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Abstract

To evaluate the risk of cardiorespiratory mortality associated with exposure to air pollution
produced by a cement plant, a population-based retrospective cohort study was conducted
in an area of southern Italy (n = 29,495; follow-up 2006-2019; person-years = 317,810).
Exposure areas were defined using the quartiles of the spatial distribution of the nitrogen
oxide (NOx) mean concentration in 2016 as a proxy for the cement plant’s emissions and
estimated using a meteorological-atmospheric dispersion model. The relationship between
NOxy and cause-specific mortality was quantified with time-dependent, sex-specific Cox
regression analyses, controlling for age and proxies of socioeconomic deprivation and
traffic pollution, accompanied by the confidence interval at 95% probability (CI195%) and
an indicator (1 — p value) with values between 0 and 1, representing the likelihood of
having a risk association. In the most exposed area, excesses of circulatory system diseases
[men: HR =1.60 (IC95% 1.24-2.06; 1 — p = 0.999); women: HR = 1.17 (0.93-1.48; 0.823)],
heart diseases [men: HR = 1.66 (1.21-2.30; 0.998); women: HR = 1.24 (0.93-1.67; 0.855)],
cerebrovascular diseases [men: HR = 2.11 (1.27-3.53; 0.996); women: HR = 1.52 (0.99-2.34;
0.946)], and acute respiratory diseases in women (HR = 2.46 (0.91-6.66; 0.924) were observed.
The results, in line with the literature, suggest a deeper assessment of the potential impact
of the cement plant, reinforcing the study design.

Keywords: cement plant; cardiorespiratory mortality; population-based retrospective
cohort study; risk association; exposure estimation by NOx dispersion model

1. Introduction

Given its availability and its easy application process, cement is now one of the most
widely used building materials [1-4]. In fact, it is able to bind materials, increasing both
their durability and load-bearing capacity [5-8]. In 1960, there was a need for materials
that would last over time, and the demand for cement exploded, so much so that the
total cement production reached peaks of 4.4 billion tons in 2021 and 2023, while it was
1.39 billion tons in 1995 [9]. China produces more than half of the world’s production of
cement (1.9 billion metric tons in 2024), and India is in second place. In Europe, the top
three producers are, in order, Germany, Spain and Poland [3,10,11].
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The cement manufacturing process is quite complex, and is therefore characterized
by multiple sources of pollution, contributing to potentially harmful environmental and
health impacts. In fact, once the pollutants emitted are released into the environment, they
represent a source of exposure for both workers (potentially exposed to a range of pollutants
such as nitrogen oxides (NOy), sulfur dioxide (SO;), carbon monoxide, carbon dioxide,
polychlorinated dibenzo-p dioxins and dibenzofurans, and polychlorinated biphenyls) and
residents near the plant (exposed to pollutants of various kinds) [12-15]. Therefore, an
exposure to the substances released by cement plants can negatively affect the health of
a population. There are a fair number of studies in the literature evaluating the health
effects on cement plant workers [16-20] or on the population living near a cement plant that
produces asbestos, as well as studies evaluating various types of outcomes or studies that
consider different pollutants [21-24]. Few studies, however, assess the cardiorespiratory
health of the general population living in the proximity of a cement plant [25-28]. In fact,
to date, there are just a systematic review summarizing the evidence on the health effects
of people exposed to air pollution from cement plants [26] and an Italian study evaluating
the association between emissions from a cement plant in northern Italy and mortality,
hospitalization, and cancer incidence among residents in the municipality where the cement
plant operates [25]. The systematic review highlighted the risk associations between an
exposure to cement plants’ emissions and respiratory symptoms and diseases [26], while
the Italian study reported some mortality and risk excesses of hospitalization admission for
diseases of the circulatory system, although it should be considered that for this pathology
the literature does not report adequate evidence [25].

In the Italian region called Molise, there is the “Venafro Valley”, where one of the
largest Italian cement production plants is located. This area is also subject to significant
environmental pressure from urban and interurban traffic, with numerous heavy vehicles
passing through.

An air quality assessment of the Venafro Valley highlighted that, during the period
2010-2019, more than three-quarters of total NOy emissions in the area were attributable to
the cement plant, with the remaining contribution mainly related to road traffic [29].

This result motivates the study of the associations between the air pollution produced
by the cement plant and the risk of mortality from environment-related diseases. To this
end, in this study meteorological-dispersion modeling was used to estimate the spatial
distribution of NOy concentrations attributable to the cement plant, allowing for exposure
assessment to specifically focus on emissions from this single industrial source. The
objective of the present analysis is therefore to assess the association between cement plant-
related air pollution and cardiorespiratory mortality, adjusting for individual factors (age
and sex), for proxies of socioeconomic deprivation, and for traffic-related air pollution from
major roads. This study represents part of a previous larger study called “EPIVENAFRO+7”
funded by the Molise Region [30].

2. Materials and Methods

The data and analysis methodology used in this study are based on those used in our
previous one conducted in the same area [30]. The data used in this study were collected
in accordance with the Helsinki Declaration of Ethical Principle. Specifically, according to
precise rules in the management of regional information systems, and in full compliance
with current privacy legislation (General Data Protection Regulation—GDPR, European
Regulation 2016/679), all the record linkage procedures between personal, health and
environmental data were carried out guaranteeing anonymity. To obtain a final dataset
(containing personal data, such as demographic and residential data) with minimized
information for research purposes, personal and health data have been pseudonymized.
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Furthermore, no personal identifiers were sent to the research staff; all addresses were
geocoded and the personal data were anonymously analyzed.

2.1. Study Design
2.1.1. Study Domain

The study area included eight municipalities of the Venafro Valley (Figure 1).

N

A

Montaquila

Pozzilli

Legend

E Study area
D Municipalities

Figure 1. Study area: the Venafro Valley—Molise Region (Conca Casale, Filignano, Macchia d'Isernia,
Montaquila, Monteroduni, Pozzilli, Sesto Campano and Venafro) and the cement plant considered.

