pollutants can be pursued—according 
to the experts—through three primary actions: source substitution (like woodstove 
replacements and bans on the sale of coal), urban/transportation planning (e.g., the 
Congestion Charge Scheme in London and the separation between sources of air 
pollution and residential locations and schools), and technology upgrades (e.g., 
zero-emission vehicles like electric cars). These actions require legal restrictions 
and regulations in order to be concretely implemented. Moreover, on a national 
level, generous incentives should be introduced to decrease commercial traffic on 
the roads and foster the use of railways—the global economy relies heavily on the 
transport of goods over long distances, and these often affect local communities.

With regard to interventions directed at individuals, the experts proposed four 
areas of action: exercise, nutrition, medication, and health information about air 
quality.

There is a large amount of research that proves that physical activity reduces the 
risk of cardiovascular diseases and diabetes; moreover air pollution is a significant 
risk factor for these kinds of conditions [42]. Hence, physical activity is a proactive 
factor for some health conditions that can be co-caused by air pollution. Tragically, 
outdoor exercise in polluted areas is associated with several illnesses, first of all 
asthma [43] as it leads to an increased inhaled PM doses [44]. In order to avoid 
adverse effects on health, it is therefore necessary to practice physical activity away 
from traffic and pollution in general. City councils and political institutions should 
limit community dependence on vehicles and in so doing promote physical activity 
and reduce traffic pollution. Examples include “active transportation ‘green’ corri-
dors that are separated from major traffic arteries, design of neighborhoods that are 
both walkable and high density (…) and incentives to reduce emissions in urban 
centers” [41, p. 32].

In addition to physical activity, changes in nutrition can play a significant role in 
decreasing “the risk of disease development and therefore reduce susceptibility to 
the effects of air pollution” [41, p. 32]. Indeed, cardiovascular health can be pro-
tected by long-term supplementation with omega-3. According to current evidence 
of the relationship between oxidative stress and air pollution effects, “it is logical to 
consider efforts to increase the body’s anti-oxidant defenses as potential interven-
tions to ameliorate the negative health impacts of pollution exposure” [41, p. 32]. 
These positive effects—according to the experts of Vancouver workshop—can be 
achieved, for some degrees, also by an optimal therapeutic management.

Last, but not least, there is the need to increase health information on air quality, 
about the timing, duration, and location of outdoor activities in polluted areas. It is 
not only long-term exposure to air pollution that carries with it an increased risk of 
cardiovascular mortality; also short-term exposure has negative effects on health. 
Therefore, as little time as possible should be spent in traffic jams, at bus stops, and/
or in indoor parking garages. Moreover, since ozone levels have temporal patterns, 
outdoor human activities should be done outside of the peak hours of the day. Also, 
the indoor/outdoor distinction should be reframed. Indoor pollution should not be 

32 Sociological Theories on Air Pollution



614

under evaluated, especially because outdoor pollution can easily penetrate indoors. 
In addition, “indoor sources such as cooking can generate high concentrations of 
PM indoors (…) Not surprisingly, following advice to stay indoors can reduce expo-
sure to some pollutants while increasing exposure to others” [41, p. 33].

It cannot be denied that modifying individual behaviors and lifestyles to cope 
with air pollution and its consequences should be part of a health promotion strat-
egy, yet if considered separately from the structural factors connected to environ-
ment, they could be seen as the outcome of neoliberal and functionalist analysis on 
air pollution. This perspective—bracketing socioeconomic disparities—emphasizes 
the aspect of individual responsibility in the exposure and vulnerability to pollution.

Moreover, also mainstream media present, as demonstrated by Mayer [17], a 
“normalized” idea of air pollution risk. Such a portrayal of risk is exemplified in this 
quote from the Los Angeles Times: “It is a an average summer day in Southland (…) 
Smog levels exceed state standards (…) The air quality for Simi Valley is expected 
to approach levels considerable unhealthful for sensitive groups, such as asthma 
sufferers” [45, p. 1]. The readers of the Los Angeles Times are therefore invited to 
think about “poor outdoor air quality as part and parcel of living in the region with-
out much reflection on the anthropogenic sources of the dirty air” [17, p. 899]. In 
other words, pollution and its health risks are “normal,” and individuals should just 
find the best way to adapt to this situation. In this framework, people affected by 
asthma, for example, are seen as partially responsible for their condition and implic-
itly invited to change their lifestyles: “This lifestyle critique implies that good care 
and the daily practices supporting it are within the reach of any individual or fam-
ily” [17, p. 899]. Yet, as already seen, more deprived people tend to live in areas 
characterized by higher levels of environmental pollution, and “because lower-SEP 
[Socio-Economic Position] groups already experience compromised health status 
due to material deprivation and psychosocial stress, they may be more susceptible 
to the health effects of air pollution” [46, p. 1861. Thus, the combination of greater 
exposure and higher susceptibility puts disadvantaged individuals in situations in 
which they are likely to suffer more serious health effects from their exposure to air 
pollution. Their deprivation makes them subject to a double burden [28].

32.4.2  Popular Epidemiology and Contested Illnesses

The Contested Illness Research Group (CIRG) represents a particularly innovative 
sociological approach. The CIRG is composed of an interdisciplinary group founded 
by the sociologist Phil Brown in 1999 at Brown University. The peculiarity of this 
center is that it does not limit itself to doing pure research but also operates as a political 
actor, engaging in forms of activism and advocacy. Specifically, the CIRG has defined 
its activities as three “challenges to the boundaries of traditional research” [12, p. 145]:

 1. The first boundary is the disciplinary separation between medical and environ-
mental sociology; the means by which this boundary is challenged is the concept 
and the practice of popular epidemiology.
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 2. In order to deal with what Brown termed contested illnesses, “diseases or 
 conditions in which there is a dispute over environmental causation” [12, p. 150], 
the second boundary is overcome through the linkage between social science and 
environmental health science.

 3. The third boundary is the distinction between scholarship, on one side, and 
advocacy or activism, on the other: the practice that integrates these two 
activities is the sociological research called community-based participatory 
research.

In order to better grasp the three challenges, it can be useful to reproduce a piece 
taken from the description of a study conducted by Phil Brown and his group. This 
part will shed light on the work of the CIRG “in action.”

Both breast cancer and environmental justice advocates have sought to reshape scientific 
approaches in ways that highlight potential causes of disease and suggest opportunities 
to reduce chemical exposures and safeguard community health. Our group chose to 
conduct an exposure study, because an epidemiologic breast cancer study within 
Richmond would not have been informative given the community’s small size and the 
lack of data on relevant historical chemical exposures. (…) An exposure study of poten-
tially hazardous compounds can assess the extent of a pollution problem and inform 
action to reduce exposures. Moreover, exposure studies are not as resource-intensive and 
are more conducive to an academic and community partnership incorporating collabora-
tive design of study protocols, data interpretation, and dissemination of results. To 
decide how to collect data that would advance the shared goals of the three project part-
ners, we conducted a year-long deliberative process. This entailed gathering information 
on community health concerns through community meetings, building on CBE’s rela-
tionships with public officials in Richmond to gain support for our work, and convening 
an advisory council of neighborhood activists, breast cancer, and biomonitoring activ-
ists, a state health official, an environmental justice advocate, and an outside academic 
researcher. Using the results of this input, we designed research to assess the cumulative 
exposures and specific sources of indoor pollution originating from outdoor industrial 
emissions, transportation sources, and consumer products. CBE staff were equipped and 
trained to conduct interviews and collect air and dust samples that were subsequently 
analyzed for industrial and traffic-related pollutants, such as particulates, metals, poly-
cyclic aromatic hydrocarbons (PAHs), ammonia, and sulfates, and also for compounds 
found in consumer products, such as pesticides, flame retardants, phthalates, and phe-
nols. (…) The scientific rigor of the study was ensured through collective discussion and 
negotiation of study design issues such as choosing study sites, recruiting study partici-
pants, finalizing the list of chemicals for analysis, and developing protocols for reporting 
study results. For example, CBE encouraged the study team to collect a subset of air and 
dust samples from a community that did not have significant outdoor industrial and 
transportation source emissions, so that these results could be compared to those from 
Richmond. As a result, we added Bolinas as a comparison site. Similarly, the relevance 
of the study was bolstered through the development of bilingual (Spanish and English) 
graphic displays to communicate aggregate and individual sampling results for dissemi-
nation to individuals and at community meetings. This effort helped to ensure that: study 
results were transparent and scientifically valid and conveyed uncertainties and eluci-
dated strategies for exposure reduction. Finally, CBE’s engagement in the study helped 
us to reach broader audiences and thus apply scientific results to making better decisions 
about land use. For example, scientists and CBE trained community residents to effec-
tively present scientific data at community meetings and to testify before regulatory and 
policy forums (p. 8–10).
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With regard to the first challenge, the concept of popular epidemiology was con-
ceived by Brown during a study in Woburn, near Boston, that he carried out from 
1984 to 1986. There had been a very high number of cases of infant leukemia in the 
area. A group of mothers thought the cause was the drinking water, but the associa-
tion with municipal water supply was denied by state and federal health officials. 
The Woburn families recruited experts from the Harvard School of Public Health. In 
a joint effort, which also relied on the legwork of dozens of Woburn residents, the 
alliance between lay people and researchers discovered that the municipal water was 
contaminated by a solvent (trichloroethylene) that had leaked from a factory located 
nearby. Therefore, popular epidemiology can be considered a form of bottom- up, 
community-driven epidemiology which sees lay people from a “contaminated com-
munity” engaging in science. As described by Brown [12], the practices of popular 
epidemiology typically develop along the following stages:

• Lay observations of health effects and pollutants
• Hypothesis of a connection between them
• Creation of a community group
• Social mobilization in order to seek answers from institutions and science
• Non-confirmation of the connection from official studies
• Creation of an alliance between lay people of the contaminated community and 

researchers.
• Corroboration of positive findings that result from lay-professional collaboration 

in popular epidemiology

Clearly, in many ways, popular epidemiology is in opposition to the “dominant 
epidemiological paradigm,” which has often functioned “to limit scientific, medical 
and political attention to environmental causes of disease, limiting the ability of 
environmental health advocates to communicate to the general public” [17, p. 893]. 
The dispute over the connection between polluted water and childhood leukemia led 
to the formation of the contested illnesses model. This model emphasizes the health 
competence of patients and their capacity to act as experts thanks to their lived expe-
rience of a disease. In particular, at times with the help of scientists and social activ-
ists, community groups of patients identify connections between illnesses and 
environmental contests, challenging the dominant epidemiological paradigm. As 
such they put pressure on the institutions and request the implementation of urgent 
public health measures and legal action with regard to the source of pollution. 
Through this process: “people with a disease or a condition developed a common 
identity around their shared problem, and when they added political organizing to 
that, they joined ranks to form a politicized collective illness experience” [12, p. 152]. 
Hence, a fundamental element of the contested illness model is the presence of an 
“embodied” health movement formed by scientists and patients—both experts of 
that illness—that contest the official view of clinical medicine and its etiology. 
These boundary movements are opposed to the dominant scientific and political 
institutions founded on an idea of “science and policy as distinct and separate worlds 
depicting science as the world of neutral and independent facts and policy making 
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as the world of values” [47, p. 255]. On the contrary, Jasanoff—with her concept of 
boundary work—underlines just how much the borders of these boundaries between 
science and policy are blurred, intertwined and negotiable [48]. It is not hard to 
notice that this kind of environmental justice is based on a health paradigm that 
emphasizes the central role of social determinants of health (SDH) in shaping health 
trajectories: a perspective that is distant from the institutional version of biomedi-
cine [49]. The SDH model assumes that health conditions are mainly affected by 
social and economic factors, like education, income, housing, neighborhood, social 
capital, and, of course, environment [8]. Therefore, health is strictly connected to 
social inequalities and social justice [50].

At this point, it should be clear that this kind of sociological perspective can be 
characterized by a “triple openness”: it is open to other disciplines, it is open to lay 
people, and it is aimed at changing and intervening with institutions. In other words, 
from an epidemiological stance, CIRG “does” popular epidemiology; from a theo-
retical stance (as object of study), CIRG activities focus on contested illnesses; and 
from a methodological point of view, CIRG investigates/acts on reality through 
community-based participatory research:

Community-based participatory research projects strive to increase community engage-
ment in research in order to generate scientific knowledge, improve public trust and under-
standing of science, inform culturally and socially appropriate intervention methods, 
improve public health decisions, and stimulate action. [12, p. 154]

The long piece we reproduced at the beginning of this section illustrates the high 
level of involvement—if not of “fusion”—between researchers and lay persons. The 
great reliability of the methodology used in the research should also be stressed, a 
quality which signals methodological accuracy but also makes the group a trustwor-
thy counterpart of political institutions. Indeed, today we are witnessing the “scien-
tization of decision making” [51, 52], i.e., the predominance of scientific or 
pseudoscientific frames in political and ethical contests with the consequence that 
approaches that are not measurable or cannot be verified are excluded as a basis for 
decision-making. As a consequence, it is necessary to demonstrate a mastery of 
scientific methodology in order to deconstruct this technocratic approach, which 
hides behind a façade of rational argumentation.

The most innovative results of CIRG’s research have probably come from their 
biomonitoring studies (described in the long citation reproduced at the beginning of 
this section). These studies have matched individual clinical tests (sampling human 
tissues, such us blood, urine, breast milk, and hair, for environmental contaminants) 
with household air and dust or with outdoor pollution. The researchers not only ana-
lyzed the level of the individual’s exposure indoor/outdoor but also, anthropologi-
cally, investigated the ways in which they interpreted the results of the clinical tests. 
The studies also had practical consequences: “The results of our exposure study 
were successfully used to prevent the expansion of a major oil refinery literally next 
door to two minorities communities” [12, p. 155].

In other cases, these studies were challenged by institutional review boards that 
underlined what they saw as a lack of evidence connecting the illnesses and the 
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environmental contexts. Indeed, according to some experts, it was irresponsible to 
inform people of their individual or household exposure as this could create social 
alarm. According to Brown, however, the “precautionary principle” should be fol-
lowed, i.e., it is advantageous to avoid actions whose harmfulness is theoretically 
present, even if not yet scientifically proven. Nowadays research based on biomoni-
toring is a standard practice at the Centers for Disease Control and Prevention and 
one commonly carried out by academic researchers and advocacy organizations [12].

 Conclusions
The peculiarities of sociological research on air pollution can be delineated as 
follows:

• There is solid evidence that the most deprived people face a double burden of 
inequality; they are more exposed and (due to their health status) more vulner-
able to air pollution.

• In some cases, health risks from pollution are globalized and affect all the 
social classes.

• Individual interventions based on lifestyles changes are desirable but cannot 
solve the problem of health threats caused by air pollution.

• Environmental justice can be pursued using popular epidemiology practices, 
contested illnesses model, and community-based participatory research.

• Several preventive measures can arise thanks to social participation and activism.
• The institutional prevention of air pollution has a lot to learn from observing 

social activism.
• Sociology can provide a theoretical framework, evidence from empirical 

research, and data for both institutional forms of prevention and social mobi-
lization against sources of pollution.
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33The Contribution of Digital Sociology 
to the Investigation of Air Pollution

Linda Lombi

33.1  Introduction

External environmental pollution has serious implications for human quality of life 
and health in the developed world. Current evidence appears to support the sugges-
tion that air pollution is associated with eye, skin and throat irritations [1], lung 
cancer [2–4], cardiovascular and pulmonary system ailments [5] and cognitive 
decline [6]. Problems generated by airborne pollutants, which obviously cannot be 
contained at national borders, are phenomena with the potential to transform from 
local to global.

