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ARTICLE INFO ABSTRACT

Handling Editor: Prof. L.H. Lash

Air pollution, particularly PM s, significantly impacts public health in developing areas. This study evaluates
PM, 5 exposure among residents and conducts a health risk assessment within the human community in Bantul
Regency, Indonesia, utilizing a high-volume air sampler (HVAS) over 24 h in a residential area and interviewing
36 respondents. The findings of this study show that PM, 5 concentrations varied from 50.7 to 61.9 pg/m>,
exceeding the national ambient air quality standards (NAAQS) of 35 pg/m>. The risk hazard quotient (RQ) values
of PMj 5 were greater than 1, signifying considerable health risk. Epidemiological statistical analysis indicates a
significant correlation (p-value < 0.05) between PM; 5 exposure, health complaints, and respondent character-
istics. Residents report health issues including cough, headache, eye irritation, breathlessness, and wheezing. The
findings emphasize the imperative for more rigorous air quality standards and regulations, enhanced public
awareness and education regarding preventive practices, and urban planning development strategies incorpo-
rating green infrastructure. These measures are crucial for alleviating health hazards and enhancing air quality in
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impacted areas.

1. Introduction

Global air pollution, particularly fine particulate matter (PMjy5), is a
public health concern. Hazardous PMy s is experienced by approxi-
mately 7.3 billion individuals, with 80 % of this demographic residing in
low-income and middle-income countries [1]. Exposure to PMy 5 leads
to severe health impacts, including approximately 4.11 million prema-
ture deaths in 2018 [2]. Regional disparities in PMy5 pollution are
pronounced, with urbanization contributing to elevated levels in
developing countries [3,4]. Even though numerous industrialized
countries have successfully reduced PM; 5 concentrations in urban areas
[3], the primary determinants of health hazards are still associated with
socioeconomic factors, including industrial settings and rates of urban-
ization [5]. The elevated PMs 5 concentrations are linked to population
growth in rapidly urbanizing regions like India and sub-Saharan Africa,
and these conditions are further exacerbated by rising temperatures [6].
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PMj; 5 pollution is a major concern in Indonesia, especially in urban
areas such as Jakarta and Yogyakarta, as well as other major cities where
PM, 5 concentrations frequently exceed world health organization
(WHO) standards, posing significant health hazards without a safe limit.
This has raised concerns regarding public health and diabetes, as
exposure to PMy s has been linked to elevated coronavirus disease
(COVID-19) mortality rates and elevated plasma glucose levels in non-
diabetic adolescents [7,8]. Among the most significant sources of
PM, 5 pollution are biomass burning, vehicular emissions, and industrial
activities [9]. Meteorological conditions and seasonal fluctuations
elevate PMy 5 levels, increasing the risk for vulnerable populations,
including informal landfill workers. This highlights the urgent need for
targeted measures to mitigate health and environmental impacts [10,
11].

PM, 5 has significant health impacts, including dementia, cardio-
vascular disease, and respiratory disorders [12,13]. It is evident that a
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global concern persists, as only 8 % of major cities adhere to WHO’s
annual PMy 5 limits [14] despite efforts to mitigate the issue. Remote
sensing, geospatial data, and high-resolution population metrics have
improved exposure assessment, leading to more accurate health risk
estimates [15,16]. These evaluations have been improved by integrating
microenvironmental exposure and using bioassays for toxicity mea-
surements [17,18]. Furthermore, regional vulnerabilities have been
identified and emission sources have been delineated through data
fusion and source apportionment [19,20]. These insights are essential
for developing effective environmental policies, including
emission-reducing urban designs and public health interventions,
emphasizing Indonesia.

Demographic disparities in PM5 5 exposure are significant, with low-
income populations disproportionately affected [21,22]. In certain
areas, racial and ethnic minorities face greater exposure, while in
developing countries, even non-disadvantaged populations may be
considerably affected [23,24]. Both the youth and the elderly pop-
ulations are particularly vulnerable [25]. The necessity for equitable
health interventions is underscored by the fact that in Indonesia, PMjy 5
levels that fall below WHO standards are associated with a higher
prevalence of diabetes [26]. Increased insulin resistance and altered
glucose metabolism have been linked to prolonged exposure to PM5 5 in
urban populations. Several studies have demonstrated that long-term
exposure to PMy 5 is associated with elevated fasting blood glucose
levels and insulin resistance indices [27]. The mechanisms that underlie
these effects are systemic inflammation, oxidative stress, and alterations
in sphingolipid metabolism [28,29]. Exposure to PMy 5 can disrupt in-
sulin signaling pathways, with a particular emphasis on the IRS-1/AKT
pathway [29]. Furthermore, glucose homeostasis has been demon-
strated to be influenced by short-term exposure to PM 5, as evidenced
by increases in fasting insulin and observed HOMA-IR [30,31]. The
NLRP3 inflammasome is pivotal in insulin resistance exacerbated by
PMy5 [32]. The metabolic effects induced by PM;s may be more
prevalent in specific subgroups, including females, overweight in-
dividuals, and older adults [31,33].