2.1.2. Definition of the Cohort and the Follow-Up Period

The cohort is residential and includes all individuals who were residents in the study
area for at least one year during the follow-up period of 2006—2019. The peculiarity of
this cohort is that it is open and dynamic: each subject can enter the cohort at different
times during the study period considering birth and migration movements. In the case of
a change in residence, the total person-years (PY) was the sum of PY accounting for the
permanence at each address. All subjects were georeferenced.

2.2. Exposure Assessment
2.2.1. The Study Plant

The cement plant included in this study is located in the municipality of Sesto Cam-
pano (Figure 1) and represents a major industrial installation in the Venafro Valley. The
facility operates a dry-process rotary kiln line to produce clinker, cement and related prod-
ucts. The main production phases include raw material preparation, clinker production,
cement grinding, storage and shipment. The installation falls under IPPC category 3.1(a),
with an authorized production capacity exceeding 500 t/day, corresponding to approxi-
mately 1,250,000 t/year of clinker and 1,700,000 t/year of cement. Since 2007, the plant has
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also been authorized for the co-incineration of non-hazardous waste (IPPC category 5.2(a)),
with a nominal capacity of 4.16 t/h. The current ownership has been operating the plant
since 2000. An Integrated Environmental Authorization (AIA) was granted in 2015 and
subsequently updated in 2016 and 2017. Emissions originate both from high-temperature
combustion processes, mainly associated with clinker production and conveyed through
the main stack, and from low-temperature or mechanical processes (e.g., material handling
and storage), which may generate diffuse or fugitive emissions. NOy, measured by the
continuous emission monitoring system and expressed as the sum of nitrogen oxide and
nitrogen dioxide, was selected as an indicator of plant-related emissions because it is di-
rectly associated with combustion processes and continuously monitored at the main stack,
with hourly emission data available. Within the framework of this study, NOy were used
as a proxy for the overall emission mixture from the cement plant and, when applied in the
dispersion model, served as a tracer to characterize the spatial distribution of plant-related
emissions, allowing identification of exposure gradients and areas of relatively higher and
lower potential impact. In contrast, data for other pollutants, such as particulate matter
and SO,, were inconsistent or unavailable.

2.2.2. Dispersion Modeling System

To isolate the contribution of the cement plant to ambient air pollution, the same
dispersion modeling framework adopted in the previous study [30] was applied, with the
key difference being that all input data in the present analysis refer exclusively to emissions
from the cement plant. This approach allows exposure assessment to focus on a single
industrial source located in a territorially complex setting. The Venafro Valley is character-
ized by complex orography and meteorological conditions that strongly influence pollutant
transport and dispersion. In particular, the cement plant is situated close to mountainous
reliefs at the margin of the valley, a configuration that enhances terrain-induced effects
on plume behavior. Air pollution patterns in this context are shaped by multiple physical
processes, including flow channeling along the valley axis, sheltering, cold-air pooling,
drainage and slope flows, and plume impingement on higher terrain. These local circula-
tion processes are superimposed on large-scale atmospheric motions, modifying mean flow
fields, turbulence, and dispersion regimes. Accurate modeling therefore requires a detailed
three-dimensional reconstruction of wind, temperature, and other meteorological variables.
To consider all these processes, a modeling chain integrating the prognostic Weather Re-
search and Forecasting (WRF) model, the CALMET micrometeorological model [31], and
the CALPUFF dispersion model [32,33] was implemented. WRF provided synoptic-scale
meteorological fields for the reference year 2016 over a 100 km x 100 km domain centered
on Venafro, with a horizontal resolution of 1 km, sufficient to capture large-scale circulation
patterns. Domain size and grid resolution were selected to balance computational efficiency
with the need to resolve relevant mesoscale and local features. The year 2016 was chosen
as the reference year due to the availability of hourly emissions data from the cement
plant and the absence of significant meteorological anomalies. Continuous ground-level
meteorological observations within the modeling domain were not available for the entire
study period and therefore could not be used for a quantitative validation of the model
outputs. Modeled wind patterns were qualitatively compared with wind roses reported in
publicly available technical reports and in a previous study conducted in the same area,
showing a consistent representation of the dominant wind directions [34]. Given that
combustion-related emissions from cement plants include a mixture of gaseous and partic-
ulate pollutants, not all routinely monitored, NOy was selected as a surrogate indicator of
plant-related emissions based on data availability and consistency, also considering that
hourly emission measurements of other pollutants (particulate and SO;) showed a loss
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of valid or available values in the reference year. Hourly NOy emissions provided by the
plant operators were used as input for the dispersion model, assuming a stack height of
106 m, a yearly average exit velocity of 9 m/s, an exhaust gas temperature of 391 K, and an
average NOy mass flow rate of 25 g/s. Micrometeorological variables and annual mean
NOy concentrations attributable to the cement plant were subsequently estimated over
a finer domain of 61 km x 61 km, with a spatial resolution of 1 km x 1 km, providing
spatially resolved exposure estimates for the epidemiological analyses (Table 1).

Table 1. CALMET model setup.

CALMET
Horizontal domain 61 km x 61 km
Grid size 1km x 1km
Number grid points Nx, Ny 61, 61
Number of vertical levels 10
First vertical level 20m
Vertical domain 4000 m

Figure 2 illustrates the spatial distribution of annual mean ground-level NOy con-
centrations. The spatial imprint of the plant shows marked variability, largely shaped
by the complex orographic setting of the valley and the surrounding mountainous re-
liefs. The combined effects of local meteorology, terrain configuration, and stack height
influence plume dispersion, resulting in higher concentrations near the plant and along
adjacent slopes where plume impingement occurs. Concentrations range from a minimum
of 0.006 pg/m? to a maximum of 3.75 pg/m?, with the highest annual mean NOy concen-
trations observed around Sesto Campano, corresponding to the most exposed zone near
the cement plant.

Legend 0to2 24 46 >6

1
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Figure 2. Dispersion map for the territory of nitrogen oxide (NOy) concentration with
WRF/CALMET/CALPUFF model (reference year, 2016).