The many implications of air pollution mean that the monitoring of air quality is 
a priority for national governments of states with high rates of industrialisation and 
urbanisation. To this end, nations focus on problem areas, conducting constant stud-
ies to remain informed regarding a range of the relevant parameters. An example of 
these is the Air Quality Index (AQI) for five major air pollutants. Government agen-
cies inform the public of the calculated index in order to communicate possible 
health warnings. However, monitoring systems require onerous economic invest-
ments, and the relevant control systems are not sufficiently widespread to be capil-
lary. For this reason, scholars investigating air pollution have undertaken to analyse 
alternative methods for timely measurement which may be applied at a territorial 
level and be less expensive to monitor.

In recent years, innovative studies on air pollution have focused on several objec-
tives in particular, including the support of cheaper new sensors, the promotion of 
network data sharing and the development of new personal sensors linked to social 
media [7].
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The paper will discuss new approaches and examples of air quality monitoring 
which take advantage of digital technologies and, in particular, the tools provided 
by the development of Internet 2.0.

33.2  Towards New Approaches to Data Collection: People 
As Sensors, Citizen Science and Collective Sensing

The emergence of the digital society has enabled scientists to develop new 
approaches and research methods which use the Internet as a channel for data col-
lection in fields such as public safety, road traffic, environmental monitoring and 
public health. In the area of health studies, for example, several scholars have 
researched web sources to predict the spread of influenza [8–10], to analyse and 
predict behaviours linked to lifestyles that impact on health [11, 12] and to assess 
the satisfaction levels of patients for medical care received [13].

Among the factors that have contributed to the implementation of new data col-
lection methods based on digital technologies, two phenomena should be pointed 
out for mention: the spread of mobile devices and the emergence of Internet-based 
social media networks. As seen in the discussion to follow, mobile devices allow 
two types of data to be recorded as information: “objective” data (collected through 
sensors applied to the device) and “subjective data” (linked to users’ opinions, 
impressions and perceptions).

The various social media may be regarded as social sensors capable of providing 
real-time information on social activities and collective human behaviours [14]. The 
widespread diffusion of social media has contributed to the development of the 
Internet 2.0 era (the participatory or dynamic web), during which users acquire the 
ability to edit user-generated content (UGC) becoming at once the producers and 
consumers of information, the prosumers [15].

The popular use of mobile devices and social media has led to a significant 
expansion of the availability of data on the opinions, perceptions, behaviours, facts 
and parameters that affect people and their life environments. Scholars have even 
referred to a data deluge [16].

Big data warrants particular attention within this context. The term refers to the 
sum of data in digital format which is collected, stored and managed through large 
datasets and which cannot be processed through the software and hardware systems 
traditionally used within social research. Attention has been focused on three main 
characteristics: volume (date connotes huge quantities), velocity (data is generated 
and analysed rapidly) and variety (heterogeneousness, with the presence of struc-
tured and unstructured data). In addition to these features, Kshetri [17] stresses 
variability (data undergoes fluctuations related to trending periods) and complexity 
(data originates from various sources which need to be linked, matched, “cleaned” 
and transformed), while Kitchin [18] emphasises further characteristics, defining 
data as exhaustive (entire populations or systems may be captured), fine-grained in 
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resolution and uniquely indexical in identification, relational in nature, flexible and 
characterised by extensionality and scalability.

As mentioned above, smartphones and tablets (and their applications) have 
increased the ability to record objective data related to everyday experiences thanks 
to sensors able, for example, to record motions, vibration, pressure, sound, tempera-
ture and images through hardware sensors (i.e. the camera, microphone, GPS, digi-
tal compass or other connection tools such as gyroscopes, accelerometers, light 
intensity and proximity detectors).

In effect, mobile devices are potential “sensing instruments” which permit the 
real-time recording, viewing and sharing of information, complete with geoloca-
tion. A sensor society has been created, one marked by “the increasing deployment 
of interactive, networked devices as sensors; the resulting explosion in the volume 
of sensor-generated data; the consequent development and application of data min-
ing and machine learning techniques to handle the huge amounts of data; and the 
ongoing development of collection, storage, and analytical infrastructures devoted 
to putting to use the sensor-derived data” [19, pp. 2–3].

However, the sensors installed on mobile devices are not the only possible mode 
of data registration. A user’s subjective observations on the phenomena of everyday 
life may also be uploaded through many of the apps currently available. The process 
has led scholars to speak of people as sensors [20], the citizen as sensor [21] or 
humans as sensors [22]. As Resch states, “People as Sensors defines a measurement 
model, in which measurements are not only taken by calibrated hardware sensors, 
but in which also humans can contribute their subjective ‘measurements’ such as 
their individual sensations, current perceptions or personal observations. These 
human sensors can thus complement—or in some cases even replace—specialised 
and expensive sensor networks” (2013, p. 393).

The emergence of these monitoring methods has brought several advantages: 
cost-effectiveness due to a reduced need for technical sensors, timeliness because 
the real-time information is immediately available from the data warehouses with-
out processing delays and geographical, as the mere presence of individuals 
equipped with connected mobile devices is sufficient to ensure diffusion. Examples 
of apps which take advantage of citizen sensor logic include those allowing the 
recording and sharing of information regarding traffic incidents, accidents endan-
gering public safety or, even more simply, weather conditions.

The people as sensor approach should not be confused with another data collec-
tion template, citizen science or participatory sensing. The latter is a large body of 
related projects which enable citizens to act as agents of change through the use of 
mobile technologies by promoting their active participation in the collection and 
dissemination of information regarding their living environments and their activi-
ties. In other words, citizen science represents a form of public participation in 
 scientific research where amateur or non-professional scientists contribute by con-
ducting or informing a research project. It is also called crowd-sourced science, 
volunteer monitoring or networked science.
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Projects based on this approach collect data detected in part by hardware sensors 
and in part by citizens (defined as “virtual sensors”; see Boulos et al. [23] whose 
participation in a formal project is in response to an invitation addressed to volun-
teers, amateurs and enthusiasts.

For Paulos et al. [24], citizen science forms the basis of participatory urbanism, 
a movement “more directly focused on the potential for emerging ubiquitous urban 
and personal mobile technologies to enable citizen action by allowing open measur-
ing, sharing and remixing of elements of urban living marked by, requiring, or 
involving participation, especially affording the opportunity for individual citizen 
participation, sharing, and voice” [24, p. 2]. Other scholars have discussed partici-
patory environment sensing (PES) [25], referring to the tools that “enable participa-
tory or citizen-initiated sensing and transform the role of the citizenship from a 
passive receiver of information to an active agent participating in the elaboration of 
that information” [25, p. 125].

Citizen science is on the increase in particular in urban centres which aspire to 
become smart cities, cities which “on the one hand, are increasingly composed of 
and monitored by pervasive and ubiquitous computing and, on the other, whose 
economy and governance is being driven by innovation, creativity and entrepreneur-
ship, enacted by smart people” [26, p. 1].

The third innovative approach using digital technologies for the analysis of liv-
ing environments is collective sensing, “an infrastructure-based approach, which 
tries to leverage existing ICT networks to generate contextual information. Unlike 
smartphone-based or specialised web apps, which examine single input data sets, 
collective sensing holistically analyses events and processes in a network” [20, 
p. 395]. Collective sensing, therefore, analyses the UGC published on social media 
such as Facebook, Twitter, Flickr, Foursquare or Sina Weibo. Here, the aggregated 
data is collected through the geolocation of the input, without disclosing the identity 
of the individual user. The aim here is to capture the data stored by users on the net, 
either in real time or near real time, providing a snap-shot of the object of study and 
aiding investigations into collective representations and the resulting sentiments of 
the users. The level of reliability is usually lower than that of the other two 
approaches and the level of knowledge required is low or zero.

Table 33.1, from Resch [20], summarises the three approaches.
To follow are examples of tools and projects relative to these three innovative air 

pollution research approaches.

Table 33.1 Comparison of concepts: people as sensors, citizen science and collective sensing

People as sensors Citizen science Collective sensing
Voluntary/involuntary Voluntary Voluntary Involuntary
Content Layman 

observations
Semi-professional 
observations

Raw geodata 
(images, tags, etc.)

A priori knowledge Medium High Low/none
Contextual data Yes Yes Yes
Reliability Medium Good Mediocre
Analysed datasets Individual Individual Aggregated
Specific infrastructure No No No

Source: Resch [20, p. 397]
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33.3  People As Sensors: The New Frontier of Mobile Devices

People as sensors is a new approach expanding the possibility to gather, learn, 
 visualise and share information about ourselves and the world we live in. As noted 
above, the most important factor in the development of people as sensors has been 
the proliferation of smartphone use. Two main tools permit citizens to collect, sum-
marise, represent and share information: applications (apps) and the Global 
Positioning System (GPS). An app is a downloadable software designed for a par-
ticular purpose on a mobile device, and GPS allows individuals to register the physi-
cal location of the data collection.

The mobile device apps on which the approach is based fall in the main two 
categories: people-centric (documenting the activities and behaviours of individu-
als, such as sporting activities) and environment-centric, where environmental 
parameters such as air pollution, noise, road traffic, etc. are collected [27]. This 
paper will focus on this second group of apps, with specific reference to those which 
monitor air pollution.

On the individual level, people carrying sensors are equipped to make informed 
decisions about how they may move through the city. According to Burke et al., “As 
sensors, network-connected mobile handsets will be embedded near the ultimate 
elusive subjects: people and their built environments. Instead of being in the hands 
of a central observer, these sensors are always on and under their owners’ control” 
[46, p. 1].

The benefits of such an approach can be seen not only in the ability to collect and 
store data but also in the fact that this information may be summarised as graphics 
and shared with other device users. This latter factor renders the approach particu-
larly significant for its potential in timely event or accident warnings and emergency 
management based on the information uploaded [21].

It is important to note that not all apps offer the same functions. One variation 
is informative, allowing only the visualisation of officially released risk data and 
information, while others offer interactive and participatory functions which per-
mit the user to record personal observations, a people as sensor function. It should 
however be noted that informative apps may also allow a certain degree of user 
engagement. The information may be shared via social media, thus contributing to 
its dissemination.

An example from the informative group is the Global Air Quality Monitoring and 
Pollution Forecast PM 2.5 AQI app available for iOS. It offers a panoramic view of 
real-time global pollution indexes and tracks real-time concentrations of PM 2.5, 
PM10, ozone, nitrogen dioxide, sulphur dioxide and carbon monoxide. Users may 
receive personalised health recommendations, advice on how to lower health risks 
and minimise their exposure to pollutants as well as up-to-date information regard-
ing air pollution, current events, medical findings and breaking news. The Plume Air 
Report app offers similar functions but includes information on “safe” activities such 
as the advisability of conducting outdoor activities or allowing children to remain in 
the open air. The notices are based on the amount of smog recorded and expected.

Although the software may increase user awareness of air pollution issues, and 
therefore are particularly useful for vulnerable persons such as asthmatics or those 
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suffering from other respiratory system disorders, the apps in the informative group 
take a different approach to those in the human as sensor group. These are inspired 
by the AirForU app, an American software available for both iPhone and Android 
mobile devices. It provides real-time updates about air quality but also permits the 
user to publish alerts when pollution levels could threaten the health of sensitive 
groups. Users are encouraged to participate by communicating whether they 
remained indoors due to the poor air quality and suffered a recent asthma attack or 
whether they had installed indoor air filters.

Figure 33.1 includes screenshots of several of the apps described.

33.4  Citizen Science: People As Agents of Change

As mentioned earlier, citizen science is driven by a desire to empower the public, 
through their smartphones, in the collection and sharing of sensed data from their 
environments [27, 28]. Citizen science is a form of crowdsourcing whereby compa-
nies use social media and Internet forums to invite the participation of volunteers in 
specific projects [29]. Participation is often motivated and stimulated by a gamifica-
tion of the project, a process where non-playful activities are represented in a game- 
like form. This may take the form of, for example, rewards such as point distribution, 
level leaps, badges, etc. [30, 31].

A well-known citizen science air pollution project is CITI-SENSE-MOB (http://
www.citi-sense.eu/), initiated in Norway and today involving 29 institutions from 
14 nations. This European Commission-funded project, launched in 2012, installed 
portable sensors on bicycles and other vehicles in the participating cities. The sen-
sors record air quality parameters. The information registered is made available to 

Fig. 33.1 Screenshots from apps for monitoring air quality
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local citizens, allowing them to better understand the conditions present in their 
environments. The project additionally aims to use the data provided both automati-
cally and manually through users to develop citizens’ observatories, thereby 
empowering citizen participation in environmental governance [32]. However, the 
platform is not based on the registration of records through external sensors alone. 
It also allows the user to integrate the information by inputting data into a web inter-
face or a mobile phone application, the CityAir app, that allows users to express 
their perception of the outdoor air quality at their location, to indicate the assumed 
source of the air pollution opinions and to write a comment (Fig. 33.2).

Once collected, the data is processed and returned to citizens and interest groups 
in user-friendly, clearly defined graphs to ensure that the information is easily 
understood by members of the public. According to a study by Nikzad et al. [33], 
the CITI-SENSE-MOB project allows the collection of information in considerably 
more detail than that from conventional stationary systems.

The Haze Watch project, an initiative by a group of students from the School of 
Electrical Engineering at the University of New South Wales, is another good exam-
ple of citizen science as applied to air pollution. The project aims to measure the 
concentration of pollutants by integrating information collected by the mobile sen-
sors, smart phones and citizens involved in the study. Haze Watch has also imple-
mented an app to record the movement of individual users via the GPS sensor built 
into their iPhones. This then allows the cross referencing of an individual’s journey 
time with the in-house pollution database server, an estimation of the air pollution 
exposure during the journey, the display of a graph illustrating an individual’s expo-
sure over time and the identification of regions of heavy pollution on their daily 
commute (http://www.hazewatch.unsw.edu.au).

Fig. 33.2 CITI-SENSE project: the web interface
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The PEIR (Personal Environmental Impact Report) project has also gained much 
attention in the scientific community [34]. Promoted by the University of California 
in Los Angeles and Nokia Corporation, it is based on a mobile to web app that uses 
GPS installed on smartphones to explore, measure and share citizen environmental 
footprints with the purpose of providing participants with information on their envi-
ronmental impact and exposure. Moreover, the platform is capable of producing a 
map amalgamating information such as location, time, air quality and weather data 
to calculate a personal carbon footprint and exposure to airborne fine particle matter 
(PM 2.5).

Finally, another example of a project inspired by the citizen science approach is 
the Air Quality Egg, a community-led air quality sensing network that offers the 
public a way to participate in the air quality conversation (http://airqualityegg.
com/). In this case, the data is not collected via a smartphone but by a small elec-
tronic sensing system which plugs into a USB wall wart or AC/DC adapter. This 
transmits the data over WiFi to the cloud at OpenSensors.io, an open data service 
which both stores and provides free access to the data.

From the point of view of the citizen, involvement in citizen science projects 
delivers the twin benefits of an increase in the knowledge of the phenomenon being 
studied and an increased sense of participation. However, the benefits of these ini-
tiatives are much broader: current research appears to validate the view that citizen 
science will have a strong importance in the future as a discipline for decision sup-
port, education, outreach and improved scientific literacy [35, 36].

33.5  The Collective Sensing Approach: How to Use Social 
Media to Investigate Air Pollution

The emergence of user-generated content has provided an important contribution to 
computational social science that may be considered “an approach to social inquiry 
defined by (1) the use of large, complex datasets, often - though not always - mea-
sured in terabytes or petabytes; (2) the frequent involvement of” naturally occur-
ring “social and digital media sources and other electronic databases; (3) the use 
of computational or algorithmic solutions to generate patterns and inferences from 
these data; and (4) the applicability to social theory in a variety of domains” [37, 
p. 7]. The attractiveness of these sources lies not only in their ability to grasp the 
flow of real-life time through continuous observation but also the availability of 
data in a format that allows cross-search operations, analysis and graphical repre-
sentation [38].

