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Animal models have been used to gain insight into the risk of noise-induced hearing loss (NIHL)
and its potential prevention using investigational new drug agents. A number of compounds have
yielded benefit in pre-clinical (animal) models. However, the acute traumatic injury models
commonly used in pre-clinical testing are fundamentally different from the chronic and repeated
exposures experienced by many human populations. Diverse populations that are potentially at risk
and could be considered for enrollment in clinical studies include service members, workers
exposed to occupational noise, musicians and other performing artists, and children and young
adults exposed to non-occupational (including recreational) noise. Both animal models and clinical
populations were discussed in this special issue, followed by discussion of individual variation in
vulnerability to NIHL. In this final contribution, study design considerations for NIHL otoprotec-
tion in pre-clinical and clinical testing are integrated and broadly discussed with evidence-based
guidance offered where possible, drawing on the contributions to this special issue as well as other
existing literature. The overarching goals of this final paper are to (1) review and summarize key
information across contributions and (2) synthesize information to facilitate successful translation

of otoprotective drugs from animal models into human application.
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I. INTRODUCTION

Noise-induced hearing loss (NIHL) is a major problem for
active duty service members and veterans, as well as civilians.
As per the preface to this special issue, the development of
drugs that reduce or prevent NIHL is of significant interest,
leading to the sponsorship of this special issue of the Journal
of the Acoustical Society of America (JASA) by the
Pharmaceutical Interventions for Hearing Loss (PIHL) group,
which is housed under the umbrella of the U.S. Department of
Defense (DoD) Hearing Center of Excellence (HCE) (see Le
Prell et al., 2019). To facilitate insight into the drug develop-
ment pathway, including aspects of the clinical test process,
the series opened with detailed discussion of the drug develop-
ment process by Cousins (2019). The rest of the articles
included in this JASA special issue highlighted variation in the
methodology used for pre-clinical (animal) testing of potential
otoprotective drug agents, real-world noise and at-risk popula-
tions, and challenges associated with the translation from pre-
clinical to clinical (human) test paradigms. Significant variabil-
ity in pre-clinical test paradigms was revealed, and a lack of
systematic data from many of the potentially at-risk popula-
tions was identified.

The overarching goal of this special issue was to provide
a series of review papers addressing three specific themes.
First, animal models used in noise injury research were
reviewed, with particular emphasis on the species and noise
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injury models commonly used in otoprotection research.
Second, real-world noise exposure and hearing loss observed
in specific populations were reviewed in an effort to provide
insight into the populations for whom pharmaceutical inter-
ventions might, or might not, be appropriate. Third, the fac-
tors that drive significant individual variability in humans
were described; these factors decrease study power and con-
found study interpretations within human test paradigms.

With respect to pre-clinical study design, animal models
routinely used to assess prevention of NIHL via investiga-
tional new drug agents most often use rodent models.
Comprehensive discussion of rodent models was provided in
papers discussing the mouse (Ohlemiller, 2019), rat (Escabi
et al., 2019; Holt et al., 2019), chinchilla (Trevino et al.,
2019; Radziwon et al., 2019), and guinea pig (Naert et al.,
2019) as test species. A review of the use of non-human
primates was also invited (Burton et al., 2019). Although
non-human primates have not commonly been used in the
assessment of otoprotective drug agents, they provide a use-
ful model for the investigation of supra-threshold deficits.
Moreover, the overall vulnerability of non-human primates
to noise injury more closely parallels human vulnerability
than rodent models; non-human primates and humans are
both less vulnerable to NIHL than rodents. Additional
papers within the first section of the special issue reviewed
exposure paradigms commonly used in research laborato-
ries, including exposures to impulse noise (Bielefeld et al.,
2019), octave band noise (Gittleman et al., 2019), and blast
exposure (Zhang, 2019).
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Across the species-specific papers and noise-model
papers, one of the major themes to emerge was significant
reliance on models of acoustic trauma when initially assess-
ing potential otoprotective agents in pre-clinical models. A
second topic of discussion was the diverse measures used to
assess noise injury in animal models. The two most common
metrics are distortion product otoacoustic emissions
(DPOAES), which measure outer hair cell (OHC) function,
and the auditory brainstem response (ABR), which is often
used to measure the quietest tone levels that evoke a neural
response. However, behavioral measures assessing both
threshold and suprathreshold function have also been used in
animal models.

In the second section of the special issue, the problems
of real-world noise exposure and populations at risk for
NIHL, who might be considered appropriate target popula-
tions for otoprotective therapies, were described. In an open-
ing paper, Jokel et al. (2019) described the tremendous
problem of noise exposure in the military. This was followed
by the contribution from Hecht et al. (2019), which carefully
discussed the challenges and ethics of investigating preven-
tion of NIHL, including the prevention of temporary thresh-
old shift (TTS). Noise exposure also commonly results in
tinnitus, with or without NIHL, and thus the next paper in
this series provided detailed discussion of the relationships
between noise exposure and tinnitus in service members and
veterans (Brambhall et al., 2019a). Relevant to both military
and civilian populations is the issue of hazardous firearm
noise exposure, which was discussed in two additional
contributions presenting data on hazardous noise exposure
and its mitigation at indoor (Murphy and Xiang, 2019) and
outdoor (Wall et al., 2019) shooting ranges.

Firearm and other impulsive noise sources are well
known to have the potential to result in acoustic trauma, but
not all noise exposure is impulsive; the issue of non-impulse
noise resulting in acoustic trauma was therefore discussed in
the contribution by Berger and Dobie (2019). The remaining
papers within section 2 largely discussed civilian populations
exposed to repetitive noise. Workers exposed to
occupational noise are a key at-risk population given their
repetitive noise exposure; this population was discussed in
detail by Themann and Masterson (2019). A second at-risk
population of significant interest is music industry professio-
nals repeatedly exposed to loud music; this at-risk popula-
tion was discussed in detail by Wartinger et al. (2019).
Finally, the issue of repetitive non-occupational noise expo-
sure has emerged as a concern within the public health litera-
ture, and this was a topic of discussion as it impacts both
adults (Neitzel and Fligor, 2019) and children (Roberts and
Neitzel, 2019). Related discussions about the effects of
non-occupational noise were provided in contributions from
Feder et al. (2019) and Kamerer et al. (2019).

From the descriptions of populations that are potentially
at risk for noise injury (section 2), it is readily apparent that
the repetitive noise that causes slowly progressive changes
in human hearing over time is systematically different from
the acute traumatic noise exposure most often used in pre-
clinical noise exposure models (section 1). Moving forwards,
it is important to leverage the small number of chronic noise
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models described within the literature to more accurately
mimic chronic, repeated human exposure during the devel-
opment of new pre-clinical test paradigms. In parallel to
increasing the real-world relevance of pre-clinical noise
injury paradigms, investigators leading clinical trials will
need to consider strategies for quantifying and recording
information relevant to the variables that influence individ-
ual vulnerability, which were described in the third section
of papers within this special issue.

It has long been known that some individuals develop
more NIHL than others, despite common exposure histories.
It is possible that some variation in hearing changes within
workers in a given industry is related to specific shiftwork
timing. Data from animal models have now firmly estab-
lished that the time of day at which exposure occurs, relative
to the circadian cycle, influences the degree of hearing loss
observed (Fontana et al., 2019). Individual differences in
vulnerability are likely also related to physical factors that
differ from person to person, such as ear canal resonance
(Grinn and Le Prell, 2019), sound-power transfer through
the middle ear (Rosowski et al., 2019), and acoustic reflex
strength (Deiters et al., 2019). Another non-modifiable factor
that appears to influence vulnerability to NIHL (based on
data from both animals and humans) is genetic variation
(Clifford et al., 2019). Some risk factors are modifiable,
however, such as hormone signaling (Shuster et al., 2019),
inflammatory response (Frye et al., 2019), and nutrient
intake (Spankovich and Le Prell, 2019). Additional data sug-
gest that those workers that develop the most NIHL in early
years continue to be more vulnerable to NIHL and they are
thus also at increased risk for additional NIHL in later years
(Cantley et al., 2019). There has been virtually no effort to
account for any of these factors in clinical trials to date.
Other factors that have not been commonly considered as
part of the few clinical trials on NIHL prevention to date
include extrinsic, environmental factors such as temperature,
vibration, radiation, and exposure to chemicals and metals in
the workplace, all of which have the potential to interact
with noise and mediate hearing loss onset and progression.
The remainder of this final discussion paper integrates and
expands on the guidance offered across the contributions to
this special issue with guidance organized according to study
populations of potential interest.

Il. NOISE-INDUCED HEARING LOSS (NIHL) IN THE
MILITARY

NIHL is one of the most common injuries for Service
members and one of the most common disabilities for veter-
ans (Yankaskas, 2013; Gordon et al., 2017; Nelson et al.,
2017; Swan et al., 2017); noise-induced tinnitus is also a
major concern (Bramhall et al., 2019a). NIHL compromises
the ability to detect and identify speech, particularly in noisy
background conditions; thus, it can significantly impact
operational readiness and fitness for duty (Tufts er al., 2009;
Casto and Cho, 2012; Bevis et al., 2014; Semeraro et al.,
2015; Sheffield et al., 2017). Because the U.S. Food and
Drug Administration (FDA) has yet to approve any drugs for
the purpose of preventing NIHL, or more broadly, acquired
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sensorineural hearing loss, the primary emphasis during
hearing conservation efforts has been on hearing protection
device (HPD) use (for additional discussion see Hecht et al.,
2019; Jokel et al., 2019). The military hearing conservation
program requires HPD use whenever noise exceeds 85 dBA
(DoD Instruction 6055.12, 2010). Given the current regula-
tory language requiring HPD use, any drug developed for
prevention of NIHL is likely to supplement, rather than
replace, HPD use. Based on expectations that otoprotective
drugs will supplement HPD use, it is worthwhile to under-
stand the many ongoing efforts to improve functional perfor-
mance while using HPDs.

A. Hearing protection devices

The important role of HPDs within hearing conservation
programs in the military has driven systematic development
of a series of tests assessing the impact of HPD use on sound
detection, recognition/identification, localization, and com-
munication (DRILCOM) (Lee and Casali, 2016, 2017,
2019). Electronic HPD products have significantly supple-
mented passive HPD products in recent years (Casali,
2010b,a); use of electronic HPD products may improve per-
formance on some DRILCOM test elements (Robinson and
Casali, 2003; Casali et al., 2009; Talcott et al., 2012;
Clasing and Casali, 2014). Several long-term systematic
efforts have sought to understand how passive HPD use
(Lindeman, 1976; Chung and Gannon, 1979; Abel et al.,
1980; Abel et al., 1982; Pekkarinen et al., 1990) and use of
electronic HPD technology (Abel et al., 1991; Arlinger,
1992; Gower and Casali, 1994; Bockstael ef al., 2011; Norin
et al., 2011; Brown et al., 2015; Giguere et al., 2015;
Hiselius et al., 2015; Giguere and Berger, 2016) impact
speech understanding. Sound localization acuity during use
of HPDs continues to be a topic of interest (Brungart et al.,
2004; Brown et al., 2015; Joubaud et al., 2017), and the
detection and identification of non-speech signals (Clasing
and Casali, 2014) is of interest. Efforts are also ongoing to
develop new education and outreach tools that support the
correct and consistent use of HPDs by service members
(Watts et al., 2018). As potential otoprotective agents begin
to emerge, it will be important not only to assess threshold
preservation, but also the preservation of sound detection,
recognition/identification, localization, and communication
ability; i.e., the suprathreshold functional assays contained
within the DRILCOM test battery.

