o
Semina ENGINEERING .

Ciéncias Exatas e
Tecnolégicas .
LN @ @ © [DO110.5433/1679-0375.2025.v46.52130 « iThenticate

Health Risk of Particulate Matter in Canoas
and Paulinia for the Population Aged 30 to 59
Years

Risco & Saude Associado ao Material Particulado em
Canoas e Paulinia na Populag¢éo de 30 a 59 Anos

Bianca Cristina dos Reis Pinto!®, Julia Marly Pinheiro Americo'®, Danilo Covaes Nogarotto?®, Daniela
. . 1 ;. . - S
Montanari Migliavacca Osério?®, Simone Andréa Pozza™

Received: December 23, 2024 Received in revised form: August 8, 2025 Accepted: August 18, 2025 Available online: September 23, 2025

ABSTRACT

Particulate matter, such as PM;, poses a threat to health and the environment. This study assessed the
health impacts associated with the average annual PM concentrations in Canoas, Rio Grande do Sul, and
Paulinia, Sdo Paulo, from 2010 to 2019, comparing them to World Health Organization (WHO) guidelines.
Air pollution is a global concern due to its association with respiratory diseases. Computational tools such
as AirQ+ and Openair (R programming language) are essential for linking health and pollution data. The
analyses showed a decrease in PM;( concentrations over time according to the Theil-Sen test. In Canoas, a
significant reduction (p-value < 0.01) of 2.18 pg.m 3 per year was observed, while in Paulinia a reduction
of 0.35 pg.m~3 per year was not significant (p-value > 0.10) and still remained above the 15 pug.m =3
recommended by the WHO. The relative risk calculation estimated that with this reduction,4, 367 and 2, 351
health events could have been avoided in Canoas and Paulinia, respectively. These data highlight the need
for policies to improve air quality and protect public health.
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RESUMO

O material particulado, como o MP1, representa uma ameaca a saiide e ao meio ambiente. Este estudo avaliou
os impactos na saude relacionados as concentra¢oes anuais médias de PM em Canoas, Rio Grande do Sul, e
em Paulinia, Sdo Paulo, entre 2010 e 2019, comparando com as recomendagdes da Organizacao Mundial da
Saude (WHO). A poluicéo do ar é globalmente preocupante devido a associagdo com doengas respiratorias.
Ferramentas computacionais como o AirQ+ e o Openair (software R) sdo essenciais para relacionar dados de
sadde e poluigdo. As analises mostraram uma queda nas concentragdes de MP; ao longo dos anos, conforme
o teste Theil-Sen. Em Canoas, observou-se uma reducdo significativa (p-valor < 0,01) de 2.18 pg.m =3
ao ano, enquanto em Paulinia a reducio de 0.35 ;g.m ™2 ao ano ndo foi significativa (p-valor > 0,10) e
ainda permaneceu acima dos 15 j1g.m ™2 recomendados pela WHO. O célculo do risco relativo estimou
que, com essa reducao, 4.367 e 2.351 eventos de satide poderiam ter sido evitados em Canoas e Paulinia,
respectivamente. Esses dados ressaltam a necessidade de politicas que melhorem a qualidade do ar e protejam
a saude publica.
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Introduction

The rapid progress of industrialization coupled with the overexploitation of natural resources has led to a
significant increase in air pollution, which, in turn, can cause respiratory and cardiovascular diseases, lung
cancer, and even premature deaths. In addition, air pollution ranks sixth among the leading causes of reduced
life expectancy and is the main source of environmental damage (Cora et al., 2020). If air pollution is not
controlled by 2050, it will be the major cause of death worldwide. Some locations experience a higher
incidence of disease due to intense human activity (Gou et al., 2024).

Several studies have been conducted to assess the health status resulting from exposure to air pollution.
According to the World Health Statistics report released by the World Health Organization (WHO), air
pollution caused approximately 6.7 million deaths globally in 2019 (World Health Organization [WHO],
2023), and a study by the Pan American Health Organization (PAHO) reported that 51,000 deaths every year
are attributed to outdoor air pollution in Brazil (Vormittag et al., 2021).

