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Abstract. – OBJECTIVE: Given its effects on 
long-term illnesses, like heart problems and di-
abetes, air pollution may be among the reasons 
that led COVID-19 to get worse and kill a larger 
number of people. Experiments have shown that 
breathing in polluted air weakens the immune sys-
tem, making it easier for viruses to enter the body 
and grow. Viruses may be able to survive in the 
air by interacting in complex ways with particles 
and gases. These interactions depend on the air’s 
chemical makeup, the particles’ electric charges, 
and environmental conditions like humidity, UV 
light, and temperature. Moreover, exposure to 
UV rays and air pollution may reduce the organ-
ism’s production of antimicrobial molecules, thus 
supporting viral infections. More epidemiological 
studies are needed to determine what effects air 
pollution has on COVID-19. In this review, we will 
discuss how air pollutants such as PM2.5 and PM10 
contribute to the transmission of COVID-19.  

MATERIALS AND METHODS: We have used 
nine target cities in the Tuscany region to veri-
fy this certainty, and in all these cases, the air 
pollution factors were found to be strongly cor-
related with COVID-19 cases. For each city, we 
applied a multivariate analysis and found an ap-
propriate model that better fits the data.

RESULTS: This review underlines that both 
short-term and long-term exposure to air pol-
lution may be crucial exasperating factors for 
SARS-CoV-2 transmission and COVID-19 severity 
and lethality. The statistical analysis concludes 
that air pollution should be accounted for as a 
possible risk factor in future COVID-19 investiga-
tions, and it should be avoided as much as pos-
sible by the general population.

CONCLUSIONS: Our research highlighted the 
correlation between COVID-19 and air pollution. 
Reducing air pollution exposure should be one 
of the first measures against COVID-19 spread.
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Introduction

The COVID-19 pandemic has spread worl-
dwide, with hundreds of millions of confirmed 
cases and millions of deaths. Several treatments 
have been proposed for people infected with the 
virus, such as antiviral drugs and monoclonal 
antibodies. Among many others, the develop-
ment of the so-called “long COVID” syndrome 
is a crucial consequence of COVID-19 infection. 
People affected by this condition continue to have 
COVID-like symptoms (such as fatigue, brain 
fog, and shortness of breath) even after getting 
over the virus1. 

COVID-19 transmission modalities have re-
cently been identified2,3 as direct and indirect. 
Direct pathways of SARS-CoV-2 bioaerosol tran-
smission can be droplet nuclei and other physiolo-
gical fluids floating in the interior atmosphere, as 
well as maternal-to-infant transmission. The indi-
rect method is via fomites, contaminated surfaces 
on surrounding furniture, and fixtures that cause 
an infected person to get ill2. The nasal epithelial 
cells have been identified as the main entry for 
SARS-CoV-2, via the spike protein of the virus 
being cleaved by proteases. Then, SARS-CoV-2 
spike protein attaches to the angiotensin-conver-
ting enzyme-2 (ACE2) receptors on the cellular 
membrane, thus gaining access to the host cells 
in the nasal and upper airway passages3.
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Several studies4-8 support the effects of air pol-
lution in decreasing the antimicrobial defenses of 
the organism, increasing general inflammation 
and oxidation, and boosting the possibility of 
viral infections. Moreover, many viral infections, 
among which COVID-19, have been correlated 
to air pollution: for example, increased PM2.5 
concentrations have been associated with higher 
rates of respiratory virus transmission – inclu-
ding influenza, swine flu, and measles9. Moreo-
ver, it has been proved10 that individuals living 
in air-polluted areas have an increased viral in-
fection mortality risk. Exposure to polluted air 
also increases the prevalence of lower respiratory 
tract infections and also exacerbates respiratory 
virus symptoms10. Coal use, and thus fine and 
ultrafine particles, seem highly detrimental in 
increasing viral infection mortality11. 

Among the different air pollutants, some spe-
cific ones have been correlated to viral infections, 
such as particulate matter (PM), with a 50% cut-
off aerodynamic diameter of 10 m (PM10), tiny 
particles (PM2.5) and ultrafine particles (0.1 m in 
diameter). PM size substantially affects its ability 
to be transported and to reach its destination wi-
thin the respiratory system and bloodstream. The 
composition of particulate matter may vary, de-
pending on its source12. Moreover, another typical 
air pollutant with widespread toxic effects is NO2. 
It is a significant air pollutant in cities, mainly 
owing to traffic (especially from diesel automo-
biles), and has been linked13 to asthma, COPD, 
bronchiolitis, and cardiovascular diseases.

