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ABSTRACT
The relationship between transport noise and health outcomes is
complex, in part because of the large number of factors involved as
well as the range of health impacts, both direct and indirect. To
enable the reader to come to grips with the complexity, we have
divided the health outcomes into groups: those that are more
directly linked to transport noise exposure and those that are more
indirectly linked. Four health outcomes, namely annoyance, cognitive
disruption, sleep problems, and noise-induced hearing loss, can be
directly attributable to transport noise exposure. Less direct
outcomes are stress, mental health, metabolic health, cardiovascular
health, and overall health-related quality of life. Stress may occur as a
direct response to noise, or may occur in response to the
aforementioned direct effects. The stress response is a survival
mechanism in the short term, but in the long term, stress may lead to
systemic health conditions, namely metabolic and cardiovascular
outcomes, and to mental health conditions. Finally, a global health
outcome that incorporates all of the more direct outcomes is health-
related quality of life. Other exposures associated with transport
noise that may explain parts of the health outcomes need to be
acknowledged, including exposure to social inequities, air pollution,
and vibration. These may all be more likely to be experienced by
people who are exposed to transport noise in the community and
may thus influence the outcomes. Finally, transport noise appears to
have more impact on health in those who are noise sensitive, thus
noise sensitivity is a key moderator of all the effects observed.
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1. Introduction

Transport is an important componentofhuman society, integral to connectedness andecon-
omic prosperity. A by-product of transport is the creation of noise. The effects of noise on
exposed communities range from direct psychophysiological responses to noise exposure
(annoyance, cognitive disruption, sleep problems, and noise-induced hearing loss), to less
direct effects such as mental health issues and physical health problems. The mechanisms
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are complex and involve interactions between the primary noise exposure and higher-level
reactions; for example, stress can be a response to noise, but may also occur indirectly from
reduced or poor sleep, or as a result of noise-induced hearing loss.

Several reviews have been published (e.g. Basner et al., 2014) including a set of eleven
articles about the WHO European environmental noise guidelines (WHO Environmental
noise guidelines for the European region, 2017). This article presents a more recent
review and is intended for a wider audience based on a process model developed to elu-
cidate the complex and interrelated nature of exposure to noise and impacts.

Noise exposure, including that from transport, does not occur in isolation from other
factors influencing health. Those experiencing negative social inequities, such as
poverty, poorer nutrition, or lower levels of education may be more likely to be living in
places close to sources of transport noise; therefore, apparent health effects of noise
may actually reflect the impact of social inequity. Furthermore, transport produces both
air pollution and ground vibration which also impact health and well-being separately.

Figure 1 presents a process diagram of the health impacts of transport noise on which
the structure of this paper is based, beginning with consideration of social inequities, air
pollution, and vibration as concomitants of environmental exposure to transport noise.
The moderating factors are then addressed, followed by discussion of the key health
impacts starting with the more direct and then those that are more indirect.

For clarity, the reviewwas structuredaroundaprocessdiagram (Figure 1), andaimed tobe
accessible to readers with little prior background in the area. Space is therefore dedicated to
explaining theunderlyingprinciples aswell as describing research in each area. The literature
review is narrative in style, and authorswere assigned topicswithin their areas of expertise as
well as contributing overall. The search and criteria were therefore subjective.

2. Associated exposures

Transport noise is likely to be associated with other exposures that impact health, includ-
ing fumes from internal combustion engines, and vibration caused either directly by
heavy vehicles, or indirectly, as a by-product of high-level noise.

Figure 1. Process diagram for the health impacts of transport noise.
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2.1. Air pollution

Vehicles produce air pollution including carbon monoxide, hydrocarbons and nitrogen
oxides as well as particulate matter, presenting a health risk when inhaled (World
Health Organization, 2014). Findings of direct associations between road traffic noise
level and air pollution are mixed. For example, a significant correlation was found
between nitrogen dioxide as a surrogate for traffic air pollution and noise measured at
fixed sites (Foraster et al., 2009), whereas little correlation was found between air pollution
levels and noise from road traffic in mobile measures from cyclists (Gelb & Apparicio,
2021).

Since exposure to both noise and air pollution impact negatively on health, the two
need to be disentangled. In this respect, two studies are of note. The first is a study invol-
ving school-aged children (Clark et al., 2012) in which it was found that air pollution did
not moderate the relationship between road traffic noise exposure, and cognitive or
mental health measures. The second was a study that measured both annoyance and
HRQoL that found no interaction between air pollution annoyance and noise annoyance,
implying that air pollution and noise impact health independently (Shepherd et al., 2016).
This lack of research has led to appeals for further research (Tzivian et al., 2015).

