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A B S T R A C T   

To date, there is scarce evidence on the association between sleep disorders and noise generated by wind 
turbines. 

We searched six relevant electronic databases from the inception to May 2023 for relevant articles. The 
methodological quality of the included articles was evaluated using the US National Institutes of Health tool. 

Fifteen articles met the inclusion criteria. The overall prevalence of sleep disorders among residents close to 
wind turbines was 34% (95% Confidence Interval, 0.22–0.47). Univariate meta-regressions for distance and 
sound power level showed that at higher distance the prevalence of sleep disorders decreases (p = 0.010) and 
with a higher sound power level the prevalence increases (p = 0.037). Furthermore, this systematic review and 
meta-analysis highlighted that the overall quality of current research on this topic is poor, and the methods to 
measure the results are often based on subjective assessments and not validated questionnaires. 

In conclusion, our preliminary findings suggest that there may be a possible relation between exposure to wind 
turbines and sleep disorders, although no conclusions can be drawn in terms of causality due to the nature of the 
retrieved data and the poor quality of current evidence. Future studies should adopt a longitudinal design and 
focus on objective measurements, supported by validated subjective methods such as questionnaires.   

1. Introduction 

Over the past 15 years, European legislation has significantly pro
moted the development of renewable energy sources and set new targets 
and deadlines in order to answer the global increase in energy demand. 
The next commitment is to meet 32% of the energy needs through 
renewable energy by 2030, halve CO2 emissions compared to 1990, and 
move closer to near 100% independence from fossil fuels by the middle 
of this century. Despite the impact of the COVID-19 pandemic, renew
able energy set a record for new power capacity in 2020 and was the 
only source of electricity generation to register a net increase in total 
capacity (REN21, 2021). 

Wind energy is one of the fastest-growing renewable energy sources 
and the number of future plant installations is expected to substantially 

increase over the next few decades (Li et al., 2022). The wind energy 
industry recently enjoyed its second-best economic year, with almost 94 
GW of installed capacity added, bringing the global wind power capacity 
to 837 GW, that is, up to 12% year-on-year growth. Europe played an 
important role in this growth, with new onshore installations increasing 
by 19% (GWEC, 2022). 

The wind industry has confirmed its key role in the energy transition 
by presenting itself as one of the best technologies capable of ensuring 
compliance with international climate targets and reducing dependence 
on fossil fuels (Solarin and Bello, 2022). The wind is used to produce 
electricity by exploiting the kinetic energy of air moving through wind 
turbines (WTs) and other wind energy conversion systems. To ensure 
optimal efficiency, WTs are preferentially installed on hills, mountains, 
and in places that guarantee adequate convective conditions; however, 

* Corresponding author. Department of Public Health and Pediatrics, University of Torino, Via Santena 5 bis, 10126, Turin, Italy. 
E-mail address: marco.conti@unito.it (M. Clari).  

Contents lists available at ScienceDirect 

International Journal of Hygiene and Environmental Health 

journal homepage: www.elsevier.com/locate/ijheh 

https://doi.org/10.1016/j.ijheh.2023.114273 
Received 10 February 2023; Received in revised form 4 October 2023; Accepted 5 October 2023   

mailto:marco.conti@unito.it
www.sciencedirect.com/science/journal/14384639
https://www.elsevier.com/locate/ijheh
https://doi.org/10.1016/j.ijheh.2023.114273
https://doi.org/10.1016/j.ijheh.2023.114273
https://doi.org/10.1016/j.ijheh.2023.114273
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheh.2023.114273&domain=pdf
http://creativecommons.org/licenses/by/4.0/


International Journal of Hygiene and Environmental Health 254 (2023) 114273

2

these can also be placed in the open sea (the so-called offshore wind 
energy). 

WTs are classified primarily based on their installation characteris
tics (onshore/offshore) and WT type (vertical/horizontal axis). The 
main difference between onshore and offshore wind farms is the foun
dation structure—while an onshore WT is based on concrete land, 
offshore turbines have foundations in water (floating) or on the seabed 
(fixed bottom). Compared to onshore WT, offshore wind power has the 
advantages of high wind speed, regional climate stability, and no sig
nificant visual impact; however, it has higher operating and mainte
nance costs and poor accessibility. 

