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ARTICLE INFO ABSTRACT

Keywords: Background: The number of studies on the health impacts of urban environmental stressors has been growing.
H_e'flhh impact assessment However, research for South-Eastern Europe remains limited. We conducted a baseline Health Impact Assess-
Cities ment for Sofia, Bulgaria, focusing on air pollution, green space, road-traffic noise, and urban heat island (UHI)
Air pollution - di . inable. health . b d 1 . lici
Noise exposure aiming to promote discussions on sustainable, health-centric urban and transport planning policies.
Green space Methods: The analysis was conducted at the neighbourhood level (n = 4969). The study population included
Temperature 1,168,382 inhabitants, considering adults and children. Data were retrieved from Europe-wide and local expo-

Environmental justice sure models, local censuses and surveys. We used comparative risk assessment methodology, comparing baseline
with optimal scenarios for health, such as meeting World Health Organization (WHO) air quality and road-traffic
noise guidelines, green space recommendations, and no UHI effect. We also examined exposure and health
impact distributions by area-level socioeconomic status (SES). We approximated differences in baseline disease
rates by SES using data from local surveys. The results were stratified by SES quartiles and analysed spatially
using global and local bivariate Moran’s I statistics, the latter to identify priority areas for intervention based on
SES, environmental exposures, and health outcomes.

* Corresponding author. ISGlobal, Dr. Aiguader 88, 08003 Barcelona, Spain.
E-mail address: mark.nieuwenhuijsen@isglobal.org (M. Nieuwenhuijsen).

https://doi.org/10.1016/j.envres.2025.121782

Received 7 March 2025; Received in revised form 16 April 2025; Accepted 4 May 2025

Available online 8 May 2025

0013-9351/© 2025 Elsevier Inc. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0003-2540-5111
https://orcid.org/0000-0003-2540-5111
https://orcid.org/0000-0001-5974-2007
https://orcid.org/0000-0001-5974-2007
https://orcid.org/0000-0003-3101-247X
https://orcid.org/0000-0003-3101-247X
https://orcid.org/0009-0002-1475-9432
https://orcid.org/0009-0002-1475-9432
https://orcid.org/0000-0002-0713-7566
https://orcid.org/0000-0002-0713-7566
https://orcid.org/0000-0002-5931-8713
https://orcid.org/0000-0002-5931-8713
https://orcid.org/0000-0002-5214-0748
https://orcid.org/0000-0002-5214-0748
https://orcid.org/0000-0002-6175-168X
https://orcid.org/0000-0002-6175-168X
https://orcid.org/0000-0003-3612-5780
https://orcid.org/0000-0003-3612-5780
https://orcid.org/0000-0001-9461-7981
https://orcid.org/0000-0001-9461-7981
mailto:mark.nieuwenhuijsen@isglobal.org
www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
https://doi.org/10.1016/j.envres.2025.121782
https://doi.org/10.1016/j.envres.2025.121782
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2025.121782&domain=pdf

S. Khomenko et al.

Environmental Research 279 (2025) 121782

Results: All Sofia residents lived in neighbourhoods where particulate matter with diameter <2.5 pm (PM3 5) and
nitrogen dioxide (NO3) levels exceeded the WHO air quality guidelines, with mean noise levels of 62.2 dB(A)
Lgay, 77 % lacking sufficient availability of green space, and an average summer UHI of 2.5 °C. The largest
mortality burden was from PM; 5 exposure (1939 annual deaths (95 % CI: 1349-2571)), followed by NO; (1172
annual deaths (444-2027)), road-traffic noise (902 annual deaths (556-1311)), insufficient green space (217
annual deaths (169-262)), and UHI (95 summer deaths (58-130)). PM; 5 contributed to 17-21 % of cardio-
vascular disease cases, while noise accounted for 5 % of Ischaemic Heart Disease and stroke cases. NOo, noise,
and UHI exposures tended to be higher in higher SES areas, while PM; 5 tended to be lower. Spatial analysis
revealed that central areas, with high-SES populations, and northern, north-eastern, and north-western areas,
with lower-SES populations, all experience high exposure and health impacts.

Conclusions: The analysis showed a significant health burden from urban environmental stressors in Sofia, with
an uneven distribution across SES groups. Health-promoting policy interventions should consider both envi-
ronmental and socioeconomic factors to prioritize areas for action.

1. Introduction

As urbanization rates continue to rise, creating healthy and sus-
tainable cities becomes increasingly urgent (United Nations, 2018). In
Europe, 75 % of the population resides in urban areas and the rate is
projected to reach 84 % by 2050 (European Commission, 2020). Cities
are pivotal as engines of innovation and economic growth, however,
they also act as focal points of environmental and health challenges
(Nieuwenhuijsen, 2020).

Previous research has shown the links between urban and transport
planning, environmental exposures (such as air pollution, environ-
mental noise, lack of green spaces, and heat) and their health effects
(Nieuwenhuijsen, 2020, 2021). These include cardiovascular, meta-
bolic, and respiratory diseases, adverse birth outcomes, cognitive
impairment, mental health and well-being outcomes, and premature
mortality, among other effects (Engelmann et al., 2024; Markevych
etal., 2017; Masselot et al., 2023; Rojas-Rueda et al., 2019; Schraufnagel
et al., 2019). Additionally, the number of studies on the health impacts
of environmental stressors related to urban and transport planning has
been growing (Mizdrak et al., 2023). However, regional inequalities
remain, and research for South-Eastern Europe remains limited
(Dzhambov et al., 2025b; Mizdrak et al., 2023), highlighting the need
for further studies in this region. Furthermore, while evidence is
growing, it is not always integrated into urban and transport planning
practice (Nieuwenhuijsen, 2024), evidencing the continued need for
stronger science-to-policy connections.

To address some of these challenges, the Horizon Europe Urban
Burden of Disease estimation for Policy making (UBD Policy) project
aims to enhance health impact and cost estimation of urban environ-
mental stressors and to establish these practices as common standards
for urban and transport planning (UBDPolicy, 2023). By utilizing a
transdisciplinary approach and engaging diverse stakeholders, UBD
Policy seeks to advance evidence-informed policy and decision-making.
Sofia, Bulgaria, is one of ten case study cities selected to represent
different European regions and partially address regional inequalities in
research and evidence.

Bulgaria has one of the highest health burdens due to air pollution in
Europe (EEA, 2024c), and previous research on nearly 1000 European
cities, based on data from 2015, has found a significant mortality burden
in Sofia linked to suboptimal environmental conditions. The studies
reported that Sofia’s annual mean concentrations of particulate matter
with diameter <2.5 pm (PMj5) and nitrogen dioxide (NO,) were 17
pg/m> and 20.7 pg/m3, respectively, resulting in 888 and 232 attrib-
utable deaths (Khomenko et al., 2021b, 2021a). Additionally, 27.9 % of
the city was covered by green areas, with 73 % of the population lacking
sufficient green space access based on World Health Organization
(WHO) recommendations (i.e. having a green space of at least 0.5 ha
within 300m of their residences), leading to 247 attributable deaths
(Pereira-Barboza et al., 2021; WHO, 2016). The average summer tem-
perature in Sofia was estimated at 22.9 °C, with a 2.3 °C average summer

Urban Heat Island (UHI) effect, contributing to 50 attributable deaths
during summer (lungman et al., 2023). Sofia ranked 81st for PMj s,
309th for NO,, and 146th for lack of green spaces out of all cities
(Khomenko et al., 2021b; Pereira-Barboza et al., 2021), indicating a
relatively higher environmental health risk compared to other European
cities.

