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Ambient and household air pollution is a major health problem world-
wide, contributing annually to approximately seven million of all-
cause avoidable deaths, shorter life expectancy, and significant direct

and indirect costs for the community. Air pollution is a complex mixture of
gaseous and particulate materials that vary depending on their source and
physicochemical features. Each material has detrimental effects on human
health, but a number of experimental and clinical studies have shown a
strong impact for fine particulate matter (PM2.5). In particular, there is more
and more evidence that PM2.5 exerts adverse effects particularly on the car-
diovascular system, contributing substantially (mainly through mecha-
nisms of atherosclerosis, thrombosis and inflammation) to coronary artery
and cerebrovascular disease, but also to heart failure, hypertension, diabetes
and cardiac arrhythmias. In this review, we summarize knowledge on the
mechanisms and magnitude of the cardiovascular adverse effects of short-
and long-term exposure to ambient air pollution, particularly for the PM2.5

size fraction. We also emphasize that very recent data indicate that the
global mortality and morbidity burden of cardiovascular disease associated
with this air pollutant is dramatically greater than what has been thought
up to now. 
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ABSTRACT

Introduction

Pollution of the ambient (outdoor) and household (indoor) air is recognized as
one of the main risk factors for premature death, morbidity and disability-adjusted
life-years, leading to significant direct and indirect costs for the community.1-3 The
World Health Organization (WHO) warns us that globally ambient and household
air is dangerously polluted for nine out of ten people, leading every year to at least
seven million avoidable deaths,3,4 mainly from such atherothrombotic cardiovascu-
lar diseases (CVD) as coronary artery and cerebrovascular disease, but also to other
non-communicable diseases such as cancer and chronic obstructive pulmonary dis-
ease.5,6 Diseases associated with air pollution are responsible for three times more
premature deaths than AIDS, tuberculosis and malaria combined, and 15 times
more than all wars and other violent causes.
The air pollutome is a complex mixture of gases (nitrogen oxides, ozone, sulfur

dioxide, ammonia and carbon monoxide), volatile droplets (quinones and poly-
cyclic aromatic hydrocarbons), and primary and secondary particulate matter (PM).
Secondary PM forms in the air from primary precursors such as nitrogen dioxide,
sulphur dioxide, ammonia, and volatile organic components. The physicochemical
composition of air pollution varies, depending on environmental factors such as
geographical and meteorological conditions and the prevailing sources, i.e. indus-
trial activity, agriculture, and road, sea and air traffic.7 Fossil fuel combustion is a
major source of ambient air pollution, whereas burning of biomass used for cook-
ing and heating is the most important source of household air pollution,  particu-
larly in low- and middle-income countries. There is robust epidemiological evi-



dence that PM is an extremely dangerous component for
human health so that it may be considered a reliable
proxy of the burden of ambient air pollution on morbidity
and mortality.7 PM is a complex and heterogeneous mix-
ture commonly classified on the basis of size as coarse
(aerodynamic diameter <10 μm; PM10), fine (diameter <2.5
μm; PM2.5), or ultrafine (<0.1 μm; PM0.1)  fractions.8
Even though there is much evidence on the deleterious

impact of air pollution on multiple body organs and sys-
tems,6 a recent joint statement from the European
Respiratory Society (ERS) and the American Thoracic
Society (ATS) identified the cardiovascular system as the
main target of air pollution, due, in particular, to PM2.5.9,10
PM2.5 penetrates deep into the lower respiratory tract,
escapes host defense and alveolar clearing mechanisms,
and may reach the blood stream and organs (including the
placenta and the brain) through translocation across bio-
logical membranes. Moreover, the large surface of PM2.5

facilitates the adsorption of organic material, heavy metals
and other toxic substances, and offers room for oxygen
radical generation in the lungs and blood. 
The joint ERS/ATS statement is supported by a number

of studies that in the last 20-30 years have unequivocally
linked air pollution to CVD as  the leading cause of global
mortality, morbidity and disability.11,12 The most recent
report by the Global Burden of Disease (GBD), which pro-
vides a source of annually updated, age- and sex-specific
global data on all-cause mortality and related risk factors,
indicates that at least 19 of the 56 million annual deaths
worldwide are attributed to CVD; this is many more than
to cancer (9.5 millions) and chronic obstructive pulmonary
disease (3.9 millions).1 The same report also estimated that
ambient air pollution ranks eighth in a list of 79 mortality
risk factors.12 The magnitude of this risk is explained by
the pervasive, persistent and unavoidable exposure to air
pollution, resulting in a high population-attributable risk
fraction.
With this background, we aim to update knowledge on

the effects on the cardiovascular system of acute (short-
term) and chronic (long-term) exposure to ambient air pol-
lution. We also draw attention to new data indicating that
the global burden of PM2.5 pollution on mortality and mor-
bidity from CVD and other non-communicable diseases is
much greater than that previously established by the two
major sources of information, i.e. the WHO and the GBD. 

