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Abstract

The impact of air pollution on human health has been widely studied in recent decades.
Recent findings show that even low levels of air pollution can be harmful to our health,
causing disease and early death. However, these studies are very limited in the central
region of Tiirkiye. Therefore, this study focused on the association between the daily
variations in air pollutants (PM;y9, PM; 5, SO;, and NO,) and hospital admissions due
to respiratory, cardiovascular, and total (non-accidental) causes in the Sivas province.
Daily average concentrations of air pollutants were obtained from two air quality (AQ)
monitoring stations, and daily meteorological (air temperature and relative humidity)
data were obtained from one meteorological station in Sivas province to determine the
effects of air pollution on hospital admissions. It was found to be a significant relationship
between air pollution and respiratory hospital admissions in the province. The results
of the study showed the relative magnitudes of the risks of cardiovascular diseases and
hospital admissions related to air pollutants were as follows: The highest association of
each pollutant with cardiovascular diseases was observed for PM; at lag 4 (ER = 1.74%;
95% CI = 0.95-3.19%), PM;5 at lag 2 (ER = 5.12%; 95% CI = 1.39-19.0%), NO; at lag 8
(ER = 4.89%; 95% CI = 0.08-288.8%) and SO, at lag 5 (ER = 1.21%; 95% CI = 1.10-1.32%).
It was seen that short-term exposure to air pollution in Sivas between 2016 and 2019
was positively associated with increasing respiratory hospital admissions. As the first air

Rihcaiciondaio. ‘ pollution study to use the generalized linear model (GLM) method in hospital admissions

in Sivas, these findings may have implications for local environmental policies and help to
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1. Introduction
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conditions of the Creative Commons Air pollution is defined as the presence of physical, chemical, or biological agents in

Attribution (CC BY) license. the atmosphere that degrade its natural composition and adversely affect environmental
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and human health [1,2]. Although it is an inevitable byproduct of modern urban life,
air pollution can induce both regional and global environmental changes if its sources
remain unaddressed. These transboundary challenges pose significant threats to the future
sustainability of the planet [3]. Urban warming, traffic congestion, rapid population growth
in cities, declining urban green spaces, and increasing vehicular emissions are all inversely
correlated with air quality (AQ) and are major contributors to atmospheric pollution [4,5].

Urban areas are influenced by both natural and anthropogenic sources of pollu-
tion [6-8]. Air pollution, a particularly pressing issue in densely populated regions, is
closely linked to human health and originates from diverse and complex emission sources
within intricate urban environments [9]. In response to the rapidly increasing global popu-
lation, industrial facilities have increasingly been established in close proximity to urban
centers to meet rising demands. Consequently, the emission of pollutants from these urban-
based industrial facilities has raised serious concerns regarding their adverse effects on
public health [10]. Particulate Matter (PM), in particular, is a major air pollutant that poses
significant health risks in crowded urban areas due to its ability to penetrate deep into the
respiratory system [11]. It is estimated that nearly 50% of the world’s population resides
in urban areas, and PM is recognized as one of the most critical air pollutants impacting
human health [12].

Both gaseous and particulate air pollutants are known to have detrimental effects
on human health [6]. Seasonal variability influences the concentration of PMjy [13,14].
PMj, 5, which poses disproportionately severe health risks even with relatively short-term
exposure—such as during daily commuting—is a harmful urban pollutant predominantly
emitted from vehicular traffic and biomass combustion [15]. In residential areas, vehicular
emissions significantly contribute to elevated PM concentrations [16]. Exposure to air pollu-
tion has been linked to a wide range of health issues, including respiratory conditions such
as asthma and lung cancer, as well as disorders of the digestive and urinary systems [17-20].
As the global population continues to rise, the resulting increase in air pollution in urbaniz-
ing and industrializing regions continues to harm both the environment and public health.
In particular, vulnerable groups such as children, the elderly, and individuals with chronic
illnesses are disproportionately affected by worsening air quality [21,22].

Recent epidemiological studies have continued to strengthen the evidence linking
short-term air pollution exposure to adverse health outcomes. A multi-city study covering
652 cities worldwide reported significant increases in daily mortality associated with PM; 5
and PM;( exposure [23]. More recently, ref. [24], in a systematic review and meta-analysis,
demonstrated significant short-term effects of PM, 5, PM;g, and SO, on cardiorespiratory
morbidity. Likewise, ref. [25] reported positive associations between ambient PM;y and
NO; concentrations and respiratory healthcare utilization in South London. These findings
support the growing scientific agreement that even relatively short-term exposure to air
pollutants can contribute substantially to adverse health outcomes.