However, these previous calculations focused solely on mortality,
overlooking morbidity outcomes that could provide a more compre-
hensive understanding of environmental health issues in the city.
Including morbidity data is crucial for policy and decision-making, as it
might capture additional tangible aspects valued by the public and
policy-makers, such as quality of life, resource use, and productivity
(Mueller et al., 2017a, 2017b; Mytton et al., 2017). Furthermore,
existing research only provided aggregated estimates for the entire city,
ignoring potential spatial differences in impact distribution, especially
in relation to the socioeconomic status (SES) of residents (lungman
et al.,, 2023; Khomenko et al., 2021b; Pereira-Barboza et al., 2021).
Environmental conditions often vary significantly among different SES
groups in cities, leading to a double jeopardy of socioeconomic depri-
vation and harmful environmental exposures, which can exacerbate
health burdens (Fairburn et al., 2019; Hlubek et al., 2024; Padilla et al.,
2014; Venter et al., 2023). Identifying these disparities is essential for
promoting equity and environmental justice, as it can help to prioritize
interventions to create a fairer and healthier urban environment.

In this study, we aimed to update the previous health impact esti-
mates for Sofia related to air pollution, green space, road-traffic noise,
and UHI exposure. We employed more recent, local data and included
both mortality and morbidity outcomes. We also analysed the spatial
distribution of exposures and health impacts based on the area-level
SES, to assess potential environmental injustices and inequities. This
baseline Health Impact Assessment (HIA) serves as an initial evaluation
for Sofia within the UBD Policy project, and can be used as protocol by
other cities to assess their environmental health burden and inequities.
Overall, the goal is to provide evidence and recommendations that
inform and promote discussions on sustainable, health-centric urban
and transport planning policies in the city, helping to prioritize future
local interventions.

2. Methods
2.1. Study setting

Sofia is the fastest-growing city in Bulgaria, being the country’s
largest economic centre and its most densely populated city, with 1.2
million residents as of 2021 (National Statistical Institute, 2024). Sofia
also draws a significant number of daily commuters from nearby cities.
Geographically situated in the Sofia Valley and surrounded by moun-
tains, the city’s location presents unique challenges. The valley’s limited
air flow and frequent fog contribute to persistent poor air quality,
exacerbated by temperature inversions that trap pollutants and heat.
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This further inhibits air mixing and intensifies the UHI effect (Dzhambov
et al., 2023b; Sofia Municipality, 2020). Additionally, rapid urban de-
velopments have led to fragmented green spaces, high private vehicle
motorization rates, and high environmental noise levels (Dzhambov
et al., 2023b; Sofia Municipality, 2020). While the proximity to the
Vitosha Mountain and surrounding nature parks offers residents an
escape from urban stressors, access to these areas can be challenging due
to insufficient connectivity by public transport and limited capacity to
accommodate private cars (Dzhambov et al., 2023b). In 2022, most trips
were made by private vehicles (37.3 %), followed by public transport
(35.8 %), walking (25.4 %), and cycling (0.7 %) (Analytical Consulting
Group ACG Ltd, 2023). Since 2020, private vehicle use has slightly
increased, while public transport use has declined.

2.2. Baseline Health Impact Assessment (HIA)

The analysis focused on the Sofia settlement area and was conducted
at the neighbourhood level using small-scale urban polygons (n = 4969),
defined by aggregating urban residential areas divided by streets, roads,
railways, rivers, and channels, for the reference year 2021 (Figs. 1 and
2). The analysed population, based on 2021 census data provided by the
National Statistical Institute (NSI), included 1,168,382 inhabitants,
considering adults and children (National Statistical Institute, 2024).
The baseline HIA focused on mortality and morbidity impacts and was
based on the comparative risk assessment methodology (Mueller et al.,
2017b; Murray et al., 2003). For each neighbourhood, we collected
baseline exposure data for air pollution (PMy 5 and NO3), green space,
road-traffic noise, and the UHI effect. These exposures were compared
with optimal scenarios for health.

The steps for the analysis were as follows: 1) estimation of the
baseline exposure levels; 2) definition of the counterfactual exposure
scenarios; 3) calculation of the exposure difference between the baseline
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and counterfactual exposure levels; 4) retrieval of Exposure Response
Functions (ERFs) relating the exposures and health outcomes of interest
from the most recent and robust scientific literature; 5) use of the ERFs
to calculate the relative risk (RR) associated with each exposure differ-
ence; 6) calculation of the Population Attributable Fraction (PAF) and 7)
calculation of the attributable burden by multiplying the PAF by the
total burden of the health outcome of interest (Mueller et al., 2017b;
Murray et al., 2003). The analysis was performed at the annual scale for
all exposures, except for UHI, which was assessed at the daily scale for
the summer period (June-August). Monte Carlo simulations were used
to account for uncertainties in baseline exposure levels, counterfactual
scenarios, and ERFs, as in previous studies (Supplement D) (lungman
et al.,, 2023; Khomenko et al., 2021b, 2022; Pereira-Barboza et al.,
2021).

We also estimated the average change in life expectancy for the adult
population by applying a theoretical reduction in mortality risk under
compliance with optimal scenarios for health. This was calculated at the
city level using population-weighted average city-level exposure values.
When average values already complied with health-optimal levels, the
analysis was done using mean values for those exposed to suboptimal
levels. We used Bulgarian urban life tables and applied standard life
table methods, assuming that the average national urban mortality risks
apply to the Sofia population (Miller and Hurley, 2003; National Sta-
tistical Institute, 2024). The estimate represents the potential average
life expectancy loss among individuals exposed to suboptimal levels of
environmental exposures.

2.2.1. Population and health data

Age- and sex-specific population data were provided for each
neighbourhood by the NSI (National Statistical Institute, 2024) under
the “Strategic research and innovation program for the development of
MU - Plovdiv” (SRIPD-MUP project). The dataset included data for
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Fig. 1. Geographical location of Sofia and its main road typologies, including motorized roads, cycleways, and pedestrian zones from Open Street Map.
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Fig. 2. Distribution of environmental exposures by neighbourhood in Sofia, Bulgaria. Values represent area-weighted exposure, except for road-traffic noise, which is

population-weighted based on exposure values assigned to each building.

males and females across fifteen 5-year age groups, ranging from 0 to 70
years and older.

Health data were available at the city level, including all-cause and
cause-specific mortality from natural causes (excluding external causes
defined by the 10th edition of the International Classification of Diseases
(ICD) codes V01-Y89), cardiovascular (CVD) diseases (ICD I00-199),
respiratory diseases (ICD J00-J99), and lung cancer (ICD C32-C34),
from the NSI for the year 2019 (National Statistical Institute, 2024).
Disease incidence data were provided by the National Centre for Public
Health and Analyses for the year 2018 (Ministry of Health, 2024). This
included incidence rates for hypertensive disease (ICD I10-I15),
ischaemic heart disease (IHD) (ICD 120-I125), stroke (ICD 160-169),
asthma in adults and children (ICD J45-46), chronic obstructive pul-
monary disease (COPD) (ICD J40-44, J47), type II diabetes (ICD E11),
and Acute Lower Respiratory Infections (ALRI) in children (ICD
J20-J22). Mortality data were available by age and sex, while morbidity
data were provided separately for adults and children, without further
specification of age or sex (Supplement A, Table S1). We applied
mortality and disease incidence rates to the corresponding population
groups of each neighbourhood to estimate local mortality and morbidity
cases. We did not use health data from the years immediately following
the COVID-19 outbreak (i.e. 2020-2022), as these were likely still
influenced by the pandemic and could result in an overestimation of
impacts (Wang et al., 2022).