2.2. Vibration

At a physical level, audible sound is an acoustic wave by which mechanical energy is pro-
pagated through the atmosphere. Acoustic waves can also produce sensations of
vibration that are felt rather than heard. In the context of transportation noise, the
majority of transport modes produce ground-borne (i.e. rail, road) or airborne (i.e. avia-
tion) vibrations that may interact with audible noise to amplify health effects. For
example, low frequency aircraft noise can displace structures and their contents, and
produce greater annoyance responses in houses bereft of acoustic insulation (Fidell
et al., 2002). Typically, vibration is not considered as a separate impact from noise, and
more research is required to disentangle the effects of vibration and noise on annoyance
(Anciaes et al., 2017) and other health outcomes.

In terms of the cohorts affected by vibration, research has largely focused upon its
impact on transport users, such as passengers or vehicle controllers, while neglecting
those passively exposed to transport vibration, such as those living in communities
located close to noise sources. In the case of railway noise, in a laboratory-based study,
Maigrot et al. (2020) suggested that the presence of vibration does not amplify annoyance
to noise, a finding replicated in a population health study on passenger trains (Maclachlan
et al., 2018). However, this study did not consider freight trains. Ogren et al. (2017) esti-
mated that rail-related vibration velocities of 0.48 and 0.98 mm/s resulted in 20% and
40% annoyance responses, respectively. This is consistent with the findings of Woodcock
et al. (2016) suggesting that annoyance increases if the vibration-induced rattle is audible.
Di et al. (2019) reported that perceived vibration moderates the relationship between
noise exposure and noise annoyance, more for trains than road traffic, because trains
produce more vibration even at equal sound pressure levels (Yokoshima et al., 2021).
Finally, vibration from freight trains is linked to sleep disturbance, which in turn may
mediate the relationship between train noise and annoyance (Smith et al., 2016).
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3. Social inequities

The relationships between transport noise and social inequities are complex. Transport
noise (and associated air pollution and vibration) may tend to be experienced more by
people who cannot afford to live away from major roads, railways, or airports, and
have homes without sound insulation. Furthermore, social inequity is well known to be
associated with health outcomes of many kinds (e.g. Marmot et al., 2012), so may be
involved in the causal pathway between noise exposure and health outcomes.

Social inequity can have geographical, economic, social and cultural contexts, all of
which are important variables in assessing the impacts of traffic noise exposure (Bocquier
et al., 2012). However, evidence is mixed. Some studies have indicated that marginalised,
disadvantaged and minority groups experience higher levels of traffic noise than those
who live in affluent neighbourhoods (see Dreger et al., 2019 for a review) and are less
likely to be protected by noise barriers (Audrin et al., 2022). Other studies suggest that
the relationship between noise exposure from road traffic and annoyance is stronger in
more affluent neighbourhoods and those with higher levels of education (Meline et al.,
2013). This contrary view is supported by findings that people with higher socioeconomic
status experienced higher noise levels than disadvantaged communities (Havard et al.,
2011). This finding could be attributed to the Parisian context where affluent people
could afford to live centrally, and disadvantaged are restricted to housing areas located
on the outer boundaries of the city. However, when spatial autocorrection is accounted
for, there is mixed evidence of unequal exposure to traffic noise according to equity
(Verbeek, 2019). Thus, the issue is complex and likely to be highly context-specific.

4. Moderators of the impact of transport noise on health

Noise sensitivity and fear associated with the noise source have been identified as two key
elements that predict annoyance with noise (Miedema & Vos, 1999). It has been
suggested that noise sensitivity might be a marker of susceptibility to health conditions,
or of a tendency to report them (Fyhri & Klaeboe, 2009), implying that noise may not be a
necessary contributor to health outcomes. Other data have suggested that noise sensi-
tivity as a trait is a better predictor of adverse health outcomes than noise exposure
(Park et al., 2017). On the other hand, noise sensitivity was found not to relate to
health in a non-noise-exposed group, whereas in a noise-exposed group, more noise-sen-
sitive people experienced poorer health (Welch et al., 2013). This implies that noise sen-
sitivity is indeed a moderator of the effect of road traffic noise, with the same effect shown
in the case of exposure to aircraft noise (Welch et al., 2018). On the other hand, van Kamp
et al. (2004) suggest that noise and noise sensitivity are two independent predictors of
annoyance, a theory which received support from Paunovic et al. (2009).

