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Preface

The idea of publishing a collection of articles on translational audiology has been with me for a
long time. During my Ph.D. studies at the University of Alberta in Edmonton, Canada, I followed the
then-much-promoted translational approach. After transitioning to hearing research, I noticed that
the translational approach was not prominent in the discipline. This lack of visibility is not due to
a lack of relevant research but to the fact that the term “translational audiology” is extremely rarely
used.

The collection of articles contained in this reprint was created to change this state of affairs and
to stimulate the interest of others working in the field of experimental or clinical audiology. It is my
hope that translational audiology will gain attention as a scientific discipline and that we will see
much more research in this area.

The publication of this reprint was made possible thanks to all the authors and research groups
who contributed to it. A big thank you! Second, but no less important, are our families and loved ones
who have patiently endured our work on weekends, holidays, and late nights. Third, and perhaps
most important, are the patients who have contributed directly by participating in the studies or
indirectly by consenting to using their clinical data and asking questions that stimulate translational
audiology research.

This work is dedicated to the memory of Prof. Rev. David Baguley, one of the finest audiologists

I have ever known.

Agnieszka Szczepek
Editor
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The importance of translational research in the medical sciences is growing logarith-
mically, as this type of research provides the translation of basic research into a clinical
product (a drug, therapeutic agent or means of monitoring a disease), as well as the inverse
translation of clinical findings into basic research models. This special issue is devoted to
translational research in audiology. Unfortunately, the terms “translational audiology” or
“translational research in audiology” are still rarely used which encourages a change to
increase the visibility of such publications. Among the many benefits associated with using
the term “translational audiology” is identifying this type of research as a distinct stream
in the science of audiology and emphasizing its practical application in clinical work. How
often the term “translational audiology” is used in the literature, what articles have been
published using the term, and the rationale and implications of such publications can be
found in the review “Translational Research in Audiology: Presence in the Literature” [1].

The translational process often begins in the basic research laboratory. It is essential for
clinical success that basic research experiments are reproducible. One of the manuscripts
in our special issue addresses this by providing recommendations for performing audi-
tory brainstem response (ABR) in small animals. These recommendations developed by
Domarecka et al. are intended to improve the reproducibility of basic audiological re-
search (“Universal Recommendations on Planning and Performing the Auditory Brainstem
Responses (ABR) with a Focus on Mice and Rats”) [2].

ABR was the audiometric method used by Blebea et al. to measure the hearing
thresholds of rats following mechanical injury to the cochlea when one ear was treated with
Pluronic-coated gold nanoparticles containing dexamethasone and the other ear was treated
with dexamethasone alone. The comparative analysis of the ABR results demonstrated
the benefit of using Pluronic-coated gold nanoparticles over dexamethasone alone (“The
Effect of Pluronic-Coated Gold Nanoparticles in Hearing Preservation Following Cochlear
Implantation—Pilot Study”) [3]. The investigators suggested that the results of this study
could be translated to modify the methods of cochlear implantation in patients with residual
hearing, such as those with Meniere’s disease.

A classic example of the translational approach in audiology was proposed by van
Zwieten et al. in a paper suggesting the use of deep brain stimulation to treat refractory
tinnitus (“A Protocol for Deep Brain Stimulation for Refractory Tinnitus: From Rat Model
to Human Pilot Study”) [4]. The health problems associated with tinnitus (e.g., insomnia or
difficulty concentrating) can sometimes be extremely distressing, prompting patients and
researchers to seek unusual solutions. In order to implement such a solution, the authors
developed a translational protocol based on the results of the animal studies.

Tinnitus therapy is the responsibility of many medical disciplines, and many patients
seeking help turn to audiologists. However, the education of audiologists varies from
country to country and sometimes from one school of audiology to another. In addition, the
job title “audiologist” may have various meanings in different settings. This is associated
with diverse levels of responsibility and professional obligations. In a communication paper,
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Marc Fagelson discusses tinnitus-related training for audiologists in the USA (“Tinnitus
education for audiologists is a ship at sea: is it coming or going?”) [5].

Implantable hearing aids have changed the lives of many people who have lost their
hearing or were born deaf. However, regardless of the effectiveness of the treatment,
implantation should not be applied when people are unwilling to be treated or in minors
if their guardians do not consent. This issue and related reasons are further discussed
by Bendowska et al. in the article “The Ethics of Translational Audiology” which raises
awareness about treating the deaf community with dignity and respecting their wishes,
which are sometimes at odds with those of hearing people [6].