To assess UHI health impacts, we downscaled all-cause mortality
data to the daily level for the summer period (June-August) as follows.
We retrieved weekly mortality data by sex, 5-year age group, and NUTS3
region from Eurostat (2024), focusing on the Sofia Municipality. After
filtering for the summer weeks, we calculated the proportion of deaths
by age and sex for each week. Assuming a constant daily death rate, we

divided each weekly proportion by seven to estimate daily mortality
proportions by age and sex.

2.2.2. Baseline exposure data

Air pollution exposure data for PM; 5 and NO, was retrieved from the
Exposome-powered tools for healthy living in urban settings (EXPANSE)
project for 2019 (Vlaanderen et al., 2021). Both exposures were esti-
mated using geographically and temporally weighted Land Use
Regression (LUR) models, which utilized satellite observations, chemi-
cal transport model estimates, and land-use variables as predictors at a
25m resolution for continental Europe (Shen et al., 2022). The models
had a cross-validated R? of 0.77 for PMys and 0.66 for NO,. We
employed annual mean values from these models for both pollutants and
estimated the area-weighted mean exposure values for each
neighbourhood.

For green space, we used two metrics: the percentage of green area
(%GA) and the Normalized Difference Vegetation Index (NDVI). The %
GA measures officially defined green land uses, such as parks and
squares, while the NDVI captures overall surrounding greenness,
including street trees, green corridors, and private gardens
(Pereira-Barboza et al., 2021). To estimate the %GA, we used data from
Urban Atlas 2018 (Copernicus Land Monitoring Service 2018c). For
each neighbourhood, we created a 300m buffer around the polygon
boundary to align with WHO recommendations for green space access
(WHO, 2016). We then calculated the percentage of natural areas
(including forests, herbaceous vegetation, wetlands, green urban areas,
and sports and leisure facilities) relative to the total area of each
neighbourhood and its buffer (Supplement B, Table S2). These cate-
gories were selected to reflect green land uses with potential health
benefits (Ilungman et al., 2021; Markevych et al., 2017; Pereira-Barboza
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et al., 2021). The NDVI was estimated from Moderate Resolution Im-
aging Spectroradiometer (MODIS) satellite imagery by the EXPANSE
project at a 100m resolution for the 2020 annual period and averaged
for each neighbourhood and its buffer area, to align with the %GA
metric (Supplement B).

Road-traffic noise data were obtained from a recent study for five
Bulgarian cities at a 50m resolution (Helbich et al., 2025). In this study,
noise exposure was estimated based on data from fixed measurement
stations (taken from 2018 to 2022) and various road and land-use pre-
dictors through a LUR model using the extreme gradient boosting (XGB)
algorithm with a cross-validated R? of 0.68. To estimate population
noise exposure, building centroids from the local cadaster were used
(Agency for Geodesy Cartography and Cadastre, 2025). We assigned
exposure at the building level to account for variations in exposure due
to building location and orientation, using bilinear interpolation. The
buildings were then mapped to their respective neighbourhoods, and the
population within each neighbourhood was distributed among buildings
based on total cadastral building population counts for the HIA analysis.
We assumed that the primary source of noise exposure was road traffic,
given the prominence of road predictors in the model. Since the expo-
sure data was provided as daytime average noise levels (Lgay, 7-19h, dB
(A)), conversion factors were applied to estimate average 24-h exposure
(Lgen) and night-time exposure (Lyight) (Brink et al., 2018).

Lastly, we obtained summer ambient daily temperature data (June-
—August) and the mean daytime and night-time summer UHI at a 100m
resolution for 2017 from the Urban Climate (UrbClim) model
(Copernicus, 2019). In this dataset, the UHI is estimated as the differ-
ence between the mean rural temperature, represented by the rural
classes of CORINE Land Cover (Copernicus Land Monitoring Service,
2018a) located outside the urban boundary, and each urban grid cell
within the urban extent. The mean daytime and night-time summer UHI
values were averaged to obtain the overall mean summer UHIL. We then
calculated the daily mean summer temperature and mean summer UHI
for each neighbourhood.

2.2.3. Counterfactual scenarios

We employed counterfactual scenarios with exposure levels optimal
for promoting population health. These included meeting the 2021
WHO air quality guidelines (annual mean of 5 pg/m® for PMy 5 and 10
pg/m3 for NOy) (WHO, 2021), WHO green space access recommenda-
tions (having universal access to a green space of at least 0.5 ha within
300m of residences) (WHO, 2016), WHO road-traffic noise recommen-
dations (53 dB Lgep for 24-h and 45 dB Lyjgh for night-time exposure)
(WHO, 2018), and the absence of the summer UHI effect.

For green space, analyses were based on the NDVI metric, as it has
been more widely studied in relation to health effects compared to %GA
(Rojas-Rueda et al., 2019). To estimate the optimal counterfactual NDVI
level, we established a target of 25 %GA within a 300m buffer to provide
universal access to green space, based on previous studies (lungman
etal., 2021; Khomenko et al., 2020; Mueller et al., 2017b). We modelled
the association between %GA and NDVI at the neighbourhood level,
using a Generalized Additive Model with %GA as the predictor and
NDVI as the outcome (Pereira-Barboza et al., 2021). We included tree
cover density for 2018 as an additional predictor to improve model
accuracy (Copernicus Land Monitoring Service, 2018b). The target
NDVI associated with 25 % GA, while keeping tree cover constant, was
0.410 (95 % CI: 0.406-0.414) (Supplement B, Fig. S1). The adjusted R?
of the model was 0.698.

For temperature, the counterfactual exposure was estimated by
subtracting the corresponding summer UHI from each daily temperature
value for each neighbourhood.

2.2.4. Exposure Response Functions (ERFs)

We extracted ERFs for each exposure-health outcome pair from the
most recent and robust scientific literature (Supplement C,
Table S3-S6) (Engelmann et al., 2024; Forastiere et al., 2024; Kasdagli
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et al,, 2024; Orellano et al., 2024). For temperature, a city- and
age-specific ERF was retrieved for Sofia, linking daily temperature to
all-cause mortality, from a previous study covering 854 European cities
(Masselot et al., 2023).

In addition, given that multiple environmental pollutants are often
spatially correlated and may affect health through similar pathways
(Chen et al., 2024), we estimated the joint mortality burden of air
pollution in Sofia. This was based on a recent study comparing ERFs
from single and two-pollutant models for PM; 5 and NO, and all-cause
mortality (Chen et al., 2024). The study found coefficient differences
of 0.017 for PMy 5 and 0.007 for NO5, which we applied to the selected
ERFs for both pollutants (Supplement C).

2.3. Socioeconomic analysis

To assess potential inequities in exposure and health impacts based
on area-level SES, we retrieved a set of socioeconomic variables. These
included annual household income at the district level (n = 24) for 2017,
obtained from the Sofia Open Data portal (Sofia plan, 2024), education
level (population with higher, secondary, basic, and primary or lower
education, and children up to 7 years old which do not yet attend
school), and employment status (population employed or unemployed
during the survey period), available from the 2021 census at the
neighbourhood level (National Statistical Institute, 2024) and retrieved
for the SRIPD-MUP project. To standardize the education and employ-
ment variables, we calculated the percentage of the population in each
category relative to the total population.

These variables were used to construct an area-level SES index. After
exploring the Pearson correlations between the variables and their in-
terrelations via a Principal Component Analysis, we selected % higher
education, % unemployed, % secondary education, and % basic edu-
cation to represent the domains of income, employment, and education
(Supplement E, Fig. S2-S3, Table S9). To construct the SES index, we
reversed the values of % higher education to align it with the other
variables (indicating lower SES), normalized the variables using z-
scores, and calculated the index as the mean of these scores, giving equal
weights to each variable. We divided the SES index into quartiles ("Low",
"Medium-Low", "Medium-High" and "High") (hereafter referred to as SES
groups) for subsequent analyses.

