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Abstract: Long-term noise exposure often results in noise induced hearing loss (NIHL). Tinnitus,
the generation of phantom sounds, can also result from noise exposure, although understanding
of its underlying mechanisms are limited. Recent studies, however, are shedding light on the
neural processes involved in NIHL and tinnitus, leading to potential new and innovative treatments.
This review focuses on the assessment of NIHL, available treatments, and development of new
pharmacologic and non-pharmacologic treatments based on recent studies of central auditory plasticity
and adaptive changes in hearing. We discuss the mechanisms and maladaptive plasticity of NIHL,
neuronal aspects of tinnitus triggers, and mechanisms such as tinnitus-associated neural changes
at the cochlear nucleus underlying the generation of tinnitus after noise-induced deafferentation.
We include observations from recent studies, including our own studies on associated risks and
emerging treatments for tinnitus. Increasing knowledge of neural plasticity and adaptive changes in
the central auditory system suggest that NIHL is preventable and transient abnormalities may be
reversable, although ongoing research in assessment and early detection of hearing difficulties is still
urgently needed. Since no treatment can yet reverse noise-related damage completely, preventative
strategies and increased awareness of hearing health are essential.
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1. Introduction

Long-term noise exposure can result in sensorineural deafness commonly called noise induced
hearing loss (NIHL). The phantom auditory sensation, tinnitus, can also result from noise exposure,
although understanding of the underlying pathophysiology of tinnitus has been limited to date.
According to the World Health Organization, in 2020 about 466 million individuals worldwide have
disabling hearing loss, which is expected to almost double by 2050; about 34 million children have
hearing loss; and up to 60% of cases are preventable [1]. Among teenagers and young adults worldwide,
about 1.1 billion have NIHL, mainly from the use of headphones and personal music players or other
recreational noise [2]. Exposure to excessive occupational noise (sound intensity over 85 dB A) is a
known cause of NIHL in adults, with a prevalence of 12%–19% among US workers [3,4], 15%–34% in
Canada [5], and 10% in Japan [6]. Similarly, a systematic review found that occupational noise exposure
causes 7%–21% of NIHL among workers, with the lowest rates in the industrialized countries and
highest in the developing countries [7]. The industries and activities most associated with higher risks
of NIHL have been identified as military, forestry, agriculture, fishery, and hunting [4,7]. Some studies
conducted in Taiwan have addressed NIHL in workers who were exposed to both organic solvents
and noise in specific industry sectors, such as oil refineries, liquid petroleum gas infusion factories,
and adhesive materials manufacturing [8–10]. Workers exposed to both of these hazards were found
to significantly more likely to have hearing loss of ≥25 dB than those in the noise-only group and/or
administrative clerks [8,9]. Self-reported hearing-loss symptoms in oil refinery workers were found to
correlate with increased hearing loss at both low and high frequencies, suggesting that self-reported
symptoms provide early signs of NIHL [10]. Furthermore, the use of handheld power and pneumatic
tools from chain saws to dentistry equipment that expose workers to both noise and vibration in the
upper body are considered hazardous to hearing [11–13]. Workers in most countries must comply with
workplace regulations regarding noise exposure. Workers involved in noisy professions are required
to wear protective gear, and employers may be mandated to limit workers’ hours to reduce noise
exposure, submit regular noise monitoring of the working environment, and even provide workers
with health check-ups [14–17].

Permanent hearing loss may develop as a result of noise exceeding 89 dB A for more than five
hours a week [18]. Other factors that contribute to the acceleration of NIHL and related tinnitus
might include smoking, diabetes, and low levels of exercise, as well as non-modifiable factors such
as aging, genetics and racial/ethnic influences. Although gender is not considered to be a major risk
factor, among young people, males are found to be more likely than females to engage in risk-related
behavior such as high-risk noise activities [19]. However, a study conducted in China found that age
and gender were most strongly associated with hearing loss in older adults, and other prominent
risk factors in this population were ear disease, hypertension, atherosclerosis, noise exposure and
ototoxic drugs [20]. Head and neck injuries can also trigger the mechanisms that result in tinnitus
when abnormal somatosensory input affects auditory pathways [21]. Several studies have highlighted
the involvement of non-auditory brain regions in the pathophysiology of tinnitus, including the loss of
connection with the limbic system that normally “tunes out” tinnitus signals originating from auditory
pathways, and the dysfunctional network of auditory-sensory and fronto-striatal circuits [22–24].
Yet many questions remain to be answered.

