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Abstract
Background: Noise pollution has been called an invisible killer. It has been a critical issue for the people
working in the noisy environments especially in industry and education. This study was conducted to
evaluate the differences of neuronal activity between groups, an experimental group is profession in
occupational noise environments and a control group is who did not, and all of the subjects had tinnitus
or hyperacusis. We used the electroencephalography data from 17 patients. The two experimental
subjects were a tinnitus patient and a hyperacusis patient. The �fteen control subjects were seven
tinnitus and eight hyperacusis patients and all of the subjects had normal hearing.

Results: We compared the brain activity for three states among the groups: after noise-induced state and
no sound exposure state for the two experimental subjects, and no sound exposure state for the control
group. The activity of the auditory cortex in the experimental group after noise exposure were signi�cantly
increased in gamma (p = 0.002) and decreased in delta and theta band. In other brain areas, the rates of
the delta, theta, beta 1~3 and gamma for the control group were higher than the experimental subjects for
both with or without noise exposure states.

Conclusions: Through this study, it was suggested that the professions of tinnitus and hyperacusis with
normal hearing in occupational noise environment could be maintain their pathological states by
abnormal hyper-activation of the primary and secondary auditory cortex alone.

Background
Tinnitus, perception of hearing ringing, buzzing or hissing sound without external sounds, is a typical and
chronic symptom of permanent hearing loss 1,2. Sometimes when people are exposed to a loud noise, like
noise from public transportation, transient threshold shift (TTS) of hearing can occur in normal condition
of healthy people and subjective tinnitus may also possible to develop temporarily 3,4. Occupational noise
exposure such as loud noise and chronic noise exposure could develop permanent threshold shift (PTS)
which is belong to causative factors of permanent hearing loss to workers, and it is so called as noise-
induced hearing loss which is major cause of chronic subjective tinnitus 3,5,6. In these unexpected and
unpreventable situations from noise, transient or permanent tinnitus is a well-known major symptom of
noise exposure.

In the case of hyperacusis, they experience physical symptoms and uncomfortable feelings such as
migraine and pain when exposed to general living noise of low-intensity, and these sensations are the
main symptoms of hyperacusis 7−10. Because noise is an invisible, unpredictable and so powerful energy
source, these subjective hearing disorders, tinnitus and hyperacusis, are becoming worse and a crucial
issue in an occupational noise environment 11.

Regarding occupational noise environments, there have recently been studied with a large number of
subjects, of hundreds to thousands, regarding clinical effects of the occupational noise exposure, e.g.,



Page 3/18

construction 12−14, industry 15, comparisons of the four occupations (cf. education, music, industry and
other occupational noise environment 16, and obstetric wards 17. In usual circumstances of these working
environments, occupational noise is a usual condition of long-term and higher than 80dB of noise
exposure, continuously generated from the working environments in every day and whole time of the
working hours 12. The consequent chronic noise exposure in occupational noise environment physically
damage to the hearing of workers and critically affects their susceptibility in the noise-induced stress and
their quality of life 18,19. The audiometry results, especially in the industry and education, were revealed
that the workers who suffered from inner ear disorders were signi�cantly higher than other occupational
groups 16.

Since 1970’s, several research group have attempted to study evaluating the hearing and clinical
pathology status of the central nervous system for the professions in the certain occupations of the
chronic noise environments, e.g., tractor operator 20, industry professions including construction 21−25,
tra�c police o�cer 18, veteran 26, aviation pilot 27, and other occupational noise environments 28−30.

The subjects participated above the studies had been also undergoing low ability performance in an
attention task 18,26, enhancement of (auditory) sensory processing in a silent condition 18, and a disorder
of central auditory processing in non-speech condition of the noise-exposed and normal hearing subjects
21.

Not only noise environmental occupations but also central pathologic status of tinnitus and hyperacusis
has been studied via neuroimaging. Among of them, the researches related to auditory resting state of
tinnitus represented pathological brain states of the patients and resting state of electroencephalography
(EEG) were assessed through spectrum analysis and connectivity 31−38. Based on the above studies,
resting state of quantitative EEG was used as assessment tool, and we evaluated activity of the auditory/
non-auditory brain area whose locations were designated based on the 10–20 montage and anatomical
location (see, Fig. 1).