Although DoD instruction 6055.12 requires use of
HPDs by service members exposed to hazardous sound lev-
els (>85 dBA), command leadership may waive this require-
ment if mission success could be compromised (i.e.,
increased mortality, decreased lethality) due to factors such
as the loss of situational awareness (DoD Instruction
6055.12, 2010). This has two critically important implica-
tions. First, continued advances are urgently needed in the
design and adoption of electronic HPDs that preserve situa-
tional awareness and still protect hearing from dangerously
high levels during military operations. Second, pharmaceuti-
cal agents that reduce or prevent cell death in the inner ear
when HPDs are not worn, or do not provide adequate
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protection, are also urgently needed. With respect to danger-
ously high levels of impulse noise, which can cause immedi-
ate mechanical damage to the organ of Corti [see Bielefeld
et al. (2019)], it will almost certainly be preferable to supple-
ment HPDs with otoprotective agents, rather than replacing
HPDs with otoprotective agents as unprotected exposure to
military rifle discharge can cause immediate and permanent
damage (Moon, 2007; Moon et al., 2011). Even with HPD
use, rifles are a source of over-exposure for service members
(Hecht et al., 2019; Jokel et al., 2019).

B. Firearm exposure

Rifles are typically fired in single or three-round bursts
and sometimes in fully automatic mode. The combination
of sound level suppressors with semi-automatic variants
most often used by U.S. forces have been investigated to
understand possible reductions in the hazards to shooters’
hearing (Lobarinas et al., 2016; Meinke et al., 2017;
Murphy et al., 2018). These reports supplement earlier liter-
ature more broadly discussing the hazards of noise exposure
associated with various firearms (Kardous er al., 2003;
Murphy and Tubbs, 2007; Meinke et al., 2013; Meinke
et al., 2014; Lankford et al., 2016). In the current series of
articles, noise abatement techniques that reduce exposure to
hazardous firearm noise at both indoor (Murphy and Xiang,
2019) and outdoor (Wall et al., 2019) shooting ranges were
reviewed and discussed. As well, the inclusion of the middle
ear muscle contraction as an essential element within cur-
rent and future damage risk criteria was examined in
Deiters et al. (2019). The correspondence between animal
models and human exposure is perhaps strongest for
impulse noise research in animal models and human firearm
users.

C. Animal models: Impulse noise

As reviewed by Bielefeld et al. (2019), there are a num-
ber of studies from animal models which support the poten-
tial for prevention of NIHL after impulse noise exposure
using investigative drug agents (see also the comments from
Zhang, 2019 regarding prevention of deficits secondary to
blast exposure). The recent work by Chan et al. (2016) not
only provides full noise-dose response curves for TTS and
PTS with scaling factors provided for the transition from
chinchilla to human, it also provides TTS recovery curves.
After adjusting chinchilla shifts by a 28-dB scaling factor,
there was a very good agreement between laboratory based
chinchilla measurements and historic data from humans,
with the chinchilla being more vulnerable than human (Chan
et al., 2016). Data directly establishing differences in vulner-
ability across mammalian species are extremely limited. In
their previous review and discussion of the limited literature,
the NIOSH criteria document used a 20-dB adjustment to
maximum unprotected peak exposure limits for impulse
noise to account for differences between chinchillas and
humans (NIOSH, 1998; see their discussion of ceiling limits
for impulse noise, in their Sec. 3.2). While there are virtually
no direct comparisons of vulnerability across species, as dis-
cussed by Gittleman et al. (2019), systematic review of the
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literature suggests the chinchilla is more vulnerable than
both guinea pig and rat, with the rat being intermediate in
vulnerability (more vulnerable than the guinea pig, less vul-
nerable than the chinchilla), at least for octave band noise
exposures.

D. Clinical trials with firearm users: Outcomes and
guidance

The very high sound exposure levels associated with
firearm discharge have driven efforts to assess both the
potential prevention of TTS observed to occur despite HPD
use during short military training exercises (Le Prell et al.,
2011; Lindblad et al., 2011), and the prevention of PTS asso-
ciated with repeated exposure to firearm noise during multi-
day firearm training experiences (Attias et al., 1994; Kopke
et al., 2015; Campbell, 2016). Both the Le Prell et al. (2011)
and Lindblad et al. (2011) studies were completed in part-
nership with the Swedish military during required firearm
training exercises, with participants required to wear HPDs
during training exercises whether or not they were enrolled

in the clinical trials. There was little or no TTS in partici-
pants who took either placebo or active agents, precluding
any significant insight into the potential for drug-based
protection, in both of these investigations. Although neither
clinical trial was successful in evaluating drug-mediated
prevention of noise-induced injury, the lack of significant
TTS in both study cohorts should be considered tremen-
dously encouraging in that auditory injury was prevented by
the correct and consistent use of HPDs during the firearm
training exercises.

In contrast to the lack of TTS after short training exer-
cises completed while using HPDs, permanent NIHL was
observed in a subset of participants in the multi-day weapons
training studies, despite the use of HPDs by participants
(Attias et al., 1994; Kopke et al., 2015; Campbell, 2016).
Three clinical trials assessing prevention of PTS associated
with multi-day weapon training activities are summarized in
Table L.

The first clinical trial shown in Table I, enrolling
military recruits entering 2months of basic training, was
completed by Attias er al. (1994); here, the rate at which

TABLE I. Clinical trial design and outcomes in placebo cohorts in studies evaluating PTS prevention in service members.

Attias et al. (1994)

Kopke et al. (2015)

Campbell (2016)

Training description

Sample size

Investigational Treatment

Primary STS Outcome

Rate of STS in left ear

Rate of STS in right ear

Rate of STS in either ear

Rate of STS in both ears

Rate of STS in trigger hand ear

Rate of STS in non-trigger hand ear

2 months military basic training; on
average, each subject fired 420 shots
from an M16 at a shooting range

N =300 (Placebo, n = 150; Treated,
n=150)
167 mg magnesium aspartate daily
during 2 months of basic training

thresholds > 25 dB HL at one or
more frequencies from 2 to 8 kHz

Placebo: 21.5%
Treated: 11.2%
P<0.05
Placebo: 28.5%
Treated: 11.2%
P <0.001
Not reported

Placebo: 11.5%
Treated: 1.2%
P <0.001
Not reported

Not reported

16 days of routine military noise during
weapons training; every participant fired
325 M16 rounds during training; partici-
pants were also exposed to steady-state

noise and simulated explosions
N =566 (Placebo, n =289; Treated,
n=277)

Three 900 mg dissolving effervescent

tablets of N-acetylcysteine t.i.d., for a
total daily dose of 2700 mg during first

13 days of weapons training; two 900
mg dissolving effervescent tablets of N-

acetylcysteine b.i.d., for a total daily

dose of 1800 mg during last 3 days of

weapons training
> 20 dB shift at any one test frequency,
or >10 dB shift at any two consecutive
test frequencies
Placebo: 19.03%
Treated: 21.30%
P=0.7816
Placebo: 26.99%
Treated: 20.94%
P=0.0562
Placebo: 38.41%
Treated: 36.82%
P=0.3813
Placebo: 7.61%
Treated: 5.42%
P=0.1877
Placebo: 27.56%
Treated: 21.56%
P=0.0620
Placebo: 17.67%
Treated: 21.56%
P=0.8962

2-weeks of Drill Sergeant Instructor

training, including a minimum of 500

rounds of M16 weapons fire over an
11-day period

N=318 (Placebo, n = 160; Treated,
n=158)

Daily d-methionine during 3 days prior
to exposure, 11 days of weapons train-
ing, and 4 days post-exposure for a total
of 18 days per ClinicalTrials.gov record
number NCT02903355; Daily dose not
reported in Campbell (2016) or
NCT02903355

> 20 dB shift at any one test frequency,
or >10 dB shift at any two consecutive
test frequencies
Placebo: 8.33%
Treated: 6.78%
P=0.4133
Placebo: 9.02%
Treated: 7.69%
P=0.4422
Placebo: 15.38%
Treated: 13.91%
P =0.4439
Placebo: 2.31%
Treated: 0.88%
P=0.3619
Placebo: 8.27%
Treated: 6.84%
P=0.4276
Placebo: 9.09%
Treated: 7.63%
P=0.427
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participants were observed to have thresholds greater than
25 dB hearing level (HL) at one or more frequencies from 2
to 8 kHz subsequent to basic training was calculated for each
group. Because participants were required to have thresholds
<20dB HL to enroll in the study, participants had >5dB
shift at one or more frequencies if they met the post-training
criteria for hearing loss (thresholds >25dB HL at one or
more frequencies). Statistically significant decreases in the
rate of right ear, left ear, and bilateral threshold elevations
were reported for the treated condition.

The clinical trial by Kopke et al. (2015) enrolled U.S.
Marine trainees at the U.S. Marine Corps Recruit Depot in
San Diego CA; the clinical trial by Campbell (2016) enrolled
Drill Sergeant instructor trainees at Fort Jackson. For both
studies, the primary outcome was significant threshold shift
(STS) defined as a threshold increase of 20dB or greater at
any test frequency, or an average increase of 10 dB or greater
at any two consecutive test frequencies. Thus, the shift crite-
ria was much larger than that used in the earlier investigation
by Attias et al. (1994). This noise-induced STS criteria was
selected to directly parallel ototoxic drug-induced change
criteria, published by the American Speech-Language-
Hearing Association (1994) and adopted by the American
Academy of Audiology (2009). The groups were not statisti-
cally significantly different for the primary STS outcome
measure in either study, although some secondary analyses
assessing the rate at which smaller shifts or ear specific shifts
were observed revealed statistically significant group differ-
ences (for complete reporting including additional analyses
see Kopke et al., 2015; Campbell, 2016).

The clinical trial STS outcomes described above are
very different from the gold standard metrics used in animal
models, in which the absolute size of the threshold shift is
compared across groups. Conclusions about drug efficacy in
animal models are based on the observation of statistically
significant decreases in mean PTS in experimentally treated
animals relative to placebo controls (for review see Bielefeld
et al., 2019). The success of any clinical trial is highly con-
tingent on the use of primary outcome measures that are
sensitive for detection and diagnosis of disease or injury in
the control population. Given that large STS changes have
occurred at relatively low rates in completed trials, it may be
useful to compare average threshold shift for between group dif-
ferences in future human clinical trials. Group comparisons for
average threshold shift dependent variables are the typical con-
vention that has been used in pre-clinical studies with animal
models. If STS rates continue to be used as primary outcome
measures, then the injury rates in control cohorts from the com-
pleted studies summarized in Table I should be carefully consid-
ered in combination with previous PIHL-sponsored guidance
documents reviewing criteria for identification and monitoring
of noise-induced TTS and PTS (Campbell et al., 2016) when
selecting primary outcome measures for future clinical trials.
Regardless of whether STS rate or average threshold shift is des-
ignated as the primary study outcome within the statistical analy-
sis plan, it is possible to evaluate and report both STS rates and
average threshold shift to more fully understand potential drug
effects and guide future trial design (as in Kil ez al., 2017).
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E. Implications for clinical trials assessing
populations exposed to impulse noise

It is possible that otoprotective agents that effectively
reduce NIHL subsequent to impulse noise exposure in
Service member populations will also be effective in other
populations with firearm discharge exposure (i.e., police,
sheriff, and other local law enforcement agencies requiring
firearm training and qualification testing, or civilian popula-
tions exposed to firearm noise). Hearing loss is a common
issue among recreational firearm users (Stewart et al., 2002),
suggesting the potential that this population might be an
appropriate target for interventions that supplement HPD
use.