To assess differences in exposures and health impacts by area-level
SES, we employed three distinct approaches (Supplement E, Fig. S5).
First, we analysed differences in exposures and health impacts using
results from the main analysis, based on city-level mortality and disease
incidence data, and ERFs described in Section 2.2.4. Second, given that
SES influences multiple components of HIA beyond exposure levels,
such as baseline health status, we adjusted baseline disease incidence
rates by SES groups. This adjustment was based on self-reported disease
diagnoses from two cross-sectional samples, one from the “Development
of a methodology for assessing air quality and its impact on human
health in an urban environment” project (BNSF-SU project) and the
other from the SRIPD-MUP project, which included 917 and 1512 adults
from Sofia, respectively (Dzhambov et al., 2023b, 2025b) (Supplement
E, Table S11-S13). Third, we evaluated the impacts of using differential
ERFs by SES group. Due to the lack of consistent evidence across all
exposures and health outcomes (Olstrup et al., 2025; Sgrensen et al.,
2023; Strak et al., 2021; Thacher et al., 2022), this was conducted only
for green space and mortality, based on findings from two European
cohorts that reported greater green space benefits on mortality for
higher SES populations (Orioli et al., 2019; Vienneau et al., 2017). For
this, we applied green space ERFs by SES group from a Swiss cohort
study of approximately 4 million individuals (Vienneau et al., 2017)
(Supplement C, Table S6). In all cases, we used age- and
sex-standardized rates for comparisons.

For all three approaches, we stratified the results by SES groups and
conducted statistical comparisons using the Kruskal-Wallis test and the
post-hoc Dunn’s test with Bonferroni correction, as the variables did not
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meet normality or homogeneity of variance assumptions. We also con-
ducted a spatial analysis using global and local bivariate Moran’s I
statistics, with the latter used to identify priority intervention areas
based on exposure, health impacts, and area-level SES. This analysis
examines the relationship between two variables and their spatial dis-
tribution (Anselin, 1995). Specifically, we assessed the relationship be-
tween the SES index in each neighbourhood and environmental
exposures and health impacts in the surrounding neighbourhoods. In the
local analysis, spatial clusters were identified as areas where a higher
SES index was surrounded by higher exposure levels or health impacts in
neighbouring areas, with a 95 % significance level. Clusters with similar
high or low values for both SES and exposures or health impacts indi-
cated positive local spatial autocorrelation, while areas with differing
values represented negative local spatial autocorrelation.

2.4. Sensitivity analyses

Given Sofia’s persistent poor air quality (Ministry of Environment
and Water, 2021), we conducted a sensitivity analysis of NO2 levels
using data collected by a local NGO, which measured NO, concentra-
tions at 27 locations in 2021 and 2022 using diffusion tubes (Za Zemiata,
2021, 2024). This dataset was assimilated, together with hourly mea-
surements of six reference stations, in an alternative NO, model at a 25m
resolution for the city based on the Retina approach (Mijling, 2020;
Mijling et al., 2025), which employs the AERMOD dispersion model to
simulate hourly street-level NOy concentrations. The model’s inputs
included traffic intensities and population density as proxies for emis-
sions, hourly background concentrations from the CAMS regional
ensemble (Copernicus, 2024), meteorological data, NO, measurements
from monitoring stations, and the NGO’s diffusion tube measurements
(Supplement F).

2.5. Additional analyses

As an additional analysis, we used the SRIPD-MUP sample to assess
Sofia residents’ perceptions of environmental quality and contrast them
with HIA estimates. The survey included questions on road traffic noise
annoyance ("Thinking about the last 12 months, when you are at home,
how much did the following things bother, disturb, or annoy you: Road
traffic noise"), air pollution annoyance ("Thinking about the last 12
months, when you are at home, how much did the following things
bother, disturb, or annoy you: Outdoor air pollution"), neighbourhood
perceived greenness ("How much do you agree with the following
statement about the green vegetation in your neighbourhood: My
neighbourhood is green (has street trees, flower boxes, parks, gardens,
lawns)"), and neighbourhood perceived green quality ("How much do
you agree with the following statement about the green vegetation in
your neighbourhood: The green spaces in my neighbourhood are of high
quality (e.g. well-maintained, beautiful, peaceful, lack litter)"). Annoy-
ance questions were scored from O (not at all) to 4 (extremely) and
dichotomized to represent high annoyance (scores 3-4). Green space
perception scores ranged from 1 (completely disagree) to 5 (completely
agree). We calculated the percentage of survey participants in each score
group for the city as a whole and by SES groups. Differences between SES
groups were assessed using pairwise Chi-square tests with Bonferroni
correction.

All analyses were conducted using R version 4.0.2 and QGIS version
3.14.15.

3. Results
3.1. Baseline population, health, and exposure data
The analysed population included 945,580 individuals aged over 20

years for the UHI exposure, 892,039 individuals aged over 25 years for
all other exposures, and 175,212 children aged up to 14 years for air
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pollution and childhood outcomes (i.e. asthma and ALRI), based on
available data and ERFs. Approximately 25 % of the adult population (i.
e. 225,228 individuals) were aged 65 years or older. Mortality rates
were generally higher for men than women, with natural-cause mor-
tality rates of 1569 compared to 1464 deaths per 100,000 inhabitants for
adults over 25 years. Morbidity incidence rates for cardiovascular out-
comes were notable, with 4074 cases per 100,000 inhabitants for hy-
pertension and 1367 cases per 100,000 inhabitants for IHD among
adults (Supplement A, Table S1).

All Sofia residents lived in areas where PMys and NO, levels
exceeded the WHO air quality guidelines. Annual mean concentrations
were 20.3 pg/m?> for PMy 5 and 25.8 pg/m> for NOy. The annual mean
NO,, levels were higher in the alternative model incorporating diffusion
tube measurements, with an average of 31.9 pg/m®, and highly corre-
lated with the EXPANSE model concentrations (r = 0.91) (Supplement
F, Fig. S6). Mean noise levels were of 62.2 dB(A) Lgay. The average %GA
in 300m buffers around each polygon was 14.4 %, with a mean NDVI of
0.397. Based on the %GA and NDVI targets, 81 % and 77 % of the
population lived in areas with insufficient green space, respectively. The
average summer temperature was of 23.6 °C, with an average UHI effect
of 2.5 °C (Table 1, Fig. 2). Adverse exposure levels were higher in the
densely urbanized city centre and north of it, and decreased towards the
outskirts, especially south near Vitosha Mountain, reflecting the
mountain’s mitigating effects through better ventilation, reduced par-
ticle deposition, cooling, and more green space (Fig. 2).

3.2. Impacts on mortality

The largest mortality burden was attributed to PM, 5 exposure, with
1939 annual deaths (95 % CI: 1349-2571), followed by NO2 (1172
annual deaths (444-2027)), road-traffic noise (902 annual deaths (556-
1311)), insufficient green space (217 annual deaths (169-262)), and
UHI (95 summer deaths (58-130)). The combined mortality burden
from PMy5 and NO, exposure was estimated at 2177 annual deaths
(1423-3014), reflecting a 36 % and 14 % reduction in the mortality
burden associated with each pollutant, respectively, after accounting for
coefficient differences based on two-pollutant models (Tables 2-3). The
life expectancy loss due to air pollution was notable, estimated at 1.7
years (1.1-2.4) for PM3 5 and 0.9 years (0.5-1.3) for NO, (Tables 2-3).
The burden attributable to NO, was higher when using exposure esti-
mates from the alternative model, resulting in 1628 annual deaths
(576-2868), a 39 % increase compared to the EXPANSE model (Sup-
plement F, Table S14-S15). Mortality impacts were generally larger
among men and older populations (Supplement G, Table S16,
Fig. S7-S11).