Numerous air pollution studies have been conducted in Tiirkiye, utilizing data primar-
ily collected during the 1990s and 2000s [26—-29]. Various studies conducted have consis-
tently demonstrated the detrimental impact of air pollution on urban public health [21,29].
A substantial portion of air quality (AQ) research has focused on Istanbul—the most popu-
lous city in Ttirkiye—while relatively fewer studies have addressed other provinces [30-35].
Several health-focused studies have reported that even when air pollution levels remain
below the legally defined AQ thresholds, they can still pose health risks [36-38]. Increases
in daily mortality have been consistently associated with elevated concentrations of air
pollutants, particularly PM [23]. High concentrations of air pollution are often closely
linked to local meteorological conditions and the regional transport of pollutants. The
relationship between respiratory health and short-term exposure to ambient air pollution

https://doi.org/10.3390/atmos17060611


https://doi.org/10.3390/atmos17060611

Atmosphere 2026, 17, 611

30f16

has been extensively examined in many studies. Furthermore, it is commonly acknowl-
edged that extreme weather events intrinsically exacerbate the impacts of air pollution.
Especially during periods of extreme temperatures, heat waves, and hot weather, human
health is adversely affected, contributing to an increase in respiratory morbidity and mor-
tality rates [39]. Numerous studies conducted worldwide have demonstrated a strong and
consistent relationship between PM concentrations and morbidity or mortality rates [40].

Growing evidence of adverse health effects at relatively low pollutant concentrations has
led to major regulatory developments in recent years. In 2021, the World Health Organization
(WHO) revised its Air Quality Guidelines and substantially lowered the recommended limit
values for PM; 5, PM;g, NO,, and SO, [41]. More recently, the European Union adopted the
revised Ambient Air Quality Directive (EU) 2024 /2881, introducing stricter air quality stan-
dards and aligning future air quality targets more closely with WHO recommendations [42].
These developments reflect the increasing scientific consensus that measurable health effects
may occur even at concentrations previously considered acceptable.

The Central Anatolia Region, including Sivas, is among the areas experiencing sig-
nificant air pollution. Sivas Province, the second largest in both Tiirkiye and the Central
Anatolia Region, is particularly affected due to its developmental status and expanding
urbanization [43]. Assessing the air quality (AQ) in Sivas is especially important, as the
province is geographically positioned near the Eastern Anatolia, Black Sea, and Mediter-
ranean regions, making it susceptible to cross-regional pollutant transport [38]. This study
aims to investigate the associations between daily ambient air pollutant concentrations and
hospital admissions in Sivas Province, focusing on cardiovascular, respiratory, and total
non-accidental admissions.

2. Methodology
2.1. Study Area

Covering an area of 28,619 km?, Sivas ranks first in Tiirkiye in terms of the number
of villages and second in total land area (Figure 1) [43]. The province experiences a
continental climate characterized by cold, harsh winters with substantial snowfall, and
hot, dry summers. Spring and autumn are relatively rainy. Over the past 50 years, the
lowest recorded temperature was —34.6 °C in January, while the highest was 38.3 °C in July.
The wettest month was May, with an average precipitation of 60.4 mm, whereas August
was the driest, receiving only 6.8 mm of rainfall [44]. According to the Address-Based
Population Registration System (ABPRS), 390,318 residents (approximately 61% of the
provincial population) lived in the central district (Merkez District) of Sivas in 2024 [45].
The central district of Sivas is situated at an elevation of 1285 m above sea level and is built
on relatively flat terrain.

[stasyon Street is one of the major transportation corridors located in the urban cen-
ter of Sivas and is characterized by intensive pedestrian and vehicular traffic due to its
commercial, residential, and institutional land-use functions [46,47]. The street hosts a
concentration of commercial, recreational, and governmental institutions, making it an
important focal point for daily urban activities in Sivas [46]. For residents of Sivas, Istasyon
Street functions as both a commercial attraction and a commonly used social meeting area.
Owing to its multifunctional land-use structure and high mobility demand, the street is
exposed to considerable vehicular traffic density and periodic congestion throughout the
day [46-48]. For residents of Sivas, Istasyon Street serves as both a shopping destination
and a common meeting point. Due to its multifunctional use, it experiences significant
traffic congestion throughout the day. In addition to Istasyon Street, several other major
streets in the city also experience heavy traffic, contributing substantially to vehicle exhaust
emissions. The second major source of air pollution in the province is residential heating,
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particularly in densely populated urban areas, where increased fossil fuel consumption dur-
ing the winter season contributes significantly to particulate matter and gaseous pollutant
emissions [49].

