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This study aimed to develop exposure-response relationships (ERRs) between road, rail, and air traffic noise and
high noise annoyance (HNA) and to assess the HNA disease burden. In 2023, 4640 adults were cross-sectionally
sampled from the five largest cities in Bulgaria. Participants’ road, rail/tram, and air traffic HNA was defined as
the top two categories (60% cut-off point) of a 5-point scale. A 72% cut-off approximation was also used. Eu-
ropean Noise Directive maps were used to assign day-evening-night equivalent sound levels (Lgen) to residences.
ERRs were derived and used, together with the new WHO disability weight for HNA, to calculate disability-
adjusted life years (DALYs). DALYs were monetised based on Bulgaria’s gross domestic product (GDP) per
capita and the value of a life year (VOLY). In fully adjusted models, Lgen, Was non-linearly associated with HNA.
Road traffic Lgen [range 42.5-77.5 dB] was positively associated with HNA only above 62.5 dB, whereas the
upward trend for rail [range 37.5-72.5 dB] and air traffic Lqe, [range 37.5-57.5 dB] started at 40-45 dB. Using
this study’s ERRs, the burden among people exposed to >40 dB was 3476 (1896-5056) DALYs, $ 39 138 953 (21
348 520-56 929 386) based on GDP, and € 243 310 984 (94 796 487-505 581 266) based on VOLY. Using the
WHO'’s curves, the burden was 4312 (2352-6273) DALYs, $ 48 559 330 (26 486 907-70 631 753), and € 301
873 648 (117 613 110-627 269 918). In conclusion, we could only derive a plausible ERR for railway noise
annoyance. Until better ERRs are derived for the Bulgarian population, we recommend using the WHO curves for
road traffic and aircraft noise annoyance.

1. Introduction to traffic noise is associated with health in several ways, primarily acting

as a stressor to the body and resulting in mental, neurocognitive, car-

Traffic noise is one of the most prevalent environmental risk factors
among urban populations (WHO, 2018). At least 20% of the European
population is exposed to traffic noise levels above the European Noise
Directive (END, Directive 2002/49/EC) threshold for mapping and
reporting environmental noise of 55 dB (dB) (EEA, 2020b), which is
considered harmful to human health (WHO, 2018). Long-term exposure

diovascular, metabolic, and pregnancy-related impairments (Welch
et al., 2023; Chen et al., 2023a). However, a large proportion of the
population experiences severe annoyance from traffic noise long before
other noise effects become clinically manifest (Guski et al., 2017). Noise
annoyance is an indicator of the psychophysiological stress response to
noise; it undermines quality of life and is a precursor to more serious
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complications, such as sleep disturbance (Smith et al., 2022), mental
(Gong et al., 2022) and physical health problems (Eze et al., 2018;
Hahad et al., 2024).

A World Health Organization (WHO) synthesis of studies from
different countries provided exposure-response relationships between
traffic noise sources and annoyance (Guski et al., 2017). Estimates of the
relationships between traffic noise and annoyance are essential for
quantifying the burden of disease from environmental noise. The dis-
tribution of this burden is uneven across Europe. Therefore, under-
standing the causes of such inequalities requires knowledge of the local
exposure-response relationships used for burden of disease calculations
(cf. Khomenko et al., 2022). Such exposure-response relationship data
are scarce and the evidence of noise annoyance needs to be stronger,
especially in middle-income countries like Bulgaria (Chen et al., 2023b).
In a recent European assessment of noise-induced health effects, Sofia,
Bulgaria, had the highest percentage of the population highly
noise-annoyed (Khomenko et al., 2022). These calculations were based
on the application of the WHO exposure-response curves to official noise
data reported by the national administration under the END (Khomenko
et al., 2022). Known limitations of these data are that they are based on
noise mapping of variable quality across Europe, and that the population
exposed to day-evening-night equivalent sound levels (Lgen) below 55
dB is not reported to the European Environment Agency (EEA).
Furthermore, in 2024 the WHO recommended the use of a new disability
weight for environmental noise annoyance across the WHO European
Region (WHO, 2024), which is markedly different from the one previ-
ously used. It is, therefore, unknown whether these methodological is-
sues have resulted in some degree of under or overestimation of the
actual impact on noise annoyance, which is essential given the potential
for heterogeneity between local exposure-response relationships (cf.
Guski et al., 2017).

Some of the major setbacks hindering scientific progress in Bulgaria
on the relationship between noise and annoyance were the lack of large-
scale socio-acoustic surveys (Dzhambov and Dimitrova, 2015) and the
limited quality of noise data (i.e., the unavailability of continuously
modelled road traffic noise) (Dzhambov et al., 2023). Some Bulgarian
studies leveraged available END maps to assess the health effects of
noise, but their samples were small and unrepresentative. Therefore, the
results could not be generalised to the population (Dzhambov and
Dimitrova, 2015). Furthermore, the few existing Bulgarian noise health
impact studies focused mainly on road traffic noise (Chen et al., 2023b),
while railway and aircraft noise are characterised by different exposure
patterns, spatial distributions, and effects on annoyance (Guski et al.,
2017).