2.2.3. Population Exposure to Cement Plant

For each subject in the cohort, the NOy concentration of the 1 km x 1 km cell containing
the georeferenced residential address was assigned. Estimated individual exposure levels to
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plant emissions were classified into four NOy classes using the quartile method. Estimated
individual exposure levels to plant emissions have been classified into four classes of NOy
according to the quartile method (Figure 3):

Class 1 (reference; least exposed class): 0.068-0.198 ug/m?;
Class 2: 0.199-0.291 pg/m?;

Class 3: 0.292-0.369 pg/m?;

Class 4 (class with higher exposure): 0.370-1.919 pg/m3.

(b)

Legend

0.198-0291
® 0201-0369
® 0369-1919

Figure 3. Dispersion map for the territory of nitrogen oxide (NOx) concentration and georeferenced
addresses (a) and NOy individual distribution exposure classes obtained through the quartile method
(b). Dispersion map of nitrogen oxides (NOy) concentration and georeferenced addresses (on the
left) and NOy individual distribution exposure classes obtained through the quartile method (on
the right).

Furthermore, Figure 3 reports the NOy dispersion map and the georeferenced ad-
dresses, and the repartition of the individuals among the four classes previously defined.

2.2.4. Individual Exposure to Confounding Factors Such as Intensive Vehicular Traffic and
Socioeconomic Status

In the absence of dispersion models for traffic-related pollutants, individual exposure
to vehicular traffic pollutants was estimated using a dichotomous variable that assumes
the value 1 (exposed) if the georeferenced residence falls within a 200 m buffer from the
two main roads in the territory (those characterized by heavy traffic, including the passage
of heavy vehicles).

Since the literature shows that socioeconomic deprivation could be a risk factor for
mortality [35], it potentially represents a confounding factor of the relationship between
the cement plant exposure and the risk mortality. For this reason, a classic deprivation
index (DI) was computed at the census-section level from the 2011 population census [36]
to proxy socioeconomic factors and to quantify relative deprivation within the study region.
Five variables contributed to the DI: (i) percentage with education < elementary school
certificate; (ii) percentage of the active population unemployed; (iii) proportion of housing
units that are rented and inhabited; (iv) proportion of households headed by a single
parent with dependent children who cohabit; and (v) population density (residents per
100 m?). The DI is a standardized continuous score representing each census section’s
deprivation relative to the regional average. Each subject was assigned the DI value of their
first-residence census section. Five deprivation categories (from high to low) were assigned
to the cohort’s DIs based on quintile cut points of the DI distribution.
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2.3. Health Outcomes

Mortality data (from the Molise Regional Health Agency) for the period 2006-2019
(coded according to the International Classification of Diseases 10th revision—ICD-10—in
the Nominative Register of Causes of Death) were linked to the residential cohort. In light
of the literature on potential health risks associated with air pollution and the induction—
latency period appropriate to the 2006-2019 period, circulatory and respiratory diseases
were identified as the main causes of death in the study (Table 2).

Table 2. Causes of death considered and their relative ICD-10 codes.

Cause of Death ICD-10 Codes

Natural causes A00-R99
Diseases of the circulatory system 100-199

Heart diseases 100-152

Ischemic heart diseases 120-125

Acute myocardial infarction 121

Cerebrovascular diseases 160-169
Diseases of the respiratory system JOO-J99

Acute respiratory diseases J0O-J06, J10-J18, J20-J22

Chronic diseases of the lower respiratory tract (except asthma)  J40-J44, J47

Legend—ICD10: International Classification of Diseases 10th revision.

2.4. Statistical Analysis

To assess risk associations between the level of NOy from the cement plant and
each cause of mortality, a time-dependent Cox proportional hazard regression model was
applied. This model extends the Cox approach by allowing certain covariates to vary over
time, making it suitable for longitudinal studies in which participants may change exposure
category or age group during the follow-up. In a time-dependent Cox model, the hazard
function for each individual is updated whenever the value of a time-varying covariate
changes, ensuring that the estimated risk more accurately reflects the exposure status at
each moment of the follow-up. The model estimates Hazard Ratios (HRs) comparing the
risk of death in higher NOy exposure classes with that of the reference category (class 1).
In the multivariable framework, the adjusted HR represents the association between NOx
exposure and mortality after controlling for all confounders included in the model, thus
isolating the independent effect of exposure. An adjusted HR > 1 indicates increased
mortality hazard, an HR < 1 indicates decreased hazard, and an HR =1 indicates no
difference once confounders are taken into account. For example, an adjusted HR of
1.10 means that subjects in a given exposure class have a 10% higher hazard of death
compared to the reference group, net of the effects of other covariates/confounders.

Several adjustment variables to control for potential confounding have been included:

e age group (0—44; 45-54; .. .; 85+). included as a categorical time-varying covariate to
account for the strong age-related gradient in mortality. This ensures that differences
in age distribution across exposure classes do not influence the estimated HRs;

e  proximity to the principal road, used as a proxy for additional traffic-related air
pollution, which could confound the association between plant-related NOy exposure
and mortality (see Section 2.2.4);

e DI, representing socioeconomic status at the area level, a known predictor of health
outcomes and potentially correlated with residential exposure (see Section 2.2.4).

These variables may influence both exposure to cement-plant emissions and mortality
risk; adjusting for these variables reduces confounding bias.

The baseline analysis was performed using quartiles. Furthermore, sensitivity analyses
considering 3 and 5 exposure classes defined using the tertile and quintile methods, respec-
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tively, were performed. This allowed the assessment of the robustness of the estimated
associations across different modelling choices.

Each HR is presented both with the 95% confidence interval (95%CI) and with a
probabilistic measure of how credible the risk association hypothesis is (1 — p, with values
between 0 and 1). As (1 — p) increases, the strength of evidence supporting the health
risk associated with the exposure under study also increases [37]. Schoenfeld’s test to
evaluate the proportional hazard assumption in all Cox regression models was also car-
ried out. Sex specific analyses were performed. STATA v.15 was used as the statistical
software package [StataCorp. 2017. Stata Statistical Software: Release 15. StataCorp LLC,
College Station, TX, USA].

