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Abstract

Noise exposure during lifespan is one of the main causes of hearing loss. The highest risk of noise-induced hearing loss (NIHL) is related to expo-
sures in the workplace, and affects about 7% of the population. Occupational NIHL is irreversible, thus its prevention must be considered a priority.
Although current hearing conservation programs (HCPs) have proved to be very beneficial, the incidence of occupational NIHL is still high, reaching
about 18% of overexposed workers. This paper reviews recent research on the effects of noise on hearing in pursuit of more effective methods for
the prevention of occupational NIHL. The paper discusses the translational significance of noise-induced cochlear neuropathy, as recently shown in
animals, and the concept of hidden hearing loss in relation to current NIHL damage risk criteria. The anticipated advantages of monitoring the in-
cidents of the temporary threshold shift (TTS) in workers exposed to high levels of noise have been analyzed in regard to the preclinical diagnostics
of NIHL, i.e., at the stage when hearing loss is still reversible. The challenges, such as introducing speech-in-noise audiometry and TTS computa-
tional predictive models into HCPs, have been discussed. Finally, the paper underscores the need to develop personalized medical guidelines for
the prevention of NIHL and to account for several NIHL risk factors other than these included in the ISO 1999:2013 model. Implementing the steps
mentioned above would presumably further reduce the incidence of occupational NIHL, as well as associated social costs. Int J Occup Med Environ
Health. 2020;33(6):841-8
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INTRODUCTION

Noise exposure is common in today’s world and, if exces-
sive, may result in deteriorative auditory and non-audito-
ry effects, promoting a subject’s isolation and dementia.
In particular, prolonged overexposures to noise can result
in noise-induced hearing loss (NIHL) and noise-induced
tinnitus. While NIHL is an irreversible form of hearing
loss, it can be effectively prevented.

The highest risk for hearing damage due to exposure to
noise in the USA was observed in the mining and wood

products industry (27%), followed by building and real
estate construction (23.5%), and the agriculture, forestry,
fishing and hunting sectors (15%) [1]. Among workers ex-
posed to noise, approx. 33% exhibit audiometric evidence
of noise-induced hearing damage, while 16% have mate-
rial hearing impairment [2]. Different sources of noise are
present in the military environment, varying from impulse
(weapon systems) to continuous types (jet, vehicles, boot en-
gines, etc.) [3]. Entertainment and music industry employ-
ees constitute a separate category of exposed workers [4,5].
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Daily noise exposure (L, ) in nightclubs and pubs was
estimated at 92-95 dB(A), i.e., approx. 4 times higher than
the legally accepted limits [5]. Since the majority of these
subjects do not use hearing protection, their risk of devel-
oping NIHL is very high.

Since NIHL is an irreversible condition, its prevention is
considered a priority. Occupational hearing loss is pre-
ventable through the use of engineering and administra-
tive controls, hearing protection devices, and the moni-
toring of hearing with audiometric testing. Long-lasting
beneficial effects of the currently functioning hearing
conservation programs (HCPs) in developed countries
have been lately documented with longitudinal studies of
workers exposed to occupational and military noise [3,6].
However, the incidence of occupational NIHL is still high,
placing this disease among the most common occupation-
al disabilities worldwide.

Currently, regular annual audiometric testing under HCPs
is mandatory to all workers exposed to occupational noise
which exceeds permissible levels. Pure-tone audiometry
allows detecting the first signs of NIHL, i.e., notched au-
diograms at high frequencies of 3000 Hz, 4000 Hz and
6000 Hz, and is used in the monitoring of hearing over
one’s professional career. However, annual audiograms
identify permanent changes in hearing, i.e., at the stage
when hearing loss is already irreversible.

So far, there has been no suitable hearing testing method
for monitoring NIHL at the “preclinical” stage, i.¢., before
the permanent threshold shift (PTS) occurs. Otoacoustic
emissions (OAEs) were believed to be a promising solu-
tion in the 1990s and 2000s. However, more recent results
of longitudinal studies have shown that OAEs do not pro-
vide higher sensitivity in assessing hearing damage related
to prolonged exposure to noise than pure-tone audiom-
etry [7].

The monitoring of temporary threshold shift (TTS) inci-
dents after exposure to noise is an alternative and quite
promising approach to the prevention of permanent hear-
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ing loss. Although this concept is not new, it has lately
gained relevance in the light of animal studies indicating
that exposure to moderate noise which results in TTS may
lead to irreversible progressive neural damage of the audi-
tory organ.

This paper is an overview of the latest research published
on the effects of noise on hearing in pursuit of more ef-
fective methods for the medical prevention of occupation-
al NIHL. The other goal of this study is to demonstrate
the need to personalize the medical guidelines for the pre-
vention of NIHL, taking into account individual factors
determining susceptibility to noise.