Due to its distinctive semi-urban characteristics and susceptibility to
elevated PMy 5 levels, Sitimulyo, Bantul Regency, was chosen as the
study site. The area is affected by various emission sources, including
residential biomass combustion, vehicular emissions, and its proximity
to volcanic activity, i.e., Mount Merapi. Furthermore, the demographic
profile of this area, which includes a combination of urban and rural
populations and long-term residents, renders it an ideal case study for
assessing health risks associated with air pollution in semi-urban set-
tings in Indonesia.

This study utilized a real-time health risk assessment model tailored
for semi-urban areas in Indonesia, unlike prior research that often
focused on static exposure assessments in developed countries. This
study addresses significant gaps in understanding non-carcinogenic
health hazards by integrating respondent characteristics, meteorolog-
ical data, real-time PM; 5 exposure, and associated health symptoms in
humans. Despite Indonesia’s national ambient air quality standards
(Government Regulation (PP) No. 22 of 2021) establishing the PMs g
limit at 55 ug/m? [34], this study referenced the U.S. NAAQS standard of
35 ug/m® to conform to international benchmarks. This approach en-
ables a comparative analysis of the health risks associated with PMa 5
exposure in Indonesia against more stringent global standards, empha-
sizing areas where local regulations could be enhanced to mitigate
health risks.

The findings will provide practical insights for public health policies,
with a particular emphasis on vulnerable populations, including women,
elderly adults, and long-term residents. Furthermore, this study aligns
with the sustainable development goals (SDGs) by simultaneously
enhancing public health outcomes (SDG 3), promoting sustainable
urban planning (SDG 11), and addressing environmental health dis-
parities (SDG 10) [35].
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2. Material and methods
2.1. Study area

The study was conducted at a residence in Sitimulyo, Bantul Re-
gency, the Special Region of Yogyakarta, Indonesia. The locations were
selected based on high PM,s exposure levels and particular de-
mographic characteristics. Fig. 1 shows a map of the study area. The
PM, 5 measurement was performed at three sampling points over 24 h,
with a total sample size of 36 respondents. The three sampling points
were deliberately selected to represent various distances from potential
PM; 5 sources, i.e., high-traffic areas, residential biomass combustion
areas, and sites adjacent to landfill activities. The selected points were
determined by accessibility and population density to ensure a repre-
sentative air quality assessment in Sitimulyo, Bantul Regency.

Participants meeting the established inclusion criteria were selected
for this study. Participants aged 18 years or older had lived in the study
area for nearly a decade and were willing to engage in all phases of the
research. The questionnaire encompassed personal information,
respondent characteristics, symptoms associated with dust exposure,
and health-related complaints. This study excluded pregnant women to
adhere to ethical standards and to minimize potential health risks.
Exposure studies that involve this demographic often necessitate
tailored risk assessment models and additional ethical considerations,
which are beyond the scope of this research.

2.2. Measurement PM3 5

Particulate matter was collected in accordance with SNI
7119.14:2016 standard for PMy 5 measurement. This study utilized a
high-volume air sampler (HVAS) equipped with Whatman No. 1 (CAT
1001-125) with a porosity of less than 0.3 um for 24 h in a residential
area. The HVAS was installed with an airflow rate of 1000-1200 L/min.
The filter paper was held in a desiccator for at least 24 h before and after
sample collection. The silica gel was positioned at the base of the
desiccator. Gravimetric methods were employed to analyze the filter
paper utilized to capture particulate matter to estimate the weight of the
particles accumulated, as described in Eq. 1:

(Wy — Wy) x 106

C=
\%4

(€8]

C= particulate concentration (pg/m3)

W, = initial filter weight (g)

W, = final filter weight (g)

V = sample air volume (m>)

This study used the U.S. NAAQS standard for PM 5 (35 ug/m®) was
utilized in this study for its stringency and global applicability in health
risk assessments. The U.S. benchmark was chosen in this study to
emphasize the potential gaps in local air quality guidelines and their
implications for public health, despite the fact that Indonesia’s standard
(55 pg/m>®) had been established.

2.3. Data analysis

Under the analysis guidelines of the Ministry of Health, Indonesia,
the analyzed data was used to determine the environmental health risk.
Meteorological data, i.e., temperature, humidity, and air pressure, were
collected at each sampling location to better interpret the results. A
statistical analysis was carried out to determine the correlations between
health complaints and PMy 5. Regression analyses were performed to
evaluates variables education level, gender, age, and duration of resi-
dency, with a significance threshold set at a p-value < 0.05. The spatial
distribution of PM, 5 was analyzed using ArcGIS (v.10.8).

The application of regression analysis may be deficient in statistical
robustness due to the limited sample size (n = 36) and the dependence
on 3 PM,s5 concentration measurements. Therefore, the data are
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Fig. 1. The map of the location sampling.

distributed to provide a descriptive overview of PMj 5 exposure levels,
health complaints, and demographic characteristics. This approach en-
ables a clearer visualization of the observed trends and their potential
implications for public health.