Here, we analysed a sample of the general population of the five
largest cities in Bulgaria, to respond to the methodological issues out-
lined and to develop population-based exposure-response relationships
between road, rail/tram, and air traffic noise and high noise annoyance
(HNA). We also aimed to calculate the health burden of high noise
annoyance and the corresponding monetary costs.

2. Materials and methods
2.1. Study design and data collection

Between August and October 2023, a survey on environmental
conditions, perceptions, and health was conducted in the five largest
Bulgarian cities, namely the capital of Sofia, Plovdiv, Varna, Burgas, and
Ruse (Supplementary Fig. S1, Supplementary File 1). The cities of Sofia,
Varna, and Burgas have an airport on their outskirts. In the case of
Plovdiv, the airport is in a nearby settlement and is likely to have little
impact on residents’ noise exposure. All five cities have a railway
network, and Sofia also has a well-developed tram public transportation
system.

We pre-tested the survey questionnaire in a small convenience
sample and had a focus group discussion with a professional survey
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company. This company was contracted to conduct the fieldwork using
interviewers who underwent prior training by the research team to
harmonise data collection procedures. This training involved a mock
interview, followed by a discussion. Printed maps of the areas to visit
with a list of all addresses within the sampling areas and a designated
starting address were provided. The interviewers were also assigned
sociodemographic quotas they were required to meet.

Potential participants were approached at home by calling at their
door or in case they were encountered in front of the building and
confirmed that they lived there. Only one person per household was
interviewed. To be eligible to take part in the survey, respondents had to
be at least 18 years old, able to read and write, and capable of forming a
mental intent. We only included people who had lived in their current
dwelling for at least one year prior to enrolment in the survey. We
applied a quota sampling approach to obtain a representative sample of
the adult population in terms of age, sex, education, and ethnicity for
each city. Respondents were interviewed face-to-face with an average
interview duration of 22 + 9.5 min.

Out of 10 914 eligible respondents, 6032 refused participation, and
242 did not complete the survey. This resulted in a sample size of 4640
participants — 1512 from Sofia, 1012 from Plovdiv, 1001 from Varna,
655 from Burgas, and 460 from Ruse. The overall response rate was
43%, ranging from 31% in Sofia to 58% in Plovdiv (Supplementary
Fig. S2, Supplementary File 1). Given the diversity of research hypoth-
eses generated for the project, power calculations did not inform the
target sample size. Instead, we aimed to maximise the number of par-
ticipants relative to the city population and ensure sufficient variability
in the data. To increase the possibility of disentangling the health effects
of different physical exposures by ensuring sufficient variability in
exposure, participants’ address locations were sampled from eight
spatial typologies based on harmonised spatial data obtained from
OpenStreetMap (OpenStreetMap contributors, 2023), Bulgarian
cadastre (Geodesy, Cartography and Cadastre Agency, 2023), and Eu-
ropean Union Land Copernicus Urban Atlas (Copernicus Land Moni-
toring Service, 2021). The criteria were: within >/<50 m of a major
road; within >/<100 m Euclidean distance to >10 households associ-
ated as groups using fossil fuel for heating; and within >/< 300 m of a
green urban area. Addresses from which the interviewers were to start
the sampling were randomly selected within each spatial type, and
individually for each city. A similar strategy was previously used by
Dzhambov et al. (2023).

Participants were first given detailed information about the study (of
which they kept a printed copy) and were allowed to ask questions, then
they were asked to give verbal informed consent to take part in the
survey and a separate consent for their personal data to be processed.
Their consent was marked on the tablet device, before the survey itself
could be loaded. Relevant European Union data protection legislation
was followed. The study was approved by the Scientific Ethics Com-
mittee of the Medical University of Plovdiv (Protocol N2 4/04.05.2023
and Opinion N2 P-1253/17.05.2023).

2.2. Noise annoyance

Participants were asked about their annoyance over the past 12
months from road traffic, rail/tram, and air traffic. The wording of these
questions was consistent with the verbal scale recommended by the
International Commission on Biological Effects of Noise (ICBEN): “Think
about the last 12 months, when you were at home, and tell me how much did
... road traffic noise, railway/tram noise, aircraft noise ... bother or disturb
you?”. The annoyance caused by each noise source was rated separately
on a 5-point response scale with the verbal marks “not at all”, “slightly”,
“moderately”, “very”, and “extremely”. The “very” and “extremely”
categories were combined into “high noise annoyance” (HNA) (Fields
et al., 2001). Therefore, for the main analysis we used the previously
recommended ICBEN cut-off point of 60% to define HNA, but also report
adjusted percentages of HNA according to ISO/TS 15666:2021
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(ISO/IEC, 2021) to allow comparison with other studies (Brink et al.,
2021).

2.3. Traffic noise exposure

A Global Positioning System-based device was used to link survey
responses to objective noise exposure data. Where a visual inspection of
the geocoded addresses revealed significant displacement, we manually
adjusted the coordinates in QGIS 3.28.2 using cadastral data and a text
record of the respondent address.