F. Standardization of pre-clinical impulse noise
otoprotection paradigms

When populations with impulse noise exposure are the
clinical target, pre-clinical testing of otoprotective agents
using impulse noise based acoustic trauma paradigms are
appropriate. The impulse noise used within laboratory set-
tings should be modeled after fircarm discharge, or other
impulsive noise as appropriate based on the exposures to the
population of interest. The review by Bielefeld er al. (2019)
provides a comprehensive discussion of the characterization
and use of impulse noise in laboratory studies including oto-
protection assessments, and a number of other papers within
this special issue comment at least briefly on the effects of
impulse noise (Burton et al., 2019; Deiters et al., 2019;
Escabi et al., 2019; Hecht et al., 2019; Holt et al., 2019;
Jokel et al., 2019; Trevino et al., 2019; Naert et al., 2019;
Ohlemiller, 2019; Radziwon et al., 2019). To illustrate the
variability across impulse noise exposure models in otopro-
tection research paradigms, Table II provides a comprehen-
sive list of impulse noise exposures used in otoprotection
studies, with studies extracted from a systematic review by
Hammill (2017). As observed in Table II, there is little con-
sensus within either the pre-clinical or clinical research liter-
ature regarding standardized models for inducing acoustic
trauma using impulse noise.

G. Non-impulsive exposures in the military

Other military populations should be considered as poten-
tial clinical trial populations, in addition to the soldiers enrolled
in weapons training with small-caliber firearms as described
above in Table 1. Jokel e al. (2019) described the myriad of
noise exposures that service members face during training and
deployment; this discussion was significantly expanded by
Hecht et al. (2019), who discuss enrollment of such noise-
exposed individuals in clinical trials. When designing clinical
trials with Service member participants, it is incumbent on the
study team to understand the complete exposure of service
members across duties and environments and potential difficul-
ties achieving “noise-free” pre-testing windows to minimize
the contributions of TTS to any measured deficits. Moreover,
any potential operational impact must be carefully identified
and mitigated for participation to be possible (for additional
discussion see Hecht er al., 2019).
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TABLE II. Impulse noise exposure studies extracted from Hammill (2017), a systematic review of pharmaceutical interventions for noise-induced hearing
loss investigations, excluding studies reporting blast or mixed exposures in the same recorded exposure. References are grouped by species to highlight study
design variation not only within species but also across species.

Sound level Duration
Sample (NR =not Duration  (number of
Reference Species size (N) Noise source recorded) (Time) impulses)
Adelman et al. (2011) Mouse 57 speaker system 135 dB SPL peak 1 min 120
simulated M16 rifle fire 123 dB SPL peak NR NR
simulated M 16 rifle fire in chamber 155 dB SPL peak NR 10
M16 fire - outdoor firing range 155 dB SPL peak NR 10
simulated M16 rifle fire 155 dB SPL peak NR 700
Duan et al. (2004) Rat 38 speaker system 160 dB SPL peak NR 50
Hight ez al. (2003) Chinchilla 60 US Army M-16A1 rifle, 5.56 caliber round 145 dB SPL NR 100
simulated fire
Harris et al. (2005) Chinchilla 48 speaker system 155 dB SPL NR 150
Kopke et al. (2005) Chinchilla 18 simulated M-16 rifle fire 155 dB SPL peak 2.5 min 150
Bielefeld et al. (2007) Chinchilla 46 simulated gun fire (Speaker system) 155 dB SPL 75s 150
speaker system 123 dB SPL peak 2h NR
Coleman et al. (2007) Chinchilla 48 simulated M-16 rifle fire 155 dB SPL peak NR 150
Bielefeld et al. (2011) Chinchilla 17 (28 ears) speaker system 155 dB SPL peak NR 150
Bielefeld (2013) Chinchilla 18 simulated M-16 gunfire 155 dB SPL peak 0.1s 150
Fetoni et al. (2014) Chinchilla 27 speaker system 155 dB SPL peak ~ 78.5s 150
Haupt and Scheibe (2002) Guinea pig 55 speaker system 167 dB SPL peak 38 min 2280
Scheibe et al. (2002) Guinea pig 104 speaker system 167 dB SPL peak 38 min 2280
Attias et al. (2003) Guinea pig 25 speaker system 167 dB SPL peak 1 min 60
Franzé et al. (2003) Guinea pig 72 speaker system 114 dB SPL 2h NR
5h NR
Haupt et al. (2003) Guinea pig 26 speaker system 167 dB SPL peak 4 min 240
Zhai et al. (2004) Guinea pig 20 electronic-fire impulse generator 172 dB SPL peak NR 100
(Shanghai Co.)
Sendowski et al. (2006) Guinea pig 32 FAMAS F1 rifle gunshot 170 dB SPL peak NR 3
Heinrich et al. (2008) Guinea pig 54 speaker system 90 dB SPL 1h
Abaamrane et al. (2009) Guinea pig 65 blank FAMAS F1 rifle shot 170 dB SPL peak NR 3
Zhou et al. (2009) Guinea pig 55 electric spark-gap impulse noise generator 165 dB SPL peak 2s NR
Abaamrane et al. (2011) Guinea pig 60 FAMAS F1 rifle shots 170 dB SPL peak NR 3
Chi et al. (2011) Guinea pig 74 an electric spark generator 167 dB SPL peak NR 80
Kansu ez al. (2011) Guinea pig 21 shooting range of the police department 136 dB SPL peak NR 100
Xiong et al. (2011b) Guinea pig 36 7.62 mm Chinese Army 81-1 type of 176 dB SPL Is 15
assault rifle
Xiong et al. (2012b) Guinea pig 45 7.62 mm Chinese Army 81-1 type of 176 dB SPL Is 15
assault rifle
Xiong et al. (2012a) Guinea pig 50 7.62 mm Chinese Army 81-1 type of 176 dB SPL 1s 15
assault rifle
Xiong et al. (2015) Guinea pig 30 7.62mm Chinese Army 81-1 type of 176 dB SPL peak NR 15
assault rifle
Miiller et al. (2016, 2017) Guinea pig 225-270 speaker system 142 dB SPL NR 15
30
45
60
120
Pilgramm and Schumann (1985) Human 122 NR NR NR NR
Markou et al. (2001) Human 72 hand weapons; heavy weapons NR NR NR
Markou et al. (2004) Human 108 fire arm noise NR NR NR
Suckfuell et al. (2007) Human 11 firecrackers NR NR NR
Psillas et al. (2008) Human 52 G3 Rifle, 7.62 mm NR NR NR
Le Prell et al. (2011) Human 31 Ksp-58 automatic machine gun during 156 dB SPL peak 1 min 40
military bunker training
Lindblad et al. (2011) Human 34 Ksp-58 automatic machine gun during 165 dB SPL NR 40
military bunker training, shot between
two people
Xiong et al. (2011a) Human 75 7.62mm Chinese Army 81-1 type assault rifle NR NR NR
Zhou et al. (2013) Human 53 fireworks NA NR NR
Kopke et al. (2015) Human 634 M-16 weapons fire NR 13 days  ~325 rounds
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lll. NOISE-INDUCED HEARING LOSS (NIHL) IN THE
WORKPLACE

The World Health Organization (WHO) uses the pure-
tone-average (PTA) threshold at the frequencies of 1, 2, 3,
and 4kHz (PTA1234), and specifies a criteria of PTA1234
>41dB HL to define disabling hearing loss. Efforts to quan-
tify the contributions of occupational noise exposure to dis-
abling hearing loss suggest that worldwide, some 16% of
disabling hearing may be attributable to occupational noise
exposure (Nelson et al., 2005; see also the recent review by
Graydon et al., 2019). The prevalence of disabling hearing loss
due to occupational noise varies geographically, from about
7% to 21%, with developed countries such as the U.S. being at
the lower end of this range (Nelson ef al., 2005). A major limi-
tation of this definition as that it is indicative of disability. It is
now well known that the pure tone audiogram is not sensitive
to inner hair cell loss (Lobarinas er al., 2013) or synaptic
pathology (Kujawa and Liberman, 2009). Moreover, there are
both persons with lower thresholds (less hearing loss) that
nonetheless report significant hearing difficulty as well as per-
sons with higher thresholds (more hearing loss) that deny hav-
ing any hearing issues when questioned about hearing ability.

In this special issue, Themann and Masterson (2019)
described tremendous differences in both exposure and hear-
ing loss prevalence across civilian populations exposed to
diverse occupational noise hazards, and they provided a com-
prehensive review of the critical public health problems asso-
ciated with occupational noise exposure. This review builds
on work that has specifically looked at the prevalence of
NIHL in workers, which could perhaps be used to guide the
selection of primary outcome measures in studies assessing
NIHL prevention in workers exposed to occupational noise.

A. Pure tone average threshold greater than 25dB HL
at1, 2, 3, and 4 kHz in either ear (PTA1234 >25dB in
either ear)

Masterson et al. (2015) analyzed the prevalence of hearing
loss using the criteria of pure-tone average thresholds of 25 dB
HL or greater at 1, 2, 3, and 4 kHz (PTA1234 > 25 dB in either
ear) by time period and industry sector. For the relatively recent
period of 2006-2010, the hearing loss prevalence in many
industry sectors was around 20% although for the Mining and
Construction sectors, hearing loss prevalence was 25%. What
is interesting is that the risk of incident hearing loss decreased
by roughly 50% over that same period. Whereas prevalence
data document the proportion of cases present at given time,
incidence data provide insight into new cases; thus, the data
from Masterson et al. (2015) document decreases in the rate at
which new hearing loss cases are being detected.

From a clinical trial design perspective, it is critically
important to know the expected prevalence of hearing loss
using PTA1234>25dB in either ear is about 20%—25%
depending on the industry of interest, and that the incidence of
new hearing loss cases is decreasing, which will decrease study
power for the detection of drug-mediated reductions in new
hearing loss cases. In other words, if fewer workers are devel-
oping new hearing loss injuries, study sample sizes will need to
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be increased to provide adequate power for the detection of a
potential drug-mediated decrease in new NIHL injuries.

Decreasing incidence of new NIHL cases raises significant
questions about the utility of existing data sets, such as the
noise-induced permanent threshold shift (NIPTS) data for 10th
(least vulnerable), 50th (median), and 90th (most vulnerable)
percentile populations at frequencies of 0.5, 1, 2, 3, 4, and
6 kHz which are printed in ISO-1999 (International Standard
Organization, 2013). This standard includes tables summariz-
ing the total hearing loss due to noise exposure after allowing
for the effects of age, for workers exposed for 10, 20, 30, and
40years to 8-h A-weighted sound exposure levels of 85 dBA
(see their Table D.1), 90 dBA (see their Table D.2), 95 dBA
(see their Table D.3), and 100 dBA (see their Table D.4).

