
1. Introduction
Noise is one of the most common work-related risk factors, and in addition to occupational exposure, it may be 
caused by noise in urban environments, such as road traffic or aircraft noise. Noise exposure can adversely affect 
human health, especially with negative consequences for hearing. First, exposure to loud noises damages the 
auditory sensory cells of the cochlea, and the hair cells of the inner ear cannot be regenerated, resulting in hearing 
loss (Mcgill & Schuknecht, 1976). This noise-induced hearing loss causes a decrease in attention while working, 
which leads to accidents and falls and increases the possibility of injury and death (Girard et al., 2015; Picard 
et al., 2008). Another auditory effect caused by noise is tinnitus, which often occurs in people who are persistently 
affected by noise (Koester et al., 2004). The difference in the degree of damage between inner and outer hair cells 
exposed to noise causes an imbalance in the auditory system, which can cause tinnitus and negatively affect the 
quality of life (Adrian & El Refaie, 2000; Eggermont, 2006).
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In addition to affecting hearing, noise exposure has been reported to be associated with various extra-auditory 
effects. Noise exposure acutely affects the autonomic nervous and endocrine systems, changing the blood pres-
sure (BP) level and heart rate (Lusk et al., 2004). Chronic exposure to noise affects not only the BP level but 
also the concentrations of lipids and blood glucose, which have been related to cardiovascular disease (CVD) 
(Babisch, 2011). In addition, mental disorders or disturbances in the nervous system (such as sleep disturbance 
and cognitive impairment), endocrine or immune system problems (such as hormonal changes in the body and 
changes in immune-related indicators), gastrointestinal problems (such as gastric dysmotility), problems or disor-
ders of the respiratory system (such as bronchitis and asthma), and obstetric problems (such as premature birth) 
have been reported in the literature (Elmenhorst et al., 2010; Eze et al., 2018; Fujioka et al., 2006; Halperin, 2014; 
Kirschbaum & Hellhammer, 1999; Rehm & Jansen, 1978; Tomei et al., 1994).

Traditionally, most studies have extensively focused on the auditory effects of noise. Few studies have simultane-
ously summarized the extra-auditory effects of exposure to occupational or environmental noise. The purpose of 
this study was to systematically review published studies on the extra-auditory effects of occupational and envi-
ronmental noise. We have demonstrated the extra-auditory effects when people are exposed to noise according 
to the human organ system. This review will provide insight into the correlation between noise exposure and its 
effects on human health, including underlying mechanisms of diseases, and can serve as a valuable resource for 
future research.

2. Methods
2.1. Search Strategy

A literature search was conducted using the PubMed and Google Scholar databases via Population, Intervention, 
Comparison, and Outcome (PICO) criteria (Table 1). All research was conducted following the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses guidelines (Moher et al., 2009). We used search terms in 
PubMed such as “(noise [Medical Subject Headings (MeSH) Terms] or noise, occupational [MeSH Terms]) 
AND (worker*[Title/Abstract] odds ratio [OR] occupation*[Title/Abstract] or environment*[Title/Abstract] or 
Environmental Exposure [MeSH]) NOT (Hearing Loss, Noise-Induced [MeSH Terms]).” Publication periods 
were from an unlimited initial year to 31 July 2022.

2.2. Inclusion and Exclusion Criteria

Exclusion criteria were as follows: (a) a study of auditory effects, (b) the main exposure was not occupational or 
environmental noise, (c) the effect was not on human health, (d) not an original article, or (e) the research was not 
reported in English in a peer-reviewed journal.

2.3. Selection and Organization

We used multiple search engines (PubMed and Google Scholar), duplicated papers were removed from both data-
bases. All authors contributed to literature screening, independently. Initial screening was conducted to exclude 
studies based on titles and abstracts. The full-text screening was performed for the final inclusion of articles that 
fulfilled the inclusion criteria and achieved the purpose of the review. A flowchart of the review and the process 
of article selection is shown in Figure 1. The final selected articles were divided into eight categories according to 
extra-auditory effects: circulatory, nervous, immunological, endocrine, oncological, respiratory, gastrointestinal, 
and obstetric effects.

Table 1 
Population, Intervention, Comparison, and Outcome (PICO) Criteria for Study Selection and Research Keywords

PICO Inclusion criteria

Population (P) General population

Intervention (I) Occupational or environmental exposure to noise

Comparison (C) General population without noise exposure or with lesser noise exposure

Outcome (O) Extra-auditory effects on human
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2.4. Quality Assessment

The quality of the included studies was assessed using the Consolidated Standards of Reporting Trials 
(CONSORT) criteria for randomized controlled trial studies, and the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) criteria for nonrandomized observational studies.

3. Results
A total of 263 articles were screened after removing duplicates. We conducted an initial screening, and 62 articles 
were removed because they were out of scope.

Following the full-text article review, 36 articles were excluded because the focus was not on the auditory effect 
on humans, and 59 articles were excluded because of the definition of non-matched exposure. We excluded 42 
articles that were based on the noise effect on non-human health, 17 articles that were not original research, and 
6 articles that lacked qualifications.

Finally, 36 articles were included and were divided into eight categories according to extra-auditory effects (13 
articles for circulatory system effects, seven articles for nervous system effects, five articles for immunologi-
cal responses, three articles for endocrine system effects, three articles for oncological effects, two articles for 
respiratory system effects, two articles for gastrointestinal system effects, and one article for obstetrics effects).

