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Abstract

:

This paper summarizes the presently available knowledge about the association between low-frequency noise and its effects on health. A database was constructed with a total of 142 articles published between 2016 and 2019 regarding low-frequency noise exposure and its effects on health. A total of 39 articles were analysed in depth. The articles were divided into categories according to the effects on human health addressed. Regarding the emitting source, there was a greater number of articles addressing issues related to sources of environmental noise and noise from wind turbines. As for the effects generated on human health, there was a greater number of articles referring to the effects on sleep disorders, discomfort, sensitivity to and irritability from noise, annoyance, hearing loss, and cardiovascular diseases, and these effects are analysed in more detail in the present article.
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1. Introduction


At the worldwide level, there is a large number of studies on health impacts due to occupational and environmental exposure to noise. However, there are still few studies focusing exclusively on health impacts and discomfort due to low-frequency noise (Figure 1). One of the main reasons for this is the low sensitivity of the human auditory system to low frequencies. On the other hand, this type of noise has very particular characteristics and causes much more discomfort and long-term, non-auditory effects [1,2,3].



In the 1920s, research on the subject focused on occupational exposure and generally reported physiological changes such as pain in the hands, swelling, and increased vascular tone [4,5,6]. Until the 1930s, it was believed that the effects of noise on health were restricted only to hearing loss. In a study published in the Journal of the Acoustical Society of America, Jüichi Obata et al. [7] concluded that the effects of noise on human health went beyond hearing loss.



After the low contribution to the improvement of this scientific field in the 1960s, the 1970s were marked by the emergence of a series of studies addressing annoyance caused by environmental noise [1].



Consequently, during the 1970s and 1980s, studies started focusing on the impacts due to exposure to environmental noise [8,9]. The 1990s were marked by research aimed at more specific impacts on human health and reported discomfort due to noise [9,10,11]. Furthermore, these studies correlated exposure to noise with the onset of cardiovascular diseases [12,13].



In the 1990s, the World Health Organization (WHO) published documents on the subject, such as the Guidelines for Community Noise, in 1999. Regarding the studies published during the 2000s, the most important are those directed at specific environments, such as schools and residential areas [14,15]. These studies used a comparison of the noise level measured by using reference curves with the aim of assessing noise discomfort and reinforced the fact that the A-weighting filter is not ideal to evaluate the non-auditory effects of low-frequency noise (LFN) [1,2,3]. From 2005, the studies that stand out are oriented to the impacts of low-frequency noise on the quality of sleep [16,17,18].



In general, these studies were carried out with voluminous samples involving patient reports, the application of questionnaires, the adoption of cross-sectional studies based on databases, and the comparison of environmental noise levels measured using criteria curves.



In fact, these studies reinforced the fact that low-frequency noise is a powerful stressor. The most cited effects on human health refer to emotional changes such as annoyance [19,20], agitation, and distraction [2,21,22], in addition to the association of low-frequency noise with cognitive alterations [23], the development of cardiovascular diseases [24,25], sleep disorders [26], and high blood pressure [27], and, more recently, the effects of industrial low-frequency noise on dental wear [28,29].



In the field of occupational medicine, there is a large number of studies that claim that low-frequency noise is an agent that interferes with the performance of work tasks [22,30]. In addition to these changes, noise can be an agent that affects mental and physical health.



In this sense, the effects of noise pollution comprise “auditory effects”, which directly affect the human auditory system, and “non-auditory effects”, i.e., the impact of noise on physiological functions. As regards “non-hearing effects”, discomfort has been reported as the most frequent effect caused by exposure to low-frequency noise in humans [1,31,32].



In addition, the discomfort may vary from individual to individual and depends not only on the recorded noise pressure levels but also on the exposure time as well as the low-frequency components present in the measured sound levels. Thus, noise that contains low-frequency components tends to be more annoying than noise without them [1,33,34,35].



Since 2000, the WHO has recognized low-frequency noise as an environmental problem. In addition, the health impacts of low-frequency components on noise are estimated to be more severe [1,33,34,35].



The WHO published its most recent noise pollution guidelines for Europe in 2018. This publication states that further research into the health impacts from wind turbine noise is needed, namely, the low-frequency component [35].



In fact, a systematic review of the up-to-date, peer-reviewed, epidemiological literature has been performed on the association between low-frequency noise and its effects on human health. The present paper aims to fill this gap in the literature.



The paper is structured into four sections. After the introduction, the methodology is outlined. A systematic review regarding scientific articles about low-frequency noise and its impacts on human health is presented in Section 3. The article concludes by highlighting the main conclusions of an in-depth analysis of 39 articles published between 2016 and 2019, some limitations of the research, and recommendations for further studies.




2. Materials and Methods


Database Collection


The original papers were identified by a literature search between October and December 2019 of all of the principal accessible journals and databases (PubMed, Web of Science, and Scopus) concerning the theme and using the following keywords: “low-frequency noise”; “low-frequency noise and its effects on health”; “noise pollution and health”. A database was constructed with some variables, e.g., sample results and main noise sources. A total of 142 articles published between 2016 and 2019 was found (Supplementary Materials). Only studies were included in which it was mentioned in the title or abstract that the association between the low-frequency noise and effects concerning health or well-being was studied.



The 142 papers selected for the period from January 2016 to December 2019 were grouped into 9 categories: reviews; health effects due to noise and noise pollution; low-frequency sound/infrasound; health LFN case studies (small population); health LFN case studies (large population); LFN case studies (animals); laboratories studies, simulation studies, and computational case studies; and not relevant. A total of 39 articles published between 2016 and 2019 and grouped in the categories “health LFN case studies (small population)”, “health LFN case studies (large population)”, and, finally, “LFN case studies (animals)” were selected for in-depth evaluation. The evaluation carried out focused on the impacts on health, highlighting the incidence of studies aimed at human health and others aimed at carrying out tests on animals that may lead to a future study on humans. Additionally, the 39 articles evaluated used similar techniques (e.g., questionnaires; data previously collected in other studies; cognitive, physiological, and psychological tests based on medical and auditory equipment; noise measurements and audiometric assessments; and experimental tests based on noise exposure). The 39 articles evaluated were carried out mostly in Asian and European countries and were based on small samples.





3. Results and Discussion


This section presents the main results obtained from the analysis of articles published on low-frequency noise and its impacts on human health between 2016 and 2019. The results and discussion are structured in five sections on the main effects of low-frequency noise exposure on human health. Each section begins with a description of the methodologies used, followed by the main results achieved in the studies analysed.



3.1. Low-Frequency Noise Exposure and Its Main Health Effects


Table 1 presents a synthesis of the 39 articles based on three of the categories listed in the methodology section. These categories were as follows: cases of low-frequency noise studies in a small population, in a large population, and in a population of animals.



Of the 39 articles that were included in the evaluation of this article, it was observed that the main effects on human health are more prevalent in aspects such as sleep disorders (11.7%), discomfort, sensitivity and irritability to noise (10%), annoyance (13.3%), stress (6.7%), hearing loss (8.3%), reduced performance/fatigue (5%), heart rate/cardiovascular diseases (10%), tension and blood pressure (6.7%), anxiety (1.7%), depression (3.3%), imbalance (3.3%), and mental performance (6.7%).



There were also other effects on human health but with an incidence in very specific aspects (13.3%), such as the frequency of chromosomal aberrations in bone marrow cells, excess bilirubin, peptic ulcers (gastric and duodenal), effects on the cerebral blood barrier, haemodynamic events, irreversible imbalance with structural damage to the otoconial membrane, tinnitus and sound reconversion therapy, and vocal disorders and effort.



Only the effects on human health related to sleep disturbance, noise discomfort, annoyance, hearing loss, and cardiovascular disease were analysed, as these were the themes where a greater number of articles were observed, thus allowing a better comparison and evaluation between the various articles.




3.2. Sleep Disturbance


Sleep disturbance is one of the effects on human health that is due to exposure to noise, in particular, low-frequency noise. Long-term exposure to low-frequency noise from wind energy is a major factor in sleep disturbances in residents who live near wind farms. Abbasi et al. [41], Morsing et al. [42], Ishitake [43], Pohl, Gabriel, and Hübner [44], and Poulsen et al. [45] evaluated exposure to low-frequency noise due to proximity to wind turbines. The methodology adopted included the measurement of sound levels and, after the exposure of participants to wind turbine noise, an assessment of sleep disturbances.



The studies [41,42,43] applied questionnaires to participants to assess the disturbances they felt after exposure to noise. In the study by Abbasi et al. [41], in addition to the questionnaire, Pearson’s correlation, analysis of variance, and multiple regression tests were applied for data analysis using software. Morsing et al. [42] evaluated the impact of noise on sleep as measured by polysomnography, after participants were exposed to wind turbine noise for three consecutive nights. Finally, Ishitake [43] assessed sleep disorders using the Athens Insomnia Scale method, based on the responses of participants when exposed to noise.



In the study designed by Pohl, Gabriel, and Hübner [44], the methodology of stress psychology with noise measurement was adopted, ascertaining the physical and psychological symptoms referenced by residents that participated in the study (general mental indisposition, performance and reduced work capacity, lack of concentration, fatigue, tension, nervousness, negative mood, dizziness, irritability, indisposition, reduced sleep quality, and annoyance) caused by exposure to noise from wind turbines. Moreover, Poulsen et al. [45] evaluated the evolution of medical prescriptions related to anxiolytics and antidepressants ingested by the populations living near the wind turbines, in an analysis that lasted two years (2012 to 2014).



Sleep disturbances may also be due to exposure to noise from oil and gas operations, namely in the construction and drilling of wells in residential areas [46]. Blair et al. [46] evaluated the impacts of these operations on human health, including sleep disorders. Sleep disturbances can also be linked to exposure to railway noise, as studied by Smith et al. [47]. They [47] evaluated the effects on physiological sleep resulting from the exposure of participants to railway noise for five consecutive nights, using polysomnography and questionnaires.