3. Results
3.1. Descriptive Analyses

From 2006 to 2019, the cohort comprised 29,495 individuals with 317,810 PYs of follow-
up, including 14,804 men (50.2%). The mean follow-up was 10.7 years (10.5 for men, 11.0
for women). There were 1302 cardiovascular deaths (576 men, 44.2%) and 215 respiratory
deaths (130 men, 60.5%) (Table 3). Women showed a higher circulatory disease mortality,
while men had a higher respiratory-disease mortality; in both cases, the mortality signif-
icantly increased with both age and DI. For the circulatory system, mortality rates were
higher in higher NOx exposure classes than in the NOx reference class. Participants living
near roads had a higher mortality from circulatory and respiratory diseases.

Table 3. Descriptive characteristics of the cohort by risk factors and mortality data in the study period
(2006-2019). Adapted from source [30].

Circulatory System Respiratory System

coert e TONET S oma RS Sheme owa
Total 317,810 1302 215

Men 156,030 576 3.69 3.40-4.01 130 0.83 0.70-0.99

Sex Women 161,780 726 449 4.17-4.83 85 0.53 0.42-0.65

044 138462 15 0.11 0.07-0.18 4 0.03 0.01-0.08

45-54 45,893 28 0.61 0.42-0.88 0 - -

Age classes 55-64 45222 51 113 0.86-1.48 8 0.18 0.09-0.35

(years) 65-74 38579 130 337 2.84-4.11 25 0.65 0.44-0.96

75-84 29,899 441 14.75 13.55-16.32 87 291 2.36-3.59

85+ 19755 637 3225 30.43-35.68 91 461 3.75-5.66

Low 80249 280 348 3.10-3.91 46 0.57 0.43-0.76

Socioeconomic Medium-low 111,424 447 401 3.66-4.40 77 0.69 0.55-0.86

deprivation Medium 34939 162 4.64 3.97-5.41 21 0.6 0.39-0.92

classes (D) Medium-high 53,623 234 436 3.84-4.96 38 0.71 0.52-0.97

High 37395 179 479 4.13-5.54 33 0.89 0.63-1.25

Class1*: 0.07-0.19 83,608 379 453 4.09-5.01 66 0.79 0.62-1.01

NOy exposure ~ Class2:0.20-029 81,713 295 3.61 3.22-4.05 59 0.72 0.56-0.93

classes (ug/m®)  Class 3: 0.30-037 116986 407 3.48 3.16-3.83 64 0.55 0.43-0.70

Class 4: 0.38-192 35503 221 6.22 5.46-7.10 26 0.73 0.50-1.08

Proximity to No 69,809 244 35 3.08-3.96 39 0.56 0.41-0.76

selected roads Yes 248004 1058 427 4.02-4.53 176 0.71 0.61-0.82

Notes—*: reference class; PY: person-years; CS: circulatory system; crude rate corresponds to deaths/person-years;
95%CI: confidence interval at 95% of probability; RS: respiratory system.

https://doi.org/10.3390/environments13030153


https://doi.org/10.3390/environments13030153

Environments 2026, 13, 153

90f19

3.2. Mortality Analyses
Some instructions for reading and interpreting the results are as follows:

o If the cases are less than three, then the HR is not reported for privacy and
accuracy reasons.

e  Comments are always made with reference to class 1.

e In addition to reporting the statistically significant results (1 — p > 0.95), are also
reported those results that may indicate issues requiring further investigations, using
(1 — p) as defined, thus considering worth of interest event those risks with a lower
(1 — p) value. Moreover, since the cohort is not so large, the estimated risks could be
more imprecise, so it is useful to also highlight risk signals with a significance > 80%.
This indication is in line with what is suggested by the literature for going beyond the
concept of statistical significance [38]. Therefore, it was decided to comment on risk
associations with 1 — p > 0.80.

e  Excess risks are reported as percentages.

e  For all causes, Schoenfeld’s test allowed us to accept the hypothesis of proportional
hazards (p > 0.05).

For natural causes, significant mortality excesses among men (+19%; 1 — p = 0.951)
and women (+19%; 1 — p = 0.956) were observed in class 4 (Table 4). For the circulatory
system, significant mortality excesses for men (+60%; 1 — p = 0.999) and for women (+17%;
1 — p =0.823) were observed in class 4 (Table 4). For heart mortality, risk excesses in
the highest exposure class were observed (men: +66%; 1 — p = 0.998; women: +24%;
1 — p=0.855) (Table 4). Excesses in class 4 for ischemic heart disease in men (+61%;
1 — p =0.889) and for cerebrovascular diseases among both men (+111%; 1 — p = 0.996;)
and women (+52%; 1 — p = 0.946) were observed (Table 4). Among women, an excess risk
for acute respiratory diseases in exposure class 4 was observed (+133%; 1 — p = 0.803),
although this was based on a small number of cases (Table 4).

Table 4. Association analysis of mortality risk by sex and class of nitrogen oxides (NOy) exposure in
the study period (2006-2019).