Because most of central processing problems of tinnitus and hyperacusis patients were developed by
peripheral hearing loss, hearing researches also have been conducted in certain environments in which
otologic disorders frequently occurs. According to the previous reports, in over twenty different
construction industry professions, hearing was statistically signi�cantly worse 12, and condition of
chronic occupational noise exposure and that of duration were also signi�cantly associated with
subject’s hearing 13,14. Also, in the study of normal hearing workers, the occupational noise index of the
workers in obstetric wards was signi�cantly related to tinnitus and auditory fatigue which induced by
sound 17.

In the previous reports, regarding cellular level of noise-induced condition, neuronal activity was showed
the fast gamma pattern with spiky in the temporal and auditory cortex in animal models 38−42.
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Comprehensively, above the cohort and/or clinical trials in human and the in-vivo researches of the
animal models, we carried out this study with hope that the study could evaluate the pathophysiologic
differences previously reported (e.g. high gamma pattern), and the relation of these differences in
neuronal activity and the clinical pathology symptoms (e.g. tinnitus and hyperacusis) caused by
occupational noise exposure in normal hearing workers. Also, we intended to suggest that how their
default modes of tinnitus and hyperacusis subjects working in a noisy environment differ from those
patients who are not exposed to occupational noise.

Methods
Participants

The EEG data from the two experimental subjects from a previous study (EB Bae, 2019) were included in
this study. We compared the EEG data between the experimental group (N=2) and the control group
(N=15). Of the two experimental subjects, one had tinnitus and the other had hyperacusis; thus, we
selected patients with the same disorders as a positive control group from the previous researches
database. EEG data of 17 subjects in total were used from completed clinical trials which introduced in
the previous studies.

Because the two subjects had normal hearing, we selected EEG data from patients who had the same
normal hearing from these approved research databases. In the �rst study, 7 out of 80 subjects had
normal hearing; the mean score for right ear hearing was 8 (±4) dB and 8.9 (±4.9) dB for left ear hearing.
In the second study, the control EEG data were from 8 out of 9 subjects who had normal hearing; the
mean score for right ear hearing was 5 (±3.6) dB and 6.1 (±3.9) dB for left ear hearing (Table S1). Thus,
the EEG data from a total of 17 subjects, 2 in the test group and 15 in the control group, all with an
otologic disorder, were used in this study. In total, the EEG data from eight tinnitus cases were used. One
case was for the test group and seven cases were for the control group. From the hyperacusis database,
one case was used for the test group, and eight cases were used for the disorder control group (Table 1).

Experimental subjects

The experimental subject with tinnitus has been working at a noisy construction site with an extremely
loud booming sound that could cause hearing loss in healthy people, such as a metal banging sound or
sound from heavy equipment. Even if his bilateral hearing thresholds were within normal range, see Table
1, tinnitus was developed because of chronic exposure to an extremely noisy working environment during
working hours for a long duration 16,43.

Although the noise level of the working environment was not enough to cause hearing loss in this subject,
it is thought that tinnitus, which is commonly found in hearing loss patients, is caused by chronic
exposure to loud noises 12. The tinnitus sound got louder on the day he worked, and he also complained
that his tinnitus remained even on his off-day. During much of his working hours, he was exposed to high
random frequencies and high intensity noise; thus, he was defenseless exposed to the sound and had to
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listen to the noise throughout his working hours. As a result, he experienced auditory trauma from the
occupational noise in his working environment 3,26,44-46.

Another otologic disorder is chronic hyperacusis. Hyperacusis has different symptoms than those of
tinnitus in that the condition cannot be recognized without an external noise 8. Tinnitus is a ringing sound
usually in the hearing damaged ear that occurs all the time without any external noise 1,9,47. However,
hyperacusis symptoms in normal hearing usually occur only when patient heard a sound in a noisy
environment. Sound or noise is a necessary condition to provoke symptom of hyperacusis. In the second
experimental case, the female patient was aware of her physical symptoms herself when she was
exposed to only a noise louder than her uncomfortable level (UCL).