Materials and Methods

This scoping review followed PRISMA gui-
delines14 for scoping reviews. This article starts 
with a review of existing literature that focuses 
on SARS-CoV-2 and the effects of air pollution, 
PM10, and PM2.5. To do this, we selected original 
and review articles from online databases such as 
PubMed and Scopus, using the following strings: 
(SARS-CoV-2 [Text Word]) AND (air pollution 
[Text Word] OR PM10 [Text Word] OR PM2.5 
[Text Word]). Only articles published in English 
were included. Then, we followed a pipeline of 
statistical methods in order to study the correla-
tion of COVID-19 with air pollution and climate 
factors. In the study, four air pollution factors we-
re taken into consideration: PM10, PM2.5, NO2, and 
seven climate factors, namely medium tempera-
ture (Med_T), minimum temperature (Min_T), 

maximum temperature (Max_T), dew point (DP), 
medium wind speed (Med_WS), maximum wind 
speed (Max_WS), humidity (H); thus, there were 
11 factors in total that are involved in the study. 
For the analysis, the open-access datasets were 
taken from the web (available at: https://www.
arpat.toscana.it/temi-ambientali/aria/qualita-aria/
archivio_dati_orari). In a dataset with many va-
riables, groups of variables often move together, 
and as we considered 11 factors, we applied 
Principal Component Analysis (PCA), which is 
a classical multivariate analysis technique to re-
duce the dimensions. PCA is one of the most 
widely used techniques where a dimensionality 
reduction is sought. The main purpose of PCA is 
to solve the problem of dimensionality reduction, 
and through it is possible to capture the ‘infor-
mation’ contained in a data set with a smaller set 
of variables compared to the original one. This 
method is used when there is a variable that is a 
function of other variables, and, in consequence, 
it contains redundant information; the other case 
is when the observed variables are correlated, and 
a smaller number of new variables could replace 
them without loss of information. The dimensio-
nality reduction allows us to simplify posterior 
analysis and carry out graphical visualization in 
low dimensions. The PCA is the first step before 
performing a multivariate analysis. 

We applied PCA for nine provinces in the re-
gion of Tuscany and chose 3 to 5 principal factors 
that better explain the original dataset. There are 
several methods to decide how many components 
to use; in this study, we used the percentage of 
explained variability – it is desirable to achieve a 
relatively high percentage of explained variability 
(i.e., 70-90%). We also used the Kaiser-Meyer-
Olkin (KMO) test, which is a statistical measure 
to determine how suited data are for factor analy-
sis. The higher the proportion, the higher the 
KMO value, and the more suited the data is to 
factor analysis. In the field of statistics, Bartlett’s 
test, attributed to Maurice Stevenson Bartlett, is 
employed for assessing homoscedasticity. Speci-
fically, it is used to determine whether multiple 
sets of data originate from populations characte-
rized by comparable variances. Kaiser’s criterion 
excludes those components whose eigenvalues 
are smaller than the average eigenvalue or others 
smaller than 1 if they are computed from the 
correlation matrix15. In this work, we used the 
high percentage of explained variability, Kai-
ser-Meyer-Olkin (KMO) test, Bartlett’s test, and 
eigenvalues’ test for the principal components RE
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that we involved in the multivariate analysis. The 
detailed information and numerical calculation for 
our dataset are shown in Supplementary File 1. 
With the new variables obtained from the PCA 
analysis, the multivariate analysis was performed 
using linear and nonlinear regression. 

Results

Multiple studies in literature have shown that 
increases in air pollutant concentrations relate to 
an increase in viral respiratory illnesses in chil-
dren and adults, mainly when the viral infection 
occurs concurrently with a short-term surge in air 
pollution exposure4. These data prompted resear-
ch on the potential relationship between pollution 
and COVID-19. According to several investi-
gations4, long-term exposure to air pollution, 
which varies geographically and temporally, may 
increase the likelihood of COVID-19 causing se-
vere consequences. COVID-19 cases have indeed 
been related to fine particle levels, showing that 
PM2.5 has a greater impact than PM10. Indeed, 
PM2.5 and PM10 seem to have a positive relation-
ship with SARS-CoV-214,16,17, and recent research4 

has shown that COVID-19 mortality has almost 
doubled in places with high PM2.5 levels. Ni-
trogen oxides (NO2) and ozone (O3), two types 
of gaseous pollution, have also been linked to 
COVID-19 and other respiratory viruses. Indeed, 
NO2 levels have been positively connected16,17 to 
the spread of COVID-19. Finally, air pollution 
may enhance ACE-2 (angiotensin-converting en-
zyme 2) synthesis in pulmonary epithelial cells, 
thus increasing SARS-CoV-2 infectivity2.