MEN WOMEN
Cause (ICD-10 Code) Exposure Class HR 1-p CI95% N HR 1-p CI95%
1 (ref.) 369 403
Natural causes 2 337 107 062 092-125 329 096 0370 0.83-1.12
(A00-R99) 3 451 110 074 094127 422 098 0172 085-1.14
4 185 119 0951 100-141 212 119 0956 1.00-142
1 (ref.) 159 220
Diseases of the 2 137 103 0221 081-1.31 158 087 0800 0.70-1.08
clrewtalory system 3 178 105 0326 084131 229 101 0.118 084123
4 102 160 0999 124206 119 117 0823 0.93-148
1 (ref.) 98 133
Heart diseases 2 8 106 0315 079-144 100 096 0208 073-1.27
(100-152) 3 122 113 0596 085-149 141 100 0030 0.78-129
4 66 166 0998 121229 77 124 0855 093-1.67
1 (ref) 30 31
Ischemic heart diseases (IHD) 2 25 094 0158 054165 26 103 0083 060-1.78
(120-125) 3 36 105 0138 0.63-174 39 117 0457 071-1.92
4 20 161 0889 09028 18 101 0031 055-1.86
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Table 4. Cont.
MEN WOMEN
Cause (ICD-10 Code)  ExposureClass — = ppo0 " " (o500 N HR 1-p CI95%
1 (ref.) 13 12
Acute myocardial 2 8 067 0600 027-169 12 101 0024 0.44-2.35
mfarction (AMD) 3 12 068 0639 029-156 10 076 0465 0.31-1.83
4 7 107 0107 041281 5 074 0418 025-2.18
1 (ref.) 34 55
Cerebrovascular diseases 2 31 113 0362 068-1.88 48 096 0159 0.64-1.44
(160-169) 3 40 116 0466 072-188 65 113 0489 0.78-1.65
4 29 211 099 127-353 38 152 0946 0.99-2.34
1 (ref.) 39 27
Disease of the 2 39 119 0524 074190 20 098 0.040 0.53-1.81
R A 3 41 101 0046 064161 23 085 0414 048152
4 11 066 0772 033-130 15 139 0681 0.73-2.68
1 (ref.) 12 5
Acute respiratory diseases 2 13 158 0714 068365 6 133 0353 0.39-451
(J0O-J06; J10-J18; J20-]22) 3 13 111 0200 049252 10 183 0713 0.60-5.58
4 4 090 0143 028286 5 233 0.803 0.64-8.44
o 1 (ref.) 12 11
i’;fgfi;;lfﬁfoefy"{;gé’j 2 15 126 0431 057278 6 079 0326 027-2.32
(except asthina) 3 14 105 0093 046238 5 049 0785 0.16-151
(J40-]44; ]47) 1 - .

Notes: Analyses covered 20062019 and were adjusted for age classes, distance to designated roads, and the
socioeconomic deprivation index. ICD-10: International Classification of Diseases, 10th revision; n: sample size;
HR: Hazard Ratio; CI95%: 95% confidence interval; 1 — p: evidence strength for mortality risk excess. Trend:
risk trend per 1 ug/rn3 NOxy; 1 (ref.): exposure class 1 (0.07-0.19 pg/m3); 2: class 2 (0.20-0.29 pg/m3); 3: class 3
(0.30-0.37 ug/m?); 4: class 4 (0.38-1.92 pg/m3); nr: not reported due ton < 3.

3.3. Sensitivity Analyses of the Results

Sensitivity analyses of the results were also conducted using alternative classes of
the NOy distribution, using tertiles and quintiles as classification methods. For the most
exposed groups, these results were similar to those obtained in the analyses with quartiles.
Furthermore, the results of the analyses performed without adjustment for DI and for
proximity to main roads are in line with the results of the analyses with the adjustments.
Appendix A reports the sensitivity analyses performed considering three and five exposure
classes, defined using the tertile and quintile methods, respectively, reporting overlapping
results (Tables Al and A2) and the analyses performed without considering roads and Dlas
adjustment factors (Table A3).

4. Discussion

The study conducted in the Venafro Valley is observational and evaluated the health
risks associated with pollution from the cement plant, also considering individual factors
such as age, sex, residence near roads of particular interest, and an index for the socioeco-
nomic situation. The results of the analyses performed not adjusting for the last two factors
were comparable to the adjusted ones, highlighting that an exposure to roads and socioe-
conomic deprivation do not substantially influence the risk estimates. This study design
does not allow us to completely exclude the influence of other environmental factors that
could have some effect on the exposure-outcome relationship. For the circulatory system,
the analyses highlighted a mortality risk excess in the highest exposure class in both sexes
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(particularly attributable to heart and cerebrovascular diseases) and for acute respiratory
diseases in females, even though this was based on a few cases.

The literature reports many studies on asbestos cement plants and asbestos-related
diseases, not matching what we investigated. Other studies treated occupational exposure,
and many of those conducted on the general population are characterized by study designs
or health outcomes not comparable to ours. In general, occupational studies investigating
the relationship between cement dust and heavy metals revealed a loss of lung function
and abnormal spirometric parameters and a prevalence of adverse respiratory symptoms
(wheezing, recurring blocked nose, sneezing/stuffy nose, fatigue/tiredness, rapid breath-
ing, soreness/watery eyes, and breathlessness) [16-20]. Regarding studies on the general
population that are not directly comparable with our study in terms of outcomes or study
design, a study estimated the years of life lost (YLL) cost due to deaths from cardiovascular
and respiratory diseases in a population living near a cement plant [21]. The results showed
that the costs attributable to PM; 5 amount to approximately 3.5% of the total local annual
health costs (in the city investigated), indicating that reducing PM; 5 levels can lead to
health and economic benefits [21]. Another study assessed, for a population living near a
cement plant, the potential health risks resulting from CO, emissions exposure, finding a
low risk for the adult population to develop adverse events [22]. Also, the impact on the
surrounding area of a cement plant that also incinerates municipal waste was assessed, an-
alyzing ground concentrations of polychlorinated naphthalenes, polychlorinated biphenyls
and polychlorinated dibenzo-p-dioxins and dibenzofurans and estimating the total car-
cinogenic risks [23]. In addition to reporting ground concentrations for these pollutants
lower than those typically found in the soils surrounding municipal waste incinerators and
industrial areas located elsewhere, the results revealed a total carcinogenic risk lower than
the risk threshold, concluding that there was no health risk [23]. Another study compared
the chronic obstructive pulmonary diseases phenotype of two cohorts, one residing in a
predominantly residential urban area without large industrial emissions and one residing
in a rural area with a cement plant. The results reported that patients residing in the rural
area had a higher mean wall area than those residing in the residential area, thus suggesting
that the COPD phenotype is influenced by certain environmental exposures [24].