The Internet thus becomes not only a window to explore the online world but 
also one to aid the understanding of offline phenomena. Rogers [39, 40] argues 
that these new research techniques, included in the more general group of digital 
methods, mean that a groundedness approach should be adopted, the application 
of a search path that follows the medium, one which adapts to the specific needs 
(regarding nature and affordances) of the study platforms and their evolution 
over time.
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A wide range of message types are posted on social media, including the relation 
of first-hand experiences, a sharing in the experiences of others, and the republica-
tion of news and data from official sources as retweets, for example. There are apps 
which allow the media user to monitor the pollution levels detected and dissemi-
nated by agencies responsible for data collection, the parameters of which can be 
shared on social networks. This data, while not reporting first-hand experience, is of 
importance because the levels of audience engagement may be measured through 
the levels of impact observed and interest generated.

A multiple of techniques may be used to analyse the material collected through 
social media. The simplest involves a scan of message contents (data mining) to 
highlight the topics which generate the greatest degree of discussion. A word cloud 
is the most common graphic representation employed to synthesise data mining 
results. The higher the occurrence of a word, the larger its dimensions (Fig. 33.3).

Co-occurrence analysis and network analysis techniques may also be used to 
illustrate the correlations between the words in order to, for example, underline 
topic associations. Social network analysis, a method of inquiry involving the map-
ping and measuring of relationships between the subjects, is also useful when inves-
tigating the identities of those who contribute most to the debate (so-called 
influencers) and their mutual relations. Figure 33.4, representing a data extraction 
for the tag #airpollution on Twitter on 20 July 2016, is a clear example of the tech-
nique’s use. The nodes correspond to users (the larger the node, the greater the 
number of tweets), while the arcs denote relationships and correspond to exchange 
activities, for example, retweets and replies. Arc width is proportional to the number 
of activities. Users who belong to the same cluster or subjects involved in a mutual 
exchange are depicted in the same colour.

Fig. 33.3 A word cloud representing a social media debate on air pollution
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Sentiment analysis is another interesting technique available for the analysis of 
data collected from social media. It is a data mining technique used to identify and 
extract the emotional tone behind a series of messages posted on a social media 
platform in order to understand the attitudes, opinions and emotions expressed 
by users. Sentiment analysis can, for example, recognise the increase in fear or 
anger expressed in response to changes in air pollution levels or to specific related 
situations.

China, where the problem of air quality is at the centre of scientific and public 
debate, is the main producer of the well-established literature investigating the valid-
ity of applying computational social science studies to the topic under discussion.

In particular, numerous studies have concentrated on Sina Weibo, a microblog-
ging platform which may be considered the Chinese equivalent of Twitter (see Mei 
et al. 2013 and [14, 41–43]). Figures released in March 2016 show Sina Weibo as 
having 261 million active users and 120 million daily users [44].

For example, Wang et al. [43] analysed 93 million messages posted on Sina Weibo 
using web crawling procedures based on keyword matching and topic models.

Keyword matching refers to a search for posts via the identification of keywords 
considered by scholars to be relevant to the topic investigated. A topic model “is a 
probabilistic model of text data, which has two sets of parameters: each document 
has a discrete distribution over topics”, “and each topic has a discrete distribu-
tion over words” [43, p. 2]. This means that an analysis of a text through topic 
 modelling allows the detection of the words having the highest probability of exist-
ing within the text. This analysis, exploratory in nature, makes a mapping of the 
discussion possible.

The study by Wang et al. also established a further qualitative detail through the 
manual analysis of the content of a sample of 170 messages selected on the basis of 
relevance and pertinence. The object was to detect the presence of reactive 

Fig. 33.4 An example of social network analysis depicting the most influential users and their 
relationships on Twitter for the tag #airpollution (20 July 2016)
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behaviours or health concerns (e.g. the wearing of a mask or limits on outdoor 
activities). 67.1% of messages were relevant to air quality and of those 79% were a 
first-hand report. Of the latter 28.4% indicated a reactive behaviour and 18.9% 
expressed a health concern.

To assess the reliability of the methodology design, the results were compared 
with data relating to the volume of air particle pollution rate detected in 74 cities. 
The results showed a strong correction with air pollution levels recorded through 
monitoring tools (Pearson correlation values up to .718, P < 0.001). The authors 
conclude by stating that social media may be considered useful and inexpensive air 
quality monitoring instruments and allow the inference (though not measurement) 
of health concerns, including assumptions regarding the associations between cer-
tain diseases and air pollution, such as cough or sore throat, and possible corrective 
behaviour implemented by citizens.

A study with similar methodology, but with elements of originality, was under-
taken by Jiang et al. [14]. As in the previous study, posts published on Sina Weibo 
were examined in detail in an attempt to identify a correlation between the number of 
posts and the AQI. The messages were divided into three types: retweeted messages, 
mobile app messages and original individual messages. The authors established that 
the latter group presented the highest rates of correlation (and thus reliability) with 
air pollution levels recorded through instrumental monitoring systems.

Although almost all of the studies applying the collective sensing approach have 
been based on text examinations, several attempts have been made to analyse other 
data formats such as images. Li et al. [45] studied the presence of haze in photos 
acquired from online social media in an attempt to establish a correlation between 
the Air Quality Index registered by hardware sensors installed in the cities. Their 
work found significant associations between images and data recorded by survey 
instruments installed in the city.

Studies conducted applying collective sensing therefore suggest interesting and 
economic prospects for future research in so far as that they indicate a sufficient or 
even high reliability of results, in particular when the data sources and analytical 
techniques are integrated. However, as we shall see in the concluding paragraph, 
limitations do exist.

33.6  Conclusions: New Perspectives and Their Pros and Cons

Research undertaken confirms that the innovative digital tools related to the emer-
gence of the digital society offer interesting prospects for the collection of infor-
mation related to air quality monitoring. In addition, the use of these tools may 
potentially assist real-time decision-making in environmental monitoring and the 
protection of public health.

The advantages of the approaches discussed derive primarily from the ability to 
use existing tools and infrastructures (mobile devices connected to the Internet) 
which allow a particularly economic monitoring of air quality and pollution. 
Furthermore, the movement and mobility of the devices guarantee a greater spatial 
and temporal coverage and the ability to capture unexpected events. The data 
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collected allows the collection of information considered significant in understand-
ing the phenomenon, offering advantages to the public interest and a means of rais-
ing awareness regarding possible personal risks. In the words of Deborah Lupton, 
“When people are able to collect ‘small data’, as in the case of people using digital 
self-tracking devices or engaging in citizen science or citizen journalism practices, 
they are contributing to ‘home-made big data’ that may be used for broader research 
or political as well as personal purposes” [49, p. 151].

We have seen how the approaches based on the “people as sensor” and “citizen 
science” models represent ways in which people knowingly collect information on 
air quality by providing an active contribution to the investigation of the phenome-
non. However, “[p]articipation means more than data collection (...). Citizens have 
intimate knowledge of patterns and anomalies in their communities and enabling 
them to respond is both empowering and valuable to long-term research. If such 
knowledge can be effectively gathered, it can also impact professional research and 
planning” [46, p. 2].

By employing collective sensing approaches, social media may in fact become 
surveillance instruments and social sensors capable of integrating the data obtained 
through physical monitoring sensors and, where these are absent, of replacing the 
sensors themselves. The data when shared spontaneously by users is supplied in real 
time and on a massive scale. As Lupton states, “the vast bulk of digital data is gener-
ated unobtrusively, as a part of other activities” [49, p. 44]. Furthermore, the extrac-
tion and analysis of specific data enable not only fluctuations in air pollution levels 
to be predicted but also the subjective air quality perceptions of citizens and, of at 
least equal importance, the presence of reactive behaviours to counteract the nega-
tive effects of pollution.

Despite these advantages, concerns have been raised regarding several relevant 
limits. The literature underlines criticalities where the approach is applied to social 
media.

A first point of criticism is that digital data is often raw data and requires an 
important initial cleaning phase, in particular in the presence of unsupervised analy-
sis. When conducting a study based on computational analysis, it is important to 
remove extraneous elements, the so-called rumours. In addition, human languages 
possess a complexity that renders fully automatic investigations unreliable. The pre-
cise interventions required by researchers consume time and financial resources, 
undermining several of the principal advantages associated with the methods, the 
timeliness and the lower cost of the information. A significant factor is that user- 
generated content often exploits folksonomy, emoticons and ironic expressions 
which are difficult to encode through text mining software.

Boccia Artieri also raises a “contingency problem”, referring to the tendency of 
many studies to crush the analysis down to a photograph of the collected data, ana-
lysing it according to a cumulative logic that disregards the gradualist nature of the 
development of online conversations [47, p. 33].

The most significant difficulties are found in the analysis of reactive behaviours 
which are dependent on cultural components and variations in the social acceptance 
of measures against smog. For example, the use of masks as a protection against 
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pollution differs from country to country. The practice is considered socially 
accepted in some major Asian cities, while it may be stigmatised in some urban 
centres of European cities.

This point also relates to another question of criticality, the sampling procedure. 
Big data, as seen above, contains data from a widely spread source universe. 
However, it is clear that a high sample size is not sufficient (nor necessary) to build 
representative samples of a population. Representativity derives, instead, from the 
adoption of a suitable sampling design based on probabilistic procedures that legiti-
mise the statistical inference or allow the generalisation of results to be applied to 
the universe from which the sample is drawn. The shrinking of the digital divide 
certainly means the inclusion and participation of many individuals who had ini-
tially been excluded from the digitalisation process. However, this does not permit 
the generalisation of the results and their application to the wider population. In 
addition, the challenge of representativeness must come to terms with the fact that 
accessibility and participation do not always go hand in hand. Scholars have esti-
mated that, out of a hundred Internet users, only 1% actively participates in discus-
sions on social networks, while on average 9% participate only occasionally and 
90% remain as so-called lurkers, users who read posts from others but remain pas-
sive participants, leaving no comment [48]. Representativity becomes decisive 
above all when investigating reactive behaviours. As Kanhere states, “samples col-
lected from mobile phones are typically randomly distributed in space and time, and 
are incomplete. The challenge thus is to recover the original spatiotemporal profile 
of the phenomenon being monitored from random and incomplete samples” [27, 
pp. 23–24].

Another critical point when applied to big data studies concerns the assumed 
objectivity of the information. In fact, the algorithms used to extract information do 
not merely describe the data. They also help to create it, as Lupton claims, because 
they represent social and cultural artefacts of the global digital society, the produc-
tion and use of which are affected by political, social and cultural processes. She 
states that “numbers can play a part in constituting phenomena, bringing them into 
being, making them as well as making sense of them. Numbers are not neutral and 
objective, (…). The digital objects that are rendered into numbers by digital tech-
nologies are both the products of sociotechnical devices and such devices them-
selves, possessing their own agency and power” [49, p. 101].

In addition, the fact that the data is uploaded by a user introduces the problem of 
the reliability and veracity of the information. While a technical sensor offers an 
objectivity related to its instrumentation, human sensors may mistake or even falsify 
information.

A last point is the concern expressed over the protection of user privacy. 
The boom in the dispersion and use of devices capable of collecting huge data quan-
tities have given enormous impulse to dataveillance, the systematic monitoring of 
persons or groups through the accumulation of personal data in order to control their 
behaviours. Without adequate controls and protections, cell phones risk becoming 
“miniature spies” [27].
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Notwithstanding the limitations of some of the digital techniques implemented 
to collect information on air pollution, the sources that take advantage of web-based 
technologies described in this paper represent modes, in part alternative and in part 
integrative, capable of supplying real-time air quality data and information regard-
ing reactive measures undertaken by the relevant citizen groups. Moreover, given 
the importance of air quality in public health, it is important to ensure free, easy and 
direct citizen access to information on the presence of air pollutants. For this reason, 
future research will be influenced by the importance of using the Internet not only 
to collect data on air quality but also to disseminate reliable and timely results in 
public information released through early warning systems.

We conclude therefore that the innovativeness of these approaches stems above 
all from the fact that the described techniques not only allow citizens to receive more 
information but that they also contribute to an increase in active citizen participation 
in air quality monitoring, completing in full the role of the citizen as prosumer.
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34Basic Principles of Risk Communication 
in Air Pollution

Fabio Capello

34.1  Background

Risk communication is part of the response to any emergency or to the rise of any 
hazard able to affect human health [1]. It consists in transferring knowledge between 
experts of similar or different fields, between experts and decision makers, and in its 
proper sense between experts and/or decision-makers and the public. The idea of 
data and information sharing among the different parts involved in the process may 
appear a natural action in case of catastrophes, humanitarian crisis, natural disaster, 
epidemics, or pandemics. As a matter of fact, it is a revolutionary concept, as it 
implies that all the actors are actively involved in their own care.

The basic concept is to inform people that a problem exists meaning that the 
same people’s lives, lifestyles and personal and general well-being can be at risk for 
a specific reason. The aim is to allow people to take action or to accept actions com-
ing from decision-makers based on advices coming from experts to protect them-
selves, prevent or reduce exposition and prevent or reduce damages. It also means 
that in case of emergencies or hazards that can massively and/or abruptly affect the 
whole population, decision-makers are called to find a balance so to protect the 
health of individuals, the level of health of the whole population and national and 
international interests and security, the latter defined also as health security (whose 
key points are “achieving widespread access to essential health services, and protec-
tion from environmental and behavioural risks to global public health” and “sys-
tems and agreements to prevent the cross-border spread of communicable diseases 
and other threats to public health” [2]).
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However simple in its principles, risk communication is not trivial; the simple shar-
ing of information, no matter how accurate, is not communication.  Communication in 
risk management and in health education can be summarized in three phases:

 1. Knowing that a problem exists: people have no previous knowledge of the exis-
tence of a problem.

 2. Understanding the implication of the problem: people already know about a 
problem, and understand the implication. This knowledge is not sufficient to 
trigger actions.

 3. Awareness of the problem: people become aware that a problem actively affects 
their lives. This awareness is sufficient to trigger actions.

In a simplify scheme, problems that have short-term consequences and where the 
relationship between cause and effect is evident go rapidly through the three phases; 
the major consequences are that people are prompt to take immediate action often 
overreacting (i.e. the “mad cows” meat causing the Creutzfeldt-Jakob disease and 
the reduction of beef consumption). Problems that have long-term consequences 
can be ignored or can trigger actions only in a minority of the population even when 
the consequences are severe; people may not take action at all or take it when it is 
too late, often underreacting (i.e. tobacco smoking causing lung cancer and people 
quitting smoking). The scheme can be summarized in the Table 34.1.

Because of that, communication has a central role, spreading knowledge among 
the population in relation to a risk for people’s health. This has to be a conscious 
process. In fact, an improper dissemination of information can lead to disastrous 
results for a number of reasons, among which:

• The information can be unreliable.
• The contents of the information can be accurate, but the message is unclear.
• The information can be accurate, but the source is perceived as untrustworthy.
• The information can be distorted because it is oversimplified or because the same 

broadcaster does not understand it.
• The information can be voluntarily distorted to create false reassurance.
• The risk can be statistically irrelevant, but presents immediate and clear conse-

quences for the ones affected.
• People consequently can get scared and act irrationally.
• The information can be accurate and reliable and broadcasted in an understand-

able form, but offer no solutions, no reassurances if any are due, no hope.
• The information can be accurate and reliable, but other sources are broadcasting 

contrasting information.

Table 34.1 Type of consequences related to a problem and the likelihood of people taking action 
(expressed in − and +) to avoid or reduce exposure to the hazard

Short term Medium term Long term
Severe ++++ ++ +
Moderate +++ + −
Mild + − −
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• The official sources (mainly experts and decision-makers) are perceived as 
untrustworthy because they give information that contrast with the other coming 
from unofficial sources.