3.1. Circulatory System

Two studies examined the effects of noise exposure on flow-mediated dilatation (FMD) of the brachial artery 
(Table 2). When exposed to 60 and 120 noise events per night (noise60 and noise120, respectively) designed with 
equal average sound pressure levels (Leq 45 dBA) compared to the control (Leq 37 dBA), decreased FMD of the 
brachial artery was associated with noise events (p < 0.001). Moreover, an increase in the E/e′ ratio (the ratio 
of the early transmitral filling velocity to early diastolic mitral annular velocity) was observed during the three 
exposure nights (p = 0.043) (Schmidt et al., 2021). In a case-control study with similar exposure patterns and 

Figure 1. Flow diagram illustrating the article selection process by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines.
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three levels of noise exposure (control, noise30, noise60), a linear relationship between FMD and exposure was 
found (p = 0.020). In addition, a marked increase in plasma adrenaline levels among the three noise levels was 
reported (p = 0.0099) (Schmidt et al., 2013).

Four studies examined the effects of noise on BP changes and hypertension. In a cross-sectional study, a 
1.11 mmHg increase in systolic blood pressure (SBP) (95% confidence interval [CI] = 0.44–1.78, p < 0.05), and 
a 0.62 mmHg increase in diastolic blood pressure (DBP) (95% CI = 0.21–1.03, p < 0.05) were associated with 
higher traffic noise, and a 2.55 mmHg increase in SBP (95% CI = −0.02–5.12, p < 0.1) per 5 dB was significant 
among people with CVD such as ischemic heart disease (IHD) or stroke exposed to outdoor nighttime noise 
with adjustment variables (age, sex, body mass index (BMI), smoking status, alcohol consumption, physical 
activity, education level, employment status, and use of antihypertensive medication) (Dzhambov et al., 2017). 
In a case-control study, noise-exposed workers had higher mean SBP (p < 0.05), DBP (p < 0.001), and diastolic 
hypertension (HTN) (p < 0.001) than the control groups (nonexposed group and office workers). Furthermore, 
workers who were exposed to daily noise levels (>90 dBA) had a higher mean DBP (99.6 vs. 91.1  mmHg, 
p < 0.05) and frequency of diastolic HTN (100 vs. 60%, p < 0.05) compared to the control group (<90 dBA) 
(Tomei et al., 2000). Another case-control study showed that workers exposed to noise (thermal power station, 
mean 95 ± 5 dBA) had a higher heart rate, SBP, and DBP than those in the control groups (office or laboratory 
staff exposed to a mean of 55 ± 4 dBA). As the duration of noise exposure increased, the prevalence of HTN also 
increased significantly (p < 0.05). The 10–20 year and the >20 year exposure duration groups showed 4.1-fold 
and 5.3-fold higher risks, respectively, of developing HTN compared to the control group (Saha et al., 1996). In a 
cross-sectional study, a 10 dB increase in nighttime aircraft noise was associated with antihypertensive use in the 
UK (OR: 1.34, 95% CI = 1.14–1.57) and The Netherlands (OR: 1.19, 95% CI = 1.02–1.38) (Floud et al., 2011).

In a retrospective study, areas near airports in the USA with 10 dB higher aircraft noise exposure had a 3.5% 
(95% CI = 0.2%–7.0%) higher admission rate of CVD such as heart failure, heart rhythm disturbances, cere-
brovascular events, and IHD, without adjustment for any covariate (Correia et al., 2013). Studies in European 
countries revealed that nighttime average aircraft noise was associated with self-reported “heart disease” (angina 
pectoris, myocardial infarction) and stroke in those who had lived for ≥20 years in their area (OR: 1.25, 95% 
CI = 1.03–1.51). For road traffic noise, 24-hr average noise exposure was associated with self-reported “heart 
disease and stroke” (OR: 1.19; 95% CI = 1.00–1.41) (Floud et al., 2013). In a cohort study in The Netherlands, 
the relative risk (RR) (5th to 95th percentile interval increase) of hospital admission for IHD and cerebrovascular 
disease was 1.12 (95% CI = 1.04–1.21) and 1.27 (95% CI = 1.09–1.47) without adjustment for a 10 dB increase 
in road traffic noise level, respectively (De Kluizenaar et al., 2013). Among nuclear power workers in the UK, 
men exposed to medium noise compared to unexposed men had a significant OR for IHD mortality (OR: 1.45, 
95% CI = 1.02–2.06) (McNamee et al., 2006). In a case-control study in Germany, both men and women had 
increased risks of myocardial infarction when exposed to environmental sound (OR: 1.46, 95% CI = 1.02–2.09), 
after adjusting for age, sex, smoking, alcohol consumption, physical activity, education, hypertension, hyperlipi-
demia, diabetes mellitus, and family history of coronary heart disease (CHD). Only men had an increased risk 
when exposed to work sound (OR: 1.31, 95% CI = 1.01–1.70) after adjusting for the same covariates (Willich 
et al., 2006). A cohort study in Finland showed occupational noise, as well as workload, increased the risk of 
CHD with joint effects of elevated BP, glucose, and BMI (RR: 5.21, 95% CI = 2.70–10.05); also, noise exposure 
markedly increased the RR due to elevated BP from 1.73 (95% CI = 1.15–2.58) to 2.60 (95% CI = 1.55–4.35) and 
glucose from 1.74 (95% CI = 1.19–2.56) to 2.92 (95% CI = 1.70–5.00) (Koskinen et al., 2011).