In this context, particulate matter (PM) is a mixture of solid and liquid phases suspended in the atmosphere,
divided into fractions based on the aerodynamic diameter (d,) of the particle. Two well-known fractions
are PMs 5, or fine particulate matter (d, < 2.5 um), and PMq (d, < 10 pm), considered coarse particulate
matter (Conselho Nacional do Meio Ambiente [CONAMA], 2024; Seinfeld & Pandis, 2006). PM,, 5 originates
from anthropogenic activities, such as vehicle emissions, industrial processes, and biomass burning, as well
as natural sources, such as wildfires and volcanic eruptions. PM; originates from natural sources, such as
soil particle resuspension, geological processes, and soil erosion, as well as local sources (Marin et al., 2025).
Therefore, it is important to use the maximum PM concentration limits as a guide.

In Brazil, air quality standards were defined in CONAMA 3/1990, which was later amended by
CONAMA 491/2018 (within the period of this study, from 2010 to 2019). It establishes the maximum
limit of 40 g.m 3 for the annual average concentration of PM; and a 24-hour average of 120 zg.m 3 to
protect the health of the population (Conselho Nacional do Meio Ambiente [CONAMA], 2018; Wikuats,
2023). CONAMA 506/2024 is currently in force (CONAMA, 2024), following the recommendations of the
WHO (World Health Organization [WHO], 2021), but with intermediate stages.

In the State of Sdo Paulo (SP), State Decree 59113/2013 had already established even stricter intermediate
limits and final standards, with progressively lower values for PM;, aligned with the recommendations of
the WHO and promoting the gradual improvement of air quality (Sdo Paulo, 2013). The final standard for
PM is 50 pg.m 3 (24-hour average) and 20 pg.m~2 (annual average). In the state of Rio Grande do Sul
(RS), the same national standards defined by CONAMA are adopted, without specific state limits, according
to reports from the Fundagdo Estadual de Protecdo Ambiental Henrique Roessler (FEPAM) (Fundagao
Estadual de Protecdo Ambiental [FEPAM], 2024), which use the values established in federal resolutions for
monitoring and assessing air quality in the state.

The limits recognize the impacts of PM on public health and highlight the need for policies and actions
to control atmospheric emissions. To define a more restrictive value, the WHO recommends 15 pg.m =3
as the annual average concentration of PM;y (WHO, 2021). This value can help public administration and
monitoring agencies in preventing adverse effects on human health in municipalities and states (Tavella et al.,
2024; Wang et al., 2019).

In India, PM values exceeded the limits defined in local legislation and the guidelines recommended by
the WHO. A study conducted by Manojkumar and Srimuruganandam (2021), in India, concluded that cities
with high PM concentrations lead to more hospitalizations and higher mortality rates. In Iran, a 10-year
study by Raji et al. (2020) demonstrated that adults and the elderly are more likely to be hospitalized due to
respiratory causes after short-term exposure to air pollutants. Moreover, given that air pollutants contribute,
to mortality from various diseases, especially cardiovascular and respiratory diseases, preventive measures
are required to contain sources of emission (Sokoty et al., 2020). In Brazil, studies report similar concerns
regarding the effects of air pollution associated with prolonged exposure and mortality (Cor4 et al., 2020;
Gouveia & Junger, 2018; Gouveia et al., 2017).

In 2016, the WHO Regional Office for Europe implemented the AirQ+ tool for statistical analyses to
estimate the health impact of air pollutant concentrations, including the ability to calculate reductions in
life expectancy. AirQ+ provides two main types of estimates: one for short-term exposure and the other for
long-term exposure (Arregocés et al., 2023; Sharma et al., 2024).
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Using data on pollutant concentrations, total population, population at risk, and incidence per 100,000
inhabitants, the program calculates the fraction and number of cases of diseases and deaths attributable to air
pollution exposure, allowing the development of studies that assess the impacts of air quality on the health of
exposed population (Amini et al., 2024; Wikuats et al., 2023). The use of the recommended concentration
standard is suggested as a guideline.