With the evidence of the various benefits of renewable energy 
sources over the last two decades, scientific research has focused on 
their potential environmental and health risks (Stefko et al., 2021). 

Generally, wind energy has fewer environmental effects than other 
energy sources. WTs usually do not release air or water pollutants and do 
not require a water-cooling system. However, the reported impacts 
include changes in atmospheric conditions (Bodini et al., 2021) and 
accidental deaths of migratory birds colliding with the WTs (Katzner 
et al., 2017). In terms of possible human health effects, the noise pro
duced by WTs is considered the main pollutant; however, other pollut
ants, such as vibrations and light contamination, could contribute to 
sleep disturbances. Furthermore, other issues such as noise sensitivity, 
visual impact, and landscape expectations can be considered as modi
fiers of the relationship between WTs exposure and health effects. The 
noise produced by the WT is both mechanical, owing to the friction of 
the rotor components and the generator transmission system, and 
aerodynamic, caused by the interaction of airflow with the blades (Lane 
et al., 2016). The WT blades moving through the air are capable of 
generating a broad spectrum of sounds, particularly low-frequency noise 
(LFN) in the range of 20–200 Hz, that can spread over long distances, 
potentially causing annoyance, sleep disturbances, and other adverse 
health effects (Smith et al., 2020). The latter include nausea, headaches, 
dizziness, fatigue, tinnitus, and cardiovascular symptoms (Turunen 
et al., 2021). The term “wind turbine syndrome” was coined by Pierpont 
(2009) to describe the association between these symptoms and expo
sure to WT noise. 

Two previous systematic reviews and meta-analyses focused on sleep 
disorders in residents living near WTs plants (Liebich et al., 2020; 
Onakpoya et al., 2015). However, the results of these studies were 
inconclusive and partially contradictory. Specifically, Liebich et al. 
focused on studies reporting sleep outcomes in the presence of WTs 
using polysomnography and actigraphy and found that WT exposure did 
not affect key indicators of objective sleep. Onakpoya et al. analyzed 
self-reported sleep disturbance data and suggested that WT noise may be 
associated with increased odds of annoyance and sleep disorders. 
However, both studies concluded that there is a strong need for further 
evidence on this topic. Given the rapid technological development of 
this energy source and increasing worldwide spread, we considered it 
useful to update the results of previous studies focusing on subjective 
health assessment methodologies. 

Therefore, given the relevance of this topic, the purpose of this sys
tematic review and meta-analysis was to provide comprehensive data on 
the prevalence of sleep disorders among residents living near WTs and 
explore the possible associations between the distance from the WT and 
WT sound power levels. 

2. Material and methods 

This systematic review and meta-analysis was conducted in accor
dance with the Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) guidelines (Moher et al., 2015). We system
atically searched for relevant articles in six electronic databases, 
including MEDLINE, PubMed, Embase, Cochrane Library, Web of Sci
ence, Scopus, and Reaxys from their inception to March 2022, and 
updated in May 2023. 

2.1. Search strategy and study selection 

The initial search strategy was exploratory and extensive and 
included studies on health outcomes, environmental issues, emissions, 
and experimental toxic effects of several renewable energy sources, such 
as biofuels, green hydrogen, solar power, carbon capture and storage, 
and nuclear fusion. Subsequently, a series of studies were conducted on 
the health outcomes of wind energy. Since health outcomes other than 
sleep disorders were sparse and highly heterogeneous, we decided to 
focus only on articles on sleep disorders. The search strategy was first 
executed on PubMed and then adapted for all databases. The following 
example search terms were used: “Wind" [Mesh], (“wind power" [Tiab, 
“wind turbine*" [Tiab], “wind farm*" [Tiab], “wind resource*" [Tiab], 
“wind energ*" [Tiab], “wind plant*" [Tiab]. An expert librarian was 
involved in database searches to ensure methodological rigor. Reference 
lists of the included articles were manually selected to identify other 
relevant articles. 

Two researchers independently evaluated titles and abstracts. After 
the initial selection, two investigators independently evaluated the full 
text for potentially relevant articles. Any disagreements were resolved 
by consensus among the investigators or with the help of a third 
reviewer. 

