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• Tumours are nowadays the second world
leading cause of death, also in Italy.

• Environmental pollution should be con-
sidered one of the main cancer triggers.

• We studied the links between cancer mor-
tality and environmental pollution in
Italy.

• Tumor mortality exceeds the national av-
erage when environmental pollution is
higher.

• Air quality ranks first for importance in re-
lation to the average cancer mortality.
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Tumours are nowadays the second world‑leading cause of death after cardiovascular diseases. During the last decades
of cancer research, lifestyle and random/genetic factors have been blamed for cancer mortality, with obesity, seden-
tary habits, alcoholism, and smoking contributing as supposedmajor causes. However, there is an emerging consensus
that environmental pollution should be considered one of the main triggers. Unfortunately, all this preliminary scien-
tific evidence has not always been followed by governments and institutions, which still fail to pursue research on can-
cer's environmental connections. In this unprecedented national-scale detailed study, we analyzed the links between
cancer mortality, socio-economic factors, and sources of environmental pollution in Italy, both at wider regional
and finer provincial scales, with an artificial intelligence approach. Overall, we found that cancer mortality does not
have a random or spatial distribution and exceeds the national average mainly when environmental pollution is also
higher, despite healthier lifestyle habits. Our machine learning analysis of 35 environmental sources of pollution
showed that air quality ranks first for importance concerning the average cancer mortality rate, followed by sites to
be reclaimed, urban areas, and motor vehicle density. Moreover, other environmental sources of pollution proved to
be relevant for the mortality of some specific cancer types. Given these alarming results, we call for a rearrangement
of the priority of cancer research and care that sees the reduction and prevention of environmental contamination as a
priority action to put in place in the tough struggle against cancer.
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1. Introduction
Almost 180.000 people die every year from cancers in Italy. Although a
slightly decreasing trend in northern regions has been observed during the
last 20 years and stable mortality in central-southern regions, cancers are
nowadays the second world and national leading cause of death after car-
diovascular diseases. Breast and lung cancer are the most prevalent forms
of neoplasia in women and men, respectively, followed by colon, rectum,
prostate, cervix, uterus, stomach, bladder, and other forms. In Italy, lung
cancers are causing the highest number of deaths across both sexes
(ISTAT 2019).

During the last decades of cancer research, lifestyle and random/genetic
factors have been blamed for cancer mortality, with obesity, sedentary
habits, alcoholism, and smoking contributing as supposed major causes
(Osório-Costa et al., 2009; Khan et al., 2010). Instead, there is an emerging
consensus that environmental pollution should be considered one of the
main triggers (Bhat et al., 2017; Cazzolla Gatti, 2021). For instance, lung
cancer heavily affects also non-smokers: approximately 18,000–27,000
deaths in the world are caused every year by lung cancer in people who
are not active cigarette smokers, whose about 20.000 are non-smokers dur-
ing all life (Thun et al., 2006; Ihsan et al., 2011). Similarly, obesity seems to
increase the risk of cancer but does not directly cause it (Deng et al., 2016).
Moreover, alcoholism has been identified as a relevant factor in liver cancer
induction but it does not represent the only, and it is not the principal, in-
ductor (Cao and Giovannucci, 2016).

Recently, scientific advances have shed more light on this issue: it has
emerged that, along with genetic predisposition, incorrect lifestyles, and
psychological stressors, exposure to a mix of pollutants, significantly in-
creases the likelihood of developing tumours (Reaves et al., 2015, Kim
et al., 2018). Global patterns of cancer incidence and the high number of
deaths in the worst-polluted places on Earth serve as unequivocal proof
(Blacksmith Institute 2007; Wild et al., 2020). Nonetheless, no place on
Earth can be considered completely safe in this era. Higher cancer risks
are linked to industrialized countries and workplaces with exposure to
chemicals. More than two hundredwidely-distribute breast cancer carcino-
gens have been classified up to now (Rudel et al., 2007; García-Pérez et al.,
2016; Rodgers et al., 2018; IARC, 2022) and occupational exposures to
specific chemicals showed an increased tumor risk (Hashim and Boffetta,
2014; García-Pérez et al., 2018). There is also clear evidence that most tu-
mours developed by children are highly related to the exposure of parents
to carcinogens (O'Leary et al., 1991, Vinson et al., 2011). Researchers
started discovering the dangers of indoor pollution initially from domestic
chemicals of common use (Hannon and Flaws, 2015, Goncharov et al.,
2009, Desdoits-Lethimonier et al., 2012, Steenland and Winquist, 2020,
Sjödin et al., 2008, Calafat et al., 2008, Seachrist et al., 2016, Durando
et al., 2007, Ho et al., 2006, Snedeker, 2007,Wilson et al., 2007). However,
exposure to outdoor chemicals, mainly those employed in intensive
agriculture, and pollutants, particularly from industry, is nowadays
widely considered one of the main risk factors for human health (Gilliom
et al., 2006, Straub et al., 2007, Authman et al., 2015, Quirós-Alcalá et al.,
2011).