As for the results, Abbasi et al. [41] evaluated the effects of noise from wind turbines on the health of employees, divided into three groups (maintenance, safety, and administration). The group with the greatest exposure to noise was the maintenance team, who were considered as a reference group. Maintenance workers were subject to a higher sound level because they are in the vicinity of wind turbines, and higher GHQ (The General Health Questionnaire) scores were also recorded (the health assessment tool for individuals used in the study). Therefore, compared to those on management and safety staff, the harmful health effects of wind turbine noise are stronger on maintenance workers. The questionnaire was divided into four sections, including somatic symptoms, anxiety and insomnia, social dysfunction, and depression. Based on the results obtained in this study, only the equivalent sound level had a significant effect on the general state of health and in some of its sections. The negative impact of noise exposure of 60 and 66 dBA on general health was approximately six and four times less than that of 83 dBA, respectively. The adverse effect of 60 dBA noise exposure in the anxiety and insomnia section was 1.6 times less than that in the 83 dBA exposure group. The effect of the experiment in the anxiety and insomnia section was 0.2 times greater than that of the 83 dBA noise exposure. This result indicates that the worst health status is due to working conditions and chronic exposure to occupational risk factors, such as noise. The results show that the effect of exposure to noise of 66 dBA in the social dysfunction section was 2.3 times less than that of 83 dBA noise. It was concluded that exposure to noise is significantly correlated with all subsections of general health, except depression. As a general evaluation of the article, the low-frequency noise from the turbines can cause harmful effects on the health of workers who are very close to the turbine, due to the reception of very intense noise [41]. By convention, a frequency A-weighting filter is used in low-frequency noise evaluation [3]. As a matter of fact, the A-weighting filter is not suitable for assessing the effects of low-frequency noise because this filter drastically reduces the low-frequency levels measured [3].



The results obtained by Morsing et al. [42] are due to the measurement of the effects of night noise from wind turbines on sleep measured physiologically in the laboratory. During nights with noise from the turbines, there was some incidence of participants with frequent awakening, less deep sleep, reduced continuous sleep, an increase in sleep disorders self-reported by the participants, and morning tiredness after the nights of noise exposure compared to nights without exposure to noise. Some evidence was observed in the study in which amplitude modulation and rotational frequency were varied; deeper sleep was negatively affected due to higher frequency and strong amplitude modulation while light sleep increased with high frequency and acoustic beat [42].



Blair et al. [46] monitored continuous levels of audible and low-frequency noise during the construction and drilling of oil and gas wells in a residential area. The equivalent monthly levels of continuous noise varied between minimum values of 51.5 and 73.1 dBC, and maximum values of 60.2 to 80.0 dBC. On the one hand, Blair et al. [46] found that continuous weighted noise levels above 50 dBA can have effects on health, such as increasing the risk of cardiovascular disease and hypertension. On the other hand, they found that low-frequency noise levels that exceeded the recommended level of 60 dBC caused nausea and headaches. In a general analysis of the article, the average noise levels in an oil and gas well during construction and drilling exceeded the levels associated with annoyance, sleep disturbances, and cardiovascular health effects; that is, they were higher than 50 dBA or 60 dBC [46].



Ishitake [43] conducted an epidemiological study that suggests that the noise generated by wind power generation facilities may be a risk factor for effects on human health, especially sleep disturbances. In this study regarding sleep disturbances caused by infrasound, it was found that the noise level of the wind turbine measured in the lower frequency range is below the human sensory threshold. As mentioned by Ishitake, 63% reported having sleep disturbance; the effect was reduced with increased distance between the source and the receiver [43].



Pohl, Gabriel, and Hübner [44] carried out a study that combined the methodology of stress psychology with noise measurement. They conducted interviews with residents who lived close to a wind farm and assessed their perception of noise from the wind farm and road traffic at two different points in time, first in 2012 and later in 2014. Residents complained of physical and psychological symptoms due to traffic noise (16%) and noise from wind turbines (10% and 7% in 2012 and 2014, respectively). In the study, 12 symptoms caused by exposure to noise were evaluated. It was found that the participants reported more symptoms in 2012 than in 2014 and the most strongly irritated participants considered their overall health in 2014 to be improved. The sleep disorders assessed decreased from 2012 to 2014. Distraction also decreased slightly from 2012 to 2014 for the most irritated residents, while remaining relatively low and/or unchanged in the other groups. However, only a few participants showed evidence of noise from low-frequency wind turbines: in 2012, 8.5% reported feelings of pressure related to wind farms and 6.1% reported having felt vibrations in the body; in 2014, these feelings decreased to 6.8% and 3.8%, respectively. The annoyance experienced was very low, and symptoms of dizziness were not observed in this study. Regarding the effects of wind noise stress compared to road traffic noise, there were more reports of symptoms due to traffic (15.8%) than to noise from wind turbines. In 2014, it was observed that about a third (34.9%) of the participants were slightly irritated by traffic noise and 21.2%, by noise from the wind farm [44].



Poulsen et al. [45] determined the numbers of prescriptions for anxiolytics and antidepressants for residents due to prolonged exposure to noise from wind turbines. During the survey carried out between 1996 and 2013, 68,696 adults had recourse to sleeping pills and 82,373 used antidepressants, out of a population of 583,968 and 584,891, respectively. In this study, it was observed that people over the age of 65 years were more affected by the noise of wind turbines, with an HR (hazard ratio) of 1.68 for measuring sleep and 1.23 for antidepressants being found for the group with the greatest exposure. Regarding low-frequency noise due to wind turbines in indoor environments, the risk rate among people aged 65 and over when exposed to noise equal to or higher than 15 dB was 1.37 for anxiolytics and 1.34 for antidepressants. Thus, Poulsen et al. [45] concluded that the combination of high noise levels from wind turbines and the use of anxiolytics and antidepressants can induce sleep disturbance and, in turn, affect the mental health of the elderly [45].



Finally, Smith et al. [47] demonstrated that sleep was significantly affected, both in terms of physiological measures and by self-report, during nights with exposure to 45 dB noise, although the number and size of the effects were modest. Most self-reported sleep measures were adversely affected by terrestrial railway noise. In this study, no significant differences were found in the general sleep structure or disorders and in the subjective quality of sleep between the reference tests and the 35 dB night tests. The results obtained support the value of the Swedish guidelines proposed for the maximum noise level of 35 dB for indoor environments and may be suitable for protection against adverse sleep problems due to terrestrial railway noise [47].




3.3. Discomfort from, Sensitivity to, and Irritability from Noise


Discomfort, sensitivity to noise, and irritability are other effects on human health due to exposure to low-frequency noise.



Huang, Pan, Liu, Hou, and Yang [48] analysed acoustic comfort and developed a noise analysis model for a skyscraper by measuring exterior noise, mainly from road traffic.



Suzuki, Suzuki, Onishi, and Penido [49] performed audiometric assessments on patients with persistent tinnitus, through their perception of sounds of nature and everyday life and their comparison with a pure tone or noise (white noise, narrow-band low frequency and narrow-band high frequency). The assessments considered in the patients were otorhinolaryngological, audiological, Pitch Matching and Loudness, Visual Analogue Scale, Tinnitus Handicap Inventory, and Minimum Masking Level [49].



Lee et al. [50] determined the effects of exposure to transport noise and established a relationship with the blood pressure of residents of residential buildings. They determined noise exposure levels (Lden, Lday, and Lnight) through adjusted linear regression analysis and established the relationship with blood pressure [50]. They also conducted a questionnaire related to the annoyance caused by internal noise, noise sensitivity, and sociodemographic variables [50].



Tao, Wang, Zou, Li, and Luo [51] assessed the irritation from noise in a metro depot and the influence of noise in adjacent residential buildings. They carried out a questionnaire with people working at the metro station and took field measurements, both at the metro station and in the adjacent residential buildings [51].



Moradi et al. [52] studied the effects of noise on the selective attention of university students. They conducted questionnaires to determine students’ personality traits; that is, they assessed whether they were extroverted or introverted and analysed their stability or instability [52]. In addition, they also assessed the level of sensitivity to noise using the Weinstein sensitivity scale and the level of selective attention using the DUAF test from the Vienna Test System [52].



Alves, Silva, and Remoaldo [53] analysed the effects of exposure to low-frequency noise pollution emitted by poles and power lines on the well-being of the population, based on a study carried out on “exposed” and “unexposed” populations in two residential areas. Additionally, adapted audiometric tests were carried out to complement the analysis and determine the audibility thresholds of “exposed” and “unexposed” volunteers. To develop the research, Alves, Silva, and Remoaldo [53] used sound level measurements and sound recordings (recordings made at a distance of 5 m from the source), as well as the adapted audiometric performance test [53].



Regarding the results, [48] observed that, due to the effect of the ground, the effect of medium propagation, and the different frequency components, the comfort of the sound does not increase with distance from the ground, that is, on the highest floors. They concluded that low-frequency noise has great potential for the annoyance and discomfort of the residents of the building.



Suzuki et al. [49] identified 181 tinnitus complaints in which pure-tone-type tinnitus was observed in 93 (51%) of the responses (4 low pitch and 89 high pitch) and from noise in 88 (49%) responses (15 low frequency and 73 high frequency). Regarding tinnitus with a low-frequency sensation, 19 responses were determined, while for that with a high-frequency sensation, 162 responses were found. They determined a Visual Analogue Scale average of 5.47 for tinnitus similar to pure tone and 6.66 for that similar to noise, with a higher value for noise. The average loudness of tinnitus similar to pure tone was 12.31 dBNS, and that similar to noise was 10.54 dBNS. For the Tinnitus Handicap Inventory and the Minimum Masking Level, the patients considered in the study were separated into three groups with tinnitus, pure tone, noise, and multiple, with the mean of the largest Tinnitus Handicap Inventory in the group with multiple tinnitus being 61.38. For the Minimum Masking Level, masked noises of the type white noise and narrow band [49] were used.