COCHLEAR SYNAPTOPATHY

AND NEURAL DAMAGE INDUCED

BY MODERATE EXPOSURE TO NOISE

Noise-induced hearing loss is sensorineural in origin and
develops slowly over the years of exposure. Although
the outer hair cells (OHCs) of the organ of Corti are be-
lieved to be the primary site of such lesions, recent animal
studies have shown that moderate noise exposure resulting
in TTS can also trigger a substantial and irreversible de-
generation of auditory fibers without affecting OHCs and
absolute hearing sensitivity permanently. Despite the lack
of any permanent hair cell loss and recovery of threshold
sensitivity, exposed animals demonstrate extensive loss of
synaptic connections between cochlear inner hair cells and
auditory nerve terminals [8]. The loss of synapses is then
followed by the degeneration of the spiral ganglion cells and
auditory nerve fibers, which can occur months to years after
the damage to the synapses. Such a condition continues even
if noise exposure is discontinued and hearing thresholds
return to normal. This phenomenon has been commonly
named hidden hearing loss (HHL) [9]. Therefore, animal
data indicates that noise exposure without PTS predisposes
the auditory system to premature neural ageing [10].
Noise-induced cochlear synaptopathy followed by neural
degeneration is selective for high-threshold auditory
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nerve fibers with low spontaneous rates (low-SRs) [11].
In humans, low-SR auditory fibers are important for pro-
cessing suprathreshold sounds and their damage may have
a particularly adverse effect on understanding speech in
the presence of background noise.

As many as 5-15% of adult patients seeking audiologic
help have normal hearing thresholds [12], and thus cochle-
ar synaptopathy may be the cause of their hearing com-
plaints. In addition, older adults with mild-to-moderate
age-related hearing loss may additionally display neural
dysfunction, which partially contributes to their difficulties
in communicating and to the limited benefit they experi-
ence using hearing aids (HAs). If cochlear synaptopathy is
observed in human subjects, millions of people in Europe
and around the world are at risk of developing hearing dif-
ficulties that will ultimately affect their quality of life and
level of social participation.

A number of cross-sectional studies have examined
the noise-induced HHL phenomenon in humans. Thus
far, their results are inconclusive [13-16]. In the study
by Liberman et al. [13], 34 young college students with
normal hearing were divided into high risk and low risk
groups based on self-reported exposure to noise and
the use of hearing protection. Cochlear function was as-
sessed by OAEs and click-evoked electrocochleography
(ECoG); hearing was assessed by behavioral audiometry
and word recognition with or without noise (or with time
compression and reverberation). The ratio of the sum-
mating potential to the action potential (the SP/AP ratio)
and speech recognition in noise (or with time compression
and reverberation) were the 2 promising non-behavioral
measures for cochlear synaptopathy in this study [13].
This observation is in line with the findings by Valder-
rama et al. [14]. The authors showed a negative correla-
tion between wave I amplitude of the auditory brainstem
responses (ABR) and the lifetime exposure to noise in
a large cohort of adults aged 29-55. However, large inter-
subject variability was observed in this investigation.

Opposite conclusions were reached in the largest up-to-date
study performed by Prendergast et al. [15] in 126 young
humans with normal audiometric thresholds. Contrary to
the assumptions drawn from the animal models, no relation
was found between exposure to noise and wave I amplitude
of ABR with the use of high-level stimuli [15]. Moreover,
when extending this cohort by additional 33 older adults,
the same group of authors showed that age and noise ex-
posure were the only significant predictors of performance
in speech in noise testing (the digit triplet test), while ABR
and other electrophysiological tests measures were not [16].
It seems that the major methodological constraint for prov-
ing the HHL phenomenon in humans is a lack of reliable
procedures to test inner hair cells and their ribbon synaps-
es in vivo. An alternative explanation of the discrepancies
between the studies is that the functional defect caused by
noise-induced cochlear synaptopathy in human subjects
is smaller than it could be anticipated based on animal re-
search results.

Confirming the findings obtained in animals in human sub-
jects would significantly influence the approach to HCPs in
workers exposed to noise, and would have an impact on the
medicolegal aspects of occupational hearing loss compen-
sation. It should be presumed that even incidental and mod-
erate exposures to noise may cause long-lasting hearing ef-
fects, along with the development of premature presbycu-
sis. Since TTS incidents can be observed for incidents with
A-weighted equivalent-continuous sound pressure levels of
>78 dBA for longer periods (up to 16 h/day), the size of
the population at danger could be significantly larger than
previously assumed, comprising also those exposed to envi-
ronmental and entertainment/pleasure noises.