One study assessed the cardiovascular risk score using the Framingham score at the projected age of 60 years 
(adjusted odds ratio: 2.04, 95% CI = 1.14–3.64), systematic coronary risk evaluation (SCORE) (AOR: 2.72, 95% 
CI = 1.21–6.15), and RR SCORE (AOR: 2.81, 95% CI = 1.46–5.41), which were significantly higher in the group 
exposed to road traffic noise than in the control group (Sobotova et al., 2010).

3.2. Nervous System (Sleep and Mental Health)

Several studies have suggested that noise exposure affects the nervous system, particularly sleep, psychiatric 
disorders, and cognitive performance. Three studies reported the effects of noise exposure on sleep. A signif-
icant interaction between noise and arousal probability using an electroencephalogram (EEG) was reported in 
two of these studies. In an experimental study, the effect of sleep stage on the probability of arousal in N3 stage 
(deep sleep or slow-wave sleep) was compared to that in N2 stage, which begins to attenuate vital signals, and 
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it was found to have a significant effect, with fewer arousals to noise. A significant interaction between noise 
SPL and sleep stage on arousal duration (p = 0.033) was found; however, only 33 dBA SPL produced longer 
arousals during N2 sleep compared with N3 sleep (p < 0.001). In addition, wind turbine noise had significantly 
lower delta, theta, and beta activities (p < 0.05) and higher alpha activity at lower SPLs (33 and 38 dBA) during 
N2 sleep compared to road traffic noise (Dunbar et al., 2022). In a case-control study, there was a significant 
association between a 10% increase in spontaneous EEG and noise-induced EEG arousal probability, with a 
7.7% increase (standard error of 1.7%, p < 0.0001) (McGuire et al., 2016). In a German study of long-haul truck 
drivers, exposure to night noise resulted in greater latencies to the rapid eye movement (REM) phase (p = 0.074) 
and higher percentages of sleep stage 1 (p = 0.092). Moreover, better sleep quality was reported during the night 
compared to the silent group (Popp et al., 2015). The following three studies examined cognitive performance 
when exposed to noise. Some studies have shown that night noise exposure and chronic noise exposure (aircraft, 
road traffic) are significantly associated with impairment of reading comprehension, memory recognition, and 
annoyance in children (Matheson et al., 2010; Stansfeld et al., 2010). In the case of road traffic noise, chronic 
exposure, annoyance (p = 0.0047), and improved episodic memory (conceptual and information recall, p < 0.05 
in two studies) were significantly associated with children after adjusting for age, sex, parental education, and 
socioeconomic status (Stansfeld et al., 2005). One study revealed an association between psychiatric disorders 
and noise, depression, and anxiety, assessed using the Patient Health Questionnaire-9 (PHQ-9) and the General 
Anxiety Disorder-7 (GAD-7) questionnaire, and its Prevalence ratio (PR) significantly increased from moderate 
to extreme noise annoyance (Beutel et al., 2016).

3.3. Immune Response

Exposure to traffic noise has been associated with a systematic inflammatory response in some studies. In 
a randomized controlled trial study, healthy men exposed to alarm mobilization at night had an 84% greater 
change in the level of anti-inflammatory cytokines compared to the control condition group (Tait et al., 2019). 
Higher long-term exposure to daytime noise significantly elevated the change in the level of high-sensitivity 
C-reactive protein (hsCRP) (1.1%, 95% CI = 0.02%–2.2%) as well as metabolic syndrome risk factors in two 
large European population-based cohorts (Cai et al., 2017). Furthermore, the salivary cortisol response, a type of 
anti-inflammatory and trigger immune system, increased by 4.17 ng/mL after acute noise exposure compared with 
a non-exposure group, whose levels increased by only 3.05 ng/mL (Pouryaghoub et al., 2016). In a cross-sectional 
study, reported that women exposed to aircraft noise at an average 24-hr sound level (LAeq, 24-hr) >60 dB had 
significantly elevated salivary cortisol levels (34% increase) compared to those exposed to ≤50 dB (Selander 
et al., 2009). However, an experimental study showed that simulated noise does not significantly increase cortisol 
levels in women (Evans & Johnson, 2000). These results suggest that noise exposure may influence changes in 
the immune response.

3.4. Endocrine System

A retrospective cohort study of 43,858 Korean workers found that after adjusting for potential confounders, 
including age, sex, education, smoking, alcohol consumption, and physical activity, exposure to hazardous noise 
in the workplace (≥85 dB) was associated with an increased risk of hyperglycemia (Hazard Ratio [HR]: 1.28, 
95% CI = 1.16–1.41) (Kim et al., 2021). Similarly, a cross-sectional small-scale observational study in Bulgaria 
reported that exposure to road traffic noise of 71–80 dB was associated with type 2 diabetes (OR: 4.49, 95% 
CI = 1.38–14.68) compared to the noise of 51–70 dB (Dzhambov & Dimitrova, 2016). In a prospective cohort 
study based on 504,271 Europeans, exposure to road noise was associated with an increased risk of obesity (OR: 
1.06, 95% CI = 1.04–1.08) as well as central obesity (OR: 1.05, 95% CI = 1.04–1.07) (Cai et al., 2020). These 
results suggest that noise exposure may influence endocrine system development.

3.5. Cancer

Three case-control studies examined the effect of noise on acoustic neuromas. In a case-control study in France, 
acoustic neuroma was associated with loud noise exposure (OR: 2.55, 95% CI = 1.35–4.82), listening to loud 
music (OR: 3.88, 95% CI = 1.48–10.17), and noise exposure at work (OR: 2.26, 95% CI = 1.08–4.72), where 
the noise exposures were assessed using a questionnaire. Furthermore, continuous and explosive noises were 



GeoHealth

LEE ET AL.