We linked participant’s address to Lqen, data from the Bulgarian
strategic noise maps delivered under the END (EEA, 2020a). The linkage
was based on the Lge, value associated with the polygon the address
point intersected with. END maps were modelled by an acoustic engi-
neering company using the CNOSSOS-EU framework, at a spatial reso-
lution of 10 m x 10 m and 4 m height, and then calibrated and validated
against short-term measurements (SPECTRI, 2016, 2017a, 2017b,
2017¢, 2017d) (see Dzhambov et al. (2023) for more details). The most
recent END maps available for the study areas were from 2017 and
included 5-dB noise bands. As done elsewhere (Jarup et al., 2008; Floud
et al., 2013; Dzhambov et al., 2023), we generated a pseudo-continuous
Lgen variable for each traffic source by assigning to the 5-dB noise classes
their respective midpoint value (e.g., the 50-55 dB band was assigned a
value of 52.5 dB). Although rail/tram and aircraft Lge, were modelled to
aminimum of 10 dB, we assigned all exposure levels below 40 dB a value
of 37.5 dB Lgen (Romero Starke et al., 2023). Addresses outside the
contours of the noise maps, for which we had no noise data and which
were effectively considered unexposed to the respective source, were not
included in the analysis. The distribution of residential addresses over
noise contours is shown in Supplementary Figs. S3-S7, Supplementary
File 1.

2.4. Other variables

This study used the disjunctive cause criterion to control for con-
founding (VanderWeele, 2019). The following theoretically plausible
predictors of either traffic noise exposure or noise annoyance were
selected: Participants reported their age (in years), sex, education (pri-
mary school not completed, primary school completed, secondary
school completed, higher school completed), and ethnicity (Bulgarian,
other). Perceived income was assessed with a question about the ability
to make ends meet financially in the household (“very difficult”,
“difficult”, “with some difficulty”, “mostly easy”, “easy”, “very easy”).
Noise sensitivity was measured with a single item: “Please tell me how
sensitive you are to the following things in general, compared to most people
you know .... Noise”. Answers were given on a 5-point scale (“not at all”,
“slightly”, “moderately”, “very”, “extremely”). Dwelling characteristics
included the type of the building (single-family house, multi-family
house, apartment in a building, dormitory/hostel) and floor.

2.5. Statistical analysis

Data were summarised using descriptive statistics and distribution
plots. Bivariate associations were analysed using Spearman correlation
coefficients. All analyses were performed with complete cases owing to
the low percentage of missing data (<5% for any given variable).

Associations between Lge,, of each traffic source and HNA were tested
for non-linearity using generalised additive models (Hastie and Tib-
shirani, 1986; Royston and Ambler, 1998) implemented in the “gam-
plot” package for Stata. To prevent overfitting, these models were fitted
with 3 degrees of freedom for the estimated smooth functions. The
presence of non-linearity was inferred from visual inspection of the re-
lationships and a significant Gain statistic, which quantifies the deteri-
oration in fit when a linear term is used instead of the smooth term.
Models were incrementally adjusted for city, then further adjusted for
age, sex, education, ethnicity, and perceived income, and further
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adjusted for noise sensitivity, dwelling type, floor, and month of data
collection. Multicollinearity was not found (variance inflation factors
<5, tolerance values > 0.2). Collinearity was tested using the “collin”
package for Stata.

We then used logistic regression models to compare the predicted
probability of HNA derived from an unadjusted model (with only Lgep as
an independent variable) with the WHO curve for the respective noise
source (Romero Starke et al., 2023). WHO curves were constructed
following Guski et al. (2017):

Predicted road traffic %HNA =78.9270 — 3.1162 X Lgen, + 0.0342

2
x Lg

en 2

Predicted railway traffic % HNA = 38.1596 — 2.05538 x Lgen + 0.0285

2 .
x Lden >

Predicted aircraft noise %HNA = — 50.9693 + 1.0168 x Lgen + 0.0072

x L3 .

Effect estimates were considered statistically significant at the p <
0.05 level (two-tailed). Statistical data processing was performed using
Stata MP v. 18 (StataCorp, 2023).

2.6. Calculation of burden of high noise annoyance

The quantification of the burden of disease from HNA followed the
methodology proposed by the WHO (WHO Regional Office for Europe,
2011). Disability-adjusted life years (DALYs) were used as a summary
measure of population health, where one DALY represents fatal and
non-fatal losses equivalent of one year of full health (Salomon, 2014).
DALYs for each noise source were calculated as the “number of people
highly annoyed” multiplied by a disability weight multiplied by the
duration of exposure (i.e., 1 year), effectively capturing years lived with
disability. A disability weight, which takes on a value between 0 (for full
health) and 1 (equivalent to dead), indicated the percentage of time
spent in less than full health with a condition (Salomon et al., 2012). We
used two types of disability weights. For our main analysis, we used the
new disability weight proposed by a WHO expert group, which is
derived from the judgments of members of the general public (WHO,
2024). This disability weight has a value of 0.011 for severe (i.e., high)
annoyance and an uncertainty interval (UI) of 0.006-0.016 (WHO,
2024). As a sensitivity analysis, we used the previously recommended
disability weight of 0.02 (95% UI: 0.01-0.12) based on the judgments of
medical experts (WHO Regional Office for Europe, 2011). To estimate
the number of highly annoyed people, we applied our exposure-response
relationships to the number of people exposed to each noise level. As the
number of people exposed (taking into account the most exposed
building facade) is reported by Member States to the European Envi-
ronment Agency for 5-dB noise bands starting at 55 dB Lgen, we used the
more granular results from Bulgarian END noise mapping (i.e., at 1 dB
resolution, except for Burgas) obtained by SPECTRI (SPECTRI, 2016,
2017a, 2017b, 2017c, 2017d).