Regarding the studies comparable with ours, the Raffetti et al. (2019) review [26] high-
lights the limited and varied evidence. The Po Valley study used a NOy proxy like ours and
found associations with hospitalizations for cardiovascular and respiratory diseases [27].
An Italian study in a northeast area of Rome assessed exposure using the distance from
the cement plant and found results in line with ours for cerebrovascular mortality and
partially in line with ours for mortality from respiratory diseases, since we observed an
excess risk only among women, particularly for acute respiratory diseases [28]. Another
Italian residential cohort study conducted near a cement plant in the Veneto region used
NO, dispersion models as a proxy for exposure and reported a risk of mortality from car-
diovascular diseases among women, particularly for cerebrovascular diseases, somewhat
in line with our results, which show an excess mortality in both sexes [25]. Compared to
our previous study [30], the results highlight more marked excess risks for cardiovascular
diseases, indicating that such excesses are more present in the areas most exposed to the
cement plant emissions. This leads us to hypothesize a reduction in the contribution of
other sources considering that the cement plant is in a predominantly rural area with no
other industries nearby.

In summary, our results partly align with the previous work, indicating potential
cardiovascular mortality signals and female-specific hints for acute respiratory disease,
strengthening the hypothesis of risk associations between the exposure to cement plant
emissions and the occurrence of cardiorespiratory diseases.
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The study’s greatest strength lies in its design; residential cohort studies are, in fact,
one of the most advanced study designs used in national environmental epidemiology and
allow us to assess multiple outcomes from the same exposure [30,39-41]. Individual-level
data enable the tracking of each participant’s residential history over time and linking
exposure to residence duration. Unlike studies relying on distance, this study uses a
dispersion model as a surrogate for persistent area pollution, reducing the subjectivity of
exposure measures. Two additional strengths from the residential history reconstruction—
georeferencing nearly all subjects (eliminating territorial distortions) and acceptable loss
rates (5-10%) from mortality—enhance reliability. These characteristics are consistent with
the current literature supporting the use of pollutant dispersion models and geocoding to
perform accurate exposure assessments [42,43].

The study has several limitations. The study cohort is open and dynamic: this means
that each subject can enter (or leave) the cohort at different times during the study period.
This could lead to a selection bias, causing a dilution of true effects. However, we consid-
ered the bias as non-differential since the emigration phenomenon is very similar across
the entire study area, characterized by municipalities with similar socio-demographic
characteristics. The same is true for workers: the study is unable to account for the role
of employment, but the eventual confounding effect is considered non-differential, since
cement plant employees are considered as randomly resident throughout the study area.
Another limitation is the use of NOy as the sole indicator of cement plant emissions,
adopted as a proxy for stack-related combustion emissions. Although exhaust plumes
from cement plants involve a mixture of pollutants emitted through elevated stacks and
are influenced by stack parameters and meteorological conditions, stack-emitted pollu-
tants are expected to disperse in a broadly similar manner within the study area. Cement
production also generates particulate matter, originating not only from combustion but
also from material handling, storage and grinding processes. These emissions are often
intermittent and diffuse and tend to be more concentrated in close proximity to the source;
however, the lack of reliable and continuous emission estimates for particulate matter
prevents their robust inclusion in the present analysis. A limitation of the dispersion
modeling concerns the lack of continuous ground-level meteorological observations within
the study area, which prevented a formal validation of the WRF-CALMET outputs. A
qualitative comparison with wind roses published in technical reports and previous studies
conducted in the same area suggested a reasonable agreement in terms of dominant wind
directions. Another limitation concerns the exposure assessment, which was based on an
annual average concentration field obtained from a single-year dispersion simulation. This
approach assumes the temporal stability of the spatial distribution of concentrations over
the study period. While interannual meteorological variability and changes in emission
intensity may influence absolute concentration levels, relative spatial contrasts were as-
sumed to remain reasonably stable. A dispersion model based on a single representative
year may be limiting if annual averages change during follow-up, but no such changes
occurred during the study period, so the model was treated as stable. Since the study
targets medium-long-term exposure, using the reference year’s average NOy as a proxy
for exposure is considered acceptable despite the possible mismatches with daily peak
concentrations. Furthermore, using a proxy for the cement plant pollution allowed us to
generalize the results to plants with different characteristics and operating methods. The
model used in this study does not measure exposure at the residential address but in a
larger area (1 km x 1 km), so individual exposure is approximate. Furthermore, using
residential addresses as the exposure basis may not capture true individual exposure, as
people spend substantial time away from home; movements of cohort members were
not accounted for, potentially causing non-differential misclassification and biasing risk
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estimates toward underestimation. Additionally, as important confounders (smoking,
alcohol consumption, obesity, diet, physical activity, occupational exposures, and other
environmental exposures) were not directly measured, the presence of other sources of
environmental exposure within the most exposed areas, defined according to the proxy
model, cannot be excluded; however, we expect these to be non-differentially localized,
leading to a dilution effect and thus to an underestimation of risk.

5. Conclusions

This study supports the hypothesis of an association between residential exposure
to air pollution attributable to a cement plant and an increased risk of cardiorespiratory
mortality in the study area. Using NOy as a proxy for cement plant emissions, excess
mortality risks were observed among residents living in the most exposed areas, partic-
ularly for diseases of the circulatory system. Overall, these findings indicate signals of
a potential relationship between an exposure to pollutants emitted by the cement plant
and the occurrence of chronic diseases, although they are accompanied by uncertainty.
The present findings contribute to the existing evidence on this topic and highlight the
need for further investigation, including a more detailed assessment of lifestyle factors
and other individual risk determinants (i.e., questionnaires and human biomonitoring). In
fact, although the cohort design is highly advanced, we can reduce the uncertainty of the
estimate or methodology by improving both the accuracy and precision of exposure and by
alternatively applying different available epidemiological approaches. As researchers, we
recommend: (i) a more thorough assessment of the potential impact of the cement plant
to strengthen the study design, (ii) a more thorough analysis of the results by population
subgroups, and (iii) a specific study on cardiovascular and respiratory diseases through
questionnaires combined with human biomonitoring studies.
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ICD-10 International Classification of Diseases 10th Revision
HR Hazard Ratio
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Appendix A

Table A1l. Association analysis of mortality risk by sex and five classes of nitrogen oxides (NOx)
exposure in the study period (2006-2019).

