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A B S T R A C T   

Background: Noise pollution from transportation is one of the leading contributors to the environmental disease 
burden in Europe. We provide a novel assessment of spatial variations of these health impacts within a country, 
using England as an example. 
Methods: We estimated the burden of annoyance (highly annoyed), sleep disturbance (highly sleep disturbed), 
ischemic heart disease (IHD), stroke, and diabetes attributable to long-term transportation noise exposures in 
England for the adult population in 2018 down to local authority level (average adult population: 136,000). To 
derive estimates, we combined literature-informed exposure-response relationships, with population data on 
noise exposures, disease, and mortalities. Long-term average noise exposures from road, rail and aircraft were 
sourced from strategic noise mapping, with a lower exposure threshold of 50 dB (decibels) Lden and Lnight. 
Results: 40 %, 4.5 % and 4.8 % of adults in England were exposed to road, rail, and aircraft noise exceeding 50 dB 
Lden. We estimated close to a hundred thousand (~97,000) disability adjusted life years (DALY) lost due to road- 
traffic, ~13,000 from railway, and ~ 17,000 from aircraft noise. This excludes some noise-outcome pairs as there 
were too few studies available to provide robust exposure–response estimates. Annoyance and sleep disturbance 
accounted for the majority of the DALYs, followed by strokes, IHD, and diabetes. London, the South East, and 
North West regions had the greatest number of road-traffic DALYs lost, while 63 % of all aircraft noise DALYs 
were found in London. The strategic noise mapping did not include all roads, which may still have significant 
traffic flows. In sensitivity analyses using modelled noise from all roads in London, the DALYs were 1.1x to 2.2x 
higher. 
Conclusion: Transportation noise exposures contribute to a significant and unequal environmental disease burden 
in England. Omitting minor roads from the noise exposure modelling leads to underestimation of the disease 
burden.   

1. Introduction 

Noise from road traffic, rail, and aviation transport affects millions of 
people in Europe (EEA, 2020) and are major contributors to the overall 
environmental disease burden (Hanninen et al., 2014; EEA, 2020). In 

England, the Environmental Noise Regulations 2006 (as amended) re-
quires, on a five year cycle, the determination, through noise mapping, 
of exposure to environmental noise from major sources of road, rail and 
aircraft, and in urban areas (known as agglomerations) (HM Govern-
ment, 2006). The Environmental Noise (England) Regulations 2006 
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transpose the provisions of the European Commission’s Environmental 
Noise Directive (END, 2002/49/EC) (HM Government, 2006). Strategic 
noise mapping undertaken in 2017 revealed that ~ 11.5 million people 
are exposed to noise above 55 dB Lden (day-evening-night noise) from 
roads (DEFRA, 2019a,c) and ~ 1.5 million from railways (DEFRA, 
2019a,b), respectively. England is also a major hub for commercial 
aviation, with one of Europe’s busiest airports (Heathrow) situated 
within the London urban area (UECNA, 2020). 55 dB Lden is a historic 
noise threshold used for reporting strategic noise mapping data in 
accordance with the END requirements. The health-based guidelines for 
noise published by the World Health Organization (WHO) Regional 
Office for Europe were 53 dB Lden for road and 54 dB Lden for railway 
noise, respectively (WHO 2018). The equivalent guideline for aircraft 
noise exposure is 45 dB Lden, however currently aircraft noise exposure 
is not routinely modelled down to this level in England. 

Long-term exposure to environmental noise has been shown to 
adversely impact psychological and physiological health and wellbeing 
(Guski et al. 2017; Hegewald et al. 2020; WHO 2018). Noise exposure at 
night can disturb sleep patterns, with downstream short and long-term 
consequences on daytime cognitive alertness, memory consolidation, 
quality of life and health (Basner and McGuire 2018). Exposures during 
daytime and night-time are also associated with cardiometabolic dis-
eases such as incident cases of ischemic heart disease (IHD), stroke, and 
diabetes, with the majority of the epidemiological evidence related to 
road-traffic sources (Roswall et al. 2021; Sakhvidi et al. 2018; van 
Kempen et al. 2018; Vienneau et al. 2019). Mechanistic studies point to 
sustained stress responses in the body and thus repeated stimulation of 
the sympathetic nervous and endocrine systems as etiological pathways 
(Eriksson and Pershagen 2018; Munzel et al. 2014; Munzel et al. 2021a; 
Munzel et al. 2021b). Furthermore, noise impaired sleep is thought to be 
an important pathway for adverse cardiometabolic impacts through 
elevation of blood pressure and stress hormones, and induced changes to 
appetite and glucose dysregulation (Basner and McGuire 2018; Eriksson 
and Pershagen 2018; Munzel et al. 2021a). 

Comparative burden of disease assessments provide important input 
into health decision-making and planning processes, research prioriti-
zation, and funding (Ezzati et al. 2004). For such comparisons to be 
made across health outcomes, risk factors, and locations, standardized 
metrics are needed. The Disability Adjusted Life Year (DALY) is one such 
metric that combines the years of life lost due to premature death and 
years of life lived in less than full health as a result of disease (WHO 
2020). Several studies have quantified the attributable DALYs lost, or 
other measures of health burden, due to transportation noise exposures, 
largely within Europe at the city, regional or country level (Eriksson 
et al., 2017; Hanninen et al., 2014; Hegewald et al., 2021; Khomenko 
et al., 2022; Mueller et al., 2017; Murphy and Faulkner, 2022; Sohrabi 
and Khreis, 2020; Stassen et al., 2008; EEA, 2020; WHO Regional Office 
for Europe, 2011). The European Environment Agency (EEA) estimated 
that among a total of 33 European countries in 2017, 453,000 DALYs 
were lost to annoyance (being highly annoyed), 437,000 to sleep 
disturbance (being highly sleep disturbed), and 156,000 to ischaemic 
heart disease (IHD), as a result of environmental noise exposures. These 
estimates do not highlight the unequal distribution of attributable dis-
ease burdens within countries, such as within England, as a result of 
geographic variations in noise exposures and underlying disease inci-
dence and mortality. 

Using a more granular and geographically flexible approach, our 
study quantified, compared, and mapped the burden of annoyance 
(highly annoyed), sleep disturbance (highly sleep disturbed), IHD, 
stroke, and diabetes attributable to transportation noise exposures 
within England at the national, regional, and local authority level. 
Specifically, we estimated Population Attributable Fractions (PAF), the 
number and percentage of the population highly annoyed and sleep 
disturbed, and DALYs lost, in the adult population in England (n =
42,738,500) in 2018 due to long-term average noise exposures ≥ 50 dB 
Lden and Lnight derived from strategic noise maps of road, rail, and 

aircraft sources. 

2. Material and Methods 

2.1. Environmental burden of disease approach 

We calculated the burden of disease attributable to noise exposures 
from road, rail, and civil airports in England at the national, regional, 
and local level using established epidemiological methodologies (Mur-
ray et al. 2003). To compare the burden of disease across noise sources 
and health outcomes, we used a standard metric, the Disability Adjusted 
Life Year (DALY). Key pieces of information needed for these calcula-
tions were:  

• Noise exposures and population distributions  
• Population data on disease occurrence, mortality rates, and life 

expectancy  
• Disability weights (i.e., weighting factor that reflects the relative 

severity of a disease/health state)  
• Exposure-response relationships (ERR) between health outcomes 

and noise exposures 

Due to limitations in the availability of public data on exposure, 
demographic, and health at the spatial resolution required for our 
assessment, we made several assumptions on temporal stability, which 
are discussed in more detail in the following sections. Our estimates are 
based on population demographic and health data for the year 2018, and 
population exposure distributions based on noise mapping carried out 
for the year 2012. 