Studies conducted in countries such as Brazil, Greece, Kuwait, Iran, and South Korea have used this tool
to quantify health risks (Al-Hemoud et al., 2018; Gholampour et al., 2014; Gongalves, et al., 2024; Jeong,
2013; Moustris et al., 2017).

Therefore, understanding and evaluating the behavior of air pollutants and their different sources of
emission remains a challenge for researchers. Large-scale datasets are available from air quality monitoring
systems, requiring computational tools to help evaluate these data. The Openair package of R programming
language, was developed to analyze air quality monitoring information related to atmospheric pollutants and
meteorological variables (Carslaw & Ropkins, 2012).

In a study conducted in the city of Yasuj, Iran, Fallahizadeh et al. (2021) demonstrated that meteorological
factors, such as decreased rainfall and dust storms, contributed to increased PM;, concentrations, with a
direct impact on the health of the population. In Brazil, Almeida et al. (2019) used the Openair package
to assess air quality in two metropolitan areas of Rio de Janeiro, one characterized by industrial activity
and an urban area. This study highlighted the importance of using statistical software in data processing,
emphasizing the results of atmospheric air quality monitoring stations.

Given the issue described before, this study assessed two medium-sized municipalities located in different
regions of Brazil: Canoas in the state of Rio Grande do Sul and Paulinia in the state of Sdo Paulo, both with
active oil refineries. These cities were selected because of the presence of these industrial plants, which
significantly influence air quality (Tavella et al., 2025) and, consequently, population health. In Paulinia, the
refinery is responsible for approximately 96% of the greenhouse gas emissions of the municipality, making it
one of the most polluted cities in the state of Sdo Paulo (Instituto de Pesquisa Econdmica Aplicada [IPEA],
2022). Problems related to PM have already been reported (Nogarotto et al., 2020) and population health
data have been collected (Fernandes et al., 2020) in the city.

Considering the above, this study aimed to assess the impact of air pollution on human health by estimating
the mortality from respiratory diseases and causes related to PM o exposure in the cities of Paulinia, Sdo Paulo,
and Canoas, Rio Grande do Sul. Individuals aged 30 to 59 years were assessed, using hospitalization data
from 2010 to 2019. In addition, the average trends of PM;q concentrations were estimated over this period.
This age group for the analysis of PM;( impacts was selected because it represents the economically active
population, frequently exposed to environmental and occupational factors that enhance the effects of PM.
Bennett et al. (2018) showed that adults in this age group are at significant risk of lung function decline
due to prolonged exposure to PM;( and present a higher prevalence of chronic respiratory diseases. The
literature also recommends standardizing age groups in epidemiological studies to allow for more accurate
comparisons and analyses of the effects of pollutants (WHO, 2021).

Material and methods

Study sites

The study site covers the municipalities of Canoas (Rio Grande do Sul), in the South region, and Paulinia
(Sao Paulo), located in the Southeast region, see Figure 1. These municipalities have similar population
densities and offer systems with real-time air quality monitoring data.

Canoas, situated in the central area of Porto Alegre Metropolitan Area. It has 323,827 inhabitants,
11,658 active companies, a fleet of 206,250 vehicles, and an area of approximately 131 km? (Instituto
Brasileiro de Geografia e Estatistica [IBGE], 2022. It is located at latitude 29°55’12"”S and longitude
51°10’48"”W, eight meters above sea level. Canoas is located near one of the largest petrochemical companies
in Rio Grande do Sul, the Refinaria Alberto Pasqualini (REFAP), which occupies 5.8 km? and processes
32,000 m? petroleum/day (Petrobras, 2021). The municipality has a high population density, with around
2,470 inhabitants per km? and an intense industrial activity, including metalworking, gas, electrical, furniture,
and fertilizer plants. Another important factor is the influence of vehicle emissions, as it is located near
the BR-116 highway, one of the main highways in the area, with a high flow of light and heavy vehicles.
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Figure 1 - Geographical location of the municipalities of Canoas (Rio Grande do Sul) and Paulinia (Sao
Paulo), Brazil.
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It is considered one of the urban and industrial hubs of the South region of Brazil, which reinforces the
importance of the municipality for studies assessing the impacts of anthropogenic emissions on air quality
(Alves et al., 2020; Ceratti et al., 2021).

