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Abstract Aircraft noise exposure is an environmental stressor and has been linked to
various adverse health outcomes, such as annoyance, sleep disturbance, and cardio-
vascular diseases. Aircraft noise can trigger both psychological (annoyance and
disturbance) and physiological stress responses (e.g. activation of the cardiovascular
system and release of stress hormones). People are usually able to deal with this kind
of stressor. However, a constant exposure to aircraft noise can cause a continuous
state of stress. This in turn can constrain a person’s ability to regenerate and restore
its resources to cope with the noise situation. As a consequence, the risk for certain
negative health outcomes can be increased. Within the ANIMA project, literature
reviews on the effects of aircraft noise on health outcomes have been performed.

Explaining how far recent works fromWHO and beyond showed that noise-induced annoyance and
awakening are likely to mediate to more severe health impact
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This chapter gives an overview of the relevant health outcomes affected by aircraft
noise and summarises the results of different reviews and studies on these outcomes.
Additionally, the underlying mechanisms of how noise impacts health are explained
for daytime aswell as night-time aircraft noise exposure (i.e. while sleeping). Further,
the relevance of considering not only the general population, but vulnerable groups
as well (such as children and elderly people) is described. Lastly, open questions for
further studies are presented and discussed.

Keywords Aircraft noise exposure · Health outcomes · Noise annoyance · Sleep
disturbance · Cardiovascular diseases ·Mechanism · Stress

What Are the Health Impacts of Aircraft Noise Exposure

Aircraft noise exposure has been associated with various adverse health outcomes. In
the ANIMA project the impact of aircraft noise on human health and well-being was
reviewed for several health outcomes: cardiovascular diseases, sleep disturbance,
annoyance, cognition, mental health, hearing impairment and other adverse effects,
including adverse birth effects and metabolic diseases. Together, these are the crit-
ical and important health outcomes affected by environmental noise as mentioned
by the World Health Organisation’s (WHO) Environmental Noise Guidelines for the
European Region [76]. Within the ANIMA project a literature review was carried
out, including publications after the year 2014. We focused on very recent articles
as earlier publications are already evaluated by the WHO (see https://www.mdpi.
com/journal/ijerph/special_issues/WHO_reviews). The outcomes from the litera-
ture review are published in the report ‘Recommendations on noise and health
(Deliverable D2.3, [41]).

The WHO reviews as well as the ANIMA literature review demonstrate associa-
tions between long-term aircraft noise exposure and ischemic heart disease, annoy-
ance, reading and oral comprehension in school children as well as sleep distur-
bance during the night. In the ANIMA review, associations were made between
sleep disturbance, annoyance and certain long-term health outcomes, indicating that
self-reported sleep disturbance and annoyance may be mediators of adverse health
outcomes. In the following sections new findings on the effects of aircraft noise
exposure on different health outcomes are summarised.

Cardiovascular Diseases

Several cardiovascular health effects were investigated, such as hypertension (high
blood pressure), ischaemic heart disease (coronary artery disease) and stroke. New
studies show that aircraft noise exposure may increase the risk of hypertension,
especially if exposure is high during the night time. Evidence on heart diseases needs

https://www.mdpi.com/journal/ijerph/special_issues/WHO_reviews
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cautious interpretation and further research. It was not shown that an increased risk
for stroke is associated with increased aircraft noise exposure. The lack of statistical
significance could be related to the small number of persons which are exposed to the
highest levels of aircraft noise. The studies investigated either the prevalence or the
incidence of diseases associated with aircraft noise exposure. Prevalence describes
the occurrence of a disease in a higher aircraft noise exposed population relative to
the occurrence of the disease in a less exposed population. The aircraft noise induced
incidence of a disease, however, refers to the occurrence of new cases of this disease
in a high exposed population compared to new cases in an unexposed or less exposed
population.

Circulatory System and Hypertensive Heart Diseases

TheWHOreviewdid not show a significant increase of the risk for hypertension asso-
ciated with increased aircraft noise exposure. However, such risk was confirmed in
case of road traffic noise [76]. TheANIMA literature review included ten publications
on the circulatory system and hypertensive diseases.

The exposure to aircraft noise at night was frequently included in new studies of
the circulatory system and hypertensive heart diseases. An association between the
risk of hypertension and exposure to night-time aircraft noise reached 34% increase
related to 10 dB increase in Lnight. Additionally, two recent studies show a significant
impact of aircraft noise on hypertensive heart disease. The importance of exposure
during the night is evident [58, 59]. However, even when significantly increased risk
for hypertension incidence was observed for individuals exposed to aircraft noise at
levels of 50-54 dB LAeq24h the conclusion in a large case–control study was that
there is no association between air traffic noise and hypertension [77].

Overall, new studies show and confirm the WHO statement on the association
between aircraft noise and hypertension and add evidence on the importance of also
considering the night-time noise exposure. Studies with additional methodological
improvements would be needed to further reduce inconsistencies and improve the
quality. Still, the findings of new cohort studies seem to point toward a harmful effect
caused by aircraft noise exposure [29].