The calculated DALYs were monetised by multiplying them by Bul-
garia’s gross domestic product (GDP) per capita in 2021 (Brown, 2008).
Following others (Kirigia and Kubai, 2023), we used non-health GDP per
capita in US dollars ($ 11 260) by subtracting current health expenditure
per capita ($ 1040) from the GDP per capita in current prices ($ 12 300).
Data were obtained from the International Monetary Fund World Eco-
nomic Outlook database (https://www.imf.org/en/Publication
s/WEO/weo-database/2024/April) and the WHO Global Health
Expenditure database (https://apps.who.int/nha/database). As a sensi-
tivity analysis, we used the value of a life year (VOLY) as an alternative
monetary cost per DALY (Engelmann et al., 2023). The VOLY is a
measure of the economic value of extending life, that is the value of an
additional life year gained. A VOLY of € 70 000 (UI: 50 000-100 000) per
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DALY (for 2016) was proposed for health risk assessment using data
reported under the END to analyse noise-attributed health costs at Eu-
ropean Union level (Engelmann et al., 2023). Calculations were made in
Microsoft Excel (see Supplementary File 3).

3. Results
3.1. Sample characteristics and data patterns

The study sample consisted of 4640 participants. A summary of the
characteristics of the participants is given in Table 1. The majority lived
in the cities of Sofia, Plovdiv, and Varna. Most participants were female
(54%), ethnic Bulgarian (96%), had secondary education (57%), and
reported some difficulties with their financial situation (44%). The
sample was largely representative of the target population in terms of
age, sex, education, and ethnicity (see Supplementary Table S1, Sup-
plementary File 1).

The traffic noise levels from the different sources had a relatively
wide range. Lgen distributions varied between cities (Supplementary
Fig. S8, Supplementary File 1). For example, participants were exposed
to the highest levels of aircraft noise in Varna, and in Plovdiv to the
lowest. In contrast, Plovdiv had the highest levels of railway noise. We
also observed city-specific patterns in annoyance responses, especially
for railway and aircraft noise annoyance (Supplementary File 2).

Table 1
Participant characteristics (N = 4640).

Characteristics Descriptive statistics
Age [years] (mean, SD) 50.4 (17.5)
Male (N, %) 2117 (45.6)
Bulgarian ethnicity (N, %) 4437 (95.8)
Education (N, %)
Primary not completed 17 (0.4)
Primary 217 (4.7)
Secondary 2622 (57.0)
Higher 1746 (38.0)
Perceived income adequacy (N, %)
Very difficult 257 (5.8)
Difficult 730 (16.5)
With some difficulty 1949 (44.0)
Mostly easy 1090 (24.6)
Easy 320 (7.2)
Very easy 81 (1.8)
High noise annoyance (road) (N, %) 688 (14.9)
High noise annoyance (railway) (N, %)" 102 (2.2)
High noise annoyance (aircraft) (N, %)" 226 (4.9)
Noise sensitivity (median, IQR) 1.00 (2.0)
Lgen (road) [dB] (mean, SD) 63.66 (5.8)
Lgen (railway) [dB] (median, IQR)” 32.50 (15.0)
Laen (aircraft) [dB] (median, IQR)" 27.50 (20.0)
Month (N, %)
August 583 (12.6)
September 2478 (53.4)
October 1579 (34.0)
Floor of dwelling (median, IQR) 3(2)
Dwelling type (N, %)
Single-family house 415 (9.0)
Multi-family house 351 (7.6)
Apartment in a building 3757 (81.1)
Dormitory/hostel 5(0.1)
Other 106 (2.3)
City (N, %)
Sofia 1512 (32.6)
Plovdiv 1012 (21.8)
Varna 1001 (21.6)
Burgas 655 (14.1)
Ruse 460 (9.9)

Note. Abbreviations: Lqe, — day-evening-night equivalent sound level. Missing
cases for these variables do not exceed 5%.

# The frequency of high noise annoyance is given for all participants, including
those not exposed to the source in question.

b The distributions are given before assigning 37.5 dB to Lge, below 40 dB.
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In bivariate analyses, road and rail HNA were positively correlated
with Lgen (Supplementary Fig. S9, Supplementary File 1). Aircraft Lgen
was also associated with road traffic HNA, but the association between
aircraft Lgen, and HNA was almost null. Lower perceived income was
associated with higher aircraft HNA (rho = —0.12). Noise sensitivity was
the strongest correlate of road traffic HNA (rho = 0.30), but not of
aircraft and railway HNA. Other correlations were negligible.