Although these are among the most systematic data avail-
able, they do have some shortcomings. First and foremost, the
recent report by Lempert (2019) notes that ISO 1999 does not
very closely predict the patterns of hearing loss observed in
either the Passchier-Vermeer (1968) or the Burns and
Robinson (1970) reports. In addition, there is the issue that
more recent generations appear to have better hearing than
previous generations (Hoffman et al., 2017). Both genera-
tional differences (Hoffman et al., 2017) and decreased inci-
dence of new NIHL injuries (Masterson et al., 2015) could
explain at least in part why hearing loss in various worker
populations assessed more recently has sometimes differed
from that expected based on the ISO-1999 tables (Leensen
et al., 2011; Leensen and Dreschler, 2015; Lie et al., 2016).
Another factor influencing the value of the ISO-1999 tables
for prediction of NIPTS was discussed by Dobie (2015b),
who noted that the ISO 1999 tables were generated using data
from studies conducted in the 1950s and 1960s, primarily
enrolling American and European workers prior to the onset
of governmental regulations limiting occupational noise expo-
sure. Effects of ethnicity on vulnerability to NIPTS or age-
related hearing loss (ARHL) would significantly confound
predictive value as well, as these NIPTS data tables have had
expected effects of aging subtracted out, in an effort to predict
the effects of noise after accounting for aging. Indeed, signifi-
cant ethnicity effects have been found within datasets related
to ARHL, raising questions about the comparison of data
from largely white populations to workers of other ethnicities
(Deiters and Flamme, 2019; Flamme et al., 2019).

Although there are notable shortcomings, because the
ISO-1999 data are the most systematic data available, the
median NIPTS calculated using PTA1234 thresholds for
workers within the ISO-1999 audiometric data are shown in
Fig. 1(A) to illustrate median expected NIPTS for interested
readers. As evident in Fig. 1(A), the median NIPTS will
exceed 25 dB HL for PTA1234 only under the most extreme
exposure conditions (30—40years of exposure to 100 dBA
noise levels). Although NIPTS >25dB HL (i.e., dashed gray
line) may not be a particularly sensitive clinical trial metric,
NIPTS of 10dB or greater is clearly expected for workers
that are exposed to 95 dBA TWA or greater. The availability
of populations with such exposures to participate in clinical
trials should be extremely limited, however, as permissible
exposure limits are set at 90 dBA TWA for most industries.
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FIG. 1. Noise-induced permanent threshold shift (NIPTS) is shown for pure-tone-average (PTA) thresholds at frequency combinations of 1, 2, 3, and 4kHz
(1A),0.5,1,3,and 3kHz (1B), 3, 4, and 6kHz (1 C), and 2, 3, and 4kHz (1 D). All NIPTS PTA data are calculated using the single frequency shift data listed
in ISO-1999 tables. Data are median NIPTS; those at the 10th percentile show smaller changes and those at the 90th percentile show larger changes.

B. Pure tone average threshold at 0.5, 1, 2, and 3 kHz
(PTA5123) greater than 25 dB HL in either ear
(PTA5123 > 25 dB in either ear)

Other pure-tone threshold averages (PTAs) could also
be designated for use as primary outcome measures. For
example, the American Academy of Otolaryngology [AAO;
now, the American Academy of Otolaryngology — Head and
Neck Surgery (AAO-HNS)] advocates a formula for calcu-
lating hearing impairment based on PTA thresholds at the 0.5,
1, 2, and 3kHz frequencies (PTA5123). The rationale for the
selection of this PTA is the observation of correlations between
speech-in-noise test outcomes and PTA5123 (Dobie, 2015a).
The AAO-HNS specifies a low fence of 25dB HL, and PTA
thresholds above 25dB HL accrue impairment at a rate of
1.5% impairment for each dB above 25dB HL (American
Academy of Otolaryngology Committee on Hearing and
Equilibrium and American Council of Otolaryngology
Commitee on the Medical Aspects of Noise, 1979). Based on
this, it may be reasonable to propose using PTA5123 >25dB
HL in either ear as a primary outcome measure, however,
PTAS5123 will be even less likely to be affected by noise expo-
sure than PTA 1234, given that noise predominantly affects the
frequencies of 3, 4, and 6 kHz. Thus, the prevalence of hearing
loss greater than 25dB HL may be even less than the
20%—-25% noted above for PTA1234 > 25dB HL.

The median NIPTS calculated using PTA5123 thresholds
for workers within the ISO-1999 audiometric data tables are
shown in Fig. 1(B); the median expected NIPTS for PTA5123
is less than that shown for PTA1234 [Fig. 1(A)]. As evident
in Fig. 1(B), the median NIPTS does not exceed 25 dB HL for
PTAS5123 even under the most extreme exposure conditions
(3040 years of exposure to 100 dBA noise levels). Although
NIPTS >25dB HL (i.e., dashed gray line) would not be a
particularly sensitive clinical trial metric, NIPTS of 10dB is
possible for workers that are exposed to 95 dBA TWA or
greater. As previously noted, 95 dBA TWA exposures are not
permitted under national occupational regulations.

C. Pure tone average threshold at 3, 4, and 6 kHz
(PTA346)

Noise exposure predominantly affects the frequencies of
3, 4, and 6kHz, typically but not always in a notched
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configuration with poorer hearing at 3, 4, and/or 6 kHz, rela-
tive to 0.5, 1, and 2kHz, and 8 kHz (Niskar et al., 2001;
Flamme et al., 2014). Consequently, both PTA5123 and
PTA1234 will significantly underestimate the total impact of
noise on hearing in workers exposed to occupational noise,
relative to PTA346. The median NIPTS calculated using
PTA346 thresholds for workers within the ISO-1999 audio-
metric data is shown in Fig. 1(C); median expected NIPTS
for PTA346 is greater than that observed at PTA1234 [Fig.
1(A)] or PTA5123 [Fig. 1(B)]. As evident in Fig. 1(C), the
median NIPTS exceeds 25dB for PTA346 within the first
ten years of exposure to 100 dBA TWA noise levels. Given
that HPDs are mandatory at those sound levels, it is worth
note that changes of 10dB or greater are observed beginning
at 90 dBA TWA exposure levels; 90 dBA TWA is the maxi-
mum exposure level permitted within the workplace without
HPDs under OSHA regulations (OSHA, 1983). Under these
regulations, HPDs must be provided beginning at 85 dBA
TWA exposure, and HPDs must be worn by workers who
have experienced an STS beginning at 85 dBA TWA.
Workers who have not experienced an STS cannot exceed 90
dBA TWA in the workplace.

D. Change in pure tone average threshold at 2, 3, and
4kHz>10dB (APTA234>10dB)

OSHA defines significant threshold shift (STS) using an
average change at 2, 3, and 4kHz of 10dB or greater
(APTA234 > 10dB). Figure 1(D) illustrates median NIPTS
using PTA234 thresholds in workers with various exposure
histories calculated from ISO-1999 median data. From these
panels, it is clear that PTA234 will reveal greater NIPTS
than PTA1234 [Fig. 1(A)] and PTA5123 [Fig. 1(B)], with
slightly less sensitivity for change than PTA346 [Fig. 1(C)].
If selecting a criteria for change, for documenting differ-
ences in the prevalence of STS due to an experimental drug
therapy, one could consider APTA234 > 10dB based on
OSHA'’s definition of STS as an average change of 10dB or
greater. Comparing across the 10-year increments shown in
Fig. 1(D), one can see that with exposures of 85 dBA,
median NIPTS is 5dB or less, even after 40 years, but with
exposures of 100 dBA, the median NIPTS will increase from
20dB (at 10years of exposure) to 35dB (at 40years of
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exposure). With 90 dBA TWA exposure, the maximum per-
mitted exposure, average changes of 10dB at 2, 3, and 4kHz
emerge between 10 and 20 years of exposure. Understanding
workplace sound levels and the use of HPDs in the work-
place will be critical when trying to predict NIPTS in work-
ers such that prevention of NIHL using pharmaceuticals can
be considered as a study goal.

E. Threshold shift

As discussed above, animal models have routinely
employed measurements of threshold shift, rather than com-
paring the prevalence of hearing loss meeting specific crite-
ria. The average threshold shift at PTA5123, PTA1234,
PTA346, or PTA234 could be evaluated in placebo and
experimentally treated workers, instead of or in addition to
assessing prevalence of a criterion threshold shift. The size
of the group difference provides important additional infor-
mation about the potential benefits of the drug agent.

F. Workplace threshold records

Longitudinal threshold data likely exist at many potential
workplace study sites, allowing studies to be adequately
powered based on review of historic data from untreated popula-
tions. Unfortunately, however, data regarding historic exposure
levels, and changes in sound level as equipment is replaced, may
not be readily available for every population. Moreover, even if
detailed noise histories were maintained, historic data regarding
correct and consistent wearing of HPDs is likely to be limited, as
fit-testing of HPDs has not been broadly embraced across indus-
try at this time. Fit-testing is a process through which individual
user-achieved attenuation can be directly measured to determine
the effectiveness of HPD use (Voix and Hager, 2009; Schulz,
2011; Murphy et al., 2016). Taken together, some caution in reli-
ance on historic hearing loss prevalence data are required during
the identification of possible clinical trial populations. An addi-
tional important caveat is that while historic data should be avail-
able and informative during development of the statistical
analysis plan, investigators should work with their IRB to deter-
mine what permissions are necessary prior to systematic review
of historic records. Historic threshold shift could be assessed as a
metric for success of the hearing conservation program with few
ethical concerns; however, reporting of this systematically ana-
lyzed data in grant applications or publications may not be possi-
ble in the absence of IRB approval.

G. Clinical trials in workers

Because NIHL in workers exposed to occupational noise
typically accrues slowly over years, efforts to assess the poten-
tial drug-mediated prevention of hearing loss that occurs
despite HPD use in the workplace have largely been based on
prevention of TTS at the end of the work shift (Lin et al.,
2010; Doosti et al., 2014). However, in these studies, tempo-
rary changes in hearing were on the order of 1-3dB in both
the participants who took placebo and those receiving active
agents, and thus the protective benefits were very small, even
when statistically significant, largely precluding any insight
into the potential for drug-based protection against more
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significant acoustic exposure. For studies assessing prevention
of PTS in workers, several possible outcome measures were
noted above, with PTA346 assumed to be the most robust met-
ric given the largest expected changes in hearing occur at these
frequencies [see Fig. 1(C)].