Ischaemic Heart Disease and Other Forms of Heart Diseases

The WHO review showed a significant but small increased risk for ischaemic heart
disease incidence associatedwith increased aircraft noise exposure [76]. TheANIMA
review included five publications on ischaemic heart diseases, myocardial infarction,
cardiac arrhythmia and heart failure.

New studies use different approaches to examine the association between aircraft
noise exposure and the occurrence of a disease. For example, different noise indica-
tors were considered such as the intermittency ratio. The intermittency ratio, which
is a noise parameter that describes how strongly a noise event emerges from the
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background, at night showed stronger relation to myocardial infarction hazard than
continuous noise levels of the same average level. With respect to myocardial infarc-
tion, the most sensitive time of noise exposure was between 5.00 and 6.00 a.m.
However, this was not confirmed by other researchers. Another approach is to use
the mortality rate ratio (MRR). The MRR from cardiovascular disease resulted in
an increase of 18% per 10 dB of the overall day exposure Lden to aircraft noise. For
coronary heart disease and myocardial infarction, the MRR increased with 24% and
28% per 10 dB, respectively, and was higher for men compared to women [23]. For
other forms of heart disease, an arrhythmia was observed during the night and heart
failure or hypertensive heart disease was reported to be associated with aircraft noise
exposure.

The association observed between aircraft noise exposure and risk of myocar-
dial infarction or mortality from ischaemic heart disease or other forms of heart
diseases needs cautious interpretation. The heart diseases are all in all multi-factorial
determined and the impact of aircraft noise is relatively small. However, it becomes
relevant given that in a population even health effects of small size sum up to a
considerable number of people suffering from severe health problems.

Stroke

The WHO review did not show a significant increase of risk for stroke associ-
ated with increased aircraft noise exposure [76]. The ANIMA review included four
publications on cerebrovascular disease including different types of stroke.

Overall, there is no conclusive evidence with respect to an association between
aircraft noise exposure and stroke.

The findings of the recent Swiss National Cohort around Zurich Airport between
2000 and 2015 suggest that night-time aircraft noise can trigger acute cardiovascular
mortality with a similar association found in previous studies for long-term aircraft
noise exposure [58]. The RIVM review [70] and the review on aviation noise and
public health [29] confirm the WHO conclusion that there is no evidence of risk for
stroke associated with aircraft noise.

Key Message
Several studies on cardiovascular diseases show an association with aircraft noise
exposure. However, they lack conclusive results. New studies add information on the
importance of the night-time exposure to noise, and also the number and the level of
individual noise events, therefore they should be considered in more detail.

Sleep Disturbance

The WHO review showed a significant increase in the probability of additional
awakenings due to aircraft noise related to noise indicator LSmax and an increase
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in percentage of persons reporting to be highly sleep disturbed (%HSD) in relation
to noise indicator for night-time Lnight [76]. The literature review conducted within
ANIMA identified 24 publications comprising journal papers as well as conference
proceedings.

The vast majority of the studies refer to cross-sectional studies in the field. Three
studies have undertaken a pre-post-comparison for sleep disturbance/sleep quality
before and after the change of a night flight regime [48, 61, 66]. In eight publications,
disturbancewas assessed by physiologicalmeasurements [4, 7, 19, 37, 47, 48, 49, 63].
Twenty-one studies used self-reports to assess different sleep outcomes for aircraft
noise, such as insomnia, awakenings, and sleep quality. Only six of these studies
specifically referred to aircraft noise as the source for disturbance [13, 17, 48, 51,
57, 60], whilst thirteen others did not [4, 7, 15, 34–37, 39, 43, 50, 56, 59, 63, 66].
Two studies applied both neutral sleep quality questions but also questions referring
to aircraft noise as the source for sleep disturbance [52, 55].

Results of recent studies are generally in linewith the findings of theWHO review.
Physiologically measured disturbances of sleep quality, represented by an increase
of the time to fall asleep and wake time, number of awakenings or increased motility
were found for an increase in the exposure represented by higher average night
levels or a higher number of (loud) aircraft noise events. Studies using physiological
measurements confirmed the significant impact of themaximum sound pressure level
on the probability for awakening reactions. In one study [63], however, results were
not statistically significant, most probably due to the small sample of participants.
The benefit of the implementation of a night curfew from 23:00 to 05:00 at a large
German airport (Frankfurt Airport) was demonstrated with regard to the number of
awakenings per night, total sleep time and also the time spent in deep sleep [48].
However, residents reported higher sleep disturbance and an increased number of
awakenings in the early morning coinciding with the end of the night curfew at
05:00 [60]. Thus, the benefit of this night curfew is rather ambiguous.

A laboratory study compared the impact of the three major traffic noise sources—
air, railway and road traffic—and revealed that the probability to wake up from equal
maximum levels increased in the order aircraft < road < railway noise. This order
is reversed to that usually found for self-reported long-term sleep-disturbance, and
annoyance [19].

Since the assessment of both exposure variables and sleep outcomes differed
considerably between the eight studies included in this review, a comparison between
results is not possible.