Biomechanisms of atherothrombosis associated with
air pollution 
The biological mechanisms through which air pollution,

and particularly the PM2.5 size fraction, influence the
occurrence of cardiovascular events are complex, multiple,
and interdependent.13,14 Following inhalation, PM2.5 leads to
the production of pro-oxidative (i.e. reactive oxygen
species) and pro-inflammatory biological mediators (i.e.
such cytokines as interleukin-6 and tumor necrosis factor),
acute-phase reactants such as C-reactive protein, and
vasoactive hormones such as the endothelins. These are
produced in the lungs and released into the blood stream
and onto the vessel wall.15-17 The secretion of adhesion
molecules by the inflamed pulmonary endothelial cells
results in binding and activation of leukocytes and
platelets, with the generation of tissue factor-bearing
microparticles that are hemostatically active and that lead
to systemic activation of blood coagulation.18-20
Accordingly, high PM2.5 concentrations are accompanied

by such hypercoagulability biomarkers as high plasma
levels of fibrinogen and D-dimer and enhanced thrombin
formation.21 Besides the thromboinflammatory activities
of PM2.5, another biomechanism of the CVD elicited by
PM is the stimulation of the airway sensory nerves, result-
ing in the imbalance of the autonomic control of the heart
and reduced heart rate variability, a risk factor for sudden
death and severe arrythmias.22,23 Experimental data are par-
alleled by studies in humans that have shown an inverse
relationship between PM exposure and heart rate variabil-
ity.24-26 A similar underlying mechanism (i.e. autonomic
imbalance affecting vascular tone and reactivity) has been
advocated to explain the association between exposure to
air pollutants and increased blood pressure.27,28 PM inhibits
the production of the endogenous vasodilator nitric oxide,
whose reduced bioavailability may contribute to
increased blood pressure.29,30 Furthermore, experimental
studies have shown that chronic PM exposure leads to the
progression of atherosclerotic vascular lesions through
pro-inflammatory mechanisms.31 For instance, the intra-
tracheal acute administration to hyperlipidemic rabbits of
ambient PM10

31 and the long-term exposure to PM2.5 of
genetically susceptible, apolipoprotein E-deficient mice
enhance the growth of atherosclerotic plaques.32 The clin-
ical relevance of the atherogenic effects of air pollution
was confirmed by studies in humans, showing a positive
correlation between the exposure to higher PM levels in
the air and the degree of carotid intima-medial thickness
and coronary artery calcification.33,34 Figure 1 summarizes
the main mechanisms of PM-induced cardiovascular
effects that act synergistically in the frame of a multifacto-
rial impact on cardiovascular events. Additional mecha-
nisms have been advocated although with less robust evi-
dence, such as PM-induced activation of the hypothalamic
pituitary adrenal axis, epigenomic dysregulation, and per-
turbation of the gut microbiome.35

Air pollution and cardiovascular diseases
In the last few years, the assessment of exposure to

ambient air pollution has become more and more accurate
through the acquisition of satellite data and their integra-
tion with ground station measurements. With this back-
ground, Rajagopalan et al.11 summarized the degree of evi-
dence linking air pollution to different CVD. Most of the
well-established evidence concerns all-cause and cardio-
vascular mortality, followed by emerging evidence
(although this still awaits confirmation) for hypertension,
diabetes, non-fatal myocardial infarction, unstable angina,
non-fatal stroke, and heart failure, whereas there is still
insufficient evidence for venous thromboembolism and
atrial fibrillation. Short-term effects of air pollution related
to daily or multi-day exposure were methodologically
evaluated by means of time-series or case-crossover stud-
ies. Evaluation of long-term effects was based upon cohort
and crossover studies that captured the population impact
of exposure over several years.36 Mechanistically, while
short-term exposure mainly causes endothelium-mediat-
ed processes (such as impaired vasodilation and coronary
vasoconstriction), oxidative stress and thromboinflamma-
tion are likely to be the predominant mechanisms for the
long-term effects.14,36,37