Besides this scientific evidence, governments and institutions are not
financing enough research on the connection between cancer and the
environment (Davis, 2007). On the contrary, and besides some sporadic
bans, carcinogens in water, air, and soil have continued to accumulate
disproportionally and grow in number and dose (Cazzolla Gatti, 2021). In
this national scale study, we analyze the links between cancer mortality,
socio-economic factors, and sources of environmental pollution at a wider
regional and a finer provincial scale in Italy within a robust machine learn-
ing framework. To this end, we use the spatial distribution of cancer deaths
incidence, expressed as Normalized Mortality Ratio (SMR), available from
the SMR DATABASE (Di Paola et al., n.d) which encompasses data at
both regional and provincial levels for single cancer categories over the pe-
riod 2009–2018, along with several socio-economic and environmental
variables available from national and regional statistical agencies. Specifi-
cally, we outline at a regional scale the existence of general spatial patterns
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for different socio-economic and environmental drivers, including cancer
deaths; then, we focus our attention on a provincial scale to investigate
and better understand the association between the mortality for specific
cancer types and several sources of environmental pollution.

2. Materials and methods

The main purpose of this study was the investigation of possible signif-
icant correlations between the spatial distribution of different sources of
pollution and cancer mortality by exploiting standard state-of-the-art ma-
chine learning algorithms. To this aim, we considered the available data
at two different scales, according to the European Nomenclature of Territo-
rial Units for Statistics (NUTS): (i) Italian Regions (NUTS 1) and Provinces
(NUTS 2). At a regional level, several socio-economic indicators are avail-
able from the Italian National Institute of Statistics (ISTAT). For this reason,
the first level was used for a preliminary consistency analysis that included
both socio-economic and pollution indicators, the latter being modeled
by a proxy variable Data at the regional scale concern overweight,
smoke, available hospital beds, aging, and income (see Section S1 in
Supplementary materials).

At the provincial level, several sources of environmental pollution are
available from regional agencies for environmental protection, while
socio-economic indicators are scarce. Those sources of environmental pol-
lution were evaluated even if, for some of them, the oncogenicity is not de-
finitively proved. Then, a second level was used for a deep assessment of
potential spatial associations between cancer distribution and pollution
employing Random Forest (RF) (Breiman, 1996) regression coupled with
a Boruta feature importance analysis (Kursa and Rudnicki, 2010).

After the evaluation of the RF statistical significance and robustness, we
outlined and evaluated the most significant contributions of the available
features to cancer mortality. Fig. 1 shows a pictorial representation of the
presented analyses. Data on environmental pollutants and sources of pollu-
tion include several contaminants of soil, water, and air as well as the pres-
ence throughout the provinces of industrial and agricultural activities.

The investigation of the statistical association between cancer mortality
and socio-economic or environmental factors is complex and intrinsically
influenced by the scale at which the different factors come into action
(city, province, region, etc.). This multi-dimensionality makes the analyses
extremely challenging; however, the analyses of large samples and the pos-
sibility to acquire data representative of large areas can make the analyses
more robust. Accordingly, we designed a two-level analysis to fully take
advantage of the data available with regional and provincial resolution.

2.1. Data source

2.1.1. Standardized cancer mortality
Data on cancer deaths incidence were retrieved from the Italian SMR

Database (Di Paola et al., n.d), which contains the Standardized Mortality
Ratio (SMR) for 23 cancer-type macro-categories (Table S1), the broad cat-
egory of “malignant tumours” (hereinafter cancer type C), and “malignant”
plus “non-malignant/uncertain behaviour tumours (hereinafter cancer
type C + D), according to the International Classification of Diseases and
Related Health Problems (ICD-10) of the World Health Organization
(WHO). Specifically, the SMR Database holds the SMR estimated over the
whole Italian Country for the longest time series analyzed so far, to our
knowledge (2009–2018), for three levels of administrative units: munici-
pal, provincial, and regional.