Sanchez-Lopez et al. provided an excellent example of translational research that
focused on translating a hearing aid fitting strategy to the setting needed for large clinical
trials (“Towards auditory profile-based hearing-aid fittings: BEAR rationale and clinical
implementation”). This group found the first fitting strategy that prescribes gain targets
and adjusts advanced hearing aid features for the purpose of clinical research. Other
applications could also benefit from using such a fitting strategy [7].

Ryota Shimokura tackled a very interesting subject of autonomous sensory meridian
response (ASMR). ASMR is a tingling sensation originating on the scalp and progressing
down the spine. Various sound or visual triggers can induce ASMR, and the manuscript
“Sound Quality Factors Inducing the Autonomous Sensory Meridian Response” focused
on characterizing sound that induces ASMR [8]. The interesting finding of that study was
that the human voice could trigger stronger ASMR than the sounds of nature.

The paper by Bassiouni et al., “Lateralization Pattern of the Weber Tuning Fork Test
in Longstanding Unilateral Profound Hearing Loss: Implications for Cochlear Implan-
tation” is thought-provoking [9]. It shows that a significant proportion of patients with
unilateral hearing loss, despite the unilateral hearing commonly associated with Weber
test lateralization, report a lack of such lateralization. Bassiouni suggests that since the
duration of deafness correlates positively with this unexpected effect, the loss of Weber
lateralization in unilateral deaf patients may result from a central adaptation of sound
processing pathway. This finding needs to be considered in cochlear implant candidates.
The authors also postulate the need for reverse translational research in this area.

A very interesting topic of the therapeutic implication of low temperature on the out-
come of inner ear diseases was put on the spot in a literature review paper, “The Otoprotec-
tive Effect of Ear Cryotherapy: Systematic Review and Future Perspectives” [10]. However,
the basic research models used whole-body cooling techniques and could not be translated
to clinical settings. The general conclusion of the review authors was that the therapeutic
use of low temperatures is a promising approach and should be explored further.

There were dark clouds on the horizon in June 2022 when we received the sad news
of the untimely and unexpected death of our long-time colleague and wonderful human
being—Rev. Prof. David Baguley. David Baguley was active in translational audiology
and contributed many publications and chapters to a book on the subject. Don McFerran
(ENT surgeon) and Laurence McKenna (clinical psychologist) knew David very well and
have taken on the challenge of describing the outline of his life and achievements as a
fulfilled audiologist, a beloved Church of England clergyman, an admired academic mentor
and, above all, a trusted friend, colleague and family man (“In Memoriam: David Mark
Baguley”) [11].

I would like to dedicate this special issue to the memory of Rev. Prof. David Mark Baguley.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Translational research is a process that focuses on advancing basic research-based clinical
solutions and is characterized by a structured process accelerating the implementation of scientific
discoveries in healthcare. Translational research originated in oncology but has spread to other
disciplines in recent decades. A translational project may refer to pharmacological research, the
development of non-pharmacological therapies, or to disease monitoring processes. Its stages are
divided into basic research focused on the clinical problem (T0), testing the developed means in
humans (T1), conducting trials with patients (T2), implementation and dissemination of successful
approaches (T3), and improving community health (T4). Many audiological studies are translational
in nature. Accordingly, this scoping review aimed to evaluate the use of the terms “translational
audiology” and “translational research in audiology” in the literature and examine the goals of the
identified studies. PubMed and Web of Science search identified only two publications meeting the
search criteria. We conclude that identifying translational audiological studies in the literature may
be hampered by the lack of use of the terms “translational audiology” or “translational research”. We
suggest using these terms when describing translational work in audiology, with a view to facilitating
the identification of this type of research and credit it appropriately.

Keywords: audiology; translational research; translational science; translational audiology

1. Introduction

Translational research (TR) is a biomedical investigation focusing on developing,
implementing, and disseminating clinical therapeutic means, and its approach is a well-
defined process involving “bench-to-bedside” laboratory investigations aiming to develop
therapeutic means (T1), clinical trials that use the developed means (T2), implementation
and dissemination of successful therapeutic strategy (13), and studies of outcomes (T4) [1,2].
Additionally, “reverse translation” may be used to study observations made in the clinics
during T2, using the “bedside-to-bench” approach (Figure 1) [3]. TR is a rapidly progressing
discipline first introduced in oncology and spreading to all other biomedical specialties [4],
including audiology [5].