• The latter can be true or false, especially when the official source voluntarily 
decides to conceal the problem, distort, or minimize it in the attempt of avoiding 
scaremongering.

In addition, the improper diffusion of information produces:

 (a) Misinformation (intended as unintentional)
 (b) Disinformation (intended as intentional)
 (c) Prejudices (intended as fragments of incorrect knowledge that prevent the 

transmission and the acquisition of correct information) [3]

Not surprisingly, people reactions to the communication of a risk overlap with 
the so-called NIMBY (Not In My Back-Yard) syndrome, where people understand 
that an action to a problem is due, and agree that it may be the only possible solu-
tion to the same problem, but do not want to be personally affected by that deci-
sion. As a consequence, the syndrome in its simpler definition depicts people as 
“overly emotional, uninformed, and unscientific in their opposition; motivated by 
narrow and selfish interests; and obstructing policies that would provide for col-
lective good” [4].

However, especially when it comes to risk communication, this is known to be 
partially true: people may react rationally or irrationally to an emergency or a dan-
ger as part of their human nature and in response to a physiological survival strat-
egy; risk communication is asked to offer information so to modulate the natural 
and spontaneous response to a threat in the attempt to produce the better solution for 
the community and its individuals.

In the last years, with the rise of the Internet and lately of the social media, this 
classic scenario changed [5]. While official sources are becoming perceived as less 
reliable than in the past, people seek actively and 24/7 information on a Web that 
never close and where news spread instantly from every corner to every other corner 
of the world in a matter of seconds, becoming potentially accessible to everyone on 
the planet as soon as someone publish them.

For these reason, communicating the risk cannot be an improvised action taken 
light heartily or by people with no experience and formal education in communica-
tion and risk management.

34.2  Risk Communication in Air Pollution

Air pollution is a global threat and the risk for human health is becoming to be 
known to scientists and to the public. Some of these information are already part of 
the cultural baggage of many, especially in high-developed countries where these 
problems have been treated for years now. As field research shows (see Chap. 35), 
people living in highly polluted areas are aware of the problem and of some of the 
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consequences on health. Yet, only a few take proper action in the attempt to protect 
themselves or to reduce exposure for themselves or for the one they care for (as 
elderly or children).

Differently to other health hazards as major pandemics and epidemics (e.g. 
Ebola, Cholera, Zika, SARS), humanitarian crisis or catastrophes (e.g. Chernobyl, 
Fukushima), air pollution is a silent threat, mainly invisible, and that is constantly 
part of our life, surrounding our environment and the places where we normally 
spend our life. Most of the consequences are still unknown, and the ones that are 
acknowledged also by the majority of the public are not so scary, although very seri-
ous, because the cause-effect relationship is not evident or because the consequences 
show up only in a limited number of people and often after years or decades. 
Because of the many outcomes and the multifactorial aetiology of some of the dis-
eases related to air pollution, people have nothing to focus on, unless a clear cluster 
in a given population appears (like several cases of the same cancer in a population 
known to be particularly exposed to a particular environmental pollutant as in the 
case of the asbestos).

This is possibly the most difficult task for science communicators, health educa-
tion promoters, or experts in risk management.

For most of the effects, people are still in the first phase of health education: most 
of those are prominently known to researchers and some medical doctors. For oth-
ers, like lung diseases, people understand that air pollution is a treat and action 
needs to be taken; most are not aware of the real impact, of the sources, of the long- 
term consequences on different organs; a few understand that individual actions and 
change in behaviours can reduce the risk, and even fewer are eager to change their 
lifestyles in order to protect themselves or reduce the active or passive exposure.

On the other hand, air pollution is a universal problem, and policy-makers, gov-
ernment, and enterprises play a major role in the regulation of the emissions and the 
reduction of the sources of pollution. At the same time, public health officers are in 
need of policies able to actively change the way people live so to promote primary, 
secondary and tertiary prevention. These same policies, though, may create annoy-
ances or major concerns in the population. This is particularly true when air pollu-
tion is related to technological development (both in high- and low-income settings) 
that from one hand is an achievement of the human potentiality and on a simpler 
level a way to massively improve people’s lives and from the other hand is a major 
source of pollutants.

For this reason, people must be actively involved in the discussion, in a clear and 
transparent way, where the main issues are honestly presented as well as the conse-
quences of action or inaction. As a general rule, the following principles should 
guide a good communication [6] and should result in some practical actions as sum-
marized in Table 34.2:

 1. Openness
 2. Transparency
 3. Independence
 4. Responsiveness/timeliness
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The main aim in risk communication in fact is to establish a useful and produc-
tive relationship among the different parties involved, so that a constructive dia-
logue can be started. This is crucial in every field of risk communication, but is 
paramount in those areas where the hazard is only partially known, the outcome lost 
in the future, and the effective measures to reduce the problem still unclear.

Because air pollution is a global concern, a global effort is necessary: scientists 
need to present their data in understandable way and be aware that people’s opin-
ions can affect the policies as well as the knowledge produced by research, even 
when those are based on inaccurate and incorrect information; government and 
organization have the duty to inform people and to listen to their concerns; people 
have to understand that changes may come from above but can come also from 
everyday decisions like taking public transports or avoiding children being exposed 
to second- and thirdhand smoke.

 Conclusions
Risk communication remains a key part in the fight against air pollution and 
environmental health. As airborne pollutants are everywhere and are able to 
deeply affect people’s life, there are no aspects of everyday life that is untouched. 
In other words, it means that deep changes are needed provided that people are 
able to understand why. If telling the truth is the first rule of risk communication, 
making people understand is the final goal. Otherwise there would be no differ-
ence between risk communication and a gossip from the evening news.

Therefore, science communicator and experts in risk management are needed 
and are called to action, in order to spread correct information, with the appropri-
ate media, and to the correct audience.

Table 34.2 Practical consequences of some of the principles that should guide risk 
communication

Action to be fostered Main principles Risk to be avoided
Publish/make available all 
key documents

Openness Reveal complex information that the 
public or other stakeholder may 
misunderstand

Transparency

Understandable and 
usable communications

Openness Simplify excessively the problem, 
missing key informationTransparency

Timely communications Responsiveness/timeliness Create unnecessary alarms
Sharing between who 
assess the risk and the 
decision-makers

Openness Inadequate responses or overreaction 
that may lead to useless policies or 
policies that compromise excessively 
other aspects of life

Transparency
Independence

Sharing between 
stakeholders and the 
public

Openness Inadequate responses or overreaction 
that may lead to useless policies or 
policies that compromise excessively 
other aspects of life

Transparency
Independence

Acknowledging and 
communicating 
uncertainty

Openness Showing unjustified weakness that 
can undermine the trust between the 
different actors involved

Transparency
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Risk communication as a part of the medical encounter and the doctor-patient 
relationship can also have practical consequences in the clinical practise, becom-
ing part of the medical education process that eventually can lead to prevention.

No matter how accurate this job will be, the accessibility to unreliable infor-
mation and the dissemination of reasonable worries in the population will be part 
of the game. Thus, a right balance should be found in giving and receiving infor-
mation, taking into account the opinion of the people that must always be 
involved in the discussion, the need of trustworthiness that comes from the sci-
ence and the fears of policy-makers upon whose shoulder lay the weight of 
decisions.
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35Marketing Issues in Air Pollution 
Prevention

Erio Malagoli

35.1  Overview

Pollution marketing is an extremely new topic, mostly unexplored and extremely 
open. Nowadays, it is very difficult even to define exactly what the phenomenon of 
air pollution is from a marketing point of view; from this standpoint, is pollution 
only a threat or, on the contrary, an opportunity as well?

Air pollution has been largely discussed during the last 10 years. However, it 
remains strange that a mass awareness has not been formed yet; this task probably 
shall be vested on marketing.

Our studies and analyses highlight scarce or nil awareness in the population of 
the real impact of this phenomenon, even in those regions where air pollution mani-
fests itself more bluntly. The role of training and education has been reported by 
many specialists [1–3], and there are some studies showing that education, also 
increasing awareness of the pollution issues, may entail favourable results [4–7]. A 
very recent study has shown that about 90% of the respondents agree that the inter-
est in becoming acquainted with air pollution-related issues shall be raised, to a 
greater extent, in every and all residents [8]. All the same, even when the general 
level of knowledge is maintained [9], an increment of awareness of this phenome-
non can be observed, particularly within groups of residents, which already have 
higher education.

Air pollution depends on different pollutants, including PM10, PM2.5, PM0.3, NO2, 
SO2, CO and CO2 that are the best known and measured ones, whose concentration 
changes during different seasons and within different geographical regions of the 
world. For this reason, different marketing approaches are needed. Those should be 
tailored on different individual situations: the recorded air quality index (AQI) of air 
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pollution in London may be of 65, whereas in Beijing AQI reaches a value of 480, 
namely, making it 7.5 times higher.

Air pollution does enormous damages to the people; so all sources of pollution 
should be theoretically removed; and this is a world-known issue. Governments and 
organisations make efforts to reduce and limit emissions of pollutants into the atmo-
sphere. The timing to achieve results is too long so that the results cannot be always 
appreciated; therefore, there we need to find prompt solutions and different alterna-
tives. The typical Kuznets curve (Fig. 35.1) leaves a door open and hope that in 
increasing the economic resources of a country, raising jointly people’s awareness 
and improving the laws and procedures regulating environmental discharges, we 
will come to a moment when the economic benefits continue to increase, whilst pol-
lution decreases (instead of growing as expected).

However, this is a theoretical hypothesis. In reality, protection against air pollu-
tion needs a structured plan to be carefully drafted and then widely spread within 
the population, this being a prevention plan to be applied using both public and 
private forces and resources at the same time.

Large territories containing a significant number of people are concerned about 
the air pollution phenomenon, which can be settled on a large scale only joining the 
efforts of private and public companies.

We have noticed in many geographical areas that public information shared by pri-
vate companies clash too often with medical data, due to ‘political’ reasons. In other 
cases, such data are complex and not always completely clear even for scientists.

The governments tend to diminish negative effects related to air pollution, and 
many private companies do not have adequate knowledge and skills in expressing 
appropriate and clear messages. Medical doctors are still launching alarm messages 
about disasters people cannot avoid. Such a mix of information generates a signifi-
cant ambiguity in messages and doubts that undermine the right information; so 
often the wrong one is spread creating a low level of awareness of what are the 
prevailing challenges and damages for the human body.

It is clear that an enormous investment is needed in order to raise the population’s 
awareness worldwide; yet, nobody seems to be interested now. Media campaigns 
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are very expensive and hardly acknowledged by governments, which see in such 
campaigns the recall of their guilt and responsibility, entailing negative political 
repercussions.

On the other hand, if such advertising campaigns are carried on by the companies 
selling antipollution products, and by security or protection companies, a final con-
sumer is entitled to ask whether such information is real and trustworthy or just 
exaggerated ‘in order to sell more’.

Only few medical doctors write articles, books or publications, using the scien-
tific resources they possess; however, from a marketing point of view, when it comes 
to pollution, such works are hardly effective and not able to raise awareness in 
people; those, on the contrary, may scare people without giving that basic knowl-
edge required to accept those everyday changes needed to achieve an adequate per-
sonal protection.

The impact of marketing researches and publications is very high now in the field 
of medical preparations; however, it is declining slowly, in the field of nutrition and 
dietetics, of foodstuffs and diets and of water and air quality.

35.2  Marketing and Communication and Perception of Air 
Pollution

The experience of these years of work in the field of air pollution shows that there 
still are objective difficulties within the population when it comes to acceptance of 
preventive measures.

We are still very far from the achievement of a widespread awareness about the 
problems related to air pollution. People are not ready to accept those actions needed 
to restrain the problem; policy-makers do not have or do not offer solutions, or are 
unwilling to take decisions that may not be accepted by population.

If, on the one hand, everybody is a bit aware of this subject, particularly the 
young generations, few of them are ready to make changes in their everyday life in 
order to protect themselves in a better and more comprehensive way. This is a well- 
known problem.

Marketing teaches us that since there is a need, such a need shall be fulfilled, 
regardless of objective or subjective demands.

Now when it comes to air pollution, there are objective medical data, which show 
a challenge and a scale thereof, as well as solutions deemed to be effective for pro-
tection and reduction of exposure, and, consequently, the impact on health. They are 
presented in more details in further chapters of this book. Then, there arise subjec-
tive needs, such as hypothesis (‘I do not believe in such messages’), economic fac-
tors (‘How much will it cost me to protect myself’), aesthetic factors (the majority 
of masks sold are, for instance, a remade version of those ones designed and con-
ceived for the factory workers but not for everyday use in the cities) and deep 
knowledge of this problem so that protective equipment and devices, as air filters, 
can be properly used.
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Quite the other thing is to buy an air-conditioning unit that will promptly reduce 
the temperature and then will immediately repay the investments made. But when 
buying air filters, the way of action is not so evident: it is not clear oftentimes when 
to switch it on or off; it is also not clear beforehand whether it is suitable for a cer-
tain type of polluted air; and, especially, the specific prompt effects are not seen, 
since the function of an air filter is, as a matter of fact, prevention or a preventive 
medicine device.

As a consequence, marketing shall reveal the information very precisely, and 
such information shall be disseminated in a professional but simple way. Otherwise, 
the opposite effect may be achieved, i.e. people not able to cope with sophisticated 
information, that therefore renounce to know more.

We have presently identified different challenges and various remedies, in order 
to make air pollution marketing a truly effective tool able to serve people. We 
believe that it is necessary to:

 1. Understand and let people know what air pollution is.
 2. Understand and let people know where it is and how it occurs and why 

develops.
 3. Understand and let people know what are the health problems caused by air 

pollution.
 4. Design some mask-resembling products that would be less invasive, for every-

day use in the cities.
 5. Define quality and standards for the masks: manufacturers need to know, follow 

and certify simple but clear safety and quality standards, and those standards 
should be easy to understand for the final consumers (this is not always evident 
throughout the world).

 6. Promote a more careful production and certification of air cleaning tools having 
the simple functions for everyday use and simple maintenance.

We are sure that if all those engaged in the activities related to the problems gen-
erated by air pollution follow the example presented in those six points, the final 
communication with clients will lead to better understanding and thus to better 
results than what we have today.

Using air pollution marketing, we would like to describe a range of actions to be 
simultaneously undertaken by several persons concerned, in order to understand 
and to satisfy the needs and demands coming from many sides, particularly medical 
doctors and people; the aim is to reach a greater level of awareness so to increase the 
use of preventive tools drastically reducing at the same time the negative conse-
quences caused by air pollution to the human body.

Our information and our analyses, carried on in different areas, show that those 
people most aware of this problem are the young ones aged from 18 to 40; this fac-
tor is a doubtless advantage when it comes to communication, because this popula-
tion can be reached with all the tools offered by the new technologies including the 
social media, which are certainly used by such cadre of people on a large scale all 
over the world.
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If the information travelling on the Internet are carefully managed, the benefits 
from the economic point of view are clear as the web offers a safe and widespread 
way to spread knowledge.

It will be necessary to inform about what air pollution is, and it will be also 
important to do it using the phrases, arguments and examples that can be easily 
understood by the majority of residents. The use of too technical images, words, 
trends and schemes as those ones often used by medical doctors entails the opposite 
effect—negligence instead of interest.

The problem is well-known in this case too. Simplifying contents leads to reduc-
tion of information, based on the following equation:

 

C

S
K=

 

where ‘C’ means scientific contents, ‘S’ is the level of simplification of the scientific 
content and ‘K’ is a constant value. The more the contents are simplified, the more 
information is lost; the more technical information is kept, the more complex the 
narration becomes; and, as a consequence, the more difficult the comprehension 
thereof is for the wide public.