2.2. Inclusion and exclusion criteria 

This systematic review and meta-analysis included data on sleep 
disorder rates among residents living in a wind farm area from cross- 
sectional investigations. The included articles investigated the pres
ence of sleep disturbance using various questionnaires and tools. Despite 
methodological differences between studies, all examined the preva
lence of sleep disorders related to noise exposure for subjective sleep 
quality, sleep latency, sleep duration, habitual sleep efficiency, sleep 
disturbances, use of sleep medication, and/or daytime dysfunction. No 
restrictions were applied for sound power level or distance from the 
dwellings. Similarly, no restrictions were applied to network connec
tions or WT types. 

Workers were excluded because of their different exposure patterns 
compared with residents and uncomparable results in terms of sleep 
disturbance. Offshore installations were excluded because they were a 
source of exposure mainly to workers and had less effect on onshore 
residents. 

Only the articles published in peer-reviewed journals were included. 
Experimental studies, systematic reviews or meta-analyses, conference 
proceedings, theses, and letters to the editor were excluded. Articles for 
which the full text was not available online or upon request from the 
journal were excluded. Language exclusion criteria were not applied. 

For multiple reports from the same sample, the most complete results 
(i.e., those based on the largest number of cases) were used. 

2.3. Data extraction 

In each study, the number of residents with sleep disorders was used 
as the primary outcome measure. ‘Sleep disorders’ is an umbrella term 
including sleep disturbance, poor sleep quality, insomnia, and restless 
leg syndrome (Karna et al., 2022). If more than one disorder was 
considered, the data with the highest prevalence for each disorder were 
used as the main outcome. 

When prevalence rates were not directly reported, the results were 
extrapolated from the retrieved questionnaire scores. Residents with 
scores >5 on the Pittsburgh Sleep Quality Index (PSQI), or ≥ 6 on the 
Athens Insomnia Scale (AIS) were considered affected by a sleep disor
der. Moreover, for studies that used a single question to assess perceived 
sleep quality, we used the same criteria adopted by the authors to 
identify residents reporting sleep disorders. Furthermore, if reported in 
the study, the data were stratified according to the distance from the WT 
(<500 m, 500–1000 m, 1000–1500 m, and >1500 m) and outdoor A- 

A. Godono et al.                                                                                                                                                                                                                                



International Journal of Hygiene and Environmental Health 254 (2023) 114273

3

weighted sound power level (SPL; <30 dB, 30–35 dB, 35–40 dB, 40–45 
dB, and >45 dB). 

The following study characteristics were extracted if reported in the 
article: publication year, country, study design, cohort size, socio
demographic characteristics of the respondents, number of wind farms, 
number of WTs, and WT power. Data were extracted by three inde
pendent reviewers, and any disagreements were resolved by a fourth 
reviewer. 

2.4. Quality assessment 

The methodological quality of articles was assessed using the Na
tional Institutes of Health Quality Assessment Tool (NIH, 2014). As the 
assessment tool did not provide cut-off values, the median score (me
dian = 8) was calculated to define poor (score = 4–7), fair (score =
8–10), or good (score = 11–12) quality articles. Quality assessment was 
performed by three independent reviewers and the results were dis
cussed with a fourth reviewer until a consensus was reached. 

2.5. Statistical analysis 

All analyses were performed using STATA SE/17 (StataCorp LLC, 
College Station, TX, USA) to estimate pooled mean effects and 95% 
confidence intervals (CI) using random-effects models. Before con
ducting the overall pooled prevalence meta-analysis, the heterogeneity 
of the prevalence estimates was evaluated by calculating the I2 index 
and performing Cochran’s Q test. An I2 > 50% and Cochran’s Q test p- 
values <0.05 represented a high degree of heterogeneity. 

As high heterogeneity was expected due to the study design, random- 
effects meta-analyses with 95% CI were performed. Because the 
random-effects model resulted in a high mean square error in highly 
heterogeneous meta-analyses, a series of meta-analyses stratified by 
study quality was also performed. This assessment provided more 
robustness and led to the correct interpretation of the probability of 
coverage of the confidence interval regardless of heterogeneity. As the 
data were not normally distributed, a Freeman-Tukey double arcsine 
transformation was used to obtain the proportions collected from the 
included articles. This approach was used to stabilize variance in the 
data (Barendregt et al., 2013; Nyaga et al., 2014). 