Short-term effects
The association between the daily and multi-day vari-

ability of air pollution and adverse health outcomes was
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established in the first half of the last century. The smog
accidents in the Meuse Valley (Belgium, 1930), Donora
(Pennsylvania, 1948), and London (UK, 1952) caused
peaks of increased hospitalization and deaths and it was
these that first established a link between acute exposure
to air pollution and adverse cardiopulmonary events.38,39
Since then, a large number of additional studies have eval-
uated the effects of PM on daily and multi-day changes in
cardiovascular morbidity and mortality. 
Data from 50 million people living in the 20 largest

urban areas of the USA (the National Morbidity, Mortality
and Air Pollution Study; NMMAPS) showed that, for each
10 μg/m3 rise in PM10 recorded on the day before death,
there was a 0.68% increase in cardiopulmonary mortali-
ty.40 In Europe, the Air Pollution and Health European
Approach (APHEA-2) study of 43 million people living in
29 large cities estimated a 0.76% increase in cardiovascu-
lar deaths for each 10 μg/m3 rise in PM10.41 These data are
consistent with those of the Meta-analysis of Italian
Studies on the Short-term Effects of Air Pollution (MISA).42
In addition, the multi-city Air Pollution and Health
European and North American Approach (APHENA)
showed that a 10 μg/m3 acute rise in PM10 was associated
with 0.2-0.6% higher total mortality, with similar effects
on cardiovascular mortality.43
Other studies chose to analyze the short-term cardio-

vascular effects of air pollution in terms of morbidity (i.e.

ischemic heart disease, arrhythmias and heart failure). For
instance, in a US population over 65 years of age hospital
admissions due to heart failure showed a 1.28%  increase
in risk for each 10 μg/m3 PM2.5 rise registered on the same
day.44 Wellenius et al.,45 who from 1986 to 1999 analyzed
the association between PM air pollution and hospital
admissions for heart failure in seven US cities, found that
a 10 μg/m3 rise in PM10 was accompanied by a 0.7%
increase on the same day in the rate of admissions. In the
framework of the Intermountain Heart Collaborative
Study (IHCS), a 10 μg/m3 increase in short-term exposure
to fine PM was associated with a 4.5% increase in the risk
of acute coronary events.46 The association between traf-
fic-related air pollution and acute myocardial infarction is
also supported by the European Health Effects of Air
Pollution among Susceptible Subpopulations (HEAPSS)
study.47 Two more recent multicenter studies conducted in
cities in the Mediterranean area, the EpiAir2 and the
MED-PARTICLES,48,49 found a positive association
between PM size fractions and cardiovascular hospital
admissions.
Globalization and economic growth have extended the

problems of the adverse health effects of air pollution to
middle- and low-income countries, where rapid industri-
alization and increasing urbanization are associated with a
huge increase in demands for energy, produced mainly
from the combustion of coal and other solid fuels. Studies

Ambient air pollution and CVD
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Figure 1. Main pathogenic mechanisms of the inhalation of particulate matter (PM) on cardiovascular disease.  



carried out in China documented that there, in the highly
polluted urban areas, there was a positive  association
between PM exposure and coronary artery disease mor-
bidity and mortality.50,51 However, the observed effects on
health were surprisingly smaller in magnitude per amount
of pollution exposure than the corresponding effects in
less polluted areas of the Western countries, even though
the population-attributable risk fraction is greater in China
due to its large population density.52
With regards to air pollution and cerebrovascular dis-

eases, a study from South Korea demonstrated an associ-
ation with stroke mortality.53 In nine US cities, Wallenius
et al.54 observed that, in people aged 65 years or over, an
acute PM10 increase of 22 μg/m3 was associated with a
1.03% higher rate of  hospital admissions for ischemic
stroke. Across 204 US counties, Dominici et al.44 reported
a 0.81% increase in hospital admissions due to ischemic
cerebrovascular disease per 10 μg/m3 increment of PM2.5

on the same day. Other studies in North America and
Europe confirmed the association between increased hos-
pital admissions for stroke and elevations of coarse, fine
and ultra-fine PM.5,44,56 Finally, a time-series analysis con-
ducted from 2000 to 2006 in 75 US cities estimated a
1.03% increase in deaths for CVD, a 1.22% increase  for
myocardial infarction, and a 1.76% increase for stroke.57
Considering the huge amount of published clinical data

on the cardiovascular adverse effects of PM ambient air
pollution, several systematic reviews have attempted to
summarize these data by performing quantitative analy-
ses of pooled data.58-76 We report their main results in Table
1. These confirm that there is a strong association
between exposure to periods of high air pollution and car-
diovascular morbidity and mortality.58-60,62-68,70-74