A final criterion that could be considered is ASHA
(American Speech-Language-Hearing Association) STS, which
has already served as the primary outcome in two clinical trials
enrolling service members as discussed above (Kopke et al.,
2015; Campbell, 2016). Although this metric has been used pre-
viously, the development of STS meeting ASHA criteria (20 dB
shift at one frequency or 10 dB shift at two adjacent frequencies)
seems unlikely to be observed within many occupational
cohorts. The NIPTS changes documented in ISO-1999
(International Standard Organization, 2013) generally do not
meet the ASHA STS criteria as the changes in threshold at indi-
vidual frequencies tend to be small even when time intervals are
compared in 10-year increments. Although we did not plot single
frequency data here, median NIPTS at 4kHz with 85 dBA
TWA exposure increases from 5dB HL after 10 years of expo-
sure to 7dB after 40 years of exposure (International Standard
Organization, 2013). Even for the most vulnerable 10% of the
population, NIPTS at 4kHz with 85 dBA TWA exposure
increases from 7dB HL after 10 years of exposure to 9 dB after
40 years of exposure. With 90 dBA TWA, the median NIPTS at
4kHz increases from 11dB HL after 10years of exposure to
15dB after 40years of exposure (International Standard
Organization, 2013), and for the most vulnerable 10% of the
population, NIPTS at 4kHz with 90 dBA TWA exposure
increases from 15dB HL after 10years of exposure to 20 dB
after 40years of exposure. In other words, NIPTS reaching
20dB at individual frequencies may be uncommon. This is not
to say that total hearing loss occurring as consequence of both
aging and noise will not reach 20dB. If the effects of aging are
considered, it should be noted that OSHA age correction tables
point to expected ARHL increasing from 5dB (20year old
male) to 33 dB (60 year old male) at the frequency of 4 kHz (see
Appendix F in OSHA, 1983).

H. Threshold clinical trial metrics: Extended high
frequency audiometry

In addition to threshold assessments within the conven-
tional testing range of 250Hz to 8§ kHz, threshold measure-
ments can be made at higher frequencies. Thus, another
possible metric that could be considered is monitoring of
threshold shift in the extended high frequency (EHF) range,
which includes frequencies above 8 kHz. A variety of data
show changes in EHF thresholds as a function of occupational
noise exposure (Hallmo et al., 1995; Borchgrevink et al.,
1996; Korres et al., 2008; Riga et al., 2010; Mehrparvar et al.,
2014). The contribution by Kamerer ef al. (2019) carefully
discusses the importance of EHF testing and the interpretation
of the observed relationships between EHF threshold sensitiv-
ity and the amplitude of sound evoked auditory potentials.
The contribution by Wartinger et al. (2019) further provides
discussion of changes in EHF hearing in musicians and other
performing artists. Although the data is still emerging, a vari-
ety of data suggest potential deficits.
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. Non-threshold clinical trial metrics: Otoacoustic
emissions

There has been significant discussion of the use of
distortion product otoacoustic emissions (DPOAEs) as a
clinical trial metric, as these reveal changes in the function
of the outer hair cells (OHCs). The use of serial DPOAE
tests to monitor OHC function during treatment with oto-
toxic medications is well established (Reavis et al., 2008;
Dille et al., 2010; Reavis et al., 2011; McMillan et al., 2012)
and serial DPOAE monitoring has been proposed for use
both in hearing conservation programs (Konrad-Martin
et al., 2012) and clinical trials (Konrad-Martin et al., 2016).
Changes in DPOAE amplitude have been widely reported as
a function of occupational noise (Seixas et al., 2004; Korres
et al., 2009; Seixas et al., 2012; Boger et al., 2017). The
contribution by Bramhall et al. (2019a) carefully discusses
the importance of DPOAE testing and the interpretation
of the observed relationships between DPOAE amplitude
and the amplitude of sound evoked auditory potentials. A
second type of otoacoustic emission worth mentioning here
is the transient evoked otoacoustic emission (TEOAE) as the
linear reflective component which dominates the TEOAE
may be more sensitive to subtle cochlear pathology; data
comparing the sensitivity of DPOAE and TEOAE metrics
continue to emerge (Fraenkel et al., 2003; Sisto et al., 2007).

The recent guidance paper from the National Occupational
Research Agenda (NORA) Hearing Loss Prevention Cross-
Sector Council (2019) calls for research investigating the most
sensitive and specific protocols for possible use in monitoring
of DPOAE and EHF thresholds in workers exposed to occupa-
tional noise. In addition, the forthcoming chapter by Le Prell
and Campbell (2019) discusses the potential use of both
DPOAE and EHF metrics in clinical trials assessing potential
otoprotective benefits of new drug agents in clinical trials.

J. An additional confounding factor: The impulsivity
of noise (kurtosis)

In considering the factors that influence hearing loss in
the workplace, one of the factors that should be considered
is kurtosis, which is a measure of the impulsivity of noise,
meaning the extent to which rapid temporal fluctuation in
level is present. Exposure to impulsive noise has been dem-
onstrated to result in greater amounts of hearing loss both in
animals and in the human (Dunn et al., 1991; Zhao et al.,
2010). While Earshen (1986) first proposed using the kurto-
sis metric to distinguish between noise exposures that con-
tain various impulsive noise (impact and impulse), the most
robust systematic research in this area was launched by
Hamernik et al. (2003). Hamernik et al. (2003) completed a
series of noise exposures in chinchillas where they varied
the kurtosis of the exposure by adjusting the probability of
an impulse occurring during a range of exposures, while
keeping the total sound energy equivalent across exposures.
These studies demonstrated that for a given noise energy,
PTS increased with increasing kurtosis and then plateaued.

In addition to continuing accumulation of data from
animal studies, this body of work has also been extended to
human exposures. In a large employee population with
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evaluation of more than 1500 Chinese workers with a mix-
ture of Gaussian and non-Gaussian (higher kurtosis) expo-
sures, kurtosis has been carefully assayed for relationships
with NIHL (Zhao et al., 2010; Davis et al., 2012; Xie et al.,
2016). When the lifetime cumulative noise exposure is
adjusted for kurtosis, estimated from full-shift recordings
that are surrogates for the individual workers’ exposures, the
rate of hearing loss between the two exposure groups agrees
well. That is, adjustment for kurtosis brings the disparate
rates of hearing loss across individuals into agreement. Suter
(2017) noted that some investigations recommended a 5 to
10dB exposure penalty for more impulsive compared to
continuous noise exposures. Adjustments based on kurtosis
can increase the risk in a manner tailored to the noise expo-
sure—greater kurtosis may require a larger adjustment (Lei
etal., 1994).

If a clinical trial were to incorporate workers with dif-
ferent job titles and different patterns of exposure, it would
be important to understand not only the average noise dose,
which is based on time-weighted average exposure level, but
also kurtosis adjusted exposure, so that workers could be
stratified as a function of high kurtosis (higher risk) and low
kurtosis (lower risk) exposure characteristics. In addition to
considering kurtosis as a potential variable for stratification
purposes, to assure equal numbers of experimentally treated
participants within risk groups, one might also wish to strat-
ify based on the amount of hearing loss already accrued.
This is relevant not only to clinical trial design, but also to
primary prevention efforts.

In this special issue, Cantley et al. (2019) suggest early
identification and intervention is especially needed when
annual testing indicates a rapid rate of hearing loss in the
early part of a worker’s career, as these same workers exhibit
a more significant or substantial loss in later years. In other
words, they report that workers with increased vulnerability
in early work years appear to have increased vulnerability in
later years as well. If workers with increased risk can be
identified prior to the development of significant hearing
loss, various interventions can be considered. As discussed
in Le Prell and Spankovich (2013), primary intervention
occurs before exposure to the hazard and can be either
passive or active. An example of a passive protective inter-
vention is engineering controls that attenuate sound levels;
this is a passive protective strategy as no action is necessary
on the employee’s part. An example of an active prevention
strategy is reliance on HPDs; consistent use of HPDs
requires action by the employee. Interventions such as engi-
neering controls and HPD use are labeled secondary inter-
ventions when they are implemented after hearing loss
has already been observed, and the goal is prevention of
additional hearing loss.

K. Consideration of HPD use as a confounding factor

The high rate of NIHL across workers has driven vari-
ous efforts to reduce NIHL through engineering, administra-
tive, and personal protection equipment use over many years
(Kerr et al., 2017). In designing a clinical trial, the use of
HPDs must therefore be considered as part of the study
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design and analysis, as noted above as part of the discussion
of clinical trials enrolling service members. Here, it should
be noted that the U.S. occupational regulations (OSHA,
1983) require HPD use when sound exposure exceeds the
permissible exposure limit of 90 dBA TWA, or 85 dBA
TWA for workers who have suffered a significant threshold
shift (defined as an average shift of 10 dB or greater at the
frequencies of 2, 3, and 4kHz; i.e., APTA234 > 10dB). Best
practice guidance is more conservative, with NIOSH recom-
mending HPD use when TWA exceeds 85 dBA (NIOSH,
1998). Most international regulations are more consistent
with the more conservative guidance from NIOSH [for
review see Suter (2007)], and there are many workplaces
that have voluntarily adopted these more conservative expo-
sure limits. Examples of employer-led efforts to reduce
exposure are provided at the Safe-in-Sound Excellence in
Hearing Loss Prevention website, where presentations made
by the winners of this annual award program are housed. In
designing a clinical trial, it is incumbent on the study team
to understand the minimum standards for worker protection
that must be complied with, as well as best practices for
worker hearing loss prevention, so that risks and benefits can
be accurately described during the IRB review process and
fully disclosed to study participants.

For workers that wear HPDs, fit testing should be con-
sidered as part of the study design, to estimate the degree of
protection achieved by study participants. Caution is war-
ranted with respect to assumptions that more protection is
always better than less protection. It is possible to provide
“over-protection,” meaning that sound exposure is attenu-
ated to the point that workers cannot readily detect signals
that are important for their safety (Sayler et al., 2019). The
impact of HPD use on listeners with existing hearing loss is
similarly a significant concern, as these at-risk workers have
reduced audibility and/or speech understanding even before
accounting for the HPD attenuation and associated spectral
distortion [see also Dolan and O’Loughlin (2005) and
Themann and Masterson (2019)]. Accident and injury rates
are elevated in workers with hearing loss (Woodcock and
Pole, 2008; Cantley et al., 2015a; Cantley et al., 2015b;
Palmer et al., 2015; Mick et al., 2018), including increases
in the rate of injuries requiring hospitalization (Girard et al.,
2015). Systematic review of the literature reveals that
increased injury rates are associated with hearing loss across
industries (Jadhav et al., 2015; Estill et al., 2017). Strategies
for improving communication while wearing HPDs is of
interest, and field studies assessing communication in noise
are emerging for passive HPD products (Wagoner et al.,
2007). Electronic HPDs are also of emerging interest for use
by workers (Tufts et al., 2011).

L. Data from pre-clinical studies

For pre-clinical insights into the prevention of hearing
loss secondary to workplace noise exposure, it is critical that
animal models of NIHL employ repeated exposure para-
digms. Given the major interest in prevention of hearing loss
that occurs because of occupational noise exposure, it is
surprising that there have been few, if any, efforts to identify
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prevention of hearing loss that slowly develops as a conse-
quence of repeated noise exposure in pre-clinical (animal)
models. The systematic review by Hammill (2017) identified
a small number of studies with repeated exposures, none of
which modeled daily exposure to occupational noise over
the course of a working career. Moreover, none of the
species-specific contributions within this special issue, which
considered NIHL more broadly, identified any significant
use of such paradigms within diverse animal species used to
understand the effects of repetitive noise on the inner ear
(Burton et al., 2019; Escabi et al., 2019; Holt et al., 2019;
Trevino et al., 2019; Naert et al., 2019; Ohlemiller, 2019;
Radziwon et al., 2019).