The SMR expresses how much the actual disease incidence for a given
locality is close to the expected one, the latter being estimated compared
to a reference population (e.g., the national population). Hence, for a
given locality, the more the SMR is higher than 1, the more the mortality
rate exceeds the expected one (i.e., excess of deaths); on the contrary, the
lower the SMR value, the lower the mortality rate (i.e., defect of deaths).
In our analysis, we considered the ten-year average of SMR for each ad-
ministrative unit at both regional (for cancer type C) and provincial
scales (23 macro-categories, and the whole cancer types C and C +



Fig. 1. Conceptual scheme of the proposed analyses. Regional clustering aims at outlining the presence of anomalous patterns for cancer mortality throughout the Italian
territory; on the finer provincial scale then the factors driving these patterns are fully examined.
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D) to obtain a spatial distribution for comparisons. Figs. S1 provides an
overview of average SMR at the regional and provincial scale, respec-
tively, for cancer type C.

Ideally, tomaximize data consistency, socio-economic and environmen-
tal variables should be estimated by averaging data over the same SMRdata
period (2009–2018). However, this is not always possible since most of
these variables are not monitored every year. Since the proposed research
looks for possible spatial correlations between cancer mortality and envi-
ronmental pollution, the collection of the input variables is mostly aimed
at having the most complete and representative spatial data, acknowledg-
ing some possible temporal inconsistency, and assuming that there have
been no substantial changes in the spatial distributions of pollutants over
the decade considered.

2.1.2. Regional features
At a regional scale, we took into consideration some socioeconomic and

lifestyle variables to compare them with the “proxy pollution”, a summary
feature expressing the broad degree of the effects of pollution on cancer
mortality.

We called “Overweight” the average percentage of subjects by Italian
region in excess weight (overweight and obese subjects) provided by the
epidemiological information portal (EpiCentro) of the Italian National
Institute of Health (2021). With “Overweight” we mean people with a
body mass index (BMI) between 25 and 20 (while people with BMI 30
are included in the “obese” group).

We defined as “Smokers” the average percentage of smokers in each
Italian region extracted from Epicentro (2021). Smokers are the subjects
who have smoked 100 or more cigarettes in their life and were continuing
to smoke at the time of the survey.

We indicated as “Hospital beds” the average number of beds in public
hospitals, per regional population provided by the Italian Ministry of
Health (2019).

We defined as the “Old-age index” the average ratio between the
population aged 65 years and over and that under 15 in each Italian re-
gion, extracted provided by the National Institute of Statistic (ISTAT)
from published in ISTAT (2019).

We called “Income” the mean annual income per family extracted by
the System of Regional and Provincial Social Indicators of the Institute of
Economic and Social Research of Piedmont (2021).
3

ISTAT (https://www.istat.it/en/) also collects data on the eating habits
of Italians. In particular, we selected the following variables:

• As “Fruit and vegetable consumption” the percentage of subjects in the
Italian regions who declare that they eat fruit or vegetables at least once
a day;

• Six features concerning the consumption of animal-source foodmeats, de-
fined as the percentage of subjects in the Italian regions who declare that
they consume cured meats, white meats, beef, pork, eggs, and fish more
than once a week.

We summarized the six variables on animal-source food into a single
feature (“Meat consumption”), namely the first component resulting from
a Principal Component Analysis (PCA; Jackson (1991)). Principal compo-
nent analysis (PCA) can describe with a good approximation the informa-
tion contained in a dataset using a small number of principal components
(PCs). PCs are made as a linear combination, orthogonal to each other, of
the dataset features; the first principal component PC1 represents a large
fraction of variation (variance explained) in the sample, and successive
PCs account for decreasing portions of the remaining variation. There-
fore, to get a good representation of the data we can use only the first
few PCs because the lower higher-order ones contain redundant infor-
mation or noise.

In our analysis, to build the feature “Meat consumption” described in
Section 2.2.2, we considered only PC1, which contained almost 80 % of
the data variance.

Finally, we called “Proxy pollution” a summary feature expressing the
broad degree of the effects of pollution on cancer type C. This variable is
the output of an RF model trained at the provincial level (hence only with
environmental features), whose outcomes were aggregated at the regional
scale, and can be considered a summary value of the average pollutant
levels from the provincial sources.

2.1.3. Provincial features
Wemanaged to collect 35 variables as sources of pollution at the provin-

cial level. In particular, we took into account direct pollution sources such
as the use of nitrogen fertilizers or arsenic and other variables which are
suitable proxies such as the vehicle density or the Air Quality Index. The

https://www.istat.it/en/
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goal was to provide an accurate picture of the pollution sources as well as
include in the model the widest base of knowledge; to this aim, we
also included some variables characterizing the presence of specific
transport infrastructures (such as roads, airports), agriculture and fac-
tory activities particularly related to the pollutants' production (such
as mines or refineries).

The full list of such input variables, along with descriptions and related
data sources, is presented in Table S2.