This review explores questions about the early signs of hearing difficulties, links between tinnitus
and noise exposure, the preventability of NIHL, possible reversal of sensorineural hearing damage,
detection of so-called ‘hidden’ hearing loss, developments in assessment and detection, appropriate
prevention plans, adaptation of the central auditory system to changes, and treatments in development.

2. Overview of Current Knowledge

Extended exposure to noise can result in continuous apoptosis of hair cells and degeneration of
spiral ganglion neurons, gradually decreasing speech recognition and increasing hearing thresholds,
which can lead to permanent hearing loss [25]. At the same time, noise exposure causes cochlear blood
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vessels to contract and disturbs cell energy metabolism, producing huge amounts of free radicals such
as reactive oxygen species (ROS). One treatment goal could be to alleviate apoptosis and cochlear
damage before permanent hearing loss occurs.

Audiograms confirming hearing loss have long been recognized as the most important condition
predisposing individuals to tinnitus [26,27]. Study results have suggested that tinnitus is generated
by aberrant neural changes in the central auditory structures that occur when these structures are
deafferented by damage to the cochlea, as detected with audiograms or other more-sensitive measures,
such as imaging, magnetoencephalography, and auditory evoked potential [28–31]. Neural plasticity
is involved in these changes, including spontaneous activity, bursting and synchronous activity among
neurons in subcortical and cortical auditor regions, and strengthened inputs from somatosensory to
deafferented auditory structures [32]. Individuals who have developed severe deafness after long-term
NIHL can only rely on cochlear implants or hearing aids to improve hearing; regeneration of hair cells
would be needed in order to restore hearing completely [18]. Maladaptive plasticity in brain regions
might underlie tinnitus-associated neural changes, causing increases in spontaneous firing rates and
synchrony between neurons in the auditory cortex and other brain regions [21]. The Psychological
Model of Tyler et al (1992) suggested that the neural activity associated with tinnitus should be
separated and distinguished from the neural activity related to reactions to the tinnitus [33]. However,
while several different approaches are suggested to alleviate reactions to tinnitus, no cure is known.

Animal models have contributed important information to the study of NIHL. In animals hearing
loss after exposures of only 24 h can damage sensory hair cells in the inner ear [34]. Tinnitus-associated
neural changes suggested by animal models indicate changes in the cochlear nucleus and extend
to the auditory cortex and other regions of the brain [34]. In human studies, functional imaging of
patients with tinnitus has also shown that neural changes are observed in nonauditory brain regions
involved in attention, emotion, and memory [24], consistent with the Psychological Model proposed
by Tyler et al. (1992). Emotional and attention-related states are suggested to contribute to maintaining
tinnitus [21]. While most tinnitus results from NIHL and is accompanied by changes in central auditory
pathways, the location of these changes is unclear and controversial. Imaging studies (e.g., functional
magnetic resonance imaging [fMRI], positron emission tomography, magnetoencephalography) of
tinnitus patients have demonstrated activity in non-auditory, limbic brain structures, including the
hippocampus and amygdala [35]. Although the initial generation of the tinnitus signal likely arises in
the auditory system, the reactions must involve the limbic system and perhaps other brain areas [23].

Several recent review studies have emphasized the maladaptive plasticity of NIHL, covering
detailed neuronal aspects of triggers of tinnitus, mechanisms underlying generation of tinnitus in the
cochlear nucleus after noise-induced deafferentation, likely routes of transmission of tinnitus signals
along the ascending nuclei, as well as treatment approaches to reduce the impact of tinnitus on the
quality of life of affected individuals [21,36–39]. A general consensus is that NIHL is preventable
and that there is much more to learn about tinnitus and its underlying mechanisms and undisputed
connection with NIHL. All authors emphasize the importance of increasing public awareness of noise
pollution and potential hearing loss in today’s world.

3. Hearing Loss Assessment

Most current audiological assessments are noninvasive and focus on peripherally presented
sounds, measuring the individual’s ability to hear different frequencies. Pure-tone audiometry
identifies an individual’s hearing threshold and can determine the degree, type and configuration of
hearing loss as a basis for diagnosis and subsequent management. It is used effectively for threshold
audiometry and screening, with 92% sensitivity and 94% specificity in detection of sensorineural
hearing impairment [40]. More comprehensive assessment may also involve complete otolaryngologic
examination, particularly if the patient’s complaints include tinnitus, vertigo, otalgia or otorrhea,
in addition to perceived hearing loss.