The level of annoyance from a sound is predicted by economic benefit – with those
who stand to benefit less annoyed than those who do not (Ouis, 2001). Moreover,
noises that are out of place lead to more annoyance than noise sources that are expected
(e.g. mechanical sounds in the countryside are more annoying than road traffic in the
city). Thus, factors such as attitudes towards the noise source have a significant
influence on a person’s reaction to noise (Crichton et al., 2015). This complex of factors
can be regarded as governing a person’s likelihood of judging a given sound as noise,
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and a model of noise sensitivity as the outcome of a process linking attitudes, states, traits,
and neurophysiology has recently been proposed (Welch et al., 2022).

5. Health impacts

5.1. Annoyance

Models have been developed to predict the relationship between noise exposure and
annoyance, often assessed on the basis of the percentage of people “highly annoyed”
by the noise, according to noise levels. Guski et al. (2017) present a systematic review
of such studies for road traffic aircraft, and rail, with moderate evidence of relationships
identified for aircraft and rail and low for road traffic. Some studies have established
curves that relate noise levels from transport specifically (most often using the day-
night average sound level, or Ldn) and the percentage of highly annoyed people, as
determined through community-based surveys (Miedema & Vos, 1999; Ouis, 2001).
These studies show that differences exist in the level of annoyance between sources of
transport noise. Specifically, according to the WHO (2018) at a noise level of 60 dB Lden,
the percentage of the population “highly annoyed” by the noise reaches 15%, 17.4%
and 36% for road traffic noise, railway and aircraft noise, respectively. On the other
hand, some research has shown that railway noise leads to lower levels of annoyance
than either road traffic or aircraft noise at the same noise level (Gidlof-Gunnarsson
et al., 2012; Lechner et al., 2019), while aircraft noise always causes higher annoyance
for a given sound level.

Noise combines with other aspects of exposure to cause annoyance. For a given level
of exposure, more people are annoyed when exposed to noise from both road and rail
than when exposed to one or the other individually (Ohrstrom et al., 2007). Moreover,
noise from rail has been found to be more annoying when also combined with ground
vibrations (Gidlof-Gunnarsson et al., 2012). It is accepted that noise annoyance cannot
be completely explained by acoustical factors associated with a noise source, as is illus-
trated by the different annoyance reactions exhibited by individuals to the same noise
(Shepherd et al., 2010).

5.2. Cognitive disruption

Cognition involves the brain processing information provided by the sensory modalities
or information retrieved from memory. Typically, this information processing, in the guise
of problem-solving and decision-making, is invested in the realisation of goal-directed
behaviours, be they task completion or relaxation (Andringa & Lanser, 2013). Given the
crucial role that cognition plays in survival and vitality, any exogenous agent (such as
transportation noise) degrading cognitive function can be classified as a direct health
effect (Salomon et al., 2003).

As outlined in Figure 1, the relationship between noise and cognition is influenced by
other factors so is unlikely to be modelled by a monotonic dose–response function. Noise
from transport sources can acutely impair cognitive function by directly interfering with
working memory (Millar, 1979), directing attention away from relevant stimuli, or increas-
ing cognitive load and task demands (Szalma & Hancock, 2011). Indirectly, the relationship
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between noise and cognitive function may be mediated by disturbed sleep, whereby
noise-degraded sleep induces fatigue and cognitive impairment, while cognition itself
can induce poor sleep through enduring cognitive arousal, allowing noise to sustain its
direct effect. Note too that sleep can be a protective factor against noise, allowing the
individual to remain in states of low cognitive arousal and therefore suppressing the
direct effect of noise upon cognition.

Annoyance manifests a strong emotional reaction to the noise, which in turn interferes
with cognitive processes by focusing attention onto the noise source at the expense of
other tasks. Massonnie et al. (2022) argue for a distinction between annoyance and inter-
ference, and by performing an evaluative function on incoming auditory stimuli, cogni-
tion itself can amplify annoyance. Furthermore, vulnerable individuals exhibiting the
trait of noise sensitivity may have impaired cognitive function due to ineffective atten-
tional filters or reduced working memory capacity. As such, noise-sensitive individuals
may be more likely to experience transport-related sleep disturbance or noise annoyance,
and, consequently, exhibit further cognitive impairment. Finally, when noise impedes
cognitive function and overwhelms coping strategies, a stress response can be triggered.
When a stressor is relentless, as can be the case with transport noise, it can lead to chronic
sympathetic over-arousal and negative health outcomes. This over-arousal, in turn, can
lead to a state of hypervigilance, which can negatively influence attentional processes.