The risk assessments were conducted in accordance with the envi-
ronmental health risk analysis guidelines (EHRAG) issued by the
Directorate General of Public Health, Ministry of Health, Indonesia
(2021). These revised guidelines provide a comprehensive framework
encompassing hazard identification, dose-response assessment, and
exposure assessment. The hazard identification phase focuses on iden-
tifying potential routes of exposure to risk agents and understanding
their effects at various concentrations. The dose-response assessment
includes calculating reference values, such as RfD, RfC, and SF, to
evaluate the potential health impacts of exposure. By incorporating
recent advancements, the 2021 guidelines enable a more accurate and
standardized approach for assessing environmental health risks. This
study employed predetermined default values for exposure time, fre-
quency, duration, and body weight in the HRA calculations; however,
direct measurements were not performed due to logistical and resource
constraints. These default values align with the environmental health
risk analysis guidelines (EHRAG) of the Indonesian Ministry of Health.

However, future studies should incorporate detailed questionnaires and
direct assessments to improve the specificity and accuracy of risk
characterization.

The health risk assessment (HRA) methodology was used to assess
the health risks linked to PM; 5 exposure. The calculation was performed
utilizing Eq. 2:

_CxXRXtExXfExDt

Wb x tavg 2

I (Intake)= intake (mg/kg/day)

C (Concentration)= concentration of the agent on the air medium
(mg/m?)

R (Rate)= inhalation rate or volume of incoming air per hour(m3/h)

tE (time of exposure)= duration of exposure each day (hours/day)

fE (frequency of exposure)= number of days of exposure per year
(days/year). To reflect real-time exposure conditions in this study, fE
was set at 350 days per year, considering days when exposure was
impossible because of interruptions or holidays. In accordance with
accepted health risk assessment procedures, a value of 360 days per year
was utilized for time-averaged calculations, guaranteeing comparability
with international guidelines.
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Dt (duration time)= number of years of exposure (real-time expo-
sure) (years)

Wb (weight of body)= exposed human weight (kg)

tavg (time average)= average time period (30 years x 365 days/year
for non-carcinogen effects)

While this study focused on tropical conditions, the methodology can
be adapted for other regions by adjusting key parameters, such as
exposure duration and frequency, to reflect local environmental and
demographic characteristics. For example, relative humidity levels in
subtropical climates could be incorporated into the calculation of PMj 5
concentrations and their health impacts. Eq. 3 was used to determine the
risk level for risk characterization based on non-carcinogenic effects.

I
RQ = RfC 3
I = intake (mg/kg.day)
RQ = risk hazard quotien
RfC = reference concentration (mg/kg.day)

3. Result and discussion
3.1. Particulate matter concentration and meteorological data

The PM, 5 concentrations observed in Sitimulyo ranged from 50.7 to
61.9 ug/m®. The PM, 5 measurements surpassed the national ambient
air quality standards (NAAQS) set by the US-EPA, which is 35 pug/m>.

The observed value can be attributed to a combination of anthro-
pogenic and natural factors. Significant factors comprise the prevalent
utilization of biomass fuels for cooking, vehicular emissions in semi-
urban areas, and the proximity to mount Merapi, which regularly re-
leases fine particulate matter during volcanic activity. Furthermore,
meteorological conditions, including elevated humidity and stable at-
mospheric pressure, may intensify the accumulation of particulate
matter, as noted in previous studies on air quality in similar settings.

The study highlights the significant health risks associated with
elevated PMy 5 concentrations in residential settings, as all measured
locations exceeded the 35 pg/m?® US-EPA national ambient air quality
standards (NAAQS). Table 1 shows this information in detail. The
average concentration of PMys is 57.4 ug/m® This study offers
evidence-based mitigation strategies and detailed insights into the ef-
fects of PMys pollution on vulnerable groups by combining de-
mographic, meteorological, and real-time exposure data.

Meteorological conditions with high humidity (68.23-75.94 %) and
stable air pressure (746.4-747.7 mmHg) significantly impacted the
dispersion and accumulation of PMy 5. While utilized in tropical envi-
ronments characterized by high humidity, this method can be modified
for subtropical regions by integrating region-specific factors, including
differing temperatures, lower humidity, and seasonal fluctuations.
These modifications would enhance the model’s applicability, ensuring
accurate health risk assessments tailored to different -climatic
conditions.

High humidity promotes particle growth through hygroscopic pro-
cesses, and stable atmospheric conditions trap pollutants near the
ground level. These findings align with research conducted in China,
demonstrating that meteorological factors significantly influence PMy 5
concentrations. A study found a 30-50 % reduction in annual mean

Table 1
PMS, s concentration and meteorological parameters.

Sampling Point PM, 5 Temperature Humidity Air Pressure
(ug/m® [§9) (%) (mmHg)

1 50.7 30.71 68.23 746.7

2 61.9 29.92 69.65 746.4

3 59.6 28.12 75.94 747.6

Mean 57.4 29.58 71.27 746.9
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PM, 5 levels from 2013 to 2018, with around 12 % of the reduction
attributed to favorable meteorological conditions [36].