We used a series of targeted search terms and manually
searched chapters in books within our personal libraries in
order to identify a small number of studies employing
repeated exposures, which we have listed in Table III. Table
IIT identifies animal models that may be appropriate for the
development of data addressing the potential for protection
against NIHL that occurs as a consequence of workplace-
like noise exposure. Demonstration of prevention of NIHL
in animals that experience repeated daily noise exposure
would be helpful in providing a rationale for the long-term
investigation of potential benefits for human workers
exposed to noise on a daily basis during the 5-day work-
week. It will be particularly helpful if animal studies include
interventions at both early times and later onset interven-
tions, much like studies assessing prevention of ARHL have
included both early intervention and later interventions, as
some people will initiate therapy only after deficits have
begun to emerge (see, for example, Heman-Ackah et al.,
2010).

Care to review the considerable literature on “toughening”
or “conditioning” of the ear is warranted, as it is possible that
repeated exposure to sound will alter vulnerability of the ear.
In these classic and well established paradigms, repeated expo-
sure to lower level noise has been shown to decrease vulnera-
bility to a subsequent higher level sound exposure (Henselman
et al., 1994; Canlon and Fransson, 1995; Canlon, 1997;
Canlon and Fransson, 1998; Skellett et al., 1998; Canlon et al.,
1999; Hamernik and Ahroon, 1999; Kujawa and Liberman,
1999; Peng et al., 2007).

M. Effects of occupational noise on synapses

The potential for pathology of the synapse; i.e., a loss of
the synaptic connections between inner hair cells (IHCs) and
the auditory nerve, as a consequence of occupational noise
exposure has been discussed by Dobie and Humes (2017),
with additional brief commentary by Murphy and Le Prell
(2017). More recently, Le Prell (2019a) reviewed patterns of
deficits in evoked potential amplitude and latency in combi-
nation with patterns of hearing loss in those exposed to occu-
pational noise in an effort to gain insight into the potential
for cochlear synaptopathy as a possible consequence of
workplace noise injury. As discussed in that review, the
presence of overt hearing loss confounds the interpretation
of decreases in wave I amplitude. Nonetheless, the presence
of wave I amplitude deficits at high stimulus levels, above
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TABLE III. Various search terms were used to identify studies employing repetitive noise exposures; the search criteria included multiple exposures per
week, over periods lasting one week or longer. None of the identified studies included the assessment of an otoprotective agent for prevention of NIHL.

Total duration of

Frequency exposure cycle
Author Species Noise Type Level (dB SPL) Duration (h/day) (days/wk) (weeks, months)
Lim et al. (1982) Chinchilla Impact 125 dB peak SPL 1 impulse every 2 s 5 1,2, or 4 weeks
for 8 h/day
Erlandsson et al. (1987) Guinea pig Workshop exposure 87-90dBA 8 h/day 5 6 weeks
Davis et al. (1996) Chinchilla Continuous broadband 115 dB peak SPL 7.5 min 7 26 days
noise
Davis et al. (1996) Chinchilla 1 and 4 kHz 115 dB peak SPL 1/s for 6 h/day 7 20 days
narrowband impact
Carder and Miller (1972) Chinchilla 0.5 and 4 kHz octave 65 to 105dB SPL 24 h/day 2,7,21 days 3.5to 7 weeks
band noise
Moody et al. (1978) Macaca 0.5,2,4,8 kHz OBN 117-120 SPL 8 h/day 5 20 days
0.1-100 kHz BBN

Lonsbury-Martin Macaca Mulatta 12 pure tones 0.354-16 100 dB SPL 3 mins/day 5 6, 18 months
etal. (1987) kHz in 1/2 octave steps ~ 75-85 dB background
Mills (1976) Chinchilla 4 kHz OBN 80 dB SPL 23.5 h/day 7 90 days
Nielsen ez al. (1986) Monkey Saimiri 500, 750 Hz OBN 89 dB SPL 90 dB SPL 24 h/day 7 60 days

Sciureus 70 days
Harding and Bohne Chinchilla 4 kHz OBN 47-108 dB SPL 0.5 h to 24 days 7 0.5 h to 36 days
(2004) Or

500Hz OBN 65-128 dB SPL 3.5 h to 24 days 3.5 hto 432 days

Eldredge et al. (1973) Chinchilla 4 kHz OBN 57,65,72,80 dB SPL 24 7 24

the operating range for the cochlear amplifier, is consistent
with a mixed pathology including both OHC and synapse
loss as also discussed by Hickox et al. (2017). In this
series of papers, this topic is discussed in detail by
Themann and Masterson (2019), as well as by Bramhall
et al. (2019a) and Kamerer et al. (2019). Bramhall et al.
(2019a), for example, sought to identify an optimal stimu-
lus paradigm that would stimulate the 3—-6 kHz region of
the human cochlea using sound levels high enough to
drive the low-spontaneous rate fibers but not so high
that the response is dominated by the altered response of
the basilar membrane in the noise-damaged cochlea with
concomitant OHC loss.

Careful investigation in workers with diverse work his-
tories is needed to fully understand risk, and it is essential
that work place noise monitoring records be accessed in
order to identify exposure history as accurately as possible.
In addition to workplace noise records, HPD use must be
carefully surveyed, and fit testing data should be collected
in an effort to estimate the attenuation currently achieved
during HPD use by the participant. It is of course possible
that HPD insertion varies from day to day, or even within a
given day, and fit testing repeated across the duration of the
study will provide the most accurate insight into achieved
attenuation for the individual participants. For ethical rea-
sons, we advise that workers be counseled and retrained on
HPD use if fit testing reveals poor attenuation even though
this counseling has the potential to decrease the incidence
or progression of hearing loss across the course of a drug-
intervention study. At a minimum, workers would need to
be notified of changes in their hearing during annual test-
ing, as this is a required element within 29 CFR 1910.95
(OSHA, 1983).
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N. Acoustic trauma subsequent to non-impulsive
noise

Much of the above text has focused on acoustic trauma
after exposure to impulse noise, and progressive trauma that
occurs after exposure to chronic (non-impulsive) noise.
Acoustic trauma is specifically defined as an injury that
occurs after a single acute exposure event and can be caused
by an acute exposure to non-impulsive noise as well. The
contribution by Berger and Dobie (2019) reviewed the litera-
ture on non-impulsive high level noise exposure resulting in
acoustic trauma in humans to provide insight into other non-
impulsive noise exposures that may be immediately hazard-
ous to the ear. Berger and Dobie (2019) specifically update
the early conference report by Ward (1991), with Berger and
Dobie (2019) suggesting lower “safe” limits than previously
suggested by Ward (1991) based on the identification of
more recent case reports describing acoustic trauma in addi-
tional individuals. Particular attention should be paid to the
comment by Berger and Dobie (2019) regarding the reliance
of animal-based otoprotection research on acoustic trauma
models. The vast majority of animal-based studies use a sin-
gle high-level auditory exposure to induce PTS; i.e., acoustic
trauma models. Animal studies that employ a single expo-
sure to non-impulsive noise to induce acoustic trauma may
be most directly applicable to the insults discussed by
Berger and Dobie (2019). However, as discussed by Berger
and Dobie (2019), participants with acute accidental expo-
sure to traumatic sound may not be populations that can be
readily recruited to participate in clinical trials as the expo-
sures are typically unexpected. One of the examples identi-
fied in the review by Berger and Dobie (2019) was an
accidental exposure to loud sound that occurred during
workplace rupture of a steam line. As noted in their review,
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these populations were not likely to be useful as clinical trial
populations given that by definition these were accidental
exposures occurring only rarely.

IV. MUSIC-INDUCED HEARING LOSS (MIHL) IN
PERFORMING ARTISTS

Exposure to loud music induces hearing loss (MIHL),
and other related conditions such as tinnitus and hyperacusis,
driving the use of broader terminology regarding music-
induced hearing disorders (MIHD) by Wartinger et al.
(2019). As reviewed by Wartinger et al. (2019), there is a
wide range of values reported regarding hearing loss preva-
lence in musicians. As they note, one of the contributing
factors is the pattern of exposure driven at least in part by
genre. Classical musicians have been a population of signifi-
cant interest, with many studies reporting evidence of MIHL
but other studies reporting no increase in the prevalence of
hearing loss in symphonic or orchestral musicians (Karlsson
et al., 1983; Ostri et al., 1989; Royster et al., 1991; McBride
et al., 1992; Obeling and Poulsen, 1999; Laitinen et al.,
2003; Jansen et al., 2009; Pawlaczyk-Luszczynska et al.,
2011; Schmidt et al., 2014).

Musicians who perform amplified music concerts are
also a population of significant interest, again with differ-
ences in the prevalence of hearing loss reported across inves-
tigations (Lebo et al., 1967; Rintelmann and Borus, 1968;
Reddell and Lebo, 1972; Axelsson and Lindgren, 1978;
Axelsson et al., 1995; Santoni and Fiorini, 2010; Halevi-
Katz et al., 2015). The specific instruments that are played
by the performer also influence exposure, with brass (horn,
trumpet, tuba) and percussion reported to carry the highest
risk (Chesky and Henoch, 2000; Pawlaczyk-Luszczynska
etal., 2011; Behar et al., 2018).

Although it is tempting to assume that repetitive expo-
sure to music parallels repetitive exposure to occupational
noise, there is some suggestion that unwanted noise and
music performance may not have equivalent risk for the lis-
tener (or performer). As discussed by Wartinger et al. (2019)
there are important differences not only in the acoustic signal
(frequency, spectral pattern) but also the emotional response
to these sounds. Whereas few industrial workers wish to
experience high noise levels in the workplace, musicians
create sound as a performing art, and performance attendees
seek (and pay to experience) this sound creation. Differences
in the acoustics and/or differences in the emotional response
may explain previous findings in which TTS was smaller
when music was used as an exposure stimulus, compared to
exposure to noise, even though the total energy in the two
exposures was equivalent (Lindgren and Axelsson, 1983;
Strasser et al., 2003). There is also an interesting report in
which the effects of the same noise exposure differed when
the noise was delivered in the context of reward versus as a
punishment, suggesting context of the sound influenced the
physiological response to sound [Hormann et al. (1970), as
cited in Chasin (2010)]. Some caution is warranted with
interpreting such results, however, given that randomly
achieved distribution of factors that influence individual
vulnerability could potentially result in erroneous conclusions

J. Acoust. Soc. Am. 146 (5), November 2019

regarding the seeming cause of a group difference. Individual
variation in TTS after a four-hour exposure to music was
described in detail by Le Prell et al. (2012), with no TTS in
some participants and as much as 20 dB TTS in the most vul-
nerable participants. Finally, it must be acknowledged that
there is some evidence that formal musical training may
improve central auditory processing and therefore enhance
ability to deal with mild peripheral deficits (White-Schwoch
et al., 2013; Jantzen et al., 2014; Kraus et al., 2014; Strait
et al., 2015; Tierney et al., 2015; Slater et al., 2017; Slater
et al., 2018). What is less clear is whether this enhanced abil-
ity might also provide at least a partial explanation for
increased awareness and distress related to of auditory dys-
function such as diplacusis or tinnitus. More research is war-
ranted to fully understand risk relationships for music,
hearing loss, and other MIHD.