Long-term effects
In addition to the short-term effects of relatively short-

lasting peaks of exposure to air pollution, there is also
robust evidence that annual exposure or exposure over
several years increases the risk of cardiovascular morbidi-
ty and mortality.6 The large Harvard Six Cities Study
(HSCS) was the first to document an association between
air pollution and increased general and cardiopulmonary
mortality, by means of a 14- to 16-year survival analysis of
a population of approximately 8,000 US citizens.77 The
extended follow up of the HSCS showed that the relative
risk ratio of cardiovascular mortality increased by 1.28 for
a 10 μg/m3 rise in PM2.5.78 Positive associations between
long-term exposure to air pollutants and all-cause and car-
diovascular mortality were confirmed in other prospective
studies in the framework of large cohorts from the general
population.6 For example, the American Cancer Society
(ACS) conducted a study between 1982 and 1989. They
linked local ambient air quality to the individual risks of
more than 500,000 residents from approximately 150 US
cities. They found a 1.17 risk ratio for all-cause mortality
in association with increased levels of PM2.5.79 The extend-
ed 16-year follow up of the ACS study demonstrated that
for each 10 μg/m3 rise in the mean annual PM2.5 concentra-
tion there was a 6% increased risk of cardiopulmonary
deaths.80 In addition, the multicenter European Study of
Cohorts for Air Pollution Effects (ESCAPE) found an
increased hazard ratio (HR) of 1.07 for all-cause mortality
for a 5 μg/m3 rise in PM2.5.81 Sub-analyses from the ESCAPE
cohort showed an association between long-term PM2.5

exposure and the risk of acute coronary events and stroke

(HR: 1.13 and 1.40 for a 5 μg/m3 rise in PM2.5).82,83 More
recently, a prospective cohort study from the Netherlands
demonstrated that the long-term exposure to ultrafine par-
ticles was associated with an increased risk for all incident
CVD (HR: 1.18, 95%CI: 1.03-1.34), myocardial infarction
(HR: 1.34, 95%CI: 1.00-1.79) and heart failure (HR: 1.76,
95%CI: 1.17-2.66).84 The impact on the cardiovascular sys-
tem of long-term exposure to air was also observed in a
study from Hong Kong, which demonstrated that, for 10-
μg/m3 PM2.5 the increase in the mortality HR of residents
was 1.22 (95%CI: 1.08-1.39) for cardiovascular causes,
1.42 (95%CI: 1.16-1.73) for ischemic heart disease, and
1.24 (95%CI: 1.00-1.53) for cerebrovascular disease.85
Taken together, these studies provide unequivocal evi-
dence of the positive association between prolonged
exposure to particulate air pollution and adverse cardio-
vascular events.61,72,75,76

Air pollution and venous thromboembolism
Less is known about the association between air pollu-

tion exposure and venous thromboembolism (VTE), the
third most frequent CVD.86 Dales et al.87 reported a short-
term increase in hospital admissions for venous thrombo-
sis and pulmonary embolism in Santiago, Chile, that was
proportional to the concentration of particulate and
gaseous air pollutants. In Italy, the elevation of coarse (but
not finer) PM was associated with more admission rates to
the emergency room for venous thromboembolism.88
While some studies documented the long-term associa-
tion of airborne pollution and deep vein thrombosis,89 oth-
ers found no link,90 making the relationship between VTE
and PM exposure still to be determined. Some indirect evi-
dence corroborating a positive association comes from a
systematic review and meta-analysis by Dentali et al.91
who observed that VTE had a significantly higher inci-
dence in winter; a finding that matched the parallel sea-
sonal increase in PM. Thus, more studies are needed to
clarify whether or not there is a short- and long-term asso-
ciation between air pollution and VTE, a concept that is
biologically plausible given the systemic hypercoagulable
state in both conditions.