Lee et al. [50] concluded that general noise (road and rail traffic) and road traffic showed higher associations with systolic blood pressure (SBP) than with diastolic blood pressure (DBP), while rail noise had similar associations with SBP and DBP. They also observed that the closest associations between exposure to noise and blood pressure were estimated for participants who reported higher classifications of annoyance, irritation, and sensitivity to noise. This indicates that the annoyance of internal noise and sensitivity to noise develop regardless of the level of exposure to external noise. They also found that people who were sensitive to noise and participants who were most irritated due to internal noise had significantly higher SBP and DBP than the rest. In addition, the regression coefficients between noise exposure and blood pressure increased slightly in a subgroup that excluded participants exposed to high railway noise [50]. The results established by Lee et al. [50] support the hypothesis that long-term exposure to transport noise is associated with higher blood pressure in adults living in multi-storey residential buildings.



Tao et al. [51] concluded that 96% of respondents feel disturbed by noise and 31% of them feel that the impact of noise is serious. They noted that closing doors in buildings may be a solution, but only a reduction in noise from the low-frequency structure in the range 63 to 125 Hz occurs. They found that there is a problem of annoyance from low-frequency noise. They evaluated that the noise level caused by the fans decreases with the height of the floors. Ventilation noise is one of the dominant noise sources for adjacent buildings, and, therefore, they found that the shorter the distance between the building’s fans and ventilation, the more severe the impact of the noise. They also concluded that the noise attenuation rate increases with an increase in the distance to the noise source [51].



Moradi et al. [52] concluded that there were no significant differences in the average time spent on correct answers before and after exposure to noise between extroverted and introverted participants; however, there was a significant difference among extroverts in the average time spent on correct answers before and after exposure to noise. The results showed that introverted participants are more sensitive to noise than extroverts. The most noise-sensitive participants showed greater stimulation during exposure to noise, which led to increases in incorrect responses and a decrease in mental performance. Moradi et al. [52] found that the participants’ personal traits are related to their annoyance due to noise. Moradi et al. [52] concluded that stress due to noise improves selective attention in extroverted individuals.



Finally, Alves et al. [53] concluded that the “exposed” area has higher sound levels and, consequently, more problems with well-being and health than the “unexposed” population. Audiometric tests also revealed that the “exposed” population seems to be less sensitive to low-frequencies than the “unexposed” population; that is, the “exposed” group needs a higher sound intensity to perceive noise, especially at lower frequencies. The “exposed” group has a larger number of respondents with health problems (e.g., cardiovascular disease, insomnia, and depression), which can be caused by exposure to low-frequency noise emitted by power poles and lines. On the other hand, the “unexposed” group tends to perceive noise with a slightly lower sound intensity, due to the fact that this residential area is far from the emission source [53].




3.4. Annoyance


Annoyance is another effect on human health due to exposure to low-frequency noise.



Boyle et al. [54] assessed how the A-weighted exposure levels differed indoors and outdoors in homes in the vicinity of a natural gas compressor station, where low-frequency noise was found. They performed measurements of the noise levels defined in the A-weighted scale to filter most of the low-frequency noise and in the C-weighted scale to identify the impulse noise (noise measured in less than one second with peak levels 15 dB higher than the background noise) [54].



Van Kamp, Breugelmans, Van Poll, Baliatsas and Van Kempen [40], and Lee et al. [50] presented questionnaires to assess issues related to annoyance due to noise. Van Kamp et al. [40] surveyed complaints due to low-frequency noise using existing data and by means of a questionnaire determining participants’ annoyance due to noise from road, rail, and air traffic sources, low-frequency noise, construction noise, and noise sensitivity; the residential satisfaction index; and a survey of measures applied in the residence to avoid noise. As for the study by Lee et al. [50], the methodologies adopted are referenced in Section 3.3.



The methodologies adopted by Blair et al. [46] and Pohl, Gabriel, and Hübner [44] are referenced in Section 3.2 However, according to [46], noise levels above 50 or 60 dBA can cause annoyance.



Ishitake [43] assessed the level of annoyance regarding the source of low-frequency noise generated by wind energy and road traffic noise, by conducting a questionnaire to obtain these perceptions.



According to Hansen et al. [55], the presence of amplitude modulation in wind farm noise results in increased annoyance and possible sleep disruptions. The developed study investigated the prevalence of this characteristic in homes close to the wind farm [55]. In the article by Hansen et al., several important variables were considered, namely, the receiver-source distance, meteorological conditions, and proximity to reflective surfaces, among others.



Moradi et al. [52] assessed the level of selective attention through the DUAF test (test of selective attention, performance capacity, and general performance) and the level of annoyance based on the ISO15666 (International Organization for Standardization, 2003), based on the study sample referenced in Section 3.3.



As for the results, Boyle et al. [54] found that houses located close to a compressor station have higher average noise levels, both indoors and outdoors, than houses located at a distance greater than 300 m. The authors also found that noise levels during the day were higher than those recorded at night and that the residents of residences located less than 300 m from the station were exposed to low-frequency noise. In this study, they established the relationship of the results with the daytime and nighttime noise levels recommended for the prevention of hearing loss and annoyance, established by the WHO [56,57], and found that the average noise levels determined exceeded these guidelines [54].



Van Kamp et al. [40] explored the determinants of annoyance due to tinnitus, that is, low-frequency noise. This article explored the relationship between contextual, situational, and personal characteristics with the level of annoyance due to low-frequency noise, based on secondary analysis of existing data. The results obtained showed significant differences between cities and neighbourhoods, a significant association between background noise levels during the day, and an inverse effect at night. The level of background noise, sensitivity to noise, and dissatisfaction with the residential situation were strongly associated with higher levels of annoyance. Based on the association with nighttime background levels, it was found that the lower the levels, the greater the annoyance due to tinnitus [40].



The main results of the studies by Blair et al. [46] and Pohl, Gabriel, and Hübner [44] have already been described in Section 3.2. Blair et al. (2018) found that the average noise levels during the construction and drilling of an oil and gas well exceeded the levels associated with health annoyance; that is, they were above 50 dBA or 60 dBC [46]. Pohl, Gabriel, and Hübner [44] found that the annoyance experienced was very low and that symptoms of dizziness were not observed in this study.



Ishitake [43] carried out a study regarding annoyance due to wind energy, with a questionnaire carried out for the analysis. In this survey, it was observed that 81% answered that they did not feel annoyed due to the generation of wind energy, while 8% answered that they felt very or a little annoyed [43].



The results related to noise annoyance determined by Moradi et al. [52] and Lee et al. [50] have already been covered in Section 3.3. However, in addition to what was mentioned earlier, Lee et al. [50] concluded that the closest associations between noise exposure and blood pressure were estimated for participants who reported higher classifications of annoyance, irritation, and sensitivity to noise. This indicates that the annoyance from internal noise and sensitivity to noise develop regardless of the level of exposure to external noise. The authors also found that people who were sensitive to noise and participants most irritated due to internal noise had significantly higher SBP and DBP than others [50].



Finally, Hansen et al. [55] determined an audible internal low-frequency tone modulated in amplitude in the frequency of the passage of the blade for 20% of the time up to a distance of 2.4 km. The audible amplitude modelling took place for a similar percentage of time between the wind farm’s percentage power capacities of 40% and 85%. The modelling of the audible amplitude in the interior still occurred for 16% of the time at a distance of 3.5 km. At distances of 7.6 and 8.8 km, audible amplitude modelling was only detected on one occasion. During the night, audible amplitude modulation occurred in homes located 3.5 km from the wind farm up to 22% of the time. This had important implications for possible sleep disruptions and annoyance due to the wind farm by audible amplitude modelling, particularly as ambient noise levels in rural South Australia can be as low as 15 and 5 dBA, outdoors and in closed environments, respectively [55]. Although the geometric dimension of the room was not considered in the study by Hansen et al. [55], it is an important variable for this type of study.




3.5. Hearing Loss


Although hearing loss is reported as an effect on human health due to exposure to noise, the studies analysed were not totally conclusive regarding hearing loss due to low-frequency noise.



Selander et al. [58] assessed the impairment of children’s hearing when occupational noise exposure occurred during pregnancy. They carried out a prospective cut study and determined cases of hearing impairment in children based on medical records and interviews conducted with prenatal unit teams, in a sample of births between 1986 and 2008 [58]. With the information collected, they established risk models to estimate data related to the impairment of children’s hearing when exposed to noise with a strong low-frequency component during pregnancy [58].



Wang et al. [59] evaluated the exposure to noise from traffic and established a comparison regarding the potential risk of hearing loss for residents.



Ohgami, Oshino, Ninomiya, Li, and Kato [60] and Venet et al. [61] addressed experimental studies in rats and the assessment of hearing loss when they are exposed to low-frequency noise.



Ohgami et al. [60] carried out a survey of experimental studies carried out on rats when exposed to low-frequency noise and made an assessment of associated hearing loss. In this review, the imbalance in rats when exposed to noise was also assessed [60]. However, Venet et al. [61] effectively performed experimental tests on rats, testing the hearing of the rats with equipment (cubic DPOAEs – Distortion product otoacoustic emissions) when the animals were exposed to low-frequency noise combined with carbon disulfide (CS2). The rats’ hearing was tested before, during, and after exposure to noise, and blood samples were taken to assess the exposure to CS2 [61].



Zhou and Fu [62] performed measurements to assess levels of total serum bilirubin, performed tympanometry, and examined pure tone thresholds at low or high frequencies associated with adolescents with different subtypes of sensorineural hearing loss (SNHL), using binary or multinomial logistic regression models.