Figure 1. Location of Sivas province in Tiirkiye.

The distribution of fuel types used for heating in households within “the central
district (Merkez District)” district of Sivas is presented in Figure 2.
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Figure 2. Fuel characteristics of each house in the central district (Merkez District) of Sivas.

According to data from Sivas Municipality, the number of independent housing
units in the Sivas “the central district (Merkez District)” was 151,917 in 2022. Of these,
72% (108,666 units) were heated using natural gas, 27% (41,236 units) used coal, and 1%
(2015 units) had undefined fuel types in municipal records [50]. In the same year, natural
gas consumption in Sivas Province was reported as 129,134,260 cm?® for residential heating,

https:/ /doi.org/10.3390/atmos17060611


https://doi.org/10.3390/atmos17060611

Atmosphere 2026, 17, 611

50f 16

11,809,941 cm? for industrial use, and 72,385,858 cm? for public institutions and organiza-
tions [51]. Additionally, 82,472 tons of coal were consumed for heating purposes [44]. The
number of registered vehicles in Sivas increased from 148,758 in 2016 to 160,963 in 2019,
reflecting a 7.6% rise [47].

2.2. Data Collection
2.2.1. Air Quality and Weather Data

Hourly air pollution data—specifically PM;g, PM; 5, SO, and NO,—were obtained
from the database of the Republic of Tiirkiye Ministry of Environment, Urbanization and
Climate Change, the official governmental body responsible for monitoring air quality in
Tiirkiye. Daily average concentrations for each pollutant except SO, were calculated based
on measurements from two air quality monitoring stations: Istasyon Kavsag1 and Bagogret-
men. SO, data were obtained from the Basogretmen station, which is monitored there.
Meteorological data (air temperature and humidity) were obtained from the Meteoroloji
meteorological station of the General Directorate of Meteorology. Geographic view of the
three monitoring stations is presented in Figure 3. The geographic locations and monitored
parameters of these stations are detailed in Table 1.

Figure 3. Geographic view of the three monitoring stations. From right to left: Bagdgretmen, Istasyon
Kavsag1 and Meteoroloji. Air quality stations are shown with green signs, and the meteorological
station is shown with blue sign.

Table 1. Locations of Sivas air quality stations and meteorological monitoring stations [44].

Station Name Coordinate Type PMq & PM;,5 NO, SO, Temp. and RH
Meteoroloji 39°44'37" 37°00'06" Weather v
Basogretmen 39°44/50" 37°00'47" Urban v v v
Istasyon Kavsag1 39°44'55" 37°01'32" Traffic v v

2.2.2. Health Data

Daily hospital admission data from twenty-one public hospitals in Sivas between
2016 and 2019 (a total of 1461 days) were obtained from hospital databases coordinated
by the Republic of Tiirkiye Ministry of Health [52]. Sivas Province comprises 17 districts,
including the Central District. Hospital admission data were collected from 21 hospitals
across the province, including 16 district hospitals, 2 state hospitals, 1 university hospital,
and 2 private hospitals. The 16 district hospitals are located in districts where no air quality
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monitoring stations are available. The air quality monitoring stations used in this study
are located within the Sivas Central District. Among the major healthcare facilities in
the Central District, one state hospital is located approximately 100 m from the Istasyon
Kavsagi monitoring station, while the second state hospital, Sivas Cumhuriyet University
Faculty of Medicine Research and Application Hospital, and the two private hospitals are
located approximately 6 km, 4 km, 2 km, and 3 km from the station, respectively. Approx-
imately 61% of the population of Sivas resides in the central district (Merkez District) of
the province [47]. In addition, individuals living in rural areas and surrounding districts
frequently prefer healthcare services located in the city center due to the concentration of
advanced medical facilities and specialized hospital services. It is reported that nearly 90%
of hospital admissions within the province are made to healthcare institutions located in
the central district of Sivas [52]. This concentration increases daily population mobility
and traffic density in the urban center. The hospital admission records were categorized
according to the International Classification of Diseases, Tenth Revision (ICD-10), devel-
oped by the World Health Organization [2]. This study considered admissions for all
non-accidental causes (ICD-10: A00-R99), cardiovascular diseases (ICD-10: 100-199), and
respiratory diseases (ICD-10: JOO-J98).