10.1029/2023GH000805

17 of 27

significantly associated with neuroma risk (OR: 3.27, 95% CI = 1.24–8.61; OR: 2.39, 95% CI = 1.17–4.92) 
(Hours et al., 2009). Similarly, one study in Sweden also showed an increased risk for acoustic neuroma with any 
source of loud noise exposure (OR: 1.55, 95% CI = 1.04–2.30) (Edwards et al., 2006). However, a case-control 
study conducted in Sweden did not find a significant association between occupational noise exposure and acous-
tic neuroma. Nonetheless, an association was observed between the risk of acoustic neuroma and loud noise 
exposure from leisure activities without hearing protection (OR: 1.47, 95% CI = 1.06–2.03), and this association 
was shown to be significant only for women (OR: 1.74, 95% CI = 1.07–2.81) (Fisher et al., 2014).

3.6. Respiratory System

Two studies examined the effect of noise on asthma and bronchitis. In a 12-year cohort study, the prevalence of 
asthma diagnosed by a doctor was significantly higher in boys than in girls (13% vs. 5%, p = 0.001). However, 
only in girls was the prevalence of asthma associated with increased total noise annoyance at night after adjust-
ing for age, parental allergy, parental smoking, and socioeconomic status (AOR: 1.5, 95% CI = 1.1–2.1), noise 
within the home or apartment (AOR: 3.5, 95% CI = 1.5–8.0), and noise in or around the house (AOR: 3.3, 
95% CI = 1.7–6.3) (Bockelbrink et al., 2008). In a cross-sectional study, the OR of respiratory symptoms (OR: 
1.78) and bronchitis (OR: 1.68) were significantly associated with severe annoyance from traffic noise in adults. 
For children, OR of respiratory symptoms and bronchitis were 2.11 and 2.31 for severe annoyance from traffic 
noise, and 2.33 and 3.60 for severe annoyance from neighborhood noise with statistical significance (Niemann 
et al., 2006).

3.7. Gastrointestinal System

Biological mechanisms suggest that noise exposure may increase the risk of gastrointestinal dysfunction. An 
experimental study has suggested that gastric myoelectrical activity is affected by noise exposure. In 2018, a 
cohort study found an increased risk of gastric or duodenal ulcer in Koreans (HR: 1.12, 95% CI = 1.10–1.13 
for gastric ulcer and HR: 1.17, 95% CI = 1.15–1.20 for duodenal ulcer) after adjustments for age, sex, house-
hold income, residential area, BMI, exercise, smoking, alcohol consumption, chronic constriction injury (CCI), 
defined daily dose (DDD) of Non-steroidal anti-inflammatory drugs, DDD of aspirin, disposable income per 
person, percentage of the economically active portion of the population, and even exposure to particular matter 
(Min & Min, 2018). Another study showed that the overall percentage of three cycles per minute activity was 
significantly decreased during exposure to hospital noise, traffic noise, and conversation babble by 22.9%, 19%, 
and 15.5%, respectively (Castle et al., 2007). Given the hormone-dependent nature of gastrointestinal dysfunc-
tion, noise exposure may have an impact, but evidence for this association will need to be better evaluated in 
further studies.

3.8. Obstetrics

Some environmental factors may be associated with preterm delivery. A case-control study observed 1,175 
women with environmental exposure during pregnancy (Barba-Vasseur et al., 2017). Regardless of the temporal 
or spatial modulations used to define exposure assessments, the authors found no association between preterm 
delivery and noise exposure. The literature on the effect of noise exposure on obstetrics is limited and does not 
allow any definite conclusions to be drawn regarding the relationship between noise exposure and the risk of 
obstetric and gynecologic diseases.

4. Discussion
To date, most epidemiological and clinical studies have investigated the effects of noise exposure on auditory 
health. This systematic review provides an overview of the current knowledge on the impact of noise exposure 
on extra-auditory systems. To our knowledge, this study is the most comprehensive review of the literature on 
noise exposure in relation to extra-auditory systems, including circulatory and nervous disorders, gastrointestinal 
and  endocrine dysfunction, and cancer risk.

4.1. Circulatory System

Studies, including six case-control studies, three cohort studies, one randomized crossover studies, and three 
cross-sectional studies, collectively support that noise exposure has some detrimental effects on cardiovascular 



GeoHealth

LEE ET AL.

10.1029/2023GH000805

18 of 27

health. Studies provide compelling evidence of a significant association between noise exposure and decreased 
FMD of the brachial artery, along with an increase in the E/e′ ratio. Furthermore, noise exposure is positively 
associated with elevated BP, hypertension, and an increased risk of developing cardiovascular diseases such as 
IHD, stroke, and heart failure.

FMD which is a noninvasive index of vascular health and endothelial function was lower than that of the control 
group when exposed to aircraft noise; however, there was no difference in the degree of FMD regardless of 
the level of noise or the increase or decrease in the frequency of aircraft noise events. Although there were 
no differences in left ventricle (LV) size, LV ejection, left atrial volume, and other parameters, the E/e′ ratio 
was statistically significant as the frequency of aircraft noise with a similar Leq (control 6.83 ± 2.26, noise60 
7.21 ± 2.33, and noise120 7.83 ± 3.07), indicated that diastolic dysfunction was prominent (p = 0.043). This E/e′ 
ratio increase can be regarded as an impairment of diastolic function, and it is already known that impairment of 
diastolic function leads to CVD such as HTN and heart failure (Lalande & Johnson, 2008). A study limited to 
patients with systemic lupus erythematosus showed an association between diastolic and endothelial functions 
(Chin et al., 2014). In other words, noise induces a decrease in endothelial and diastolic functions and affects the 
cardiovascular system (Münzel et al., 2018).