Effects of aircraft noise exposure were also shown for self-reported sleep distur-
bances, decreased sleep quality or similar sleep outcomes. Eighteen of the twenty-
one publications report an effect of aircraft noise on participants’ self-reported sleep
outcomes. Studies not showing an effect all referred to general sleep outcomes not
mentioning aircraft noise as the source for sleep disturbances. The conclusion that
effects of aircraft noise exposure on self-reported sleep disturbance are higher when
aircraft noise was mentioned as a source for the sleep disturbances, was already
drawn in the recent WHO evidence review on the impact of environmental noise
on sleep [6]. The magnitude of effect also depended on the assessment methods
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for aircraft noise exposure. The magnitude of effect was enhanced in comparisons
between exposure groups vs. control groups and low exposure vs. high exposure
(e.g., [38, 43]). In contrast, when aircraft noise exposure was represented by average
sound pressure levels or the number of aircraft noise events during the night, not all
studies revealed a significant association to sleep disturbances or sleep quality (e.g.,
[37, 63]). It was concluded that average noise levels were not sufficient predictors for
sleep disturbances and the number of events and maximum level should be taken into
account as well. The Intermittency Ratio has been shown to be a relevant predictor
of self-reported sleep disturbance and adding important information to average noise
levels [13, 57].

Overall, self-reported sleep disturbance or decreased sleep quality do not neces-
sarily reflect the physiologically measured sleep quality or sleep disturbances due to
aircraft noise (e.g., [4, 48]). The studies included in this review using measures of
self-reports differed considerably with regard to the assessed sleep outcomes (sleep
disturbances (e.g., in Brink [13]), insomnia (e.g., in Kwak et al. [43]) etc.) and ques-
tions used for this assessment, e.g. specifically if sleep disturbances are attributed to
aircraft noise in the wording of questions (e.g., in Röösli et al., [57]) or not (e.g.,in
Janssen et al. [37]). Therefore, the possibility to compare the results of the various
studies is limited.

Key Message
Physiological measurements reveal sleep disturbances due to aircraft noise expo-
sure, mainly represented by awakenings. Self-reported measures of sleep outcomes
are affected by aircraft noise exposure, too, but do not necessarily reflect physio-
logically measured sleep outcomes. The magnitude of the effect of aircraft noise
exposure on sleep is influenced both by the assessment of exposure variables and
sleep outcomes. Average sound pressure levels are insufficient predictors of both
physiologically-measured and self-reported sleep outcomes. The number of noise
events and maximum levels should be considered, too.

Cognitive Impairment

TheWHO review on cognition showed that most of the studies focus on the impact of
aircraft noise on children. Children exposed to aircraft noise above 55 dB Lden have
a higher risk of experiencing cognitive constraints related to their reading skills and
oral comprehension [57]. The ANIMA review included only one new publication
on cognitive impairment in children [39]. In this new study, a 20 dBA increase in
aircraft noise exposurewas associatedwith a 2-month delay in reading abilities for the
whole sample, and with a 3-month delay in the subsample of non-migrant children.
For the evaluation of the noise effect, other factors impacting reading should also be
considered, especially socioeconomic status and the number of books at home.
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The ANIMA review supports the WHO conclusion on the negative association
between aircraft noise exposure and reading comprehension in children. The review
on aviation noise and public health [29] confirms the WHO conclusions.

Key message
Aircraft noise has an effect on cognitive functioning in children related to reading
skills and oral comprehension. These effects are important to be considered in
protection of children’s health.

Mental Health and Well-Being

In the WHO review it was emphasised that consistent conclusions for the effects of
aircraft noise exposure on mental health and well-being could not be drawn. This
is due to the small number of studies, the differences in the experimental design of
the studies and a variation of methods for noise metrics and outcome measurements.
Further, no estimates of risks could be drawn from the results [77]. In newer studies
included in the ANIMA review as well as resulting from new searches there is new
but still inconsistent evidence for a relationship between aircraft noise and mental
health.

In studies with short-term measures of well-being and quality of life, referring to
a momentary time period, higher aircraft sound levels were associated with lower
levels of happiness [28] and well-being [44]. Further, small but significant effects of
aircraft noise on quality of life were found in children [39] and adults [61], that is,
with increasing aircraft noise levels reported quality of life decreased.

In a study on the impact of aircraft noise exposure on well-being and health in
children it was shown that noise exposure had no direct effects on child-reported
physical well-being and parents’ reports of children’s health [64].

No association was found for aircraft noise exposure and the use of medica-
tion indicated for mental health issues [10], and psychological distress measures
[9]. However, in another study significant differences regarding depression scores
between high exposure groups and the control group were observed [35].

In two studies examining the long-term effect of aircraft noise on diagnoses of
depression no direct association was found for depression diagnoses one year later
in a German study [11] and ten years later in a Swiss study [25].

Finally, for diagnoses of manifest disorders a study analysing insurance data
found a positive relationship between aircraft noise exposure and diagnosed unipolar
depression when socioeconomic status was taken into account, i.e. with increasing
aircraft noise levels an increase in risk for diagnoses of depression was investigated
[62].