Paulinia is located in Campinas Metropolitan Area, in the northwest of the state of Sdo Paulo, with a
territory of around 138 km? and an estimated population of 114,508 people (IBGE, 2022). It is located at
latitude 22°45’39”S and longitude 47°09'15” W, 588 m above sea level. The largest petrochemical complex
in Latin America is located there, which includes an oil refinery, Refinaria Planalto de Paulinia (REPLAN),
which has about 20% of the production of petroleum products in Brazil (Petrobras, 2025). Also, it is influenced
by the metropolitan area of Campinas and its vehicle fleet of 76,832 vehicles (IBGE, 2022; Nogarotto et al.,
2020).

According to an Air Quality report issued by the Companhia Ambiental do Estado de Sdo Paulo (CETESB),
the city has two air quality monitoring stations, the oldest of which has operated since 2000 and the other
since March 2018, both located in different districts of the municipality (Companhia Ambiental do Estado de
Sao Paulo [CETESB], 2021; Miranda, et al., 2015).

In terms of the Képpen climate classification both Canoas and Paulinia have a Cfa climate, which is a humid
subtropical climate with hot summers and evenly distributed rainfall throughout the year. Canoas has an aver-
age annual temperature of 19.6 °C and precipitation of about 1.580 mm, also with rainfall evenly distributed
throughout the year. Paulinia, on the other hand, has average summer temperatures above 22 °C, with an
average annual precipitation of about 1.478 mm. Although both cities have the same climate classification,
there are significant differences in their local meteorological conditions, such as temperature range and annual
precipitation, which can influence the dispersion of atmospheric pollutants (Climate-Data, 2025).

Canoas and Paulinia were selected particularly due to the presence of major oil refineries, such as REFAP
and REPLAN, respectively, as well as other industrial plants. These industrial hubs are significant sources
of emissions of atmospheric pollutants, including PM, allowing assessments of the impact of oil refining
activities on air quality in medium-sized urban centers, which, in turn, help expand the understanding of
local effects of pollutant emissions and how they affect human health (Tavella et al., 2025).

Data acquisition and treatment

Data on the average annual PM;( concentration for Canoas were obtained from the Air Quality Monitoring
Network of the Fundagdo Estadual de Prote¢do Ambiental Henrique Luis Roessler (FEPAM), located at Rua
Viana Moog, 101, at latitude —29.88° and longitude —51.14°. For Paulinia, data were obtained from the
CETESB QUALAR System, from the Automatic Network station located at Praca Oadil Pietrobom, s/n°,
Vila Bressani, at 29°55’ S - 51°10’ W. The study used PMq concentration data from 2010 to 2019 for both
municipalities.

Semin.,, Ciénc. Exatas Tecnol, Londrina, 2025, v. 46, 52130



Health Risk of Particulate Matter in Canoas and Paulinia for the Population Aged 30 to 59 Years

Mortality and hospitalization data were also used in this study. They were obtained from the Department
of Informatics of the Brazilian Unified Health System (DATASUS) system, and the ICD-10 (International
Classification of Diseases) Chapter X, Diseases of the respiratory system (age group 30 to 59 years) was
selected. These data are specific for hospitalizations in public hospitals, data from the private health system
are not considered. Based on the number of hospital admissions, the incidence rate for the specific population
in each municipality was calculated for each year, using a factor of 100,000 inhabitants, given by equation (1):

number of hospital admissions

Incidence = - :
specific population

M

To assess the impact of air pollution, the following data were used in AirQ+:
(i) air pollutant data;
(ii) incidence per 100,000 inhabitants;
(iii) hospital admissions and deaths.

The AirQ+ model correlates air quality data, such as the various ranges of average annual concentrations,
with epidemiological parameters. These parameters can include relative risk (RR), incidence, and the
estimated number of cases attributable to a certain level of exposure (Gongalves, et al., 2024).