Identifying research as “translational” helps others quickly recognize the study’s
aims and is critical for preparing grant proposals, developing new studies, or extracting
data for systematic reviews or meta-analyses. Additionally, the term “translational audi-
ology” creates a niche in biomedical disciplines and indicates a commitment to convert
audiology-related basic findings into clinical approaches, thereby eventually improving the
community’s health. An efficient method to identify focused research is Medical Subject
Heading (MeSH). MeSH is a stratified vocabulary created and provided by the National
Library of Medicine and is used to describe the content of journal articles. Carrying out a
search according to the subject content of journal articles rather than to the occurrence of a
word or phrase [6] is particularly useful when gaining an understanding of the scope of
a field.

Audiol. Res. 2022, 12, 674-679. https:/ /doi.org/10.3390/audiolres12060064
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Translational Research Design

“reverse translation” uses the “bedside-
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observations during T1 and T2)by
performing basic research (T0)
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Figure 1. Types of translational research based on the description by Wichman et al. (2021) [2].
Created with BioRender.com.

Due to the anatomical and biological properties of the inner ear and the auditory
pathways, progress in audiology can be achieved by solving clinical problems in clini-
cal [7] or laboratory settings [8], software-simulated situations [9], animal models [10],
or explanted tissues [11]. Numerous studies in audiology have a translational character,
including research on preventing ototoxicity, EEG-based auditory tests (auditory brainstem
responses, ABRs) of noise-exposed animals treated with protective substances, or devel-
opment of tinnitus- or vertigo-related apps. However, the terms “translational audiology”
or “translational research in audiology” seem to be rarely used to label such studies or
publications. Hence, our research question was: ‘Can translational research in audiology be
identified in the literature based on the use of the phrase “translational audiology” or “translational
research in audiology?”’. Consequently, this scoping review aimed to map translational
research in audiology indicated by MeSH terms in the scientific literature, to characterize
the primary research goals in the identified research, and recommend future directions.

2. Materials and Methods

The search was performed in October 2022 using EndNote 20 without time window
restrictions. Two databases (PubMed and Web of Science) were searched using Medical
Subject Heading MeSH Terms (Pubmed) and title/keyword /abstract (Web of Science).
The keywords used were: “translational audiology”; “translational research” AND “au-
diology”; and “translational science” AND “audiology”. Inclusion criteria were English
as a publication language and primary research; exclusion criteria were review articles,
editorials, overviews, and commentaries.

The search retrieved 32 publications (Figure 2). Examination of PubMed with MeSH
Terms “translational research” AND MeSH Terms “audiology” returned 3 hits; MeSH
Terms “translational research” AND MeSH Terms “audiology”—3 papers; MeSH Terms
“translational audiology”—10 hits; and MeSH Terms “translational science” AND MeSH
Terms “audiology”—3 hits: 19 publications in total. The search of Web of Science (key-
word/title/abstract) using the keyword “translational audiology” retrieved 6 hits; “transla-
tional research” AND “audiology”—5 hits; and “translational science” AND
“audiology”—2 hits: 13 publications in total. Of these 32 publications, 18 duplicates
were identified and removed. Abstracts of the remaining 14 publications were manually
screened, and five records were removed because their topics did not involve translational
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audiology research. The rest of the publications were assessed for eligibility, and seven did
not match the inclusion criteria (editorials, reviews, opinions, or overview papers).

[ Identification of publications via databases ]
(o,
s
'§ Records identified from S;t;c:;i:;emoved before
5‘; dat_abases Duplicate records removed
c (n=32) (n=18)
k=l
\ 4
M
Records excluded** during
Refords SErs | manual screening:
(n=14) _
(n=5)
\4
Reports sought for retrieval Reports not retrieved
) (n=9) | n=0)
=
@
e
7]
(2]
Reports assessed for eligibility ?nesc;r)ts el
(n=9) !
~—
v
G
3
= Studies included in review
S (n=2)
£
—

Figure 2. PRISMA flowchart visualizing the search and selection process. * Databases used: PubMed
and Web of Science; ** reasons for exclusion: topic outside the scope of the review.

Two manuscripts were included in the detailed analysis, and the type of translational
research used (T1-T4) and the main study aims were examined.

