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Abstract

Background: Incidence and prevalence trends of multiple sclerosis (MS) in the Province of Padua,
North-East Italy, suggest that environmental factors may be associated with increased MS risk.
Objective: To investigate the association of PM2.5 with MS prevalence in one of the most polluted geo-
graphical area of Italy.

Methods: In total, 1435 Italian MS patients residing in the Province of Padua were enrolled. The province
surface was classified into urban areas, isolated villages, industrialized places, and countryside. Satellite-
derived dust-free and sea salt-free PM2.5 concentrations (annual average 1998-2015, pwg/m?) allowed
the identification of 18 classes of territorial sections with statistically evaluable numbers of inhabitants.
Possible correlations between residential locality types, PM2.5 concentrations, and MS prevalence were
investigated.

Results: MS prevalence was significantly (»p <0.0001) higher in urban areas (ranging from 219 in
Padua City to 169/100,000 in other urban areas) compared to isolated villages (116/100,000) or rural
domains (109/100,000) and strongly correlated with the annual average concentration of PM2.5 (»=0.81,
p<<0.001). Regression analysis further associated MS cases with PM.2.5 average concentration (3=0.11,

»<0.001).

Conclusion: In the Province of Padua, MS prevalence is strongly associated with PM2.5 exposure sug-
gesting that air pollutants may be one of the possible environmental risk factors for MS.
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Introduction

Multiple sclerosis (MS) is an autoimmune disease
of the central nervous system (CNS) characterized
by inflammation, demyelination, and neurodegen-
eration. Although the etiology of MS is still
unknown, the disease has the features of a com-
plex-trait disease, in which genetic, environmental,
and behavioral factors likely form a complex puz-
zle of critical elements that contribute to disease
susceptibility.!

Experimental and epidemiological studies have
shown possible associations between exposure to
airborne particulate matter (PM) and negative
health effects,? including neuroinflammation’® and

neurodegeneration.* However, only a few studies
have investigated the relationship between PM10
or PM2.5 and MS.>® A fourfold higher risk of
monthly MS relapses was observed when the con-
centration of PM10 (i.e. PM with aerodynamic
diameter <10 wm) was in the highest quartile com-
pared to the lowest one’ and an increased relative
risk of hospitalization (>40%) for MS relapse was
observed on the days which were preceded by
1 week of the highest PM10 levels.® A study on the
potential role of long-term exposure to air pollut-
ants, including PM10, showed a significant differ-
ent incidence of MS compared to matched controls
in Tehran, Iran.” Taken together, these findings sug-
gest that PM10 may be a risk factor for MS.
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Several studies indicated that PM2.5 can induce a
variety of chronic pathologies, including pulmonary
disorders, cardiovascular dysfunctions, diabetes
mellitus, and neurodegenerative diseases. From an
immunopathological point of view, PM2.5 is par-
ticularly interesting since these micro-particles are
capable of carrying various toxic materials, passing
through nasal filtration, reaching the end of the res-
piratory tract with airflow and accumulating there
by diffusion, resulting in damage to other parts of
the body through air exchange in the lungs. Most
importantly, preliminary data suggest that varia-
tions in PM2.5 may influence the immunological
network and the course of autoimmune diseases in
humans.®!! Indeed, PM2.5 has been reported to
act by increasing oxidative stress, inflammatory
responses, and genotoxicity.'?