PREVENTION OF OCCUPATIONAL NIHL

BY MONITORING TTS INCIDENTS?

Hearing loss after a short exposure to intense noise (e.g.,
after a work shift) is occasionally temporary and can
be documented as TTS. Due to the repeated chronic
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noise exposure, hearing loss may become permanent.
The mechanisms of TTS and PTS are different. Generally,
TTS develops when the metabolic capacity of the sensory
cells of the organ of Corti is exhausted and OHC:s stereo-
cilia become uncoupled from the tectorial membrane.
On the other hand, PTS takes place as a consequence of
the death of hair cells followed by degeneration of some
afferent nerve fibers [17].

In some countries in the 1970s and 1980s, TTS testing was
performed in workers prior to their commencement of em-
ployment involving exposure to noise. It was speculated that
the 4-kHz magnitude of an audiometric notch after acute ex-
posure to noise may predict workers’ susceptibility to NIHL.
A TTS value of 40 dB occurring 2 min after exposure to
broadband noise of low frequencies, at the level of 100 dBA
for 20 min, was considered pathological and believed to pro-
mote PTS [18]. Comparing the TTS measurements with PTS
values recorded for the same employees years after the ini-
tial acute exposure did not preclude this possibility [19].
In the study by Moshammer et al. [19], >300 fitters and
welders of steel division were monitored with pure-tone au-
diometry, on average for 13 years. All subjects demonstrated
normal hearing at their initial health screening, during which
a standardized exposure to noise was applied and TTS was
measured 10 min later. The results of this study showed
a good prediction of PTS based on the TTS value. Even
though the publication by Moshammer et al. was criticized
for methodological flaws, the results of studies on cochlear
neuropathy in animals prompt the question whether regular
TTS testing (e.g., after a work shift) could have any added
value in currently conducted HCPs [19].

More recently, an attempt to assess the relationship be-
tween subjective reports of TTS incidents and the preva-
lence of hearing problems has been undertaken by Brun-
gart et al. [20] in military personnel. Results of the survey
obtained from 3330 U.S. service members indicated that
reports of TTS were substantially more predictive of
hearing complaints than questions regarding exposure to
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noise [20]. However, so far there are no longitudinal stud-
ies monitoring TTS incidents with audiometric testing in
workers exposed to occupational noise.

To date, several approaches have been proposed to increase
the effectiveness of HCPs and to decrease the burden re-
lated to occupational NIHL. Most intervention programs
are based on education activities designed to increase
the subjects’ awareness of noise-related health effects and
their hearing self-protection. Both the individual-tailored
strategy and the untailored strategy have been used, but
neither of them has shown to be efficient over an extended
period [21]. Providing workers with the possibility of real-
time self-control measurement of daily noise exposure has
shown to be much more effective. This approach translates
to a higher motivation of workers to closely follow the op-
erational manuals of hearing protectors when the levels of
noise exceed allowable values. A randomized study using
self-control individual dosimetry showed that the percent-
age of subjects exposed to noise at levels of >85 dB(A)
significantly decreased [22].

A similar beneficial effect could be expected using TTS
monitoring. Introducing TTS measurements to HCPs in
occupational settings would allow a self-controlled moni-
toring of changes in hearing, increasing workers’ aware-
ness and providing individuals with direct evidence of
hearing protectors’ efficiency. As a result, this method
would motivate workers to use hearing protection if TTS
appears. Monitoring TTS incidents would also allow an
early pharmacological intervention, if necessary.

Given the digitalization and technological advances, com-
puterized TTS prediction models could be used to reduce
the costs of testing the actual TTS values at workplaces.
Computational TTS models were first described in the late
1970s [23], and then validated in the 1990s for people with
normal hearing [24], as well as in hearing-impaired sub-
jects [25]. An improved model for predicting TTS episodes
at 4 kHz has been recently developed for individuals with
hearing loss wearing HAs under the “EVOTION” project
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(Evidence-based management of hearing. Public health
policy making based on fusing big data analytics and simu-
lation — H2020-SCI-2016-CNECT, project No. 727521),
supported by European funds under the Horizon 2020
program [26]. The model takes into consideration the HA
device as an additional sound source which has an impact
on the level of TTS, and thus affects the identification of
TTS episodes. The improved TTS predictive model sup-
plemented with data about a specific person can be applied
to individual cases. The method could then encompass all
workers, including those using HAs or cochlear implants.
One of the early signs of ageing of the auditory organ is an
impaired understanding of speech in noisy environments,
which can also be reported by subjects with otherwise
“normal” hearing [27]. Recently, the influence of exposure
to high levels of sounds on speech in noise recognition has
been assessed in music college students with normal hear-
ing. The authors showed that greater routine noise expo-
sure predicted worse quick-speech-in-noise test scores, and
they concluded that noise exposure might diminish a musi-
cian’s advantage for perceiving speech in noise [28].
Further studies are needed to assess whether speech-in-
noise testing may become a more sensitive and suitable
method in the “preclinical” monitoring of NIHL than
pure-tone audiometry. Music and entertainment indus-
try employees constitute a model population for inves-
tigation, since they regularly experience excessive noise
levels and repeated TTS episodes, working without hear-
ing protection [5]. Longitudinal studies monitoring hear-
ing loss after exposure to occupational noise, with the use
of speech-in-noise tests, could be also beneficial to verify
whether the HHL concept is applicable to humans.