Vertical stratification of PMj 5 adds another layer of complexity, as
concentrations typically decrease with altitude and show more pro-
nounced stratification in the morning compared to the afternoon. The
distribution of PMj 5 is further influenced by seasonal variations, with
winter typically exhibiting the highest concentrations due to increased
heating and stagnant atmospheric conditions. Nevertheless, dust peaks
in the spring are associated with coarse particulate matter in northern
regions [37]. These variations align with the findings of this study,
where meteorological conditions, such as stable air pressure and high
humidity, likely contributed to pollutant persistence.

Furthermore, PM, 5 concentrations generally correlate negatively
with precipitation, relative humidity, air temperature, and wind speed,
while demonstrating a positive correlation with surface pressure [37].
These relationships highlight the necessity of incorporating meteoro-
logical variables into air quality models to enhance predictive precision.
Enhanced forecasting can enable authorities to anticipate high-exposure
periods and implement temporary measures, i.e., restricting
high-emission activities during unfavorable conditions [17].

The PMj, 5 Reference Concentration (RfC) value in this study was
adopted from the NAAQS, which is 35 pg/m>. This value is not yet
included in the integrated risk level information system (IRIS) list or the
agency for toxic substances and disease registry’s (ATSDR) table. The
RfC value for assessing risk exposure to PM; s, as determined by Eq. 2, is
0.01 mg/kg/day. Table 2 shows the health risk assessment of PMy 5
based on the exposure factor for dose-response evaluation.

The findings of this study highlight the disparity between Indonesia’s
PM; 5 threshold and more stringent international standards such as the
U.S. NAAQS. The elevated PM; 5 concentrations measured in Bantul
Regency, which exceed both benchmarks, underscore the need for
revisiting national air quality standards. Implementing more stringent
regulations could improve public health safeguards, especially for at-
risk groups, and align Indonesia’s regulatory framework with interna-
tional best practices.

The calculated frequency of exposure (fE) values used in this study
differ depending on the analysis context. For real-time exposure, fE was
set to 350 days/year, reflecting realistic conditions that account for non-
exposure days, such as holidays or personal interruptions. The time-
averaged value of 360 days per year corresponds with standard as-
sumptions in health risk assessments, facilitating comparability with
other studies. This dual approach balances the need for practical
applicability and methodological consistency in long-term health risk
modelling. The application of standard assumptions for exposure time,
frequency, duration, and body weight in this study provides a general

Table 2
Exposure factors for dose-response assessment.
Exposure Unit Realtime  Reference
Factors
R (Rate) m® /h 0.83 Guidelines for Assessing
Human Health Risks from
Environmental Hazards,
Environmental Health Risk
Analysis Guidelines and U.S.
Environmental Protection
Agency [38-40]
tE (Time of hours/day 24 EHRAG [40]
Exposure)
fE (Frequency days/year 350 EHRAG [40]
of Exposure)
Dt (Duration Years 30 EHRAG [40]
Time)
Wb (Weight of Kg 55 EHRAG [40]
Body)
tavg (Time 30 years x 365 10,950 EHRAG [40]
Average) days/year for

non-carcinogen
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estimation of health risks but may not fully capture individual vari-
ability among residents in the studied area. The direct collection of data
via questionnaires and body weight evaluations would improve the ac-
curacy of risk assessment. Integrating these methodologies in future
research will be essential for customizing public health interventions to
meet specific population requirements.

3.2. Health risk assessment

Health risk assessments related to PM5 5 were carried out using the
risk hazard quotient (RQ), shown in Table 3. An RQ value > 1 indicates a
significant non-carcinogenic health risk. All sampling points showed RQ
> 1, indicating that long-term exposure to PMy 5 can pose a serious
health threat.

The calculated RQ values > 1 confirm that PM; 5 concentrations in
the study area pose significant non-carcinogenic health risks. This
finding is consistent with global studies linking particulate matter
exposure to respiratory, cardiovascular, and metabolic disorders [38,
39]. Both short-term and long-term exposure to PM; 5 have been asso-
ciated with increased mortality, reduced life expectancy, and height-
ened risks of chronic diseases [38].

Implementing 350 days per year for real-time exposure guarantees
that the health risk assessment accurately represents actual exposure
patterns, whereas the 360 days per year utilized for time average cal-
culations comply with established guidelines for long-term risk assess-
ment. These methodological considerations are vital for accurate risk
characterization, particularly when comparing findings with global
studies.

Health risk assessments estimate that over 4 million deaths globally
are attributable to PM; 5 exposure annually, emphasizing the magnitude
of its public health burden [39]. Non-carcinogenic health effects are
commonly evaluated using hazard quotients (HQ) and hazard indices
(HI), with values exceeding 1 indicating a significant risk [40,41]. The
findings of this study, which showed an RQ > 1 for all sampled loca-
tions, corroborate these risk thresholds and highlight the potential for
adverse health outcomes in the affected population.

Furthermore, PM, 5 particles exhibit distinct deposition patterns
within the respiratory tract, with the highest deposition fractions
occurring in the head region, thereby heightening vulnerability to res-
piratory diseases [40]. These risks are particularly concerning given the
high prevalence of health complaints (88.9 %) among residents, further
underscoring the urgent need for public health interventions.