Brain Sci. 2020, 10, 732 4 of 11

Retro-cochlear screening is typically performed when hearing loss is sudden or progresses rapidly,
or is an asymmetric sensorineural loss. This can involve auditory brainstem response testing and/or
gadolinium-enhanced magnetic resonance imaging (MRI) to detect retro-cochlear pathology such as
vestibular schwannomas, cerebellopontine angle tumors, multiple sclerosis or stroke, among other
possibilities [41].

Structural neuroimaging studies are increasingly being performed to evaluate the effects of hearing
loss on the brain. MRI technology, in particular, is sensitive to the changes in white and gray matter
structures and allows quantitative evaluation at the macroscopic level. Structural MRI can be combined
with fMRI to provide brain mapping and biomarkers for tracking amplification longitudinally [42].
Diffusion tensor imaging of the auditory pathway and of the auditory nerve may be performed in
patients with long-term unilateral hearing loss [43,44].

More sophisticated laboratory studies are also being conducted to clarify central nervous system
(CNS) involvement in hearing loss. Because auditory processing begins in the cochlea and the
sounds detected by sensory hair cells are then transmitted to the CNS by multiple types of spiral
ganglion neurons, hearing assessment sometimes targets the post-cochlear regions, including the
CNS. The mechanically sensitive hair cells in the cochlea relay auditory information to the CNS
by releasing glutamate to the spiral ganglion neurons (SGN). Different SGN subtypes have been
identified in molecular studies and found to have different morphology, innervation patterns and firing
characteristics [45]. Electrophysiological features of the SGN have been distinguished tonotopically in
the same cochlear regions in various animal studies, showing different levels of susceptibility to aging
and neurotoxicity associated with noise [46]. Single-fiber recording studies in aging and noise-exposed
rats have indicated that high-threshold neurons are reduced in number, but the precise mechanisms
are still poorly understood. Ongoing genetic studies and single-cell RNA analysis of spiral ganglion
neurons are underway to assess CNS involvement in hearing loss.

Current difficulties in clinical audiological assessment include the fact that some individuals with
hearing thresholds within normal limits (= < 25 dB HL) still find it difficult to hear clearly in noisy
environments. This condition is often referred to as “hidden hearing loss,” which differs distinctly
from loss due to shifts in the hearing threshold. However, it should be appreciated that the 0 dB
HL is the average hearing of young adults. Some people had thresholds of −10 dB HL when they
were 21 years old. If their thresholds are 0 dB HL at the present, they now have a sensorineural
hearing loss. Individuals who self-report tinnitus can also can have audiograms with thresholds
of 25 dB HL or less. Tinnitus can be measured, focusing on its pitch, loudness and mask ability
and using a variety of magnitude estimation procedures [47,48]. The individual’s reaction to the
tinnitus, such as thoughts, emotions, hearing, sleep and concentration, can also be measured using
questionnaires [49–51]. For example, the loudness of tinnitus can be measured by increasing the level
of a pulsed tone of 500 Hz in 2 dB steps, until the sound reaches the intensity perceived by the patient
as equal to his/her tinnitus loudness [51]. Hearing loss, which may occur after exposure to even a single
loud noise, is thought to damage the synapses between cochlear hair cells and auditory nerve fibers,
but is not always detected by pure tone threshold. In mice, there have been approaches to measuring
the ability of neurons in the auditory midbrain to response to soft and loud sound environments [52].

Gap-prepulse inhibition of the acoustic startle reflex (GPIAS) is reserved for tinnitus evaluation,
particularly in animal models of tinnitus [53]. The testing method is predicated on the idea that tinnitus
fills in this gap during the testing process. The GPIAS test method has been used in animal models to
assess tinnitus and is now being tested in humans to indicate the presence of tinnitus [53]. However,
this approach is still controversial and its value in assessment remains to be demonstrated.

An overall goal of assessment is to detect early hearing problems in a timely manner so that steps
can be taken to prevent further damage. Auditory assessment, therefore, must consider the early
transient changes, including when and how various perceptual abnormalities begin to emerge—and,
importantly, to do this before permanent hearing impairment occurs.
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4. Current Treatment Methods

Treatments are necessarily different when targeting hearing loss or tinnitus alone. Stem cell
therapy, for example, targets mainly hearing loss, and stimulation of the vagus nerve targets mainly
tinnitus. Here we review current treatment methods, including those commonly used for treatment of
hearing loss and a separate subsection for “tinnitus management.”