MEN WOMEN
Cause (ICD-10 Code)  Exposure Class HR 1-p CI%% N HR 1-p CI95%
1 (ref.) 332 1.00 364 1.00
2 374 108 0649 092-126 368 096 041 0.82-1.12
Na(%gl_ﬁaggies 3 193 1.09 0669 091-131 197 111 0771 093-1.33
4 258 114 0.85 095136 225 087 0876 0.73-1.04
5 185 120 0943 099-144 212 119 095 1.00-1.42
1 (ref.) 140 1.00 197 1.00
Diseases of the 2 156 1.08 0497 085-138 181 0.89 0726 0.72-1.10
circulatory system 3 79 107 0381 081-142 111 120 0878 0.95-1.52
(100-199) 4 99  1.08 0429 0.82-143 118 086 0.766 0.67-1.10
5 102 164 1 126213 119 118 0.83 093-149
1 (ref.) 86  1.00 114 1.00
2 100 111 0511 082-15 119 1.05 0252 0.80-1.37
He?lf(t) gili_fzi;ses 3 57 123 0775 088-173 64 120 0746 0.88-1.63
4 65 109 0364 077-154 77 093 0374 0.68-1.26
5 66 171 0998 123237 77 129 0902 0.95-1.74
1 (ref.) 28 1.00 26 1.00
2 27 088 0353 051-153 31 120 0487 0.69-2.07
Ischemic heatt diseqses (THD) 3 14 091 0227 047-174 16 135 0643 0.71-2.54
4 22 1.09 0225 060-2.00 23 121 0458 0.66-2.24
5 20 155 0854 086280 18 109 0205 058203
1 (ref.) 12 1.00 11 1.00
Actte myocardicl 2 9 069 0574 028171 13 100 0001 043232
infarction (AMI) 3 4 060 0616 019-1.89 7 125 0348 0.47-3.29
(121) 4 8 073 0479 027-193 3 035 0.871 0.09-1.35
5 7 106 0099 040283 5 072 0442 024216
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Table Al. Cont.

MEN WOMEN
Cause (ICD-10 Code) Exposure Class i HR 1-p CI95% N HR 1-p CI95%
1 (ref.) 31 1.00 51 1.00
2 34 112 034 067-1.86 52 093 0271 0.62-1.39
Cer@bm%gg}‘}gg )dismses 3 17 108 0207 059-197 33 137 0832 088213
4 23 125 0551 070225 32 090 0322 0.56-1.45
5 29 212 0995 1.26-357 38 151 0.937 0.98-2.33
1 (ref.) 35 1.00 25 1.00
Disease of the 2 43 119 0532 0.74-191 22 094 0.148 0.52-1.73
respiratory system 3 17 095 0.138 0.53-1.71 6 052 0.852 0.21-1.26
(J00-J99) 4 24 110 0267 063194 17 112 0251 057-2.19
5 11 066 0754 0.33-133 15 136 0.636 0.70-2.62
1 (ref.) 10 1.00 5 1.00
' ‘ 2 15 168 0.768 0.72-3.95 6 1.11 013 0.33-3.74
{]‘55‘3@076@;57116‘};‘;?,( ;izlff‘};ezs) 3 5 102 0025 034302 nr
4 8 1.39 0477 0.51-3.79 9 2.67 0.894 0.81-8.76
5 4 096 0.059 0.29-3.12 5 210 0.747 0.59-7.52
1 (ref.) 12 1.00 11 1.00
Chronic diseases of the 2 15 111 0204 050245 6 064 0579 0.22-1.88
lower respiratory tract 3 5 079 0332 028229 3 066 0754 0.33-1.33
(except asthma)
(J40-]44; J47) 4 9 1.17 0253 045-3.02 nr
5 3 051 0.688 0.14-1.87 nr
Notes: Analyses covered 2006-2019 and were adjusted for age classes, distance to designated roads, and the
socioeconomic deprivation index. ICD-10: International Classification of Diseases, 10th revision; n: sample size;
HR: Hazard Ratio; CI95%: 95% confidence interval; 1 — p: evidence strength for mortality risk excess. Trend:
risk trend per 1 pg/rn3 NOxy; 1 (ref.): exposure class 1 (0.07-0.18 pg/m3); 2: class 2 (0.19-0.29 pg/m3); 3: class 3
(0.30-0.34 ug/m3); 4: class 4 (0.35-0.37 pg/m?3); 5: class 5 (0.38-1.92 pg/m?); nr: not reported due ton < 3.
Table A2. Association analysis of mortality risk by sex and three classes of nitrogen oxides (NOx)
exposure in the study period (2006-2019).
MEN WOMEN
Cause (ICD-10 Code)  Exposure Class HR 1-p CI%% N HR 1-p CI95%
1 (ref.) 507 1.00 529  1.00
Na&‘gﬁ{ﬁ;‘;?es 2 464 1.03 034 090-1.17 457 098 0232 0.86-1.12
3 371 1.09 0754 094-1.25 380 1.04 0415 0.90-1.20
Diseases of the 1 (ref.) 220 1.00 286  1.00
circulatory system 2 181 094 0427 077-1.16 234 097 0.281 0.81-1.16
(100-199) 3 175 129 0982 104-159 206 105 0401 0.87-1.27
1 (ref.) 141  1.00 177 1.00
Hea(‘lf(t) (ﬂilssezi;ses 2 119 096 0247 0.75-1.24 137 092 0511 0.73-1.16
3 114 127 0925 098-1.65 137 1.11 0.616 0.88-1.41
1 (ref.) 40  1.00 44  1.00
Ischemic heatt diseqses (THD) 2 32 086 0459 053-1.39 35 097 0.094 0.61-155
3 39 150 0912 094240 35 095 0.163 0.59-1.53
Acute myocardial 1 (ref.) 16  1.00 17 1.00
infarction (AMI) 2 9 0.66 0.656 0.28-156 14 090 0.225 0.42-1.90
(121) 3 15 111 0218 052236 8 056 0799 0.23-1.36

https://doi.org/10.3390/environments13030153


https://doi.org/10.3390/environments13030153

Environments 2026, 13, 153 16 of 19

Table A2. Cont.