Results of the ANIMA review and new literature support the findings of the initial
WHO review indicating inconsistent evidence for the influence of aircraft noise on
mental health outcomes. 3 of 5 studies showed weak but significant associations of
quality of life and well-being measures with noise exposures showing health-related
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quality of life to be impaired by aircraft noise, while only two other studies found
significant evidence for the impact of aviation noise on psychological distress [9]
and diagnosed depressions [62].

However, further analyses support the assumption that there might not be a direct
effect of aviation noise on mental health measures but effects may be mediated by
annoyance, i.e. an increase in noise levels leads to an increase in annoyance ratings
which further contributes to other health effects [11, 25].

Key Message
New studies are available indicating a negative effect of aircraft noise exposure on
well-being, quality of life and diagnosed depression, but overall findings on mental
health are still inconsistent and scarce.

Hearing Impairment

The WHO review found no evidence of an association between aircraft noise expo-
sure and hearing impairment and tinnitus [77]. The ANIMA review has not identified
new studies that would investigate the association between aircraft noise exposure
and hearing impairment outcomes or tinnitus.

Key Message
There is no evidence that aircraft noisewould cause hearing impairment in the general
public.

Adverse Birth Outcomes

The WHO review identified a knowledge gap and a need for long-term studies on
adverse birth outcomes (pre-term delivery, low birth weight and congenital anoma-
lies) and other adverse effects from exposure to environmental noise, to inform future
recommendations properly [77]. The ANIMA review did not identify any new study
investigating the association between aircraft noise and adverse birth outcomes.

Key Message
There is a need for further research on the adverse birth and reproductive outcomes
due to the importance of long-term morbidity that they can cause [29].

Metabolic Diseases

The WHO identified a research gap on the impact of aircraft noise exposure on
metabolic diseases, which is why they could not draw firm conclusions [77].
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The ANIMA review could only identify very few studies examining the impact
of aircraft noise exposure on different metabolic diseases. Two studies found a
significant increase in waist circumference per 10 dB Lden increase in aircraft noise
exposure.

Three studies are available analysing the relationship between aircraft noise expo-
sure and obesity. Two of these studies found a significant association between aircraft
noise exposure and an increase in waist circumference [21, 54]. Results by Pyko et al.
[54] further showed a significant weight gain of 0.03 kg per 10 dB Lden increase in
aircraft noise exposure. In another study, no such associationswere observed between
aircraft noise and adiposity markers as well as the development of obesity [27].

Three studies that looked at the impact of aircraft noise exposure on the incidence
or prevalence of diabetes could be identified. Two studies did not show a significant
relationship between aircraft noise and diabetes incidence and prevalence of diabetes
[21, 72], whereas Eze et al. [24] describe a significant association between aircraft
noise and incidence of diabetes, indicating that the risk of diabetes increases with
increasing noise levels.

Key Message
Overall, there are very few studies available investigating the effect of aircraft noise
exposure on metabolic diseases. Therefore, no firm conclusions can be drawn from
the current evidence. More research is needed on this topic.

Noise Annoyance—A Mediator of Aircraft Noise Effects
on Health?

Annoyance is one of themost studied and established effects of noise and is, therefore,
often used as a noise impact measure for estimation and regulation purposes. As
increasing aircraft noise exposure levels are linked to an increase in aircraft noise
annoyance, it can further be hypothesised that increasing annoyance levels might
contribute to other adverse health outcomes.

Annoyance as a stress response and health outcome itself is described as “a relation
between an acoustic situation and a person who is forced by noise to do things he/she
does notwant to do,who cognitively and emotionally evaluates this situation and feels
partly helpless” (Guski et al. [30], p. 525). Due to the multi-dimensional structure of
annoyance with its cognitive, emotional and behavioural aspects, it might be related
to, or even contribute to, various health outcomes or even to disorders.

Health outcomes can also be discussed as contributing to the manifestation of
noise annoyance. The relation of noise annoyance and health outcomes thus leads
to two questions: Do high ratings of annoyance play a role in the development and
maintenance of diseases? Are people, who are suffering from any form of disease,
more bothered, annoyed or disturbed by aircraft noise?
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New studies support an indirect role of annoyance in the relationship of aircraft
noise exposure and health outcomes. That is, noise exposure influences noise annoy-
ance, which in turn affects the health outcome. Supporting evidence for this theory
results fromstudies on the effect of aircraft noise exposure on cardiovascular diseases,
sleep outcomes, and mental health measures.

There has been a vast amount of studies on the impact of aircraft noise on cardio-
vascular diseases, but only few of them also examined the relationship to annoy-
ance. Eriksson et al. [20] found the relative risk for hypertension among participants
reporting annoyance to be higher than in participants who are not annoyed. This is
supported by findings from Babisch et al. [2] and Baudin et al. [8]. By contrast, in
a small study from Italy, no association between blood pressure and annoyance was
shown [15].

A few studies showed a link between mental health and well-being-related
measures and noise annoyance. Spilski et al. [64] reported indirect effects of aircraft
noise on physical well-being in children via noise annoyance, i.e. with an increase in
noise annoyance children’s self-reported physical well-being decreased. Similarly,
a higher risk for psychological distress was observed for people being extremely
annoyed by noise in comparison to a lower risk for people being less annoyed [9].
Baudin et al. [10] found an association between aircraft noise annoyance and the
use of anxiolytics (medication for anxiety disorders), implying a mediating role of
annoyance for the link of aircraft noise exposure to mental health outcomes.