However, the tool has some limitations, as it does not consider situations of simultaneous exposure to
multiple pollutants or scenarios with different sources of contamination. It also uses environmental data as
an indirect way to estimate population exposure, which can cause uncertainty. Another important point is
that estimates related to morbidity have a low level of precision. This is because it is difficult to establish a
direct and reliable correlation between hospital admission data and the adverse effects on population health
caused by pollution (World Health Organization [WHO], 2016).

Relative risk (RR) represents the likelihood of disease occurrence due to exposure to the pollutant
(Khaniabadi, Fanelli, et al., 2017; Khaniabadi, Goudarzi, et al., 2017). It is the main output of the tool, and
relates the effects of PM;( concentrations on population health. Based on the RR, the impact fraction can be
determined, indicating the percentage of all deaths that can be attributed to exposure to the pollutant (Ostro,
2004; Sharma et al., 2024).

AirQ+ has two calculation lines, one for short-term exposure and one for long-term exposure. Our study
was based on the short-term exposure calculation. The RR calculation requires the coefficient 5 (Ostro,
2004), which assesses the impact of air pollutants on human health, along with mortality and life expectancy
of the population, according to equation (2):

RR = exp [+ (X — Xo)], 2

where X is the average annual concentration of PM;o; X is the cutoff concentration (using the value
recommended by the WHO of 15 pgm~—2 ); 3 is the the risk coefficient for PM;q (8 = 0.0008, with a lower
limit of 0.0006 and an upper limit of 0.0010, default values of the tool), considering a 95% confidence
interval (CI), as recommended by Ostro (2004), and Wikuats et al. (2023).

The analysis of PM; concentration data was performed using the Openair package available in R 4.1.0
(R Core Team, 2023). This package facilitates the evaluation of a larger amount of data correlating air
pollutants, topography, and meteorological information.

The TheilSen function in the Openair package was used as it estimates trends for pollutant concentrations
over the selected period, with a 95% confidence interval (Carslaw & Ropkins, 2012). According to Carslaw
(2015) and Carslaw and Ropkins (2012), this function is used to analyze the annual trend of increasing or
decreasing air pollutant concentrations, correlating them with the seasons. The advantages of using the
TheilSen function include its ability to resist outliers and heteroscedasticity, and it is a nonparametric
method, that is, it makes no assumptions about data distribution and dispersion (Ancelet et al., 2015; Mateus
& Gioda, 2017).

For PMj, the annual average concentrations of each municipality in the study sites were compared with
the air quality values recommended by the WHO (2021), considering the number of times these values were
exceeded.
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Results and discussion

Table 1 shows the epidemiological data (hospital admissions, incidence, and deaths) and the annual average
concentrations of PM; for Canoas and Paulinia, for the age group of 30 to 59 years old. These data were
used as input in AirQ+ to estimate the impact of PM exposure on the health of local populations, allowing an
assessment of the potential reduction in the number of cases and deaths with improved air quality.

Table 1 - Input data used in AirQ+ referring to the municipalities of Canoas and Paulinia for the age group
of 30 to 59 years old, with their respective missing data (%) from 2010 to 2019.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Canoas
Hospital admissions 581 635 633 662 667 612 594 531 469 408
Incidence 4359 471.5 465.2 481.6 4809 438.0 4229 376.4 331.5 287.7
Deaths 51 51 65 69 86 79 68 56 56 55
Average conc. (ug.m ™) 399 352 371 346 220 190 248 237 216 252
Missing data (%) 3.88 7.92 373 3830 9931 86.16 11.13 554 276 31.64
Paulinia
Hospital admissions 81 104 89 125 109 75 88 86 77 85
Incidence 288.3 281.5 231.6 3134 263.7 1754 191.0 188.6 164.0 176.2
Deaths 7 7 7 3 5 7 2 12 3 8

Average conc. (ug.m™>) 345 351 319 295 327 293 268 258 308 297
Missing data (%) 0.73 131 412 357 6.00 126 240 3.60 6.00 2.04

Table 1 also shows a compilation of missing data from the QUALAR database of CETESB, organized
by year. A higher level of missing data is seen in Canoas in 2014 and 2015, when compared to other years,
which may explain the low concentrations of PM; observed for these years. Therefore, for Canoas, these
years were not considered in the analysis of this study.