To prevent MIHD, acoustic barriers are commonly recom-
mended but may not be able to provide adequate protection
(Wenmaekers er al., 2017); nonetheless, these remain
an important component within hearing loss prevention
programs (Ackermann et al., 2014; O’Brien et al., 2015).
Earplug use similarly remains an important part of the hearing
conservation program despite use that has been observed at low
rates, with qualitative feedback suggesting musicians are con-
cermned about compromised listening ability (for both their own
and their colleagues playing), as well as changes in the timbre
or dynamics of the music, and/or potential discomfort (Laitinen
and Poulsen, 2008; Zander et al., 2008; Santoni and Fiorini,
2010; Huttunen et al., 2011; Ackermann et al., 2014; O’Brien
et al., 2014; Bockstael et al., 2015; Beach and O’Brien, 2017).
These protective devices are discussed in detail by Wartinger
et al. (2019). In the context of a clinical trial, it would be helpful
to monitor both individual exposure, which will be impacted by
barrier devices, seating, size of the orchestra, etc., as well as
HPD use, which will impact individual exposure.

Music students are a population in which there has been
more recent interest (Barlow et al., 2016; Liberman et al.,
2016; Skoe and Tufts, 2018). The discussion by Jin et al.
(2013), who failed to detect evidence of hearing loss in
University marching band members is timely in that they
note the audiogram is relatively insensitive to the earliest
effects of noise on the inner ear and thus a hearing conserva-
tion program is still recommended. Adopt-a-Band is an edu-
cational intervention program intended to support hearing
loss prevention program through both increased knowledge
and increased availability of HPDs (distributed to band
members as part of the program). There are only a few sys-
tematic reports describing the effectiveness of this program
and related variants (Auchter and Le Prell, 2014; Seever
et al., 2018); more research is needed to document the effec-
tiveness of this program. Another population of interest is
that of sound technicians (El Dib er al., 2008). Hetu and
Fortin (1995) provide a particularly interesting commentary,
interviewing DJs and others about sound engineering proce-
dures, and predicting TTS to be likely, with both the produc-
tion team and those in the venue being deemed at risk [see
also Mendes and Morata (2007)]. Other employees poten-
tially at risk for sound overexposure include bartenders,
waiters, cashiers, and security officers (Lee, 1999). Student
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workers at university entertainment venues have also been
reported to be at significant risk (Sadhra et al., 2002).

For clinical trials enrolling musicians or music students
as participants, the total accumulated dose during the clinical
trial observation period and the potential use of HPDs will
need to be carefully accounted for as part of the study
design. When study participants choose to wear HPDs, the
study team should consider incorporating fit testing into the
study protocol, to obtain an estimate of the attenuation the
participant achieved during the music event. Fit testing,
which as noted above is a procedure for verification of the
individual attenuation achieved by an HPD user, has been
performed for custom molded high-fidelity (“musicians’)
HPDs, with data suggesting only a small number of frequen-
cies are necessary to validate the fidelity (“flatness”) of the
HPD (Portnuff and Price, 2019).

From a clinical trial design perspective, musicians gen-
erally are not a population that is subject to significant regu-
latory oversight including mandatory HPD use and thus one
can envision musicians being recruited for the assessment of
investigational new drug agents for prevention of MIHD
without as many confounds of variable HPD use by partici-
pants. However, we do not advocate any clinical trial design
that precludes the use of HPDs; we do not yet have the tools
to identify the most vulnerable subset of the population to
know which participants may be at increased risk. Guidance
for the care of musicians hearing health at this time includes
recommendations for decreasing sound exposure level and
duration, use of high fidelity HPDs, or perhaps use of in-ear
monitors with careful control of in-ear levels [see Wartinger
et al. (2019)]. Regardless of study participation, all musi-
cians should receive consistent advice and guidance on safe
listening behaviors that protect the health of the inner ear.
Post-enrollment, careful collection of data about participant
sound dose and HPD use (including effective attenuation)
will be critical for accurate interpretation of both the effects
of music on hearing in those receiving placebos and the
drawing of correct conclusions regarding potential drug
mediated protection. For those professional musicians that
rely on-in-ear sound monitors for both acoustic awareness
and isolation from some noise sources, documentation of
in-ear sound levels should also be maintained as the levels set
can vary significantly as a function of musician preference,
training, and experience (Federman and Ricketts, 2008).

In the sections above, it was noted that HPDs are
required for workers exposed to noise (OSHA, 1983) and for
service members exposed to loud sound (DoD Instruction
6055.12, 2010), whereas musicians often are not subject to
such requirements (although it is certainly audiological best
practice to encourage safe performing behaviors). The con-
tribution by Wartinger et al. (2019) therefore provides a
careful discussion of the ethics of advocating a pharmaceuti-
cal intervention in lieu of an HPD. The importance of appro-
priately educating musicians on the degree and variability of
protection is stressed, to decrease the risk of over-reliance on
a pharmaceutical that may have variable results from indi-
vidual to individual. Moreover, they caution that there is a
real risk that those receiving treatment with a pharmaceutical
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may be complacent about the use of safe listening strategies,
inadvertently increasing total exposure.

It should also of course be considered that medications
can have unanticipated side effects, and a common side
effect for many pharmaceuticals is tinnitus. Perhaps one of
the best-known examples is that of aspirin, which is com-
monly used to induce tinnitus in animal models (Guitton
et al., 2003). Because tinnitus can be career limiting for
musicians (Schmidt et al., 2019), caution is warranted with
safety and adverse side effects needing to be identified in
Phase I safety studies even for common over the counter
(OTC) agents, including those in the “generally regarded as
safe” (GRAS) category. Increased incidence of transient tin-
nitus was observed after music player use in participants
using a dietary supplement composed of beta-carotene, vita-
mins C and E, and magnesium (Le Prell ez al., 2016). Even
if tinnitus is temporary, side effects that include tinnitus
would be a major concern for musician populations. Safety
testing prior to use in populations that rely on the integrity of
their hearing for their career is critical.

V. NIHL DUE TO NON-OCCUPATIONAL SOUND
A. Concert goers

The WHO recently suggested that some 1.1 x 10° young
people world-wide may be at risk for NIHL based on both
personal audio system (PAS) use and exposure to amplified
music in bars, clubs, and concerts (World Health
Organization, 2015). Attendee overexposure is a significant
concern; Mercier and Hohmann (2002) report that 71% of
young adult participants who had attended amplified music
events (concerts, discotheques, raves) had tinnitus after
attending such events. A number of investigations have pro-
vided documentation of TTS immediately after live music
events (Kramer et al., 2006; Opperman et al., 2006;
Derebery et al., 2012; Ramakers et al., 2016). Because TTS
appears to be likely to recover within the first 24 h post expo-
sure for many participants attending loud venues (see Grinn
et al., 2017), any clinical trial data will necessarily need to
emphasize threshold deficits at short post-exposure times.
Interestingly, word-in-noise deficits may have a longer dura-
tion, lasting at least one day post exposure for some event
attendees [i.e., those with higher noise doses, see Grinn et al.
(2017)]. Surprisingly, however, other than threshold differ-
ences at the highest test frequencies within the EHF range,
there has been little evidence of either overt hearing loss or
supra-threshold functional deficits when those attending con-
certs frequently are compared to those participants only
rarely attending such events (Grose et al., 2017). Indeed, the
data from Grose et al. (2017) provide no evidence of perma-
nent speech-in-noise deficits in frequent concert goers,
despite the robust relationship between noise dose obtained
at concerts (and other amplified music events) and temporary
speech in noise deficits as measured by Grinn et al. (2017).
It must of course be considered that use of more challenging
speech in noise tests may be more sensitive for revealing
subtle and previously undetected deficits that may emerge
with frequent event attendance. The data from Liberman
et al. (2016) for example reveal speech-in-noise deficits in
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music students, using a custom task in which words are pre-
sented at a relatively quiet level with reverberation, time
compression, and background noise added, such that the tar-
get signal has a very poor signal to noise ratio.

For clinical trials enrolling young adults who visit loud
musical venues as participants, the total accumulated dose
during the event and the potential use of HPDs will need to
be carefully accounted for as part of the study design. As
noted above, when study participants choose to wear HPDs,
the study team should consider incorporating fit testing into
the study protocol, to obtain an estimate of the attenuation
the participant may have achieved during the music event.
Fit test data were recently collected for a variety of high-
fidelity HPDs inserted in the ears of a sample of young adults
(primarily female, and primarily students enrolled in a
Doctor of Audiology training program) (Zaccardi et al.,
2018; Zaccardi and Le Prell, 2019) following protocols simi-
lar to those developed by Portnuff and Price (2019). Those
data revealed significant variation not only across HPDs, but
also across individuals tested within a given high fidelity
HPD condition. Historically, the use of HPDs by young
adults attending loud music events has been low, with previ-
ous noise-induced hearing symptoms being one of the more
common reasons for use according to the subset of partici-
pants reporting HPD use (Bogoch et al., 2005; Beach et al.,
2011). HPD use increases when traditional foam HPDs are
provided for free at loud events (Cha et al., 2015). The distri-
bution of high-fidelity HPDs appears to be associated with
even higher adoption rates, with high fidelity HPDs continu-
ing to be used some 4 weeks after they were distributed to
concert-goers (Beach et al., 2016). HPD use prevents TTS
otherwise observed in concert-goers who chose not to wear
HPDs (Opperman et al., 2006; Ramakers et al., 2016). From
a hearing loss prevention point of view, it is promising that
HPDs prevent TTS, but HPD use will add complexity to a
clinical trial in that HPD use prevents (confounds) the pri-
mary outcome of interest.

From a clinical trial design perspective, recreational
event attendees are not subject to regulatory mandates for
HPD use, but, institutional review boards responsible for
reviewing the risks to subjects might have some concerns
about any clinical trial design that precludes the use of HPDs
solely from the perspective that compensation to participants
might bias participants not to use HPDs at loud events and
an unknown subset of the population may be at increased
risk given individual variation in vulnerability. Careful
collection of data about participant sound dose and HPD use
(including effective attenuation) will be critical for accurate
interpretation of both the effects of music on hearing in those
receiving placebos and the drawing of correct conclusions
regarding potential protection if some concert goers choose
to wear HPDs during some or all of the music events they
attend. The Canadian Health Survey data presented by Feder
et al. (2019) are perhaps particularly relevant here as they
queried use of hearing protection as part of this national
survey, with the highest use of HPDs reported during firearm
use (44%) and the lowest use of HPDs reported during expo-
sure to amplified music (2.5%) and sporting events (1.9%).
If similarly low use was noted during a clinical trial, the

J. Acoust. Soc. Am. 146 (5), November 2019

impact of HPD use on the study outcomes would be rela-
tively small. At a minimum, guidance on future HPD use
should be provided as part of study exit interviews and/or
final debriefing of the participants.