As shown earlier, aircraft noise did not have a direct effect onmental-health related
quality of life [61] and diagnoses of depression [11], but in both studies an indirect
effect via annoyance was found. The results suggest that aircraft noise exposure
decreases mental health-related quality of life [61] and predicts the development of
depression one year later [11] via noise annoyance. Both studies further indicate
that there is a reciprocal association, i.e. that diagnoses of depression and poorer
mental-health related quality of life also contributed to higher ratings of annoyance
a year later. In addition, whereas the absolute aircraft noise level was not directly
associated with mental health-related quality of life, in one of the studies [61] it
turned out that the change in noise exposure due to the opening of a new runway lead
directly and indirectly via noise annoyance to a poorer mental health-related quality
of life. This indicates the importance of communication and engagement in airport
noise management, particularly in situations of change (see also Chaps. 8 and 9).

Moreover, effects of annoyance were also observed for sleep quality [3] and
physical activity [26]. Better rated sleep quality was accompanied with a lower rating
of long-term aircraft noise annoyance [3], while noise annoyance was negatively
associatedwith physical activity, i.e. higher ratings of transportation noise annoyance
predicted reduced physical activity [26].

Some studies even showed signs of reversed causality, i.e. the health outcome also
predicted a future increase of noise annoyance [11, 61]. This indicates that vulnera-
bility due to physiological and/or psychological health issues may limit resources to
cope with noise which can contribute to higher annoyance.
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Due to different methods to assess noise annoyance as well as different health
outcomes and measures, it is difficult to draw consistent conclusions. However,
evidence indicates that annoyance contributes to adverse mental health outcomes.

Key Message
Several studies showed a link between noise annoyance and various mental health
outcomes. As stress responses (i.e. annoyance) are considered to be an important
element in the development of some diseases it is recommended to further investigate
the relationship between annoyance and health outcomes.

Overall, the reviews highlight the importance of addressing aircraft noise annoy-
ance and sleep disturbance as the most critical outcomes. The assumption is that
interventions aiming at the reduction of noise annoyance might in turn at least
partly reduce negative health outcomes. Figure 1 gives a summary of the different
health outcomes associated with aircraft noise exposure and depicts the underlying
mechanisms and role of noise annoyance.

Fig. 1 Health effects of aircraft noise exposure and the role of annoyance
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Why Does Aircraft Noise Exposure Have an Impact
on Health?

General Health-Related Mechanisms of Aircraft Noise
Exposure

We are constantly surrounded by sound. In a general assumption, sound can be eval-
uated as positive, neutral, or negative. When sound is characterised as unpleasant
or unwanted, the notion is changed to noise. Environmental noise can cause distur-
bances, e.g. in daily activities such aswatching television, concentrating or in conver-
sations with people. Further, environmental noise can be considered as an environ-
mental stress factor that challenges the human system [12]. Stress is a reaction of the
body and mind in demanding situations. In particular, stress occurs in situations of
uncertainty and unpredictability [40]. Stress can be considered as a reaction in and
to specific situations and stimuli, but also as a process, as stress responses can trigger
subsequent reactions.

The human stress system is vital and essential to tackle demanding situations. The
human body andmind always try to maintain a state of balance [16]. In case this state
is threatened, the fight-or-flight response is activated, for example when confronted
with a dangerous wild animal. From an evolutionary perspective, this fight-or-flight
response is crucial for survival. The body shuts down current irrelevant activation
(such as digestion etc.) while enhancing all acutely vital processes to stay alert and
focused. Nowadays, acute life-threatening situations or stimuli are rather rare in
industrial countries. However, there are other situations or stimuli that trigger this
response, e.g. when environmental exposures such as noise challenge us.

In an established reaction scheme for the adverse effects of noise on health [1]
the chain is described as follows: In a hierarchical chain the sound exposure leads to
psychological effects in terms of cognitive, emotional and behavioural reactions
(annoyance and disturbance). On a physiological level it activates physiological
processes, e.g. the activation of stress hormones, that are considered as stress indi-
cators. Prolonged physiological activation through noise can trigger biological risk
factors, e.g. change in blood pressure, which are directly linked to long-term health
effects [1].

An individual evaluation of the situation or stimulus further plays a key role in
the stress mechanism. Psychological models suggest that for a stress response it is
also important whether a situation or stimulus is perceived as demanding. A second
important aspect is whether an individual feels like he/she is able to cope with the
situation with the available resources [45]. Thus, when an individual feels threatened
by a noise situation, the first reaction is usually trying to cope with it, e.g. by closing
the windows.