Subgroup meta-analyses were performed for distance and SPL. We 
performed a series of meta-regressions to examine the association be
tween environmental factors and the prevalence of sleep disorders. We 
used a best-fit model to describe the relationship between sleep distur
bances, the distance between dwellings and the WTs, and SPL. 

We evaluated the presence of publication bias and small study effects 
by visual inspection of funnel plots and through a test proposed by Egger 
et al. (1997). Sensitivity analyses included repetitions of the main 
meta-analysis in which one article was removed to observe any effects. 

3. Results 

The exploratory database search yielded 12,242 articles. The initial 
screening of titles and abstracts, aimed at selecting articles related to 
health effects, and 618 articles were potentially relevant to our search. A 
manual reference search identified additional 171 potentially relevant 
studies. After duplicates were removed, 206 articles remained. These 

Fig. 1. Flow diagram for study selection.  
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articles were further screened to select those that were specifically 
relevant to sleep disorders. Thus, 110 studies were considered relevant 
for inclusion. The full texts of these articles were examined in detail and 
assessed according to the inclusion and exclusion criteria. Finally, 15 
articles (Bakker et al., 2012; Ishitake et al., 2019; Jalali et al., 2016; 
Krogh et al., 2011; Magari et al., 2014; Michaud et al., 2016; Mroczek 
et al., 2015; Nissenbaum et al., 2012; Pawlaczyk-Łuszczyńska et al., 
2018; Pedersen and Persson Waye, 2004; Pedersen and Waye, 2007; Qu 
and Tsuchiya, 2021; Song et al., 2016; Turunen et al., 2021a; 2021b) 
were included in the final analysis. The screening process is illustrated in 
Fig. 1. 

Most studies were conducted in Europe (n = 8), followed by the 
United States and Canada (n = 5), Asia and Australia (n = 2). The 
selected articles were published between 2004 and 2021. In total, the 
data of 8,867 participants were analyzed. 

All the studies evaluated subjective sleep quality using self-reported 

measures. Eleven studies used a single question to assess perceived sleep 
quality, whereas the remaining four studies adopted validated ques
tionnaires. In particular, three studies used the PSQI, which measures 
seven components of self-perceived sleep quality (i.e., sleep quality, 
latency, duration, efficiency, disturbance, use of sleep medication, and 
daytime disturbance), and AIS, designed to measure the severity of 
insomnia symptoms. 

The distance between the dwellings and WTs ranged from 495 to 
3,093 m. The number of WTs ranged from 16 to 1,836 and their powers 
ranged from 0.5 to 3.5 MW. The mean SPL measured using A-weighting 
curves ranged from 33.4 dB to 42.6 dB. Four studies (Bakker et al., 2012; 
Ishitake et al., 2019; Michaud et al., 2016; Song et al., 2016) reported 
the prevalence rates of sleep disorders stratified by SPL, and three 
(Ishitake et al., 2019; Krogh et al., 2011; Nissenbaum et al., 2012) were 
stratified by distance from the WTs. 

The mean age of the study participants, among the 13 studies, was 

Table 1 
Main findings of studies on sleep disorders.  

Study Country Respondents Age Sleep disorders 
(Type of assessment) 

Other outcomes 
investigated 

Study Findings 

Bakker et al. (2012) Netherlands 725 52 Subjective sleep 
quality (Single 
questionb) 

Annoyance Sleep disturbance increased with SPL, especially above 45 dB 
(A), where 48% of the respondents reported sleep disturbance. 