Studies have shown that a decrease in endothelial function is related to oxidative stress in the endothelium through 
endothelial nitric oxide synthase or increased catecholamines induced by noise (Amir et  al.,  2004; Heinrich 
et al., 2005; Kaplon et al., 2011). In particular, the oxidative stress that occurs in the endothelium can be inferred 
from the result of FMD recovery when vitamin C, an antioxidant, is administered (Schmidt et al., 2013).

Additionally, this study showed decreased levels of three biomarkers (follistatin, glyoxalase I, and angiotensin 
converting enzyme-2) upon exposure to aircraft noise (Schmidt et al., 2021). Follistatin is known to be an impor-
tant substance in the regulation and improvement of inflammation and fibrotic disorders while inhibiting activin, 
which stimulates fibrosis or tissue remodeling (de Kretser et  al., 2012). Glyoxalase I mediates detoxification 
against metabolic stress (Mey & Haus, 2018). The reduction in substances that control inflammation or fibrosis 
in blood vessels and metabolic stress, such as noise-induced oxidative stress, seems to be related to a decrease 
in endothelial function to some extent. ACE-2 is an enzyme found in the lungs, arteries, kidneys, and heart and 
plays a role in lowering BP by reducing the level of angiotensin II, a vasoconstrictor, and can indirectly increase 
BP by decreasing it (Lin et al., 2017). Elevated BP is an important risk factor for CVD because it decreases heart 
function over the long term. The reduction in these three biomarkers also suggests that noise can decrease vascu-
lar and cardiac function.

In the group exposed to noise, both SBP and DBP significantly increased, as did the prevalence and risk of 
HTN. A meta-analysis of 24 cross-sectional studies showed an OR of 1.07 (95% CI  =  1.02–1.12) for every 
10 dB increase in road noise exposure (LAeq 16-hr <50 and >75 dB) in adults (Haralabidis et al., 2008). In 
particular, studies showing increases in both SBP and DBP have been cross-sectional or case-control studies. In 
a cohort study, middle-aged men exposed to noise showed a significant increase in SBP but not DBP (Sørensen 
et al., 2011). Another cohort study showed that the prevalence of HTN increased by 14% (95% CI = 1.01–1.29; 
p = 0.031) for every 10 dB increase in aircraft noise during the night (Jarup et al., 2008). In a study analyzing 
the risk of HTN when chronically exposed to environmental noise, there was no significant association with road 
traffic noise; however, it showed that the risk of HTN increased when exposed to railway noise and aircraft noise 
(Eriksson et al., 2010; Sørensen et al., 2011).

Previous studies have shown that acute exposure to noise increases the concentration of stress hormones such 
as catecholamines and increases BP, HR, and cardiac output. Low noise levels, if not necessarily high noise 
levels, can have the same effect as acute noise exposure when concentration or sleep processes are disturbed 
(Babisch, 2003, 2011; Basner et al., 2006). Noise is a stress stimulator that releases adrenaline or noradrena-
line from the adrenal medulla through the fight-or-flight reaction, causing changes in heart rate, BP, cardiac 
output, blood glucose or lipid levels, electrolytes, and other parameters (Ising & Braun, 2000; Lundberg, 1999; 
Spreng, 2000b, 2000a). In the case of chronic noise exposure, it has been suggested that this change may flow 
in the direction of an increase or activation, increasing the risk factors and leading to cardiovascular diseases 
(Babisch, 2011; Babisch et al., 2003, 2013). Endothelial dysfunction occurs due to oxidative stress and vascular 
inflammation induced by activation of the autonomic nervous system and increased cortisol levels, which are 
known to contribute to the onset or progression of CVD (Charakida & Deanfield, 2013; Schmidt et al., 2015).
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4.2. Nervous System

Several studies, including three cross-sectional studies, two case-control studies, and two randomized crossover 
studies, have demonstrated that noise exposure has detrimental effects on the nervous system, including sleep, 
cognitive performance, and mental health problems. Specifically, investigations of the impact of noise exposure 
on sleep have revealed a significant interaction between noise and arousal probability using EEG. Additionally, 
studies have shown an association between noise exposure and psychiatric disorders, assessed using the PHQ-9 
and GAD-7 questionnaires, with a significantly increasing PR.