As suggested by Stallen [65], coping and perceived control are essential concepts
influencing the degree of annoyance. Coping is an individual’s capability of having
resources to deal with the noise (or other situations) that are perceived as demanding
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and being able to apply strategies. This process of copingwith noise events is dynamic
and is associated with reappraisals of the noise situation and the success of coping.
Strategies can refer to how the noise is valued, the mindset or direct adjustments
of the behaviour to the noise conditions. This can be closing the windows when the
noise situation is perceived as disturbing. Coping directly relates to perceived control,
which can be described as an individual’s belief of being capable to influence certain
events in its life. To be able to cope means that one perceives having control over the
situation (and vice versa), this in turn can decrease annoyance. Hence, when one is
able to cope, one experiences less stress, i.e. less annoyance (See also Chap. 8).

Furthermore, the resources to cope with demanding situations from time to time
require restoration. Being in nature, having access to green areas and doing physical
activities outdoors allow recovery [18, 32, 31]. Studies show that transportation noise
is not only a stressor in itself, but hinders outdoor physical activities and constrains
the restorative environmental qualities, thus hampering recovery from daily stress
[26, 73, 74]. This means, if an environmental demand lasts over a long period of
time, resources for coping decline, and restoration is constrained. Long-term stress
can be harmful and the degree of annoyance can vary.

It is important to note that a physiological stress response is not independent from
a psychological stress response as they are naturally linked and contribute to each
other, e.g. being annoyed by noise and the release of stress hormones are reciprocally
related. Further, research suggests that annoyance plays a central role in the relation-
ship between aircraft noise exposure and health effects. In recent years, researchers
have started to study annoyance as a precursor/mediator for further physical and
mental health issues. That means that part of the effect of noise exposure on a health
outcome is explained by the effect of noise exposure on noise annoyance, which in
turn contributes to health effects (examples are described in the section on annoyance
as a mediator).

Whether an individual evaluates a certain situation or stimulus as stressful, and
is annoyed by it, is also determined by other factors. Acoustical features and noise
characteristics (e.g. harmfulness, intensity, duration, loudness etc.) are critical when
it comes to annoyance as some features can be more annoying than others, but also
non-acoustical factors are crucial, e.g. attitudes, concerns, expectations etc. Their
impact is elaborated on further in Chap. 8.

To summarise, noise as a stressful stimulus can affect the regulation of the human
organism [16]. Short-term reactions of the stress system to noise might not be prob-
lematic. Stress responses only become unhealthywhen activation of the stress system
is prolonged while the resources for coping are limited. If the process of coping with
noise is not successful in the long run and recovery is not possible, it is likely that
this environmental demand together with the lack of control and ability to cope can
lead to stress-related long-term health effects.
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Health-Related Mechanisms of Aircraft Noise Exposure
During Sleep

Undisturbed sleep of sufficient length is a vital process for human beings, providing
the necessary daytime alertness, performance ability and health (see [5]). According
to the WHO [75], environmental noise-related self-reported sleep disturbance is
widespread in the European Region leading to the highest number of noise-related
loss of healthy life years compared to other noise health outcomes, followed by noise
annoyance. With regard to the number of healthy life years lost in the European
Union, noise-induced sleep disturbance is therefore regarded as “the most delete-
rious non-auditory effect of environmental noise exposure.” (Basner et al. [5], p. 5).
Deterioration of sleep quality and interruptions of sleep together with noise annoy-
ance [8, 10] are regarded as belonging to the possible key variables in the causal
pathway of noise-induced cardiovascular and metabolic diseases [77]. The conse-
quences of interrupted sleep from transport noise can be classified as immediate
reactions, short-term reactions, and long-term consequences [53, 75].

Nocturnal noise affects the human organism in a rather direct way. Even during
sleep in an unconscious state, the hearing system has an alerting function to prevent
harm from possible ambient threats and therefore continually inspects the environ-
ment acoustically. Sudden noise events that emerge from the background have hinted
at threats in the early history of humankind. It was necessary that humans were able
to awake and react quickly if necessary. Noisy events are subliminally perceived and
evaluated even during sleep and can provoke physiological reactions that enhance
the alertness of the individual. Therefore, meaningful noise events (e.g. one’s own
crying child) are more likely to cause reactions than less meaningful noise events
appearing at the same sound level [6].

(a) Immediate reactions to nocturnal noise
Acute noise exposure affects the function of multiple organs and systems,

including an increase in blood pressure and heart rate. These reactions are
most likely induced by the release of stress hormones, such as adrenaline and
noradrenaline. These reactions helped humans in their early history to react
adequately to the threat, i.e. to remove the threat by actively confronting it
(= fight reaction) or to flee from it (= flight reaction). These stress reac-
tions even appear when noise is not consciously perceived, e.g. during sleep.
Stress reactions due to intruding noise can disturb the balance in the organism.
These changes refer to blood pressure, blood flow, blood lipids, carbohydrates
(glucose) regulation, electrolytes, and thrombosis/fibrinolysis [75].

As a consequence of the above described stress responses, immediate reac-
tions in sleeping behaviourmay occur. These comprise short arousal responses,
changes from a deeper to a lighter sleep stage, awakenings, body movements,
and in consequence, an increase in total wake time, a reduced time in deep
sleep, and more general sleep loss [75].

(b) Short-term reactions to nocturnal noise
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As a consequence of the sleep loss and the reduced restoration during the
night, sleepiness in the morning and the following day and a reduced well-
being as well as a decrease in cognitive performance during the daytime can
occur [75].