The results also align with studies showing a dose-response rela-
tionship between PMj; 5 exposure and adverse health outcomes [12,41].
As implemented in this study, integrating real-time exposure data en-
hances the accuracy of health risk assessments and offers practical in-
sights for policy implementation.

PM, 5 levels in occupational environments frequently exceed safety
limits, presenting considerable health hazards for workers [10,42].
Exposure to PMj 5 might induce immediate respiratory symptoms and
chronic health consequences, potentially impacting many organs [43].
The respiratory system is especially susceptible, since PM5 5 exposure is
related to increased susceptibility to infections and compromised host
immune responses [2].

3.3. Characteristic respondent and health complaint
Health complaints were reported by a substantial number of

Table 3
Health risk assessment of PM, s.

Sampling Point Intake (mg/kg/day) Risk hazard Quotient (RQ)

L1 0.0176 1.76
L2 0.0215 2.14
L3 0.0206 2.06
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respondents (88.9 %). The demographic data revealed that most re-
spondents were female (72.2 %) and had lived in the area for more than
10 years (86.1 %), with a notable percentage being over 50 years of age
(55.6 %). Data collected from 36 residents provided insights into health
complaints and demographic factors, as summarized in Table 5.

Fig. 2 shows a clustered bar that categorizes the respondent data by
gender, age group, education level, and years of residence to further
illustrate these demographic factors’ distribution. This comprehensive
visualization highlights the concentration of health complaints among
specific demographic groups. For instance, respondents over 50 years of
age and those with extended residence in the area (>10 years) were the
most prominent in the dataset.

Despite the fact that this study is preliminary, as it includes only 36
respondents and three sampling areas, it provides essential baseline data
on the health effects of PM5 5 exposure in a semi-urban environment.
Future studies should expand the sample size and include additional
geographic regions to improve generalizability and provide more robust
data for policymaking.

In consultation with a biostatistician, the sample size for this study
(n = 36) was determined to be adequate for exploratory analysis due to
logistical constraints. While the sample size limits the generalizability of
the findings, it provides preliminary insights into the correlations be-
tween PMy 5, health symptoms, and demographic characteristics in the
study area. In order to identify significant associations, regression
analysis was implemented as an initial measure, recognizing the study’s
exploratory nature.

3.4. Statistical analysis of exposure PM2.5 with health complaints and
characteristic respondent

The statistical analysis indicated a strong correlation between PMj 5
exposure and many independent variables, such as health complaints,
educational attainment, gender, length of residence, and age (Table 1).
All independent variables had p-values below the significance threshold
of 0.05, indicating statistically significant correlations.

The stacked bar chart (Fig. 2) clearly represents the p-values for each
independent variable concerning the significance threshold (reference
line set at 0.05). Among the variables, health complaints demonstrated
the strongest correlation with PM2.5 exposure, as indicated by the
lowest p-value of 0.001. Educational attainment, gender, and length of
residence also exhibited highly significant relationships, with p-values
of 0.000 and 0.01, respectively. Furthermore, a p-value of 0.043 was
obtained, indicating a significant association between age and PMy 5
exposure.

Including the reference line in Fig. 2 emphasizes the significance
threshold, illustrating that all variables analyzed fall below this critical
value. These findings highlight the potential impact of PMjy 5 exposure
on both health outcomes and sociodemographic characteristics, high-
lighting the necessity for targeted interventions to alleviate air pollution
in impacted communities.

This study acknowledges the limitations posed by the small sample
size and restricted number of PM3 5. These factors may have affected the
statistical power of the regression analysis and the robustness of the
observed associations. These preliminary findings should be validated

Table 4
Correlation exposure PM,s with health complaints and characteristic
respondent.

Dependent Variable Independent Variable p-value

PM, 5 exposure Health complaints 0.001*
Education level 0.000*
Gender 0.000*
Duration of residence 0.01~*
Age 0.043*

" significant correlation p-value < 0.05
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Table 5

Demographics and health complaints of respondents.

Toxicology Reports 14 (2025) 101949

3.4.1. Health complaints
Health complaints demonstrated a p-value of 0.001, indicating a

strong correlation between PM, s exposure and increased reported

Variable Category Frequency Percentage (%)
Health Complaints No 4 11.1
Yes 32 88.9
Education Level No School 10 27.8
Elementary School 10 27.8
Middle School 8 22.2
High School 8 22.2
Gender Female 26 72.2
Male 10 27.8
Age Group 20-30 Years 3 8.3
31-40 Years 5 13.9
41-50 Years 8 22.2
> 50 Years 20 55.6
Years of Residence < 5 Years 1 2.8
5-10 Years 4 11.1
> 10 Years 31 86.1

health difficulties among respondents. This finding supports the notion
that PMy 5 can adversely affect respiratory health and overall well-
being. Common health complaints residents report includes coughing,
headaches, eye irritation, breathlessness, and wheezing.