The majority of people do not know what are the pollutants that form the so- 
called air pollution. They confuse them and do not understand in full their meaning 
and their dangerousness. Hence, there is a need for replacing the current informa-
tion strategy with a simpler, more interesting and more emotional one. It will be 
used to raise awareness, to familiarise, to apply simple methods of communication 
with high emotional contents and to inform people all over the world. As a matter of 
fact, warnings and medical bulletins are not enough.

The reason is that the word of a familiar and trustworthy witness is sometimes 
more effective than the word of a scientist. For instance, we have seen in China, how 
a person from the Chinese show business gathered a great number of followers in 
his blog after writing about air pollution.

People have only general information about the fact that air pollution is danger-
ous; however, those same people do not possess any specific knowledge of the dif-
ferent types of pollutants, of the way they appear, where, when and in what state, to 
what extent they are dangerous and what to use and how to use them to limit dam-
ages to the human body.

This is why an appraisal of the available products and devices against air pollu-
tion is needed.

Relying on my experience in the field of air pollution during these years, I have 
seen that there are a great number of certifications and standards for antipollution 
equipment and devices; however, all of them refer to the workplace products.

Perhaps, the differences between the work environment and air pollution shall be 
clearly exposed, since these are two resembling but still different realities.

If a person is exposed to specific forms of pollution, a mask protection can be 
used at a workplace; the choice of mask depends on the activities conducted, and 
such a mask is worn even for many consecutive hours in case of very high levels of 
pollution in the workplace.
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Quite different is the case of general exposure to air pollution, when a person 
needs different products at different moments of the day.

There is a need for a mask to be used only when a person is outside, subject to con-
siderable pollution, differing from that one used in a working environment. Such pol-
lution may be even lower, equal or higher; however, duration thereof is short or very 
short whilst commuting and little longer afterwards when such a person goes to office 
or school where he or she spends relatively few hours; then he or she comes home 
where spends a great number of hours. This is when full protection is also needed.

This is where things get complicated.
The majority of the masks sold are mainly designed for the industry, and then those 

are used and re-proposed for urban application with all the consequences thereof.
Their fitness, colours, styles, design and technical features are seldom perfect for 

such a use, and this results in great discomfort for people that wear these products. 
Then, there comes the tendency not to use them or to use them as seldom as possible.

It would be quite different, if there were models more suitable for this final use. 
As long as we know, it was only in 2016 when the products cited above—able to 
protect with a more effective filtering capacity and with at the same time the other 
characteristics indicated—appeared on the market. However, there are not enough 
as there is still plenty to do, to invent and to develop in this field.

I believe that the use of nanotechnology, nanomaterials, innovative materials, ‘sec-
ond skin’ tissues and filtering materials of another type and kind, like those that can 
be fitted in the nasal or oral cavity, would deliver protective devices easier to use and 
tolerate, leading consequently to positive outcomes in terms of pollution prevention.

A reference market offering new technologically advanced products, new ideas 
and inventions would be very huge, giving at the same time new alternative to the 
masks that we see on the market today.

The regulations shall be revised, simplified and standardised worldwide. Nowadays, 
we see a great number of products for sale both online and offline; however, it is dif-
ficult to find out their level of certification that may be more or less appropriate. Too 
many reference certifications of such products hamper their appreciation by people 
and arouse mistrust. A final customer does not understand in full the meaning of indi-
vidual certifications and feels disoriented. Finally, such a customer feels unsure when 
it comes to product quality, real filtering capacity thereof and, as consequence, real 
preventive capacities. Hence, it results in disloyalty to that product.

A correct information sharing and the simplification of the number and quality of 
informational messages will, on the contrary, help consumers to know their way 
around the market of consumption.

The results from our marketing studies and analyses show that with this approach 
the use of the masks and therefore of prevention would grow exponentially.

This is true also for the air cleaning products currently on the market. It is clear 
from a detailed study we made that those various ways of air cleaning relate, as a 
matter of facts, to a brand and/or product sales; when it comes to their quality, the 
results remain doubtful.

Some of these products for air cleaning claim combined technological solutions, 
which do not seem reliable; many questions thus remain, as well as suspicions 
regarding their real filtering capacity.
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Another known problem is that there is no air cleaning device able to filter all the 
possible pollutants (in the form of particles, volatile organic compounds and gases). 
So, people may be confused in selecting, buying and using such a product; other-
wise, they need to buy tens of various devices, some of which are extremely sophis-
ticated, very professional and very expensive.

People also question about the real usability of such products, as well as about 
the selling price. As a consequence, poorer people cannot access to these solutions 
for air cleaning that remain a status symbol for the richer ones.

People living in most polluted areas are worried. They are aware of existing 
problem and realise that its consequences may be severe. However, the majority of 
them consider all those issues and express their concerns about the real help offered 
by the current preventive products; they have a lower level of trust in such products; 
all those issues lead to a low level of trust in those solutions so that people are not 
motivated to buy products to prevent the effect of exposure to pollution. People then 
will rather choose to be exposed to air pollution and to its consequences renouncing 
in facts to any kind of prevention.

Air pollution marketing shall take into account all such elements and shall 
become a meeting point for all the actors involved as medical doctors, manufactur-
ers and consumers.

This will give an impulse and will define a common direction for further 
orientation.

Medical doctors need to increase their knowledge and to improve people’s 
awareness on air pollution prevention in order to reduce deaths and casual-
ties; they shall use a more popular language and easier forms of dissemination. 
Manufacturers, to a great extent, shall be stimulated to perform better studies in 
order to find better solution to the specific problem of air pollution. People, seeing 
such improvements, would be more apt to get informed, to pass on the words and 
to use such technologies for reduction, prevention and protection against different 
forms of air pollution.

This shall be the way to follow in air pollution marketing, and this is a message to 
send: a constructive feedback for the actions and policies of the governments and of 
the environmental agencies. This is something useful for the promotion of macroeco-
nomic manoeuvres aimed to reduce the emissions, as well as to promote prevention. 
Medical doctors and researchers give an imminent warning; this cannot be ignored 
any further. We rather need real and prompt actions aimed to achieve immediate 
results. On the contrary, nothing essential had occurred during from 2013 to 2016.

In order to achieve results in the field of air pollution, even using different mar-
keting approaches, the nearest future objectives shall be the following:

 – Motivate the manufacturers to produce products properly designed for everyday 
use.

 – Motivate governments to make more standardised quality certification and clear 
to understand both for the manufacturers and for the final users.

 – Motivate the medical doctors to give clear and adequate messages, interesting 
and easy to understand, thus promoting the viral spreading of the information.

 – Motivate people to use more widely preventive devices.
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Doing this, marketing will help not only to sell or to earn incomes. It will revo-
lutionise itself increasing the chances to change the way of thinking and acting of 
all the involved actors.

Testimonial mondiali di Marketing della Air Pollution che parlino di questi punti 
e ne chiedano impego ai vari attori per la sua realizzazione sarebbe un grande suc-
cesso su scala mondiale.

The involvement of worldwide-known testimonials promoting the marketing of 
air pollution, asking for concrete actions to all the stakeholder implicated, would be 
a great success at the global level.

New technologically advanced products more suitable for correct daily preven-
tion, simplifications and clear services for quality certification, as well as simple and 
efficient medical messages to be disseminated to everyone, as well as an opinion of 
air pollution marketing—these are the things we regard as necessary to be followed 
more during the years to come, in order to get an appropriate and well- balanced 
global air pollution market and to ensure that the degree of people’s awareness and 
prevention grows, whilst deaths and diseases related to air pollution decrease.

This is the objective we have set in order to promote the marketing of air pollu-
tion in the years to come.

Pollution is one of the subjects most people are concerned about. The sales of 
any and all products related to prevention like masks, air cleaning and skin protec-
tion creams are growing. We would be pleased to see such a marketing promoted 
by manufacturing companies and retailers: seeing entrepreneurs deal not only 
with sales but also with all the implications of air pollution, fostering marketing 
and web marketing actions aimed to inform people, in order to improve and raise 
their level of awareness, creating at the same time roots deeper than those pres-
ently existing.

35.3  Field Research

35.3.1  China’s Experience

The analysis and the observation we have gathered during the last 2 years in Beijing 
help us to make some conclusions.

Those living in Beijing know very well about the phenomenon of air pollution, 
since very high values of pollution are always recorded throughout the year (three 
to four times higher than the maximum limit equal to 50). It is interesting that such 
values are not in any way perceived as worrisome. Both the Chinese and foreigners 
regard the challenge of air pollution with an extreme serenity.

Nevertheless, it results from the interviews carried on during that period that a 
major concern is the fear that the government and public healthcare professionals 
are not making enough efforts (see Table 35.1).

Younger people aged from 18 to 40 are more aware of this challenge, whilst 
elder people are less alert. Hence, there is gap between younger and more aware 
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generations that are closer to global scientific thinking that affirms that air pollu-
tion is very dangerous to human body and elder generations that seem to reject this 
concept and that are more resistant to the use of protective devices.

In this case, young people shall insist and teach elder ones, but not otherwise.
The Chinese culture has a great respect for the old people whose families revere 

and praise. They are keepers of life and of the secrets of wisdom; however, it seems 
that such respect is not applicable in this particular case.

It results from the interviews made in Beijing that it is also important that the 
population should have shops or news websites where problems related to air pol-
lution are found and discussed. A possible application could be a network dedi-
cated to air pollution where professional information and recommendations of 
products to be used in different conditions and for different people could be avail-
able; another may be a forum where specialised medical doctors would answer to 
specific questions submitted by single individuals that could in this way express 
their concern. This would be an application of preventive telemedicine networks, 
able to spread information to promote prevention also in the neighbouring pol-
luted areas.

Certainly, the Central Beijing Government has to undertake serious actions in 
order to solve drastically the problem of air pollution in metropolis (such actions 
were already massively initiated by the Beijing Government since 2015, and the 

Table 35.1 Marketing research as per interview on air pollution perception and prevention 
(Beijing, Summer 2015 and Spring 2016)

Main issues reported
1. Most of the interviewees agree that air pollution is a major concern in Beijing, China
2.  A few of them know what air pollution properly is or have a clear perception of the health 

risk connected to air pollution
3. Most of them are interested in receiving more information on air pollution
4.  Only a few of them use personal protective equipment or devices whilst travelling/

commuting, at home or in the place of work
5.  A few pregnant women and elder people at risk know the risk related to high level of air 

pollution exposure
6. A very limited number of children use face mask as a protection for air pollution
7. A very few of the interviewees know what an air cleaner is and how it works
8.  A very few of them know how to differentiate between an effective, an ineffective and a 

useless face mask
9.  Many think that in any case there are no alternatives, that however air pollution is not so 

dangerous and does not practically impact health or quality of life, that it is better to live 
the life with no further and unneeded complications and that things will settle by 
themselves in any case

10.  Although we know the scientific and medical basis of the negative effect of air pollution on 
human health, people’s perception of the problem is not the same of medical doctors, 
public health specialists and researchers. People in fact consider those claims coming from 
the science community overestimated and overrated

11.  As a conclusion, health education and information are needed in order to explain the actual 
consequences of exposition to air pollution, what equipment and devices can be used to 
reduce personal exposure, who have to use those and when
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first results are coming; according to the 2016 statistics, a tendency for reduction of 
air pollution in the Chinese capital has been observed), closing or moving the pol-
luting factories and solving the problems in the villages where agricultural residues 
are burnt with the help of used coal coming from the power plants. Such actions are 
not prompt, for sure, and they may give negative outcomes in all other areas (labour 
force employment, profitability, life quality and style of the people living in Beijing 
and so on).

However, tens of years shall pass before the first results of such direct antipollu-
tion actions of the policies will be observed. Such spread of time shall be used to 
create and to raise, to a greater extent, awareness of the air pollution problems and 
the ways of prevention and protection against it.

If the government is directly responsible for such policies, then marketing shall 
be responsible too for promoting the messages that may improve the perception of 
this problem and endorse, at the same time, the adoption of correct behaviours in the 
population.

Here is where marketing and medicine overlap. Sometimes, some undeliberate 
penetrations into one territory or another are even allowed. However, if we take 
these data and what we know to be true according to medicine, and we compare 
them with the habits (monitored throughout 2016) of the Beijing population (mar-
keting area), it will be clear that here is a huge gap and a great discrepancy that shall 
be eliminated as soon as possible (please, see Table 35.2).

Many nations use different parameters to check the air quality index; however, as 
a result, the final messages about marketing contain severe errors; plus, a great deal 
depends on different pollutants: an example in this regard may be the increased 
contents of particles (for instance, particles of PM10, against which we protect our-
selves using a good mask of surgical type, or the very same high contents of NO2 
and CO, against which we protect ourselves only using real gas masks with selec-
tive filters).

Table 35.2 AQI and behaviour

AQI

Health hazards (−, none; 
++++, potential permanent/
fatal damages)

Recommended 
behaviour

Behaviour of the Beijing 
residents

0–50 − No protection Normal life
50–200 + Hazard (protection is 

recommended)
No warnings

200–
300

++ Danger (protection is 
mandatory)

Approximately 1/1000 uses 
masks

300–
400

+++ Protection is 
mandatory

Approximately 1/100 uses 
masks

>400 ++++ Avoid exposure
Avoid leaving the 
home

The government closes schools 
and reduces traffic; 1/10 uses 
masks; however, few people 
change their life habits
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35.3.2  Lessons Learnt from China’s Experience

The Beijing example serves to explain the misunderstanding between what shall be 
done for prevention and public health and what is going on in reality when air pol-
lution is regarded as something normal. This is just one possible example but on 
another scale may be applied to other realities both in the high-income countries and 
in the developing ones.

Marketing actions shall be aimed to cover the difference between what must be 
done and what the local policies and individual residents do. The delivery of this 
message shall be a chore for professionals from the international health area, for 
science communicators and for marketing experts, and it shall be addressed to all 
parties involved: government, certifiers, antipollution product manufacturers, medi-
cal doctors and people of any age and from any social class.

It is clear that changing routine behaviours means changing the mindset and the 
way millions of people think; this is not a simple thing to do, and it is not something 
that may be done by a single individual using scarce financial resources.

International media only announce that Beijing is covered with the smoke and 
fog, without promoting any type of expert information or giving any training and/or 
appropriate advice. By contrast, western websites make flourishing advertising at 
the local level, but they still remain in the shadow, since they speak about air pollu-
tion only if AQI exceeds 400. Local entrepreneurs and transnational companies are 
engaged only in sales of more or less efficient products (not very efficient in the 
majority of cases), without spending or reinvesting money coming from the selling 
of these products in communication; they do not offer information about behaviours 
in case of air pollution, trainings or warnings to the population and do not give any 
clear explanations about their products and their quality. Then, when products of 
doubtful origin and doubtful efficacy emerge in the market, everybody seems con-
cerned and everything seems to change afterwards, but no one does the most impor-
tant thing – informing and training for pollution prevention.

It seems, as a consequence, that informational marketing is very needful at this 
stage at a global level and above all where this problem is greater, in order to inform 
and teach the population about air pollution. Again, there seems to be a great need 
for information on prevention in this regard.

We also like to signal how in Beijing different lines and forms of masks have 
been produced and put on the market. The youngest people have begun sharing 
(particularly since winter in 2016) favourable behaviours able to transform the 
masks into element of fashion. This process will help marketing through specific 
actions. And this will help to decrease the current difficulties when it comes to 
mask wearing, thus giving a natural impulse aimed to increase the preventive 
protection.

The strongest motivation for enterprises in designing, producing and offering 
innovative products to be used in case of air pollution is the fact that the market 
includes at least 100 million pieces sold per year.
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 Conclusions
Air pollution marketing shall settle many issues and bring together people 
engaged therein but that do not know each other.