Studies have shown that noise exposure is associated with sleep, cognitive and mental health problems. Changes 
in EEG or polysomnography at specific sleeping stages were observed, and a lack of sleep through a self-reported 
questionnaire was found to be statistically significant. The effects of noise exposure on sleep have also shown 
associations with insomnia; traffic noise or locations close to busy highways have been implicated (Jakovljević 
et al., 2006; Kageyama et al., 1997). Increased arousal in non-rapid eye movement and the arousal duration during 
the sleep period may reduce the proportion of slow-wave sleep, which may deteriorate or interfere with sleep 
quality (Okada & Inaba, 1990; Smith et al., 2019). Although there are limitations in interpretation due to individ-
ual sensitivity, a decrease in REM sleep and quality of sleep occurred in a group exposed to loud noises at night 
(Abel, 1990; Jurrens, 1983). Moreover, one study also reported that sleeping in a noisy environment was signifi-
cantly associated with an arousal increase, a decrease in both REM and latency periods of REM, and a decrease 
in sleep quality (Vallet et al., 1983). Although REM sleep is described as essential for maintaining a good quality 
of sleep, it is important that a quantitative assessment, such as the sleep quality index, be used to evaluate sleep 
since small changes in REM sleep are not considered sleep disturbances (D. B. Cohen, 1980). These quantified 
questionnaires were also used as indicators of noise exposure (Kawada & Suzuki, 1999). The decrease in delta, 
theta, and beta wave activity and the increase in alpha wave activity can be explained as an increase in the arousal 
state, which may be related to sleep disorders and was revealed when exposed to wind turbines represented by 
low-frequency noise. Low-frequency noise has been shown to have a low speed and frequency, so it can be trans-
mitted over long distances without attenuation and has almost no attenuation even through walls or windows. 
Moreover, the SPL of low-frequency noise in a room can be increased through resonance, which can cause sleep 
disturbances (Berglund et al., 1996; Waye, 2004). Although the sample size is small, the study suggests that the 
cortisol awakening response is disrupted by low-frequency noise exposure (Waye et al., 2003, 2004).

Although studies have been limited to children, noise exposure may cause cognitive decline. More than 20 other 
studies have also reported that noise adversely affects children's memory and recognition (Evans & Hygge, 2007), 
and chronic noise exposure has lowered reading comprehension and memory represented by cognitive process 
rather than unexposed group (S. Cohen et al., 1981; Haines, Stansfeld, Brentnall, et al., 2001; Haines, Stansfeld, 
Job, et al., 2001). Some hypotheses suggest that the cognitive impairment that occurs when people are chron-
ically exposed to noise is caused by peroxidation and changes in the hippocampus (Jafari et  al.,  2018). This 
cognitive impairment is explained by the upregulation of the hypothalamus-pituitary-adrenal (HPA) axis as a 
result of hyperphosphorylation of tau protein, neuronal cell death, and increased expression of inflammation in 
the auditory cortex and hippocampus, which change according to the accelerated change in the redox state (Li 
et al., 2014; Wang et al., 2019; Zhuang et al., 2020). Cognitive impairment in children caused by noise exposure 
is reversible (Hygge et al., 2002), but studies claiming to be related to catecholamine and cortisol secretion do not 
show consistent results. Further research will be necessary to establish a mechanism (Stansfeld & Clark, 2015).

Several studies have consistently reported that noise affects psychiatric disorders such as depression and anxi-
ety. As an environmental stressor, repeated exposure to noise stimulates the endocrine and autonomic nervous 
systems, leading to an increase in hormones such as adrenaline and cortisol, dysregulation of the HPA axis, 
and atrophy of the hippocampus, which cause mental illness or psychiatric disorders (Hahad et al., 2019; Karin 
et al., 2020; Lan et al., 2020).

The action of noise exposure on the nervous system may lead to structural changes in the brain. While previous 
studies have suggested changes in brain structure in certain diseases such as insomnia, cognitive impairment, 
Alzheimer's disease, and mental health problems, most studies that have directly linked changes in brain structure 
to noise exposure have been limited to animal tests, with only a few studies conducted on humans. Studies using 
MRI showed a decrease in the volume of the hippocampus in patients with insomnia (Riemann et al., 2007, 2010), 
with a particular decrease in the volume of gray matter and hippocampus reported in patients with cognitive 
impairment (Geerligs et al., 2015; Ries et al., 2008). Previous studies have also shown that cognitive impairment, 
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sleep disturbance, and mental health problems such as depression, anxiety are all associated with increased corti-
sol levels, and high concentrations of cortisol have been linked to reduced gray matter, as well as atrophy of the 
hippocampus (Ouanes & Popp, 2019; Tatomir et al., 2014). Based on these studies, it can be hypothesized that 
increased cortisol levels due to noise exposure may lead to structural changes in the gray matter or hippocampus. 
However, the specific mechanisms for this require further investigation in future studies.

4.3. Immune Response

The observed effect of noise exposure on the immune response was consistent with the results of several stud-
ies (two randomized controlled trial studies, one cohort study, one experimental study, and one cross-sectional 
study) regarding the inflammatory cytokine response, hsCRP, triacylglycerol, cortisol, and epinephrine levels 
(Cai et al., 2017; Evans & Johnson, 2000; Pouryaghoub et al., 2016; Selander et al., 2009; Tait et al., 2019). 
A proposed biological mechanism is that stress-induced anti-inflammatory cytokine release plays a role in 
the balance of antibody-mediated immunity by increasing the level of glucocorticoids in the blood (Decker 
et al., 1996). Furthermore, chronic noise exposure may be linked to the release of psychological stress or related 
hormones such as cortisol and catecholamines. These induce the continuous release of a low dose of hsCRP or 
the breakdown of triacylglycerol (Cai et al., 2017; Selander et al., 2009).

4.4. Endocrine System

Studies, consist of two cohort studies and one cross-sectional study, have suggested an association between noise 
exposure and various metabolic conditions. There are several possible explanations for the negative effects of 
environmental noise on the endocrine system that could be mediated through psychological mechanisms. As a 
physiological stressor, environmental noise activates the HPA axis and the sympathetic nervous system, known 
as the sympathetic-adrenal-medulla axis. These stress hormones can trigger counter-regulatory hormones such 
as adrenaline and cortisol, which could be linked to the release of insulin resistance, resulting in increased food 
consumption and abdominal fat distribution (Kim et al., 2021). Furthermore, sleep deprivation and endocrine 
explosion due to noise exposure can affect adverse immune responses, control of stress hormones, and gastroin-
testinal function (Cai et al., 2020).