Figure 2 shows the average annual concentration of PM; in Paulinia and Canoas from 2010 to 2019,
compared with the WHO (2021) guideline value of 15 j1g.m 3. A reduction in average annual concentrations
is observed, although the values are still well above this reference during the study period (2010 to 2019).

Figure 2 - Average annual concentration of PM;4 (2010 to 2019) in Canoas and Paulinia.

(I

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

a0 The

P [ [
n =] o

(=]
=]

PM,, concentration (pg.m=)
=
i
I
1
1
M
I
1

5
1
|
I
|
t
|
|
|
[

wn

[=]

[ Cancas  EEEEEM Paulinia == == Cutoff concentration

High PM;( concentrations were observed in 2010 and 2011, as illustrated in Figure 2. The annual report,
"Winter Operation and Air Quality," by CETESB (2012) states that the winter of 2011 and the previous year
had low humidity, which hinders the dispersion of pollutants.

Figure 3 shows the maximum annual concentrations in Paulinia from 2010 to 2019, during the winter
period between May and September.
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Figure 3 - Maximum daily concentrations of PM;, (pg.m~3) in winter (May to September) from 2010 to

2019 in Paulinia.
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The data, Figure 3, indicated maximum daily concentrations of 111 and 107 pg.m~2 in 2010 and 2011,
respectively. The characteristics of this season were mainly influenced by La Nifia (Andredo et al., 2018),
which is a phenomenon characterized by the predominance of hot air masses in South America, covering
several areas of the state of Sdo Paulo, including the northwest area where Paulinia is located. August was
the month with no precipitation in 2010, with relative humidity around or below 20% (CETESB, 2021). In
Canoas, in 2010 and 2011, high annual average concentrations of PM;, were also observed. Between 2013
and 2017, the lack of data may have resulted in low concentration values. However, it was not possible to
perform the same analysis for Canoas due to the lack of data available for the winter in the area during the
study period.

Figure 4 illustrates the trend analysis of average monthly concentrations of PM; in Canoas and Paulinia
from 2010 to 2019, where the solid red line represents the trend estimate with 95% confidence intervals
(dashed red lines) obtained through bootstrap resampling methods. Asterisks (**) denote a significant trend
at the 0.001 level, while the absence of a symbol indicates no statistically significant trend.

Figure 4 - Trend analysis of monthly PM;, concentrations in: (a) Canoas, and (b) Paulinia.
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A downward trend in concentration was observed over the years. In Canoas, Figure 4(a), a significant
decrease of 2.18 ;1g.m ™2 per year was reported (p-value < 0.01). However, in Paulinia, Figure 4(b), a
decrease of 0.35 pg.m 3 per year was reported (p-value > 0.10).

A study conducted by Marinho et al. (2022) in Paulinia analyzed an 18-year historical series of data and
found a reduction in PM;, concentrations. The decrease was 2.41% per year in winter and 0.95% per year
in summer. Another study conducted in Portugal by Gama et al. (2018) indicated that, during dry periods,
average air pollutant concentrations increased significantly due to the resuspension of soil particles and the
incidence of fires, with data collected over 10 years.

Relative risk

Table 2 shows the relative risk (RR), given in equation(2), expressed as the probability ratio indicating
how different levels of air pollutant concentrations affected hospitalizations in Canoas and Paulinia during
the period 2010 to 2019.

Table 2 - Relative risk (R R) to the population aged 30 to 59 years exposed to PM1( concentrations in Canoas
and Paulinia based on 3 values.