She was a teacher in a girl’s high school. Most of her unpleasant sounds came from the working
environment. The sounds that provoked her symptoms were piano, food plate scraping, stereo sound, and
speaker sound in the playground, and she also got symptoms when teenage girls would suddenly shout
loudly. These sounds are unpredictable, high frequency, loud and can cause hyperacusis symptoms. The
UCL was measured by pure-tone audiometry, and the mean threshold was 84.3 (±5.0) dB. She had the
same UCL on the right and left ear. This UCL was a higher intensity than that of the other hyperacusis
controls whose average thresholds were 76.3 (±19.5) dB (Table S1.). Each patient’s noise condition is
described in the supplementary data (SI 1.).

Electroencephalography test

The same procedure was used as in a previous study (prev. ref). EEG data were recorded from the two
experimental subjects and 15 controls. Two reference electrodes were located each on the right and left
ear, and we used the average reference montage. EEG was recorded in a sound- and electrically-shielded
booth. While recording the EEG for 5 minutes, no sound was induced except for case 2 with hyperacusis.
Post-processing of the EEG data included baseline correction, eye movement and other artifact rejection,
interpolation of bad channels, and averaging using Independent Component Analysis methods.

Analysis

Comparisons were done among the two noise conditions in the experimental subjects and the control
group. A total of three groups were used: the no sound exposed state (NS) group, the after noise induced
condition (aNI) group, and the positive control group (see �gure 2).

The neuronal power density of each group was represented by brain topography. The color scale bar of
the gamma band was normalized to 20% of the maximum thresholds, and the gamma-theta ratio was
normalized to 300%.

Neuronal activity was evaluated by the amplitude and frequency rates. Brain areas were grouped by
bilateral auditory and non-auditory cortex; statistically, a minimum of four channels were used for
auditory cortex (see, �gure 1, 2). Non-parametric analysis was done by two-independent test. Moreover,
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Kruskal Wallis test was done among the three groups. All the statistically results presented in this study
were obtained by SPSS v.23, IBM.

Using Low-Resolution Brain Electromagnetic Tomography (LORETA) program, we compared the activity
of the whole brain area among the noise induced states of the two experimental subjects, the no sound
exposed state, and the positive control group.

Results
Brain Topography

Figure 3-A, B shows the neuronal power density results of the experimental subjects. Figure 3-A shows the
neuronal power density for the mild temporal hyper-activated states (MTHS) for the NS exposed state.
Figure 3-B shows the neuronal power density for the severe temporal hyper-activated state (STHS) for the
aNI condition. In Figure 3-A, the bilateral auditory cortices had a weaker hyperactivity evident by the
absence of pointed waveforms when there was no speech stimulation and noise exposure. The gamma
wave intensity of the neurons was dramatically increased after noise exposure. In the positive control
group, abnormally high oscillations were observed in general, while in the two experimental subjects, the
gamma band was observed only in the auditory cortices before and after noise exposure.

Neuronal activity comparisons

Neuronal activity was evaluated comparing the neuronal power density and the rates of the neuronal
frequency between the three groups. In Figure 4-A, in the bilateral auditory cortex, the neuronal power of
alpha 2, beta3 and gamma bands for the aNI group was signi�cantly higher than the positive control
group. The percentage of delta and theta bands was signi�cantly different between the positive control
group and the aNI group. In Figure 4-B, in other brain areas, the neuronal power was signi�cantly reduced
between the NS group and the positive control group in the delta, theta, alpha, beta2, and beta3 bands. In
contrast to the power, the percentage rates for seven frequency bands except for the alpha2 band were
signi�cantly higher in the control group than in the experimental groups.

LORETA analysis

Figure 5 shows the frequency analysis results with sLORETA. Frequency comparison was done between
the aNI group and the control group and between the aNI group and the NS group. As a result of
subtracting the NS from the aNI using sLORETA, the left auditory cortex had a positive score (red to
yellow), and all other areas were minus (skyblue to blue). When the control was subtracted from the aNI,
the result was positive on the left side and little difference on the right side.