2.2. Regional cluster analysis and provincial Random Forest

2.2.1. K-means clustering
Italy counts 20 territorial units at regional level (i.e., NUT2). To look

for likely relationship within the data without any prior assumption while
dealing with such a sample size we opted for a K-means cluster analysis
(Jain, 1988). This analysis provides information on where associations
and patterns in data exist. Specifically, in our study, we adopted the k-
means clustering algorithm to explore the possible spatial association be-
tween environmental pollution, socio-economic factors, and the whole can-
cer deaths incidence. The K-means algorithmwas implemented for regional
analysis using as independent variables the features described in Sections
2.1.2 and 2.1.3. Pairwise Pearson correlation tests among the variables
were also carried out to allow a better interpretation of the results. Details
on K-means algorithm and implementation are provided in the section
SM1 of the Supplementary materials.

2.2.2. Random Forest
At the time of writing, Italy counted 107 provinces. At this spatial scale,

the size of data (i.e. 107 data for each variable) allowed us to use amachine
learning algorithm to model the SMR. Specifically, at first, we used the
Boruta algorithm, a wrapper method, to select the most important features
among those reported in Section 2.1.2; then we implemented a Random
Forest algorithm, fed through the features chosen by Boruta, to model the
SMR index for eachmacro-categories of cancer listed in Table S1, including
the broad categories C and C+ D. Details on Boruta and Random Forest
algorithms and implantation are provided in the section SM2 of the
Supplementary materials.

3. Results

3.1. Regional cluster analysis

The regional cluster analysis performed over 7 environmental and
socio-economic variables suggested 3 clusters of regions (Fig. 2), with a
maximum value of silhouette equal to 0.4, as the optimal outcome.

The clusters do not show either a well-defined spatial pattern (for exam-
ple according to latitude) or a completely random one. In Cluster 1 north-
ern, central, and southern regions are quasi-randomly distributed, Cluster
2 embraces islands and mostly Tyrrhenian central-southern regions,
whereas Cluster 3 includes central-northern regions mostly on the western
side of the Country.

The K-means analysis revealed that regions in Cluster 2 (orange group
in Fig. 2) have a relatively low incidence of cancer and, at the same time,
a relatively low environmental pollution and income. Yet a relatively
high number of overweight people and smokers, and high meat consump-
tion is recorded in this cluster. By contrast, regions in Cluster 3 (green
group in Fig. 2) have a relatively high cancer deaths incidence despite hav-
ing all the characteristics that theoretically should keep cancer levels low
except for environmental pollution: a relatively low number of overweight
and smokers, low meat consumption, high fruit and vegetable consump-
tion, and high income. Regions in Cluster 1 (blue group in Fig. 2) show sim-
ilar socio-economic andmortality values to those in Cluster 3 except for the
lower number of overweight and smokers.

Among all the variables analyzed, environmental pollution is higher
when SMR is also higher (Fig. 2). Given such a result showing the potential
role of the source of environmental pollution in determining a high cancer
4

death incidence, we proceeded with a finer provincial scale analysis of the
potential links between several sources of environmental pollution and
cancer mortality.

3.2. Provincial scale assessment

At the provincial scale, we found higher SMR (as the ten-year average of
malignant tumours) in central-northern provinces compared to southern
ones (Fig. 1a and Supplementary Fig. 1), consistently with the regional out-
comes. The province of Lodi ranks first in terms of mortality by malignant
cancers out of 107 Italian provinces, followed by those of Napoli, Bergamo,
Pavia, Sondrio, Cremona, Gorizia, Caserta, Brescia, and Piacenza among
the first ten (Supplementary Table 3). Among the 35 environmental vari-
ables considered (Fig. 1b and Supplementary Table 2), the Boruta approach
suggests that 12 of them are significantly important in explaining cancer
deaths incidence, namely AQI, sites to be reclaimed, urban areas, vehicle
density, cultivated areas, AIAU, kilometres of roads, herbicides, IPA, CTE,
chemical industries, and landfills (Fig. 3c). Themore detailed Random For-
est analysis, fed by these pre-selected variables, shows that the AQI ranks
first for importance concerning the average cancer mortality rate in Italian
provinces, followed by other three main features: sites to be reclaimed,
urban areas and vehicle density (Fig. 3d). Besides the first 4, other 8 out
of 35 environmental variables (namely, cultivated areas, AIAU, kilometres
of roads, herbicides, IPA, CTE, chemical industries, and landfills) proved to
be relevant environmental sources of pollution concerning the overall
cancer mortality of Italian provinces.