Year RR (3 =0.0006) RR(3=0.0008) RR(3=0.0010)

Canoas

2010 1.0151 1.0194 1.0253
2011 1.0122 1.0163 1.0205
2012 1.0134 1.0179 1.0224
2013 1.0118 1.0158 1.0198
2014 - - -

2015 - - -

2016 1.0059 1.0079 1.0099
2017 1.0053 1.0070 1.0088
2018 1.0040 1.0067 1.0094
2019 1.0022 1.0042 1.0103

Paulinia

2010 1.0118 1.0158 1.0198
2011 1.0122 1.0163 1.0204
2012 1.0088 1.0131 1.0171
2013 1.0117 1.0170 1.0247
2014 1.0080 1.0117 1.0145
2015 1.0090 1.0127 1.0164
2016 1.0045 1.0067 1.0090
2017 1.0065 1.0087 1.0120
2018 1.0061 1.0087 1.0159
2019 1.0089 1.0119 1.0148

Note that, as shown in Table 2, both municipalities presented RR values above 1, indicating a positive
association between exposure to PM10 and hospital admissions due to this exposure (Cora et al., 2020; Pope
et al., 2002). Canoas showed a reduction of about 1.40% from 2010 to 2019, and Paulinia, 0.39%. In Canoas,
RR values ranged from 1.0050 to 1.0190, while in Paulinia, the highest RR was 1.0163 in 2011 and the lowest
1.0087 in 2017. RR values greater than 1 (considering confidence intervals) indicate that PM;, exposure
increases the risk of hospitalization, meaning that the likelihood of a health event is higher among exposed
individuals than among unexposed individuals (Lund et al., 2016). In Paulinia, the RR of 1.0163 in 2011
corresponds to a 1.63% increase in the risk of respiratory diseases for exposure to 25.8 pg.m =3 of PM
compared with 15 z1g.m ™3, as recommended by the WHO.

Thus, an increase of about 10 zg.m =3 in PM1q represents a significant public health impact, especially in
frequent exposures and large populations.
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If PM;( concentrations had followed the WHO recommendation of 15 ug.m*3, a total of 4,367 deaths in
Canoas and 2,351 in Paulinia, see Figure 5, could have been avoided in the 9-year study period (2010 to
2019), representing about 0.5% to 0.3% of deaths in Canoas and Paulinia, respectively, which could have
been lower every year. In comparison to Spain, if pollutants could be kept within the safe limits established
by the WHO for human health, the number of deaths could be reduced by 0.5% to 7% every year (Rovira
et al., 2020). In addition, according to the study by Abdolahnejad et al. (2017), a 10 pg.m 2 increase in
PM; concentration can lead to a 6% increase in the mortality rate.

Figure 5 - Deaths that could be avoided per 100,000 inhabitants aged 30 to 59 years exposed to PMyq
concentrations in Canoas and Paulinia.
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Comparative assessment of PMy impacts

Comparative studies reveal the impact of PMq pollution on the total number of deaths attributed to it in
Brazilian municipalities and other cities in Iran, Table 3.

Table 3 - Comparison of total deaths attributable to PM; in Canoas, Paulinia, and other cities based on
different studies.

Study site Period Deaths due to PM;;, Total deaths Reference
Brazil
Paulinia 2010-2019 2,222 222.2 Authors of this study
Canoas 2010-2019 4,912 419.2 Authors of this study
Florian6polis 2018-2020 52.5 17.5 Martins et al. (2025)
Ribeirao Preto 2017-2021 100 20.0 Gongalves, et al., (2024)
Iran

Tehran 2008-2010 2,194 731.3 Gharehchabhi et al. (2013)
Tabriz 09/2012-05/2013 363 544.5 Gholampour et al. (2014)
Khorramabad 2014 320 32.0 Nourmoradi et al. (2015)

The analysis over different periods, Table 3, highlights the urgent need for action to monitor and improve
air quality globally. While comparison with data from other studies is important for contextualizing the
results, it is essential to emphasize that the geographic and meteorological characteristics, as well as the
different sources of emission in each location, directly influence the concentrations of air pollutants and,
consequently, the results obtained. Therefore, these specificities must be considered in the analysis and
interpretation of the results (Gongalves, et al., 2022).

To date, there are no records of previous studies using AirQ+ to estimate the health risks associated with
air pollution in the cities of Paulinia and Canoas, making this analysis the first in this context. Wikuats
et al. (2023) conducted a health impact assessment in the city of Sdo Paulo (about 120 km from Paulinia)
to investigate the negative impacts of air pollution on the health of the population using the same program
to analyze avoided deaths. These data, compared with our study, provide a comprehensive view of the
consequences of PM;, exposure in different geographic, social, and economic contexts, reinforcing the
importance of developing public policies to protect human health.
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Reducing air pollutant concentrations is a way to ensure safe limits for human health, thus reducing
mortality rates and the negative impacts on the quality of life of the population (Pope et al., 2002).