Discussion
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Considering that neuronal power dramatically changed in only the bilateral auditory cortex, after noise-
exposed in silent state, and did not change in other brain areas (see, Fig. 3-A and B), the auditory cortex of
the experimental subjects seems to be separate from the surrounding areas and acts differently in the
subjects. Abnormal spiky signals were only observed in the primary and secondary auditory cortex areas
in the previous study, and the original signals were assumed to come from cochlear nerve 48,49.

In Fig. 4-A, the percentage rates of delta and theta band in the aNI condition of these noise industry
professions were signi�cantly decreased compared to the NS and control groups. It means that the
inhibitor function of delta and theta were not properly working when exposed to noise. Gamma, beta3
and the phase coupling ratio of delta and theta also increase at the same time due to noise. This
suggests that the main and original functions of the auditory brain area might be sensitized to chronic
occupational noise exposure and that auditory cortex separately and hysterically act by auditory
stimulation and eventually could be develop into physical symptoms and disorders, see Fig. 1, e.g.
tinnitus and hyperacusis. If auditory stimulus causes abnormal neuronal activity, this physical condition
may be classi�ed as a wide range of auditory trauma and in this respect, this results are similar with 50

that minor damage could developed hyperactivity of the auditory cortex in tinnitus and/or hyperacusis.
According to calculation of recovery time curve, if someone exposed to 100dB of noise to 17minutes,
more than 8 hours of recovery time was expected and in case of occupational chronic exposure, 2 hours
of 105dB of noise exposure may lead to 40-50dB of TTS, it would need about one and a half day (33.3
hours) of recovery time 51,52 it is known that the recovery time needs to be more than 15 minutes after
noise exposure, and the recovery time can be different based on the noise intensity and exposure time
46,51,52. For long-term auditory fatigue by noise trauma, auditory recovery was thought to take a long time
53.

Comparing the intensity of the overall brain area activation, the �ring strength of the inhibition band in the
noise industry professions tends to decrease (Fig. 4-B, NS-NI), and the alpha2, beta, and gamma bands
show a statistically signi�cant increase (Fig. 4-A). It is interpreted that the theta and delta bands that
inhibit the gamma and beta3 activity are decreased and that the spiky abnormal beta and gamma
activity due to sound stimulation persist for a long time 39−42. However, power strength of the gamma
band has not changed, whether noise exposed or not. Contrary to other brain areas, the gamma band in
the auditory cortex was signi�cantly increased between the aNI status and the NS condition and between
the aNI status and the control of disorders.

In contrast to the experimental subjects, the intensity of the brain activity in the control group was
generally weak overall brain area (Fig. 4-A left, B left), and the inhibition activity of the delta and theta
bands were signi�cantly higher proportion in the control auditory cortex while gamma band was lowered
than noise induced state of the experiment subjects. It suggests that the results of our control group,
tinnitus and hyperacusis patients who are non-occupational noise exposed, supported previously reported
results. The results are that the auditory cortex of hyperacusis patients with tinnitus did not show
hyperactivity in auditory resting state 32. Unlike other tinnitus and hyperacusis subjects (control group),
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occupational chronic noise exposed subjects showed highly activated solely bilateral auditory cortex.
Applying neural plasticity theory to our results, auditory hyperactivity (temporal hyperactivity) could
increase the hyperactivity of other brain areas if the subject is exposed to work environment noise from
months to decades during working hours every day 37,50,54.

Our results also provide following clinical view same with previous reported in 17,18,21; 1. The results
showed that still strong and enhanced gain in the auditory cortex even in the silent condition. 2. Our
subjects who have been long-term exposed to occupational noise with normal hearing has persisted
symptoms of tinnitus and hyperacusis in no-sound condition. 3. The workers, our subjects, in the
occupational noise environments had tinnitus and hyperacusis caused by chronic sound exposure.