16 out of 23macro-categories of cancer resulted significantly associated
with the proposed model and the considered sources of environmental pol-
lution (p-value<0.01 Bonferroni correction, Supplementary Fig. 2). Among
these, the variability explained by the RF model using only the sources of
environmental pollution related features ranges approximately between
30 and 50 % (R2 = 0.3–0.5) for 11 categories, 15–30 % for 5 categories.
7 categories show no significant spatial association (i.e. larynx, colon, rec-
tus and anus, thyroid, cervix uteri, leukaemia, other malignant tumours of
the lymphatic/hematopoietic tissue, and non-malignant tumours). Pan-
creas, breast, and kidney tumours show the highest grade of association
with the sources of environmental pollution (R2 = 0.5, Supplementary
Fig. 2).

Of the 16 tumours significantly associated with the environmental pol-
lution sources, cultivated areas show to be themost important environmen-
tal factor for RF in determining cancer deaths incidence for “lips, oral
cavity, pharynx”, “liver and intrahepatic bile ducts”, and “esophagus” tu-
mours (with AQI, herbicides, and fungicides also playing an important
role) and the second most important (after IPA) for stomach cancers
(Fig. 4). AQI is themain factor in pancreas cancermortality, with additional
industrial activities in urban areas in second place, and the secondmost rel-
evant pollutant for “liver and intrahepatic bile ducts” and “esophagus”
(Fig. 4). Urban areas are the most important source of pollution linked to
the trachea, bronchi and lung cancers, and breast tumours. Sites to be
reclaimed rank first among the important variables for RF in skin mela-
noma, brain and CNS, and ovary tumours (Fig. 4). Sites to be reclaimed re-
sulted in a very important feature also for kidneys and Hodgkin and
lymphomas mortality, second to AIAU (Fig. 4).

TV and Radiofrequency emitters, followed by steelworks and PPVAI,
show the highest ranks in the bladder tumours (Fig. 4). Steelworks is the
most associated variable with cancers on other parts of the uterus, while
kilometres of roads with all other malignant tumours (Fig. 4).

Overall, in some cancer types - such as those in prostate, bladder, and
breast - the number of significant variables output from RF is relatively
high and, among these, at least 3 variables rank among the most important
ones (Fig. 4). By contrast, in other cancer types such as stomach, brain and
CNS, and other parts of the uterus only a few variables resulted as signifi-
cant for RF (Fig. 4).

Again, some sources of pollution are widely present in the machine
learning outputs such as AIAU, AQI, cultivated areas, sites to be reclaimed,
steelworks, and urban areas, above all (Supplementary Figs. 3 and 4).



Fig. 2. Regional clusters from socio-economic and environmental variables. SMR refers to cancer type C. In the radar graphs: black lines are themedian, filled coloured areas
that embrace the 25-75th percentile range. Values were normalized in the range 0–1 to aid data comparison.
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4. Discussion

Our findings, besides providing solid support to most of the previous
studies, expand the current knowledge on the burden of sources of envi-
ronmental pollution on cancer mortality. With a hierarchical multi-scale
approach we were able to, firstly at a bigger national and regional scale,
show the relevance of the environment compared to other socio-
economic and lifestyle factors, and secondly determine, at a finer pro-
vincial scale, potential sources of pollution likely causing an excess of
cancer deaths from the expected average, and finally provide a focus
on the to the environmental factors that are mostly associated with spe-
cific cancer types.

Wefirstly found that, in Italian regions, there are neither spatial nor ran-
dom patterns of cancer mortality distribution. This finding may provide
more support to the idea that random factors (often associated by people
with luck and misfortune) are not the major triggers of tumours, contrary
to what has been suggested so far (Tomasetti et al., 2017).

Specifically, two major results emerged: i) at the regional scale, regions
having a relatively high rate of cancer mortality are characterized by a rel-
atively high degree of pollution although a relatively low incidence of fac-
tors generally associated with cancer risk (i.e., overweight people and
smokers, low income, high meat, and low fruit/vegetable consumption);
5

ii) at the provincial scale, the broad category of malignant and benign can-
cers and 16 out of 23 specific cancer types showed a significant spatial as-
sociation (which explain more than half the association with tumours),
confirming that, in most cases, the exposure to environmental pollution in
Italy does affect the cancer mortality, in contrast to what has been claimed
with previous studies in other countries (e.g. Boffetta et al., 2009). How-
ever, we are aware that a higher cancer death rate in some highly polluted
regions is not completely unlinked to smoking habits, particularly when
combined with overweight. These combinations can still represent the
most likely cause of cancer deaths. Nonetheless, the lack of clear knowledge
of the interactions between lifestyle factors and environmental pollution,
which increase cancer mortality, prevents a definitive understanding of
the causality, at the moment.