The existing literature fails to provide a definitive account of how transport noise
impacts cognition, nor quantify the degree to which transport noise impedes cognitive
function. The medley of epidemiological and laboratory-based findings is contradictory,
and, without exception, studies call for further research in the area. However, the majority
draw similar conclusions, that task-irrelevant transport noise can degrade task perform-
ance and impair learning (Thompson et al., 2022). Easier tasks are negatively affected
by transport noise, but harder cognitive tasks are not (e.g. Halin, 2016). The suggestion
here is that more demanding tasks engage a more refined locus of attention and are
less vulnerable to auditory distraction, or that more demanding tasks rely on additional
memory processes that are not burdened by noise. Of relevance, Ellermeier et al.
(2020) noted that annoyance by road traffic noise was reduced during a cognitively
demanding task, illuminating a possible explanation for these findings.

In terms of the three main transport modalities (aviation, rail, road) research has largely
consisted of laboratory studies of these noise sources in isolation, or epidemiological
studies such as Bodin et al. (2015), who reported that “combined” exposure (rail and
road) is positively associated with concentration problems. In older adults, Mac Domhnaill
et al. (2021) reported no relationship between road traffic noise and either memory or
processing speed. Mehri et al. (2018) found marginally better performance with respect
to complex tasks undertaken in quiet versus a road traffic noise condition, and reported
no effect of introversion/extroversion. Aviation noise is reported to degrade cognitive
learning, possibly because lower-flying aircraft may elicit fear in some and thus induce
a higher cognitive load caused by selective filtering (Trimmel et al., 2012).

In the case of children, who are viewed as a vulnerable group in need of protection, a
20-dB increase in aviation noise has been found to be associated with a two-month
reading delay (Klatte et al., 2017). Matheson et al. (2010) found reduced recognition
memory performance, but not cued recall or prospective memory, in a sample of children
exposed to aviation noise.
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Multiple studies indicate that reaction time is increased when individuals are exposed
to nocturnal rail noise, potentially mediated by sleep debt. This is of relevance to Europe
where maximum acceptable levels may be increased by 5 dB(A) in the case of rail noise on
the basis of it being perceived as less annoying than other sources of noise for the same
intensity level (e.g. Bodin et al., 2015).

5.3. Sleep problems

A lack of sleep impacts people psychologically and, over time, physiologically (Watson
et al., 2015). The range of health measures influenced by sleep (e.g. levels of stress,
cardiovascular health and mental health) and noise are similar (Figure 1), while
sleep itself is also influenced by noise; this has led to the idea that sleep disruption
due to noise may mediate the health impacts of noise, either in whole or in part (Shep-
herd et al., 2010).

Noise from transport sources can impact sleep by preventing people from falling
asleep, awakening them or disturbing sleep. A recent meta-analysis has explored these
different sleep effects due to noise, including transport noise (Basner & McGuire, 2018).
Overall, transport noise increased the odds of all three types of self-reported sleep pro-
blems by 2–3 per 10 dB increase in night-time noise levels. Interestingly, this increase
was observed overall only when participants were explicitly asked about sleep disturb-
ance due to a particular noise source; for example, “How much have you been disturbed
in your sleep by railway noise at night when you are sleeping in your house over the last
12 months?” (Hong et al., 2010). On the other hand, effects were much reduced when par-
ticipants were asked without specific reference to noise (e.g. Bartels et al., 2021). Since the
effect was significant (and dose-responsive) when the reminder was given, the implication
is that a specific prompt in the question may improve the accuracy of recall about noise-
related sleep problems, rather than artificially increasing the effect.

The relative impact of transport noise from the three main sources: air, road and rail has
been investigated in laboratory research using polysomnography (Elmenhorst et al.,
2019). Aircraft noise exposures were less likely to awaken participants than noise from
the other two sources; this is in contrast to the association in self-reported sleep disturb-
ance in the field where aircraft noise is rated as more disturbing than noise from road or
rail (e.g. Lechner et al., 2021). On the other hand, some field research has found that fewer
people were annoyed by given levels of night-time aircraft noise than road or rail, but that
the function relating the number of noise events to annoyance was steeper for aircraft
noise than road and rail (Weidenfeld et al., 2021). Little research has explored the
influence of the number of noise events on sleep, but one study on rail noise found
that the number of freight train movements was the best predictor (compared to LAeq
or the total number of trains of all types) of self-reported awakening (Pennig et al.,
2012). This raises the question of the effect of vibration associated with noise exposures,
which have been shown to increase sleep disturbances and awakenings with polysomno-
graphy (Smith et al., 2016).

Sleep and noise annoyance may covary; in other words, both annoyance with noise
leads to sleep problems, and sleep problems due to noise cause a person to find noise
more annoying. This association is present for self-reported sleep disturbance, but not
for objectively-measured sleep disturbance (Frei et al., 2014). This implies that a person
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who is disturbed by noise during sleep may be unaware of this, and that the sleep disturb-
ance can occur irrespective of whether they rate noise as annoying when conscious.