Recent striking findings
Until recently, the WHO and the GBD (i.e.  the two

main sources of data on global mortality, morbidity and
disability) were in close agreement on a figure of approxi-
mately four million deaths attributed to ambient PM2.5;
deaths that could be avoided. Both sources also agreed
that CVD is the main cause of death attributed to PM2.5.
However, in 2018 and 2019, two studies did estimate a
much greater mortality and morbidity burden, both glob-
ally and in Europe. These studies used a new and more
accurate hazard ratio function of PM2.5 concentration-
response. The Global Exposure Mortality Model (GEMM)
has a number of advantages over the Integrated Exposure
Response (IER) function employed by both the WHO and
the GBD. It is based on individual concentration-response
data stemming exclusively from exposure to ambient air
PM2.5, thereby avoiding sources other than the ambient air
that were additional components of the IER (household
air, active and passive cigarette smoking). Furthermore,
the GEMM was developed by Burnett and 50 other
authors8 from the analysis of much larger and more geo-
graphically extended individual data, obtained from the
PM2.5 concentration–response in 41 cohorts from 16 coun-
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Table 1. Results of recent systematic reviews and meta-analyses of the short- and long-term association between particulate matter air pollution and cardiovas-
cular diseases.
Author, yearref.                              Study investigation goals                       Studies included/events                                                 Main results

Nawrot, 201158                  Short-term association between PM  and AMI                        14/593,480                                      Increase in PM10 was associated with non-fatal AMI 
                                                                                                                                                                                                                            (OR: 1.02 per 10 μg/m3; 95% CI 1.01-1.02)

Mustafic, 201259          Short-term association between PM and risk of AMI                     34/n.a.                              Increases in PM2.5 and PM10 were associated with the risk of AMI
                                                                                                                                                                                                                (OR: 1.025 per 10 μg/m3; 95% CI 1.015-1.036 and 1.006 
                                                                                                                                                                                                                       per 10 μg/m3; 95% CI 1.002-1.009, respectively)

Shah, 201360              Short-term association between daily increases of PM          35/ ~2.4 million                         Increases in PM2.5 and PM10 were associated with admission
                                              and heart failure hospitalization or mortality                                                                                and mortality for heart failure (2.12% per 10 μg/m3; 
                                                                                                                                                                                                95% CI 1.42-2.82 and 1.63% per 10 μg/m3; 95% CI 1.20-2.07, respectively)

Hoek, 201361                           Long-term association between PM and                               11/ n.a.                               Increase in PM2.5 was associated with cardiovascular mortality
                                                             cardio-respiratory mortality                                                                                                                    (6% per 10 μg/m3; 95% CI 4-8).

Atkinson, 201462              Short-term association between PM2.5 exposure                       110/ n.a.                                        Increases in PM2.5 were associated with emergency 
                                                                                                                                                                                                                and risk of death and emergency hospital admissions 
                                                                                                                                                                                                       and mortality for cardiovascular diseases (0.90% per 10 μg/m3; 
                                                                                                                                                                                                95% CI 0.26-1.53 and 0.84% per 10μg/m3; 95% CI 0.41-1.28, respectively)

Wang, 201463                Short-term association between daily PM increases                    45/ n.a.                            Increases in PM2.5 and PM10 were associated with cerebrovascular
                                                  and stroke hospitalization or mortality                                                                                  mortality (RR: 1.014 per 10 μg/m3; 95% CI 1.009-1.019 and 
                                                                                                                                                                                                                 1.005 per 10 μg/m3; 95% CI 1.003-1.007, respectively)

Shah, 201564                            Short-term association between daily PM increases              94/6.2 million                   Increases in PM2.5 and PM10 were associated with hospital admission
                                                               and stroke hospitalization                                                                                   and mortality for stroke (RR: 1.011 per 10 μg/m3; 95% CI 1.011-1.012 
                                                                                                                                                                                                             and 1.003 per 10 μg/m3; 95% CI 1.002-1.004, respectively)

Luo, 201565               Relationship between short-term PM exposure and AMI                 31/ n.a.                             Increases in PM2.5 and PM10 were associated with the  risk of AMI
                                                                                                                                                                                                   (OR: 1.022 per 10 μg/m3; 95% CI 1.015-1.030 and 1.005 per 10 μg/m3;
                                                                                                                                                                                                                                   95% CI 1.001-1.008, respectively)