4.1. Regional clusters of socio-economic and environmental pollution

The regional cluster analysis, performed by using both socio-economic
and environmental variables, does not show well-defined spatial patterns
of cancer death incidence in Italy, albeit some neighbouring regions were
classified in the same cluster. What clearly emerged, instead, is that regions
having a relatively low rate of cancer mortality showed a relatively high in-
cidence of factors generally associated with cancer risk (i.e., overweight



Fig. 3. a) Average standardized mortality rate (SMR for malignant tumours) distribution within Italian provinces; b) correlogram of environmental variables; c) feature
importance for all cancers mortality (c) Boruta and (d) Random Forest.
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people and smokers, low income, high meat, and low fruit/vegetable con-
sumption). This would appear as a counterintuitive result because it is
well known that a good lifestyle can reduce cancer incidence (Wang
et al., 2021). However, this finding is not necessarily in contrast: healthy
life habits such as the quality of food, physical fitness, diets, and access to
medical care are purely individual choices while environmental pollution
exposes the whole population to diffuse toxicity. In this sense, in polluted
environments, there may be high cancer deaths in people with unhealthy
lifestyles, and/or itmay be that healthier lifestyles are unable to counterbal-
ance the triggering effects for tumours of a life spent in areas with a high
concentration of pollutants. Hence, we found good, although preliminary,
clues that a better lifestyle and more care for socio-economic and health is-
sues can reduce only partially the risk of dying of cancer in the whole pop-
ulation if the quality of the living environment is undervalued. Yet, the
death toll for tumours can even be higher than that of citizens not caring
much for their health but living in less polluted places. This, in turn,
could explain the reason why we observed that people living in Northern
regions of Italy (particularly those located in the heavily industrialized Po
Valley) and exposed to very high environmental pollution levels show sig-
nificant excess mortality for cancer compared to the living people in the
Southern regions, even though better health (fewer smokers and over-
weight people), higher income, bigger consumption of plant-based food
compared to animal-based one, and easier accessibility to healthcare.
6

4.2. Provincial environmental pollution and mortality for single cancer categories

Potential spatial association among several sources of environmental
pollution and specific cancer type mortality emerged at a finer provincial
scalewith the help ofmachine learning. Overall, we found that air pollution
(AQI), cultivated and urban areas, and other industrial activities in urban
areas are among the most important factors associated with high cancer
mortality. This trigger of tumours is followed, in order of relevance, by
highly contaminated sites (to be reclaimed), urban and agricultural areas
extent, motor vehicle density, industrial activities in urban areas, exposure
to pesticides and allergenic pollens, and presence of chemical sites, energy
plants, and landfills nearby.

It is not surprising that the heavy contamination in the air (but also
likely in soil and water) of urbanized areas, particularly those close to pol-
luting industrial plants and surrounded by intensive agriculture exacerbates
the risk of contracting and dying from a tumor. Indeed, our results are in
agreement with the growing evidence in the literature that agricultural, in-
dustrial, urban, chemical, and waste pollution which, mainly, affects the
quality of air (and, often consequently, of soil andwater) is linked to several
types of tumours (Boffetta, 2006; Kampa and Castanas, 2008).

From the analysis of the contribution of environmental pollution
sources to the mortality for specific cancer types, some general patterns
emerged.



Fig. 4. Themost frequent sources of pollution (averaged values; for their variability see Supplementary Figs. 3 and 4) are revealed bymachine learning according to Random
Forest variable importance analysis for cancer mortality. The white boxes indicate that the corresponding variable was not important for the preselection by Boruta.
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Air quality, the extent of cultivated areas, use of pesticides, exposure to
allergenic pollen, and presence of industrial sites in urban areas result
strongly related to tumours of the gastrointestinal system (which includes
the mouth, liver, pancreas, stomach, etc.). Our finding could be related
to the evidence, both in human and laboratory studies, that dioxin - a co-
product, together with polycyclic aromatic hydrocarbons, of incomplete
combustions - can induce liver cancer (Tritscher et al., 1992). Dioxin is
one of the most dangerous products of many industrial activities and accu-
mulates in the environment (Fierens et al., 2003; García-Pérez et al., 2021).
Interestingly, allergenic pollen and cultivated areas resulted to be the most
important factors for stomach cancer mortality from our data. Recent evi-
dence showed that air pollution affects asthma and allergic rhinitis because
particulate and gaseous pollution drives pro-allergic inflammation through
the generation of oxidative stress, which is regulated by individual genetic
susceptibility (Saxon and Diaz-Sanchez, 2005). It is well known the gate-
keeping function of the stomach in the sensitization and effector phase of
food allergy (Untersmayr and Jensen-Jarolim, 2008). The human immune
system elicits both innate and adaptive immune responses against external
elements such as pollens and pathogens including oxidative stress
(Tsugawa and Suzuki, 2021). Recent attention focused on the relationship
between oxidative stress and cancer (Sosa et al., 2013) and this might
explain why we found that pollen and cultivated areas are the most im-
portant factors for stomach cancer mortality in our analysis. However,
more investigation into this association is needed to clarify the strength
of these links.