The few studies available failed to find an associa-
tion between exposure to PM2.5 and MS inci-
dence.’3-15 However, these studies differ in the
methodological approach, in the patient populations
analyzed and in the average PM2.5 concentrations
detected in the study territory. To date, no study has
investigated the prevalence of MS in relation to the
exposure to PM2.5 in a large industrialized and
highly polluted area of Italy. MS incidence and
prevalence in the Province of Padua, Veneto Region
of Italy, have dramatically increased over the last
five decades, from 0.9 to 6.5/100,000/year and from
16 to 182/100,000, respectively,'® and these trends
strongly point out the role of exogenous/environ-
mental agents in determining the risk of MS in this
geographical area. Considering that (1) the Veneto
Region is one of the most industrialized areas of
Italy, (2) the city of Padua (located in the center of
the Region) has been recognized as one of the most
ozone- and PM-polluted city in Europe by the
European Environment Agency,!” (3) air pollution
is generally characterized by high concentrations of
ultrafine particles, that is, particle size <2.5um
(PM2.5),!8 and (4) PMs with an aerodynamic diam-
eter smaller than 10 um have a greater impact on
human health, we investigated the association
between increased PM2.5 exposure and higher MS
prevalence in this Province.

Materials and methods

Study population

Detailed demographic data were obtained from the
“15th Italian General Census of Population and
Housing”,!” the “Italian Institute of Statistics”,?? and
the “2016-updated Demographic and Epidemiology

Bureau of the Veneto Region”.?! This population-
based cross-sectional study included 1435/1532
(94%) Italian MS patients living in the Province of
Padua on 31 December 2015 (Figure 1). Indeed, 97
patients who moved to a different type of residential
locality of the Province (see below) before develop-
ing MS were excluded. MS cases were collected from
the following sources: clinical records of the six
Neurology Units (two in Padua and one in each of the
cities of Cittadella, Camposampiero, Monselice, and
Piove di Sacco) present in the Province of Padua,
first- and second-line drugs-dispensing records, dis-
ease-specific exemptions from co-payment to health
care, outpatient records of Neurorchabilitation
Services, Chronic Care Services, the membership
rolls of the local branch of the Italian Society for
Multiple Sclerosis (AISM), the archives of the
National Pension Institute and the National Health
Insurance, and the Epidemiologic Bureau of the
Veneto Region (DRG Code). All patients were regis-
tered with their Fiscal Code that protected from dou-
ble counting. The methodology used for prevalence
analysis has been previously described in detail 2223

The Province of Padua encompasses an area of 2144
and a total populations of 936,887 inhabitants
(481,359 females; 455,528 males), of whom 209,899
(111,205 females; 98,694 males) living in Padua City,
while the others are distributed fairly uniformly in
smaller towns/villages. However, 10.1% (95,083
inhabitants) of the Province’s population is composed
of immigrants from Eastern Europe, Northern Africa,
China, and Middle Eastern Countries with 32,891 of
them (17,530 females; 15,361 males) living in Padua
City. Therefore, 841,804 subjects constituted the local
Venetian population.

Territory classification and patients mapping

The Province is flat and belongs to the so-called
Venetian-Friulian plain, apart from the Euganean hills
located in the SouthWest area (Figure 1(a)—(c)). The
study territory was classified into four different local-
ity types, according with the Italian Institute of
Statistics:?0 urban areas (i.e. aggregate of neighboring
houses, strictly closed or with interposed streets and/
or squares, characterized by the presence of public
services—school, public office, pharmacy, shop,
etc.—constituting an independent site of social life
and a gathering place for the inhabitants of the sur-
rounding areas), isolated villages (i.e. inhabited area
constituted by a group of at least 15 adjacent and
neighboring buildings, with at least 15 families, with
interposed roads, paths, squares, farmyards, small
gardens, uncultivated trees and the like, with the
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Figure 1. (a)-(c) The geographic location of the Province of Padua. (d) Distribution of MS patients in the Province (red dots: females; light blue dots: males). (e) PM2.5

concentrations (gray gradient) and patient distribution are merged.

F: female; M: male.
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interval between house that does not exceed 30 m, and
with no gathering place or public services), isolated
industrialized places (i.e. extra-urban areas in which
there are local units in numbers above 10, or whose
total number of employees is more than 200, contigu-
ous or closed with interposed streets and squares, and
short solutions continuity not exceeding 200m; the
minimum area must correspond to 5ha) and country-
side (i.e. houses scattered in the municipal area at a
distance that could not constitute a village and with
interposed fields). Each locality was further catego-
rized into sections that allowed a detailed and com-
plete characterization (i.e. inhabitants, MS cases,
PM2.5 concentration) of the study area.