There seems to be too many things that need to be done; however, it seems 
clear that all the parties involved shall work together both medicine and market-
ing, in this sense, are strongly tied. Besides cooperation could help to find better 
solutions and to better inform and help companies manufacturing antipollution 
equipment and devices. This approach would improve the quality and the effi-
cacy of the products needed to massively protect people from air pollution. This 
shall be done in the governmental sphere in order to standardise the quality.

The medical sector cannot just say that people must wear masks and use clean 
air, but has to highlight the problem that using the products actually existing on 
the market is almost impossible in the everyday life. As a consequence, the medi-
cal sector shall contribute to correctly inform and to try to engage other respon-
sible entities, such as the government and manufacturers, so to design useful 
policies and strategies, as well as appropriate devices.

Our experience in China also shows that there is still a discrete confusion: 
local and international manufacturing standards use a number of codes that only 
few persons understand. Consumers and retailers, in fact, do not know the mean-
ing of symbols and numbers reported on the labels, and are unable to understand 
the differences, in terms of quality and safety, of the same products they are buy-
ing or selling.

The product quality is not a secondary issue; a great clarity of the product and 
manufacturing standards will contribute not only to a better sharing of informa-
tion about the same products and their use but, as a matter of practice, to create 
in people and in the final consumers a greater trust in such products.

The quality will mean searching for and improving both masks and air clean-
ing. A standard regulation regarding production, time of use and kinds of protec-
tion offered by the masks will be another step to satisfy the requirements, as 
results from the interviews made, during which people requested only more 
information about this issue.

Thus, the in-depth study of air pollution in a real environment, such as Beijing, 
has confirmed the initial thesis of this work in the sphere of air pollution market-
ing. Such experience shall be, as a consequence, extended to the international 
level and shall promote those policies and actions that will contribute to protect 
communities and individuals.
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36Air Pollution: Actions to be taken

Antonio Vittorino Gaddi and Fabio Capello

The implementation of health policies worldwide nowadays must take into account 
the role of air pollution and its possible effects on humans. The burden associated 
with air pollution has such a devastating impact on people and countries that imme-
diate actions by government, health systems, and organizations is needed. A rising 
body of evidence shows links with respiratory and nonrespiratory diseases and life- 
changing consequences of antenatal, early-life, short-term, and long-term exposure 
to air pollutants in children and adults.

Individual actions and changes in behavior can help people to detect, monitor, 
and reduce the production of indoor and outdoor air pollution, and protect them-
selves against its effects. Technological solutions that are already available can help 
in the cleaning up of indoor areas and in protecting children and adults from toxic 
emissions.

That implies that people need to become aware of the problem and understand 
that air pollution is an invisible hazard that constantly surrounds us. Besides, single 
and personal initiatives may not be enough, because people are exposed to pollution 
even in environments that they cannot control, such as schools, workplaces, or 
meeting places. These assumptions mean that decision makers and policy makers 
need to act at different levels to achieve real administration of the environment, 
aimed at reducing the entity of air pollution and consequently the impact that it has 
on the population.

In addition, developing countries are a rising concern, as they are changing from 
rural low-tech societies to advanced and highly polluting societies. In these same 
settings, poor awareness and scarce regulation secondary to weak or nonexistent 

mailto:profgaddi@gmail.com


658

environmental policies lead to exponential growth of the sources of  pollution with 
scarce limitations on the emission of toxins and inadequate implementation of mea-
sures to protect the population.

A possible solution requires multilevel action and application of rules and poli-
cies that could act on different sides of the problem to reduce, on the one hand, the 
level of emissions, and, on the other hand, the exposure of individuals and popula-
tions. A coordinated approach is therefore needed to act on the different strategies 
that could help to achieve the goal:

 (a) Health education and health communication
 (b) Institution at local, national, and international levels of coordinated and compe-

tent bodies
 (c) Global and national research networks
 (d) Implementation of worldwide antipollution policies
 (e) Implementation of worldwide policies for prevention
 (f) Reduction of the pollution divide, leveling the inequalities among different 

countries and among different areas within countries

36.1  Health Education and Communication

Although the health risks secondary to air pollution are known, the level of medical 
literacy is still poor and uneven. The environmental question is surrounded by myths 
and urban legends, while knowledge of the actual facts is inadequate in the general 
population. This brings about the development of unrealistic theories and beliefs, 
which may overestimate some unimportant aspects of the problem, while, at the 
same time, minimizing the real concerns.

The advent of social networking, while simplifying the spread of scientific 
knowledge, has amplified untruthful and untrustworthy sources of information 
because of the very low threshold that allows any user to publish and disseminate 
content and unreliable data, potentially reaching a global population in real time.

This leads to the spread of dangerous information, which could undermine 
the whole process of prevention and implementation of adequate policies for the 
environment.

Consequently, it is imperative that health education campaigns, aimed at increas-
ing awareness in the population, focus on the real aspects of the problem and the 
possible solutions. Government agencies and institutions have to take into account 
people’s opinions, but they have a duty to provide correct education that can allow 
people to understand the problem and demand appropriate actions.

For these reasons, a global approach is needed, starting from schools upward and 
including the involvement of media, industries, and institutions; health education pro-
grams should be implemented starting from school age through to higher education.

The role of the school in this sense is crucial and is the fundamental key. Schools 
must educate children in complexity to avoid the spread of take-away information. 
Universities should promote individual research and in-depth theoretical knowledge 
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together with the practical aspect of their teaching. Scientific education, in fact, 
 cannot be formed by lists of facts or ready-to-take-home messages. On the other side, 
media and institutions need to promote diffusion of knowledge and communication 
of information in adequate terms; people should be able to understand complex facts 
of science and use their own minds and judgment to make reasoned decisions.

Governments need to define competencies and assign expert to key positions, 
avoiding their choices being guided by the interests of lobbies and political parties.

Scientific institutions must learn how to communicate through mediation by pro-
fessionals to reach out to populations, industries, institutions, governments, and, 
finally, schools and universities.

The same scientific knowledge has to become part of human heritage and, for 
this reason, it must become accessible and open to the whole world population, 
promoting innovation and original research, and opposing the logic of dogmatic 
science and the mainstream.

At the very least, properly educated medical doctors and health workers should 
inform the people they care for, helping them to take proper action and make deci-
sions aimed at reducing their risk of exposure and protecting themselves and the 
ones they care for.

36.2  Coordinated Actions at the Local, National, 
and International Levels

Coordinated and continuous action is needed to keep the guard high on the matter 
of air pollution. Air pollution is a complex matter because of the numerous sources 
of emissions and the role that each one of them has in the economy and in society 
(e.g., energy production, industry, husbandry, transportation, and public and private 
heating). Any measure aimed at reducing production of pollutants can have conse-
quences for other aspects of social organization, which may ultimately lead to an 
increase in pollution in other sectors.

Environmental administration requires knowledge and coordination.
A global effort is needed to reduce the risk of implementing wrong policies 

forced by the pressure of badly informed public opinion, the interests of lobbies or 
companies, and the policies of single countries to the detriment of others.

A logical and methodological scale of priorities needs to be defined, as well as 
scales of ethical, health, economic, political, demographic, and geographic values.

In terms of health and clinical policies, the idea of prevention is paramount: it 
implies reduction of exposure and implementation of behavior aimed at protecting 
individuals and communities, and improving the quality of indoor and outdoor air 
in urban and rural settings.

Therefore, specifically designed and coordinated bodies and institutions must be 
created, working in strict collaboration with all stakeholders involved, including 
universities and consumer organizations. They would have the role to gather infor-
mation, create priorities and strategies, and communicate with each other at the 
national and international levels, promoting research and the spread of knowledge.
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36.3  Global and National Research Networks

Research has a key role in the definition of a coordinated strategy to fight air 
 pollution and, consequently, its effects on human health. An international network 
should be created so that researchers can communicate and work in collaboration, 
filling the gaps and improving the quality of the scientific evidence that is produced. 
A whole new approach may be needed, in contrast to the idea of the mainstream, 
which could push research institutions and universities to amplify known notions, 
killing original research and therefore the production of innovative knowledge.

A global network should also be able to overcome the pressure that comes from 
lobbies and political parties, which may ask for specific results in order to promote 
policies based on personal or economic interests rather than on scientific models.

The knowledge that is produced must be accessible to the whole population, and 
research institutions need to communicate with the public, disseminating knowl-
edge and promoting outreach activities.

Because of the complexity of this matter, and the possible economic and ethical 
implications, universities and organizations must be independent, promoting free 
research and free information exchange and sharing.

36.4  Implementation of Worldwide Antipollution Policies

Reduction of emissions into the atmosphere is a key point to reduce or eliminate the 
risk of air pollution. As we have seen, it is not possible to contain the production of 
pollutants that act only on single elements of the chain of production without affect-
ing the others. Environmental policies therefore need to be coordinated so the whole 
system can be improved. A global approach need to be fostered, and people must 
become aware of the risk of pollution and the measures that should be taken even 
when they affect everyday activities such as using a car or buying an item whose 
production create pollution.

Governments may make unpopular decisions or implement policies that act 
against the interests of groups of people or organizations. This is a burden that sin-
gle countries cannot bear by themselves, and actions have to be planned in agree-
ment with all parties to reduce the adverse effects of necessary decisions.

World and permanent conferences involving governments and nongovernmental 
bodies and agencies may be a starting point, provided that all aspects of the problem 
are considered. International agencies should coordinate the work of institutions 
and private stakeholders, also helping decision makers to implement appropriate 
policies at the international, national, and local levels.

Industries must have their say but need to comply with regulations, and that may 
imply increasing the costs for the population; on the other hand, people must become 
aware that health and well-being have a cost themselves, and that anti–air pollution 
policies start from the decisions that people make in their everyday activities.

At the very least, free thinking must be always fostered, particularly when the 
outcomes of innovative solutions are not immediately clear. This also means that all 
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parties can have their say and that policy makers must consider all aspects,  including 
the long-term consequences of their choices. Popular decisions may reduce the pro-
duction of air pollution in the short term but could create obstacles to research and 
industry in the production of knowledge that may subsequently yield less polluting 
solutions. For this reason, fundamental research should always be prioritized even 
if its practical applications may not be readily evident or immediately usable.

36.5  Implementation of Worldwide Prevention Policies

Although, in the long term, air pollution affects the human economy and societal 
development, the most evident effects are on human health. We have seen the many 
consequences and the harmful effect on organs and systems. For most diseases 
related to air pollution, there is no treatment, and chronic changes result in lifelong 
disorders or continuous relapses of acute conditions, which negatively impact the 
quality of life of people and their families.

The role of prevention consequently becomes clear, aimed at minimizing expo-
sure to pollutants for populations and individuals, consequently reducing the risk of 
developing diseases. To achieve this goal, international coordination is needed, 
defining plans for intervention at the transnational and local levels, and also consid-
ering the peculiarities of fast-developing countries and of low-income and rural 
settings.

The crucial steps can be defined as follows:

 1. Definition of strategies for pre-primary prevention, reducing the production of 
emissions and air pollution (see also the previous paragraph): This implies defi-
nition of reliable thresholds that should never be exceeded and a set of regula-
tions that industries need to comply with; it also means that the population must 
become aware of what the consequences of these policies are, how they may 
impact the production and distribution of energy and goods, and what the risks 
are if—for various reasons—they cannot be achieved.

 2. Definition of strategies for primary prevention, reducing or preventing the risk of 
exposure: This means implementation of policies aimed at reducing the chance 
of exposure for communities and individuals, promotion of behavioral changes 
aimed at avoiding and protecting against exposure, and reducing the concentra-
tion of pollutants in the environment where people live or spend most of their 
time. It also requires proper communication of health information and properly 
designed programs of health education to avoid dissemination of confounding 
messages or promotion of behaviors suggesting that even reducing exposure to 
air pollutants could be otherwise unhealthy.

 3. Definition of strategies for secondary prevention, aimed at attaining early diag-
nosis of all diseases that are directly or indirectly related to, triggered, promoted, 
or caused by air pollution.

 4. Definition of strategies for tertiary prevention to reduce the burden for those 
individuals who are already affected by an air pollution–related disease and for 
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those who have developed a chronic condition secondary to early-life or 
 long- term exposure to pollutants, even when the effect is only partially related to 
or caused by air pollution.

 5. Definition of strategies to reduce the global burden related to air pollution–
related diseases for individuals, communities, and societies.

 6. Definition of strategies to reduce mortality related to air pollution–related dis-
eases in developed and developing countries; in high-, middle-, and low-income 
settings; and in urban, semirural, rural, and extreme rural settings.

36.6  Reducing the Pollution Divide and Leveling Inequalities 
Among and Within Countries

Sociodemographic factors can lead to different levels of exposure for selected 
groups of people. This is clear when the differences between high- and low-income 
counties are considered, and also because in these different scenarios, people are 
exposed to different types of indoor and outdoor air pollution. On the other hand, 
social and demographic differences are present also at the national level, espe-
cially—but not limited to—those countries and regions with a large territorial exten-
sion, a high level of immigration, or large metropolitan areas in contrast to large 
rural extensions (e.g., the USA, the European Union, and China).

In addition, several studies have underlined differences in terms of health out-
comes within the same urban area, highlighting the fact that in those places where 
clusters of disadvantaged people and families live, the effects of air pollution on 
health are greater [1–4].

Age, race, and the level of education also affect exposure to air pollutants and 
health outcomes [5], underlining the fact that inequities represent a risk factor for 
development of air pollution–related diseases.

Implementation of policies aimed at reducing the effects on human health and 
promoting well-being to improve the quality of life of communities and individuals 
must take into account the pollution divide; everyone, in fact, should be able to 
access information aimed at reducing the risk, and take actions that can minimize 
exposure to airborne toxins. At the same time, people have the right to live in a clean 
environment regardless of their age, social status, ethnicity, or level of education.

 Conclusions
Air pollution is a clear and present danger, and proper actions need to be taken 
promptly to avoid a worldwide catastrophe, which is reaching a point of no 
return. The effects on human health are partially known, but the actual burden is 
probably underestimated. Joint action by governments, international organiza-
tions, and research institutions is needed to better understand the complexity of 
air pollution, the difficulties involved in establishing its real impact on human 
societies, the peculiarities of the different components and how they are pro-
duced and spread in the atmosphere, and how they interact with the environment, 
as well as with human tissues, organs, and systems.
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The real key to overcoming this hazard is knowledge, and building and 
 accessing that knowledge is a priority. This implies that schools and universities 
must educate people about complexity and that all ways of research must remain 
open.

People need to be empowered so they will become able to understand the fine 
implications of this invisible enemy, which has the capacity to negatively shape 
human existence. That is a due process; no policy or decision can change the 
course of events if people are not directly involved. Besides, changes in behavior 
at the community and individual levels may be enough to reduce exposure to air 
pollutants and, consequently, their acute and chronic effects on health.

Finally, cooperation among all stakeholders at the international, national, and 
local levels is essential to address the issue, so that everyone can become able to 
access information, prevention, and decisions to protect themselves from pollu-
tion, regardless of their origins, status, education, or age.
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37Conclusions

Fabio Capello and Antonio Vittorino Gaddi

Air pollution is a global concern. As far as we know, the planet Earth is the only 
celestial body where life has developed and evolved. This is due to its unique pecu-
liarities in our system among others: the right temperature, the presence of liquid 
water, the presence of a magnetic field, and, above all, the presence of an atmo-
sphere composed of gases that allow life, as we know it, to survive. Other possible 
environments and life-forms may exist in the universe, whose physiology and bio-
chemistry may be completely alien and irrational from our perspective. Nonetheless, 
the air that we breathe is the environment where the human race has bred, and it is 
what keeps us alive.