From above the results, it is recommended that treatment may be approached differently in general cases
of tinnitus and hyperacusis and in noise industry professions because central neural processing and
clinical neuro-pathologic symptoms might be different. Previously reported studies, 55 showed that sound
enriched environments reduced effects of hearing loss in the case of noise-induced hearing loss.
However, in the case of the normal hearing experimental subjects in this study, sound using therapy may
temporarily worsen the symptoms. Considering recovery time of TTS, recovery time is related to noise
exposure duration and noise intensity, however it is determined directly by TTS thresholds rather than
exposure time or noise intensity 52. To sum it all up, we suggest routine check-up for hearing through
hearing conservation program during working period in noise environments, and we recommend that
noise industry professions work as far away from noise sources as possible, or minimize the period they
are exposed to noise. By further minimizing noise exposure, it is thought that there will be improvement
3,4,56.

Limitation and Future work

This study, which analyzed resting EEG, shows that the activity of the cerebral cortex changes before and
after sound exposure but brain activity at the time of sound stimulation is unknown. This is a study on
abnormal and active states in the absence of sound stimuli after noise exposure. Despite the differences
in sex, age, noise working environment, and symptoms, these common patterns identi�ed in this study by
tinnitus and hyperacusis seem to be an impact of clinical signi�cance and should not be underestimated.
Because noise environments causing tinnitus are different from the noise environment in which
hyperacusis occurs, with this study, it is di�cult to evaluate the common mechanism of these two
disease groups when the same conditions are applied in a speci�c noise environment.

Furthermore, it is expected di�cult to reveal this common mechanism in a separate clinical trial in an
occupation group. In a prospective study, to identify the implications of this study, it is recommended that
patients be screened as a group of workers in each several different noise work environment or
occupations and be selected who has tinnitus and hyperacusis symptoms with normal hearing.

Conclusion
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The results of this study are clinically meaningful in the following two perspectives: The �rst is the
�nding of the �rst affected area in the central region of tinnitus and hyperacusis caused by noise through
simple EEG. Second, for noise environmental professionals, it is important that they differ from normal
neural activity patterns seen in normal hearing tinnitus and hyperacusis. In general, for tinnitus and
hyperacusis patients, the activity of various parts of the brain including the auditory cortex is high,
whereas in the two subjects who worked in noise environment professions, abnormal cortical beta3 and
gamma bands occurred in only the auditory cortex and lasted for a long time. This is interpreted to be due
to the fact that the delta and theta bands are rapidly reduced at the same time with noise exposure, and
inhibition of the beta and gamma bands is not achieved. This is the �rst attempt to distinguish subtypes
of tinnitus and/or hyperacusis according to an onset mechanism using EEG. And also our results may
help to prevent permanent hearing loss or chronic tinnitus and hyperacusis 57 for the professions in the
occupational noise environment by a regular inspection of simple EEG. If a more research with large
number of subjects is done in the future, the results that we reported may be useful for establishing a
marker that distinguish tinnitus and hyperacusis of occupational noise exposure in normal hearing from
general tinnitus and hyperacusis.
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Uncomfortable level (UCL)

No sound exposed state (NS)

after noise induced condition (aNI)

Low-Resolution Brain Electromagnetic Tomography (LORETA)

Mild temporal hyper-activated states (MTHS)

Severe temporal hyper-activated state (STHS)

References
1. Baguley D, McFerran D, Hall D. Tinnitus. The Lancet. 2013;382(9904):1600-1607.

2. Levine RA. Tinnitus: diagnostic approach leading to treatment. Semin Neurol. 2013;33(3):256-269.

3. Ryan AF, Kujawa SG, Hammill T, Le Prell C, Kil J. Temporary and Permanent Noise-induced Threshold
Shifts: A Review of Basic and Clinical Observations. Otol Neurotol. 2016;37(8):e271-275.



Page 11/18

4. Clark WW, Bohne BA. Effects of noise on hearing. JAMA. 1999;281(17):1658-1659.

5. Ryan A, Bone RC. Noise-induced threshold shift and cochlear pathology in the Mongolian gerbil. J
Acoust Soc Am. 1978;63(4):1145-1151.

�. Lonsbury-Martin BL, Martin GK, Bohne BA. Repeated TTS exposures in monkeys: alterations in
hearing, cochlear structure, and single-unit thresholds. J Acoust Soc Am. 1987;81(5):1507-1518.

7. Klein AJ, Armstrong BL, Greer MK, Brown FR, 3rd. Hyperacusis and otitis media in individuals with
Williams syndrome. J Speech Hear Disord. 1990;55(2):339-344.