MEN WOMEN
Cause (ICD-10 Code) Exposure Class i HR 1-p CI95% N HR 1-p CI95%

1 (ref.) 47  1.00 74 1.00
Cerebrovascular diseases 2 41 1.05 0.161 0.68-1.62 73 1.16 0.626 0.83-1.63
(I60-163) 3 46 163 0975 106251 59 114 0525 0.80-1.63
Trend 191 0.886 0.86-4.26 1.32 0547 0.64-2.71

Disease of the 1 (ref.) 49 1.00 32 1.00
respiratory system 2 55 129 0789 086-1.94 27 102 0.06 0.60-1.73
(J00-J99) 3 26 079 0657 048-129 26 137 0739 0.79-2.36

‘ ‘ 1 (ref.) 16 1.00 7 1.00
5‘53?;02?5}’{6‘3}%% ;1215675625) 2 17 124 0448 061252 8 146 0522 052410
3 9 099 0.014 042234 11 246 0924 0.91-6.66

Chronic diseases of the 1 (ref.) 16  1.00 13 1.00
"’w(e’ respiratory tract 2 17 122 0416 060-251 7 066 0598 0.26-1.73

except asthma)

(J40-]44; J47) 3 11 091 0.174 0.41-2.03 3 0.38 0.859 0.10-1.38
Notes: Analyses covered 2006-2019 and were adjusted for age classes, distance to designated roads, and the
socioeconomic deprivation index. ICD-10: International Classification of Diseases, 10th revision; n: sample size;
HR: Hazard Ratio; CI95%: 95% confidence interval; 1 — p: evidence strength for mortality risk excess. Trend:
risk trend per 1 pug/m3 NOj; 1 (ref.): exposure class 1 (0.07-0.29 pg/m?3); 2: class 2 (0.30-0.35 pug/m?3); 3: class 3
(0.36-1.92 pug/md).

Table A3. Association analysis of mortality risk by sex and class of nitrogen oxides (NOy) exposure
in the study period (2006-2019), adjusted only for age classes.
MEN WOMEN
Cause (ICD-10 Code)  Exposure Class HR 1-p CI%% N HR 1-p CI95%

1 (ref.) 369 1.00 403  1.00
Natural causes 2 337 1.07 066 093-1.25 329 095 0491 0.82-1.1
(A00-R99) 3 451 1.07 0.646 093-1.23 422 098 0.236 0.85-1.12
4 185 1.19 0.948 1-1.42 212 119 0957 1.01-14

1 (ref.) 159  1.00 220 1.00
Diseases of the 2 137 1.04 0249 08313 158 086 0.845 0.7-1.06
clrewtalory system 3 178 101 0107 082-126 229 103 0212 0.85-1.23
4 102 154 0999 1.2-197 119 121 0911 0.97-1.52

1 (ref.) 98 1.00 133 1.00
Heart diseases 2 88 1.07 0.371 0.8-1.43 100 090 0592 0.69-1.16
(100-152) 3 122 112 0583 0.86-146 141 1.03 0.211 0.81-1.31
4 66 1.61 0997 1.18-2.2 77 130 093 0.98-1.72

1 (ref.) 30 1.00 31 1.00
Ischemic heart diseases (IHD) 2 25 0.97 0.085 0.57-1.65 26 0.98 0.054 0.58-1.65
(I120-125) 3 36 1.03 011 0.64-1.68 39 1.18 0.501 0.73-1.89
4 20 1.58 0.886 0.9-2.78 18 1.31 0.642 0.73-2.35

1 (ref.) 13 1.00 12 1.00
Acute myocardial 2 8 069 059 028166 12 114 0251 0.51-2.54
infarction (AMD 3 12 075 0529 034164 10 073 0539 031-1.69
4 7 1.27 0.389 0.51-3.18 5 0.97 0.047 0.34-2.75
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Table A3. Cont.

1 MEN WOMEN
Cause (ICD-10 Code) Exposure Class i HR 1-p CI95% N HR 1-p CI95%
1 (ref.) 34 1.00 55 1.00
Cerebrovascular diseases 2 31 1.11  0.321 0.68-1.8 48 1.06 0.216 0.72-1.56
(I60-169) 3 40 1.08 0.256 0.68-1.71 65 1.18 0.629 0.82-1.69
4 29 206 0996 1.25-3.38 38 1.55 0963 1.03-2.35
1 (ref.) 39 1.00 27 1.00
Disease of the 2 39 122 061 07819 20 0.87 0357 0.49-156
R A G 3 41 097 0124 062-15 23 081 0545 046-141
4 11 0.67 0.752 0.35-1.32 15 1.25 0.515 0.67-2.35
1 (ref.) 12 1.00 5 1.00
Acute respiratory diseases 2 13 1.29 0.48 0.59-2.84 6 148 0.481 0.45-4.84
(J0O-J06; J10-]18; J20-]22) 3 13 097 0.059 044213 10 210 0.825 0.72-6.16
4 4 0.78 0.333 0.25-2.42 5 226  0.802 0.65-7.8
o 1 (ref.) 12 1.00 11 1.00
Chron iﬁs‘if;ﬁfﬁy‘){;ﬁ 2 15 156 075 073334 6 064 0622 024173
(except asthma) 3 14 1.12  0.225 0.52-2.43 5 0.43 0.88 0.15-1.25
(J40-J44; J47) 4 3 061 0559 017-2.15 nr
Notes: Analyses covered 20062019 and were adjusted for age classes. ICD-10: International Classification
of Diseases, 10th revision; n: sample size; HR: Hazard Ratio adjusted for age classes; CI95%: 95% confidence
interval; 1 — p: evidence strength for mortality risk excess; 1 (ref.): exposure class 1 (0.07-0.19 pg/m?3); 2: class 2
(0.20-0.29 p.g/mS); 3: class 3 (0.30-0.37 pg/m3); 4: class 4 (0.38-1.92 },Lg/m3); nr: not reported due ton < 3.
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