4.1. Cochlear Implants

Although hearing aids have been the conventional solution to hearing loss associated with aging
or noise exposure, surgically implanted electronic devices may be indicated for adults and children
with profound sensorineural hearing loss. Although these cochlear implants have been used for
thirty years, and usage increases steadily, improvement cannot be predicted easily. Speech perception
can present challenges among recipients [54]. Poor outcomes cannot always be explained, although
successful outcomes are predominant. Today, cochlear implant hearing performance can be measured
in situ, which is a relatively new research method and expected to improve the success rate of cochlear
implants [54,55].

4.2. Pharmacologic Therapy

Pharmacologic agents applied in the treatment of hearing loss include glutamate inhibitors
such as caroverine (Tinnex), derivatives of trimetazidine anti-ischemic agent such as trimetazidine
dihydrochloride (Adexor), and lidocaine perfusion of the inner ear specifically for tinnitus.
These treatments are not available in all countries and reports of effectiveness are controversial [56–58].

The damage in NIHL involves mechanical shearing force, oxidative damage and glutamate
excitotoxicity, any of which could be eventual targets for post-exposure treatment and prevention.
However, avoiding noise remains the present reality in terms of agents of prevention.

4.3. Antioxidants

Animal studies show that antioxidant enzymes from the body’s biochemical pathways, especially
glutathione, increase in the cochlea after noise exposure. Acting as an effective antioxidant,
glutathione scavenges free radicals in the cochlea after noise exposure, and transcription of large
quantities of antioxidant enzymes SOD1 and HO-1 genes also provides a certain protective effect [59].
These observations in animal models suggest that effects of intense noise, whether sudden (as in
gunshot) or over time (as in workplace noise), may be reduced or alleviated through supplementation
of exogenous antioxidants.

4.4. Tinnitus Management

Since no cure is available for tinnitus, management usually requires a broad, comprehensive
approach to therapy. Treatment typically includes counseling, hearing aids, and sound therapy [60].
A variety of counseling strategies exist, from directive to collaborative [48,61]. The primary areas
affected are thoughts and emotions, hearing, concentration, and sleep [51]. Meanwhile, Cognitive
Behavior Therapy has been both emphasized and challenged [48,62]. Hearing aids can help with
communication and tinnitus [63]. A variety of sound therapy approaches are available (35), and a
recent study documents the effectiveness of sound therapy for some individuals [64]. Acupuncture and
electromagnetic stimulation have also been attempted. Dietary supplements are used extensively in
the treatment of tinnitus, including gingko biloba, lipo-flavonoids, manganese, magnesium, melatonin,
vitamin B12, and zinc [65,66].

5. Treatments in Development

Results of recent clinical trials on hearing loss evaluation, prevention and treatment are pointing
the way beyond current practices and available screening and treatment strategies. The challenges
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are many, including the difficulties in choosing the subtypes of tinnitus and of focusing on individual
differences in hearing loss [48,67]. Here we describe emerging treatments for hearing loss (5.1, 5.2),
especially tinnitus-associated hearing loss (5.3–5.5).

5.1. Genetic and Acquired Hearing Loss

5.1.1. Molecular Therapies

Intensive research is directed toward protecting the sensory hair cells, the auditory neurons and the
ribbon synapses connecting the hair cells, focusing primarily on gene and cell-based therapies [38,68].
Goals are to prevent primary auditory neuron loss and support regrowth of auditory neuron fibers in
severe hearing loss—both genetic loss and acquired loss such as NIHL. Some of the drugs being tested
are being used with cochlear implants and others involve drugs delivered locally to the cochlea.

5.1.2. Stem Cell Therapy

Stem cell differentiation and regeneration of hair cells has been found promising; if regeneration
of hair cells were possible, noise-induced hearing losses could be prevented or corrected entirely [18].
Differentiation of stem cells into hair cells and auditory neurons had a high success rate in animal
studies, restoring hearing in deafferented animals [69]. Such cell-based therapy may ultimately afford
more patients the opportunity to receive cochlear implants.

5.2. Tinnitus

5.2.1. Central Auditory Plasticity

Experimental studies targeting central auditory plasticity are one approach. For example, animal
studies are targeting maladaptive plasticity in the brain regions of animals with tinnitus, either aiming
to reverse the pathological neural activity representing phantom perception of sounds (vagus nerve
stimulation (VNS) combined with sound stimulation to alter cortical plasticity) [70], or aiming to
reverse tinnitus activity directly, targeting maladaptive plasticity in the fusiform cells in the dorsal
cochlear nucleus by using bimodal (auditory-somatosensory) stimulation [71]. Treatments that aim
to reverse the pathological neural activity representing phantom perception of sounds are based on
neuronal measurements in animal models. Both of these potential treatments are in clinical trials and
have emerged from precise single neuron studies, while using GPIAS to assess tinnitus [53]. At present,
there are no cures for tinnitus and research interest is especially high.