Regarding the results, Selander et al. [58] divided the sample into three parts: (i) mothers who worked full time, (ii) mothers who worked part-time, and (iii) mothers absent from work during pregnancy. They observed an increased risk of hearing impairment in children after exposure to occupational noise during pregnancy. In the sample considered in the study, they determined adjusted risk rates for 75–84 dBA and ≥85 dBA, compared to <75 dBA, of 1.05 and 1.27, respectively. They observed 60, 42, and 14 highly exposed cases for all hearing disorders, sensorineural hearing loss, and tinnitus, respectively. They also determined that the adjusted risk rate for exposure to occupational noise ≥ 85 dBA compared to <75 dBA was 1.82, based on 14 exposed cases and 2222 cases with low exposure. However, the corresponding relative risks (HR) were 1.25 for high exposure among mothers classified as part-time and 0.74 for women who had more than 153 days of absence from work during pregnancy or who were not working at the time of the interview. Finally, [58] found that, among mothers working full-time, high exposure to occupational noise was associated with an increased risk of hearing impairment. The authors also observed an increase in the risk of hearing impairment of the foetus for the case of mothers who worked part-time. On the other hand, [58] did not find an increased risk of hearing impairment in children whose mothers reported exposure to occupational noise in early pregnancy but were absent from work during pregnancy. Thus, the fact that the mother’s risk increases with presence at work proves that occupational noise during pregnancy is associated with an increased risk of hearing impairment in children [58].



Wang et al. [59] observed that the mean annual Leq over 24 h in the flow and commercial channel areas was 71.2 ± 1.0 and 70.0 ± 2.6 dBA, respectively, revealing a potential risk of hearing loss among residents [59].



Ohgami et al. [60] determined that a sound stimulus of 375 Hz, a frequency below the audible range of rats, causes a hearing reduction in wild type rats, while in rats with an abnormal otolytic morphology, no hearing loss was observed.



Venet et al. [61] observed that, after the period of contact with noise, exposure due to noise alone caused a hearing reduction in an area of frequency that varied between 3.6 and 6 kHz. The damaged area was approximately one octave (6 kHz) above the highest frequency of the exposure noise (2.8 kHz). Since the maximum auditory sensitivity is located at around 8 kHz in rats, exposure to low-frequency noise can affect the cochlear regions that detect mid-range frequencies. Exposure to CS2 (250 ppm or more) and noise increased the extent of the damaged frequency window, as a significant reduction in hearing was measured at 9.6 kHz in these conditions, with an increase in CS2 concentrations [61].



Finally, Zhou and Fu [62] determined that total serum bilirubin levels were associated with any subtype of high-frequency sensorineural hearing loss (SNHL). However, they observed that total serum bilirubin levels were not significantly associated with any low-frequency SNHL (bilateral or unilateral; LPTA greater or lesser) [62].




3.6. Cardiovascular Disease/Heart Rate


Cardiovascular diseases (variations in heart rate) are another effect on human health due to exposure to low-frequency noise.



Walker et al. [63] and Smith et al. [47] used electrocardiograms to measure participants’ heart rates when they were exposed to low-frequency noise. In the case of [63], participants were also subjected to blood pressure measurements and saliva samples were collected before, during, and after exposure to noise. Based on linear regression models, the differences between the results obtained before, during, and after the noise were examined [63]. In the case studied by Smith et al. [47], the authors measured participants’ heart rates when they were exposed to railway noise.



Poulsen et al. [64] assessed the impact of the risk of myocardial infarction and stroke when there is long-term exposure to noise from wind turbines. Based on hospital and mortality records, they analysed the number of cases of myocardial infarction and stroke in homes located around wind turbines [64].



Wang et al. [59] evaluated the exposure to noise from traffic and established a comparison in relation to the prevention threshold established for cardiovascular diseases.



The methodology adopted by Blair et al. [46] has already been referenced in Section 3.2 According to [46], noise levels above 50 or 60 dBA can cause cardiovascular effects.



Rossi et al. [65] measured the changes in cognitive and physiological parameters—in particular, the response time and heart rate—of participants when exposed to tonal noise (silence or multi-band stochastic noise), low-frequency and low-frequency stochastic noise, and low-frequency stationary noise with regular amplitude modulation.



As for the results, Walker et al. [63] concluded that during exposure to noise, the reductions in heart rate variation (HRV) were 19% with low-frequency power and 9.1% according to the mean square difference between the intervals of adjacent normal heartbeats (RMSSD). On the other hand, during exposure to low-frequency noise, the reductions in HRV were 32% with high-frequency power, 34% with low-frequency power, and 16% according to the standard deviation of the adjacent normal heartbeat intervals (SDNN). Finally, during exposure to low-frequency noise, the reductions in HRV were 21% with low-frequency power, compared to that with exposure to noise. As a general conclusion, [63] determined that exposure to noise—and, in particular, low-frequency noise—negatively affects heart rate variation, which affects health in terms of cardiovascular diseases [63].



Part of the results observed by [47] and [46] have already been described in Section 3.2. Regarding cardiovascular diseases, [47] also observed that the noise spectrum with amplitude frequencies greater than 100 Hz led to increases in heart rate for noise levels equal to or greater than 35 dB and increasing the probability of excitation at a noise level of 45 dB. Meanwhile, [46] concluded that continuous weighted noise above the 50 dBA threshold can cause health effects, such as an increased risk of cardiovascular disease and hypertension [46].



Wang et al. [59] concluded that the average annual equivalent noise levels (Leq, 24 h) were 66.4 ± 4.7 dBA, which exceeded the threshold established for the prevention of cardiovascular diseases.



Rossi et al. [65] concluded that, on average, participants decreased their response times in noise conditions compared to silence conditions; that is, there was evidence of increasing stress, according to the excitation theory. In this study, they observed that participant exposure to low-frequency noise 1 and 2 (LFN1 and LFN2, respectively) produced cognitive stress comparable to stochastic multi-tonal broadband noise (BBN). Subdividing the participants into extroverts and introverts, they demonstrated that LFN1 and LFN2 produced higher stress effects in introverted participants than BBN noise on cognitive performance, but had no effect on extroverts. In addition, heart rates increased significantly in the introverts during the tests, compared to those in a condition of silence before the start of the Stroop effect, while the extroverts showed no changes [65].



Finally, [64] concluded that, for external nighttime noise from long-term-operated wind turbines greater than 42 dBA and low-frequency noise from internal wind turbines greater than 15 dBA, the risks were slightly higher for myocardial infarction than those from exposures less than 24 and 5 dBA, respectively, but the number of cases was low in the groups with the highest exposure. As for strokes, all low-frequency noise levels from internal wind turbines were associated with adjusted incidence rates close to 1.0, while for noise from external wind turbines, the adjusted incidence rates were greater than 1.0 for the groups of intermediate exposure, and lower than the unit for the groups with greater exposure. High long-term exposure to wind turbine noise was associated with slightly elevated point estimates for myocardial infarction, for both exposure to outdoor wind turbine noise and exposure to potentially more biologically relevant indoor wind turbine noise [64].





4. Conclusions


In the present research, 39 articles addressing exposure to low-frequency noise and its impacts on human health were analysed in depth. The articles were divided into categories according to the emitting source of the noise, and the effects on human health were addressed. Regarding the emitting source, there was a greater number of articles addressing issues related to environmental noise and wind turbine sources.



As for the effects generated on human health, there was a greater number of articles referring to effects on sleep disorders, discomfort, sensitivity to and irritability from noise, annoyance, hearing loss, and cardiovascular diseases, and these effects were analysed in more detail in this article.



In the case of impacts on sleep disturbance, a dependence on the distance to the source of noise was observed; that is, the greater the proximity to the source, the greater the effects on sleep, as established by [41,43]. With long-term noise exposure, noise sensitivity is lower, which reduces the effects on sleep disturbance, as determined by [44]. Exposure to noise at night disturbs sleep and causes more frequent awakenings, less deep and non-continuous sleep, and morning tiredness in the participants, as discussed by [42,47].



With increasing age, especially for people over the age of 65, exposure to noise causes sleep disturbances, which adds to the demand for sleeping pills and antidepressants, as determined by [45].



According to [46], the average noise levels exceeded the levels for sleep disturbances established for human health.



Discomfort, irritability, and sensitivity to noise were among the effects analysed. Discomfort due to noise depends on the proximity of people to the emitting source, making their sensitivity to noise different. Tao et al. [51] proved that with increased distance from the noise source, the noise attenuation rate increases, due to the fact that they feel uncomfortable and disturbed by the low-frequency noise. Alves et al. [53] observed that constant exposure to noise makes people less sensitive to the perception of noise compared to people who are more distant from the emitting source, necessitating greater sound intensity for the perception of low-frequency noise. This sensitivity of people to noise leads to a decrease in their mental performance, as ascertained by [52], and an increase in blood pressure, especially when people are more irritated, as noted by [50]. Huang et al. [48] observed that the convenience of sound does not increase with distance from the ground for buildings of great height, such as skyscrapers, and that exposure to this noise has an impact on the annoyance and discomfort of its residents. However, Suzuki et al. [49] noted that there was a low percentage of people who were uncomfortable with the presence of low-frequency noise compared to the presence of high-frequency noise.



Background noise levels and sensitivity to noise are associated with higher levels of annoyance; that is, they exceed the thresholds established for this health effect, as indicated by [40,46,54]. Moradi et al. [52] also confirms that the level of annoyance when exposed to noise varies with people’s personal traits, with greater sensitivity and annoyance in introverts than in extroverts. Exposure to noise from rail transport is associated with the blood pressure of exposed people, which indicates that people with greater sensitivity to noise, greater annoyance, and more irritability have higher blood pressure values than those who do not have these symptoms, as studied by Lee et al. [50]. Thus, the annoyance increases with exposure to noise, especially when people experience unconventional noise. As described by [81], a greater disturbance is observed due to railway noise in people who are not normally exposed to this noise source. Hansen et al. [55] noted that noise levels had implications for annoyance due to exposure to the wind farm. However, both Pohl et al. [44] and Ishitake [43] determined that people do not feel annoyed due to exposure to wind energy noise. New methodologies for the evaluation of noise emitted by wind turbines could be used to provide new findings in this field [82].