2.3. Data Analysis

The statistical analysis was conducted using Poisson regression DLNM framework
through the use of natural cubic splines within a generalized linear model (GLM), which is
well-suited for modeling count data such as daily hospital admissions. Poisson regression
is particularly appropriate for analyzing rate-based outcomes, where event counts are
adjusted for exposure over time. Mortality and morbidity data commonly follow a Poisson
distribution, making this approach widely applicable in air pollution epidemiology [21].

Daily citywide average concentrations of PMjg, PM; 5, NO,, and SO, were incorporated
into the models as continuous indicators of air pollution exposure. To control for potential
confounding influences, the associations between air pollution and hospital admissions were
adjusted for long-term and seasonal trends, as well as meteorological conditions, including
air temperature and relative humidity, using natural cubic spline functions. A spline with
7 degrees of freedom per year was applied for seasonal and long-term temporal trends, while
5 degrees of freedom were assigned to temperature. In addition, day-of-week effects and
public holidays were included in the models as dummy variables.

The relationship between air pollution and hospital admissions was analyzed us-
ing a Poisson regression model within a generalized linear modeling (GLM) framework,
expressed as:

LoglE(y)] = o + B1Z1 + P22, + B3AP + ES(v;, df)

where (E(y)) represents the expected number of daily hospital admissions; (8) denotes
regression coefficients; (AP) refers to daily mean air pollutant concentration; (Z;) and (Z;)
indicate dummy variables for weekdays and holidays, respectively; and (S) represents
smoothing functions based on natural cubic splines applied to covariates such as time,
temperature, and humidity. Degrees of freedom were set at 5 for temperature and 7 per
year for temporal trends.

The models were implemented using R version 2.15.0, with the support of the dlnm
and splines packages. Results are expressed in terms of relative risk (RR) and excess risk
(ER). RR was computed as exp(f3), where {3 represents the estimated regression coefficient
for each pollutant. ER, indicating the percentage increase in mortality per 10 pg/m?3
increase in pollutant concentration, was calculated as (RR — 1) x 100%. Lagged effects of
air pollutants were also assessed using distributed lag models, examining lags from 0 to
10 days to capture both immediate and delayed health outcomes [21].
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Pearson correlation coefficients were also used to evaluate linear relationships among
air pollutants and meteorological variables. Given the relatively large daily time-series
dataset (n = 1461), Pearson correlation was considered appropriate and robust to moderate
deviations from normality.

Furthermore, potential overdispersion was assessed using a dispersion parameter based
on Pearson residuals, and evidence of overdispersion was identified in the daily hospital
admission data. Additional quasi-Poisson GLM analyses were subsequently performed.

3. Results
3.1. Descriptive Analysis

Cardiovascular hospital admissions (n = 222,775) accounted for 38.4% of total non-
accidental admissions, while respiratory hospital admissions (n = 212,161) represented
36.6% of the total (n = 580,027). During the study period, the annual mean concentrations
were 58.6 pg/m?> for PMyg, 27.4 pg/m? for PM, 5, 15.4 ug/m3 for SO,, and 58.6 pg/m? for
NO;. On average, there were approximately 329 hospital admissions per day (Table 2). The
annual mean concentrations were 58.6 j1g/m? for PMyg, 27.4 ug/m3 for PMy 5, 58.6 pg/m?
for NO,, and 15.4 ng/ m? for SO,. PM;g, PM, 5, and NO, data were obtained from the
Istasyon Kavsag1 Air Quality Monitoring Station, which was selected because it is located
in the area with the highest traffic and pedestrian density in Sivas city center. Since
SO, measurements were not available at the Istasyon Kavsag: station, SO, data were
obtained from the Basogretmen Meteorological Air Quality Monitoring Station operated
by the Republic of Tiirkiye Ministry of Environment, Urbanization and Climate Change.
Therefore, the annual mean concentrations reported for PM;g, PM, 5, and NO, represent
measurements from the Istasyon Kavsag station, whereas the SO, concentration represents
measurements from the Basogretmen station. PM;g, PMj 5, and NO, concentrations were
obtained from the Istasyon Kavsag1 air quality (AQ) monitoring station, established by the
Republic of Tiirkiye Ministry of Environment, Urbanization and Climate Change in Sivas.
SO, data were collected from the Bagtgretmen Meteoroloji AQ monitoring station [44].

Table 2. Summary statistics of the number of daily hospital admissions, air pollutant concentrations,
and weather conditions in Sivas (2016-2019).