Ishitake et al. (2019) Japan 2,192 58.1 Insomnia (AIS) Annoyance Audible noise (frequency of 20 Hz or over) produced by WTs 
can be a risk factor for sleep disorders 

Jalali et al. (2016) Canada 37 54 Subjective sleep 
quality (PSQI) 

General attitude Participants reported poorer sleep quality if they had a 
negative attitude toward WTs 

Krogh et al. (2011) Canada 97 52 Subjective sleep 
quality (Single 
questionc) 

QoL, 
Signs and 
symptoms 

Dose–response relationships between sleep disturbance, 
excessive tiredness, and headaches and distance from WTs 

Magari et al. (2014) US 62 51 Subjective sleep 
quality (Single 
questionb) 

General attitude 
Annoyance 
Visual impact 

No exposure-response relationship between annoyance levels 
and sound measurements. Positive correlation between 
general concerns about health effects and prevalence of sleep 
disturbances. 

Michaud et al. (2016) Canada 1,208 – Subjective sleep 
quality (PSQI) 
Objective sleep 
quality (Actigraphy) 

– The results of the study do not support an association between 
exposure to outdoor WT noise up to 46 dB(A) and an increase 
in the prevalence of disturbed sleep. 

Mroczek et al. (2015) Poland 1,277 45.5 Subjective sleep 
quality (Single 
questionc) 

QoL The WTs in residential areas do not have a negative influence 
on quality of life. Sleep disorders were reported by 28.34% of 
the respondents. 

Nissenbaum et al. (2012) USA 38 – Subjective sleep 
quality (PSQI) 

QoL Participants living within 1.4 km of a WT had worse sleep. 
Significant dose-response relationships between PSQI, ESS, 
SF36 mental component score, and log distance to the nearest 
WT were identified. 

Pawlaczyk-kuszczyriska 
et al., (2018) 

Poland 517 46.7 Subjective sleep 
quality (Single 
questionb) 

Annoyance 
General attitude 
Mental health 

There was no significant association between SPL/distance 
and various aspects of health. 

Pedersen and Waye, (2007) Sweden 754 51 Subjective sleep 
quality (Single 
questionb) 

Sensitivity to 
noise 
Annoyance 

Noise annoyance was associated with sleep quality and 
negative emotions. The odds of being annoyed by wind 
turbine noise also increased with increasing SPLs. 

Pedersen and Persson Waye, 
(2004) 

Sweden 351 48 Subjective sleep 
quality (Single 
questionb) 

Sensitivity to 
noise 
Annoyance 
Visual impact 

No correlations were found between sleep quality in general 
and outdoor noise, annoyance, indoor noise annoyance, 
attitude to visual impact and to WTs in general, or sensitivity 
to noise. 

Qu and Tsuchiya, (2021) UK 359 56 Subjective sleep 
quality (Single 
questiona) 

QoL, 
Signs and 
symptoms 

The WT noise was associated with some aspects of self- 
reported health, including raised health concerns, headaches, 
nausea, and ear discomfort, but was not directly related to 
sleep disturbances. 

Song et al. (2016) China 227 57 Subjective sleep 
quality (Single 
questionb) 

Sensitivity to 
noise 
Annoyance 

Noise sensitivity, noise annoyance, and noise intensity were 
significantly correlated with sleep disturbance. 

Turunen et al. (2021a) Finland 70 59 Subjective sleep 
quality (Single 
questionb) 

Annoyance 
Signs and 
symptoms 

Symptoms intuitively associated with wind turbine infrasound 
were relatively common (15%) within 2.5 km of the closest 
wind turbine and less common (5%) in the whole study area. 

Turunen et al. (2021b) Finland 1,180 60 Self reportedb Annoyance 
Signs and 
symptoms 

Beyond annoyance and disturbance of sleep, there were no 
consistent associations between wind turbine exposure and 
self-reported health problems. 

Abbreviations: AIS Athens Insomnia Scale, PSQI Pittsburgh Sleep Quality Index, WT Wind Turbine, QoL Quality of life; SPL Sound Power Level, dB Decibel, SF-36 Short 
Form Health Survey 36, GHQ-12 General Health Questionnaire 1 

a Self-reported single question on presence of sleep disturbances (6-point Likert-type scale). 
b Self-reported single question on presence of sleep disturbances (5-point Likert-type scale). 
c Self-reported single question on presence of sleep disturbances (Yes vs No). 
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53.04 (SD ± 4.75). The number of respondents ranged from 37 to 1,965. 
Other sociodemographic characteristics such as marital status, smoking 
habits, and alcohol consumption were only occasionally reported. 