2.2. Geography and population 

We conducted the analysis in England and looked at trends at the 
national, regional, and local authority level. Geographic boundaries for 
nine regions and 314 Local Authority Districts (LAD) were obtained 
from the UK Office of National Statistics (licensed under the Open 
Government Licence v.3.0; contains OS data © Crown copyright and 
database right) (ONS Geography 2021) (Fig. 1). Regional populations 
ranged in size from ~ 2.5 to 9 million people, while LAD populations 
ranged in size from ~ 2.2 thousand to 1.1 million people. As the majority 
of the evidence of the health effects of noise is from cohort studies with 
adult subjects, we limited the analysis to the adult population normally 
resident in England (20 + years, n = 42,738,500) in 2018 (NOMIS 
2019). 

2.3. Road, railway, and aircraft traffic noise exposure data 

We utilized the 2012 noise exposure datasets for road, rail, and 
aircraft sources generated by the ‘Round 2 (II)’ strategic noise mapping 
to fulfil the requirements of the Environmental Noise (England) Regu-
lations 2006 (ENR) (HM Government, 2006). For road traffic, exposure 
was assessed via a single national exposure dataset produced by 
combining:  

• exposure to major sources (defined as a trunk road, or a motorway, 
or a principal or classified road that has more than three million 
vehicle passages a year), for receptors outside agglomerations 
(DEFRA, 2014a), with 

• exposure to all motorways and classified (A roads) roads, for re-
ceptors living within agglomerations. 

The datasets also included noise exposure from:  

• Major railways: railways that record>30,000 train passages per year. 
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• Major airports: civil airports, which record>50,000 movements per 
year (a movement being a take-off or a landing), excluding those 
purely for training purposes on light aircraft. 

Modelled noise exposures are ‘A’ Frequency Weighted. The ‘A’ 
weighting is a standard weighting of the audible frequencies designed to 
reflect the response of the human ear to noise (weighted between 20 Hz 
and 20 kHz). Lden, also known as the day-evening-night noise indicator, 
is the annual average A-weighted equivalent noise level (Leq) over a 
whole day, but with a penalty of + 10 dB for night-time noise 
(23:00–07:00) and + 5 dB for evening noise (19:00–23:00). Lnight is the 
annual average A-weighted equivalent noise level over the 8-hour night 
period of 23:00 to 07:00 h, also known as the night noise indicator 
(WHO 2018). 

The ‘Round 2 (II)’ strategic noise maps of England and the associated 
residential population exposure assessment, were produced by Extrium 
environmental consultants under contract to the UK Department for 
Environment, Food & Rural Affairs (DEFRA). The ‘Round 2 (II)’ noise 
mapping data production and exposure assessment process is known to 
be based on input data which had a high degree of currency consistency. 
This included road and rail transport movements; Ordnance Survey 
topographic data, e.g., the locations of buildings, noise barriers and 
transport infrastructure; Ordnance Survey address data and the 2011 
Census. Source specific exposures were modelled for the façade of a 
building that faces the nearest major noise source, which is theoretically 
the point of maximum exposure. This was undertaken by intersecting 
residential building data features (vector polygons) with noise levels 
which are structured in 10 m × 10 m grid datasets. The maximum noise 

Fig. 1. Regions and Local Authority Districts 
(LADs) in England. Local Authority District bound-
aries (2020) were sourced from the Office for National 
Statistics Open Geography portalx (ONS Geography 
2021) licensed under the Open Government Licence 
v.3.0 (contains OS data © Crown copyright and 
database right 2022). The geographic boundaries for 
the United Kingdom, England, and Regions within 
England were sourced from the Ordnance Survey 
website (Contains OS data © Crown copyright and 
database right 2022) (Ordnance Survey 2022).   
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grid level is then attributed to each residential building and ultimately to 
the people assigned to each residential building following the residential 
population distribution process. Population level exposures were then 
calculated for the 2011 Census Output Area (COA) communities, which 
are typically formed of 300 residents living in 125 households. Resi-
dential buildings were identified from postal addresses, categorised into 
1 dBA increments of Lden and Lnight noise levels ranging from 50 dB to ≥
80 dB, and then population counts were evenly assigned to the house-
holds. In 2011, there were 171,372 COAs in England that perfectly 
nested into the 314 Local Authority Districts operating in 2020. The COA 
population counts by exposure bands were then aggregated to form 
population exposure distributions (%) by LAD. 

We then estimated LAD population exposures to noise in 2018 by 
applying the noise mapping exposure distributions to population counts 
recorded in 2018 by LAD. Doing this, we assumed that (i) the contri-
bution and spatial distribution of major noise sources remained 
temporally stable between 2012 and 2018, and (ii) exposure distribu-
tions were the same for all age groups. These assumptions of uniform 
internal population dynamics were imposed by the decision to use the 
2012 ‘Round 2 (II)’ rather than the 2017 ‘Round 3 (III)’ strategic noise 
maps of England. Furthermore, by using the ‘Round 2 (II)’ noise level 
data and the exposure assessment model, we had access to the under-
lying noise exposures in 1 dB bands and data starting consistently at 50 
dB for all noise indicators. END exposure data in the public domain a) is 
in 5 dB bands, and b) starts from 55 dB Lden. Whilst road and railway 
noise exposure distributions are expected to be relatively stable over a 
period of six years, our assumptions may have introduced uncertainties 
for the aircraft noise estimates, due to growth in the aviation sector 
(Department for Transport 2022), replacement of older noisier aircraft 
types with more modern quieter ones (Civil Aviation Authority 2021c) 
and potential changes to flightpaths (Civil Aviation Authority 2021b) 
during this period. The population data was sourced from NOMIS, the 
Official Labour Market Statistics service provided by the Office for Na-
tional Statistics (ONS) (NOMIS 2019) and was based on adult persons 
normally resident in English Local Authority Districts in 2018. 

2.4. Health outcomes 

Following a systematic review of reviews (Chen et al. 2022), we 
selected health outcomes based on the strength of the epidemiological 
and mechanistic evidence (Eriksson and Pershagen 2018) of the health 
effects of noise. The health outcomes included: annoyance (highly 
annoyed (HA)) (Fenech et al. 2022; Guski et al. 2017), sleep disturbance 
(highly sleep disturbed (HSD)) (Basner and McGuire 2018; Smith et al. 
2022), IHD (also referred to as coronary heart disease) (van Kempen 
et al. 2018; Vienneau et al. 2019), stroke (Roswall et al. 2021; van 
Kempen et al. 2018), and diabetes (Sakhvidi et al. 2018; Vienneau et al. 
2019). We did not quantify cognitive impairment in children (Clark 
et al. 2021) as our study focused on the burden of disease among adults. 

2.4.1. Primary exposure response relationships (ERRs) 
In cases where there were more than one recent systematic review/ 

meta-analysis proposing an ERR for a health outcome and exposure pair, 
we considered the chronology of the publication and data (preference 
given to reviews with the most up-to-date evidence) and whether the 
evidence came from a published peer-reviewed paper versus a confer-
ence paper (preference given to peer-reviewed publications). We also 
only considered relative risks (RR) that were statistically significant (95 
% confidence intervals around the central estimate did not cross zero) 
and which were associated with a specific traffic source (road, rail, or 
aircraft as opposed to ‘total noise’). As such we selected ERRs for IHD 
and stroke from the WHO-commissioned systematic review by van 
Kempen et al (van Kempen et al. 2018) which considered studies pub-
lished up until 2015, and for diabetes by Sakhvidi et al (Sakhvidi et al. 
2018) which considered studies published up until 2017. It should be 
noted that the ERR for incident stroke in van Kempen et al is derived 

from only one large cohort study, and so as described in Section 2.4.2, 
we conduct a sensitivity analysis with an alternative ERR derived from 
pooling multiple cohorts from Scandinavian countries (Roswall et al. 
2021). We used ERRs for sleep disturbance (HSD) from Smith et al 
(Smith et al. 2022), which updated the WHO-commissioned systematic 
review (Basner and McGuire 2018) by including studies published until 
2021. Finally we used ERRs for annoyance (HA) from the WHO- 
commissioned systematic review by Guski et al (Guski et al. 2017) 
which included studies published up until 2014. Within their review, 
Guski et al identified a subgroup of studies from Asia and the Alpine 
valleys in Austria with several study characteristics that could influence 
the results, including the range of noise exposure levels, housing char-
acteristics linked to ventilation and air conditioning, geographical 
terrain, and the annoyance scale cut-offs used to determine the highly 
annoyed category. As such, they proposed two ERRs for road-traffic 
noise: one using the full dataset of studies and another with Asian and 
Alpine studies excluded. For our study based in England, we used the 
ERR which excluded Asian and Alpine studies. ERRs can be found in 
Table 1. 