Mean + SD Coef. of Var. (CV) Min P (25) P (50) P (75) Max
Number of daily admissions
Total (n = 580,027) 399 + 288.2 0.72 1 14 482 624 1002
Cardiovascular (n = 222,775) 156 4+ 115.2 0.74 1 8 170 251 439
Respiratory (n = 212,161) 152 +107.2 0.71 1 6 176 224 462
Air pollutants (ug/ md)
PMyg 58.6 + 36.4 0.62 15.3 37.8 49.6 69.5 672.1
PM, 5 27.44+17.4 0.64 4.7 15.6 21.5 34.2 127.2
NO, 58.6 - 18.8 0.32 19.2 44.5 56.3 70.1 132.3
SO, 154 +18.4 1.20 0.8 5.28 9.0 19.1 233.2
Weather
Temperature (°C) 10.7 £ 8.8 0.83 -16.8 3.8 10.9 18.0 27.8
Humidity (%) 59.9 + 14.6 0.24 17.0 49.7 59.0 71.7 96.4

The annual mean concentrations of PMjj, SO,, and NO, exceeded the threshold
values specified by the Turkish air quality (AQ) guidelines, except for PM, 5, for which
no national threshold was defined during the study period. According to the Turkish
standards in effect by 2019, the annual mean limits were <60 pg/ m? for both PM;g and
NOsy. In contrast, annual mean concentrations of PM7g, PM; 5, and NO, all exceeded the
corresponding limit values established by the European Union AQ Directive, which defines
thresholds of <40 ug/ m? for PMyg, <25 ng/ m3 for PM; 5, and <40 ug/ m? for NO, (as
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of 2019). Among the pollutants, PM; 5 exhibited the highest temporal variability, with a
coefficient of variation (CV) of 0.63, followed by PM;g (CV = 0.62) and NO, (CV = 0.32).
The average daily temperature and relative humidity (RH) in Sivas during the study period
were 10.7 °C and 59.9%, respectively (Table 2).

Table 3 presents the Pearson correlation coefficients between air pollutant concentra-
tions, temperature, and humidity. PMj; 5 exhibited strong positive correlations with all other
pollutants, with correlation coefficients ranging from 0.57 to 0.75. The strongest correlation
was observed between SO, and PM; 5 (r = 0.75), followed by PM;y and PM; 5 (r = 0.67).
Additionally, air pollutant concentrations showed negative correlations with ambient
temperature, indicating that pollutant levels tended to be higher during colder periods.

Table 3. Pearson correlation coefficients between daily air pollutant concentrations and weather
conditions in Sivas (2016-2019).

PM; PM; 5 NO, SO, Temperature Humidity
PMyg 1
PM; 5 0.67 1
NO, 0.29 0.57 1
50O, 0.50 0.75 0.35 1
Temperature —0.16 —0.58 —0.44 —-047 1
Humidity —0.07 0.30 0.20 0.16 —0.69 1

3.2. Model Results of Hospital Admissions for Cardiovascular, Respiratory, and Total Diseases

Excess risk (ER) estimates and their corresponding 95% confidence intervals (Cls)
associated with a 10 ug/m? increase in pollutant concentrations were calculated for each air
pollutant (PM;g, PM; 5, NO,, and SO,) over the period 2016-2019 in Sivas. Distributed lag
models were applied to assess the effects over 10 days (lags 0-9). The ER values represent
the percentage increase in respiratory hospital admissions per 10 pg/m? increase in pollu-
tant concentration. Statistically significant associations were identified between day-to-day
fluctuations in air pollutant levels and hospital admissions at various lag days. Figures 4—6
illustrate the estimated lag-specific effects of each pollutant on cardiovascular, respiratory,
and total (non-accidental) hospital admissions, along with 95% confidence intervals.
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Figure 4. ER (%) and 95% CI of daily hospital admissions for cardiovascular diseases associated with
al0 g/ m? increase in air pollutant concentrations over 10 days (lags 0-9).
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Figure 5. ER (%) and 95% CI of daily hospital admissions for respiratory diseases associated with a
10 pg/m3 increase in air pollutant concentrations over 10 days (lags 0-9).
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Figure 6. ER (%) and 95% CI of daily hospital admissions for total diseases associated with a 10 pg/m?3
increase in air pollutant concentrations over 10 days (lags 0-9).