3.3. Impacts on morbidity

The attributable morbidity impacts were substantial, particularly for
air pollution and road-traffic noise. PMj 5 exposure accounted for 21 %
of hypertension cases, 17 % of IHD cases, 20 % of stroke cases, 35 % of
childhood asthma cases, 22 % of COPD cases, and 14 % of type II dia-
betes cases. NO; exposure contributed to 14 % of asthma cases (adult
and childhood) and 13 % of ALRI cases in children. On average, 22 % of
adults were highly annoyed, and 7 % were highly sleep-disturbed by
road-traffic noise, which accounted for 5 % of IHD and stroke cases and
7 % of type II diabetes cases. The morbidity impacts of insufficient green
space were lower, contributing to 0.7 % of hypertension and stroke cases
(Table 4).

3.4. Impacts by area-level SES

Areas of lower SES were predominantly located in the north,
northeast, and northwest of the city, while areas with higher SES were
concentrated south of the city centre (Supplement E, Fig. S4). PMy 5
exposure levels were slightly but significantly higher in Medium-High
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Table 1

Summary of population and environmental exposure levels by neighbourhood.
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Variable Mean Population-weighted mean Median IQR Range (min-max)

Total population (n) 235 - 119 46-286 1-8770

PMy 5 (pg/mB) 20.3 20.5 20.5 19.2-21.8 11.2-25.1

NO, (pg/m®) 25.8 26.3 26.2 22.6-28.5 13.9-47.8

NO, (ug/m>) 31.9 325 32.6 25.7-37.8 8-53.9

Diffusion tubes

% of green area (GA) 14.4 14.9 10.7 3.8-21.4 0-83.4
81 % of population < 25 % of green space

NDVI 0.397 0.383 0.384 0.354-0.430 0.211-0.708
77 % of population < target NDVI (0.410)

Road-traffic noise (dB(A) Lgay) 62.2 62.4 62.5 60.9-63.8 45.7-72.5

Summer temperature (°C) 23.6 23.7 23.9 20.5-26.4 11.2-34.1

Summer UHI (°C) 2.5 2.5 2.7 1.7-3.3 -1.4-4.3

Table 2

Mortality impacts associated with environmental exposures in Sofia, Bulgaria.

Exposure

PMy 5

NO,

Lack of green space
(NDVI)

Road-traffic noise

Urban heat island
(UHI)

Outcome

Natural-cause
mortality
Cardiovascular
mortality

Respiratory mortality
Lung cancer mortality
Natural-cause
mortality
Cardiovascular
mortality

Respiratory mortality
Lung cancer mortality
Natural-cause
mortality
Cardiovascular
mortality
Natural-cause
mortality
Cardiovascular
mortality

All-cause mortality

Attributable deaths
(n)
1939 (1349-2571)
1649 (1143-2154)
123 (84-165)
57 (40-76)
1172 (444-2027)
776 (253-1412)
55 (21-95)
47 (21-79)
217 (169-262)
108 (74-139)
902 (556-1311)
325 (214-450)

95 (58-130)

% of annual mortality

Attributable mortality rate (per 100,000

Average life expectancy loss

inhabitants) (years)
14.4 (10-19) 217 (151-288) 1.7 (1.1-2.4)
18.5 (12.8-24.2) 185 (128-241)
19.8 (13.6-26.6) 14 (10-19)
14.6 (10.3-19.5) 6 (5-9)
8.7 (3.3-15) 131 (50-227) 0.9 (0.5-1.3)
8.7 (2.8-15.8) 87 (28-158)
8.8 (3.3-15.2) 6 (2-11)
12.2 (5.4-20.3) 5(2-9)
1.6 (1.3-1.9) 24 (19-29) 0.2 (0.2-0.3)
1.2 (0.8-1.6) 12 (8-16)
6.7 (4.1-9.7) 101 (62-147) 0.6 (0.3-0.9)
3.7 (2.4-5) 37 (24-50)
0.7 (0.4-1) 10 (6-13) 0.3 (0-0.7)

2.7 (1.7-3.7) of summer
mortality

*Empirical 95 % CIs are shown. ** Estimates are calculated for adults >25 years old for air pollution, green space and noise exposures, and for adults >20 years old for

the UHI exposure.

Table 3

Joint impact of PM, 5 and NO, exposure on natural-cause mortality in Sofia, Bulgaria.

Exposure

PM; 5 (coefficient adjusted)
NO,, (coefficient adjusted)
PM, 5 and NO, (combined impact)

Attributable deaths (n)

1248 (811-1755)
1013 (379-1779)
2177 (1423-3014)

% of annual mortality

Attributable mortality rate (per 100,000
inhabitants)

Average life expectancy loss (years)

9.2 (6-13) 140 (91-197) 1.4 (0.8-2)
7.5(2.8-13.2) 114 (43-199) 0.8 (0.4-1.2)
16.1 (10.5-22.3) 244 (160-338) 2.4 (1.3-3.7)

*Empirical 95 % CIs are shown. ** Estimates are calculated for adults >25 years old.

and Medium-Low SES areas compared to High SES areas. A similar trend
was observed for green space, where exposure to green space (consid-
ering %GA) was significantly lower in Medium-High and Medium-Low
SES groups compared to both High and Low SES groups. Conversely,
exposure to NO», noise, and UHI was significantly higher in higher SES
areas than in lower SES areas (Fig. 3, Supplement H, Table S17-518).

Attributable mortality and disease incidence rates (without adjusting
for health differences between SES groups) showed similar patterns to
exposure levels (Supplement H, Fig. S12-513, Table S19-522). When
adjusting baseline disease rates by SES group, we observed that self-
reported diagnoses from Sofia’s cross-sectional samples were generally
higher in lower SES than in higher SES areas, except for asthma and
diabetes, which were more prevalent in Medium-High SES groups
(Supplement E, Table S13). Using SES-adjusted baseline morbidity

rates made attributable disease incidence patterns more pronounced.
For PM,;5, attributable incidence was highest in lower SES groups
compared to High SES areas. Noise and IHD, as well as green space,
showed similar trends, while NOy and adult asthma had significantly
greater impacts in Medium-High SES groups. In contrast, noise and
diabetes had less impacts in Low SES groups (Fig. 3, Supplement H,
Table S23-524). When applying a differential ERF for mortality by SES
for green spaces, impacts were greater in higher SES groups (Supple-
ment H, Fig. S20, Table S29-530).

The global bivariate Moran’s I analysis revealed a trend of positive
spatial autocorrelation for NO,, noise, and UHI exposures, indicating
that higher-SES areas were often near regions of higher exposure. No
clear trend emerged for green space, while PMj; 5 exhibited a trend of
negative spatial autocorrelation, with lower-SES areas located in
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Table 4
Morbidity impacts associated with environmental exposures in Sofia, Bulgaria.
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Exposure Outcome Attributable cases (n)

PMy 5 Hypertension 7678 (2183-14065)
IHD 2073 (648-3770)
Stroke 1318 (591-2046)
Asthma (children) 362 (113-617)
COPD 1324 (594-2057)
Type II diabetes 1249 (318-2404)

NO, Asthma (adults) 207 (0-583)
Asthma (children) 146 (1-373)

ALRI (children)
Hypertension
Stroke

901 (2-2372)

261 (135-393)

47 (12-81)

High annoyance 197,141 (95,448-327,378)
High sleep disturbance 66,903 (31,221-115,073)
IHD 558 (205-1037)

Stroke 329 (74-697)

Type 1I diabetes 621 (235-1131)

Lack of green space (NDVI)

Road-traffic noise

% of annual incident cases
21.1 (6-38.7)
17 (5.3-30.9)
20.3 (9.1-31.6)
34.9 (10.9-59.4)
22.4 (10-34.7)
13.5 (3.4-26.1)

Attributable incidence rate (per 100,000 inhabitants)
861 (245-1577)

232 (73-423)

148 (66-229)

207 (65-352)

149 (67-231)

140 (36-270)

14.1 (0-39.6) 23 (0-65)
14.1 (0-35.9) 84 (0-213)
12.9 (0-33.9) 514 (1-1354)
0.7 (0.4-1.1) 29 (15-44)
0.7 (0.2-1.3) 5(1-9)
22.1 (10.7-36.7)
7.5(3.5-12.9)
4.6 (1.7-8.5) 63 (23-116)
5.1 (1.1-10.7) 37 (8-78)
6.7 (2.6-12.3) 70 (26-127)

*Empirical 95 % ClIs are shown. ** Estimates are calculated for adults >25 years old and for children up to 14 years old for asthma and ALRI outcomes.