Due to a lack of evidence and/or statistically significant relative risk 
estimates, we did not calculate attributable burden of disease for railway 
noise and IHD, stroke, and diabetes, as well as aircraft noise and stroke 
and diabetes. Though as the epidemiological evidence base develops and 
strengthens, it is possible that significant and robust relative risk esti-
mates for these exposure-outcome pairs may be identified in the future. 

2.4.2. Secondary ERRs for sensitivity analyses 
We conducted a series of sensitivity analyses with alternative ERRs 

which either reflected an update to the evidence base or the consider-
ation of study context and inclusion in ERRs. As such, we conducted the 
following sensitivity analyses: 

• IHD and road-traffic noise: ERR proposed by Vienneau et al (Vien-
neau et al. 2019) of 1.02 [95 % CI: 1.00–1.04] RR increase per 10 dB 
Lden. Results were published in a conference paper and included 
studies published up until 2019. 

• Stroke and road-traffic noise: ERR proposed by Roswall et al (Ros-
wall et al. 2021) of 1.06 [95 % CI 1.03–1.08] Hazard Ratio (HR) per 
10 dB Lden. Results were based on pooling data from nine large-scale 
Scandinavian cohorts (135,951 participants).  

• Annoyance (HA) and road-traffic noise (a): ERR proposed by Guski et 
al (Guski et al. 2017) which used the full WHO dataset and included 
studies published up until 2014. 

• Annoyance (HA) and road-traffic (b) and railway noise: ERRs pro-
posed by Fenech et al (Fenech et al. 2022) which updates the evi-
dence from the WHO-commissioned systematic reviews by including 
studies published up until 2022. Results are published in a confer-
ence paper. 

2.5. Population attributable fractions (PAF) 

To estimate the proportion of all new cases of disease, or other 
adverse condition, in a population that is attributable to a specific 
exposure (Calentano et al. 2019; Murray et al. 2003) we calculate 
Population Attributable Fractions (PAF). To calculate a PAF, the expo-
sure distribution within a population, as well the relative risk of disease 
due to exposure, must be known. Therefore, we used Equation 1 to 
calculate PAFs for IHD, stroke, and diabetes due to noise exposure for 
the adult population within each LAD in 2018: 

PAF =

∑n
i=1pi × (RRi − 1)

∑n
i=1pi × (RRi − 1) + 1 

Where i represents a noise level in 1 dB increments; n is the total 
number of noise levels within the defined valid range for the PAF 
calculation; pi represents the proportion of the population exposed to 
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noise level i; and RRi is the relative risk increase in the health outcome at 
noise level i. As relative risks in the noise epidemiological literature are 
often represented as 10 dB or 5 dB increment increases in Lden or Lnight, 
we first scaled our literature informed relative risks (RR) to 1 dB noise 
increases assuming a linear relationship. In the absence of a consensus 
for the theoretical minimum risk exposure level associated with car-
diometabolic diseases, for each exposure-outcome pair we assigned 
relative risk increases starting from a lower noise threshold level based 
on the noise ranges reported within each review/meta-analysis, or from 
the information contained in the individual studies within each review 
(Table 1). This approach ensured that we do not extrapolate relation-
ships outside their validity range. For IHD, we assigned the lower ERR 
threshold to reflect the weighted average of the lowest noise levels 
measured in the studies, based on WHO guidance (WHO 2018). For the 
stroke ERR, 50 dB Lden reflects the noise level at the bottom 5th 
percentile (rounded from 49 to 50 dB Lden) within the cohort study 
(Sorensen et al. 2011; Sorensen et al. 2014) used in the WHO commis-
sioned systematic review (van Kempen et al. 2018). For the diabetes 
ERR, 50 dB Lden reflects the noise level at the bottom 5th percentile 
(rounded from 49 to 50 dB Lden) within the study that had the majority 
weight (Sorensen et al. 2013) in the meta-analysis by (Sakhvidi et al. 
2018). If the assigned lower ERR threshold started below 50 dB Lden or 
Lnight (i.e., the noise level cut-off of our exposure data (see Section 2.3)), 
then the burden of disease attributable to exposures between that level 
and 49 dB would not be captured in the results. Furthermore, our noise 
exposure data had an upper threshold of 80 dB Lden and Lnight; if actual 
exposures exceeded this limit, they were capped at 80 dB. 

2.6. Percentage of the population highly annoyed and sleep disturbed 

The percentage of the population highly annoyed and highly sleep 
disturbed within LADs was estimated directly from the quadratic 
exposure–response function equations provided by Smith et al and Guski 
et al (Guski et al. 2017; Smith et al. 2022). We calculated the number of 

highly annoyed and highly sleep disturbed adults by multiplying the 
number of adults within each 1 dB noise band above 50 dB Lden (HA) and 
Lnight (HSD) by the percentage of highly annoyed and highly sleep 
disturbed individuals at the corresponding noise level. 

2.7. Burden of disease 

Our main measure of disease burden was the Disability Adjusted Life 
Year (DALY) (Equation 2). The DALY simultaneously considers the 
reduced health state due to disability before death (Years of Life Lived 
with Disability (YLD)) and the decline in life expectancy due to death 
(Years of Life Lost (YLL)). We estimated DALYs for LADs represented as 
total DALYs as well as DALY rates per 100,000 people to adjust for local 
population sizes.  

DALY = YLL + YLD (2).                                                                       

We calculated YLL from IHD, stroke, and diabetes separately for 
males and females and by 5-year age bands within each LAD by multi-
plying the number of disease-specific mortalities by the life expectancy 
at age of death. We then aggregated the age and gender specific esti-
mates to achieve a single LAD-level estimate. We sourced a 3-year 
average life expectancy LAD dataset from the UK Office for National 
Statistics for the years 2017–2019 (Office for National Statistics, 2020a). 
Life expectancy information was not available for the City of London. 
Therefore, regional life expectancies for London were used for this LAD. 
We estimated the number of disease-specific mortalities by combining 
data on annual mortality counts for the year 2018 (Office for National 
Statistics 2019) and disease-specific mortality fractions. Local records of 
mortalities by their primary cause were not publicly available beyond 
2013; therefore, the fraction of mortalities for each health outcome were 
calculated over a 5-year period from 2009 to 13 (Office for National 
Statistics 2015). We defined the underlying cause of death using codes 
provided by the International Classification of Diseases Tenth Revision 
(ICD-10) (Appendix A). 

Table 1 
Parameters used to estimate the burden of disease attributable to transportation noise for the adult population in England in 2018.   