Multiple studies have shown that exposure to fine particulate matter
is significantly linked to various negative health effects. Individuals
exposed to elevated levels of PM5 5 frequently report respiratory symp-
toms, including coughing, dyspnea, wheezing, and chest constriction.
Moreover, extended exposure has been associated with a heightened risk
of chronic respiratory ailments such as asthma and chronic obstructive
pulmonary disease (COPD). Affected populations frequently experience
a reduced quality of life and an elevated incidence of hospitalizations
due to such circumstances [44]. Individuals can reduce their exposure

by refraining from engaging in outdoor activities during periods of
elevated pollution, using masks, and optimizing ventilation.

and expanded through the use of larger sample sizes and more
comprehensive data collection in future studies.

The application of regression analysis with statistical rigor was
difficult due to the small sample size and limited PMy 5 measurements.
The descriptive nature of the findings is further demonstrated by the
presentation of the data as distributions, which provides a fundamental
understanding of PM; 5 exposure and its health implications. Future
studies with larger sample sizes and more comprehensive measurements
to facilitate more robust inferential statistical analysis.

In addition to respiratory repercussions, PMj 5 exposure systemically
influences general health. Headaches and eye irritation are commonly
observed, particularly among those employed or living in highly
polluted surroundings, such as congested urban areas or waste sites.
Furthermore, data indicate that PMys can inhibit immune system
function, increasing an individual’s vulnerability to infections and
exacerbating pre-existing health disorders [10,45].

PM, 5 exposure significantly impacts respiratory health through

Health Education Gender Age Group Years of
35 Complaints Level Residence
32 31
m No
30 HYes
26 ® No School
25 Elementary School
® Middle School
20 High School
20
2 B Female
[}
=X H Male
=
H5 m20-30 Years
W 31-40 Years
10 10 10 10 W 41-50 Years
8 8 8 B> 50 Years
5 B <5 Years
5 4 3 4 m5-10 Years
I I 1 I B> 10 Years
0 [ |
S & > &> IR S & & & S & &
< Qe ~ & & > & 4@‘ *@‘ *@‘ 4@‘ *@‘ 4@‘ &
S ] RO 5 QO
ée \e& Sﬁ . e}‘ o) \,b& & * L2 N 7\
v& ¥ Wy w7 g

Fig. 2. Distribution of respondents by demographic variables.
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multiple mechanisms. It induces oxidative stress, leading to cellular
damage and exacerbating conditions such as asthma [44,46]. Inflam-
matory responses are also induced by PMj; 5, which increases the like-
lihood of respiratory infections [2,47]. These mechanisms highlight the
complex pathways through which PM, 5 exposure adversely affects
health, emphasizing the urgent need for targeted public health in-
terventions and regulatory actions.

Recent studies have emphasized the importance of implementing
various strategies to mitigate the health risks associated with PMj s
exposure to reduce the health complaints associated with it. Indoor in-
terventions, such as high-efficiency particulate air (HEPA) filter puri-
fiers, have significantly lower indoor PMjys and improve
cardiopulmonary health outcomes [48]. The use of well-fitting N95
respirators has proven effective in reducing individual PM; 5 exposure
and improving cardiovascular health markers [49]. On a broader scale,
public health interventions targeting reductions in residential solid fuel
use and agricultural emissions can substantially decrease PM; 5 expo-
sure and related mortality [50].

For long-term effects, it is imperative to take policy-level actions,
such as increasing public awareness of pollution hazards and imple-
menting air pollution prevention measures [51]. Significant reductions
in attributable mortality and the promotion of environmental justice
may result from an effort to align PMy 5 levels with WHO guidelines
[52]. Addressing the economic and behavioral barriers to clean fuel
adoption is imperative to guarantee sustainable risk mitigation in
vulnerable populations [49,53]. These combined strategies highlight the
importance of a multifaceted approach address PMj s-related health
risks effectively.

3.4.2. Education level

A strong correlation was observed between PMjy s exposure and
educational level (p = 0.000). The health concerns associated with air
pollution may be more well-understood by individuals with higher
educational attainment, and they may have better access to preventive
strategies to reduce exposure. Recent studies have highlighted the in-
fluence of education on understanding and mitigating air pollution risks.
Higher educational levels are associated with greater access to air
quality information and adopting protective behaviors [54].

However, individuals with lower levels of education may be more
likely to contribute (pay) to pollution mitigation [55] and are more
vulnerable to health risks associated with PMs 5 [56]. Particulate matter
education can improve self-care knowledge and indoor air quality
among COPD patients [57]. Individual efforts, such as using HEPA air
purifiers and well-fitting respirators, can effectively reduce PMjs5
exposure and improve cardiovascular health [48]. The Theory of Plan-
ned Behavior reveals differences in attitudes and behavioral intentions
between undergraduate and postgraduate parents regarding PMj s
protection [58]. As air quality improves, individual behavioral changes
become increasingly important in reducing exposure risks [59].

Education plays a pivotal role in shaping individuals’ understanding,
attitudes, and behaviors towards mitigating air pollution risk. While
higher education levels are linked to greater access to air quality in-
formation and increased adoption of protective measures, individuals
with lower education levels may exhibit a willingness to invest in
pollution mitigation and are disproportionately vulnerable to PMj s-
related health impacts. Educational interventions, such as particulate
matter education programs, can enhance self-care knowledge and
improve indoor air quality, particularly for at-risk populations, such as
COPD patients. As air quality improves, fostering behavior changes
across educational levels becomes critical to reducing PM; 5 exposure
and enhancing public health.