This study monitored the air pollution and cli-
mate factors with respect to the response variable 
COVID-19 cases for a time interval of 44 days in 
the period 25.02.2020 – 08.03.2020. We decided 
to choose this period of time because it was the 
first month of the spread of the epidemic, and 
there were no vaccinations.

Table I shows the new variables performed from 
the PCA analysis and from which original factors 
they are composed. Excluding two cities where 
the air pollution factors are in the fourth and fifth 
PC, in the other cases, the air pollution factors are 
present in the first, second, and third PC.

The number of PCs presented in Table I was 
obtained using the high percentage of explai-
ned variability, Kaiser-Meyer-Olkin (KMO) test, 
Bartlett’s test, and eigenvalues’ test, while Table 
II shows the percentage of variance explained for 
each principal component. We noticed that for the 
nine provinces, the total variance explained was 
over 80%. The complete information for the other 
six provinces is given in Supplementary File 2.

The first presented province is Florence, 
because it is the largest one with respect to 
population; the second one is Pistoia, and it 
has the specification that the four air pollution 
factors are the first and second principal com-
ponents; the third province is Siena, because 
the composite factors of the first component 
are quite common with five cites.

In the following equation, we are giving the 
Linear Multiple Regression of the COVID-19 ca-
ses with respect to the first and second principal 
components, where the first principal component 
is related to the original variables NO2, O3, H, 
Med_WS, Max_WS, and the second principal 

Table I. The principal components (PCs) of each city which explain the model. The factors are written in decreasing order for 
the percentage contribution in the respective PC.

City First PC Second PC Third PC Fourth PC Fifth PC

Florence NO2, O3, H, Med_WS, Max_WS PM2.5, PM10, Med_T.,  Med_T., Min_T, DP. 
  Max_T., Med_WS. 
Lucca PM10, PM2.5, Max_T., Med_WS,. Med_T., Min_T, DP. NO2, O3, H.  
Grosseto Med_WS, Max_WS Min_T, DP, H. Med_Tp., Max_Tp., PM2.5, NO2, O3, PM10
Massa NO2, Med_WS, Max_WS Min_T, DP, H.. Med_T., Max_T., PM10, PM2.5. 

Pistoria PM2.5, NO2, O3, H., Med_WS,  PM2.5, PM10, Med_T.,  Med_T., Min_T., DP, H.   
 Max_WS.  Max_T., Max_WS.
Pisa PM10, PM2.5, Max_T., Med_WS, Med_T., Min_T., Dew NO2, O3 , H  
 Max_WS point.
Siena NO2, Med_WS, Max_WS,  PM10, PM2.5, Med_T.,  Med_T., Min_T., DP, H.
  Max_T., Min_T., DP, H.  
Prato NO2, Med_WS, Max_WS, H. Med_T., Min_T., DP, H. Med_T., Max_T. PM10, PM2.5. 
Livorno NO2, H., Med_WS, Max_WS. Med_T., Min_T., DP, H. PM10, PM2.5. O3, Max_T. RE
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component is related to the original variables 
PM2.5, PM10, Med_T, Max_T, Med_WS.

y = 479.116 + 417.57x1 + 145.74x2

Figure 1 shows the graphical visualization of 
the plane that fits the data for Florence. In this 
model, we observed that the four considered air 
pollution factors among the climate factors were 
present, with humidity (H.), wind speed (Med_
WS, Max_WS), and temperature (Med_T., Ma-
x_T.) being the most important. For this model, 
the p-value corresponded to 4.4517e-7, meaning 
that it is statistically significant, giving a good 
approximation for the data. 