5.2.2. Neural Plasticity

In a review by Shore et al. [38], altering cortical plasticity to increase the representation of sounds
outside the tinnitus region in order to normalize the activity across the primary auditory cortex
was able to be achieved by combining VNS with sound stimulation. Another promising method
that aims to reverse tinnitus activity directly targets maladaptive plasticity in the fusiform cells in
the dorsal cochlear nucleus, which is done using bimodal (auditory-somatosensory) stimulation to
induce long-term depression (LTD) in the neurons showing increased long-term potentiation linked to
tinnitus [71]. In human subjects, a 28-day LTD-target bimodal stimulation reduced the loudness of
tinnitus as well as its intrusiveness.

5.2.3. Modulation of Potassium Channels

Although many pharmacological approaches have been investigated for treating tinnitus, none
have produced consistent effects on tinnitus loudness [72]. However, potassium channel modulators
(e.g., retigabine, indicated for epilepsy) have been showing promise in animal studies [73], and may
have further potential in tinnitus relief by altering potassium currents that cause hyperexcitability in
the nervous system. Noise-exposed mice that have ongoing Kv7 activity reduction could develop
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tinnitus. Mice that reestablish Kv7 activity after noise exposure appear to be resistance to tinnitus [74],
suggesting a drug targets for tinnitus pathophysiology.

6. Screening and Prevention Strategies

The increasing trends in the incidence and prevalence of hearing loss are due in part to demographic
changes such as global population growth, the increased proportion of older adults (>age 65 years)
and increased life expectancy [1]. However, while sensorineural hearing loss associated with aging
is usually considered the major cause of permanent hearing impairment along with common ear
conditions such as chronic otitis media and childhood diseases (e.g., measles, mumps, rubella), NIHL
from exposure to occupational and recreational noise is also recognized as a prominent cause—and
noise pollution, too, is increasing. Because the incidence of some types of hearing loss could be reduced
through prevention, WHO began in 2007 to promote hearing health education and hearing healthcare,
to increase public awareness of hearing loss and to develop preventive strategies to reduce exposure to
known risk factors such as occupational and recreational noise [6].

As awareness of the adverse effects of noise increases, healthcare providers are more often
recommending personal hearing protection (PHP) and hearing protection devices (HPD); only about
8% of surveyed U.S. adults report using HPDs at loud sporting or entertainment events [75].
Simple preventive measures are available to help the millions of individuals affected by excessive noise
exposure, not only in terms of hearing loss and tinnitus but of adverse health outcomes such as sleep,
blood pressure, cognition, mental health, and quality of life.

Workplace prevention plans for hearing loss are characteristically based on Occupational Safety
and Health Act (OSHA)\ regulations that impose strict limits on noise exposure. A recent study
exploring whether noise-induced cochlear neuropathy occurring in rodents may justify changes in
OSHA regulations argued that (1) humans are less susceptible to temporary threshold shift and cochlear
damage than rodents, and (2) exposures that cause cochlear damage in rodents already exceed OSHA
limits [76]. Therefore, the authors reasoned that it would be premature to consider that existing
noise exposure permissible under OSHA may result in cochlear neuropathy in humans. Various
industries in the U.S., including commercial airlines, coal mining, ship building, construction and
certain manufacturing processes, as well as military operations, attempt to follow comprehensive
OSHA-guided workplace prevention plans to protect employees’ hearing health.

7. Conclusions

All people are exposed to noise. However, while the pathogenesis of NIHL is complex, cochlear
neuropathy is largely preventable. Advances in our understanding of neural plasticity and adaptive
changes in the central auditory system suggest that reversing transient abnormalities when they first
emerge may be possible, but ongoing research remains critical, particularly in the assessment and
early detection of hearing difficulties before they become permanent. Results of animal and human
studies are essential to improve our understanding of neural mechanisms underlying the generation
of NIHL, and are critical for developing effective treatment and therapies. Studies must continue to
investigate ways to reduce NIHL and improve the quality of life for those who have sustained such
hearing impairment. Because no treatment is yet able to completely reverse cochlear damage, continual
exploration of new treatments for hearing impairment, implementation of preventative strategies and
awareness of hearing health is also crucial.
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