Each patient was mapped according the above-
mentioned territorial classification using Quantum
Geographic Information System (QGIS) software?*
(Figure 1(d)). Furthermore, the urban domain of
Padua was considered as an additional locality
type because of its higher numbers of residents
compared with all the other urban areas of the
Province.

PM?2.5 measurement

Since the ground-based measurements, achieved by
means of Automatic Monitoring Stations, did not
cover the entire area of the Province, the annual
PM2.5 averages for the period 1998-2015 were
obtained from satellite-derived estimations, after
removing the relative contribution of mineral dust and
sea salt, following the methodology described in
detail elsewhere?>2¢ (Figure 1(e)).

Statistical analysis

Overall, age- and sex-specific prevalence rates
were calculated, and 95% confidence interval (95%
CI) was computed assuming a Poisson distribution.
The different prevalence rates observed within sub-
groups were tested with x2, analysis of variance
with the Bonferroni correction in order to compare
PM2.5 concentrations in different locations. Since
sections differed in the number of the resident pop-
ulation, the number of MS cases (and not the preva-
lence value) was explored by means of a regression
model, considering the resident population as an
additional independent variable. Moreover, to fur-
ther evaluate this association, sections were clus-
tered according to the mean PM2.5 concentration
in 18 classes (each class was composed by 305 sec-
tions) having a statistically evaluable numbers of
residents and then tested with the Spearman corre-
lation and regression analysis. All tests were

two-tailed with a significant level of 0.05. All the
analyses were performed using IBM SPSS Statistics
(24.0).

Results

Province partition

The Province was partitioned in 1400 localities and
further divided into 5864 sections. Three hundred
sixty-nine uninhabited sections (6.3%) were excluded
from the analysis. Of the remaining 5495 sections,
3823 (69.6%) were defined as urban (711,088 inhabit-
ants), 1008 (18.3%) as villages (48,098 inhabitants),
40 (0.7%) as industrial areas (1707 inhabitants) and
624 (11.4%) as countryside (77,045 inhabitants).
Since sections of the urban areas had significantly
higher inhabitant numbers (mean = SD:
182.0 £227.3) compared to those of villages
(47.3 £46.4,p<0.001), industrial areas (37.9 £42.3,
p<0.001) and countryside  (122.1£123.3,
p<<0.001), the variance of MS prevalence could not
be analyzed.

MS prevalence is significantly higher in urban

areas

The distribution of MS cases in the whole territory of
the Province is shown in Figure 1(d). Significant dif-
ferences in MS prevalence were found among the
four types of residential areas. Indeed, the prevalence
in Padua City and in the other urban areas was
218.6/100,000 (Clyso,: 196.6-240.6) and
168.8/100,000 (Clysy,: 157.8-179.8, p<<0.0001),
respectively, while in isolated villages and in the
countryside the values were significantly lower,
namely 116.4/100,000 (Clys,: 86.4-146.4) and
109.0/100,000 (Clys,:  86.0-—132.0 p<<0.0001),
respectively (Table 1). The highest prevalence
observed in the industrial areas (351.5/100,000;
Clyso,: 70.5-632.5; p=0.09 compare to urban areas)
was not further investigated given the very low num-
ber of MS cases (6 patients) and residents (1707
inhabitants) registered in this locality.