Relatively little research has been carried out into the impact of transport noise on chil-
dren’s sleep. While some studies have found a significant effect (Tiesler et al., 2013), others
showed effects that were only significant when sorted by gender groups, for example, in
girls, but not in boys (Weyde et al., 2017). The inconsistency of findings may reflect the
difficulty of conducting research in this area, and the need to make assumptions about
noise exposures and sleep issues. One study avoided some of these issues by comparing
children’s sleep to that of their parents, so levelling estimation biases; this showed that
children’s sleep was less influenced by traffic noise than that of their parents (Ohrstrom
et al., 2006).

5.4. Noise-induced hearing loss

In occupational exposure, 85dBA has been accepted as the limit for an eight-hour
exposure in many jurisdictions, even though noise-induced hearing loss (NIHL) may
occur at this level (Fink, 2017). Exposure to high levels at or above 85 dBA may, over
time, lead to noise-induced hearing loss (International Standards Organisation, 2013).
It has been recommended that 70dBA or even lower be adopted as a safe standard
for the public (Fink, 2017). There is limited research related to NIHL with transport
noise. However, recent research supports the 70dBA proposition as traffic noise of
more than 70dBA after adjusting for confounders, has been found to contribute to
hearing loss (Wang et al., 2021). It has also been suggested that the synergistic effect
of an average 74.3dBA of traffic noise and ototoxic air pollution may impair hearing
(Caciari et al., 2013).

Traffic noise is particularly loud in high density cities, as demonstrated by findings from
an Indian study (Kumar & Jain, 1994). The research reported that sound level measure-
ments in auto-rickshaws (range 81-96dBA) were highest, followed by buses (77-92dBA),
trucks (83-90dBA) and private cars (65-80dBA). These levels of noise suggest that
drivers and frequent passengers are at risk of noise-induced hearing loss over time
(Kumar & Jain, 1994). Land transportation workers are also at risk, with more than 50%
of the participants in a cohort of 1000 freight truck drivers having hearing loss (Rezaei
& Alipour, 2015)..

There is a risk of NIHL in people who spend time near road traffic. For example, in 110
Kathmandu traffic police who, on average, worked in the role for approximately 12 years,
over half experienced mild hearing loss . Similar potential association of hearing loss
among police personnel and traffic noise has been reported in research from other
countries (e.g. Win et al., 2015).

Hearing loss, especially at higher frequencies, occurs in air crews and is significantly
associated with age, flight duration and aircraft type, with helicopter pilots being particu-
larly at risk (Atalay et al., 2015). Airport workers who have worked for a duration of more
than 5 years have been found to be three times as likely to experience hearing loss than
workers with a shorter duration of service (Nasir & Rampal, 2012). The duration of time
spent on ships has been found to be a predictor of hearing impairment amongst ship
workers (Irgens-Hansen et al., 2015), with those working in engine rooms being more
at risk of NIHL than other ship personnel (Kaerlev et al., 2008).
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The literature to date mostly concerns transport operators, passengers, and traffic per-
sonnel. There is little evidence related to traffic noise and NIHL among those who live
close to transport networks.

5.5. Stress

Stress refers to both outcomes and processes. It occurs in response to environmental and
psychological factors, and is typically an adaptive response in the short term but leads to
harms in the long term: for example, an increase in cardiovascular arousal can increase the
blood supply to muscles, rendering an organism stronger and faster, but in the long term,
this can lead to greater vulnerability to cardiovascular disease.

Another relevant usage of the term “stress” is oxidative stress, a key mechanism in
noise-induced hearing loss (Henderson et al., 2006) that may also occur in the cardiovas-
cular system during noise exposure (Schmidt et al., 2013). In this section, we focus specifi-
cally on psychophysiological stress, rather than oxidative stress.

Psychophysiological stress occurs directly in response to transport noise exposure, and
indirectly as a result of the other responses to noise (Figure 1). This makes it an integral
part of the proposed model where initial noise exposure may cause, for example, reduced
sleep, leading to a stress reaction in a person and other health effects, which in turn con-
tribute to stress and are exacerbated by stress responses. In other words, stress is the
pivotal factor in the associations between transport noise and health.

By its nature, stress cannot be measured directly, though proxies are used which
capture activity at different points in the stress response. Many of these are measurable
responses of the cardiovascular system (e.g. blood pressure) and are therefore covered
in that section. There are also two main biochemical markers: cortisol and adrenaline.
These hormones are the end-products of two different, but related, processes that
occur as a result of transport noise exposures, and which have a causal role in the
other health outcomes: one pathway is mediated by the sympathetic nervous system,
and results in adrenaline release and stimulation of receptors that cause increased
heart-rate and greater blood supply to muscles as well as increases in blood sugar; the
other is mediated by the hypothalamic–pituitary–adrenal axis, resulting in cortisol
release, which increases blood sugar levels and can suppress activity in parts of the
immune system.