We also found that the extent of urban areas is linked with the respira-
tory system (trachea, bronchi, lungs) tumours. It is well known that the
presence of hydrocarbons, volatile organic compounds, and sunlight form
photochemical smog, with secondary pollutants such as peroxyacetyl ni-
trates (PANs). These substances are considered “urban factors” in triggering
lung cancer (Cohen, 2000; Vineis and Husgafvel-Pursiainen, 2005; Clapp
et al., 2008; Chen et al., 2016).

Heavily polluted sites (to be reclaimed) showed to be more associated
with the epidermal and nervous systems (skin, brain, CNS) cancers. Previ-
ous studies reported that municipalities characterized by the highest levels
of petrochemical pollution and fine particulate matter (PM) had a statisti-
cally significant higher risk of developing skin and brain cancer (Liu
et al., 2008; Kim et al., 2016; Poulsen et al., 2020). However, the majority
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of studies analyzed the effects of air pollution on skin and brain cancers,
whereas we found that sites to be reclaimed because of their high level of
contamination have a stronger link with these tumours. Therefore, more in-
vestigationmay be needed to assess all the possible sources of pollution that
can trigger skin and brain cancers.

For the urinary system (bladder, kidney, prostate) tumours, steelworks
reveal to be a common source, whereas allergenic pollens, roads extent,
sites to be reclaimed, and industrial activities in urban areas also emerged
to be important. It is interesting to notice that the presence of TV and
radio frequency emitters, and exposure to pesticides seem key factors for
bladder mortality and are also quite important in prostate cancer. It has
been documented that living near high-traffic areas and industries increases
the risk of bladder cancers (Yeh et al., 2017; Sakhvidi et al., 2020). More-
over, jet fuels, which release a mixture of nitrotoluenes, fine particles,
and other pollutants in exhaust fuels, is considered a probable source of
carcinogen because it is linked to liver cancer (Kim et al., 2014). Similarly,
there is a long history of studies about the link between synthetic dyes and
bladder cancer among textile workers and higher bladder cancer risk
for workers in rubber and metal industries (NIOSH, 1980; Monson and
Nakano, 1976; Cole et al., 1972; Vineis and Di Prima, 1983). Although
they can naturally be elements of some soils, chromium, and arsenic,
which can have high levels in industrially contaminated groundwaters,
are of serious concern for bladder, prostate, and kidney cancer induction
(Zhitkovich, 2011; Bulka et al., 2016; Roh et al., 2017). Illegal disposal of
garbage and even legal landfills are another source of carcinogens' percola-
tion and soil contamination and increase the risk of bladder and prostate
cancer when populations are exposed to illegal dumping of toxic wastes
and their burning (Di Lorenzo et al., 2015; Rocco, 2016).

Most of the dissemination of aromatic amines has been through pesti-
cides in agriculture, although they are a wide group of chemicals that
include ingredients in tobacco smoke. Several aromatic amines have re-
sulted in a connection with bladder cancer, which is common among
farmers (Koutros et al., 2009). Bladder cancer is also linked to air pollution,
with a strong association with mortality among people living in residential
districts polluted by industrial petrochemical plants (Pan et al., 1994;
Trichopoulos and Petridou, 1994; Liu et al., 2009; Tsai et al., 2009).
Among other suspected carcinogens in the soil, nitrates, which accumulate
after over-fertilisation in agricultural products and leach in aquifers, may
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increase the risk of bladder cancer (Ward et al., 2003; Grosse et al., 2006;
Jones et al., 2016).

TV and Radiofrequency, which include the radio and television installa-
tions and radio-base antennas (also as signal repeaters for mobile phones)
monitored by the public authorities as sources of non-ionizing radiation,
emerged as an important factor in the cancer of the bladder, prostate, and
other parts of the uterus. However, previous research does not show any
clear evidence of a direct link between TV and radio emitters of non-
ionizing emissions and cancer (Gupta et al., 2022), and studies claiming
an association are a few and limited to specific experimental exposures
(Satta et al., 2018; Falcioni et al., 2018). Although this correlation is un-
clear, we suggest that further investigations on cancer development and
death linked to TV and Radiofrequency emitters are still needed, also
because they can represent comorbidity causes.