Mean PM2.5 annual levels are increased in urban
areas

As depicted in Figure 2, people living in urban areas
had a significantly higher PM 2.5 exposure
(22.4 = 1.2 pg/m?) compared to those living in vil-
lages (21.5+0.8 pg/m?, p<0.001), industrial areas
(21.6 £0.5pg/m?, p<<0.001), and countryside
(21.6 0.8 pg/m?, p<0.001). Notably, in each local-
ity type, the section with the lowest mean annual
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Figure 3. PM2.5 levels associates with MS prevalence in
urban areas (r=0.81, p <0.001). Based on mean annual
(1998-2015) PM2.5 air concentration, territory sections
were divided into 18 groups (G1-G18). Dots indicate MS
prevalence rates in each group (error bars report lowest
and highest values) on 31 December 2015.

Discussion

MS is a multi-factorial disease probably determined
by a complex interaction between susceptible genes
and environmental triggers.?’” The geographic distri-
bution of MS has been intensively studied and several
epidemiological survey carried out in the
Mediterranean area have questioned the north-to-
south latitudinal gradient of MS and indicated a more
complex geographic/territorial distribution. The dra-
matic temporal changes in incidence and prevalence
observed in the Province of Padua over the last
50years!62223 strongly focused our attention on envi-
ronmental risk factors.

Particulate air pollution is a global public health
threat.?® Both acute and chronic exposures to PM, a
type of air pollution that comprises a heterogeneous
mixture of different particle sizes and chemical com-
positions, have been associated with premature
death from multiple causes.?’3! In addition to the
respiratory and cardiovascular effects of air pollu-
tion, emerging evidence indicates that neurological
dysfunctions may be correlated with airborne PM
exposure.323* Moreover, poor air quality has been
suggested to be associated with autoimmune disease
exacerbation, including type 1 diabetes, rheumatic
disease, and systemic lupus erythematous.* Finally,
a growing body of epidemiological research indi-
cates that air pollution affects neurological function,
as pointed out in a recent review based on 66 arti-
cles?’ and in a Canadian study on three common neu-
rodegenerative diseases, that is, dementia, Parkinson,
and MS.3¢

In MS patients, an association between the risk of
relapse and high PM 10 concentration was observed in
South-western Finland.> Indeed, when the concentra-
tion of inhalable PM 10 was at the highest quartile, the
relapse risk increased over fourfold (odds ratio: 4.143,
p<<0.001), suggesting that inhalable airborne PM
concentrations might be associated with MS activity.
A recent work conducted in Iran evaluated the possi-
ble association between the distributions of MS prev-
alent cases with long-term air pollution levels.
Prevalent cases showed a clustered pattern in Tehran
City and a significant difference in PM10 exposure
was observed in MS cases compared to controls.”
More recently, a higher relative risk of hospitalization
for MS relapse has been associated with PM10 expo-
sure in the Lombardy region of Italy.® Hospital admis-
sion for MS relapse increased by 42% on the days
following 1week with PM10 levels in the highest
quartile, with a highly significant (<0.001) p-value
for the trend across quartiles. These findings have
been confirmed in a study conducted in 536 relapsing
MS patients in Strasbourg, France.?’ In the cold sea-
son, the PM10 average concentration registered from
1 to 3days before relapse onset was significantly
associated with the risk of relapse. All these observa-
tions strongly point out a possible role of air pollution
as risk factor for brain inflammation.

PM2.5, which is mostly derived from combustion
sources, has a carbon core coated with hydrocarbons,
metals ions, and secondary particles derived from
nitrogen oxides and sulfur oxides. The large surface
area of PM2.5 contributes to the combination of toxic
compounds, including polycyclic aromatic hydrocar-
bons, volatile organic compounds, and transition met-
als, but this composition may vary according to the
pollutant that characterizes the territory analyzed.38-°
PM2.5 is inhaled into the gas exchange area of human
lungs**#! where the ultrafine component is released to
the systemic circulatory system, thus potentially caus-
ing oxidative stress, inflammation, and genotoxicity
in various organs, as observed in experimental mod-
els.!2 As a matter of fact, PM2.5 has the potential of
inducing pro-inflammatory changes in the immune
system.