Lu, 201566           Short-term effects of PM exposure on cardiovascular mortality    59/218 million                       Increases in PM2.5 and PM10 were associated with cardiovascular 
                                                                                                                                                                                                 mortality (0.63% per 10 μg/m3; 95% CI 0.35-0.91 and 0.36 per 10 μg/m3;
                                                                                                                                                                                                                                     95% CI 0.24-0.49, respectively)

Cai, 201667                         Short-term association between PM levels and                         25/ n.a.                            Increases in PM2.5 were associated with the risk of hospitalization
                                                     hospitalization or mortality for AMI                                                                                              and mortality for AMI (RR: 1.024 per 10 μg/m3; 
                                                                                                                                                                                                        95% CI 1.007-1.041 and 1.012 per 10 μg/m3; 95% CI 1.010-1.015, 
                                                                                                                                                                                                           respectively). Increases in PM10 were associated with risk 
                                                                                                                                                                                                     of hospitalization and mortality for AMI (OR: 1.011 per 10 μg/m3; 
                                                                                                                                                                                                        95% CI 1.006-1.016 and 1.008 per 10 μg/m3; 95% CI 1.004-1.012,
                                                                                                                                                                                                                                                     respectively)

Song, 201668                 Short-term association between PM and arrhythmia                23/2 million                            Arrhythmia hospitalization or mortality were associated with
                                                              hospitalization or mortality                                                                                       increases in PM2.5 (RR: 1.015 per 10 μg/m3; 95% CI 1.006-1.024) 
                                                                                                                                                                                                                and PM10 (RR: 1.009 per 10 μg/m3; 95% CI 1.004-1.014)

Tang, 201669                    Association between PM and venous thrombosis                      8/700,000                             No association between PM exposure and venous thrombosis  

Shao, 201670            Short-term association between PM and development                4/461,441                        Increase in PM2.5 was associated with atrial fibrillation development
                                                                      of atrial fibrillation                                                                                                               (RR: 1.009 per 10 μg/m3; 95% CI 1.002-1.016).

Achilleos, 201771                      Short-term effects of PM on mortality                                     41/-                                       A 10 μg/m3 of PM2.5 increase was associated with a  0.80% 
                                                                                                                                                                                                               (95% CI 0.41-1.20) increase in cardiovascular mortality 

Newell, 201772                Short-term and long-term cardiovascular effects                          85/-                                     Increases in same-day PM2.5 and PM10 were associated with
                                               of PM in low- and middle-income countries                                                                        cardiovascular mortality (0.47% per 10 μg/m3; 95% CI 0.34-0.61 
                                                                                                                                                                                                                and 0.27 per 10 μg/m3; 95% CI 0.11-0.44, respectively)

Zhao, 201773              Short-term association between PM and cardiac arrest                     15/-                              Acute exposure to PM2.5 and PM10 was associated with an increased 
                                                                                                                                                                                                        risk of cardiac arrest (RR: 1.041; 95% CI 1.012-1.071) and PM10

                                                                                                                                                                                                                                     (RR: 1.021; 95% CI 1.006-1.037)

Zhao, 201774               Short-term association between PM and cardiovascular                    30/-                                     Increases in PM2.5 and PM10 were associated with increased
                                                                       mortality in China                                                                                               cardiovascular mortality (0.68% per 10 μg/m3; 95% CI 0.39-0.97 
                                                                                                                                                                                                                and 0.39 per 10 μg/m3; 95% CI 0.26-0.53, respectively)

Liu, 201875                    Long-term effects of PM on cardiovascular mortality                 16/542,991                           Increase in PM2.5 was associated with increased cardiovascular 
                                                                                                                                                                                                         mortality (HR: 1.12 per 10 μg/m3; 95% CI 1.08-1.16). Increase 
                                                                                                                                                                                                             in PM10 was not associated with cardiovascular mortality.