3.4.3. Gender

The findings of this study reveal a significant correlation between
gender and the effects of PMy s exposure (p-value = 0.000), under-
scoring the importance of addressing biological and behavioral
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distinctions in air pollution research. Prior studies support these results,
demonstrating that women face heightened long-term health risks from
PM, 5. For instance, women exhibit a greater risk of ischemic heart
disease than men [60], whereas rural females are disproportionately
affected by PMjy s-related lung cancer and leukemia [4]. In addition,
elderly women have also been identified as being more vulnerable to
cognitive decline associated with air pollution exposure [61].

Experimental evidence corroborates these findings, highlighting the
biological vulnerabilities among females. Female mice show increased
susceptibility to My s-induced insulin resistance, hepatic lipid accumu-
lation [62], and depletion of ovarian follicles, indicating potential
reproductive health implications [63]. Male-specific effects include
reduced in circulating endothelial progenitor cells and heightened
sensitivity to maternal PMjy5 exposure-induced bronchopulmonary
dysplasia [64,65]. However, contradictory evidence persists concerning
cardiovascular risks, with certain studies indicating no substantial
gender disparities [66].

These findings highlight the necessity of implementing targeted in-
terventions to mitigate PM, s-related health effects. HEPA air purifiers
have been shown to reduce indoor PM; 5 concentrations and improve
cardiopulmonary health outcomes significantly. In the same way, well-
fitting N95 respirators have demonstrated effectiveness in reducing
PM, 5 exposure and providing cardiovascular benefits [48]. On a
broader scale, gender-specific public health campaigns and behavioral
interventions could enhance the effectiveness of national air quality
management strategies [59,67]. These findings emphasize the critical
need to integrate gender-sensitive approaches into air pollution policies
and public health frameworks to ensure the equitable and effective
mitigation of exposure risks.

3.4.4. Duration of residence

The analysis highlights a substantial association between prolonged
PM, 5 exposure and adverse health outcomes, illustrating the cumula-
tive health risks of extended exposure durations. Medium- to long-term
exposure (> 30 days) is strongly linked to an increased incidence of
cardiovascular diseases [68,69], whereas short- to long-term exposure
(0-360 days) is significantly associated with cerebrovascular and res-
piratory conditions [68]. Long-term exposure (11-18 years) further
exacerbates the risk of frailty and multimorbidity [56]. Furthermore, the
cumulative effects of sustained exposure are further demonstrated by
the significant correlation between adverse health effects and the
duration of residency in areas with high PMj 5 levels (p-value = 0.01).

These findings collectively emphasize the progressive health risks
attributable to PM2.5 exposure, spanning acute effects on cardiovascu-
lar and respiratory health to chronic diseases and increased mortality
rates. This emphasizes the urgent need for sustainable environmental
management and focused intervention strategies to mitigate PMjy 5
pollution, safeguard public health, and diminish exposure-related long-
term health impacts.

3.4.5. Age

Age is a critical factor influencing susceptibility to the health impacts
of PM3 5 exposure, as demonstrated by a significant correlation (p-value
= 0.043). Evidence indicates that certain demographic groups, partic-
ularly children and older adults, are more vulnerable to physiological
and lifestyle factors. Children are notably at risk of respiratory compli-
cations, developmental delays, and potential neurotoxic effects [70].
Moreover, exposure to PMys in children is associated increased
respiratory-related hospitalizations, particularly during warmer seasons
[71,72]. Middle-aged and elderly individuals are similarly prone to
adverse health outcomes, including a higher likelihood of developing
cardiovascular diseases, metabolic disorders, and cognitive impairments
[68,73,74]. Prolonged exposure to PMj; 5 in older adults is associated
with elevated rates of cardiovascular hospitalizations [71,75], as well as
an increased risk of Alzheimer’s disease and age-related cerebral dam-
age, possibly mediated by oxidative stress mechanisms [76].
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Changes further influence age-related susceptibility in physiological
functions and lifestyle behaviors. For instance, handgrip strength and
visual contrast sensitivity are factors that influence gait variability,
which increases with age [77]. Moreover, consistent health behaviors
and diverse social activities are associated with improved cognitive
function and reduced mortality risk in older adults [78]. Aging also leads
to greater variability in physiological functions, such as renal capacity
and heart rate variability [79]. Other contributing factors include
age-related changes in the skin microbiome and rest-activity rhythms,
shaped by demographic and physiological characteristics [80,81].
Long-term fluctuations in physiological measures, including body
weight and blood pressure, have also been associated with increased
mortality risk and accelerated epigenetic aging [77].

These findings highlight the necessity of developing public health
strategies that specifically address age-related vulnerabilities to PMj 5.
To mitigate the long-term health risks associated with air pollution, it is
imperative to implement targeted interventions that prioritize the pro-
tection of children and older adults. By integrating physiological and
lifestyle factors into environmental health policies, it is feasible to
mitigate the cumulative effects of PMj 5 exposure and improve the well-
being of vulnerable populations.