Martins et al. (2025) used the APHEKOM model to assess the risk of exposure to PMs 5 and PM1 in the
city of Florian6polis. A reduction in PM;, concentrations to the levels recommended by the WHO could
avoid about 29 hospital admissions due to respiratory diseases and 12 due to cardiovascular causes, resulting
in annual savings of over US$ 313,000 for the public health system.

Due to data availability, this study considered only PM;q concentrations. The selection of this pollutant,
which focuses on respiratory diseases (ICD-10 Chapter X), is supported by scientific studies. For example, in
Visby, Sweden, Tornevi et al. (2022) analyzed the short-term associations between PM; concentrations and
the daily number of visits in hospitals and primary care facilities due to acute respiratory problems from 2013
to 2019. The authors observed that increases in PM;g concentration levels were directly associated with an
increase in respiratory diseases, particularly among children, where asthma-related medical appointments
increased 5% for each 10 pg.m =3
parameter, demonstrating that even in scenarios with different particle compositions, the adverse effects on
respiratory health are significant and measurable. Therefore, the use of PM; as the sole pollutant in this

study is methodologically justified and is supported by recent international studies (Sasmita et al., 2022).

increase of PM1g. The study used PM;( exclusively as an environmental

Although PM, is a relevant indicator for respiratory health, the model applied in this study using AirQ+
has certain limitations, as it does not account for various other factors that may affect the relationship between
air pollution and hospitalization or mortality rates. Such factors may include body mass index, lifestyle
characteristics (such as smoking and alcohol consumption), engagement in physical activities, educational
attainment, income, and medical background as previously reported by Wikuats et al. (2023) and Martins
et al. (2025).

Conclusions

Air pollution has a global impact on the quality of life of population, so assessing the behavior of air pollutants
over time is extremely important. Therefore, the use of statistical tools and models to evaluate long-term air
quality data series helps understand the spatial and temporal nature of air pollutants.

In our study, the PM; values recommended by the WHO (2021) were exceeded in both Canoas and
Paulinia from 2010 to 2019. Also, a downward trend in PM; concentrations was observed using the TheilSen
function. The trend assessment of monthly average PM;( concentrations was significant in Canoas, but not
significant in Paulinia.

The incidence of respiratory diseases showed a correlation with PM;( concentrations, which impacted
the mortality rate. The incidence was 4,367 in Canoas and 2,351 in Paulinia. The RR was above 1 in both
municipalities, with the largest variations of 1.019 and 1.016 in Canoas and Paulinia, respectively. These
population and health data were extracted from a comprehensive nationwide data source. Therefore, this
relative information may be influenced by air quality data and response patterns to air pollutant concentrations.

It should be noted that this study did not consider other factors that can influence pollution levels, such
as meteorological variables, economic activities, wild fires, among others. We considered only PM;q
concentrations and incidence to calculate the relative risk. Also, hospital admission data are related to public
hospitals and do not include the private healthcare network.

In this study, the impact of air quality was focused exclusively on PM;,. However, for more accurate
and comprehensive analyses of the correlation between air pollutant concentrations and epidemiological
studies, it would be more efficient to include different pollutants such as fine particulate matter (PMs 5),
sulfur dioxide (SO3), nitrogen dioxide (NOs), and ozone (O3) (Zhang et al., 2021).

Finally, AirQ+ is an essential tool for monitoring and, if necessary, control measures to reduce air pollution
levels, according to the recommendations of the WHO, in order to achieve the targets established in the 2030
Agenda for Sustainable Development (Sustainable Development Goals — SDGs), especially those related to
promoting good health and well-being (SDG 3) and improving air quality in cities (SDG 11). These measures
could have significantly reduced the number of deaths over the study period in both municipalities, which
emphasizes the need for public policies that minimize and reduce the impact of air quality degradation on the
quality of life of the population.
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