Health outcome Noise 
metric 

ERR source ERR function/relative risk estimate [95 % 
confidence interval] 

ERR 
lower 

ERR 
upper 

Disability weight 
[95 % confidence interval if 
available] 

Road Highly annoyed Lden (Guski et al. 2017) 
* 

%HA = 116.4304–4.7342 × Lden + 0.0497 ×
Lden

2 

Excluding Asian and Alpine studies 

40 dB 80 dB 0.02 
(WHO Regional Office for Europe 
2011)  

Highly sleep 
disturbed 

Lnight (Smith et al. 2022) 
** 

%HSD = 31.18323 – 1.47351 × Lnight +

0.01851 × Lnight
2 

40 dB 65 dB 0.07 
(WHO 2009)  

Ischemic heart 
disease 

Lden (van Kempen et al. 
2018) 

1.08 [1.01–1.15] per 10 dB 53 dB 80 dB 0.405 
(WHO 2018)  

Stroke Lden (van Kempen et al. 
2018) 

1.14 [1.03–1.25] per 10 dB 50 dB 70 dB 0.522 [0.377–0.707] 
(Salomon et al. 2015)  

Diabetes mellitus Lden (Sakhvidi et al. 
2018) 

1.07 [1.02–1.12] per 5 dB 50 dB 80 dB 0.049 [0.031–0.072] 
(Global Burden of Disease 
Collaborators 2017) 

Railway Highly annoyed Lden (Guski et al. 2017) %HA = 38.1596 – 2.05538 × Lden + 0.0285 ×
Lden

2 
40 dB 85 dB 0.02 

(WHO Regional Office for Europe 
2011)  

Highly sleep 
disturbed 

Lnight (Smith et al. 2022) 
** 

%HSD = 63.56140 – 3.00711 × Lnight +

0.03717 × Lnight
2 

40 dB 65 dB 0.07 
(WHO 2009) 

Aircraft Highly annoyed Lden (Guski et al. 2017) %HA = − 50.9693 + 1.0168 × Lden + 0.0072 
× Lden

2 
40 dB 75 dB 0.02 

(WHO Regional Office for Europe 
2011)  

Highly sleep 
disturbed 

Lnight (Smith et al. 2022) 
** 

%HSD = 17.07421 – 1.12624 × Lnight +

0.02502 × Lnight
2 

40 dB 65 dB 0.07 
(WHO 2009)  

Ischemic heart 
disease 

Lden (van Kempen et al. 
2018) 

1.09 [1.04–1.15] per 10 dBA 47 dB 75 dB 0.405 
(WHO 2018) 

ERR: Exposure response relationship; ERR lower: Lowest noise level at which the ERR is considered valid; ERR upper: Highest noise level above which the risk stays 
constant. 
*WHO commissioned systematic review derived two ERR curves for highly annoyed due to road-traffic noise exposure. One curve utilizing the full WHO dataset and 
another excluded Asian and Alpine studies (Guski et al. 2017). 
**Smith et al presented multiple curves for HSD. We used the ‘combined estimate’ where noise was explicitly mentioned in the question (Smith et al. 2022). 
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We calculated the YLD from IHD, stroke, and diabetes within each 
LAD by multiplying the annual prevalence rates of disease by the 
disease-specific disability weights (Kim et al. 2022; WHO 2020). Similar 
to the WHO approach, we calculated prevalence-based YLD (WHO 
2020) and therefore did not include information on average duration of 
disease into the calculation. Disease prevalence rates come from the 
Quality and Outcomes Framework reporting (NHS Digital 2022), which 
was sourced from the UK Office for Health Improvement and Disparities 
‘Fingertips’ service (Office for Health Improvement & Disparities 2022). 
Prevalence records were obtained for 191 Clinical Commissioning 
Groups (CCG) in England, the highest spatial resolution of data that is 
currently available. CCG datasets were resampled to 314 LADs using 
population-weighted interpolation, this approach calculates average 
rates based on the intersections of population counts at postcode points 
and the two administrative boundaries. Prevalence data for the years 
2011–2018 were additionally averaged to minimise the influence of any 
unusual temporal anomalies. Disability weights allow non-fatal 
disability as a result of disease/health states to be measured under a 
common unit, ranging between 0 (no disability) and 1 (full disability). 
The disability weights that we used for IHD (DW: 0.405), annoyance 
(DW: 0.02) and sleep disturbance (DW: 0.07) were published and used in 
WHO noise guidelines (WHO 2009; WHO Regional Office for Europe 
2011), and additionally used to estimate noise attributable disease 
burdens in Europe (EEA, 2020) (Table 1). As used in the Global Burden 
of Disease studies, we used a DW for stroke relating to long-term con-
sequences of severe cases (DW: 0.522) and for diabetes we used a DW 
relating to uncomplicated cases (0.049) (Global Burden of Disease Col-
laborators 2017; Salomon et al. 2015). Alternative DWs for each health 
outcome were considered and the impact on DALYs was quantified in 
sensitivity analyses (National Institute for Public Health and the Envi-
ronment (RIVM) 2018; Salomon et al. 2015) (Appendix A). 

2.8. Noise attributable burden of disease 

As a final step, the noise attributable DALYs were estimated by 
multiplying the PAF (i.e., disease attribution to noise) by the DALY (i.e., 
disease burden). The noise attributable DALYs were estimated with 
respect to each noise source (road, railway, aircraft) and health outcome 
separately at the LAD level. The calculation procedure for annoyance 
and sleep disturbance followed a slightly different process, whereby the 
number of adults highly annoyance and sleep disturbed were multiplied 
by the corresponding disability weight to estimate the attributable 
DALYs. For annoyance and sleep disturbance, only the impacts on 
morbidity contribute to the DALY. We estimated attributable DALYs at 
the LAD level, and then aggregated up to the regional and national levels 
to provide results at varying geographical scales. 

2.9. Sensitivity analysis of alternative road-traffic noise exposure 
distributions: Case-study applied to the London region 

Our main analysis quantified the attributable burden of disease for 
the adult population in England exposed above 50 dB Lden and Lnight 
from road, railway, and aviation (commercial airports) sources, based 
on noise modelling conducted to fulfil the ENR strategic noise mapping 
requirements. However, we are likely under-estimating the attributable 
burden of disease due to the (i) restricted exposure range (>50 dB) and 
because (ii) exposures from “minor” roads (i.e., collector, residential and 
local access roads) are not counted. Many collector roads can still carry 
significant volumes of traffic, meaning that a) dwellings exposed to 
arterial and busy collector roads will experience higher exposure than 
that indicated by strategic noise mapping, and b) dwellings only exposed 
to collector and local roads could have exposures within the exposure 
range (50 – 80 + dB) but may be excluded from strategic noise mapping 
estimates. Furthermore, the 50 dB threshold does not account for low- 
level exposures for some of the population living in relatively quiet 
areas. Therefore, we conducted a sensitivity analysis where the 

attributable burden of disease was estimated with an alternate exposure 
distribution derived from all road sources (CNOSSOS-all roads model) 
and with a wider exposure range, starting at 40 dB Lden and 35 dB Lnight. 
We conducted this analysis for the London region only, due to the 
availability of data. The exposure estimates were created by the Centre 
for Environmental Health and Sustainability (CEHS) at the University of 
Leicester, using a road-transport noise model for 2013 in accordance to 
the European Commissions ‘Common framework for noise assessment’ 
(CNOSSOS) (Kephalopoulos et al. 2012). 

The CNOSSOS noise propagation algorithms were implemented in 
PostgreSQL via the PostGIS v2.1 extension, following the protocol 
described by Gulliver et al. (Gulliver et al. 2015). Annual Average Daily 
Traffic (AADT) counts and traffic speeds are considered along with in-
formation relating to the surface roughness of land cover, building 
heights, wind profiles and annual average temperatures. Roads are 
divided into 10 m segments and ray paths are drawn to the receptor 
locations accounting for the angle of view, source distance, and façade 
reflections. The AADT counts used here are available for the entire UK 
road-network in 2013 and were modelled by (Morley and Gulliver 
2016). The noise contributions from major (motorways and a-roads) 
roads within 1 km and minor roads within 100 m of the receptor location 
are modelled as separate components. The estimated noise level at each 
receptor is the sum of sound propagation from every road in the 
network, including all public-accessible minor and local roads. The 
CNOSSOS-all roads model was run for 140,793 address locations in 
London, which were selected by assigning population-weighted post-
code centroids to the nearest building. The 33 LADs in London typically 
contain 4,266 postcodes (SD = 1,355), which on average house 58 
residents (SD = 44). Noise levels are modelled at the loudest façade, 
identified by calculating the AADT count of the nearest road inverse to 
the roads distance. 