222,775 people applied to the hospitals due to cardiovascular diseases during the
study period. According to our results, NO; is the pollutant with the biggest impact on
cardiovascular diseases. It shows its highest effect on the 9th day (lag 8) after exposure
(ER = 4.89%; 95% CI = 0.08-288.8%), which indicates the long-term effects of the pollutant
on cardiovascular diseases. PM; 5 takes second place in this study in terms of health
effects on cardiovascular diseases, and it is the pollutant with the longest-lasting effect
on cardiovascular diseases. Its effect starts at lag 1 and continues until lag 8. It shows its
highest effect on the 3rd day (lag 2) after exposure (ER = 5.12%; 95% CI = 1.39-19.0%). PM;g
takes third place in this study in terms of health effects on cardiovascular diseases. It shows
its highest effect on the 5th day (lag 4) after exposure (ER = 1.74%; 95% CI = 0.95-3.19%).
SO; has the least effect on cardiovascular diseases. It shows its highest impact on the 6th
day (lag 5) after exposure (ER = 1.21%; 95% CI = 1.10-1.32%).
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During the study period, 212,161 people applied to the hospitals due to respira-
tory diseases. According to our results, NO; is the pollutant with the biggest impact
on respiratory diseases. It shows its highest effect on the 2nd day (lag 1) after exposure
(ER = 6.20%; 95% CI = 0.74-51.51%), which shows the acute effects of NO, on respiratory
diseases. PMj takes second place in this study in terms of health effects on cardiovascular
diseases. It shows its highest effect on the 2nd day (lag 1) after exposure (ER = 3.62%;
95% CI = 0.18-73.1%). PM, 5 is the pollutant with the longest-lasting effect on cardiovascu-
lar diseases. Its effect starts at lag 1 and continues until lag 6. It shows its highest effect
on the 5th day (lag 4) after exposure (ER = 4.40%; 95% CI = 0.90-21.8%). SO, has the least
effect on cardiovascular diseases. It shows its highest impact on the 8th day (lag 7) after
exposure (ER = 1.19%; 95% CI = 1.04-1.37%).

580,027 people applied to the hospitals due to total diseases during the study pe-
riod. According to our results, PM; 5 is the pollutant with the biggest impact on total
hospital admissions. It shows its highest effect on the 3rd day (lag 2) after exposure
(ER = 4.28%; 95% CI = 2.33-7.88%), which shows the negative health impacts of PM; 5
on human health. PMj takes second place in this study in terms of health impacts on
total hospital admissions. It shows its highest impact on the first day (lag 0) of exposure
(ER = 3.29%; 95% CI = 0.89-12.2%). NO, takes third place in this study in terms of health
effects on total hospital admissions. It shows its highest effect on the 9th day (lag 8) after
exposure (ER =2.28%; 95% CI = 0.75-6.88%). SO, has the least effect on total hospital
admissions. It shows its highest effect on the 6th day (lag 5) after exposure (ER = 1.20%;
95% CI = 1.13-1.28%).

As a sensitivity analysis, the Quasi-Poisson model was fitted. Overdispersion was as-
sessed using both Pearson and quasi-Poisson residual diagnostics. The quasi-Poisson model
yielded identical effect estimates as the Poisson model: Pearson dispersion parameters were
2.24 for both models, indicating moderate overdispersion. Quasi-Poisson lag-response
patterns were also compared with the Poisson model, and the main results were also
identical. Only confidence intervals became wider. Thus, the overall interpretation of the
findings remained unchanged.

4. Discussion

The results of this study revealed that ambient air pollutant concentrations were
positively associated with hospital admissions in Sivas. Among the evaluated pollutants,
NO, showed the strongest associations with cardiovascular, respiratory, and total (non-
accidental) hospital admissions in the single-pollutant models. As a traffic-related pollutant,
NO; is primarily emitted from fuel combustion in the transportation and, to a lesser extent,
industrial sectors. However, because the analyses were based on single-pollutant models
and several pollutants were moderately to strongly correlated, the observed associations
may partly reflect co-pollutant confounding. Therefore, the findings should be interpreted
cautiously, and no inference regarding dominant pollutant contributors can be made.

The adverse health effects of NO, are well documented in the literature. Short-term
exposure to elevated NO, levels has been linked to the exacerbation of respiratory diseases,
particularly asthma, often leading to symptoms such as coughing, wheezing, or shortness
of breath, as well as increased hospital visits and emergency room admissions. Prolonged
exposure may also contribute to the onset of asthma and heightened susceptibility to
respiratory infections. Vulnerable populations—such as individuals with pre-existing
respiratory conditions, children, and the elderly—are particularly at risk [53].