Vodonos, 201876        Long-term effects of PM2.5 on cardiovascular mortality                      53/-                                  Increase in PM2.5 was associated with cardiovascular mortality
                                                                                                                                                                                                                              (1.46% per 10 μg/m3; 95% CI 1.25-1.67).
AMI: acute myocardial infarction; n.a.: not available; RR: relative risk; PM: particulate matter; OR: odds ratio; HR: hazard ratio.
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tries, involving 20,000 cases and 2.5 million deaths, also
including a highly polluted and densely populated country
such as China, whereas the WHO-GBD IER was mainly
based on the less polluted Western Europe, Canada, and
USA. In addition, the IER function had been applied only
to five main causes of mortality (coronary artery disease,
cerebrovascular disease, chronic obstructive pulmonary
disease, lung cancer, and lower respiratory tract illness),
whereas the study of Burnett et al.8 developed and applied
GEMM to the whole world, using mortality data from
non-communicable diseases plus pneumonia. They attrib-
uted 8.9 million annual deaths to the exposure to ambient
air PM2.5, more than twice those attributed by the WHO
and the GBD. Applying the GEMM function to Europe,
Lelieveld et al.92 reported that the number of PM2.5 - related
deaths was as high as 790,000 per year for the whole con-
tinent, so that the excess mortality attributable to PM2.5

was more than double the previous GBD estimate
(269,000). When the all-cause annual deaths attributed to
PM2.5 were calculated for the five most populated
European countries and normalized for the number of
inhabitants, the highest prevalence of annual premature
deaths per 100,000 were recorded in Germany (154), fol-
lowed by Poland (150), Italy (136), France (105), and the
UK (98). Lelieveld et al.92 have also evaluated the avoidable
deaths attributed to each disease and found once more
that the major fraction of mortality was due to CVD, with
a much higher burden for coronary artery disease than for
cerebrovascular disease, COPD, lung cancer and pneumo-
nia. A large additional fraction of excess mortality was due
to other non-communicable diseases as yet not accurately
specified, but arguably associated to CVD, such as hyper-
tension and diabetes. Finally, Lelieveld et al. estimated
that, in Europeans, PM2.5 air pollution decreases the mean
life expectancy by 2.2 years.92
These new findings are striking, indicating as they do

that the burden of mortality and, in particular cardiovas-
cular mortality, globally as well as in Europe, is much
greater than appreciated so far. They provide real, clear
support to the statement made by the European Court of
Auditors, an institution that has the task of implementing
the recommendations issued by the European Union:
“European citizens still breathe harmful air, mainly due to
weak legislation and poor policy implementation”
(https://www.eca.europa.eu/en/Pages/AuditReportsOpini
ons.aspx). The allusion to weak legislation and policy
implementation is likely to be an indirect criticism to the
European Union, that still provides ambient air quality
(AAQ) directives that are much less stringent for health
preservation than the air quality guidelines (AQG) of the
WHO (Table 2), which are in turn close to those  adopted
in the USA by the Environment Protection Agency (EPA).
All in all, these new findings provide striking and real evi-
dence to a public statement made by Janez Potocnik, the
European Commissioner for the Environment from 2010-
2014: “If you think the economy is more important than
the environment, try holding your breath while counting
your money” [http://europa.eu/rapid/press-
release_SPEECH-13-822_en.htm].

Open issues and research needs
The dramatic dimension of the dire effects on health of

air pollution, and particularly of PM2.5, demands more
research efforts in order to better understand the patho-
genic mechanisms and thus to develop improved weapons

for primary and secondary prevention, not only of CVD,
but also of other very frequent non-communicable dis-
eases such as cancer and respiratory diseases.
Furthermore, more and more evidence is accumulating
that air pollution has noxious effects on the central nerv-
ous system (CNS) through chronic neuroinflammation,
neuronal and myelin damage that lead to degenerative
neurological diseases and cognitive deficits. There is also a
need for more research and knowledge on the growing
data showing air pollution impairs the development of the
child's brain, affecting attention functions, memory, func-
tional integration, and inhibition control mechanisms.
More information is needed on the differential vulnerabil-
ity of subgroups such as children and pregnant women,
the elderly, financially deprived people, and outdoor
workers.  Furthermore, experimental and epidemiological
studies should address the still open and cogent issue of
the role of each component of air pollution, with particu-
lar emphasis on the chemical components and physical
characteristics of  PM. There is preliminary evidence that
some chemical constituents may be more dangerous than
others, such as organic matter, black carbon and nitrates.
Other studies have emphasized the risk associated with
metals such as vanadium and nickel.93 Furthermore, it is
still poorly understood whether or not the different ori-
gins of PM (i.e. primary or secondary; natural or anthro-
pogenic; from traffic, heating or industry; agriculture or
animal farms) have different potencies in causing the
adverse effects of PM on health. Therefore, for air quality
mitigation policies it is important to consider the interac-
tion between the composition and origin of the local pol-
luttome and the epidemiological characteristics of the
populations concerned.94
Research should also focus on the more extensive meas-