Early work demonstrating an association between stress hormones and noise exposure
in the laboratory and the field was summarised by Babisch (2003). In that article, despite
demonstrating overall changes in both adrenaline and cortisol in response to noise
exposure, Babisch drew attention to the difficulty in comparing between studies,
where the time constants, natural rhythms, and individual variations in the expression
of the different hormones can vary widely and are hard to control. This is most likely
why findings often show effects in one aspect but not another: for example, higher
levels of adrenaline, but not cortisol, were measured after exposure to aircraft noise
during sleep (Schmidt et al., 2013), whereas other studies (e.g. Wagner et al., 2010)
have shown effects of transport noise exposure on cortisol. More recent reviews on this
topic have in general reached similar conclusions: that stress hormones are a useful
marker of stress that also provide some insight into the causal pathway, especially with
respect to cardiovascular health problems (Daiber et al., 2019).
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5.6. Mental health

A mental health condition is characterised by the enduring presence of mental distress
that negatively impacts day-to-day functioning, and which can be classified on a conti-
nuum from mild to severe using a recognised diagnostic system. Estimating the relation-
ship between transport-related noise and mental health conditions needs to be asked in
relation to the affected population. Firstly, for those already experiencing poor mental
health, the Stress Hypothesis conceptualises transportation noise as a stressor that exacer-
bates established symptoms of mental illness by acting as a toxic stressor. Here, the
amplification of pre-existing symptoms such as sleep difficulties, cognitive impairments
and hypervigilance may potentially be mediated by noise sensitivity, a common trait
across mental health conditions.

The Vulnerability–Stress model (Goh & Agius, 2010) can account for the individual
differences in resilience to transport noise. This model describes an interaction
between an individual’s predisposition to a mental health condition and the life stressors
(e.g. noise) they encounter, where the two combine to create a threshold that, when
exceeded, leads to the development of a mental health condition. In this scheme,
exposure to noise and the resultant stress could lead to learned helplessness (e.g.
depression), hypervigilance due to a failure to habituate (e.g. anxiety), or cognitive over-
load (e.g. schizophrenia) that, if chronic, could develop into clinical disorders.

Any direct effect of transport noise upon mental health will likely be accompanied by
indirect effects in the guise of mediating or moderating effects. While the literature has
yet to definitively identify risk and protective factors (Stansfeld et al., 2021), noise sensi-
tivity, sleep disturbance and annoyance have been mooted for the former, and coping
resources and social support for the latter. However, there is a need for further conceptual
work to be carried out. For example, should noise sensitivity be operationalised as a per-
sonality trait or as a symptom of mental illness itself? Additionally, is noise annoyance a
risk factor or an outcome in its own right? On this matter, the development of a standar-
dised medical description of noise annoyance that is both clinically relevant and suitable
for population-based studies is necessary. For example, categorisation systems list “irrit-
ability” as a symptom of anxiety. Is this equivalent to noise annoyance? Though it
might be intuitive to think that noise annoyance moderates the relationship between
transport noise and mental health outcomes, the actual data do not strongly support
this hypothesis (Stansfeld et al., 2021).

Undertaking a meta-analysis, Lan et al. (2020) reported a significant dose–response
association between transport noise and anxiety . Furthermore, they reported no signifi-
cant differences across aviation, railway, and road noise, reflecting earlier work (Clark
et al., 2020). Focusing on aviation noise around Frankfurt airport, Beutel et al. (2016)
reported strong links between noise annoyance and anxiety, while a multi-airport Euro-
pean study (the HYENA study) reported a relationship between aircraft noise and the
use of anxiety-reducing medication (Floud et al., 2011). The quality of data in all this
work has been questioned by the authors, who appealed for further research.

Similar conclusions have been drawn with regards transportation noise and depression
(Beutel et al., 2016; Clark et al., 2020), that there is a positive correlation between the two.
However, the integrity of the evidence is questionable and further research is required.
Furthermore, both anxiety and depression seem to be affected equally by transportation
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noise, perhaps not an unexpected finding given the commonly-reported relationship
between the two. Little transport-related noise research has been undertaken on other
clinical populations such as schizophrenia, autism spectrum disorder, or bipolar disorder
(but see van Kamp and Davies (2013)), encouraging future studies in this area.