2.10. Software 

We used Microsoft Excel workbooks (Version 2022) for the burden of 
disease calculations, the open-source statistical computing language and 
environment R (R Core Team 2022) for generating figures/plots, and 
ArcGIS software by Esri (Version 10.5.1) for mapping. 

3. Results 

3.1. Population noise exposures in England 

40 % of the adult population in England were exposed to road-traffic 
noise that exceeded 50 dB Lden, however, there was a large degree of 
spatial variation across LAD (Fig. 2). 4.8 % of the population was 
exposed to aircraft noise above 50 dB Lden, though the spatial distribu-
tion was particularly skewed as 95 % of LADs had less than 20 % of 
populations exposed. The highest exposures to aircraft noise from major 
airports were found near London. Lastly, 4.5 % of the population in 
England were exposed to railway noise from mainlines that exceeded 50 
dB Lden, though there was less variation between LADs (Range: 0 – 21 
%), compared with road-traffic and aircraft exposures. There were 
similar variations and spatial distributions for night-time noise (Ap-
pendix A). We also found that 27 % and 2.9 % of the adult population 
were exposed to road and railway noise above the WHO guidelines 
levels of 53 dB Lden (road) and 54 dB Lden (railway), respectively. 
However, we could not estimate the % of the population exposed above 
the Lnight guideline levels for all sources (road: 45 dB; rail: 45 dB; aircraft 
40), or for Lden aircraft noise (45 dB), as the guideline levels fall below 
the lowest exposure threshold of our data (50 Lden and 50 Lnight dB). 

3.2. Noise attributable burden of disease in England 

Road-traffic accounted for the majority of the DALYs lost in England 
in 2018, accounting for close to 97,000 DALYs/yr (Table 2). This was 
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Fig. 2. Spatial variation in the percentage (%) of the population exposed to road-traffic, railway, and aircraft noise from major sources above 50 dB (Lden) across local 
Authority Districts (LADs) in England, based on strategic noise mapping carried out in 2012. 

Table 2 
Attributable burden of annoyance, sleep disturbance, ischemic heart disease, stroke, and diabetes mellitus due to road-traffic, railway, and aircraft noise 
exposures above 50 dB Lden and Lnight in England. Estimates are for the adult population (20 + ) in 2018.    

Road-traffic 
Central estimate [95 % confidence 
interval]* 

Railway traffic 
Central estimate [95 % confidence 
interval]* 

Aircraft traffic 
Central estimate [95 % confidence 
interval]* 

Highly annoyed (HA)      
% of population 3.9 % 0.7 % 1.2 %  
Number of people 1,662,157 295,766 524,321  
Total DALYs/yr 33,243 5,915 10,486  
DALYs per 100,000 people/yr 78 14 25 

Highly sleep disturbed 
(HSD)      

% of population 0.9 % [0.6 % − 1.2 %] 0.2 % [0.2 % − 0.3 %] 0.2 % [0.1 % − 0.2 %]  
Number of people 382,333 [236,040 – 521,004] 101,815 [66,788 – 127,132] 65,455 [47,155 – 83,625]  
Total DALYs/yr 26,763 [16,523 – 36,470] 7,127 [4,675 – 8,899] 4,582 [3,301 – 5,854  
DALYs per 100,000 people/yr 63 [39–85] 17 [11–21] 11 [8–14] 

Ischemic heart disease 
(IHD)      

PAF (%) 1.5 % [0.2 % − 2.7 %] – 0.2 % [0.1 % − 0.4 %]  
Total DALYs/yr [95 % CI] 11,556 [1,427–21,942] – 1,970 [876–3,273]  
DALYs per 100,000 people/yr 
[95 % CI] 

27 [3–51]  5 [2–8] 

Stroke      
PAF (%) 3.8 % [0.8 % − 6.6 %] – –  
Total DALYs/yr [95 % CI] 18,592 [2,926–41,093] – –  
DALYs per 100,000 people/yr 
[95 % CI] 

44 [7–96]   

Diabetes Mellitus      
PAF (%) 4.2 % [1.2 % − 7.2 %] – –  
Total DALYs/yr [95 % CI] 6,686 [1,291–16,301] – –  
DALYs per 100,000 people/yr 
[95 % CI] 

16 [3–38]   

Total DALYs/yr: Total number of Disability Adjusted Life Years lost per year; YLL: Years of Life Lost; YLD: Years of Life Lived with Disability; PAF (%): Population 
Attributable Fraction percentage (%); % of pop: Percentage of the population. 
* The 95 % confidence intervals (CI) around the central burden of disease estimates of IHD, stroke, and diabetes were based on the combined uncertainty reported for 
the ERR functions, disease prevalence, disability weights, and life expectancy. While the 95 % CIs around the central estimate for sleep disturbance was based solely on 
the uncertainty estimate of the ERR function as the corresponding disability weight did not have a 95 % CI. We did not have uncertainty estimates for the ERRs or 
disability weights to be able to construct a 95 % confidence interval around the central burden of disease estimate for annoyance. 
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followed by aircraft (~17,000/yr) and then railway (~13,000/yr) noise 
exposures. Across health outcomes, annoyance accounted for the largest 
number of total DALYs/yr from road-traffic (33,243/yr) and aircraft 
(10,486/yr) exposures, while sleep disturbance accounted for the most 
from railway noise exposures (7,127/yr) (Table 2). From road-traffic 
noise exposures, we estimated 18,592 attributable DALYs/yr lost from 
strokes, 11,556 from IHDs, and 6,686 from diabetes. The attributable 
DALYs for stroke were higher than for IHD due to a combination of the 
magnitude of the relative risk estimates and the higher disability weight. 
The lower number of attributable DALYs for diabetes compared with 
IHD and stroke was driven by a lower disability weight (IHD: 0.405; 
stroke: 0.522; diabetes: 0.049) and annual mortality rates in the popu-
lation (comparative statistics can be found at (British Heart Foundation, 
2020). 

When we tested the sensitivity of our estimates for a range of 
disability weights, we found that the total DALYs/yr for road-traffic 
noise varied between 7,040 – 11,556 for IHDs, 5,043 – 18,592 for 
strokes, and 2,763 – 13,003 for diabetes. By applying alternative 
disability weights for annoyance and sleep disturbance (National Insti-
tute for Public Health and the Environment (RIVM) 2018), the attrib-
utable DALYs/yr were reduced to 16,622 and 6,691, respectively. See 
Appendix A for more information. 

3.3. Noise attributable burden of disease at the regional and local 
authority level 

London had the greatest number of DALYs/yr lost attributable to 
road (~20,000/yr), railway (~5,000/yr) and aircraft (~11,000/yr) 
noise exposures compared with all other regions in England (Fig. 3 - 
upper panel). In fact, London had six times greater road-traffic DALYs 

compared to the region with the lowest levels (North East). The regional 
differences were particularly marked for aircraft noise exposures as the 
London region accounted for 63 % of all aircraft noise DALYs in England. 
The South East and North West of England also had relatively high 
number of total attributable DALYs/yr due to road, railway, and aircraft 
noise, while the North East had the lowest, compared with other regions. 

When the influence of population size was removed from the road- 
traffic attributable DALYs by expressing them as rates per 100,00 peo-
ple (Appendix A - Table A7), London still had the largest burden for 
annoyance (116 per 100,000 people) and sleep disturbance (101 per 
100,000 people). However, the DALY rates for London were on par with 
the North West with respect to diabetes (London: 21, North West: 21) 
and in fact lower than the North West for stroke (London: 39, North 
West: 63) and IHD (London: 28, North West: 43). Not only did the ab-
solute number of DALYs, and the rates, vary between regions, but so too 
did the proportional contributions of each health outcome to the total 
DALYs within each region. Notably, the proportional contribution of 
road-traffic IHD and stroke DALYs to the total DALYs within London was 
noticeably lower than the proportional contributions within other re-
gions (Fig. 3 - lower panel). 