Women's reproductive system (ovary, uterus, and breast) cancers seem
not linked to a specific, most relevant cause, while a combination of factors
such as air quality, urban and agricultural areas, vehicle density, presence
of sites to be reclaimed, chemical industries, and steelworks, exposure to al-
lergenic pollens and fertilizers seems to importantly contribute to these tu-
mours mortality. Our findings confirm previous evidence that carcinogens
in the air do not only trigger lung cancers but are documented risk factors
(Brody et al., 2007), as well as the residence near industries and high traffic
areas for breast cancers (Hystad et al., 2015; White et al., 2018), also be-
cause aromatic hydrocarbons, like the benzo[a]pyrene, which are emitted
by the combustion of coal and petroleum derivatives, are involved in the
DNAmutagenesis of the mammary gland cells (Korsh et al., 2015). Further-
more, chemical components of some pesticides are proven endocrine
disruptors, which affect the hypothalamic control of pituitary-ovarian func-
tion (Cooper et al., 2000) and trigger human ovarian cancers (Young et al.,
2005; Freeman et al., 2011; Inoue-Choi et al., 2016).

Finally, the extent of roads emerged as the main factor linked to
other, rarer, malignant tumours. Among air pollutants that may act as
carcinogens from heavily-trafficked roads, ultrafine particles are of
higher concern because of their ability to penetrate deeply into the re-
spiratory system (Buonanno et al., 2015; Cazzolla Gatti et al., 2020).

We acknowledge that our study has some limitations. The first one is
data availability, which affects the specification of proper features to be
used to feed machine learning algorithms. For instance, the absence of
socio-economic variables at the provincial scale prevented us from making
a comprehensive analysis including and comparing both the socio-
economic and environmental factors. Furthermore, at the provincial scale,
some sources of pollution, potentially determinants of cancer risk, are un-
available, such as, for instance, radon and arsenic in water). This is partic-
ularly relevant since it limits the specification of input variables, which in
turn, is one of the most relevant key successes for a performing machine
learning algorithm. Last but not least, we cannot account for social stochas-
tic phenomena like immigration-emigration from the place of residence,
which could slightly affect mortality rates. Overall, such shortcomings
might explain, at the same time, why some cancer categories do not reveal
any spatial association with the sources of environmental pollution despite
the large number of variables explored and the use of a machine learning
algorithm. Or, vice versa, this might suggest that some specific tumours
types are not mainly related to the environment or that potentially better
results may be achieved.

Additionally, some punctual sources of pollution that do not show rela-
tions with any specific cancer type (e.g. incinerators, airports, etc.) may still
be linked tomortality at amore local level (i.e. municipal), but could not be
revealed by analyses at regional and provincial scales.

A future approach, despite the lack of punctual pollution data (at the
local level),might consider the clustering ofmortality rates at themunicipal
scale to reveal hotspots of potential environmental concerns.

Nevertheless, to our knowledge, our analysis represents the most
comprehensive assessment of the interconnections between environ-
mental and health factors affecting a whole Italian population, carried
out with a wider set of variables and with the support of artificial intel-
ligence so far.
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Our study does not dispute that a healthier lifestyle helps reduce the
risks of cancer as well as does not challenge the efforts to understand the
genetic basis of cancer. Rather, our findings give us good reasons to be-
lieve that living in, or closer to, a highly polluted place could overcome
the benefits of better life habits and induce, with higher frequency
(which ultimately leads to higher mortality), cancer in people with a
genetic predisposition.

We, therefore, call for a stronger recognition of the link between expo-
sure to environmental pollution and cancer and we highlight the need for
a more “One Health approach” in epidemiology because only with the de-
velopment of multi and interdisciplinary undertakings (e.g. new Centers
for Environmental Health) we could be able to reduce our impacts on the
environment and, at the same time, our death toll from cancers.

5. Conclusion

In a nutshell, we explored the potential spatial association between so-
cioeconomic and lifestyle factors, many sources of environmental pollut-
ants, and cancer mortality in Italy. Some environmental factors have
repeatedly shown their relevance to deaths for multiple forms of cancers.
With the findings that emerged from this study, we call for a reconsidera-
tion of the priority of cancer research and care that sees the reduction and
prevention of environmental contamination as one of the main priority ac-
tions to put in place in the tough struggle against tumours.We acknowledge
that diet, obesity, and infections are key factors too, and in many cases,
these are not related to individual actions but the social class and poverty.
However, the genes we inherit and the lifestyle we decide or are forced to
adopt may be the sliding doors of a station towards either sickness or well-
ness, but the quality of the environmentwe live in is the trainwherewewill
spend the journey. If the coach is polluted, our efforts for a comfortable trip
could be fruitless (even literally!).
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