(c) Long-term reactions
Chronic sleep loss and recurring interruptions of sleep are a major risk

factor for cardiovascular and metabolic diseases. This link set up the assump-
tions that recurring noise-induced awakenings and the resulting sleep loss may
account for the higher risks of negative health outcomes (see above) after a
longer period of aircraft noise exposure. However, the relationship between
the immediate and long-term effects of noise is not completely clear, yet, in
particular as mediators such as noise annoyance seem to play a relevant role for
long-term health effects as well [8, 9]. The assumption that noise-induced sleep
disturbance is part of the causal pathway from nocturnal exposure to increased
risks for cardiovascular and metabolic diseases is often replicated (e.g. WHO,
[76]), evidence for the mediating effect is scarce [56] or contradictory [21].
Very recently it was concluded that nocturnal aircraft noise exposure increases
the risk of developing hypertension via a direct effect on blood pressure as well
as via a mediated effect as a consequence of chronic sleep disturbance [56].

The appearance of acute reactions to nocturnal aircraft noise do not differ from
natural reactions, such as spontaneous awakenings. However, a considerable increase
in the number of these immediate reactions is assumed to constitute a health issue
as it reduces the restorative power of sleep [6, 75]. Healthy adult individuals briefly
awaken approximately 20 times during an 8 h night and most of these awakenings
are too short to be remembered the next day. Up to now, it is not clear how many
additional noise-induced awakenings are needed to cause adverse effects on restora-
tion and health. Large differences between individuals are assumed with regard to
an acceptable number of additional noise-induced awakenings depending on the
vulnerability of the individual towards noise effects and the presence of additional,
non-acoustical risk factors for health outcomes [6]. Several vulnerability factors are
discussed below.

Individual Risk Factors in the Causal Chain from Noise
to Health Outcomes

The vast majority of studies included in the WHO reviews and the ANIMA review
considered noise effects in the general population. Only few studies have focused
on so-called vulnerable groups, who are considered as more susceptible to adverse
effects of aircraft noise and at a higher than expected risk for developing particular
diseases [68]. In the context of noise-induced health effects, vulnerability factors
comprise physical and mental health parameters, phase in life, lifestyle factors and
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habits, educational and socioeconomic status as well as characteristics of the envi-
ronment. Groups considered to be at higher risks are for instance children, elderly
people, shift-workers, chronically ill including mentally ill people, noise sensitive
people as well as people with a low socioeconomic status [68]. The mechanisms
of the vulnerability factor are not fully understood yet and are not necessarily the
same for different vulnerable groups. Children, for instance, are in a sensitive devel-
opmental life stage and do not yet possess adequate strategies to cope with the
noise, although not being per se more vulnerable. They are regarded as being less
annoyed than adults, having lower risks for sleep disturbances but are more suscep-
tible for cognitive impairments and cardiovascular diseases [68]. However, recent
research in primary school children showed an aircraft noise-induced reduction of
deep sleep due to noise that is comparable to the deep sleep reductions due to obstruc-
tive sleep apnea syndrome [4], which is regarded as a risk factor for the development
of mental, metabolic and cardiovascular dysfunctions. Elderly people are likewise
not considered to be at higher risk for annoyance. But they are regarded as more
susceptible to noise-induced cardiovascular dysfunctions while their susceptibility
for sleep disturbance due to aircraft noise is not completely clear yet [68].

One crucial factor resulting in higher susceptibility, in particular for annoyance
[46] but also for cardiovascular disease [8], psychological distress as well as psychi-
atric disorders [71], is noise sensitivity. Noise sensitivity has a genetic component
but can also be the result of mental or physical illness [68]. Moreover, noise sensi-
tivity has been found to be highest in middle age, attributed to a higher workload
and caring for children or other family members [46]. In summary, it is concluded
that future research should focus on subgroups to understand the effects and mecha-
nisms of aircraft noise for health effects in populations at higher risks and to provide
group-specific exposure response relationships. Moreover, attention should be given
to potential accumulation of environmental as well as social risk factors across the
lifespan but also during specific life stages resulting in higher susceptibility to noise,
poorer capacities to cope with the noise and consequently to higher risks for adverse
health effects. Research in this field could shed more light in starting points for
intervention measures.

Current Gaps in the Relationship Between Aircraft Noise
Exposure and Health Outcomes

Despite the vast amount of studies on the impacts of aircraft noise on health, a couple
of open questions remain. Study results have shown the association between aircraft
noise exposure and aircraft noise annoyance as well as aircraft noise induced sleep
disturbances (https://www.mdpi.com/journal/ijerph/special_issues/WHO_reviews).
Sleep disturbance and aircraft noise annoyance highly correlate with each other [67]
and are thought to be relevant in the causal pathway from aircraft noise exposure
to cardiovascular diseases [22]. However, the causal link between noise annoyance

https://www.mdpi.com/journal/ijerph/special_issues/WHO_reviews
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and sleep disturbance is still unclear, i.e. whether aircraft noise annoyance facilitates
sleep disturbances or whether sleep disturbances foster aircraft noise annoyance. A
reciprocal relationship between these two factors is also conceivable. That is, sleep
disturbance caused by aircraft noise can cause tiredness and reduce one’s resources
during daytime. This in turn could contribute to aircraft noise annoyance. On the
other hand, if one feels annoyed by aircraft noise, this could affect one’s sleep and
one is more easily disturbed by aircraft noise at bedtime. Results from one study
indicate the former: a higher self-reported sleep quality was linked to lower long-
term aircraft noise annoyance [3]. However, empirical evidence on this relation is
still scarce.