3.2. Exposure-response relationships between traffic noise and annoyance

There was little change in the effect size between unadjusted and
fully adjusted models for road traffic HNA, but a notable increase in the
strength of the associations for railway and aircraft noise (data not
shown). Fig. 1 shows the non-linear associations from the fully adjusted
model. It is noteworthy that road traffic Lgep, was positively associated
with HNA only above 62.5 dB, while the upward trend for railway and
aircraft Lge, started already at 40-45 dB.

Fig. 2 shows the predicted probability of HNA from logistic regres-
sion models. The curve for railway railway Lqen ran on a higher level
followed by the one for aircraft Lqe,. Conversely, the exposure-response
relationship for road traffic Lge, was relatively flat.

Fig. 3 compares our exposure-response relationship curves, derived
from unadjusted logistic regressions, with the WHO curves. Our curves
for road traffic (above 60 dB) and aircraft noise were lower than the
WHO reference curves, while the railway curve was very close, although
slightly steeper.

The polynomial approximations of the Bulgarian curves shown in
Fig. 3 are as follows:

Predicted road traffic %HNA =15.713 — 0.6905 X Lge, + 0.0106 x Lﬁen;

Predicted railway traffic %HNA = 64.271 — 3.058 x Lge, + 0.0387

2 .
x Lden’

Predicted aircraft % HNA = 16.798 — 0.8504 x Lgen + 0.0138 x L2

‘den "

In Fig. 3, the percentage of HNA in this survey is defined according to
a cut-off point of 60% (the top 2 categories) on the 5-point verbal scale
for noise annoyance. The percentages observed in this survey that are
adjusted to be comparable to those predicted by the WHO curves using a
72% cut-off point are shown in Table 2. The percentage of highly
annoyed residents did not monotonically increase with higher L4y, levels
and was lower than the estimated percentage with the WHO curves.
Moreover, our survey provided sparse data in some Lqen categories,
flattening the observed relationships.

3.3. Health burden of high noise annoyance

Using the WHO’s curves starting at 40 dB and the new WHO
disability weight yielded 4312 (2352-6273) DALYs for all traffic sources
across all five cities. The corresponding monetary costs were $ 48 559
330 (26 486 907-70 631 753) using the GDP per capita cost per DALY,
and € 301 873 648 (117 613 110-627 269 918) using VOLY
(Supplementary File 3). With the Bulgarian exposure-response re-
lationships, the estimated burden was 3476 (1896-5056) DALYs, $ 39
138 953 (21 348 520-56 929 386), and € 243 310 984 (94 796 487-505
581 266). Table 3 shows source- and city-specific estimates with the
Bulgarian exposure-response relationships. Considering the population
size, Plovdiv had the highest road and rail traffic noise DALY rate per
100 000 residents. In a sensitivity analysis using the old disability
weight, the burden was 2-3 times higher (Supplementary File 3).
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logOR of High Noise Annoyance

3K5 4b 4‘5 50 5‘5 6I0 6I5 7'0 7'5
Railway Lden [dB]

35 40 45

50 55 60

Aircraft Lden [dB]

Fig. 1. Generalised additive models of the association between day-evening-night equivalent sound level (Lq4en) and the prevalence of high noise annoyance from
different traffic sources. Abbreviations: Lqe, — day-evening-night equivalent sound level, logOR - natural logarithm of the odds ratio coefficient. Models are adjusted
for city, age, sex, education, ethnicity, perceived income, noise sensitivity, dwelling type, dwelling floor, and month of data collection. The aircraft noise model does
not include respondents from the city of Ruse. High noise annoyance is defined as the top two categories on a 5-point verbal scale (60% cut-off point). The black solid
line corresponds to the log odds ratio of HNA and the purple shaded area around it to its 95% confidence interval. The red horizontal dashed line corresponds to a null
effect threshold at the p < 0.05 level. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Predictive Margins with 95% Cls

— Road
— Aircraft
—— Railway

Probability of High Noise Annoyance

T T T T T

40 50 60 70 80
Lden (dB)

Fig. 2. Logistic regression model of the association between day-evening-night
equivalent sound level (Lq4en) and the probability of being highly annoyed by
noise from different traffic sources. Abbreviations: L4en, — day-evening-night
equivalent sound level. Models are adjusted for city, age, sex, education,
ethnicity, perceived income, noise sensitivity, dwelling type, dwelling floor,
and month of data collection. High noise annoyance is defined as the top two
categories on a 5-point verbal scale (60% cut-off point).