Exposure to noise causes a potential risk of hearing loss in people subjected to it, as studied by Wang et al. [59] and Venet et al. [61]. Venet et al. [61] also determined that exposure to carbon disulfide (CS2) and noise caused a reduction in the auditory level when an increase in CS2 concentrations was observed. Exposure to occupational noise during pregnancy was also a topic studied by Selander et al. [58] who proved that exposure to this type of noise is associated with the risk of increased hearing impairment in children, with greater relevance in mothers who worked full-time and part-time during pregnancy. Through experiments on rats, Ohgami et al. [60] observed a hearing reduction in wild type rats, in contrast to in rats with an abnormal autolytic morphology in which this hearing loss was not observed. However, studies were observed in which no effects associated with hearing loss were found with exposure to low-frequency noise, as ascertained by Zhou and Fu [62]. All studies analysed in this domain regarded low and high frequencies, revealing hearing loss in the samples exposed to high frequencies. Hearing loss due to low-frequency noise was not totally observed.



Finally, it was observed that exposure to noise—in particular, low-frequency noise—negatively affects the variation in heart rate, which harms health in terms of cardiovascular diseases, as it exceeds the levels established for the prevention of these diseases, as discussed by Walker et al. [63], Wang et al. [59], and Blair et al. [46]. According to Rossi et al. [65], heart rate increases significantly in introverts compared to in a situation of silence, while extroverts show no change in their heart rate. Smith et al. [47] realized that the heart rate in people increased with greater exposure to noise. High long-term exposure to noise from wind turbines is associated with an increase in myocardial infarction and stroke, as studied by Poulsen et al. [64].



The literature review carried out constitutes a novelty in Portugal, whether in the social sciences or the more exact ones, such as environmental acoustics. It is expected that in future studies, this type of evaluation can be explored for a longer period and more sources of low-frequency noise emission. This may provide important data on low-frequency exposure and its effects on human health, as well as important information on the definition of limits for installing wind farms and other sources of low-frequency noise. While some type of impacts on health have not yet been analysed and continue to be an understudied field, the impacts studied can provide good advice for the planning field. Thus, these studies can point out good ways of minimising the influence on human beings and can constitute a good tool for the preventive dimension of planning.
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Figure 1. A summary regarding health effects due to low-frequency noise exposure. Source: own elaboration based on several authors [4,5,8,12,36,37,38,39,40]. 
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Table 1. Studies selected and health effects related to low-frequency noise.
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Year

	
Studies

	
Studies Evaluated




	
Number of Participants/Sample

	
Main Human Health Effects

	
Methodology

	
Exposure

	
Outcomes






	
2016

	
Zeitooni, Mäki-Torkko and Stenfelt [66]

	
27

	
Binaural hearing capacity

	
Evaluation of binaural auditory capacity in adults with normal hearing when bone conduction stimulation is applied bilaterally in the bone conduction hearing aid implant position, as well as in the audiometric position in the mastoid.

	
Exposure to low-frequency noise (400 to 600 Hz) and high-frequency noise (3000 to 5000 Hz).

	
The results confirmed that the binaural auditory processing with bilateral bone conduction stimulation in the mastoid position is also present in the bone conduction hearing aid (BCHA) implant position. This indicates the capacity for binaural hearing in patients with good cochlear function when using bilateral BCHAs.




	
2016

	
Walker, Brammer, Cherniack, Laden and Cavallari [63]

	
10 (male)

	
Heart rate variability and stress

	
The authors conducted a sound monitoring campaign between February 2015 and February 2016 across the city of Boston, MA. Boston occupies an area of 124 square kilometres with an estimated population of close to 700,000 individuals. To identify potential monitoring sites, the authors divided the city of Boston into 500 × 500 m grid cells using ArcGIS. They constructed a list of all accessible potential sites (n = 525), and 400 site locations were randomly selected for monitoring by time of day. Convenience sampling was also conducted in certain areas of the city to ensure adequate coverage of varied land use and urban activity.

The participants underwent an outpatient electrocardiogram. Blood pressure measurements and saliva samples were collected before, during, and after exposure to noise.

	
Low-frequency noise (31.5 to 125 Hz at 75 dB (A)); high-frequency noise (500 to 2 kHz at 75 dB (A)); 50 dB (A) “noise-free” exposure.

	
During exposure to noise, reductions in heart rate variability of 19% (−35; −3.5) with low-frequency power and 9.1% (−17; −1.1) were observed according to the quadratic difference average between adjacent normal heartbeat intervals. During exposure to low-frequency noise, reductions in heart rate variability of 32% (- 57; −6.2) with high-frequency power, 34% (−52; −15) with low-frequency power and 16% (−26; - 6.1) according to the standard deviation of the adjacent normal heartbeat intervals. During exposure to high-frequency noise, reductions in heart rate variability of 21% (−39; −2.3) with low-frequency power compared to that with exposure to noise.




	
2016

	
Liu, Young, Yu, Bao and Chang [67]

	
1002

	
Hypertension and blood pressure

	
Personal noise measurements and environmental analysis of octave bands were carried out to divide workers into similar exposure groups based on the similarity and frequency of the tasks they performed in the company, thus creating a high exposure group (≥80 dBA), another of medium exposure (75–79 dBA), and another of low exposure (<75 dBA).

	
Noise at frequencies of 31.5 Hz, 63 Hz, 125 Hz, 250 Hz, 500 Hz, 1 kHz, 2 kHz, 4 kHz, and 8 kHz during the working period.

	
Participants exposed to ≥80 dBA for 8 years had a higher relative risk of hypertension (relative risk = 1.38, 95% confidence interval: 1.02, 1.85) than those exposed to <75 dBA. Significant exposure–response patterns were observed between incident hypertension and the stratum of exposure to noise at frequencies of 250 Hz, 1 kHz, 2 kHz, 4 kHz, and 8 kHz. The strongest effect was found at the frequency of 4 kHz, and a 20 dBA increase in noise exposure at 4 kHz was found to be associated with a 34% higher risk of hypertension (relative risk = 1.34, confidence interval of 95%: 1.01, 1.77).




	
2016

	
Selander et al. [58]

	
1,422,333

	
Hearing dysfunction in children due to noise during pregnancy

	
Occupational noise exposure during pregnancy, according to the prospective cohort study, FENIX (foetal noise exposure), based on births between 1986 and 2008.

	
Low-frequency noise (<75 dBA); high-frequency noise (≥85 dBA); medium-frequency noise (75–84 dBA).

	
In the sample, in a mixture of part-time and full-time workers during pregnancy, HR adjusted for hearing impairment associated with exposure to maternal occupational noise ≥85 vs. <75 dB LAeq, 8 h was 1.27 (95% CI: 0.99 1.64; 60 exposed cases). When restricted to children whose mothers worked full time and had less than 20 days of absence during pregnancy, the HR was 1.82 (95% CI: 1.08, 3.08; 14 exposed cases).




	
2016

	
Abbasi et al. [41]

	
53

	
General health; somatic symptoms; anxiety; insomnia; social dysfunction; depression

	
Study of the effect of wind turbine noise on the general health of employees at a wind farm, with workers divided into three groups: maintenance, security, and office workers. Equivalent sound levels were measured for each group. The individuals’ health data were assessed using a 28-item questionnaire. Pearson’s correlation, analysis of variance, and multiple regression tests were performed for data analysis using software.

	
In the maintenance team, an LAeq of 83 dBA was considered, an LAeq of 66 dBA was considered in the security team, and an LAeq of 60 dBA, in the administration team.

	
Exposure to noise is significantly correlated with all subscales of general health, except depression. The low-frequency noise from the turbines can cause harmful effects on the health of workers who are very close to the turbine and receive very intense noise.




	
2016

	
Wang et al. [59]

	
2700

	
Cardiovascular diseases; hearing loss.

	
The authors carried out the study in the metropolitan area of Taichung, Taiwan and set up 50 monitoring stations to collect related information on noise measurements, traffic flow rates, speed limits, and meteorological data. The 50 monitoring stations included 4 agricultural areas, 6 green-land areas (e.g., parks, forests, and mountains), 2 conservation areas, 8 culture-educational areas (i.e., schools, temples, and churches), 11 residential areas, 4 industrial areas, 1 stream-channel area (e.g., harbours), 7 commercial areas, 6 governmental areas (i.e., governmental agencies and institutes), and 1 recreational area.

Determination of exposure to traffic noise by measuring the average equivalent noise levels A (LAeq, 24 h) in 50 monitoring stations (25 road traffic stations and 25 non-commercial ones) covering 10 different types of land use.

	
Equivalent continuous sound levels (Leq, 24 h) in the range of 30–130 dBA; noise levels with the time-weighted average (TWA) at frequencies of 31.5, 63, 125, 250, 500, 1000, 2000, 4000, and 8000 Hz.

	
The Leq annual average, 24 h in Taichung was 66.4 ± 4.7 dBA, exceeding the threshold for cardiovascular disease prevention. The mean annual Leq, 24 h in the flow and commercial channel areas was 71.2 ± 1.0 and 70.0 ± 2.6 dBA, respectively, revealing a potential risk of hearing loss among residents. The noise levels at 125 Hz had the highest correlation with total traffic and the highest forecast in multiple linear regression.




	
2017

	
Vasilyeva, Bespalov, Semenov, Baranenkoand Zinkin [68]

	
96 rats

	
Frequency of chromosomal aberrations in bone marrow cells; levels of low molecular weight DNA (lmwDNA) in blood plasma.