The characteristics of the included studies, along with a summary of 
the main findings, are summarized in Table 1. 

A complete quality assessment is reported in the Supplementary 
Material (Table S1). Two articles were of high quality, eight were of poor 
quality, and the remaining five were of fair quality. 

3.1. Meta-analyses and meta-regression 

The overall prevalence of sleep disorders among residents close to 
WTs was 34% (95% CI, 0.22–0.47) (Fig. 2). 

The prevalence of sleep disorders among residents living <500 m 
from WTs was 79% (95% CI, 0.58–0.93), while the sleep disorders rates 
in the intervals 500–1000, 1000–1500, 1500–2000, 2000–3000, >3000 
were, respectively, 65% (95% CI, 0.36–0.89), 41% (95% CI, 0.34–0.48), 
29% (95% CI, 0.24–0.33), 22% (95% CI, 0.19–0.24), and 27% (95% CI, 
0.22–0.33). 

The lowest prevalence of sleep disorders was found at SPL <30 dB 
(31%; 95% CI, 0.17–0.46). Progressively higher rates were found at 
higher dB intervals as follows: 36% (95% CI, 0.25–0.48) at 30–35 dB, 
49% (95% CI, 0.28–0.69) at 35–40 dB, 60% (95% CI, 0.22–0.92) at 
40–45 dB, and 82% (95% CI, 0.75–0.88) at >45 dB. 

Univariate meta-regression for distance (Ishitake et al., 2019; Krogh 
et al., 2011; Nissenbaum et al., 2012) and SPL (Bakker et al., 2012; 
Ishitake et al., 2019; Michaud et al., 2016; Song et al., 2016) showed that 
at a higher distance, the prevalence of sleep disorders decreased (p =
0.010) (Fig. 3a) and with a higher SPL, the prevalence increased (p =
0.037) (Fig. 3b). 

3.2. Sensitivity analyses 

The omission of any single study from the main meta-analysis did not 
significantly influence the pooled prevalence of sleep disorders, with a 
maximum variation of 3% in the outcome (p < 0.01). Furthermore, the 
meta-analysis performed after excluding low-quality articles did not 
show a significant difference in the prevalence rate, with an overall 

prevalence of sleep disorders of 31% (95% CI, 0.19–0.44). Univariate 
meta-regression of the quality scores revealed no significant association 
with the prevalence of sleep disorders. 

The funnel plot for the overall meta-analysis was scattered and 
asymmetrical, indicating the presence of reporting bias (Supplementary 
Material, Fig. S1). Similarly, the results of Egger’s test were statistically 
significant (p < 0.05) for the presence of a small study effect. 

4. Discussion 

This systematic review and meta-analysis investigated the preva
lence of sleep disorders among residents living near WTs. Our results 
showed an overall prevalence of 34% in all the included studies. The 
actual impact of WTs noise exposure on the development of this 
disturbance is difficult to address given the possible exposure to other 
environmental sources of noise and the presence of many confounders 
and modifiers that can affect the prevalence of sleep disorders. 

4.1. Sleep disorders in the general population 

Several epidemiological studies have attempted to determine the 
prevalence of sleep disorders in the general population. An international 
survey by Leger et al. (Léger et al., 2008) conducted on a representative 
sample of the general population of the United States, France, Germany, 
Italy, Spain, the United Kingdom, and Japan, aged ≥15 years, showed 
that the prevalence of sleeping problems was 56% in the USA, 31% in 
Western Europe, and 23% in Japan. A recent article by Jahrami et al. 
(2021) published during the COVID-19 pandemic, highlighted that the 
global pooled prevalence rate of sleep problems among all included 
populations was 35.7%. As shown by the authors, there are consistent 
variations in the prevalence of sleep disorders in the general population 
(Jahrami et al., 2021). These variations could be explained by clinical 
and epidemiological difficulties in defining the diagnostic criteria for 
sleep disorders and, as a result, the heterogeneity of these definitions. 
Additionally, the inclusion criteria considered by different authors vary 
widely, and environmental noise exposure has been poorly reported. 
Other concerns regarding sleep disorders include a diagnosis not ob
tained by a specialist and the application of different scales to measure 

Fig. 2. Meta-analysis of the prevalence of sleep disorders in residents living near wind turbines. (ES: Effect Size, CI: Confidence Interval).  
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sleep disorders that are difficult to compare. These confounders may 
have resulted in less reliable data from the original studies. Finally, sleep 
disorders are highly prevalent in the general population, with hetero
geneous prevalence rates that vary between countries. For this reason, 
and due to the methodological limitations of the general 
population-based study mentioned above, it is difficult to understand 
the impact of WTs exposure on sleep disturbance. Consequently, we 
cannot state whether our value is higher or lower in absolute terms. 