An analysis done by Schreckenberg et al. [61] using longitudinal data from the
NORAH study focused on the relationship between aircraft noise annoyance and
mental health-related quality of life (HQoL) and results indicate a reciprocal relation-
ship between these two factors. A detailed overview of studies related to annoyance
and mental health is provided by van Kamp and Davies’ review [69]. Overall, there
are mixed results regarding a direct relationship between aircraft noise exposure and
mental health. However, noise annoyance seems to be a relevant mediator. Further,
Kamp and Davies [69] reviewed studies including noise sensitivity as one additional
important modifying factor.

Many studies examine the relationship between aircraft noise exposure and
various health outcomes, such as sleep disturbances or cardiovascular diseases.
However, there are limitations in some of those studies that need further consid-
eration and should be addressed in future studies accordingly [42]. Limitations can
encompass the study design itself, including the question of causality, noise expo-
sure assessment and outcome operationalisation, aspects concerning the response
rates and the disregard of potential confounding factors (i.e. other factors that might
additionally influence the health outcome).

To tackle the question of causality, i.e. whether factor A causes B or vice versa,
prospective, long-term studies with (at least) twomeasurements should be conducted
to establish a potential causal relationship. Another limitation for some studies is a
selective non-response, i.e. people with certain characteristics do not participate or
participate to a much lesser extent. For example, in online surveys, elderly people
are often underrepresented. Aspects such as these need to be considered.

The Lden is probably the most frequently used noise metric assessing noise expo-
sure. However, there is a debate about whether this is always the best option to
choose. Other metrics may be better suited to reflect the actual sound environment
or better fit examining the research question at hand (e.g. [33]).

When looking at the relationship between noise exposure and different diseases,
the operationalisation of the outcome is very important. One can rely on self-report
health measures or use health data provided by insurances or other institutions that
contain medical diagnoses. However, both data sources can lead to an under- and
overestimation of a disease. Further, health data may lack relevant information on
specific characteristics or behaviours of a person that might additionally influence
the health outcome (confounding factors).
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Future studies should aim to address the above-mentioned limitations to improve
data quality and generate valid and robust evidence.

Conclusions

Aircraft noise exposure poses aworldwide health issue. Literature reviews conducted
by WHO and within ANIMA have identified a relationship between aircraft noise
exposure and adverse health outcomes such as annoyance, sleep disturbance, and
cardiovascular diseases. Further, more recent studies found evidence for an impact of
aircraft noise exposure onmental healthmeasures. It has been found that noise annoy-
ance and sleep disturbance also play a role as mediators of adverse health effects.
A continuous experience of aircraft noise annoyance has been linked to adverse
health effects through stress mechanisms. Further sleep disturbance has been found
to promote adverse health effects, e.g. for cardiovascular diseases. Consequently,
reducing noise annoyance and sleep disturbance can help to decrease adverse health
effects and to improve people’s well-being and their quality of life. To reduce aircraft
noise annoyance there are two important aspects. First, decreasing aircraft noise
exposure should be the main focus to reduce annoyance and related health effects.
Second, the possibility to recover from the noise exposure should be accomodated,
e.g., by providing access to recreational and green areas and areas of reduced noise
exposure [34].

The number of existing studies on the various health outcomes differs enormously.
However, only a few studies are available on, e.g., metabolic diseases and as the
existing results are not consistent they do not allow for drawing firm conclusions.
There is an urgency for future research to further investigate the impact of aircraft
noise exposure on health for different populations such as vulnerable groups like
children and elderly people. As annoyance and sleep disturbance are also mediators
to health outcomes, it is essential to better understand and fully identify the underlying
mechanisms to efficiently minimise further adverse health effects.

Assessing noise exposure, its impact and related research results grants the eval-
uation of noise interventions that can be improved and harmonised after evaluation.
In the WHO Environmental Noise Guidelines for the European Region [76] this is
already acknowledged as for the first time the noise guidelines include recommen-
dations on noise interventions. The systematic WHO review on the health impact of
noise interventions [14] provides a study protocol to be followed in future research
that allows for evaluating the impact of noise interventions. This allows for the
development of proper treatment and health care, prevention of health effects and
mitigation strategies. A consistentmonitoring system could provide a comprehensive
approach to establish how interventions affect annoyance and interrelated outcomes.
With this knowledge mitigation strategies for noise annoyance can improve people’s
well-being as well as quality of life and mitigate potentially adverse long-term health
effects. A better understanding of these underlying mechanisms and the impact of
aircraft noise exposure on health can serve as an essential guidance for developing
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the specific design and targeted implementation of successful noise interventions and
mitigation strategies.
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