4. Discussion
4.1. General findings

This is the first study in Bulgaria to investigate population-level as-
sociations between traffic noise sources and HNA. The exposure-
response relationships derived in this study differed from the WHO
curves. Road traffic noise was estimated to be less annoying, and we
could only see an increased prevalence of HNA above 62.5 dB, which
contradicts the established effect of road traffic noise on annoyance at
much lower levels (Guski et al., 2017). The curve for railway noise in our

study was well aligned with the WHO curve. Thus, we did not find
support for the so-called “railway bonus”; that is, we observed that
railway noise was not less annoying than road traffic noise at the same
noise level. The observed aircraft noise levels in our data were below 60
dB, so there was little overlap with the WHO curve, which starts at 40 dB
and goes up to 80 dB. This may explain the relatively flat
exposure-response relationships we observed.

Based on our exposure-response relationships, we estimated annual
losses of about 3500 DALYs and $ 40 million, which were lower than
estimates derived using the WHO curves and the old disability weight. A
previous small study in Plovdiv also reported the burden of road traffic
HNA (Dzhambov and Dimitrova, 2015), which was higher than what we
have found for Plovdiv here. The EEA estimated the total number of
people in Bulgaria exposed to >55 dB to be 302 327 for road traffic,
5723 for rail and 1345 for aircraft noise, but did not include people
exposed to lower noise levels (EEA, 2022). More recently, an expert
group proposed a methodology for assessing noise exposure below the
END thresholds when such data was unavailable (Engelmann et al.,
2023). However, we had access to data on the population exposed to
noise levels below the 55 dB Lge, threshold used by the EEA. We used
alternative approaches for the monetisation of DALYs, first, by multi-
plying DALYs by the non-health GDP per capita in Bulgaria, and second,
by multiplying by a VOLY of € 70 000. An Estonian study also used this
VOLY (Veber et al., 2022), although this value was initially proposed for
quantifying economic costs of health risks at the European Union level
(Engelmann et al., 2023), and may lead to an overestimation of the costs
in Eastern European countries. On the other hand, the GDP-based
monetisation approach was purposely conservative in order to provide
a lower bound for a wide uncertainty range for the estimated monetary
costs. Alternatively, we could have used three times GDP per capita as
the cost of a DALY, since this is a typically used cost-effectiveness
threshold in assessment of health-related interventions (Robinson
et al., 2017).

Given the concerns we had about the weak associations between
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Fig. 3. Comparison of probabilities of being highly noise annoyed according to exposure-response curves developed by the World Health Organization and the
current study. Abbreviations: Lge, — day-evening-night equivalent sound level, WHO — World Health Organization. The Bulgarian curves are derived from unadjusted
logistic regression with only Lge, as the independent variable and high noise annoyance defined as the top two categories on a 5-point verbal scale (60% cut-off
point). See Supplementary File 2 for data underlying these plots. Vertical dashed lines indicate WHO Lge, guideline values.

Table 2

Comparison of the observed percentage of high noise annoyed people in this
survey and the predicted percentage derived from the exposure-response curves
developed by the World Health Organization.

Table 3
High noise annoyance-attributed burden of disease in Bulgaria.

Noise source DALYs (95% UI) GDP-based value [in USD] (95% UI)

All cities
Road traffic 3039 (1657-4420)
Railway traffic 271 (148-395)

Aircraft traffic 166 (90-241)

34 216 459 (18 663 523-49 769 395)
3 055 440 (1 666 604-4 444 277)
1867 054 (1 018 393-2 715 715)

Lden %HNA Road %HNA Railway %HNA Aircraft
[dB] This WHO This WHO This WHO
survey” curve survey” curve survey” curve
42.5 0.00 8.26 0.45 2.28 1.62 5.25
47.5 2.45 8.07 4.81 4.83 7.19 13.57
52.5 5.79 9.59 7.19 8.81 1.65 22.26
57.5 5.55 12.82 6.00 14.20 2.07 31.30
62.5 6.88 17.76 0.00 21.03 25.00 40.71
67.5 13.81 24.41 0.00 29.27 - 50.47
72.5 10.98 32.77 40.00 38.95 - 60.59
77.5 9.80 42.84 - 50.05 - 71.08

Sofia (Population 1 196 806)

Road traffic 1543 (842-2244)
Railway traffic 135 (74-197)
Aircraft traffic 40 (22-58)
Plovdiv (Population 325 485)

Road traffic 592 (323-862)
Railway traffic 121 (66-176)
Aircraft traffic -

Varna (Population 314 607)

17 372 275 (9 475 786-25 268 763)
1 522 522 (830 467-2 6214 578)
452 697 (246 926-658 469)

6 670 500 (3 638 455-9 702 546)
1 365 329 (744 725-1 985 933)

Note. HNA- High noise annoyance, Lge, — day-evening-night equivalent sound
level, WHO — World Health Organization.

# The definition of HNA in this survey is adjusted according to ISO/TS
15666:2021 (ISO/IEC, 2021) to approximate the 72% cut-off point used by the
WHO.

road traffic and aircraft Lqe, and HNA in our survey, it is likely that the
burden from these sources, particularly road traffic noise, has been
significantly underestimated. Therefore, we recommend the continued
use of the Guski et al. (2017) exposure-response relationships for road
traffic and aircraft noise until more plausible exposure-response re-
lationships can be derived for the Bulgarian population. Ongoing are
efforts to develop more fine-grained and accessible noise maps for urban
areas in Bulgaria (Helbich et al., 2024).