The attempts to demonstrate an association between
PM2.5 and MS incidence gave negative results. In a
recently published Canadian study, no association
was found between MS incidence and long-term
exposures to PM2.5, NO,, and O;.!> However, the
mean concentrations of PM2.5 observed in Ontario
was 9.6 pg/m3, a value below the quality limit indi-
cated by WHO and about half of the values observed
in the Province of Padua. Moreover, the follow-up
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period of 13 years might not be long enough to observe
an association between the increase in MS incidence
and the increased PM2.5 exposure. In the US study on
two large cohorts of nurses,'* exposure to PM2.5 was
not associated with MS risk. However, also this study,
as correctly underlined by the authors, has several
limitations, mainly related to the objective difficulties
in designing studies aimed at identifying a pathogenic
role of a given environmental factor in a complex-
trait, multifaceted disease such as MS. Indeed, these
studies need a quite long (decades) observational
period, the definition of “period of exposure” and
“disease duration,” which may significantly vary
among patients, and unchanged diagnostic criteria
and procedures during the observational period (these
have been changed at least three times in MS over the
last two decades). Moreover, no possibility exists to
identify the biological onset of the disease, thus mak-
ing the preclinical disease phase extremely variable
among patients. Hence, for all these reasons, we did
not address the possible association between PM2.5
and MS incidence.

In our study, based on a large number of patients liv-
ing in a highly polluted area, we found that the annual
levels of PM2.5 in the period 1998-2015 were associ-
ated with the number of MS cases in urban areas. In
addition, the worst class of air quality was associated
with the highest prevalence rate. As mentioned above,
the Province of Padua is exactly in the center of the
Veneto Region, that is, one of the most industrialized
areas of Italy, with high level of urban sprawl and land
consumption.*> Moreover, Padua City has been
repeatedly recognized by the European Environment
Agency as one of the most ozone-polluted city and air
particulate-polluted city in Europe.** Combustion
processes and traffic-related emissions constitute the
main sources of PM2.5 for urban areas in the Veneto
plain; in addition, also secondary aerosol and indus-
trial emissions contribute to affect the PM2.5 air quality.*
The occurrence of a bacterial community associated
with PM is also a matter of concern. In addition,
Padua’s climate strongly contributes to a worsening
of PM impact on health. Indeed, over the last decades,
summers have become progressively hotter with tem-
peratures often higher than 40°C, the number of rainy
and windy days has progressively decreased, and fog
is a common phenomenon in autumn and winter, even
lasting all day long and sometimes even lasting sev-
eral days (with a mean of about 50 foggy days/year).
Therefore, the results of our study merit to be taken in
consideration for several reasons. First, poor air qual-
ity may enhance the seasonal changes in MS relapse
occurrence by an increased susceptibility to transmis-
sible infections.> Second, exposure to air pollution

could contribute to the development of autoimmunity
by enhancing antigen presentation, thus up-regulating
the effector arm of the immune response and, there-
fore, leading to autoimmunity.? Third, oxidative
stress mechanisms have to also be considered since
the main mechanism of PM toxicity, related to their
physic-chemical characteristic, is related to their
ability to induce oxidative stress.*> Finally, PM may
play an immunomodulatory role at the lung level,
where autoreactive T cells may be licensed to enter
the CNS.*¢ However, we would like to point out that
our findings suggest that the contribution of PM2.5
to MS risk is probably marginal and should be con-
sidered one of the pieces of the complex puzzle of
MS susceptibility.

In summary, our findings suggest an association
between the risk of MS and PM2.5. Obviously, our
study was not aimed at identifying a cause-effect rela-
tionship between air pollution and MS, but rather to
take a picture of a worrying reality and provide ele-
ments of reflection. Since the epidemiological trends
strongly indicate exogenous factors as responsible for
the increased MS risk, our findings spur the planning
of further studies aimed at elucidating the potential
pathological role of air pollution in MS as well as in
other autoimmune disorders.
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