Fig. 3. Distribution of environmental exposure levels and morbidity impacts (considering baseline incidence rates adjustment by SES group) by socioeconomic status

(SES) group in Sofia, Bulgaria. Red line shows the average values for the city.

proximity of higher exposure areas (Supplement H, Fig. S14,
Table S25). Similar spatial patterns were observed for attributable
mortality and disease incidence, both adjusted and unadjusted for SES
differences. However, SES and green space impacts now showed a trend
of positive spatial autocorrelation (except in the adjusted analysis),
while noise and IHD exhibited negative spatial autocorrelation in the
adjusted analysis. The positive trend for green space was accentuated
when considering the differential ERFs by SES (Supplement H,
Figures S15-S17, S21, Tables S26-S28, S31S31).

In the local bivariate Moran’s I analysis, northern, north-eastern, and
north-western areas of the city showed high exposure, mortality, and
morbidity, alongside lower-SES populations. Central areas showed high
exposure, mortality, and morbidity, with higher-SES populations.
Southern areas exhibited mixed patterns, with high noise and UHI, but
low PM; 5 exposure, mortality, and morbidity, all alongside higher-SES
populations. The southernmost areas near Vitosha Mountain generally
had low exposure levels, as well as low mortality and morbidity impacts,
along with higher-SES populations (Fig. 4, Supplement H, Fig. S18-519).

3.5. Perceptions on environmental quality

Perception data from the SRIPD-MUP survey showed that 11.2 % and
25.5 % of the population were highly annoyed by road traffic noise and

air pollution, respectively. Differences in perceived noise annoyance by
SES groups were non-significant, but slightly higher in Medium-Low SES
areas (12.3 %) compared to High SES (10.6 %) and Low SES (10 %)
areas. Air pollution annoyance was significantly higher in Medium-High
(29.8 %) and Medium-Low (26.9 %) SES groups compared to Low SES
(17.3 %) areas. For green space, 25.3 % and 13.1 % of the population
completely agreed that they lived in green neighbourhoods and had
access to high-quality green spaces, respectively. However, individuals
in High SES areas reported higher agreement about living in green
neighbourhoods compared to those in Low and Medium-Low SES areas
(30.2 % vs. 22.7 % and 21.9 %, respectively) (Supplement I,
Table S32-S33).

4. Discussion

This study shows a significant health burden from urban environ-
mental stressors in Sofia, Bulgaria, with an uneven distribution across
SES groups. The analysis constitutes a comprehensive small-scale
assessment. The findings emphasize the need for health-promoting
policy interventions that account for both health and socioeconomic
factors to prioritize areas for action. Efforts should focus on the north,
northeast, and northwest of the city, where environmental burdens are
highest and vulnerable lower-SES populations reside, ultimately aiming
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Fig. 4A. Spatial correlation analysis (local bivariate Moran'’s I) for SES and exposure levels in Sofia, Bulgaria.

Fig. 4B. Spatial correlation analysis (local bivariate Moran’s I) for SES and attributable morbidity incidence rates (considering baseline incidence rates adjustment
by SES group) in Sofia, Bulgaria.
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for a more sustainable and equitable urban environment.
4.1. Comparison to previous studies

Compared to the previous assessment of nearly 1000 European cities,
our estimates for Sofia were similar for green space-related mortality,
with 217 deaths in this study versus 247 in the previous one
(Pereira-Barboza et al., 2021). However, UHI-related mortality was
higher at 95 deaths, compared to 50, likely due to a larger analysed
population and slightly higher temperatures and UHI levels in 2017
compared to 2015 (Iungman et al., 2023). Similarly, the mortality im-
pacts from air pollution were substantially higher in this study, with
1939 deaths attributed to PMj; 5 (compared to 888) and 1172 deaths to
NO; (compared to 232) (Khomenko et al., 2021a, 2021b). This differ-
ence is likely due to the higher exposure levels estimated in this study, i.
e. 20.3 pg/m? for PMy 5 and 25.8 pg/m? for NO,, compared to 17 pg/m?®
and 20.7 pg/m3, respectively, and the use of stronger ERFs derived from
recent meta-analyses (Kasdagli et al., 2024; Orellano et al., 2024).

In the previous assessment, high-resolution models for PMy 5 were
not available for Eastern Europe, and NO, estimates were derived from a
global model, potentially underestimating the exposure levels
(Khomenko et al., 2021b). Similarly, while Bulgaria was estimated to
have one of the highest air pollution attributable mortality rates in
Europe (180 deaths per 100,000 inhabitants for PM3 5 and 29 for NO3)
(EEA, 2024c), the rates found for Sofia in this study are higher. This
could be due to differences in data sources and resolution, or reflect a
fairly higher burden in the city compared to the national average. Sofia
ranked 194th out of 372 European cities based on monitoring station
data, with a PM, 5 level of 10.3 ug/m3 in 2022-2023, however, based on
a single measurement station (EEA, 2024a).

Considering the above, this study likely provides more refined high-
resolution air pollution estimates for Sofia, based on European and local
models, which also indicate higher exposure levels than previously re-
ported (EEA, 2024a, 2024c; Khomenko et al., 2021b). Notably, NOy
values from the alternative model using reference and diffusion tube
measurements were higher than those from the EXPANSE model,
potentially due to tube placement mostly at traffic sites (Za Zemiata,
2021, 2024). While overestimation cannot be ruled out, the strong
correlation between the two models indicates they consistently identify
similar areas of higher and lower pollution, both highlighting the high
air pollution burden in Sofia.

Further, the estimated exposure to environmental noise in this study
aligns with the previous assessment, which found that 99.8 % of the
population was exposed to harmful road traffic noise levels exceeding
WHO guidelines (Khomenko et al., 2022), highlighting the importance
of this pollutant in Sofia. However, noise exposure overestimation is also
possible. The previous study could have overestimated exposure due to
the use of Environmental Noise Directive (END) maps which showed
high exposure for Sofia compared to other European cities (Khomenko
et al., 2022), while the data in this study may be overestimated due to a
focus on high-exposure sites in noise measurement campaigns (Helbich
et al., 2025). The latest END noise mapping using 2022 data indicated
that around 40 % of urban residents in Bulgaria are exposed to harmful
noise levels. However, this difference in estimates may be influenced by
data gaps, which were addressed through a gap-filling procedure (EEA,
2024b). In addition, while this study focused on road traffic noise, other
sources (such as the airport, railway, and tram system) can also
contribute to noise exposure. Recent research in Sofia found associations
between railway and aircraft noise (but not road traffic noise) and poor
self-rated health (Dzhambov et al., 2023b). Although the overall health
burden from these sources was smaller, the exposure-response re-
lationships for railway and tram noise and annoyance were steeper than
for road traffic noise (Dzhambov et al., 2025a).