Over the eras, climate changes and different compositions of the atmosphere 
have selected, nurtured, and extinguished different species and forms of life; through 
a process of natural selection, those organisms able to adapt to the changes in the 
environmental conditions survived and evolved. It takes eons to create and destroy 
ecosystems and the fine balance that regulates them. Also, when catastrophes have 
happened—such as the one that likely caused the extinction of the dinosaurs on our 
planet—life has survived and found its way.

This is where we come from.
Fine changes in the composition of the air we respire cannot be free of conse-

quences. The changes in society and the development of a technologically based 
civilization, with the rapid changes this brings with it, are affecting the environment 
at different scales. Although the actual impact of human emissions—and how those 
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affect the composition of the atmosphere as a whole—remain unclear and contro-
versial, it is clear and undisputable that in urban and high-density areas, the spread 
of airborne pollutants is a fact.

We are therefore facing the rise of a new era, or a new epochal change; in the 
past, there have been similar occurrences when environmental, technological, eco-
logical, and epidemiological conditions changed: famines, wars, pandemics and 
plagues, and, recently—especially after the development of new models of hus-
bandry or the discovery of antibiotics—the epidemics of cardiovascular disease, 
noncommunicable diseases, and, generally speaking, diseases of affluence.

Yet, unlike climate change—which is another major factor for evolution or 
extinction of races and species—air pollution works on a different timescale and is 
likely to speed up its pace, accordingly to geographical and demographical changes.

For this reason, humans may not have time to adapt themselves to the new condi-
tions; certainly, there will not be space for a Darwinian selection. Or, otherwise, the 
interaction with the many components of air pollution may cause epigenetic changes 
or adaptive processes, which, however, are difficult to accept according to what we 
know of evolution, development, and selection.

These may appear to be mere speculations, but the rise and fall of ecosystems 
and, later, of civilizations is a leitmotiv in the history of our planet.

37.1  Definition of Air Pollution–Related Diseases

The effects of air pollution on human health have been studied for decades, but we 
have only a partial and limited picture of the real extension of the problem. Air pol-
lution is a compound of airborne chemicals, particulates of different sizes, organic 
molecules, and biologically active or inert matter; every single component can lead 
to consequences, alone or in synergy with the others. Although inhalation is the main 
form of assimilation, toxins can enter the human body through other ways such as 
ingestion or skin absorption. Different components can have direct or indirect effects, 
alone or in combination with other toxins or microorganisms, interacting with 
humans cells, tissues, organs, and systems; impeding normal physiological or bio-
chemical pathways; interfering with passive or active protections of the organism; 
triggering abnormal responses; physically damaging structures at the macro, micro, 
and molecular levels; facilitating the action of other pathological triggers or expres-
sion of genetic conditions; and preventing normal development, multiplication, and 
maturation of cells, tissues, organs, and structures. Different sources, concentrations, 
times, and modes of exposure are linked to different effects; people subject to air 
pollution have unique susceptibility and vulnerability. The effects can show them-
selves immediately with a clear cause-and-effect relationship or after days, weeks, 
months, or years, so that a clear causal connection cannot be established.

This noncomprehensive picture illustrates the complexity of this subject and why 
we are still far from a complete mapping of the damage to human health that comes 
from air pollution.
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Most of the studies have focused on direct effects of air pollution on the respira-
tory tract; nevertheless, it is becoming clearer that the mixture of components in air 
pollution has effects on different organs and systems, causing acute, chronic, and 
permanent damages at all ages.

For these reasons, it is crucial to identify a new branch of medicine, introducing 
the idea of air pollution–related diseases, defined as all diseases and acute, subacute, 
chronic, and permanent medical conditions that are directly or indirectly related to, 
triggered, promoted, facilitated, or caused by air pollution at the macro, micro, 
genetic, and molecular levels, regardless of the type of exposure or the timing of the 
exposure.

This definition clearly includes a wide range of pathological manifestations, 
which cross the boundaries of different disciplines in medicine, biology, and 
research. Yet the demarcation of boundaries is a primary bias and one of the stron-
gest limitations in research. For the same reason, the concept of different patholo-
gies, grossly clustered under the same blurred dome but linked by a common root, 
is essential.

This view opens new road to research, aimed at gathering knowledge from the 
different fields of fundamental science and human science.

The clinical implications may be not so clear, as the clinical presentation of dis-
eases linked to air pollution may not differ from what we already know about simi-
lar conditions. Yet, the definition of individual risk and of tailored plans for 
prevention for individual patients are some of the practical consequences of this 
new field of medicine. As this is a relatively young discipline, the treatment options 
aimed at reducing or directly curing those diseases caused by air pollution are still 
limited; however, knowledge of the fine physiopathological mechanisms that regu-
late the development of pathologies secondary to exposure to air pollution, and 
elaboration of models that could predict future damage to tissues and organs, may 
open new roads. The final goal is discovery of new medicines, new nonpharmaceuti-
cal therapies, and new strategies for prevention.

At the same time, it is critical to develop realizable diagnostic tests that could 
help to detect those subjects who are at higher risk or who have already been 
exposed to doses and types of pollutants that are known to cause, trigger, or facili-
tate disease.

Then again, inclusion of air pollution–related diseases in the medical classifica-
tion of the diagnosis is paramount in order to create plans for intervention in public 
health settings. Primary, secondary, and tertiary prevention are crucial to reduce the 
extent of the problem and to promote health and well-being for communities and 
individuals.

This is particularly true for those categories of people who may be more affected, 
such as children and elderly people. Children, in particular, are more vulnerable 
than adults because of nonmodifiable physiological and behavioral characteristics; 
because the effects of air pollution have time to show themselves years after the 
exposure; and because chronically exposed children are subject to the effects of air 
pollutants for more time than adults and elderly people are.
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On the other hand, people from different backgrounds can be subjected to dam-
age or air pollution regardless of their origin, race, social status, education, or age.

Consequently, medical doctors must become familiar with the idea of air pollu-
tion–related diseases, and this discipline should be included in the core curricula of 
medical schools worldwide, as well as in specialist training courses and in post-
graduate education.

37.2  The Extent of the Problem

Air pollution is not a plague of our time. It has been known since the time of the first 
industrial revolution, and its effect on human health has been suspected since the 
earliest stages. However, the demographic expansion and global technological 
development; the fast urbanization in developing countries or in those countries 
with strong discrepancies between rural and urban or metropolitan areas; and the 
use of unregulated and outdated polluting technologies and means of transportation 
are contributing today to the explosion of the problem and its consequences.

China, in this sense, can be considered a reliable model, with a very high rate of 
industrialization and urbanization, and a level of pollution that—at particular times 
of the year and in selected areas—reaches a level barely compatible with life. This 
does not mean that the awareness of the people who are exposed grows at the same 
pace, although the morbidity and mortality in those regions secondary to the effects 
of air pollution are rising.

Pollution, in fact, is often an invisible enemy, which creates concern only when—
as on very smoggy days—its presence is unequivocally evident or when it has 
immediate consequences for human health. This is an old lesson that should have 
already been learned: first- and second-hand tobacco smoke—by chance, a major 
source of indoor pollution—shows its deadly effects after years of active or passive 
smoking.

The critical point is that people may be constantly exposed to air pollution even 
when they think they are safe; that can happen at home and in residential areas, 
while traveling or commuting, at school or in the workplace, or in all the other loca-
tions where people go for leisure, for prayer, or for any other reason.

The burden for individuals and societies is becoming too heavy to bear, and 
immediate actions are needed to reduce the amount of pollutants emitted into the 
atmosphere locally and globally, and to protect the environment—and, ultimately, 
people—from their effects.

37.3  Solutions

Improving the quality of the air that people breathe every day is vital; it requires 
coordinated action at the local, national, and international levels, with implementa-
tion of shared policies of environmental administration. Because any solution can 
cause unknown consequences, the role of research is critical. A network of universi-
ties, organizations, governments, and nongovernmental agencies and institutions 
should be promoted, together with sharing of information and ideas.
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Education remain a key factor, in terms of improvement of scientific and medical 
literacy, and development of curricula for doctors, health workers, scientists, engi-
neers, researchers, and policy makers. It also means that all the public and private 
stakeholders must be involved and should have their say.

Medical doctors must become aware of the problem and should always investi-
gate their patients to rule out or detect possible air pollution–related diseases.

Plans for primary, secondary, and tertiary prevention at the community and 
 individual levels have to be implemented, while individual actions aimed at reduc-
tion of emissions, detection and monitoring of exposure, protection against air pol-
lution, and cleaning up of the environment should be encouraged.

The most vulnerable groups should be protected—particularly children and peo-
ple from disadvantaged backgrounds—to limit the pollution divide and globally 
improve the quality of life.

The cost effectiveness of similar interventions has to be wisely evaluated, but 
measures aimed at reducing exposure to air pollution and its effects on the environ-
ment, on people’s health, and on their quality of life should always be prioritized, 
even when they lead to implementation of unpopular measures or social sacrifices.

At the very least, a global effort and organization is needed to improve the effects 
of action against pollution. This implies implementation of coordinated and non-
chaotic measures by everyone involved, so they can act in synergy and not in oppo-
sition. The ultimate risk, in fact, is the creation of a Tower of Babel, where every 
actor metaphorically speaks a different language. This remains a major challenge 
also because of the different interests at stake.

Even so, humanity has the force and the means to overcome this deadly threat 
that—like the mythical Sword of Damocles—hangs over the heads of us all. 
Division and confusion could yet sign our fate, whereas sharing and coordination 
could lead to salvation.

The final goals are improvement of the level of education, health promotion, data 
sharing, research, coordination, and planning; implementation of environmentally 
friendly policies, monitoring and data analysis processes, and community-based 
and individual protection measures; and, ultimately, enhancement of our quality of 
life and the quality of the air we breathe.
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Glossary

Absorption A physical or chemical phenomenon or a process in which atoms, 
molecules, or ions enter some bulk phase—gas, liquid, or solid material.

Adaptive Immune System A subsystem of the overall immune system that is 
composed of highly specialized, systemic cells and processes that eliminate or 
prevent pathogen growth.

ADME Absorption, distribution, metabolism, and excretion.
AhR “Aryl hydrocarbon receptor.” The aryl hydrocarbon receptor, a protein 

encoded in humans by the AHR gene, is a ligand-activated transcription factor 
implicated in the regulation of biological responses to aromatic hydrocarbons.

AIDS “Acquired immune deficiency syndrome.” The acquired immune deficiency 
syndrome is a multiplicity of conditions caused by contagion with human immu-
nodeficiency virus (HIV).

Air Filter A device composed of fibrous materials which removes solid particu-
lates such as dust, pollen, mould, and bacteria from the air.

Air Pollutants Particulates or biological molecules that cause diseases, allergies, 
death to humans, and damage to other living organisms or the natural or built 
environment.

Airborne Carcinogens Potentially carcinogenic chemicals are sources involving 
combustion.

Allergy A number of conditions caused by hypersensitivity of the immune system 
to something in the environment that usually causes little or no problem in most 
people.

Alveoli Grouped together like a lot of interlinked caves, and this allows the gas 
exchange into lungs.

Ambient Nanoparticles Derive from gas to particle reactions in the atmosphere or 
are produced unintentionally in high temperature processes.

Apoptosis A process of programmed cell death that occurs in multicellular 
organisms.

APP “Amyloid precursor protein.” It is a single-pass transmembrane protein 
expressed at high levels in the brain that have major roles in the regulation of 
several important cellular functions like synaptogenesis and synaptic plasticity.

Arachidonic Acid A polyunsaturated omega-6 fatty acid 20:4(ω-6).
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Arteriosclerosis The thickening, hardening, and loss of elasticity of the walls of 
arteries.

Asthma A common long-term inflammatory disease of the airways of the lungs 
characterized by variable and recurring symptoms, reversible airflow obstruc-
tion, and bronchospasm.

Atherosclerosis Specific form of arteriosclerosis in which an artery-wall thickens 
as a result of invasion and accumulation of white blood cells (WBCs) (foam cell) 
and proliferation of intimal-smooth-muscle cell creating a fibrofatty plaque.

Atmosphere Residence Time Is defined as the average time that an aerosol spends 
in the atmosphere as a mutual result of the processes of formation/production 
against those of removal.

Atmosphere A layer of gases rounding a planet or other material body, that is held 
in place by the gravity of that body.

ATSDR “Agency for Toxic Substances and Disease Registry.” The Agency for 
Toxic Substances and Disease Registry (ATSDR), in Atlanta, is a federal public 
health agency of the U.S. Department of Health and Human Services.

Autophagy The natural, destructive mechanism that disassembles, through a regu-
lated process, unnecessary or dysfunctional cellular components.

AZT “Azidothymidine.” Azidothymidine is an antiretroviral drug for the treatment 
and prevention of HIV/AIDS.

Aβ “Amyloid-β peptide.” About 36-43 amino acids that are crucially involved in 
Alzheimer's disease as the main component of the amyloid plaques found in the 
brain of Alzheimer patients.

B Cells A type of white blood cell of the lymphocyte subtype that secreting antibodies 
play function in the humoral immunity component of the adaptive immune system.

B(e)P “Benzo(e)pyrene.” It is a toxic element contained in cigarette smoke.
Bacteria A large domain of prokaryotic microorganisms.
Benzene Organic chemical compound with the chemical formula C6H6.

Benzo[a]pyrene Isomer of benzopyrene, a polycyclic aromatic hydrocarbons.
Biomarkers Or biological marker, generally refers to a measurable indicator of 

some biological state or condition.
BPA “Bisphenol A.” It is an organic synthetic compound, belonging to the group 

of diphenylmethane derivatives and bisphenols, characterized by two hydroxy-
phenyl groups.

Bradikynsia Slowness of movement. It is one of the cardinal manifestations of 
Parkinson's disease often associated with an impaired ability to adjust the body's 
position.

Brushfield Spots A small white or grayish/brown slightly elevated spots on the 
periphery of the iris in the human eye due to aggregation of connective tissue. 
These spots occur in normal children but are far more frequent in Down's syn-
drome (trisomy 21).

BUT “Break-up time.” It is the most important test for diagnosing evaporative dry eye.
BVOC “Biogenic Volatile Organic Compounds.” It is emitted by mainly by vegeta-

tion,  plays a significant role in the generation of SOA.
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Cancer A group of diseases involving abnormal cell growth with the potential to 
invade or spread to other parts of the body.

Car “Constitutive androstane receptor.” Constitutive androstane receptor or nuclear 
receptor subfamily 1, acts as a sensor of endobiotic and xenobiotic substances. It 
is a human protein encoded by the NR1I3 gene.

Carcinogen Any substance, radionuclide, or radiation that is an agent directly 
involved in causing cancer.

Cardiac Hipetrophy A response of myocardium to various physiologic and patho-
logic stimuli including mechanical and hormonal. The common causes are high 
blood pressure (hypertension) and heart valve stenosis resulting in the thickening 
of myocardium, in turn decreasing the size of chambers and ventricles of heart.

Carotid Atherosclerosis A condition of building-up of plaque inside carotid artery 
walls resulting in narrowing and reducing blood flow to brain.

Cataracts A clouding of the lens in the eye leading to a decrease in vision. It can 
affect one or both eyes.

Cellular Pathways Part of a complex system of communication that governs basic 
activities of cells and coordinates cell actions.

Chromosomal Aberrations A missing, extra, or irregular portion of chromosomal 
DNA.

Chromosome A packaged and organized structure containing most of the DNA of 
a living organism.

Chronic Condition A human health condition or disease that is persistent or other-
wise long-lasting in its effects or a disease that comes with time.

Climate Change A change in the statistical distribution of weather patterns when 
that change lasts for an extended period of time.