The effects of PMs 5 on public health are mediated through multi-
faceted mechanisms that integrate biological, behavioral, and social
dimensions. This study highlights the critical necessity for comprehen-
sive mitigation strategies that prioritize public education, implement
evidence-based environmental regulations, and deliver targeted in-
terventions to at-risk populations. These coordinated initiatives could
significantly reduce the health burden and promote enduring enhance-
ments in global quality of life.

3.5. Integrated approach to mitigation

A multifaceted approach that considers both environmental and so-
cioeconomic factors is necessary to mitigate the health impacts of PMj 5.
Industrial emissions, population density, and urbanization have been
demonstrated to have a substantial impact on PM; 5 concentrations in
various study [5,82]. Economic losses from PMjy 5 exposure are sub-
stantial, with short-term exposure causing higher costs than long-term
exposure in some cases [83]. Furthermore, the health risks associated
with PMy5 are significantly influenced by socioeconomic factors,
including the rate of urbanization, energy intensity, and industrial
structure, which exhibit regional differences [5]. The relationship be-
tween PM, 5 concentration and related mortality has been significantly
influenced by socioeconomic indicators, health risk factors, and gover-
nance variables, as demonstrated by advanced econometric techniques
[84].

Strategies to reduce exposure include improving indoor air quality
through advanced filtration systems and encouraging individuals to
minimize outdoor activity during periods of high pollution [85-87].
Localized interventions, such as establishing community air quality
monitoring networks, can empower residents with real-time data to
make informed decisions [88,89]. Addressing the root causes of PMj 5
pollution requires stricter enforcement of emission standards for in-
dustrial and vehicular sources, particularly in urbanizing regions like
Indonesia. Green infrastructure should be incorporated into urban
planning policies to promote sustainable urban development and miti-
gate pollution [90]. Furthermore, policies must consider equity by tar-
geting socioeconomic disparities that exacerbate vulnerability to
pollution. For example, providing healthcare subsidies for low-income
populations and investing in public health infrastructure could signifi-
cantly reduce the health burden of PMj 5 pollution [91].

These actions align with sustainable development goals (SDGs),
particularly SDG 3 (good health and well-being) and SDG 10 (reduced
inequalities). In order to effectively mitigate the health consequences of
PM, 5 concentrations and their environmental and socioeconomic de-
terminants, it is imperative to implement comprehensive strategies
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[84-86].

This study provides a descriptive analysis of PMy 5 exposure and
associated health impacts, utilizing distributions to present observed
patterns. This study offers significant preliminary insights into the
health risks linked to PM5 5 exposure, yet several limitations should be
acknowledged. Increasing the sample size and the number of sampling
points is essential for future research to improve the reliability and
generalizability of the findings. While the limited number of sampling
areas and respondents limits this study to a preliminary scope, it un-
derscores the urgent need for targeted interventions to mitigate PMy s-
related health risks. Expanding future research is crucial for shaping
comprehensive public health strategies and environmental policies.

Health complaints were self-reported, and the focus on non-
carcinogenic risks does not account for the potential long-term carci-
nogenic effects of PMy 5. Furthermore, the study did not address syn-
ergistic effects with other pollutants, which could further elucidate
health risk assessments. Future studies should investigate the synergistic
effects of PM3 5 and other pollutants to enhance risk assessment models
and fortify policy frameworks, thus assuring more effective public
health interventions. The exclusion of pregnant women from the study
population represents a limitation, as this group is particularly vulner-
able to PMy 5. Future studies should incorporate this demographic to
provide a more comprehensive risk assessment.

This study demonstrates a robust approach to assessing health risks
associated with PMj 5 exposure in tropical regions. The adaptability of
this method to other climatic conditions, such as subtropical areas with
varying humidity, underscores its potential for broader applications.
Further studies should emphasize region-specific calibrations to
improve the precision and applicability of global health risk evaluations.
This study highlights significant health risks associated with PM; 5 but
also underscores the need for methodological enhancements, including
direct measurements of individual exposure patterns and body weight,
to refine risk estimates and inform targeted mitigation strategies.

4. Conclusion

This study highlights the significant public health hazards associated
with increased PMs 5 concentrations in residential areas. The measured
concentration of PMj 5 ranges from 50.7 to 61.9 pg/m?, indicating that
all sampling points exceeded the US-EPA NAAQS of 35 pg/m?®, with risk
hazard quotient (RQ) values consistently above 1, signifying consider-
able non-carcinogenic health hazards. Epidemiological statistical anal-
ysis indicates a significant correlation between PMj 5 exposure and
health complaints, with a p-value of less than 0.05. Residents’ health
complaints include cough, headache, eye irritation, breathlessness, and
wheezing. These findings underscore the need for comprehensive miti-
gation strategies, including stringent emission regulations, sustainable
urban development, and equitable public health initiatives. Further-
more, it promotes the achievement of sustainable development goals
(SDGs) related to good health and well-being, as well as sustainable
cities and communities.
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