Lastly, while no other comprehensive HIA studies have been con-
ducted for Sofia, previous epidemiological studies involving the Sofia
population support our findings. These studies show that residents of
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greener and more walkable areas have better health, while air pollution
and noise increase disease risk, particularly for cardiovascular outcomes
(Dzhambov et al., 2023a,b; Dzhambov et al., 2023, 2025a,b). Similarly,
suboptimal temperatures have been associated with increased mortality
among elderly populations (Petkova et al., 2021). Taken together, these
findings support the need for improved environmental conditions to
promote population health in Sofia.

4.2. Environmental inequities and justice

The topic of environmental inequities deserves further discussion.
We found mixed patterns in the associations between SES, environ-
mental exposures, and health impacts, in line with findings from other
European settings showing complex and highly context-dependent re-
sults (Fairburn et al., 2019; Hlubek et al., 2024; Padilla et al., 2014;
Samoli et al., 2019; Venter et al., 2023).

Similar to Madrid and Paris, higher SES areas in Sofia tend to
experience greater exposure to NO; and noise, while PMj 5 exposure and
impacts tend to be higher among lower SES groups, as seen in Madrid
and Barcelona (Iungman et al., 2021; Padilla et al., 2014). These dif-
ferences likely reflect variations in exposure sources, as well as their
spatial distribution in terms of urban morphology and land use. NO3 and
noise share motorized traffic as a common source, which is more
concentrated in dense city centres (Iungman et al., 2024), where higher
SES populations often reside. The impervious road surfaces required for
traffic, along with the energy flux from buildings, people and vehicles,
can also contribute to increased UHI exposure in these areas. In contrast,
PM; 5 exposure may come from other sources like residential combus-
tion or industries (Belis et al., 2019; Dimitrova and Velizarova, 2021;
Khomenko et al., 2023). Lower SES populations may rely on cheaper
heating options, such as coal or biomass, during winter, and also live in
higher proximity to industries, leading to higher PMj; 5 exposure. Pre-
vious research on Sofia has shown that during the cold season, PM; 5
from domestic heating is highest in the city outskirts and small towns
within Sofia Municipality (Dimitrova and Velizarova, 2021), aligning
with the presence of lower-SES populations in the northern outskirts.

Further, the spatial patterns of SES, exposures, and health impacts in
Sofia align with those in Vienna and six medium-sized European cities
(Khomenko et al., 2020; Pereira Barboza et al., 2023). In Vienna,
higher-SES populations lived either in the historic city centre, with
higher adverse environmental exposures, or in greener outer areas with
better environmental conditions (Khomenko et al., 2020). In the six-city
study, mortality impacts varied by income level, depending on whether
lower-income populations resided in dense, high-trafficked city centres
or greener outskirts (Pereira Barboza et al., 2023). In Lahti, Tallinn, and
Umea, lower-income areas were in city centres and had less green space,
higher air pollution, and greater mortality impacts (Pereira Barboza
et al., 2023). In contrast, in Limerick and Versailles, lower-income areas
were on the outskirts and had more green space, lower air pollution, and
reduced mortality impacts (Pereira Barboza et al., 2023).

In Sofia, the observed differences in exposure levels and health im-
pacts by SES also likely reflect the spatial dynamics of the city, differ-
entially affecting higher or lower SES populations based on their
residential locations. The northern areas of Sofia accommodate lower
SES populations, who experience higher exposure levels and health
impacts, probably due to greater use of solid fuels for heating compared
to central and southern districts (Dimitrova and Velizarova, 2021), and
lower availability of green space. The central and southern areas have
more affluent populations, with the central areas generally exhibiting
high exposure levels and health impacts, likely due to the compact urban
development in this area (Iungman et al., 2024). The southern areas
show higher exposure to noise and UHI but lower PMy 5, while the
southernmost areas near Vitosha Mountain generally have lower expo-
sure levels and health impacts, along with higher-SES populations. This
likely reflects the mountain’s mitigating effects, including better venti-
lation, cooling, and green space (Dimitrova and Velizarova, 2021).
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In addition, the analysis highlights the importance of accounting for
baseline health differences and ERFs by SES group, reflecting differential
vulnerability and susceptibility to environmental stressors, respectively.
Previous research has shown the relevance of these factors for health
impact estimates (Kihal-Talantikite et al., 2019; Milojevic et al., 2017).
When not considered, differences in health impacts between SES groups
were similar to exposure patterns. However, when baseline health dif-
ferences were included, for most outcomes lower SES groups showed
more pronounced morbidity impacts, in line with their higher disease
prevalence compared to higher SES groups. In High SES areas, lower
baseline disease prevalence might reflect better general health. In Low
SES areas, lower prevalence for some outcomes (such as diabetes) was
less expected and may result from factors such as reporting issues,
limited healthcare access leading to underdiagnoses, or presence of
higher SES individuals in low-SES neighbourhoods.

When differential ERFs were considered for green spaces, higher SES
groups showed greater mortality benefits, likely due to better access to
higher quality green spaces or more time for green space visits (Orioli
et al., 2019; Venter et al., 2023; Vienneau et al., 2017). A review on
green space and health equity found that lower-SES populations often
benefit more than higher-SES groups, especially regarding public green
spaces and parks (Rigolon et al., 2021). These differences to our study
are likely due to the type, quality, and accessibility of green spaces
available to lower-SES groups. Green spaces can help mitigate adverse
health factors in these populations, particularly when other resources
are lacking (Rigolon et al., 2021). However, their spatial distribution,
quality, and access must be carefully evaluated to maximize health
benefits. For other exposures, evidence of differential ERFs by SES was
less consistent but plausible (Olstrup et al., 2025), with lower SES
groups potentially facing higher impacts due to poorer baseline health
and fewer coping mechanisms, such as building insulation for noise and
heat, healthier food choices, or having improved access to healthcare
services. In Paris, although NO, exposure was higher among more
affluent populations, the mortality burden was greatest in the most
deprived census blocks when accounting for socioeconomic differences
in ERFs (Kihal-Talantikite et al., 2019; Padilla et al., 2014).

Accordingly, while more affluent populations may face higher
exposure to environmental pollutants, they often have the resources to
mitigate their health impacts (Helbich et al., 2024; Khomenko et al.,
2020). Residing in historical central neighbourhoods they can benefit
more from greater pedestrian and multimodal accessibility to work-
places, education, health and commercial services, and cultural ame-
nities. This dynamic is further supported by our analysis of
environmental quality perceptions, showing lower air pollution and
noise annoyance in Low-SES areas, while higher SES groups report more
positive views on green space availability and quality. These results may
reflect lower pollution levels in lower SES areas. However, they might
also reflect greater awareness and capacity among higher SES groups to
address pollution. Further, proximity to higher-quality green spaces in
affluent areas likely enhances their use and health benefits compared to
lower SES populations. Overall, this highlights the need for
awareness-raising and targeted interventions in lower SES areas to
improve environmental quality and health, while reducing inequities.

4.3. Strengths and limitations

The main strength of this study lies in its comprehensive small-scale
assessment, which considers multiple environmental exposures in a
South-Eastern European city. It includes both mortality and morbidity
outcomes for adults and children, offering a more holistic view of health
impacts. The study employs a variety of local data sources and applies
the most up-to-date ERFs based on the latest scientific evidence. It also
evaluates the joint burden of air pollution exposure and analyses im-
pacts by SES, incorporating spatial analysis. The latter contributes to the
current literature on environmental equity and justice, and helps to
identify priority areas for action based on SES, environmental exposures,
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and health outcomes.