There was a high-degree of variation in the DALY rates (per 100,000 
people/yr) attributable to road-traffic noise exposure across LADs for 
annoyance (Interquartile range (IQR): 39–139), sleep disturbance (IQR: 
29–109), IHD (IQR: 15–46), stroke (IQR: 28–75), and diabetes (IQR: 
8–28). This variation also showed distinct spatial patterns across the 
country. We found the highest DALY rates clustered within and around 
London, the North West, and in the eastern part of the West Midlands 
(Fig. 4). For railway noise, the highest DALY rates were observed in local 
authorities within and around London, and those located along the 
major North-South railway routes in England (Fig. 5). For aircraft noise, 

Fig. 3. Attributable Disability Adjusted Life Years (DALYs) lost due to road, railway, and aircraft traffic noise exposures above 50 dB across regions in 
England. Estimates are for the adult population (20 + ) in 2018. Note that no robust ERRs were identified for railway noise and IHD, stroke, and diabetes, and for 
aircraft noise and stroke and diabetes. 
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local authorities within and around London had by far the highest DALY 
rates. In particular Hounslow and Richmond near Heathrow airport 
(Fig. 6). DALYs shown by noise source, health outcome, and LAD are 
given in Appendix B, C and D. 

3.4. Sensitivity analysis of alternate exposure response relationships 
(ERR) 

The estimated burden of disease from IHDs and strokes attributable 
to road-traffic noise exposure was very minimally impacted by the 
application of alternative ERRs proposed by Roswall et al (stroke) and 
Vienneau et al (IHD) (Roswall et al. 2021; Vienneau et al. 2019) (details 
can be found in the Appendix A). We did, however, find that the 
attributable DALYs from annoyance (HA) was impacted by the choice of 
ERR. By applying alternative road-traffic ERRs, we found that the 
number of DALYs/yr were 1.4x (Guski et al. 2017) and 1.3x (Fenech 
et al. 2022) times higher than our main estimate. For railway noise, the 

alternative ERR for annoyance resulted in a smaller difference (1.15x 
times higher than our main estimate) (details in Appendix A). 

3.5. Sensitivity analysis of an alternative noise exposure distribution for 
London 

As a sensitivity analysis for the noise exposure modelling, the 
attributable burden of disease for London was estimated using an 
alternative noise exposure distribution calculated by the CNOSSOS-All 
roads model (see Section 2.9 for details on model). CNOSSOS-All roads 
uses estimates of traffic flows/speeds from all roads and provides data 
down to a lower exposure threshold (40 dB Lden, 35 dB Lnight) compared 
with the England-wide ENR strategic mapping, as illustrated in Fig. 7. 

Within London we estimated a higher number of attributable DALYs/ 
yr with CNOSSOS-All roads compared with ENR strategic mapping. The 
relative increase in attributable DALYs/yr varied between health out-
comes, ranging from 1.1x (IHD) to 2.2x (HSD) times higher (Table 3). 

Fig. 4. Attributable Disability Adjusted Life Years (DALY) lost per 100,000 people/yr due to road-traffic noise exposures above 50 dB within Local Au-
thority Districts (LAD) in England. Estimates are for the adult population (20 + ) in 2018. Inset map is Greater London. 
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Sleep disturbance had the highest relative increase in DALYs compared 
with other health outcomes, likely because of the following factors: the 
lower ERR noise threshold (40 dB); the shape and shift in the Lnight 
exposure distribution; and because the lower noise cut-off for Lnight 
differed more between the models (35 to 50 dB Lnight) compared with Lden 
(40 to 50 dB Lden). Based on these results, we presume that we are likely 
underestimating the road-traffic noise attributable burden of disease in 
England using exposure modelling from strategic noise mapping. 

4. Discussion 

While European studies have shown that environmental noise is a 
major contributor to the overall environmental disease burden (Hanni-
nen et al., 2014; EEA, 2020; WHO Regional Office for Europe, 2011), 
detailed spatial assessments within countries are still lacking. Using 
recent and scientifically robust epidemiological evidence, we quantified, 
compared, and mapped the burden of annoyance, sleep disturbance, 
IHD, stroke, and diabetes attributable to long-term transportation noise 
exposures for adults in England at the national, regional, and local au-
thority level. We estimated that overall, approximately a hundred 
thousand (~97,000) DALYs were lost in England in 2018 due to road- 
traffic, ~13,000 from railway, and ~ 17,000 from aircraft long-term 
averaged noise exposures above 50 dB. The magnitude of the attribut-
able disease burden varied significantly across regions and LADs. 

Compared to Global Burden of Disease study estimates of other types 
of pollution in England in 2018, our road noise attributable DALYs 
(~97,000 DALYs) were lower than for ambient PM2.5 pollution 
(~269,000 DALYs), but higher than ambient ozone (~7,000 DALYs) and 
occupational noise (~29,000 DALYs) (Global Burden of Disease 
Collaborative Network 2020). However, we note these comparisons 
between risk factors should be made with caution due to differences in 
methodologies, assumptions, and the state of the evidence. Furthermore, 
whilst our estimates of the overall noise attributable burden of disease 
was significant, it may still be under-estimated in England due to limi-
tations in modelling noise exposures designed specifically for strategic 
noise mapping (i.e., only including roads with very high traffic volumes 
and only modelling above 50 dB Lden and Lnight). Our noise attributable 
DALY estimates at a national level for England were largely in line with 
similar estimates produced for the United Kingdom (England plus 
Scotland, Wales and Northern Ireland) by the European Environment 

Agency (EEA) using END mapping (EEA, 2020). The available public 
information from the EEA does not provide information on within- 
country variations, so comparisons at a regional and local district level 
were not possible. 

One of the main drivers of spatial variations in noise attributable 
disease burdens is non-uniform exposure to noise. This is particularly 
evident for aviation, as we found that London had 63 % of all attribut-
able aircraft noise DALYs in England. Between 2012 and 2019, air traffic 
at Heathrow, Gatwick and London City was approximately 40 % of the 
total UK air traffic (Department for Transport 2022). Variations in noise 
attributable disease burdens are also impacted by the distribution of the 
population. For example, the London region had the highest total 
attributable DALYs due to road-traffic noise, but accounting for popu-
lation size, the rates of road-traffic attributable DALYs (per 100,000 
people) in the North West region were on par with London. Further-
more, spatial variations in local disease burden (British Heart Founda-
tion, 2021b; Steel et al. 2018) also contribute to spatial contrasts of noise 
attributable DALYs across England. This is evident in the fact that the 
proportional contribution of road-traffic IHD and stroke DALYs to the 
total DALYs within London was noticeably lower than the proportional 
contributions within other regions. This is because the underlying 
prevalence and mortality rates of IHD and stroke were generally lower in 
London compared with many other areas in England (comparative sta-
tistics can be found at (British Heart Foundation. 2021a,b) (also see 
Tables A8 and A9 in Appendix A), possibly because of the younger age 
demographic in London (median age 35.3yrs in London compared with 
39.5 – 43.9 in other regions) (Office for National Statistics, 2020b). 