�. Baguley DM. Hyperacusis. J R Soc Med. 2003;96(12):582-585.

9. Møller AR, Langguth B, DeRidder D, Kleinjung T. Textbook of Tinnitus. Springer New York; 2010.

10. Vernon JA. Pathophysiology of tinnitus: a special case--hyperacusis and a proposed treatment. Am J
Otol. 1987;8(3):201-202.

11. Basner M, Babisch W, Davis A, et al. Auditory and non-auditory effects of noise on health. The
Lancet. 2014;383(9925):1325-1332.

12. Leensen MC, van Duivenbooden JC, Dreschler WA. A retrospective analysis of noise-induced hearing
loss in the Dutch construction industry. Int Arch Occup Environ Health. 2011;84(5):577-590.

13. Seixas NS, Goldman B, Sheppard L, Neitzel R, Norton S, Kujawa SG. Prospective noise induced
changes to hearing among construction industry apprentices. Occup Environ Med. 2005;62(5):309-
317.

14. Seixas NS, Neitzel R, Stover B, et al. 10-Year prospective study of noise exposure and hearing
damage among construction workers. Occup Environ Med. 2012;69(9):643-650.

15. Frederiksen TW, Ramlau-Hansen CH, Stokholm ZA, et al. Noise-Induced Hearing Loss - A Preventable
Disease? Results of a 10-Year Longitudinal Study of Workers Exposed to Occupational Noise. Noise
Health. 2017;19(87):103-111.

1�. Lindblad AC, Rosenhall U, Olofsson A, Hagerman B. Tinnitus and other auditory problems -
occupational noise exposure below risk limits may cause inner ear dysfunction. PLoS One.
2014;9(5):e97377.

17. Fredriksson S, Hammar O, Toren K, Tenenbaum A, Waye KP. The effect of occupational noise
exposure on tinnitus and sound-induced auditory fatigue among obstetrics personnel: a cross-
sectional study. BMJ Open. 2015;5(3):e005793.

1�. Chiovenda P, Pasqualetti P, Zappasodi F, et al. Environmental noise-exposed workers: event-related
potentials, neuropsychological and mood assessment. Int J Psychophysiol. 2007;65(3):228-237.

19. Corso JF. The effects of noise on human behavior. PENNSYLVANIA STATE UNIV STATE
COLLEGE;1952.

20. Kozlov VN, Kiseleva NP. [Experience in the electroencephalographic study of tractor operators during
�eld work]. Gig Sanit. 1971;36(8):106-107.

21. Brattico E, Kujala T, Tervaniemi M, Alku P, Ambrosi L, Monitillo V. Long-term exposure to occupational
noise alters the cortical organization of sound processing. Clin Neurophysiol. 2005;116(1):190-203.



Page 12/18

22. Strel'nikova IV. [Effects of industrial noise on the central nervous system of adolescents]. Gig Sanit.
1991(10):55-57.

23. Chkannikov AN. [Correlation of ear and extra-ear effects in workers exposed to industrial noise]. Med
Tr Prom Ekol. 1993(2):12-16.

24. Khaimovich ML, Sokolova EI. [Effect of industrial noise on the bioelectrical activity of the brain]. Gig
Tr Prof Zabol. 1978(12):21-23.

25. Angeleri F, Granati A, Lenzi R. [Maladjustment and neurosis in industry: socio-psychological factors,
noise, monotonous work]. Med Lav. 1972;63(3):134-148.

2�. Bressler S, Goldberg H, Shinn-Cunningham B. Sensory coding and cognitive processing of sound in
Veterans with blast exposure. Hear Res. 2017;349:98-110.

27. Kuleshova MV, Rusanova DV, Katamanova EV, Pankov VA, Lakhman OL. [Emotional and physiologic
features of civil aviation pilots with neurosensory deafness]. Med Tr Prom Ekol. 2017(1):14-16.

2�. Shidlovskaia TV, Ostapkovich VE, Kozak NS, Mashin EA. [Analysis of base EEG in workers exposed to
occupational noise]. Vestn Otorinolaringol. 1988(2):36-39.