However, some methodological considerations should be taken into
account. The analysis relied on city-level health data, which limited the
ability to consider the spatial distribution of health outcomes. While the
variation in disease rates was approximated by SES group, self-reported
disease diagnoses might not always reflect differences in incidence rates,
due to factors like diagnosis rates, healthcare access, and disease dura-
tion. However, we lacked this information in this study. We also lacked
data on mental health and well-being, which are increasingly important
outcomes linked to environmental exposures in urban settings, partic-
ularly green spaces (Liu et al., 2023). In addition, while the SRIPD-MUP
survey was representative in terms of population, it might not have been
so in terms of exposures (Dzhambov et al., 2025b), potentially
explaining the discrepancy in noise annoyance estimates (22.1 % from
the HIA versus 11.2 % from the survey).

Further, the study is based on residential exposure at the neigh-
bourhood level, which may differ from individual exposure due to
commuting and activity patterns and lead to exposure misclassification.
A recent review found that residential air pollution exposure strongly
correlates with activity-based dynamic exposure, showing minimal bias
in health effect estimates when using residential-based measures for
long-term exposure (Hoek et al., 2024). However, this might not hold
equally for all population groups, exposures and settings (Marquet et al.,
2023; Yoo and Roberts, 2022). Exposure misclassification may also arise
from using data from different years for various exposures, even though
the latest available data closest to the reference year 2021 was used.
Another limitation is the exclusion of ozone from the analysis. We could
not assess this pollutant due to several methodological challenges,
including the lack of spatially resolved short-term exposure data, which
show strong associations with health outcomes (Orellano et al., 2020;
Zheng et al., 2021). Ozone also has more regional variation, and
intra-urban differences may reflect a negative correlation with NO,
leading to protective health estimates (de Hoogh et al., 2018; Strak et al.,
2021). Additionally, the complex atmospheric chemistry of ozone for-
mation complicates establishing clear links between ozone levels and
specific urban policies, with limited impact from city-level actions on
long-term ozone exposure (Pisoni et al., 2022).

Limitations should also be acknowledged regarding the comparative
risk assessment approach. This method lacks a temporal component,
cannot consider confounding variables, such as pre-existing health sta-
tus, and assumes immediate and complete uptake of health benefits
without accounting for time delays, partial uptake, or lifetime exposure
patterns (Mueller et al., 2023). It also does not capture personal choices
or intrinsic motivations that influence behaviour and exposure changes
(Mueller et al., 2023). Despite these constraints, the method provides
results that are easily understandable for policy-makers and the public,
and is well-suited for burden of disease assessments (Mueller et al.,
2023), as done in this study.

Additionally, the lack of consistent and pooled ERFs for different age,
sex, and SES groups across all exposures and health outcomes limited
our ability to assess potential differential health effects for various
population subgroups in a comprehensive way. Furthermore, due to
limited evidence on joint or mediating effects from multi-exposure
models (Chen et al., 2024), we could not assess the combined impacts
of co-exposures beyond PM; 5 and NO,. Therefore, the impacts of each
exposure should be considered separately to avoid overestimation.

Lastly, the SES analysis lacked spatially resolved income data, and
other dimensions related to deprivation, such as ethnicity, were un-
available at the neighbourhood level and therefore not included. In
addition, the employed methodology limited our ability to consider
other aspects of environmental equity and justice, including differences
in behaviours and responsibilities related to pollution. Those most
responsible for pollution and those most exposed may differ, as high-
lighted by a study in Barcelona showing that individuals with privileged
identities, such as middle-aged, European-born men, tend to have the
highest environmental footprint, driven by their transportation habits,
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particularly the use of motorized transport (Cubells et al., 2024). These
aspects should be integrated in future studies. Finally, the SES analysis is
ecological and rather descriptive, however, it provides valuable insights
into environmental equity and justice within the city.

4.4. Implications for policy

This study also offers valuable insights for policy. We found the
highest health impacts in relation to exposure to air pollution and road-
traffic noise, which indicates the urgent need of adopting and imple-
menting policies for addressing these pollutants. Effective measures
must target the primary sources of these pollutants. For PMy s, previous
studies found biggest contributions from residential combustion, in-
dustries, and the energy sector (Belis et al., 2019; Dimitrova and Veli-
zarova, 2021; Khomenko et al., 2023), while NO, levels were primarily
driven by transport, followed by industry and energy production
(Khomenko et al., 2023). For noise, which in this study primarily rep-
resents road traffic noise, the main source is also likely motorized traffic.

The Sofia municipality has developed several policy documents
targeting air quality, urban mobility, green spaces, climate, and envi-
ronmental noise (Ministry of Environment and Water, 2021; Sofia Mu-
nicipality, 2019, 2020, 2021a, 2021b; Urban Access Regulations, 2024).
The Comprehensive Program for Atmospheric Air Quality (2021-2026)
proposes measures for domestic heating (replacing wood and coal
burning with cleaner alternatives), transport (promoting public trans-
port, walking, cycling; using lower-emission vehicles; implementing a
low emission zone (LEZ); improving road surfaces), industry (control-
ling emissions), and reducing resuspended dust (Ministry of Environ-
ment and Water, 2021). The LEZ, started in 2023, runs annually from
December 1st to the last day of February within a 2.3 km radius of the
city centre and progressively tightens vehicle emission standards (Urban
Access Regulations, 2024). Since January 1st, 2025, an additional LEZ
for domestic heating bans solid fuels in buildings along streets or areas
with central heating or gas networks in nine regions of the city (Sofia bez
emisii, 2025). The Green City Action Plan aims for over 50 % green
space coverage (Sofia Municipality, 2020), while the Sustainable Urban
Mobility Plan 2035 sets a goal for 80 % of trips to be made using sus-
tainable transport methods, reducing private car use to 20 % (Sofia
Municipality, 2019). Additional green interventions include the Green
Ring Project and the Green Wedges. The Green Ring Project aims to
create a 32 km linear park along Sofia’s old railway routes, serving as a
"green highway" that connects central and peripheral neighbourhoods,
large parks, gardens, and numerous cultural and sports sites (Sofia plan,
2021). The Green Wedges, on the other hand, are green corridors of park
and forest areas extending from the city centre to the mountains south of
Sofia (Vision Sofia, 2021). These corridors can provide improved
pedestrian connections between the city and the mountains, offering
opportunities for sports, recreation, and nature access.

Given the high environmental burden in Sofia, we encourage the
timely implementation of these policies alongside more ambitious
measures. Expanding the LEZ (spatially and temporally) and adopting
comprehensive, context-specific plans, such as transit-oriented devel-
opment, mixed-use polycentric housing, green corridors linking schools
and parks, sprawl repair, and superblocks where appropriate, can help
prioritize public space for citizens, reduce motorized traffic, and inte-
grate green interventions (Nieuwenhuijsen, 2020, 2021). Our spatial
analysis can provide guidance for priority areas for such interventions,
aiming to promote both, health and environmental justice. In this way,
this study serves to complement existing plans for the city and provides
direction for future urban and transport planning policies. The priority
areas should focus on regions with high environmental and health
burdens, primarily the central and northern parts of the city, and pri-
oritize areas with more vulnerable lower SES populations, particularly
in the north, northeast, and northwest.
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4.5. Conclusion

In conclusion, we estimated a high environmental health burden in
Sofia, Bulgaria, particularly from air pollution and road-traffic noise.
The health impacts were unequally distributed across SES groups,
reflecting the spatial dynamics of the city. Our spatial analysis helps to
identify priority areas for action based on SES, health, and environ-
mental conditions. Such priority areas should focus on the north,
northeast, and northwest of the city, where vulnerable lower-SES pop-
ulations reside, ultimately aiming to promote a healthier, more sus-
tainable, and equitable urban environment in Sofia.
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