Advanced statistical approaches, including quasi-Poisson regression and distributed
lag nonlinear models (DLNMs), have been emphasized in recent studies for their effective-
ness in capturing the temporal dynamics of air pollution exposure and health outcomes [54].
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In the current study, PM;g, PM, 5, and SO, followed NO in terms of their health impact.
The relative risk (RR) values for PMj, displayed a hill-shaped lag structure, with peak effects
observed around lag days 4 and 5 across all disease categories. In contrast, PMj 5 exhibited
an M-shaped lag pattern, with the highest risks occurring at lags 7 and 8. A similar M-
shaped pattern was also seen for NO,, particularly with peak risk for cardiovascular and total
admissions, and a secondary peak for respiratory morbidity at lag 8.

SO, was consistently associated with the lowest risk estimates among all pollutants
examined. This is consistent with national and international literature. For example, ref. [55]
reported that chemical air pollutants were associated with 33,063 (95% CI: 13,536-55,404)
respiratory-related hospital admissions, while 5754 (95% CI: 2506-8611) admissions were
attributed to temperature extremes (e.g., heat and cold waves). Their findings emphasized
that the health impact of PM was less pronounced than that of NO, and ozone (O3).

Similarly, a systematic review conducted by [56] evaluated the association between
air pollutant exposure and hospital admissions for cardiovascular and respiratory dis-
eases. They reported effect size ranges as follows: for cardiovascular admissions, PMjg
was associated with a 1.007-2.7% increase, PM; 5 with a 1.5-2.0% increase, NO, with a
1.04-1.17% increase, and SO, with a 1.007% increase. For respiratory admissions, PMjg
was linked to a 1.007-2.7% increase, PM, 5 to a 1.1-1.8% increase, NO, to a 1.08-1.94%
increase, and SO, to a 1.02% increase. Compared with the findings reported by [56], the
effect estimates observed in Sivas were generally higher. For cardiovascular admissions,
PM; was associated with a 1.55% increase in Sivas, which falls within the 1.01-2.70%
range reported in the review. However, PM; 5 showed a 5.12% increase, exceeding the
previously reported range of 1.5-2.0%. Similarly, NO, was associated with a 4.89% increase
in cardiovascular admissions, compared with 1.04-1.17% reported in earlier studies. For
respiratory admissions, PMjg (3.62%), PM; 5 (4.4%), and NO, (6.2%) all exceeded the ranges
summarized by [54], suggesting stronger short-term pollutant-health associations in Sivas.

In a study by [57], source apportionment of PM; 5 was performed using Positive Matrix
Factorization, and a generalized additive model was applied to estimate the association
between source-specific PM; 5 and respiratory emergency department visits. The study
reported that PM; 5 concentrations were significantly associated with an increase in total
respiratory emergency visits at lag 4 (RR = 1.011; 95% CI: 1.002-1.020) within a quartile
concentration range of 76 ug/m?3. More specifically, the strongest effects were observed
for asthma at lag 5 (RR = 1.072; 95% CI: 1.024-1.119), bronchitis at lag 4 (RR = 1.104; 95%
CI: 1.032-1.176), and COPD at lag 3 (RR = 1.091; 95% CI: 1.047-1.135). The results reported
by [57] are broadly consistent with the present findings regarding the delayed effects of
PM, 5 exposure. While Chi et al. observed the strongest respiratory impacts between
lag 3 and lag 5, the highest PM, s5-related respiratory excess risk in Sivas occurred at lag
4 (4.4%), indicating a similar temporal pattern despite differences in study design and
pollutant sources.

Ref. [24] conducted a systematic review and meta-analysis of 33 studies across North
America, Europe, Oceania, and Asia, examining the short-term effects of air pollution
on cardiorespiratory morbidity. They found a 2.65% (95% CI: 1.00-4.34%) increase in
total cardiovascular morbidity within three hours of PM; 5 exposure. In addition, respi-
ratory morbidity was found to rise between 7 and 12 h after exposure to PM; 5 (0.69%;
95% CI: 0.14-1.24%) and PM; (0.38%; 95% CI: 0.02-0.73%), and between 12 and 24 h af-
ter SO, exposure (2.68%; 95% CI: 0.94—4.44%). Quantitatively, the cardiovascular effect
estimate associated with PM, 5 exposure in Sivas (5.12%) was higher than the pooled esti-
mate of 2.65% reported by [24]. Likewise, the respiratory effect estimates observed in the
present study for PM; 5 (4.4%) and PMyq (3.62%) exceeded the corresponding estimates
reported in the meta-analysis. These differences may reflect higher ambient pollutant con-
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centrations, regional differences in population vulnerability, and methodological variations
among studies.