The comparative environmental burden of disease concept facilitates 
comparisons across geographies, health outcomes, and risk factors, but 
comparisons should be made with care when the methodological as-
sumptions and data inputs are not aligned across studies. For example, 
the epidemiological evidence on noise and health is developing and 
strengthening (Clark et al. 2020; Fenech et al. 2022; Persson Waye and 
van Kempen 2021; van Kamp et al. 2020), and therefore choices about 
which health outcomes to include, and their associated exposure 
response relationships will vary by study, and this can affect the 
comparability between studies. For example, a noise burden of disease 
study for Hesse, Germany (Hegewald et al. 2021) included depressive 
disorders based on relative risk estimates from a large study conducted 
around Frankfurt Airport (Seidler et al. 2017). We excluded depression 

Fig. 5. Attributable Disability Adjusted Life Years (DALY) lost per 100,000 people/yr due to railway traffic noise exposures above 50 dB within Local 
Authority Districts (LAD) in England. Estimates are for the adult population (20 + ) in 2018. Inset map is Greater London. 
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and anxiety from our assessment, however given that the evidence base 
is developing, we recommend that these health outcomes are kept under 
review for future updates. We also recommend that the shape of the 
exposure–response relationships for all health outcomes, and any po-
tential threshold effects which would influence the choice of a coun-
terfactual, also remain under continual review. There is limited but 
growing evidence of the shape of the exposure–response relationships 
and whether any potential thresholds of effect exist (Fu et al. 2022; 
Thacher et al. 2022; Vienneau et al. 2022). Another example is that the 
WHO-commissioned systematic review for annoyance from road traffic 
proposed two exposure response relationships (ERRs): a global one and 
one excluding Asian and Alpine studies. For our main analysis we used 
the latter, as did the aforementioned study in Hesse, Germany (Hege-
wald et al. 2020), whereas other European studies used the global ERR 
(Murphy and Faulkner, 2022; EEA, 2020). Within England, we found 

that the two curves led to a relative 1.4x difference in attributable road- 
traffic annoyance DALYs/yr. Another source for discrepancy is that 
some studies have applied ERRs from one noise source to another (e.g., 
using a road-traffic noise and IHD ERR for railway and aircraft exposures 
(EEA, 2020)) where information has been limited. We took a more 
conservative approach and only quantified the burden of disease if a 
source-specific statistically significant association was given in a review 
or meta-analysis of the epidemiological evidence. Our decision to use the 
same lower exposure cut-off of 50 dB for Lden and Lnight from the stra-
tegic mapping means that the relative differences between the Lden- 
based YLD and the YLD due to sleep disturbance are not comparable to 
other assessments taking the more conventional approach of using a 5 
dB lower cut-off for night-time noise. Lastly, similar to the WHO 
approach for DALY calculations (WHO 2020), we used disease preva-
lence estimates to derive YLD with respect to IHD, stroke, and diabetes, 

Fig. 6. Attributable Disability Adjusted Life Years (DALY) lost per 100,000/yr people due to aircraft traffic noise exposures above 50 dB within Local 
Authority Districts (LAD) in England. Estimates are for the adult population (20+) in 2018. Inset map is Greater London. 
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as incidence-based data was not available at the geographic resolution of 
our study. This could impact comparability with studies using the 
incidence-based calculation approach (Park et al. 2019; von der Lippe 
et al. 2020; Wagner et al. 2015). 

For our main analysis we used exposure estimates from strategic 
noise mapping carried out to satisfy the requirements of the Environ-
mental Noise (England) Regulations 2006 (as amended) (implementa-
tion of the European Environmental Noise Directive in England). 
Although a third round of strategic mapping was undertaken in 2017, 
we used noise mapping data from the second round (2012) for reasons 
already described in Section 2.3. For road and railway noise, the spatial 
distribution of exposure is relatively stable over time. The population 
within the > 55 dB Lden contour in 2017 was approximately 10 % higher 
than in 2012 for road and railway noise (DEFRA, 2014b; 2019). This 
increase is likely to have been due to a combination of changes in the 
population exposed and changes in noise emissions taking place be-
tween 2012 and 2017. Our analysis includes the former effect but not 
the latter. For aircraft noise, airports and air traffic control organisations 
in the UK sometimes carry out short-term trials of changes to the 
airspace structure (and hence flight paths) (Civil Aviation Authority 
2023). More generally, the ongoing recovery of the aviation sector from 
the impacts due to Covid, and the upcoming large-scale changes to UK 
airspace (Civil Aviation Authority 2018) mean that any retrospective 
estimates of spatial variations in disease burden attributable to aviation 
noise should not be considered representative of future years, and reg-
ular assessment updates may be warranted (subject to availability of 
exposure data and up to date ERRs). 

The availability of strategic noise mapping data greatly facilitates 
burden of disease assessments at national, regional and local levels; the 
downside is that not all roads, railways and airports may be included in 
the modelling, and there may be issues with the chosen exposure 
thresholds giving an incomplete picture of population exposure in the 
range where health effects are known to occur. As we showed with a 
sensitivity analysis for London, these two factors are likely to lead to 
under-estimation of the attributable disease burden, and demonstrates 
the importance of modelling all roads, and using a lower threshold than 
50 dB. A similar result, but with even greater differences, was found for 
the Hessian population in Germany (Hegewald et al. 2021). Hegewald et 
al compared estimated DALYs due to road-traffic noise using exposures 
from END strategic mapping (exposures ≥ 55 dB) and ‘PLUS-Mapping’ 
which included all roads and noise levels as low as 40 dB. They found 
that DALYs estimated with PLUS-Mapping for cardiovascular diseases 
and depressive disorders were ~ 4.2x times higher than estimated with 
END strategic mapping. Although the absolute relative risk estimates for 

cardiometabolic health outcomes below 50 dB Lden can be low (van 
Kempen et al. 2018; WHO 2018), a large proportion of the population in 
England is likely to be exposed to road traffic noise within the 40 to 50 
dB Lden range (DEFRA, 2000, 2013). Our sensitivity analysis in London 
used the CNOSSOS methodology (Kephalopoulos et al. 2012), whereas 
the strategic modelling used the UK’s national calculation methodology 
(Calculation of Road Traffic Noise (CRTN) (Department of Transport 
et al. 1988)). We have not assessed the differences between the ap-
proaches in terms of exposure estimates, but we expect this to not 
significantly impact results when aggregated to our minimum unit of 
assessment (local authority district). 

The sensitivity analyses of the ERRs showed that there was minimal 
difference in attributable DALYs for IHD and stroke when using the main 
and alternative ERRs. This was ascribed to the fact that while our main 
relative risk estimates were larger in magnitude than the alternatives, 
the lower thresholds for the alternative ERRs were set lower down on the 
exposure range, at 40 dB Lden (informed by the valid noise ranges in the 
included studies) resulting in similar DALY estimates. When setting 
lower ERR thresholds, it is important to consider the valid noise range 
from which each ERR was derived as it can influence the magnitude of 
the slope coefficient but also so as not to extrapolate relationships out of 
range of the data. Additionally, we conducted these comparisons for the 
population exposed to noise above > 50 dB (Lden), though if populations 
exposed to lower noise levels were to be included in the estimations (i.e., 
between 40 and 50 dB), then we might expect a widening of these dif-
ferences. This may be particularly relevant for health impacts associated 
with night-time exposures, such as sleep disturbance, as a larger pro-
portion of the population is exposed within the 40–50 dB Lnight range. 
Lastly, the choice of ERR for annoyance had an impact on attributable 
DALYs, as evidenced by the differences observed when applying the 
road-traffic curves using the full WHO dataset versus curves excluding 
Asian and Alpine studies (Fenech et al. 2022; Guski et al. 2017). The 
WHO ENG guidelines recommended that data and ERRs derived in a 
local context should be used whenever possible (WHO 2018). As there 
has been no recent large-scale socio-acoustic study for road and railway 
noise in the UK (last one was in 1984) (Fenech et al. 2022), we used the 
WHO aggregate curve excluding Asian and Alpine studies for the main 
analysis, but we conducted sensitivity analyses with the full WHO curves 
(original (Guski et al. 2017) and updated curves (Fenech et al. 2022)) to 
provide additional estimates and to be transparent about the impacts of 
our methodological decisions. A socio-acoustic study on attitudes to 
aviation noise was carried out in England in 2014–15, however an ERR 
expressed in terms of an annual Lden is not yet published from this study 
(Civil Aviation Authority 2021a). 