The second model is constructed with respect 
to the second and third principal components. 
The second principal component is related to the 
original variables PM2.5, PM10, Med_T., Max_T., 
and Med_WS, and the third principal compo-
nent is related to the original variables Med_T., 
Min_T, and Dew Point (DP).

y = 531.02 + 151.11x1 - 182.43x2

From the visualization of the model, we observe 
that the fitting is not good, meaning that adding 
more climate factors, such as the Dew Point, does 
not increase the accuracy of the approximation.

For the lack of accuracy, we find the nonli-
near multiple regression of the COVID-19 
case with respect to the first and second prin-
cipal components, shown in the right graph of 
Figure 2. This model has a statistical signifi-
cance as p-value = 2.3821e-6, getting a good 
approximation of the dataset.

y = 479.06 + 418.37x1 + 141.79x1 + 5.45x1x2

The linear multiple regression with three fac-
tors is given with the following equation, and the 
p-value = 4.47e-8, increasing the statistical signi-
ficance compared with the previous nonlinear 
multiple regression with only two factors.

y = 477.51 + 416.96x1 + 150.89x2 - 181.12x3

As we could not represent this model in a 
three-dimensional space, Figure 3 shows the 
adjusted data with respect to the fitted line with a 
confidence interval of 95%.

The linear multiple regression with the first 
and second principal components for Pistoia is 
given with the following equation:

y= 143.54 - 113.80x1 + 34.78x2

Figure 4 shows the visualization of the line-
ar multiple regression with respect to the CO-
VID-19 cases. For the purpose of comparison, 

Figure 1. Linear multiple regression for Florence with the 
first and second PCs.

Figure 2. a, Linear multiple regression for Florence with 
the second and third PCs. b, Nonlinear multiple regression 
for Florence with the first and second PCs.RE
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we constructed the nonlinear multiple regression 
with the first and second principal components.

y= 143.98 - 110.11x1 + 41.84x2 + 11.76x1x2

The accuracy for both models using the first and 
second principal components is very good, and the sta-
tistical significance of them is of the order p-value = e-9.

Referring to the results of Table II, the original 
dataset for Pistoia is explained as 82% with three 
principal components. The following equation 
shows the linear multiple regression with all 
the principal components. The approximation 
is satisfactory, and the statistical significance is 
increased up to p-value = 6.34e-10.

y = 143.42 - 113.64x1 + 35.677x2 - 40.503x3

Figure 5 presents the visualization of nonlinear 
multiple regression for Pistoia. Siena is the third 

province we have extracted to present in this 
work, and it models the linear multiple regression 

Figure 3. Linear multiple regression for Florence with 
three principal components.

Table II. The percentage of variance explained from each principal component (PC).

City First PC Second PC Third PC Fourth PC Fifth PC Total variance explained

Florence 41% 23% 18%   82%
Lucca 43% 24% 14%   81%
Grosseto 39% 21% 15% 10% 5% 90%
Massa 37% 19% 18% 12%  86%
Pistoria 44% 22% 17%   82%
Pisa 44% 25% 12%   81%
Siena 37% 24% 20%   82%
Prato 42% 23% 16% 10%  90%
Livorno 35% 25% 14% 11%  85%

Figure 4. a, Linear multiple regression for Pistoria with the first and second PCs. b, Nonlinear multiple regression for Pistoria 
with the first and second PCs.
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of the COVID-19 cases with respect to the first and 
second principal factors. The first principal compo-
nent is related to the original variables NO2, Med_
WS, Max_WS, and the second principal component 
is related to the original variables. The statistical 
significance is p-value = 0.0005654 lower compared 
with the previous case but within the allowed limits.

y = 129.12 + 69.12x1 + 37.97x2

Figure 6 shows the visualization of the linear 
multiple regression with respect to Siena with the 

first and second PCs. The linear model with three 
PCs, according to the results given in Table II, 
explains that 82% of the total variance has sta-
tistical significance (p-value = 1.35e-6), which is 
much better than the model with two PCs.

y = 129.67 + 64.065x1 + 39.449x2 - 60.078x3

Figure 7 shows the visualization of linear mul-
tiple regression for Siena. In order to find the best 
fit for the data, we have presented the linear and 
nonlinear multiple regression with the second 
and the third principal components presented 
with the following equations:

y = 145.86 + 39.32x2 - 64.15x3

y = 145.22 + 4645x2 -60.13x3 + 20.72x2x3

The visualization of the linear and nonlinear 
multiple regressions is given in Figure 8. Linear 
multiple regression for Siena with the second and 
third PCs has a statistical significance (p-value = 
2.2575e-4), and the nonlinear multiple regression 
for Siena with the second and the third PCs has 
a statistical significance as p-value = 6.015e-4. 
Comparing the accuracy, we conclude that it is 
more appropriate to use the linear model with the 
second and the third PC.