4.5. Cancer

Noise exposure, especially exposure to loud or explosive noise, has been associated with acoustic neuroma, which 
is known as a vestibular schwannoma or benign tumor of the vestibular division of the eighth cranial nerve, based 
on case-control studies. Several studies have also showed the increased risk of acoustic neuroma when exposed 
to loud noise, as in our reviewed studies (Preston-Martin et al., 1989; Schlehofer et al., 2007). The study we 
reviewed also demonstrated a significant association between long-term exposure to loud noise and acoustic 
neuroma in women (≥15 years of exposure to loud noise; OR: 3.34, 95% CI = 1.32–8.43) (Edwards et al., 2006). 
Although not definitive, the study suggests that female hormones, such as estrogen, may increase the risk of 
acoustic neuroma. However, one study reported a higher incidence of acoustic neuroma in men than in women 
(53% men and 46% women in 97 cases), but did not demonstrate any gender-specific effect of noise exposure 
in the analysis (Schlehofer et al., 2007). In some of the studies reviewed, conflicting results were founded, with 
some indicating that there was no relationship between occupational exposure and the risk of acoustic neuroma 
(Fisher et al., 2014). Moreover, reviewed studies may have limitations due to recall bias, as past noise exposure 
was estimated using questionnaires (Edwards et al., 2006; Fisher et al., 2014; Hours et al., 2009).

In addition to noise, studies have shown that ionizing radiation and female hormones affect the pathogenesis of 
acoustic neuroma (Ron et al., 1988; Schlehofer et al., 1992), and the hypothesis that noise-induced damage to 
cochlear hair cells affects the development of acoustic neuromas seems more convincing (Oosterveld et al., 1982). 
The results of animal experiments suggest that noise-induced damage to cochlear hair cells promotes cell division 
and contributes to the formation of acoustic neuromas (Corwin & Cotanche, 1988; Ryals & Rubel, 1988). More-
over, it has been suggested that DNA damage caused by oxidative stress and DNA replication errors in the 
cell repair process caused by traumatic damage to cochlear hair cells are related to pathogenesis (Van Campen 
et  al.,  2002). In another study, because they share the same common arterial blood supply and membranous 
labyrinth, noise damages the vascular system of the body, causing the mixing of cochlear fluid, which leads to 
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electrolyte imbalance, degeneration of nerve fibers, and alteration of Schwann cells, which protect the fibers and 
help them regenerate (Henderson & Hamernik, 1995).

4.6. Respiratory System

The effects of noise exposure on the asthma and bronchitis were reported in two studies including cohort study 
and cross-sectional study. In a cohort study, the prevalence of asthma was associated with noise exposure at 
night and noise in and around houses or apartments. Although the results were significant only for girls, it could 
be considered that exposure to noise at night or from residential areas has some degree of effect on the respira-
tory system. Another study showed a significant increase in cardiovascular mortality in noise-sensitive women; 
however, the exact reason for this difference between men and women is unclear (Willich et al., 2006). A noisy 
neighborhood can be represented by low housing quality, which is also a well-known risk factor for asthma 
(Wright & Fisher, 2003). In addition, in children, these results may not be caused by the noise itself but by provid-
ing the cause of the noise due to a fight with parents, siblings, or stress. However, none of these studies provided 
interpretations or results on sex-specific differences (Gustafsson et al., 2002; Slattery et al., 2002; Subramanian 
et al., 2007). In a cross-sectional study, chronic annoyance from neighborhood noise had a significant effect on 
children's respiratory systems and was not associated with asthma but was associated with bronchitis. In addition, 
the RR for respiratory symptoms and bronchitis was much higher than that of adults, and the risk was significantly 
increased, except for asthma. In particular, the association between bronchitis and traffic noise was also shown in 
other studies in Germany, and the results were found to be significant for traffic volume (Ising et al., 2005). This 
can be considered a result of an increase in noise and air pollution as the traffic volume increases.

Emotional stress is considered to be the cause of respiratory stress in children. Emotional stress induces an 
increase in the production of endogenous opiates, such as endorphins and enkephalins, which can lead to suppres-
sion of the immune system with a decrease in natural killer cell activity. It is suggested that this can cause asthma 
psycho-neuroimmunologically (Ader & Cohen, 1985; Shavit & Martin, 1987; Shavit et al., 1985). Furthermore, it 
has been shown that chronic stress can affect connective tissue, such as the synthesis of a non-physiological colla-
gen structure by fibroblasts, by causing dysfunction of the basic substances of the extracellular matrix (Aguas 
et al., 1999). These changes could be explained, to some extent, by the development of asthma.

4.7. Gastrointestinal System

Given the interactions between the brain and gut, and the fact that the gastrointestinal system is considered to 
react adversely to stress, the association between noise exposure and the gastrointestinal tract, such as gastroin-
testinal dysfunction, seems reasonable. Similar to the endocrine system, biologically plausible mechanisms have 
consistently demonstrated the effect of noise on the gastrointestinal system. Noise exposure triggers annoyance 
and stress, and induced stress activates the HPA axis and circulates stress hormones. Moreover, noise exposure 
significantly decreases gastrointestinal movement and increases gastric acid secretion (Castle et al., 2007; Tomei 
et al., 1994). An animal study reported that noise exposure increased basal and pentagastrin-stimulated gastric 
acid secretion and weakened gastric mucosal barriers (Moslehi et al., 2010). Although a few studies have reported 
the effects of environmental noise on the gastrointestinal system, supportive data suggest that noise exposure may 
be a risk factor for the development of gastrointestinal dysfunction.