urement and the clinical effects of ultrafine particles, since,
owing to the fact that they have a diameter of less than
100 nanometers, these are potentially more damaging
than larger particles. However, available experimental and
epidemiological evidence is limited.95 Finally, an important
area of research would be to clarify the relationship
between medication intake and air pollution. Conti et al.96
have shown a positive association between PM10 and the
level of prescription of cardiorespiratory drugs. They took
this to be an indication of cardiovascular and pulmonary
events triggered by peaks in air pollution. In this context,
it would also be of interest to evaluate whether or not the
long-term intake of widely and chronically prescribed
medications such as statins, aspirin and β-blockers is asso-
ciated with less cardiovascular events, in comparison with
individuals not taking these drugs and equally exposed to
high pollution levels. 
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Table 2. Comparison of the ceilings of mean annual concentrations (in
μg/mm3) of the main air pollutants according to the current directives
for ambient air quality of the European Union (EU) and to the air qual-
ity guidelines of the World Health Organization (WHO).
Pollutant                                              EU                           WHO

PM10                                                                   40                                    20
PM2.5                                                                25                                    10
Nitrogen dioxide                                            40                                    40
Ozone                                                              120                                  100



Conclusions
An array of experimental and epidemiological studies

have strengthened our general knowledge on the robust
association between air pollution and cardiovascular mor-
bidity and mortality. Causal interpretation of the expo-
sure-outcome association is supported not only by the
impressive consistence and concordance of so many find-
ings obtained in different countries and contexts, but also
by studies showing that the improvement in air quality is
associated with a number of public health benefits, includ-
ing clinically relevant outcomes such as lower mortality,78
longer life expectancy,97 and better lung function.98
Considering the deleterious effects on the cardiovascular
system of air pollution and the increasing socio-economic
burden of the direct and indirect costs of related diseases,
a number of countries, especially those with better
economies, have implemented initiatives that have
indeed, in some of them, managed to reduce the burden of
air pollution. In spite of this, as recently as 2018, the WHO
issued a press release stating that half of the world's pop-
ulation is still exposed to increasing levels of air pollution
(www.who.int//newsroomdetails). This gloomy situation
is epitomized by the fact that the more stringent Air
Quality Guidelines set out by the WHO for health preser-
vation (Table 2) are far from being met, particularly in the
urban areas not only of rapidly developing countries such
as China and India, but even in Europe. Furthermore,
there is emerging evidence that even PM2.5 concentrations
below the ceiling values of the WHO air quality guidelines
are associated with important morbidity and mortality
figures,99,100 indicating that, even in the most successful
countries, further efforts to reduce ambient air pollution
are warranted in order to obtain more substantial health

benefits for citizens.  
So, how to tackle the formidable battle against air pol-

lution? A call for action has been made by the United
Nations Sustainable Development Goals (SDG), and one
of these is particularly clear: “Make cities and human set-
tlements inclusive, safe, resilient and sustainable” (SGD
11).  Replacing fossil fuels with renewable energy and
achieving carbon net zero is as obvious as it is difficult,
together with actions aimed at renewing transport fleets
with zero emission vehicles or by fitting them with more
effective filters and combustion engines until electric vehi-
cles can come into use. In addition, we must recognize
that human nutrition and the use of food from animal
sources are important contributors to air pollution through
ammonia produced by extensive agriculture and animal
farming that is released into the air from stables, manure
storage and application procedures, with the added contri-
bution from food disposal. Even though the authors of
this article believe that fighting air pollution and climate
changes are part of the duties and responsibility of health-
care professionals, we do not have a magic wand. We are
also convinced that one of the best approaches is to foster
efforts towards promoting a ‘green’ living and working
environment.101 Very recent satellite data show increasing
areas of vegetation in parts of the world, and that this
'greening' pattern is particularly prominent in highly pol-
luted and urbanized countries such as China and India, in
contrast to countries such as Brazil and Indonesia. The
two Asian subcontinents are actively developing mitiga-
tion programs tailored to expand cropland and forests,
with the goal of tackling two huge and interconnected
problems at the same time: i.e. air pollution and global
warming.102
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