In another study, ref. [25] investigated the effects of ambient air pollution on COPD-
related hospital visits in South London. Their findings revealed that general practitioner
(GP) respiratory consultations increased across all age groups. Specifically, a one-quartile
increase in daily PM;( was associated with a 2% rise in daily respiratory consultations and
a 1% increase in inhaler prescriptions. Likewise, a one-quartile increase in daily NO;, was
linked to a 1% rise in respiratory consultations. The mean concentrations reported in their
study were 21.2 ug/m3 for PMyy, 15.6 pg/m3 for PM, 5, and 50.7 pg/m3 for NO,. Com-
pared with the South London study conducted by [57], the observed associations in Sivas
were stronger. While [25] reported approximately 2% increases in respiratory consultations
associated with PM;g and 1% increases associated with NOj, the corresponding respiratory
excess risks in Sivas reached 3.62% for PMjy and 6.20% for NO,. These differences may
be related to the substantially higher PM1( concentrations observed in Sivas (58.6 pg/m?)
compared with those reported in South London (21.2 pg/m?3).

Overall, although the magnitude of the observed associations varied across studies, the
present findings are consistent with the broader epidemiological literature in demonstrating
significant adverse effects of short-term exposure to PM;g, PMy 5, NO,, and SO, on hospital
admissions. Notably, several effect estimates observed in Sivas were at the upper end of,
or exceeded, previously reported ranges, particularly for NO, and PM; 5, highlighting
the potential public health significance of air pollution in the study area. These findings
reinforce the growing body of evidence indicating that short-term exposure to air pollutants
contributes to increased risks of cardiovascular and respiratory morbidity. Particulate
matter and its adverse health effects on humans are depicted in Figure 7 [57].
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. >
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Asthma, COPD, Lung cancer 7] Respiratory system
Airway epithelial cell injury
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Thrombosis and coagulation
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Figure 7. Particulate matter and its adverse health effects on humans.

The results underline the need for targeted public health interventions and stricter air
quality management policies in Sivas. Given that several observed effect estimates were
higher than those reported in previous studies, local authorities should be informed of
these outcomes and take proactive Measures to reduce pollutant emissions, particularly
from traffic and residential heating sources. Moreover, similar epidemiological studies
should be conducted in other provinces to identify region-specific pollutant effects and
support the development of localized mitigation strategies.
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Limitations of the Study

The findings should be interpreted in light of several methodological considerations.
Exposure assessment was based on measurements from fixed-site air quality monitoring
stations and may not fully capture individual-level variations in exposure. In addition,
although the models were adjusted for meteorological conditions, long-term temporal
trends, and day-of-week effects, residual confounding from unmeasured factors cannot
be completely excluded. Furthermore, the analyses were based on single-pollutant mod-
els, and therefore, some degree of co-pollutant confounding may remain. Despite these
considerations, the study was based on four years of continuous air quality and hospital
admission data and provides the first epidemiological evidence on the association between
short-term air pollution exposure and hospital admissions in Sivas Province.

5. Conclusions

This study is the first to examine the relationship between air pollution and hospital
admissions in Sivas Province, the second-largest province in Tiirkiye by land area. As of
the most recent census, approximately 61% (390,318 individuals) of the total population
(637,040) reside in the provincial center, where urban activity and population density are
highest. Following the adoption of natural gas in Sivas in 2006, and with residential usage
rates now approaching 80%, sulfur dioxide (5O;) levels have remained relatively low, as has
its observed impact on hospital admissions. In contrast, nitrogen dioxide NO, a pollutant
commonly associated with traffic-related emissions in urban environments, showed the
strongest associations with hospital admissions in the present study. NO, showed the
highest relative risk values for hospital admissions, followed by PMjy and PM; 5. Recent
studies have also identified long-range dust transport as a significant source of particulate
matter pollution in the region [43]. Given that NO; is the most critical pollutant impacting
public health in Sivas, urgent measures should be implemented to mitigate its emissions,
particularly those originating from urban traffic. Sustainable urban transport strategies
should be prioritized, such as promoting the use of bicycles, consistent with the goals of the
Paris Climate Agreement. Increasing the availability and safety of bicycle lanes, expanding
the use of electric vehicles, and implementing traffic flow improvements—such as con-
structing underpasses, overpasses, and traffic-calming measures—could collectively help
reduce stop-and-go traffic, a key contributor to NO, emissions. Additionally, restricting
the entry of heavy-duty vehicles such as trucks and buses into the city center may further
improve air quality and reduce health burdens on the population.
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