4.2. Sleep disorders due to transportation noise 

WTs are responsible for producing a relatively large audible/sub
audible noise in low-frequency and infrasound spectra. Another source 
of low-frequency emissions is background noise from many environ
mental sources such as road traffic, railways, and aircraft. Several 
studies are in agreement on the association of exposure with worse sleep 
outcomes (European Environmental Agency, 2022; Perron et al., 2012; 
Smith et al., 2022). The World Health Organization (WHO) recently 
published the Environmental Noise Guidelines for the European Region 
(Clark and Paunovic, 2018), highlighting knowledge gaps and research 
needs on this matter. They found limited evidence on the health impacts 
of transportation noise from large-scale cohort and case-control studies 
with objective measurements of both noise exposure and health out
comes. Moreover, it is difficult to establish whether the actual cause of 
sleep disturbances due to transportation noise is fully related to the 
low-frequency spectrum. 

4.3. Relationship between sleep disorders and distance/SPL 

As expected, in our study, the prevalence of sleep disorders 
decreased with increasing distance from WTs and decreasing SPL. Our 
results are similar to those reported by Onakpoya et al. (2015), where 
higher exposure to SPL revealed a significant increase in the chances of 
reporting sleep disturbances (OR 2.94; 95% Cl, 1.98–4.37). It should be 
highlighted that while the relationship between sleep disorders and SPL 
is based only on noise emissions, distance can be related to all WTs 
emissions, including visual impact. However, only four studies stratified 
sleep disorders by SPL and three by distance, increasing the risk of 
overfitting, thus reducing the generalizability of our conclusions. 

4.4. Sleep disorders and objective measures of sleep quality 

A systematic review and meta-analysis conducted by Liebich et al. 
(2020) focused on the impact of exposure to WTs using objective mea
sures of sleep assessment, such as polysomnography and actigraphy. 
Their results showed no significant differences in objective sleep onset 
latency (0.03; 95% CI, -0.34–0.41), total sleep time (− 0.05; 95% CI, 
-0.77–0.67), sleep efficiency (− 0.25; 95% CI, -0.71–0.22), or wake-up 
after sleep onset (1.25; 95% CI, -2.00–4.50) in the presence versus 

absence of WTs (all p > 0.05). The authors did not stratify health out
comes and WTs exposure according to the SPL or distance. 

4.5. Sleep disorders and experimental studies 

Other studies have used experimental approaches to verify the hy
pothesis that WT noise is responsible for sleep-related health effects. 
However, it is difficult to simulate real-life conditions, such as exposure 
to WT noise, and consider the dose and duration of exposure. Moreover, 
experimental studies did not consider other sources of emissions. 
Finally, experimental studies cannot consider other factors related to 
WT-related annoyance, such as visual landscape impact, visual annoy
ance caused by stroke effects, moving shadows, safety issues, or social 
aspects (Simos et al., 2019). Experimental studies typically benefit from 
both controlled and replicable exposure conditions. For instance, Dun
bar et al. (2021) examined the effect of WT noise compared with road 
traffic noise on sleep using quantitative electroencephalogram (EEG) 
power spectral analysis. Twenty-three participants were exposed to 
3-min samples of WT noise and road traffic noise at three sound pressure 
levels (33, 38, and 43 dBA) in random order during established sleep. 
Their spectral analysis results showed subtle effects of noise on sleep, 
and that EEG changes after WT noise and road traffic noise onset differed 
depending on the SPLs. However, all the reported effects were mostly 
transient and had little impact on sleep scores. A study by Kasprak et al. 
(Kasprzak, 2014) investigated EEG variations in the delta, theta, alpha, 
SMR, Beta1, and Beta2 waves in humans exposed to infrasound noise. 
The experiment consisted of playing acoustic signals recorded from the 
WT at 750 m while testing EEG electric signals from 35 subjects. Their 
results showed changes in the EEG signal patterns registered under 
exposure to WT noise, and the specific frequency ranges of the EEG 
signals were altered. 