	
Exposure to single or multiple LFN from male Wistar rats and their comparison with those in the control group. The control group rats were not subjected to any impact. Measurement of the frequency of chromosomal aberrations in bone marrow cells and the levels of lmwDNA in blood plasma.

	
Frequency below 250 Hz; simple LFN with sound pressure levels (SPL) of 120 dB; multiple LFN with 150 dB SPL.

	
Blood plasma lmwDNA levels measured the following day after a single exposure to LFN were significantly higher (7.7 and 7.6 times, respectively) than in the control group (11.0 ± 5.4 ng/mL), and these levels were higher (4.8 and 2.1 times, respectively) in the week after a single exposure of LFN to the SPL of 120 and 150 dB, respectively, than in the control group (18.8 ± 1.6 ng/mL). Similar results were obtained in the group with multiple exposures to LFN (36.4 and 22.4 times, respectively) compared to the control group (17.7 ± 1.7 ng/mL) and suggest an increase in cell apoptosis as a result of impact of the LFN.




	
2017

	
Boyle et al. [54]

	
11

	
Noise disturbance from natural gas compression stations.

	
Assessment of how A-weighted exposure levels differ indoors and outdoors in homes near the natural gas compressor station, where low-frequency noise was found. Measurement of noise levels defined in the A-weighted scale to filter out most of the low-frequency noise and in the C-weighted scale to identify the impulse noise.

	
-

	
Houses located close to a compressor station have higher average noise levels, both indoors and outdoors, than houses located more than 300 m away. Noise levels during the day were higher than at night. Residents of residences located less than 300 m from the station were exposed to low-frequency noise. The daytime and nighttime noise levels recommended for preventing hearing loss and annoyance were exceeded.




	
2017

	
Van Kamp, Breugelmans, Van Poll, Baliatsas and Van Kempen [40]

	
3972

	
Annoyance due to low-frequency noise

	
Survey of complaints due to low-frequency noise, based on analysis of existing data. Conducting a questionnaire with participants addressing aspects such as annoyance and sensitivity to noise, sources of emission, and residential satisfaction, among others.

	
-

	
The level of background noise, sensitivity to noise, and dissatisfaction with the residential situation were strongly associated with higher levels of annoyance. The lower the background noise levels, the greater the annoyance due to tinnitus. Low-frequency noise is particularly a problem in places with low levels of background noise.




	
2017

	
Ohgami, Oshino, Ninomiya, Li and Kato [60]

	
Rats

	
Hearing loss; imbalance

	
Conducting an experimental study in which wild type rats were exposed to similar low-frequency noise and the assessment of noise-induced hearing loss and determination of the rats’ imbalance.

	
Low-frequency noise (70 dB, 100 Hz)

	
The authors observed that a sound stimulation at 375 Hz at a frequency lower than the audible range of the rats causes a hearing reduction in wild type rats, and in rats with an abnormal otolytic morphology, this hearing loss was not observed.




	
2017

	
Venet et al. [61]

	
117 rats

	
Effects on hearing

	
Evaluation of exposure to the combination of low-frequency noise and carbon disulfide.

	
Low-frequency noise, ranging from 0.5 to 2 kHz at an intensity of 106 dB SPL.

	
Exposure to CS2 (250 ppm or more) and noise increased the extent of the damaged frequency window, as a significant hearing deficit was measured at 9.6 kHz in these conditions; in addition, the significance at 9.6 kHz increased with solvent concentrations. Histological data showed that neither hair cells nor ganglion cells were damaged by CS2.




	
2017

	
Alimohammadi and Ebrahimi [69]

	
89

	
Mental performance

	
All participants underwent the Stroop and Cognitrone tests in silent conditions, after 30 min of exposure to LFN and HFN. The Cognitrone test assesses concentration and attention, and the Stroop interference test is a sensorimotor speed test that records the performance of reading speed.

	
Low-frequency and high-frequency noise at 50 and 70 dBA.

	
Both noises emitted (LFN and HFN) not only caused precision in scaling the response but also reduced the duration of the test run. It was concluded that, disregarding the distribution of energy frequencies, noise improved the task performance of participants. The results illustrated that individuals under LFN performed the Cognitrone test more quickly than individuals under HFN.




	
2017

	
Huang, Pan, Liu, Hou and Yang [48]

	
-

	
Noise disturbance

	
Analysis of acoustic comfort and development of a noise analysis model for a skyscraper, through the measurement of exterior noise, mainly road traffic noise. The selection of measuring points was made on the horizontal and vertical planes and strictly follows the guidelines (Chinese standard JTG B03–206 and HJ 2.4-2009). The noise measurement instruments were an AWA6270+B noise analyser, AWA6228 frequency analyser, and TES1350A sound level meter.

	
-

	
A higher capacity to respond to high-frequency than low-frequency mining noise (LF) was observed, which probably reflects the audibility of the two frequency spectra.




	
2017

	
Mancera, Lisle, Allavena and Phillips [70]

	
57 rats

	
Effects on behaviour (stress), organ morphology, and faecal corticosterone.

	
Evaluation of the effects of noise from mining machines on the behaviour and physiological parameters (organ morphology and faecal corticosterone) of wild rats, when subjected to high- and low-frequency ranges, and comparison with a reference treatment without auditory stimuli.

	
High-frequency noise (>2 kHz); low-frequency noise (≤2 kHz).

	
The frequencies below and above 2 kHz had differential effects on male and female wild rats that can have important consequences for their well-being and survival.




	
2018

	
Morsing et al. [42]

	
12

	
Sleep effects

	
Evaluation of sleep effects, through polysomnography measurement and questionnaires, in 2 pilot studies, due to noise exposure from wind turbines. Six participants spent five consecutive nights in an ambient sound laboratory and, for three nights, were exposed to the noise of the wind turbine with the variation of some parameters.

	
High-frequency (>125 Hz) and low-frequency noise (125 Hz). Similar to a ventilation noise, a low background noise (18 dB LAeq) was used.

	
During nights with noise from the wind turbine, there were sleep disturbances compared to during control nights. Deeper sleep was negatively affected by higher rotational frequency and amplitude modulation, but light sleep increased with high rotational frequency and acoustic beat.




	
2018

	
Blair, Brindley, Dinkeloo, McKenzie and Adgate [46]

	
4 (residences)

	
Annoyance, sleep disorders, and cardiovascular effects

	
Determination of noise levels in a well block of oil and gas operations of several wells during construction and drilling in a residential area in Colorado and the verification of impacts on human health. A (dBA) and C (dBC) weighted noise measurements were collected at four residences located between 320 (1049.9 ft) and 550 m (1804.5 ft) from the site during development over a three-month period (February to April 2017).

	
A and C weighted noise levels of 60.2 dBA and 80 dBC, respectively.

	
Proportionally, 41.1% of continuous daytime equivalent daytime measurements and 23.6% of 1 min dBA exceeded 50 dBA, and 97.5% of daytime and 98.3% of nighttime measurements exceeded 60 dBC. Average noise levels in an oil and gas well during construction and drilling exceed levels associated with annoyances, sleep disturbances, and cardiovascular health effects (greater than 50 dBA or 60 dBC) in studies involving noise sources such as traffic, airports, wind turbines, and rail-related noise pollution.




	
2018

	
A.M. Abbasi, Motamedzade, Aliabadi, Golmohammadi andTapak [71]

	
35

	
Physiological effects and mental health (fatigue)

	
Participants were exposed to low-frequency noise and were ultimately asked to determine their level of mental fatigue. A cognitive test was performed to assess working memory (low, medium, or high workload). Software was used to assess mental fatigue, visual fatigue analogue scale, and psychophysiological indexes.

	
Low-frequency noise levels of 55, 65, 70, and 74 dBA.

	
The results showed that mental fatigue significantly affected heart rate, low- to high-frequency rates, and electroencephalogram rates. The results confirmed that the mental fatigue caused by low-frequency noise significantly impacted the participants’ psychophysiological and working memory with exposure to noise levels of 65 to 75 dBA.




	
2018

	
Ninomiya et al. [72]

	
44 rats

	
Stress

	
A comparison of auditory levels and levels of expression of the Hsp70 protein in the cochlea was performed between rats exposed and not exposed to LFN.

	
Low-frequency noise (100 Hz to 95 dB).

	
The results showed that the inner ear may be one of the organs negatively affected by the stress caused by the inaudible exposure to LFN. Exposure to LFN increases the level of Hsp70 expression via Cebpb in the inner ear. The levels of Hsp70 and Cebpb may be candidates for biomarkers of responses to exposure to LFN.




	
2018

	
Rossi, Prato, Lesina and Schiavi [65]

	
25

(19 to 29 years)

	
Physiological effects (response time and heart rate)

	
The experiment involved 25 Italian volunteers (12 female and 13 male volunteers), aged 19–29 years. Before starting the test, each subject filled in a general questionnaire specifying age, occupation, musical experience, eyesight and hearing problems, and the presence of noise in their daily life.

Measurement of changes in cognitive and physiological parameters in a sample of volunteers exposed to three types of noise in a hemi-anechoic room. Participants were involved in a cognitive task (Stroop effect) for 10 min in four different conditions: silence, multi-tonal broadband (BBN) stochastic noise, low and low-frequency stochastic noise (LFN1), and low-frequency stationary noise with regular amplitude modulation (LFN2).

	
Sounds reproduced with a sound pressure level equivalent to 93 dB; BBN noise based on frequencies between 315 and 2000 Hz; LFN1 with frequencies between 30 and 60 Hz; LFN2 with frequencies between 30 and 200 Hz.

	
In noise conditions, participants reduced their response times, that is, there was evidence of increasing stress. Dividing the participants into extroverts and introverts, it was demonstrated that LFN1 and LFN2 produced higher stress effects than BBN noise on cognitive performance and a physiological stress comparable to that produced by BBN noise.