4.2. Strengths and limitations

This was the first study to generate exposure-response relationships
between traffic noise and annoyance based on a large representative
sample of the Bulgarian population. We modelled associations with all

Road traffic 455 (248-662) 5125 127 (2 795 524-7 454 731)
Railway traffic 4 (2-6) 45 704 (24 929-66 478)
Aircraft traffic 126 (69-183) 1 414 356 (771 467-2 057 245)

Burgas (Population 188 114)

Road traffic 269 (147-391) 3026 104 (1 650 602-4 401 605)
Railway traffic 0.46 (0.25-0.67) 5190 (2831-7548)

Aircraft traffic - -

Ruse (Population 122 116)

Road traffic 180 (98-261) 2 022 452 (1 103 156-2 941 749)
Railway traffic 10 (6-15) 116 696 (63 653-169 740)
Aircraft traffic - -

Abbreviations: DALYs — disability-adjusted life years for 2017, GDP — Gross
domestic product, USD - United States dollars for 2021. The reference year for
monetisation of DALYs is 2021. An uncertainty interval in brackets is con-
structed using the uncertainty interval for the disability weight to calculate
DALYs. The exposure-response relationships for high noise annoyance used in
these calculations use high annoyance defined as the top two categories on a 5-
point vernal scale (60% cut-off point). The data underlying these calculations
are presented in Supplementary File 3.
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three major sources of traffic noise, measured noise annoyance with
standard items that allow comparison with previous research by
reporting the underlying data, and controlled for several individual and
contextual variables. In addition, our study is among the first to use the
disability weight for HNA recently published by the WHO (WHO, 2024).
We also adopted alternative monetisation approaches, including the
recommended VOLY per DALY by Engelmann et al. (2023).

However, we are mindful of the limitations of this work. First, like
any burden of disease analysis, ours relies on several assumptions about
the chosen exposure-response relationship, disability weight, population
exposure data, and the valuation approach used. We believe that the
DALYs and their monetary value reported here are more precise than
previously calculated estimates for Bulgaria using local exposure-
response relationships, but this is still a simplistic approach to quanti-
fying the societal costs of noise exposure, and our calculations are likely
to have underestimated the actual burden due to the limited quality of
the available noise data. These estimates should only be taken at the
population level to inform the investment of resources in noise mitiga-
tion rather than as an accurate measure of the actual costs incurred by
individuals or the economy.

Furthermore, this was a cross-sectional study. While this design is
typically used in this line of research (Guski et al., 2017), we could not
explore changes in noise annoyance over time or ascertain the stability
of the annoyance ratings. Our findings cannot be extrapolated to rural
areas and small towns. They may also be biased since we could not
explore the differences between residents included in our sample and
those who could not be reached during the field survey (e.g., who did not
answer the door or were not found at home). In this sense, while the
sample’s sociodemographic characteristics resembled those of the gen-
eral population of each city, the sample may not have been truly
representative of noise exposure and the related prevalence of annoy-
ance. This was suggested by the relatively low frequency of people
highly annoyed from road traffic noise in some cities.

Exposure misclassification played a role, as noise levels were only
pseudo-continuous and were assigned based on the address point co-
ordinates rather than estimated at specific building facades. This likely
reduced the magnitude of the observed association with HNA. Another
issue with the exposure assessment is that we relied on 2017 END data,
as the latest noise maps for 2022 were yet to be available through the
EEA. However, we are not too concerned about this because noise levels
at the same location are highly correlated over multiple time points,
even if absolute levels decrease (SPECTRI, 2016, 2017a, 2017b, 2017c,
2017d). Valorisation of DALYs was based on population exposure data
from 2017 and GDP data from 2021.

Although we had modelled noise data down to 10 dB, we did not use
it in the analyses because of concerns about the error bandwidth in noise
calculations at low levels. However, the burden of disease estimates
would be much larger if exposure levels down to around 10 dB were
taken into account for aircraft and rail Lge,. Both approaches introduce
bias by either ignoring a large proportion of the population exposed to
<40 dB or by allowing a larger error in noise calculation below 40 dB.

The END mapping approach differs between European Union
Member States and in some countries, such as Bulgaria, the data are
reported at low resolution and are not continuous (Khomenko et al.,
2022). Moreover, END maps are primarily produced to identify highly
exposed areas and to support the development of action plans to reduce
noise exposure above the European Union threshold of 55 dB Lgep. Like
others (Eriksson et al., 2013; Romero Starke et al., 2023), we expected
that meaningful Bulgarian exposure-response curves, consistent with the
proposed WHO curves, would support their use for burden of disease
calculations. One of the main concerns we had about the use of END
noise map data was the 5 dB bands, which masked small scale variations
that are essential for assigning individual noise exposure at home ad-
dresses. We were less concerned about this for aircraft and railway noise,
as these noise sources are not as widely integrated into the urban fabric
as the road network is. Even data reported in 5-dB bands could provide
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sufficient railway and aircraft noise exposure gradients depending on
the distance from the respective source. However, despite our efforts to
ensure adequate exposure variation, our sample did not include enough
people exposed to high levels of aircraft noise, which is likely to have
attenuated the association with HNA and underestimated the annoyance
burden. In a study by Preisendorfer et al. (2022), aircraft noise levels
were also restricted to about the same range as in our study. The authors
observed a very low prevalence of aircraft noise annoyance and flatter
ERR in Zurich as opposed to Mainz, which they ascribed to the stronger
public salience of aircraft noise in Mainz (Preisendorfer et al., 2022). We
were unable to control for attitudes towards noise and environmental
concerns, but this is an intriguing possibly.