CNS “Clinical nurse specialist.” It is a healthcare worker who can provide expert 
advice related to specific conditions or treatment pathways.

CO “Carbon monoxide.” It is  a colorless, odorless, and tasteless gas that is slightly 
less dense than air.

Coarse Particles Derive from mechanical processes such as solid abrasion, wind 
erosion of rocks and soil, organic debris, volcanic emission, and sea- salt aerosol.

Coarse Particulate Matter Particulate matter present in air is divided into differ-
ent categories depending on the size of the particles.

Concentration The abundance of a constituent divided by the total volume of a 
mixture.

COPD “Chronic Obstructive Pulmonary Disease.” It is progressive lung diseases 
including emphysema, chronic bronchitis, refractory (non-reversible) asthma, 
and some forms of bronchiectasis.

CP “Cerebral palsy.” It is a group of neurological disorders that appear in infancy 
or early childhood which permanently affect body movement, muscle coor-
dination, and balance. CP affects the part of the brain that controls muscle 
movements.

CS2 “Carbon disulfide.” It is a colorless, toxic, highly volatile and flammable liq-
uid chemical compound.
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CYP “Cytochromes P450.” Cytochromes P450 are a family of hemoproteins char-
acterized by the heme as a cofactor, well-known as terminal oxidase enzymes in 
electron transfer chains.

DED “Dry Eye Disease.” It is the most frequent disorder in ophthalmological 
practice.

Dendritic Cells Antigen-presenting cells of the mammalian immune system.
Determinants of Health Factors which influence health status and determine 

health differentials or health inequalities.
DEWS “Dry Eye WorkShop.” It  is the most detailed scientific report about dry 

eye disease.
Diabetes A group of metabolic diseases in which there are high blood sugar levels 

over a prolonged period.
Distribution The movement of a drug from one location to another within the body.
DNA A molecule that carries the genetic instructions used in the growth, development, 

functioning and reproduction of all known living organisms and many viruses.
DNA “Deoxyribonucleic acid.” Deoxyribonucleic acid is a molecule that contains 

the genetic heritage used in the growth, development, functioning, and reproduc-
ing of living organisms.

DOHaD “Developmental origins of health and disease.” A new scientific branch 
exploring the influence of adverse events that occur during early phases of 
human development (particularly exposure to environmental pollution), on the 
health of the newborn and throughout life (including the development of chronic/
not communicable diseases).

Drugs Any substance other than food, that when inhaled, injected, smoked, con-
sumed, absorbed via a patch on the skin or dissolved under the tongue causes a 
physiological change in the body.

Eco-Friendly Marketing and sustainability terms referring to goods and services, 
laws, guidelines, and policies that inflict reduced, minimal, or no harm upon 
ecosystems or the environment.

Ecosystem A community of living organisms in conjunction with the nonliving 
components of their environment (things like air, water, and mineral soil), inter-
acting as a system.

EDC “Endocrine-disrupting chemical.” Endocrine disruptors are chemicals that 
at particular doses can interact with endocrine systems causing cancer, birth 
defects, and other growing disorders.

EDCs “Endocrine Disrupting Chemicals.” Chemical substances of various origin 
mainly introduced by ingestion, inhalation, or dermal contact and able to inter-
fere at different levels with hormonal systems. During fetal life EDCs, may act 
as (pseudo)morphogens, interfering with fetal programming.

EDED “Environmental Dry Eye Disease.” It is a subtype of dry eye disease caused 
by environmental factors.

Epidemiology The study and analysis of the patterns, causes, and effects of health 
and disease conditions in defined populations.

Epigenetics The study of cellular and physiological phenotypic trait variations that 
result from external or environmental factors that switch genes on and off and 
affect how cells express genes.
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Epithelial Cells Cells of epithelium, one of the four basic types of animal tissue.
ETS “Environmental tobacco smoke.”
Evidence Base The evidence base refers to a body of information, drawn from 

routine statistical analyses, published studies and “grey” literature, which tells us 
something about what is already known about factors affecting health.

Excretion The process by which metabolic wastes and other non-useful materials 
are eliminated from an organism. In vertebrates this is primarily carried out by 
the lungs, kidneys, and skin.

Exposure Assessments A branch of environmental science and occupational 
hygiene that focuses on the processes that take place at the interface between the 
environment containing the contaminant(s) of interest and the organism(s) being 
considered.

Extracellular Matrix A collection of extracellular molecules secreted by cells that 
provides structural and biochemical support to the surrounding cells.

Fetal Programming The fetal environment is influenced by several factors includ-
ing the intake of nutrients and toxic compounds by the mother. The genome as 
such is habitually not directly changed by these factors, which could induce the 
"epigenetic software" related to the single genes to change in an adaptive and 
predictive way. This could have lasting effects on the programming of metabolic 
functions in the fetus and even in the next generations.

FMO “Flavin-containing monooxygenase.” The flavin-containing monooxygenase 
is a protein family specialized in the oxidation of xenosubstrates with the aim of 
helping their excretion from living organisms.

Formaldehyde A naturally occurring organic compound with the formula CH2O.
Gas A state of matter distinguished by relatively low density and viscosity, rela-

tively great expansion and contraction with changes in pressure and temperature.
Glycemia The presence, or the level, of glucose in one’s blood.
GSH “Glutathione.” The tripeptide glutathione is able to prevent damage to cel-

lular components produced by reactive oxygen species. It is a significant antioxi-
dant in animals, plants, fungi, and some bacteria.

Health The level of functional or metabolic efficiency of a living organism.
HSA Human serum albumin. Human serum albumin, produced in the liver, is the 

most abundant protein in human blood plasma.
Hyperglycemia A condition in which an excessive amount of glucose circulates 

in the blood plasma.
Hypoglycemia When blood sugar decreases to below normal levels.
Immune System A host defense system comprising many biological structures 

and processes within an organism that protects against disease.
Immunity The balanced state of having adequate biological defenses to fight 

infection, disease, or other unwanted biological invasion, while having adequate 
tolerance to avoid allergy, and autoimmune diseases.

Indoor Air Constitutes an increasing matter of concern covering both the field of 
residential environments together with hospitals and other  working environment.

Inflammation Part of the complex biological response of body tissues to harm-
ful stimuli, such as pathogens, damaged cells, or irritants, and is a protective 
response involving immune cells, blood vessels, and molecular mediators.
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Innate Immune System An important subsystem of the overall immune system 
that comprises the cells and mechanisms that defend the host from infection by 
other organisms

Insulin A peptide hormone produced by beta cells of the pancreatic islets.
Integrator Measurement and control applications is an element whose output sig-

nal is the time integral of its input signal.
In-Transit Is a term which refers to the particles characterizing the transportation 

condition for the considered individual.
Led “Light-emitting diode.” It is a semiconductor device that emits visible light 

when an electric current passes through it.
Lipid A group of naturally occurring molecules that include fats, waxes, sterols, 

fat-soluble vitamins (such as vitamins A, D, E, and K), monoglycerides, diglyc-
erides, triglycerides, phospholipids, and others.

Lymphocytes One of the subtypes of white blood cell in a vertebrate's immune 
system. Natural killer cells, T cells and B cells are included.

Macrophages A type of white blood cell that engulfs and digests cellular debris, 
foreign substances, microbes, cancer cells, and anything else that does not have 
the types of proteins specific of healthy body cells on its surface  in a process 
called phagocytosis.

Mask An object normally worn on the face, typically for protection.
MDR1 Multidrug resistance protein. Multidrug resistance protein 1 is an essential 

ATP-dependent efflux pump protein of the cell membrane it pumps substances 
out of cells,  mediating the efflux of drugs from cells.

Mediators The natural, destructive mechanism that disassembles, through a regu-
lated process, unnecessary or dysfunctional cellular components.

Metabolism The set of life-sustaining chemical transformations within the cells of 
living organisms.

Metabolites The intermediates and products of metabolism.
Metal Poisoning The toxic effect of certain metals in certain forms and doses on 

life.
Nervous System The part of an animal's body that coordinates its voluntary and 

involuntary actions and transmits signals to and from different parts of its body.
Neutrophils The most abundant type of granulocytes and the most abundant (40% 

to 75%) type of white blood cells that form an essential part of the innate immune 
system.

Nitrogen Dioxide the chemical compound with the formula NO2 that  is an inter-
mediate in the industrial synthesis of nitric acid.

NK Cells A type of cytotoxic lymphocyte critical to the innate immune system.
NO2 “Nitrogen dioxide.” It is the chemical compound with the formula NO2.
NOx “Nitrogen oxide.” It is a molecular, chemical compound produced during 

combustion, especially at high temperature.
O2 “Oxygen.” It is the third most abundant element in the Universe after hydrogen 

and helium.
O3 “Ozone.” Ozone or trioxygen is an inorganic molecule with the chemical for-

mula O3.
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Oat “Organic anion transporter.” Organic anion transporter, a member of the organic 
anion transporter family, is a human protein coded by the SLC22A6 gene.

Occupational Environments Is the place in which an individual is exposed to 
specific PM sources.

OR “Odds ratio.” It is a measure of association between an exposure and an 
outcome.

OSDI Ocular Surface Disease Index is the validated questionnaire for scoring dry 
eye symptoms.

Outdoor Air Refers to the basic environmental compartment in which air pollution 
including PM is formed and emitted.

Oxidative Potential A measure of the tendency of a chemical species to acquire 
electrons and thereby be reduced.

Oxidative Stress Reflects an imbalance between the systemic manifestation of 
reactive oxygen species and a biological system's ability to readily detoxify the 
reactive intermediates or to repair the resulting damage.

PAHs “Polycyclic aromatic Hydrocarbons.”  Hydrocarbons—organic compounds 
containing only carbon and hydrogen—that are composed of multiple aromatic 
rings.

PAPS “3’-phosphoadenosine-5’-phosphosulfate.”  3'-Phosphoadenosine-5'-
phosphosulfate is the most common coenzyme in sulfotransferase reactions; it 
derives from 3-phosphorylated adenosine monophosphate with a sulfate group 
attached to the 5' phosphate.

P-gp “P-glycoprotein.” P-glycoprotein is a transporter protein localized to the cel-
lular membrane of drug-resistant cells.

PM “Particulate matter.” Inhalable particles of different composition and size able 
to induce adverse health effects and produced by combustion processes (primary 
PM) or in the ambient air (secondary PM) following photo- chemical reactions 
between precursors.

PM10 Particulate matter with a diameter of particles <10 μm.
PM2.5 Particulate matter with a diameter of particles <2.5 μm.
Pneumonia An inflammatory condition of the lung affecting primarily the micro-

scopic air sacs known as alveoli.
Pollutants A substance or energy introduced into the environment that has unde-

sired effects, or adversely affects the usefulness of a resource.
POPs Persistent organic pollutants. Persistent organic pollutants are organic compounds 

resistant to environmental degradation through chemical, biological, and photolytic 
processes. They can bioaccumulate in the different species of the food chain.

PPAR Alpha “Peroxisomal proliferator activating receptor alpha.” Peroxisome 
proliferator-activated receptor alpha is a nuclear receptor protein encoded in 
humans by the PPARA gene and involved in hepatic lipid metabolism.

Preeclampsia A disorder of pregnancy characterized by high blood pressure and a 
large amount of protein in the urine.

Prevention Activities that reduce the amount of pollution generated by a process.
Primary Aerosol Is constituted by particles which are emitted into the atmosphere 

as soon as they formed.
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PXR “Pregnane X receptor.” The pregnane X receptor is an important component 
of the body's adaptive defense mechanism against toxic substances including 
foreign chemicals.

Radiations The emission or transmission of energy in the form of waves or par-
ticles through space or through a material medium.

RB1 “Retinoblastoma 1 gene.” It is a protein coding gene.
Respiratory System A biological system consisting of specific organs and struc-

tures used for the process of respiration in an organism.
Reumathic Disease An umbrella term for conditions causing chronic, often inter-

mittent pain affecting the joints and/or connective tissue.
Risk The potential of gaining or losing something of value.
RNA “Ribonucleic acid.” Ribonucleic acid is a chain of nucleotides often found in 

nature as a single-strand folded onto itself. It has the function of coding, decod-
ing, regulating and expressing of genes.

ROS Reactive oxygen species. Reactive oxygen species are chemically extreme 
reactive organic species containing oxygen. Usually they derive from the physi-
ological by-product of the metabolism of oxygen. They can create significant 
damage to cell structures.

SAM “S-adenosylmethionine.” S-Adenosylmethionine is a compound found in 
almost every tissue and fluid in the body involved in the immune system, cell 
membranes' maintenance, and production and breakdown of chemicals, such as 
serotonin, melatonin, and dopamine.

Secondary Aerosol Are those produced following the emission of their gaseous 
precursors subjected to irreversible oxidation processes whose polar products are 
contextually condensed.

Smoke A collection of airborne solid and liquid particulates and gases emitted 
when a material undergoes combustion or pyrolysis, together with the quantity 
of air that is entrained or otherwise mixed into the mass.

SO2 “Sulfur dioxide.” It is a chemical compound.
Species One of the basic units of biological classification and a taxonomic rank.
Sulphur Dioxide (SO2) Chemical compound. In a standard atmosphere, it is a 

toxic gas with a pungent, irritating smell.
Syndrome Metabolic A clustering of at least three of the five following medi-

cal conditions which are: abdominal (central) obesity (cf. TOFI), elevated blood 
pressure, elevated fasting plasma glucose, high serum triglycerides, and low 
high-density lipoprotein (HDL) level.

T Cells A type of lymphocyte (a subtype of white blood cell) that plays a central 
role in cell-mediated immunity.

TCE “Trichloroethylene.” The halocarbon trichloroethylene is a common indus-
trial solvent. In the past, it was also used as a volatile anesthetic and as an inhaled 
obstetrical analgesic. It is a non-flammable liquid characterized by a sweet smell.

Terpene A large and diverse class of organic compounds, produced by a variety 
of plants

TLRs “Toll Like Receptors.” They are a class of proteins that play a key role in 
the innate immune system. They are single, membrane-spanning, that recognize 
structurally conserved molecules derived from microbes.

Glossary



679

TNT “Trinitrotoluene.” It is an organic solvent.
Transboundary Pollution Is related to the aim of quantitatively detecting the 

amount of atmospheric pollutants produced in a country  with respect to aliquots 
produced by neighbor countries, adding to local sources through atmospheric 
transport.

Tubercolosis An infectious disease caused by the bacterium Mycobacterium tuber-
culosis (MTB).

UDP “Uridine diphosphate.” Uridine diphosphate is an ester of pyrophosphoric 
acid with the nucleoside uridine. It is a key factor in glycogenesis.

UDPGA “UDP activated glucuronic acid.” UDP-glucuronic acid is formed in the 
liver and composed of glucuronic acid linked via a glycosidic bond to uridine 
diphosphate. It is often involved in the phase II metabolism of lipophilic xeno- 
and endobiotics to facilitate the elimination of toxic species from the organism.

UFP “Ultrafine particles.” They are particulate matter with a diameter of particles 
<0.1μm.

UV “Ultraviolet light.” It has shorter wavelengths than visible light.
VAT “Visceral Adipose Tissue.” It is a hormonally active component of total body 

fat, which possesses unique biochemical characteristics that influence several 
normal and pathological processes in the human body.

Virus A small infectious agent that replicates only inside the living cells of other 
organisms.

Vitamin D Refers to a group of fat-soluble secosteroids responsible for increasing 
intestinal absorption of calcium, iron, magnesium, phosphate, and zinc.

WHO “World Health Organization.” It is a specialized agency of the United 
Nations that is concerned with international public health.

ZDV “Zidovudine.” Zidovudine is an antiretroviral drug also known as azidothy-
midine (AZT).
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