5.7. Metabolic health outcomes

The stress mechanisms reported above may be expected to lead to metabolic health
effects, including being overweight and diabetes, due to the release of cortisol and adre-
naline, as described in earlier reviews (Munzel et al., 2017; van Kempen et al., 2018). Body-
mass index (BMI), and the associated categorisations “overweight” (BMI > 25) and “obese”
(BMI≥ 30) were found to be higher in people exposed to more road traffic noise, as was
waist circumference (Foraster et al., 2018). In this study, longitudinal effects (i.e. increases
in BMI/waist with exposure to transport noise over time) were less clear than were the
overall associations; however in another much larger study (N = 39,720, about ten times
the number of participants), these effects were detectable (Christensen et al., 2015).
This implies that the associations detected cross-sectionally are the result of small
increases in body fat occurring at greater rates over many years in those exposed to trans-
port noise. Presumably, the mechanisms underlying this increased rate of fat deposit are
multiple, including the cortisol mechanism described earlier, as well as stress-related
behaviour changes, loss of sleep, and multiple biochemical changes as have been
reviewed elsewhere (Tomiyama, 2019).

The level of road traffic noise predicted new cases of diabetes in a cohort of people
aged 50–64 years: incidence ratios increased by around 10% per 10-dB increase in
traffic noise exposure during the prior five year period, implying a dose–response
effect of transport noise level on the risk of diabetes (Sorensen et al., 2013). These
findings have been supported by later work, some of which showed non-significant
trends that may represent a causal role of poorer sleep quality (Eze et al., 2017). To
explore this hypothesis, research with simulated traffic noise, presented at 45 dB Leq
for four nights during sleep, resulted in participants experiencing greater glucose
responses than a control group sleeping in simulated quieter natural conditions
(Thiesse et al., 2018). This research demonstrated short-term effects consistent with the
field studies. Interestingly, however, sleep quality did not vary between groups, implying
that the mechanism underlying the metabolic changes was not sleep dependent. Later
research has shown activation of the amygdala to be a key mediator in the association
between transport noise exposure and both visceral adiposity and diabetes (Osborne
et al., 2021). This may imply that the emotional/limbic system response to the noise is
the primary cause of these health effects, a hypothesis that fits well with the stress-
hormone mechanisms.

5.8. Cardiovascular

Laboratory, field and epidemiological studies have established that noise contributes to
cardiovascular disease outcomes and the incidence of cardiovascular diseases (Münzel
et al., 2018, 2021). Meta-analyses of studies looking into the association between road
traffic noise and ischemic heart diseases concluded that road traffic noise could increase
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the likelihood of cardiovascular diseases by about 6–8% (e.g. Vienneau et al., 2015). As a
dose response relationship, the risk of heart diseases grows with increases in road traffic
noise levels above 60 dB Leq (Babisch, 2008). A study of approximately 4000 participants
reported an odds ratio of 1.8 of developing myocardial infarction in people who lived on
streets with sound levels greater than 70 dB Leq for at least 10 years, compared with those
who lived on streets with levels less than or equal to 60 dB Leq (Babisch et al., 2005). This
finding is supported by a population-based study which found that those living in areas of
high noise (>70 dB Leq) had a 22% greater coronary heart disease mortality than people
living in areas of low noise (≤58 dB Leq) (Gan et al., 2012). A retrospective study of
approximately six million people residing near airports found an association between air-
craft noise and hospital admission rates for cardiovascular disease from areas where noise
levels were >55 dB Leq (Correia et al., 2013). The key findings suggest that noise levels,
and the length of residency in high noise areas, are associated with the risk of developing
cardiovascular diseases.

Interestingly, a Swiss study of approximately 4.4 million participants found no associ-
ation between aircraft noise and cardiovascular diseases overall, but reported signifi-
cant risks for some cardiovascular outcomes such as myocardial infarction, heart
failure and ischemic stroke (Heritier et al., 2017). The night ban on air traffic in Switzer-
land was offered as an explanation for the weaker overall association. This study also
reported a significant association between railway noise and ischemic heart diseases
and myocardial infarction. Road traffic noise was found to be significantly associated
with all cardiovascular disease outcomes apart from stroke. A recent longer follow-
up study found similar associations where, after adjusting for air pollution, road
traffic and railway noise exposure were associated with the majority of cardiovascular
disease-related mortality (Vienneau et al., 2022). A significant finding of this study was
that exposure-response relationships increased from low noise levels, as much as 20 dB
below the WHO guideline limits of 53 dB Lden for road traffic, 54 for railway, and 45 for
aircraft.