PERSONALIZED MEDICAL GUIDELINES

FOR THE PREVENTION OF NIHL

Currently, NIHL risk assessment is performed using
the ISO 1999:2013 model, which includes the following
4 population variables: age, gender, the level of exposure

to noise, and the time of exposure to noise in years [29].
However, the ISO model shows very substantial differ-
ences in PTS prediction - reaching up to a 60 dB HL dif-
ference between persons most sensitive and most resistant
to noise. This variability is attributed to several factors
other than these included in the ISO model, such as co-
exposure to ototoxic substances (organic solvents, oto-
toxic drugs), heredity (gene polymorphisms), and several
determinants of individual susceptibility to noise, such as
an increased level of lipids, metabolic diseases (diabetes),
hypertension, as well as habits (cigarette smoking) [30].
The results of recent systematic review papers call for an
urgent implementation of hearing protection standards
for workers exposed to organic solvents, such as styrene,
toluene and mixtures of solvents, particularly in the case of
combined exposures to these chemicals and noise [31,32].
As a consequence of studies on organic solvents, the up-
dated European Directive 2003/10/EC [33] stipulates that
employers should estimate the risk of hearing impairment
due to exposure to organic solvents in co-exposure with
noise. Nonetheless, in practice, there are no tools avail-
able to implement this provision into hearing protection
programs.

The challenge today is to develop quantitative models
for estimating an individual risk of NIHL, thus allowing
to introduce the rules of personalized (precise) medicine
standards into HCPs. An individual hearing impairment
risk assessment model proposed by this group would be
an incremental step towards this goal [34]. Apart from
the 4 ISO variables, the model accounts for factors such as
cigarette smoking, co-exposure to organic solvents, hyper-
tension and using hearing protection.

However, even the current state of knowledge is sufficient to
develop personalized medical guidelines for the prevention
of NIHL. One example would be to establish a guideline on
protecting workers’ hearing in the case of exposure to organ-
ic solvents, and co-exposure to noise and solvents. Current
studies indicate the necessity to perform annual audiometric
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testing in all workers exposed to organic solvents whose con-
centration in the air exceeds permissible values. As regards
workers exposed to noise and organic solvents, audiometric
examinations should be mandatory in all subjects in whom
the level of noise exceeds the lower action level defined by
Directive 2003/10/EC, ie., Ly, = 80 dB [35]. Since it has
been shown that organic solvents damage both the periph-
eral and the central part of the hearing system, apart from
pure-tone audiometry, diagnostics must also encompass
suprathreshold auditory processing tests [36]. Speech-in-
noise audiometry could again be the method of choice in
this regard.

Regarding individual health factors, such as hypertension,
diabetes or obesity, the course of action is to conduct in-
formational campaigns among physicians and medical
personnel. Concurrently, appropriate medical guidelines
should be developed, in order to specify the hearing moni-
toring methods in employees subject to these factors; they
should also include the scope and frequency of prophylac-
tic assessments.

CONCLUSIONS

In conclusion, recent research conducted in animals and
humans has constituted a new challenge for a better pre-
vention of occupational NIHL. While animal model tests
on cochlear neuropathy and HHL do not provide the basis
for re-examination of the current NIHL damage criteria,
they are a stimulus to initiate longitudinal studies on the
temporary changes in hearing which occur in humans after
noise exposure, preferably with the use of speech-in-noise
audiometry. These studies would be relevant as basic re-
search to explore the HHL mechanism in humans, and -
perhaps — have practical significance in the monitoring of
reversible stages of NIHL in the future.

Substantial progress in the prevention of NIHL would be
achieved through the verification of medical guidelines
used in HCPs, and their adjustment to co-exposures in
occupational settings, individual susceptibility factors and
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specific needs of given workers. Digitalization and techni-
cal advancements should contribute to the development of
advanced methods and tools for the improved personal-
ized prevention of hearing loss, and an increased acces-
sibility of this protection in workers™ everyday practice,
and, therefore, to reducing the incidence of occupational
NIHL and associated social costs.
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