	
2018

	
Zhou and Fu [62]

	
1404

	
Sensorineural hearing loss (SNHL); excess bilirubin (causes problems in the liver, spleen, kidneys, gallbladder).

	
Measurements of total serum bilirubin, tympanometry, and determination of the mean threshold of pure tones at low frequencies or high frequencies for a subset of adolescents, to assess levels of total serious bilirubin associated with different subtypes of sensorineural hearing loss.

	
Low-frequency noise (LPTA: 500, 1000, 2000 Hz); high-frequency noise (HPTA: 3000, 4000, 6000, and 8000 Hz).

	
Total serum bilirubin levels were associated with any high-frequency SNHL (HPTA > 15 dB in at least one ear) in adolescents in the USA; high-frequency SNHL with HPTA > 15 dB in both ears (bilateral) or with HPTA ≥ 25 dB in at least one ear had a stronger association with total serum bilirubin levels than HPTA > 15 dB in only one ear (unilateral) or HPTA = 15–25 dB in at least one ear.




	
2018

	
Ishitake [43]

	
9000

(≥20 years)

	
Annoyance; sleep disorders

	
Conducting an environmental epidemiological study and assessing the effects on sleep disturbance due to low-frequency noise generated by wind power installations, based on residents living in areas close to the source. Assessment of sleep disorders using the Athens Insomnia Scale. Assessment of environmental noise in residential areas (50 community centres) close to the noise source by measuring infrared and low-frequency sound exposure levels.

	
Infrared, low-frequency (20 Hz) and infrasound (<20 Hz).

	
As for sleep disturbances caused by infrasound (20 Hz or less), the noise level of the wind turbine measured in the ultra-low-frequency range is below the human sensory threshold. Of the participants, 63% heard the noise when the distance was less than 1000 m. However, the hearing rate decreased significantly when the distance was increased to 5000 m, when only 2% of the participants heard the noise. Based on the Athens Insomnia Scale, 40% of participants had sleep disorders when the distance was less than 1000 m. However, the frequency of sleep disorders decreased to 22% with an increase in distance. Amplitude-modulated sounds and pure tones contained in the noise generated by wind power generation facilities tend to increase annoyance.




	
2018

	
Chalansonnet et al. [73]

	
133 rats

	
Balance effects

	
Study of how exposure to low-frequency noise combined with 250 ppm CS2 affects rat balance. Vestibular function was tested based on post-rotational nystagmus recorded by a video-oculography system. These measurements were completed by behavioural tests and cerebellar analysis to measure levels of gene expression associated with neurotoxicity.

	
Low-frequency noise, ranging from 0.5 to 2 kHz at an intensity of 106 dB SPL.

	
Coexposure to CS-250 ppm and low-frequency noise reduced the number and duration of the withdrawals by 33% and 34%, respectively. It was observed that the effects of CS2 were due to reversible neurochemical disorders of the efferent pathways that manage post-rotational nystagmus. Since the nervous structures that involve vestibular function seem particularly sensitive to CS2, post-rotational nystagmus can be used as an early non-invasive measure to diagnose CS2 poisoning as part of an occupational conservation programme.




	
2018

	
Min and Min [74]

	
466,822 (217,308 with gastric ulcer + 249,514 with duodenal ulcer)

	
Peptic ulcer (gastric and duodenal)

	
Investigation of the incidence of peptic ulcers in adults due to long-term exposure to environmental noise. The diagnosis of gastric and duodenal ulcers was made during an 8-year follow-up (2006–2013). Environmental noise data were obtained from the National Noise Information System, a national noise monitoring system.

	
The interquartile range (IQR) for nighttime noise exposure was 2.37 dB for gastric ulcers and 2.41 dB for duodenal ulcers.

	
Gastric ulcers occurred in 32.1% of individuals, and duodenal ulcers, in 10.7% of individuals. The diagnostic rate for gastric and duodenal ulcers increased with increasing cumulative mean levels of nighttime ambient noise. With increases in the IQR of nighttime noise, the risk rate increased significantly by 12% for gastric ulcers and 17% for duodenal ulcers, based on the fully adjusted model.




	
2018

	
Pohl, Gabriel and Hübner [44]

	
212 (1st phase) and 133 (2nd phase)

	
General mental indisposition; reduced performance and work capacity; lack of concentration; fatigue; voltage; nervousness; dizziness; irritability; indisposition; reduced sleep quality; annoyance

	
A total of 212 persons participated in the first survey; nearly two-thirds (133 persons) remained in the second. Accordingly, a third dropped out (“dropouts”; 79 participants). Indeed, dropouts differed statistically from the other participants only in terms of education level and household size. The remaining participants had higher education levels and slightly larger households compared to the dropouts (small effect size for each). These socio-demographic variables had no significant influence on the central stress and attitude indicators; significant differences in the central attitude and annoyance assessments were not apparent.

Longitudinal study, based on the methodology of stress psychology with noise measurements, in which residents of a wind farm in Lower Saxony were interviewed on two occasions (2012, 2014), using audio equipment to record irritating noises. Several residents complained of physical and psychological symptoms due to traffic noise (16%) and wind turbine noise (10%; two years later, 7%), which allowed the assessment of some symptoms caused by noise exposure.

	
Noise from low-frequency wind turbines (<100 Hz).

	
Participants reported more symptoms in 2012 than in 2014. From 2012 to 2014, sleep disorders decreased and symptoms of impaired performance were not repeated. Only a few participants showed evidence of low-frequency (<100 Hz) wind turbine (WT) noise effects: in 2012, 8.5% reported feelings of pressure related to wind farms and 6.1% experienced vibrations in the body. The annoyance experienced induced by feelings of pressure or vibrations was slightly greater in 2012. Symptoms of dizziness were not observed. The participants had more symptoms and greater irritation due to traffic noise than to wind noise.




	
2018

	
X. Wang, Lai, Zhang and Zhao [75]

	
6 (3 exposed, 3 unexposed) Bama pigs

	
Effects on the blood–brain barrier (BBB)

	
Investigation of the effect of noise exposure on the blood–brain barrier (BBB). Healthy male Bama pigs were randomly divided into a noise exposure group and a control group (no noise) for 30 min. After exposure, brain imaging was performed using computed tomography and fluorescent images.

	
Low-frequency noise (50, 70, 100, and 120 Hz at 140 dB).

	
The BBB permeability test showed that 50, 70, and 100 Hz noise exposure at 140 dB increased the BBB permeability, and the BBB opening at 70 Hz was more severe and reversible. Tomographic images demonstrated that noise-induced opening of the BBB did not cause intracerebral haemorrhage.




	
2018

	
Suzuki, Suzuki, Onishi and Penido [49]

	
110

	
Tinnitus and LFN discomfort

	
Classification of persistent tinnitus and its comparison with pure tone or noise, high or low pitch, presented to the patient by the sounds of the audiometer. Participants were subject to inclusion and exclusion criteria. The following evaluations were performed on patients: otorhinolaryngological, audiological, Pitch Matching and Loudness, Visual Analogue Scale, Tinnitus Handicap Inventory, and Minimum Masking Level.

	
Three types of noise: white noise (WN), narrow band low frequency (LFNB) at 500 Hz, and narrow band high frequency (HFNB) at 6000 Hz.

	
A total of 181 tinnitus complaints were identified, in which the presence of pure tone type tinnitus was observed in 93 (51%) of the responses (4 from low pitch and 89 from high pitch) and from noise in 88 (49%) of the responses (15 low frequency and 73 high). For tinnitus with low-frequency sensation, 19 responses were determined, while for high-frequency sensation, 162 responses were determined. Visual Analogue Scale average of 5.47 for tinnitus similar to pure tone, and 6.66 for that similar to noise. Average Loudness for tinnitus similar to the pure tone of 12.31 dBNS, and for that similar to the noise of 10.54 dBNS.




	
2018

	
Paunović, Jakovljević and Stojanov [76]

	
112

(82 women and 30 men, aged 19 to 32).

	
Blood pressure; haemodynamic events

	
Study divided into three 10-min phases: resting in quiet conditions before noise, exposure to traffic noise, and resting in quiet conditions after noise. Measurement of blood pressure, heart rate, and haemodynamic parameters (cardiac index and total peripheral resistance) with a chest bioimpedance device. Use of four statistical models to answer the study questions.

	
Exposure to noise: resting in quiet conditions before noise (Leq = 40 dBA); exposure to noise registered in traffic (Leq = 89 dBA); resting in quiet conditions after noise (Leq = 40 dBA).

	
Blood pressure decreased during the quiet phase before noise, increased in the first minute of exposure to noise, then gradually decreased at the end of exposure to noise, and continued to decrease to baseline values after exposure to noise. The cardiac index showed a gradual decrease throughout the experiment, while the total vascular resistance increased steadily during and after exposure to noise.




	
2019

	
Negishi-Oshino et al. [77]

	
Rats

	
Irreversible imbalance with structural damage to the otoconial membrane

	
Assessment of rats’ imbalance due to acute exposure to LFN. The exposed rats also showed decreased cervical vestibular evoked myogenic potential (cVEMP) with impaired vestibular hair cell activity.

	
LFN with a frequency of 100 Hz at 85, 90, or 95 dB.

	
The results of this study demonstrate that acute exposure to LFN at 100 Hz at 95 dB for just 1 h caused irreversible imbalance in rats with structural damage to the otoconial membrane, as the target region for the LFN-mediated imbalance, which could be rescued by Hsp70.




	
2019

	
Lee, Park, Jeong, Choung and Kim [50]

	
400

	
Discomfort and sensitivity to noise; blood pressure; annoyance due to noise

	
The study recruited healthy residents aged between 20 and 60 years. Effects of exposure to transport noise on blood pressure in adult residents of multi-storey residential buildings, modification of the effects of discomfort from and sensitivity to internal noise, and self-assessed associations between transport noise and blood pressure. Measurement of noise levels at the top of buildings for 24 h, forecasting the levels of each unit in the house for different sources and periods using noise maps. Conducting adjusted linear regression analyses to estimate associations between noise exposure levels and systolic blood pressure (SBP) and diastolic blood pressure (DBP). Conducting a questionnaire with questions about annoyance from and sensitivity to noise and sociodemographic variables.