When the issue of sound exposure limits that would be
protective for the entire population was discussed in detail for
both adults (Neitzel and Fligor, 2019) and children (Roberts
and Neitzel, 2019) exposed to recreational (leisure) noise,
both papers arrived at a recommendation that exposures not
exceed an 8-h average exposure of 80 dBA, which is equiva-
lent to a 24-h exposure limit of 75 dBA. This limit would vir-
tually eliminate the risk of recreational sound induced hearing
loss, with adherence to an exposure limit of 70 dBA 24-h
equivalent continuous level [Lagg24)] eliminating the risk of
hearing loss even for the most vulnerable individuals.
Additional discussion of the 70dB Lagge4) recommended
limit is available in the 1974 monograph from the U.S.
Environmental Protection Agency (EPA) (Environmental
Protection Agency, 1974). Anyone participating in a clinical
trial involving concert attendance is likely to exceed these
limits, although a single exposure to sound levels that exceed
recommended limits is not necessarily hazardous. It is instead
the repetition of sound exposure over multiple years that ulti-
mately results in hearing loss for the majority of workers and
others exposed to repeated loud sound events.

B. Pre-clinical (animal) data

Given significant interests in prevention of MIHD,
including MIHL, it is surprising that there have not been
more efforts to identify the effects of music on the inner ear
in rodent models. Few efforts have been made to investigate
the effects of music using rodent models. The small number
of studies that we found in the literature, summarized in
Table IV, were found to use either an acoustic trauma para-
digm with a single exposure (Bohne et al., 1977; Okada
et al., 1991) or two exposure series (Lamm et al., 2004) or a
series of exposures over an extended time period to model
repeated event attendance (Lipscomb, 1969a,b). We are not
aware of any efforts to assess prevention of music-induced
hearing loss in any of these animal models.

C. Personal audio system (PAS) use

A significant literature related to hearing loss in associa-
tion with PAS use has been developed. Unfortunately, much
of the data have been of generally low quality [for discussion
see Sliwinska-Kowalska and Zaborowski (2017)], with one
of the common issues being a failure to query other sources
of exposure to loud sound, resulting in an allocation of any
measured hearing loss to use of the PAS. Nonetheless, a sub-
set of adolescents and young adults are clearly at risk for
sound induced injury and hearing deficits because of such
device use (Portnuff ef al., 2011; Jiang et al., 2016; Portnuff,
2016; Park et al., 2017). These findings were replicated in
the report by Feder et al. (2019), who found that 46.7% of
the Canadian survey respondents reported PAS use, and of
those, 41.8% reported loud PAS use. The data from by Feder
et al. (2019) are compelling in that they surveyed a large
variety of non-occupational activities ultimately finding that
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TABLE IV. Paradigms in which rodents were exposed to music to induce acoustic trauma.

Author Species Music Type Level (dB SPL) Duration (h) Results
Lipscomb (1969a, 1969b)  Guinea pig  Rock ‘n roll 122 dB peak (modeled after Varied from 35 min to 227 IHC and OHC damage; loss of
dance hall measurements) min per session, for total of 20%-25% of cells in upper
88 h over two month period second and third cochlear turn
Lamm et al. (2004) Guinea pig  Rock music 106 dBA Two sessions of 2.5 h Significant TTS with partial
recovery during first 24 h,
resolving to stable PTS with no
evident morphological trauma
Okada et al. (1991) Guinea pig  Rock music 110-130 dB SPL 1-3h Dilated spiral vessels after 1-2 h;
constricted spiral vessels after 3 h
Bohne et al. (1977) Chinchilla  Rock music Live Music at Discotheque, 2.5h Small OHC losses in 3 of 4 ears;

107-117 dB SPL

large losses in 1 of 4 ears.

28.5% of the total respondents could be at risk for NIHL if
their current recreational exposure patterns continue over
time. Several clinical trials have assessed prevention of TTS
that occurs subsequent to controlled music exposure deliv-
ered using a PAS, with mixed results across agents and
investigations (Le Prell et al., 2016; Kil et al., 2017). In both
of these investigations, the sound levels were calibrated such
that the PAS delivered approximately 100 dBA sound levels
when measured in an acoustic coupler.

D. Cochlear synaptopathy, non-occupational
exposure, and aging

The issue of cochlear synaptopathy, as discussed above
and across papers in this special issue, is of significant recent
interest. Although studies that assess those with firearm
exposure (Bramhall et al., 2017) and significant lifetime
noise exposure (Valderrama et al., 2018) suggest the possi-
bility of noise induced cochlear synaptopathy, other studies
assessing the relationships between lifetime noise exposure
data and auditory evoked potentials (Prendergast et al.,
2017a; Prendergast et al., 2017b) have not detected these
relationships. A series of studies assessing relationships
between recreational noise exposure (estimated based on
exposures in the past year) and auditory evoked potentials
have not revealed significant relationships (Fulbright et al.,
2017; Grinn et al., 2017; Spankovich et al., 2017). Several
detailed reviews of this literature are available (Barbee et al.,
2018; Bramhall et al., 2019b; Le Prell, 2019a), with all three
reviews concluding that differences in the patterns of expo-
sure may drive differences in findings across investigations.

In this special issue, Kamerer et al. (2019) carefully
built on previous findings by including both normal hearing
individuals and individuals with some hearing loss, includ-
ing individuals with significant lifetime noise exposure as
measured using the LENS-Q survey. As in the recent work
by Johannesen et al. (2019), Kamerer et al. (2019) reports
that age was associated with ABR wave I amplitude, but
noise exposure was not. Based on EHF hearing loss, they
conclude that OHC loss in basal regions of the cochlea may
be driving the decreased ABR wave I amplitudes observed
as a function of aging and note that diagnosing cochlear syn-
aptopathy in patients with hearing loss may prove difficult if
OHC loss induces wave I changes mimicking those expected
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to occur with synaptic loss. While cochlear synaptopathy
remains a challenging clinical target, it is certain to remain
of interest for potential drug interventions as metrics for
diagnosis of this pathology improve. Because cochlear syn-
aptopathy cannot be directly measured in living patients
or participants, we encourage language specific to the mea-
surable study outcomes; i.e., prevention of speech in noise
deficits is a more precise label than prevention of cochlear
synaptopathy, as prevention of the pathology can only be
inferred in human participants whereas functional protection
can be measured and confirmed in additional investigations.

VI. FACTORS INFLUENCING INDIVIDUAL
VULNERABILITY

Studies in animals have the significant advantage of
using animals with less genetic diversity, controlled housing,
controlled sound exposure, controlled diet, controlled health
history, etc. Animals tend to be the same age (at least within
any given study), and may even all be drawn from a pool of
same sex animals (commonly male although sometimes
female), further reducing possible variation in head size and
body weight. Successful demonstration of otoprotective ben-
efit in these highly controlled samples has driven significant
interest in translation of therapeutics from animal models to
human clinical trials (Le ef al., 2017; Wang and Puel, 2018;
Kujawa and Liberman, 2019; Le Prell, 2019b) as well as
interest in therapeutic benefits following different types of
noise injury (Wada et al., 2017). However, as studies move
from animal models to human testing, sources of variability
that can confound interpretations of drug effects significantly
increase. Indeed, it has long been known that some individu-
als are more vulnerable than others, meaning, they develop
more NIHL despite common exposure histories.

Some of these individual differences may be related to
peripheral factors, such as the external and middle ear
(Grinn and Le Prell, 2019; Rosowski et al., 2019).
Significant differences exist across species with respect to
ear canal gain as a function of frequency with the chinchilla
having more gain than the human, and the guinea pig having
more gain than the chinchilla [for review and illustration,
see Saunders and Tilney (1982)]. Tympanic membrane
velocity curves also differ, suggesting that the total amount
of energy reaching the ear will be species-dependent

Le Prell et al.



(Saunders and Tilney, 1982). These differences may at least
in part explain differences in vulnerability such as those
documented by Decory et al. (1992) who showed that with
equivalent exposures, chinchillas were somewhat more
vulnerable than guinea pigs, and both rodent species were
significantly more vulnerable than cats, with species differ-
ences explained at least in part by differences in the transmis-
sion of energy to the middle ear. These factors also matter in
humans, with different gain measured in different ear canals
(Grinn, 2019; Grinn and Le Prell, 2019) and different power
transfer across the middle ear as can occur for example in the
presence of conductive hearing loss (Rosowski et al., 2019).

The strength of the acoustic reflex may also mediate
individual vulnerability, with those with a stronger muscle
reflex presumably having less overall exposure due to the
stiffening of the middle ear conductive system. Flamme
et al. (2017) and McGregor et al. (2018) found that middle
ear muscle contractions (MEMC) were not pervasive (i.e.,
observed in less than 95% of the population at a 95% confi-
dence level). Deiters et al. (2019) found detection rates in
190 normal hearing subjects with clinically present MEMC
were between 20% and 80% depending upon the stimulus.
White noise was most likely to elicit a reflexive response,
and the noise from a recorded discharge from a 0.22 caliber
rifle, which has a broad frequency spectrum, was substan-
tially less likely to elicit an MEMC.

Other contributing factors that were discussed in detail
within the special issue included individual genetic variation
(Clifford et al., 2019), hormone signaling (Shuster et al.,
2019), inflammatory response (Frye et al., 2019), nutritional
status (Spankovich and Le Prell, 2019), and the time of day at
which the exposure occurs (Fontana et al., 2019). Another
factor that may influence the effects of music on hearing is
the stress response, based on relationships between self-
reported hearing disorders and stress (Hasson et al., 2009).
Efforts to incorporate some of these factors into human
clinical trials are emerging. For example, efforts to look at
human genes that influence NIHL and responsiveness to treat-
ment were included within a recent drug intervention study
(Lin et al., 2009; Lin et al., 2010). As we continue to identify
factors that importantly mediate NIHL we will hopefully be
increasingly able to identify those most at risk for noise injury,
and we will also be able to better control confounds that intro-
duce variability into the outcomes of clinical trials evaluating
drugs that have the potential to mediate NIHL. At this time,
we cannot readily quantify the effects of many of these factors
in animals yet alone in humans, but the accumulating body of
evidence clearly shows that many factors each have small
effects on vulnerability of the inner ear to noise injury.

VIl. SUMMARY

The articles in this special issue of the Journal of the
Acoustical Society of America highlight challenges related
to pre-clinical testing of potential otoprotective drug agents,
and challenges in their translation to human clinical trials,
which may have contributed to some of the mixed results
across the small number of completed clinical studies to
date. Otoprotective drugs will ultimately be developed for
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and targeted to specific populations and markets, and the
current series of articles has furthered the understanding of
who the at-risk populations are such that clinical trial para-
digms can be improved. The current series includes detailed
discussion of pre-clinical paradigms as well, highlighting
variation across animal models and noise injury paradigms.
The current series of articles was specifically organized so as
to describe the most common animal models used when a
drug is initially developed for potential application, and con-
trast these animal models with the real-world noise hazards
and patterns of injury observed in humans, which poorly
match most of the animal models used to date. The comments
throughout this final manuscript have tried to marry informa-
tion across animal and human contributions to provoke dis-
cussion and, we hope, better fidelity of the animal paradigms
used to model human risk for noise injury. The editors and
authors of these articles are grateful to the DoD HCE not only
for sponsoring the PIHL committee but also for supporting
this broad partnership between the DoD and the VA
(Veterans Affairs) as well as academic and industry partners.
Improved clinical and translational study designs, specifically
intended to further the development of otoprotective drug
agents that will decrease the prevalence, impact, and cost of
NIHL not only for the DoD and the VA, but also for industry
and the general public, continue to be urgently needed.
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