5.9. Health-related quality of life

Quality of Life is:

an individual’s perception of their position in life in the context of the culture and value
systems in which they live and in relation to their goals, expectations, standards and con-
cerns. It is a broad ranging concept affected in a complex way by the person’s physical
health, psychological state, personal beliefs, social relationships and their relationship to
salient features of their environment. (Kuyken, 1995, p. 1404)

Health-Related Quality of Life (HRQoL) estimates an individual’s state of health on the
basis of the extent to which it affects a person’s quality of life (Karimi & Brazier, 2016).
Thus, HRQoL goes beyond objective measures of health (from a so-called “deficit perspec-
tive”, such as in the case of mortality and morbidity) and into a person’s sense of well-
being and quality of life (both physical and mental), as perceived by the individual in
question (Shepherd et al., 2021). This aligns more closely with the definition of health
in that it “encompasses not only disease and infirmity but also wellbeing”. In this way,
health can be seen as a precondition of wellbeing (Salomon et al., 2003).
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Transport noise influences HRQoL: Dratva et al. (2010) and Shepherd et al. (2013) both
found a significant negative reduction in HRQoL with road traffic noise. Moreover, greater
noise sensitivity was associated with poorer HRQoL in those exposed to transport noise,
but not in those living in quieter areas (Welch et al., 2018). In participants exposed to avia-
tion noise, HRQoL was reduced through annoyance and sleep disruption, and the effect
was greater in more noise sensitive people (Shepherd et al., 2010). In the case of road
traffic, air pollution is a stronger predictor of scores in the physical domain of HRQoL
while noise is a stronger predictor in the psychological, social and environmental
domains (Shepherd et al., 2016). This is consistent with the predominance of studies in
the literature investigating objective measures of health, such as mortality and admissions
to hospital in the case of air pollution and measures such as HRQoL in the case of environ-
mental noise. These results suggest that the mitigation of traffic effects requires both air
quality and noise to be addressed (Shepherd et al., 2010).

5.10. Burden of disease

Disability-Adjusted Life Years (DALYs) are a weighted combination of years of life lost and
years lost to disability attributed to a health risk factor or condition. As such, they attempt
to aggregate the overall influence of multiple health conditions on a person or popu-
lation. They are a quantification and combination of multiple estimates that provide a syn-
thesis and a simple metric allowing comparison against other potential risks.

Estimates of the DALYs attributed to transport noise exposure have been conducted in
an attempt to provide a generalised view of its impact. In a study of excess exposures to
environmental health risk conducted over twenty years in Barcelona, transport noise was
deemed to account for 36% of the DALYs lost (Mueller et al., 2017). In another study con-
ducted in Warsaw, 46% of the DALY’s lost due to transport (including the effects of air
pollution and injuries) were attributed to noise (Tainio, 2015). Other research has attrib-
uted DALYs lost attributed to traffic noise on national levels in Sweden (Eriksson et al.,
2017) and Germany (Tobollik et al., 2019), in both cases showing that most of the lost
DALYs nationally attributed to transport noise were from road transport. Overall the evi-
dence from DALYs demonstrates that many years of healthy life are lost to the various
impacts of transport-related noise, and the measure provides a useful metric for policy-
makers.

6. Conclusions

We have described the main health outcomes associated with transport noise (Figure 1) in
terms of direct and indirect outcomes. It is clear that annoyance, cognitive disruption,
sleep problems, and noise-induced hearing loss occur in direct response to noise
exposure. These four outcomes of human exposure to noise tend to be greater in
those with greater traffic noise exposure. They may also occur in response to each
other: for example, a person might feel annoyed by noise because it awakened them;
or a person might be unable to fall asleep because they are feeling annoyed by noise.
At the second level of health outcomes is stress which may occur in response to any of
the four aforementioned outcomes, and may in itself be a direct response to noise. In
this, it appears to have a pivotal role in that it can also be regarded as a causal factor
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in the more indirect health outcomes. The third level of health outcomes includes mental
health, metabolic, and cardiovascular health outcomes. These are likely to be mediated by
stress, but may also be influenced by the more direct outcomes. At the fourth level,
health-related quality of life and DALYs are most global and general measures of
health that have been shown to be influenced by noise exposure. Again, they might be
influenced by any of the other outcomes to the left of it in Figure 1, or might be a
response to noise in itself. We have acknowledged that other associated influences on
health might play a role: social inequities, air pollution, and vibration are all potentially
present in those who are more exposed to transport noise. It is hard to tease apart the
effects of noise from these effects, but dose-responsiveness of health outcomes to
noise has been shown in many cases and provides some level of assurance. Finally,
exposure to the sound of transport may not lead to some health outcomes, especially
those mediated by stress, unless a person is noise sensitive. This moderator of the associ-
ation between transport noise and health is complex, but important and more research
into its nature is needed.
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