Discussion

Both long-term and short-term/acute exposure 
to air pollution have adverse effects, contributing 
to a wide range of chronic disorders18,19. Epidemio-
logical studies20,21 have revealed that exposure to 

Figure 5. a, Nonlinear multiple regression for Pistoria with 
the first and second PCs. b, Nonlinear multiple regression 
for Pistoria with the first, the second, and the third PCs.

Figure 6. Linear multiple regression for Siena with the first 
and second PCs.
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air pollution may indirectly predispose people to 
severe and potentially fatal types of COVID-19. 
Indeed, the respiratory system, apart from being 
highly influenced by air pollution, is also the bo-
dy part that is most affected by the symptoms of 
SARS-CoV-2, going from moderate upper airway 
sickness to severe pneumonia and abrupt respira-
tory distress syndrome (ARDS). Short-term and 
long-term impacts on obstructive airway disor-
ders (like asthma and COPD) and restrictive lung 
parenchyma diseases (e.g., fibrosis) are caused by 
the inflammation and oxidative stress air pollution 

causes in the lungs. Children exposed to high NO2 
concentrations are more likely to develop severe 
types of virus-induced asthma, suggesting that air 
pollution may exacerbate the severity of SARS-
CoV-2 pneumonia by weakening the respiratory 
system22. Chronic rhinitis and rhinosinusitis, whi-
ch have been linked to air pollution, may enhan-
ce airway mucosal permeability, thus making 
SARS-CoV-2 infections more likely3. 

Meteorological conditions represent another 
factor influencing air pollution and viruses’ vi-
tality. Pollutants and respiratory viruses have 

Figure 7. a, Linear multiple regression for Siena with the first and second PCs. b, Linear multiple regression for Siena with 
the first, the second, and the third PCs.

Figure 8. a, Linear multiple regression for Siena with the second and third PCs. b, Nonlinear multiple regression for Siena 
with the second and the third PCs.
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intricate interactions in the environment; for 
example, PM is known to contain microbes like 
viruses, and SARS-CoV-2 RNA was indeed di-
scovered in PM. However, how long this virus 
stays infectious in ambient air and whether the 
tiny amount of virus in the aerosol is enough 
to cause infection are still open questions23. 
Weather elements, like ultraviolet light and rela-
tive humidity, all play a role in the complicated 
interactions between gases and viruses in the 
atmosphere. Air pollution may have a role in the 
immune response to viral infections by lowering 
vitamin D production and decreasing UV radia-
tions (which have antiviral action), contributing 
to viral persistence in ambient air24.

This review underlines that both short-term 
and long-term exposure to air pollution may be 
crucial exasperating factors for SARS-CoV-2 
transmission and COVID-19 severity and letha-
lity through multiple mechanisms. Considering 
the numerical results obtained for nine provin-
ces, we conclude that air pollution should be ac-
counted for as a possible risk factor in future CO-
VID-19 investigations, and it should be avoided 
as much as possible by the general population. 
Reducing outdoor and indoor air pollution in 
cities or nations may have immediate and signi-
ficant health benefits, which may considerably 
exceed the costs; moreover, strict control of air 
pollutants could decrease the incidence of many 
disorders, among which COVID-1925.

Conclusions

Air pollution has been correlated with CO-
VID-19 onset since it affects the organism by 
increasing inflammation and oxidative stress 
and decreasing the antimicrobial defenses of 
the organism. Indeed, many air pollutants, such 
as PM2.5, PM10, and NO2, have been correlated 
to higher rates of SARS-CoV-2 infectivity and 
mortality. In the target provinces that we stu-
died, the air pollutants PM2.5, PM10, and NO2 are 
present in the first and second principal compo-
nents with a high percentage of variance expla-
nation. The models we constructed have a very 
good accuracy and show high statistical signifi-
cance. The aim of this paper is to highlight the 
negative effect of air pollution combined with 
climate factors on the spread of COVID-19 and, 
in general, in all respiratory diseases. Reducing 
air pollution exposure should be one of the first 
measures against COVID-19 spread.
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