29. Sagalovich BM, Shidlovskaia TV, Mishchanchuk NS, Daniliuk VM. [Electroencephalographic
indicators in workers in noisy professions with normal hearing and with initial symptoms of hearing
disorders]. Vestn Otorinolaringol. 1987(3):29-32.

30. Novotny Z, Krejcova H, Kostalova L, Stracarova B. In�uence of occupational noise and vibrations of
central auditory and vestibular system. Acta Univ Carol Med (Praha). 1984;30(7-8):565-584.

31. Maudoux A, Lefebvre P, Cabay JE, et al. Connectivity graph analysis of the auditory resting state
network in tinnitus. Brain Res. 2012;1485:10-21.

32. Song JJ, De Ridder D, Weisz N, Schlee W, Van de Heyning P, Vanneste S. Hyperacusis-associated
pathological resting-state brain oscillations in the tinnitus brain: a hyperresponsiveness network with
paradoxically inactive auditory cortex. Brain Struct Funct. 2014;219(3):1113-1128.

33. Song JJ, Vanneste S, De Ridder D. Dysfunctional noise cancelling of the rostral anterior cingulate
cortex in tinnitus patients. PLoS One. 2015;10(4):e0123538.

34. Maudoux A, Lefebvre P, Cabay JE, et al. Auditory resting-state network connectivity in tinnitus: a
functional MRI study. PLoS One. 2012;7(5):e36222.

35. Neff P, Hemsley C, Kraxner F, Weidt S, Kleinjung T, Meyer M. Active listening to tinnitus and its relation
to resting state EEG activity. Neurosci Lett. 2018;694:176-183.

3�. Ahn MH, Hong SK, Min BK. The absence of resting-state high-gamma cross-frequency coupling in
patients with tinnitus. Hear Res. 2017;356:63-73.

37. Chen YC, Zhang J, Li XW, et al. Altered intra- and interregional synchronization in resting-state
cerebral networks associated with chronic tinnitus. Neural Plast. 2015;2015:475382.

3�. Eggermont JJ, Tass PA. Maladaptive neural synchrony in tinnitus: origin and restoration. Front
Neurol. 2015;6:29.



Page 13/18

39. Kaltenbach JA, McCaslin DL. Increases in spontaneous activity in the dorsal cochlear nucleus
following exposure to high intensity sound: A possible neural correlate of tinnitus. Auditory
Neuroscience. 1996;3(1):57-78.

40. Vianney-Rodrigues P, Iancu OD, Welsh JP. Gamma oscillations in the auditory cortex of awake rats.
Eur J Neurosci. 2011;33(1):119-129.

41. Hickox AE, Liberman MC. Is noise-induced cochlear neuropathy key to the generation of hyperacusis
or tinnitus? J Neurophysiol. 2014;111(3):552-564.

42. Jenison RL, Reale RA, Armstrong AL, Oya H, Kawasaki H, Howard MA, 3rd. Sparse Spectro-Temporal
Receptive Fields Based on Multi-Unit and High-Gamma Responses in Human Auditory Cortex. PLoS
One. 2015;10(9):e0137915.

43. Dobie RA, Clark WW. Exchange rates for intermittent and �uctuating occupational noise: a
systematic review of studies of human permanent threshold shift. Ear Hear. 2014;35(1):86-96.

44. Minen MT, Camprodon J, Nehme R, Chemali Z. The neuropsychiatry of tinnitus: a circuit-based
approach to the causes and treatments available. J Neurol Neurosurg Psychiatry. 2014;85(10):1138-
1144.

45. Buchler M, Kompis M, Hotz MA. Extended frequency range hearing thresholds and otoacoustic
emissions in acute acoustic trauma. Otol Neurotol. 2012;33(8):1315-1322.

4�. Chen CJ, Dai YT, Sun YM, Lin YC, Juang YJ. Evaluation of auditory fatigue in combined noise, heat
and workload exposure. Ind Health. 2007;45(4):527-534.

47. Schecklmann M, Landgrebe M, Langguth B, Group TRIDS. Phenotypic characteristics of hyperacusis
in tinnitus. PLoS One. 2014;9(1):e86944.