	
Exposure to noise (Lden, LDay, and LNight).

	
General noise (road traffic and rail noise) and road traffic showed stronger associations with SBP than with DBP, while rail noise had similar associations with SBP and DBP. Stronger associations were estimated for participants who reported higher ratings of annoyance by internal noise. The results support the hypothesis that long-term exposure to transport noise is associated with higher blood pressure in adults living in multi-storey residential buildings.




	
2019

	
Scherer and Formby [78]

	
151

	
Tinnitus retraining therapy (TRT); sound therapy (ST); tinnitus-specific educational counselling (TC)

	
Comparison of the effectiveness of TRT and its components, ST and CT, with the standards of care (SoC) in reducing the negative effect of tinnitus on quality of life. Study carried out in 6 military hospitals, in the office and in a data coordination centre, among active, retired, and dependent military personnel with functionally adequate hearing sensitivity and moderate to severe subjective tinnitus, with the objective of treating the military.

	
LFN (tinnitus).

	
There were few differences between treatment groups. About half of the participants showed clinically significant reductions in the effect of tinnitus.




	
2019

	
Poulsen et al. [45]

	
Residences between 20 and 40 inhabitants

	
Annoyance; sleep disorders; depression

	
Evaluation of the evolution of medical prescriptions related to anxiolytics and antidepressants ingested by the populations that lived near the wind turbines, in an analysis that lasted two years (2012 to 2014).

A total of 7256 wind turnines (WT) was considered in noise modelling. The authors collected information on model, type, height, and operational settings. Each WT was classified into to one of 99 noise spectra classes, with detailed information on the noise spectrum from 10–10,000 Hz in thirds of octaves for wind speeds of 4–25 m/s.

	
Exposure to outdoor wind turbine noise (WTN) at night (<24, 24 to <30, 30 to <36, 36 to <42, and ≥42 dB) and nighttime low frequency indoor WTN (<5, 5 to <10.10 and <15, and ≥15 dB).

	
High levels of outdoors WTN associated with use of anxiolytics and antidepressants among the elderly, suggesting that WTN may be potentially associated with sleep and mental health.




	
2019

	
Tao, Wang, Zou, Li and Luo [51]

	
100

	
Irritation and sensitivity to noise

	
Assessment of noise irritation in the metro deposit and the influence of noise in adjacent residential buildings. Conducting a questionnaire with people who worked at the metro station and made field measurements, both at the metro station and in the adjacent residential buildings.

	
LFN and HFN (31.5, 63, 125, 250, 500, 1000, 2000, 4000, 8000, and 16,000 Hz)

	
Of respondents, 96% are disturbed by the noise and 31% of them feel that the impact of the noise is serious. They found that there is a problem of annoyance due to low-frequency noise. The authors evaluated that the noise level caused by the fans decreases with the height of the floors and that the shorter the distance between the building’s fans and ventilation, the more severe the impact of the noise. They concluded that, with the increase in the distance to the noise source, the noise attenuation rate increases.




	
2019

	
Poulsen et al. [64]

	
717.453

	
Myocardial infarction (MI), stroke

	
The authors used the Danish Civil Registration System to identify the study cohort, defined as all adults (aged 25–84 years) who lived in one of these inclusion dwellings any time between five years before the erection of the first neighbouring WT and the end of 2013.

Assessment of the impact of MI and stroke risk when there is long-term exposure to noise from wind turbines. Based on hospital and mortality records, an analysis was made of the number of cases of myocardial infarction and stroke that existed in homes located around wind turbines.

	
Exposure to wind turbine noise (WTN) at night outdoors (≥24 dB) and nighttime low frequency indoor WTN (≥5 dB; 10–160 Hz)

	
High long-term exposure to noise from wind turbines is associated with an increase in myocardial infarction and strokes.




	
2019

	
Hansen, Nguyen, Zajamšek, Catcheside and Hansen [55]

	
9 (residences)

A total of 8716 and 8972 10 min samples of outdoor and indoor data

	
Annoyance

	
The outdoor measurements carried out at 9 different residences located between 1 and 9 km from the nearest wind turbine of a South Australian wind farm (37 operational turbines), each with a rated power of 3 MW. The wind farm is positioned along the top of a ridge, and the wind turbine hub height relative to the residences varies between 85 and 240 m. At all residences, the indoor measurements were taken in a room that faced as closely as possible towards the wind farm and the windows were closed.

The presence of amplitude modulation in the noise of wind farms results in increased annoyance and possible interruptions in sleep. The study investigated the prevalence of this characteristic present in homes close to the wind farm.

	
-

	
During the night, audible amplitude modulation occurred in homes located 3.5 km from the wind farm up to 22% of the time. This had important implications for possible sleep disruptions and annoyance due to the wind farm by audible amplitude modelling, particularly as ambient noise levels in rural South Australia can be as low as 15 and 5 dBA, outdoors and in closed areas, respectively.




	
2019

	
Phadke, Abo-Hasseba, Švec and Geneid [79]

	
140 (between 21 and 56 years)

	
Voice disorders: dysphonia; neck pain; vocal effort

	
This study aimed to identify possible correlations between the vocal symptoms of teachers and their perception of noise, the locations of schools, as well as the locations and conditions of their classrooms. They carried out a questionnaire, whose answers were analysed statistically, with questions about the severity and frequency of their voice symptoms, noise perception, and the locations and conditions of their schools and classrooms.

	
-

	
Teachers experienced severe dysphonia, neck pain, and increased vocal effort with weekly or daily recurrence. Among the teachers who participated in the study, 24.2% felt that they were always in a noisy environment, with 51.4% of the total participants reporting having to raise their voices. The most common sources of noise were student activities and conversations in the teachers’ own classrooms (61.4%), noise from adjacent classrooms (52.9%), and road traffic (40.7%).




	
2019

	
Smith, Ögren, Ageborg Morsing and Persson Waye [47]

	
23

	
Disorders in physiological sleep; heart rate

	
The study volunteers slept for five nights in a sound environment laboratory, which was furnished like a typical apartment. The participants were instructed to start trying to fall asleep at 23:00 each evening and were woken with an alarm call at 07:00 each morning. Sleeping at times outside of this 8 h period was not permitted. Participants could follow their normal daytime routine but arrived at the laboratory by 20:00 each evening to allow time for relaxation and the setup of the sleep-measuring equipment. Caffeine was prohibited after 15:00 each day, and alcohol was prohibited at all times.

Evaluation of the effects on physiological sleep resulting from the exposure of participants to railway noise for five consecutive nights, using polysomnography and questionnaires. Heart rate was measured by electrocardiography.

	
Frequencies of 35, 40, and 45 dB.

	
No significant differences were found in the overall structure of sleep disorders between the reference tests and the 35 dB night tests. Regarding cardiovascular diseases, they observed that the noise spectrum with amplitude frequencies greater than 100 Hz led to increases in heart rate for noise levels equal to or greater than 35 dB.




	
2019

	
Zare et al. [80]

	
75

	
Serum cortisol concentration

	
The study aimed to examine the effect of sound pressure level (SPL) on the serum concentration of cortisol at three different times during the night shift, in an industrial and mining company. Participants were divided into three groups (one control and two groups of cases, with 25 each). Dosimetry was adopted to evaluate SPL equivalents using a TES-1345 dosimeter. The serum cortisol concentration was measured using a radioimmunoassay (RIA) test in the laboratory.

	
Exposure levels of 67, 80, and 92 dB.

	
The results indicated a downward trend in the serum cortisol concentration of the three groups during the night shift. SPL and exposure time significantly affected cortisol concentration. Age and body mass index had no significant influence on the concentration of cortisol. It was concluded that an increase in SPL leads to an increase in serum cortisol concentration.




	
2019

	
Moradi et al. [52]

	
28 (14 females and 14 males)

	
Stress; noise sensitivity; annoyance

	
The study was conducted on students at different levels of educational programmes in an acoustic room in the School of Public Health, Iran University of Medical Sciences, in 2016. The study subjects were comprised of 14 female and 14 male university students who met the following entrance criteria: normal sense of hearing (hearing loss less than 20 dB) and no sensitivity to noise.

Study of the effects of noise on selective attention of university students. They carried out questionnaires to determine students’ personality traits (extroverted or introverted) and analyse their stability or instability. Evaluation of the level of sensitivity to noise, using the Weinstein sensitivity scale, and the level of selective attention, using the DUAF test.

	
80 dBA noise at 4000 Hz frequency

	
Introverted participants are more sensitive to noise than extroverts. The most noise-sensitive participants showed greater stimulation during exposure to noise, which led to increases in incorrect responses and a decrease in mental performance. The participants’ personal traits are related to their annoyance due to noise. Stress due to noise improves selective attention in outgoing individuals.




	
2019

	
Alves, Silva and Remoaldo [53]

	
200 questionnaires + 62 measurements of noise levels + 14 adapted audiometric tests

	
Annoyance from LFN; audibility threshold

	
Analysis of the effects of exposure to low-frequency noise pollution, emitted by poles and power lines, on the well-being of the population, based on a study of “exposed” and “unexposed” individuals in two areas. Conducting audiometric tests adapted to complement the analysis and determine the audibility threshold of the volunteers. Sound level measurement and sound recording (at a distance of 5 m from the source), as well as the adapted audiometric performance test.

	
Frequency range between 10 and 160 Hz

	
The “exposed” area has higher sound levels and, consequently, more welfare and health problems than the “unexposed” population. Audiometric tests also revealed that the “exposed” population appears to be less sensitive to low frequencies than the “unexposed” population.
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