4.6. Sleep disorders and factors not related to noise exposure 

Another set of studies (Crichton et al., 2014a, 2014b; Crichton and 
Petrie, 2015) hypothesized that other factors, in addition to noise 
exposure, may contribute to the occurrence of health disorders and sleep 
disorders related to WT exposure. Some studies indicate that perceived 
symptoms can be explained by the nocebo response, whereby health 
concerns and negative expectations created from social discourse and 
media reports could trigger the reporting of symptoms. Other studies 
have suggested that negative expectations through WTs can create 
symptoms, or that positive expectations can produce the opposite effect, 
in terms of a reduction in symptoms and improvements in reported 
health. Moreover, several studies included in our review emphasized 
that sleep disturbance was highly correlated to subjective annoyance. 

Fig. 3. Univariate meta-regression of the prevalence of sleep disorders by a) distance (p = 0.010) and b) sound power level (SPL) according to the following 
categories (1=<30 dB, 2 = 30–35 dB, 3 = 35–40 dB, 4 = 40–45 dB, 5= >45 dB (p = 0.037). Individual studies are represented by circles, with the size of the circle 
being inversely proportional to the variance of the estimated treatment effect (i.e. the larger the circle, the more precise the estimated treatment effect). The dotted 
line represents the regression line for the analysis. 
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4.7. Limitations 

This systematic review and meta-analysis has some limitations. The 
design of the included studies was cross-sectional and therefore could 
not be used to determine any specific causal relationships. The outcome 
was frequently measured using a single-question with various ranges of 
response scales and different reference timeframes for sleep disorders, 
making it difficult to compare the results of the included studies. 

There was substantial heterogeneity in the definition of sleep disor
ders, and the response rates were often less than 50%, with an increased 
risk of selection bias. The quality of the included studies varied signifi
cantly. However, the overall level of evidence for the included studies 
was considered poor, with some of the elements considered in the 
quality assessment tool generally receiving low scores. Only a few 
studies have provided justifications for the sample size or discussed the 
statistical power of the study. Furthermore, less than half of the included 
studies stratified the prevalence results according to distance or SPL. 
Moreover, SPL measurements slightly differed between studies. 

Experimental and laboratory studies were excluded because there 
were few reports with modalities of execution and experimental con
ditions that were very dissimilar or hardly comparable. Moreover, 
experimental and laboratory studies have been conducted on highly 
selected populations, making the results difficult to generalize. Obser
vational studies are conducted in real-life contexts that are crucial for 
epidemiology as they allow researchers to test their assumptions and 
provide reliable evidence for making decisions in real-life population 
health interventions. 

Additionally, self-reports can suffer from recall bias, particularly 
when the questions relate to the previous 12 months, as is typical for 
questions about sleep disturbance in most of the studies included in our 
meta-analysis. The results were not adjusted for all plausible con
founders such as annoyance and other environmental stressors, 
including air pollution, light, temperature, and humidity. Furthermore, 
it is not possible to determine whether the association between exposure 
to WTs and sleep disorders is only caused by exposure to noise or 
whether other aspects, such as visual disturbances, economic problems, 
or attitudes toward noise, can affect the prevalence of sleep disorders. 

5. Conclusions 

These findings suggest that there may be a dose-response relation
ship between exposure to WTs and sleep disorders, although no con
clusions can be drawn for causality. Future research should better define 
the pathologies that should be considered under the umbrella term 
‘sleep disorders’ to compare the results of different studies. Future large- 
scale studies should adopt a longitudinal design and focus on objective 
measurements for the evaluation of sleep disorders, supported by vali
dated subjective methods, such as questionnaires. Experimental studies 
in the same population could also provide information on the mecha
nisms linking exposure to WTs and sleep disorders. 
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