4�. Schaette R, McAlpine D. Tinnitus with a normal audiogram: physiological evidence for hidden
hearing loss and computational model. J Neurosci. 2011;31(38):13452-13457.

49. Auerbach BD, Rodrigues PV, Salvi RJ. Central gain control in tinnitus and hyperacusis. Front Neurol.
2014;5:206.

50. Chen GD, Sheppard A, Salvi R. Noise trauma induced plastic changes in brain regions outside the
classical auditory pathway. Neuroscience. 2016;315:228-245.

51. Ward WD. Recovery from High Values of Temporary Threshold Shift. The Journal of the Acoustical
Society of America. 1960;32(4):497-500.

52. Ward WD. Temporary Threshold Shift and Damage‐Risk Criteria for Intermittent Noise Exposures.
The Journal of the Acoustical Society of America. 1970;48(2B):561-574.

53. Miller J. Effects of noise on people. J Acoust Soc Am. 1974;56(3):729-764.

54. Kraus KS, Canlon B. Neuronal connectivity and interactions between the auditory and limbic
systems. Effects of noise and tinnitus. Hear Res. 2012;288(1-2):34-46.

55. Norena AJ, Eggermont JJ. Enriched acoustic environment after noise trauma reduces hearing loss
and prevents cortical map reorganization. J Neurosci. 2005;25(3):699-705.

5�. Department of Labor Us. Occupational noise exposure. 2018(29).



Page 14/18

57. Ahlf S, Tziridis K, Korn S, Strohmeyer I, Schulze H. Predisposition for and prevention of subjective
tinnitus development. PLoS One. 2012;7(10):e44519.

Table
Table 1.  Demographic data of the experimental subjects and 15 control of the two otologic
disorders.

nts Age Age   Side Duration
(yr)

VAS
intensity

VAS
distress

Noise exposure
environments

Noise induced symptoms

M 54   B 4.5 6 10 Laboring at
construction sites

Louder tinnitus

F 26   R 10 7 7 High school teacher Hearing sounds of ear
muscle contraction
Hearing noises in the ear

ol
M:F Age Duration VAS intensity VAS distress C.C

6:1 45.7±15
4.96±

7.91 7.3± 0.8 7.1± 1.3 Tinnitus

4:4
31.5±
11.4 2.9± 2.8 7.4± 1.6 7.7± 1.4 Hyperacusis

control          
10:5         Otologic disorder

Figures
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Figure 1

Electrodes representing cortical area. Left: Location of 31 electrodes on the scalp and cortex Right:
Temporal electrodes near auditory cortices in neuroanatomical view. The �gure was drawn by EB.B.
Reference information: [BOOK] Atlas of neuroanatomy and neurophysiol_ Netters et al. Cerebral
Hemispheres/Telencephalon, Waxman SG. Clinical Neuroanatomy, 28e; 2017 Sagittal view of the brain
http://umich.edu/~cogneuro/jpg/Brodmann.html https://en.wikipedia.org/wiki/ : brodmann area 21, 22,
37, 41, 42 MRI scan of Brain: sLORETA

Figure 2

The diagram for analyzing procedure.
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Figure 3

The brain activity of the two subjects and the control represented on the brain topography. A: resting
state, no sound exposed condition in the two subjects. B: resting state after speech sound induced, (no
listening) condition. C: Otologic disorder control (tinnitus and hyperacusis, n=16).
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Figure 4

Neuronal activity was presented by the power and frequency rate. NS: no sound exposed condition, aNI:
after noise induced state, Disorders control: normal hearing tinnitus and hyperacusis (n=16). A: auditory
cortex (T3, T4, TP7, TP8) B: Other brain areas (27 channels). Signi�cance: p<0.05*, p<0.01**, p<0.001***
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Figure 5

LORETA power density. A: Left side of the cortex. B: Right side of the cortex. C: Threshold of the right side
of the cortex modulated focusing on BA22, 41 in the beta 3 band. aNI-NS: (after noise induced condition)
– (No sound exposed state), p<0.00000 aNI-Control: (after noise induced condition) – (Disorder control),
p=0.00020
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