Summing the DALYs from all transport noise sources may lead to
some overestimation because a certain percentage of people are exposed
to more than one noise source. This could lead to some double counting
of HNA persons. On the other hand, simultaneous traffic sources could
lead to an inhibitory effect with one type of annoyance dominating the
other (Brink and Lercher, 2007; Lercher et al., 2007). In this vein, while
annoyance was asked about specific sources, in practice, noise annoy-
ance from different sources can overlap, and one noise source can
contribute to annoyance even when another source has been referenced
in the wording of the annoyance question (Michaud et al., 2022).
However, we did not collect information on annoyance from non-traffic
sources like industrial, recreational, or construction activities.

The 5-point verbal scale for noise annoyance was translated ad hoc
into Bulgarian and did not follow the full procedure recommended by
ICBEN for constructing the scale (Fields et al., 2001). We also chose to
dichotomize the annoyance scale at 60% to define HNA, as suggested by
ICBEN (Fields et al., 2001; Brink et al., 2021) and done by Romero
Starke et al. (2023). Nevertheless, to facilitate the comparison and
pooling of our results with studies using a 72% cut-off (Brink et al.,
2021), we also report the distributions of the individual annoyance
scores as well as the weighted HNA with the frequency of the “very” and
“extremely” categories of the 5-point verbal scale counted as recom-
mended in ISO/TS 15666:2021 (ISO/IEC, 2021). Finally, we assessed
the burden of only HNA because we did not have a standardised question
on sleep disturbance. Future burden of disease studies should consider
this additional outcome, as it also contributes significantly to the public
health impacts of traffic noise (Smith et al., 2022).

4.3. Public health and urban planning implications

The results of this study can serve as a basis for promoting applied
noise and health research, defining more appropriate regulations, and
proactively developing key noise policies in South Eastern European
cities, although the HNA burden estimated with our exposure-response
relationships is lower than what can be calculated with the WHO
curves. It is crucial to raise public awareness of the health and economic
impacts of traffic noise pollution, given the considerable number of
people affected in Bulgarian cities. While efforts to reduce traffic are
often ineffective because of resistance from some groups of the popu-
lation or businesses, increasing the resilience of both individuals and
communities can ultimately support public health outcomes. Thousands
of annual deaths in Bulgaria could be prevented if the country’s noise
levels met WHO guidelines (Khomenko et al., 2022). Concerns about air
pollution have dominated public discourse on the environmental health
field, while noise pollution is rarely perceived as more than an everyday
nuisance. Local evidence of its impact will be more relatable to con-
cerned citizens or responsible decision-makers. It can be a stronger
argument to gain public support for improving the acoustic situation.
Improvements could be sought through better scoping and prioritisation
of intervention areas in strategic urban plans for structural and opera-
tional investment, stronger enforcement of noise protection through
urban design regulations, and more appropriate siting of architectural,
structural, and transport engineering solutions. Noise levels at public
buildings like hospitals and schools, which should be shielded from
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traffic noise, often exceed legal standards. Modelling scenarios involving
modified land use planning and targeted interventions, such as the
construction of noise barriers, better sound insulation, and community
education campaigns, could benefit from the exposure-response re-
lationships generated in our study.

The EEA has developed an interactive viewer showing the health
impacts of road traffic noise for 156 cities in Europe, but Bulgarian cities
were not included (Peris et al., 2023; EEA, 2024). In addition, the EEA
did not visualise the impacts of aircraft and railway noise, the calcula-
tions were restricted to noise bands >55 dB Lgep, and the visualisation
was rendered at a resolution of 1 km x 1 km (Peris et al., 2023; EEA,
2024). When our results are refined, they could be used to produce more
detailed maps of the health impacts of road, railway, and aircraft noise
in major Bulgarian cities. Visualisation of the spatial distribution of
DALYs can raise public awareness and help local authorities and citizens
identify areas with the highest burden of long-term high annoyance to
support the development of policies and mitigation measures.

5. Conclusions

Traffic noise annoyance has a considerable disease burden on adults
in Bulgaria, but we could only produce plausible exposure-response
relationships for railway noise annoyance. Until exposure-response re-
lationships better than the ones we derived here can be determined for
the Bulgarian population, we recommend the continued use of the WHO
curves to calculate the high annoyance burden from road traffic and
aircraft noise.
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