Fig. 7. Distribution of the number of adults exposed to road-traffic noise levels (Lden) in London based on ENR strategic mapping and CNOSSOS – All roads modelling. 
Vertical blue line indicates the threshold at the 50 dB Lden band. The numbers on the Y-axis are in units of thousands. 
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4.1. Strengths and limitations 

While the majority of noise burden of disease studies derive esti-
mates at a national or city-level, we generated high spatial resolution 
estimates across 314 Local Authority Districts across England. Our cal-
culations took into account spatial variations in noise exposures, pop-
ulation distributions, and underlying disease prevalence and mortality 
across the country. We made estimates for a range of health outcomes, 
including annoyance, sleep disturbance, and ischemic heart disease. 
Given the strengthening of the epidemiological evidence, we also made 
estimates for strokes and diabetes, which have largely been uncharac-
terised in other studies (Eriksson et al., 2017; Khomenko et al., 2022; 
Murphy and Faulkner, 2022; EEA, 2020; WHO Regional Office for 
Europe, 2011). We utilised recent synthesised scientific evidence to 
derive our burden of disease estimates (Guski et al. 2017; Sakhvidi et al. 
2018; Smith et al. 2022; van Kempen et al. 2018) and undertook a 
comprehensive set of sensitivity analyses to show the impact of using 
alternative exposure–response relationships and disability weights. 
Finally, we also showed that there can be a substantial impact (under-
estimation) on the estimated attributable burden of disease from road- 

traffic noise when the exposure range is limited and when traffic flows 
on collector or local roads are not taken into account in the modelling. 

Our study has several potential limitations. We quantified the 
attributable burden of disease assuming the population was exposed to 
transportation noise sources in isolation. There are still uncertainties on 
the actual health burden in the event of co-exposure to multiple sources 
of transport noise, and there may be a risk of double counting. While the 
evidence is still limited, the EEA estimated the potential for double 
counting for annoyance and sleep disturbance from the combined effects 
of multiple sources in the 2020 report (EEA, 2020) to be a maximum of 
13 % for annoyance, 16 % for sleep disturbance, and negligible for IHD, 
particularly if the PAFs are below 0.10 (Houthuijs et al. 2018). 
Conversely, a limited but growing evidence base is investigating 
whether the combined risks from multiple sources may be larger than 
the sum of the individual risks (Seidler et al. 2019; Thacher et al. 2021; 
Thacher et al. 2022). As the evidence base develops, future work should 
consider how to incorporate these potential combined effects into noise 
burden of disease assessments. Due to these current uncertainties, we 
recommend that our burden of disease estimates should not be com-
bined across noise sources. 

Due to a lack of evidence and/or statistically significant relative risk 
estimates, we did not calculate attributable burdens of disease for rail-
way noise and IHD, stroke, and diabetes, as well as aircraft noise and 
stroke and diabetes. Though as the epidemiological evidence base de-
velops and strengthens, it is possible that significant relative risk esti-
mates for these exposure-outcome pairs may be identified in the future. 
We did approximate the total DALYs associated with each transportation 
source by summing across health outcomes, though this approach did 
not take into account comorbidities in the DALY calculation. Given the 
uncertainty in these estimates, we reported the total DALYs to the 
nearest thousand. 

We used yearly IHD, stroke, and diabetes disease prevalence data 
which were based on general practice (GP) reporting within the National 
Health Service (NHS) Quality and Outcomes Framework (QOF). The 
QOF prevalence data were based on the number of patients recorded as 
having disease on the practice register over the total practice list size 
(Office for Health Improvement & Disparities 2022). These data are 
limited however, as people who have not been formally diagnosed 
would not be included in the estimate and it is also possible that there 
are variations across practices in how conditions are diagnosed (though 
this is likely to be random). Furthermore, the prevalence rates for IHD 
and stroke are given with respect to people of all ages registered with the 
GP, and Diabetes for people aged 17+, which means that we may be 
under-estimating the noise attributable burden of disease for adults (20 
+ ) in England as the underlying disease prevalence rates include a 
population of children and adolescents who are at lower risk. Further-
more, we may be under-estimating the most in London as it has the 
lowest regional median age in England (Office for National Statistics, 
2020b). 

As discussed in Section 2.3, we applied population noise exposure 
distributions from strategic mapping undertaken in 2012 to the popu-
lation distribution (i.e., population at risk) within LAD in 2018. We thus, 
assumed that the spatial distribution and magnitude of the noise expo-
sure was stable between these time points. Furthermore, while the 
availability of strategic noise mapping data greatly facilitates burden of 
disease assessments at national, regional and local levels, the downside 
is that only major sources are captured and the lower exposure threshold 
of 50 dB Lden and Lnight mean that we are likely under-estimating the 
total noise attributable burden of disease in England (as we showed in 
our Sensitivity Analysis in Section 3.5). Lastly, while people spend the 
majority of their time indoors, we were unable to account for 
geographical differences in the ingress of outdoor noise into indoor 
environments due to variations in building characteristics and ventila-
tion practices across the country. 

Table 3 
Comparison of the impact of modelled noise exposure distributions on the road- 
traffic attributable burden of disease in London.  

Health 
outcome  

Road- 
traffic: 
strategic 
mapping 
(ENR)*  

≥50 dBA 
Lden 

≥50 dBA 
Lnight 

Road-traffic: all 
roads 
(CNOSSOS-All 
roads)**  

≥40 dBA Lden 

≥35 dBA Lnight 

Relative increase 
(CNOSSOS-All 
roads compared 
with ENR) 

Highly 
annoyed 
(HA)      

% of 
population 

5.8 % 8.0 %   

Number of 
adults 

388,389 534,467   

Total 
DALYs/yr 

7,768 10,689 1.38x higher 

Highly sleep 
disturbed 
(HSD)      

% of 
population 

1.4 % 3.2 %   

Number of 
adults 

96,501 213,723   

Total 
DALYs/yr 

6,755 14,961 2.21x higher 

Ischemic 
Heart 
Disease 
(IHD)      

PAF 2.3 % 2.5 %   
Total 
DALYs/yr 

1,886 2,057 1.09x higher 

Stroke      
PAF 5.5 % 6.9 %   
Total 
DALYs/yr 

2,623 3,330 1.27x higher 

Diabetes 
mellitus      

PAF 5.9 % 7.3 %   
Total 
DALYs/yr 

1,381 1,704 1.23x higher 

*ENR: Noise exposures derived from modelling to fulfil the ENR Round 2 stra-
tegic mapping requirements (main analysis). 
*CNOSSOS-All roads: Noise exposures created by the Centre for Environmental 
Health and Sustainability at the University of Leicester in accordance with 
CNOSSOSS-EU modelling framework (Gulliver et al. 2015). 
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5. Conclusions 

We produced the first geographical assessment of the burden of 
disease due to noise for England. Our study shows that transportation 
noise exposure, particularly from road-traffic sources, is responsible for 
a significant disease burden in England and this varies unequally across 
regions and LADs. Our work provides useful nationwide information for 
identifying areas with varying burdens of disease due to different noise 
sources and for setting priorities in environmental health research, 
policies, and interventions. Quantifying the disease burden is the first 
step in building an environmental, social and economic case for action 
that takes into account the views and expertise of national and local 
government, environmental health practitioners, acoustics specialists, 
industry, the third sector and affected citizens. The epidemiological 
evidence on noise and health continues to develop, and disease burden 
estimates are likely to change as more data from good quality longitu-
dinal studies becomes available. Lastly, we showed that exposure data 
derived from strategic noise mapping models can lead to underestimates 
in the attributable burden of disease if not all transport sources are 
accounted for and if lower levels of noise exposure are omitted. 
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