4.8. Obstetrics

Since some evidence supports the notion that environmental exposure is associated with preterm birth, the 
hazardous environment appears to act as a risk factor for preterm birth (Etzel, 2020). However, the relevant litera-
ture showed a lack of connection between preterm delivery and low to moderate exposure to noise (Barba-Vasseur 
et al., 2017). A review suggested a plausible mechanism of noise and pregnancy that can explain pathophysio-
logical pathways involved in the immune system (Prasher, 2009). Exposure to noise during pregnancy can induce 
a pro-inflammatory and pro-thrombotic state (Martinelli et  al.,  2013). Inflammatory state leads to placental 
hypoperfusion, which could lead to intrauterine growth restriction, gestational hypertension, fetal death in utero 
(Babisch & Van Kamp, 2009; Erickson & Arbour, 2014). As it may now be time to consider primordial preven-
tion to inhibit adverse environmental conditions, further epidemiological and clinical research with more accurate 
and detailed information about noise exposure is required.
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4.9. Limitations

The reviewed studies had some limitations that need to be addressed in future studies. One limitation is related 
to the method and evaluation of noise exposure, as some studies assessed noise exposure using noise annoyance 
scales or questionnaires instead of quantified or structured measurement methods (Beutel et al., 2016; Dzhambov 
et  al.,  2017; Edwards et  al.,  2006; Hours et  al.,  2009; Willich et  al.,  2006). As a result, accurate assessment 
of individual exposures was not possible, and inherent limitations and information bias (e.g., recall bias) may 
have affected their results due to the questionnaire-based approach. Another limitations was the small sample 
size in some studies, which may have resulted in selection bias and influenced the generalizability of the find-
ings due to the clinical nature of these studies (Castle et al., 2007; Dunbar et al., 2022; Dzhambov et al., 2017; 
Edwards et  al.,  2006; Evans & Johnson,  2000; Hours et  al.,  2009; McGuire et  al.,  2016; Popp et  al.,  2015; 
Pouryaghoub et al., 2016; Saha et al., 1996; Schmidt et al., 2013, 2021; Stansfeld et al., 2010; Tait et al., 2019; 
Tomei  et al., 2000). Moreover, some studies were analyzed using cross-sectional study design, which precluded 
the establishment of a causal relationship. In addition, some studies that did not focus on noise exposure as a 
primary exposure were excluded from this review. As there may be results contrary to those presented in this 
analysis, some results should be interpreted more cautiously. Further review and analysis with modified criteria 
including all kinds of noise exposure should be performed to overcome these limitations.

Besides the aforementioned limitations, our systematic review has some strengths. One significant strength is the 
consideration of extra-auditory effects, rather than solely auditory effects, resulting from occupational or envi-
ronmental noise exposure. Prior reviews typically focused on one or two types of health effects of noise exposure. 
Additionally, our review encompasses studies from a range of global locations, rather than being confined to a 
specific region. Given these strengths, our review will offer valuable insight into the association between noise 
exposure and human health, and represent a valuable resource for future research.

5. Conclusions
The current study reported that occupational or environmental noise exposure has an extra-auditory effect on 
human health. Various human health effects have been reported to be related to noise exposure, such as circula-
tory, respiratory, immunological, gastrointestinal, and oncologic effects. Further studies are needed to investigate 
the effects of noise exposure on extra-auditory human health.

Abbreviations
dB Decibel
Leq equivalent continuous sound pressure level
LAeq Equivalent continuous A-weighted sound pressure level
Lden Day-evening-night noise level
BMI Body mass index
BP Blood pressure
CPM Cycles per minute
DBP Diastolic blood pressure
FMD Flow-mediated dilatation
HPA Hypothalamus-pituitary-adrenal
HR Hazard Ratio
IHD Ischemic heart disease
LV Left ventricle
MeSH Medical Subject Headings
NIHL Noise-induced hearing loss
OR Odds ratio
PRISMA Preferred Reporting Items for Systematic reviews and Meta-Analyses
PICO Population, Intervention, Comparison, and Outcome
CONSORT Consolidated Standards of Reporting Trials
STROBE Strengthening the Reporting of Observational Studies in Epidemiology
REM Rapid eye movement
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GAD-7 General Anxiety Disorder-7
PHQ-9 Patient Health Questionnaire-9
RR Relative risk
SBP Systolic blood pressure
SCORE Systematic coronary risk evaluation
SPL Sound pressure level
FBG Fasting blood glucose
FINJEM Finnish Job-Exposure matrix
GMA Gastric myoelectrical activity
HDL High-density lipoprotein
HTN Hypertension
IL Interleukin
IQR Interquartile range
MetS Metabolic syndrome
hsCRP High-sensitivity C-reactive protein
TG Triglycerides
WC Waist circumference
CHD Coronary heart disease
CVD Cardiovascular disease
E/e′ Early mitral inflow velocity/early diastolic velocity of the mitral valve annulus velocity
EEG Electroencephalogram
CCI Chronic constriction injury
DDD Defined daily dose
NSAIDs Non-steroidal anti-inflammatory drugs
NK cell Natural killer cell
ACE-2 Angiotensin converting enzyme-2
NOS Nitric oxide synthase
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