PubMed and the Web of Science are the most popular sources for publication searches.
However, Google Scholar represents another essential search engine that screens not only
the journals listed in PubMed or Web of Science but also books. To identify books pub-
lished on the topic, we performed an additional search in Google Scholar using the terms
“translational research” AND “audiology”. That search retrieved 1790 hits; of them, 1220
were books, book chapters, or citations. A manual search identified three books that used
the TR term and “audiology” in their titles (see Section 3.2).

3. Results
3.1. Journal Publications Identified in the Main Search

Two publications were included in this review for the data extraction [12,13]. The
goal of the first publication (Kirk, K.I.; Prusick, L.; French, B.; Gotch, C.; Eisenberg, L.S.;
Young, N. Assessing Spoken Word Recognition in Children Who Are Deaf or Hard of
Hearing: A Translational Approach. Journal of the American Academy of Audiology
2012, 23, 464475, do0i:10.3766 /jaaa.23.6.8.) was to “enhance our ability to estimate the
real-world listening ability and to predict benefit from sensory aid use in children with
varying degrees of hearing loss.” The motivation behind that was a clinical observation
that children with a cochlear implant performed poorly on word recognition tests despite
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their positive performance in real-life situations. That prompted the authors to return
to the laboratories and redesign the word recognition tests. In translational research,
such an approach represents T2 to T1 methodology (reverse translation). To achieve their
goal, the authors have analyzed children’s performance, identified the tests’ shortcomings,
and proposed solutions by introducing multimodal sentence tests optimized for children
with CI (T3).

The second publication included in this review (Urquiza, R.; Lopez-Garcia, ]. A new
strategy for development of transducers for middle ear implants. Acta Oto-Laryngol 2015,
135, 135-139, d0i:10.3109,/00016489.2014.969381.) scrutinized the role of micro-electro-
mechanical technology in the design and production of middle ear implants. The authors
analyzed the technological and medical situations regarding the available expertise and
product roadmap achievement related to T0, T1, and T2 translational steps.

3.2. Books Identified in the Additional Search

Using Google Scholar, we identified the following three books:

“Translational Research in Audiology, Neurotology, and the Hearing Sciences”, with
ten chapters discussing various aspects of translational research in the field [5].

“Translational Speech-Language Pathology and Audiology: Essays in Honor of
Dr. Sadanand Singh”, which contains information on translational research in general
and then deals with the translational approach in audiology [14].

“Translational Perspectives in Auditory Neuroscience: Hearing Across the Life Span—
Assessment and Disorders”, which introduces the auditory system and discusses transla-
tional aspects of audiological diagnostics and therapies [15].

4. Discussion

At the beginning of this study, we asked the question: ‘Can translational research
in audiology be identified in the literature based on the use of the phrase “translational
audiology” or “translational research in audiology?”’. The answer to this question is ‘yes’;
however, the MeSH term search identified only two peer-reviewed journal publications that
met the inclusion criteria. The two manuscripts retrieved during the systematic search of
journals had clearly defined translational character and specifically mentioned translational
research in audiology. However, no stage of TR (T0-T4) was indicated in these papers and
had to be deduced from the body of the text.

The results of the MeSH term search do not represent the actual volume of pub-
lished translational research in audiology, which is substantially higher. Searches for a
specific topic or term (without using TR as a keyword), such as creating or validating
audiology-related questionnaires, developing therapeutic strategies for hearing loss, or
anti-ototoxic strategies, retrieved hundreds of hits. That, in the light of our study, suggests
that the researchers and clinicians are reluctant to use the term “translational audiology”
or “translational research” in their published manuscripts. However, this was not the case
regarding the books published in the recent decade [5,14,15]. Below, we attempt to analyze
the possible reasons behind that reluctance and present incentives to use this terminology.

Translational research aims to implement research findings clinically and ensures
that the new therapeutic or monitoring means will reach the appropriate community.
The definition of translational research and the steps involved has evolved over the years.
Therefore, the first reason for hesitating to use the term “translational research” in audiology
could be the multiple meanings awarded to that term over time. These multiple meanings
could have been induced by a constant revision of TR’s definition [2,16] and a diverse
perception of TR by different scientific fields, including for instance, viewing basic research
as non-translational [17]. Supporting this view, in their analysis of publications from various
medical disciplines, Krueger et al. showed that many scientific groups use the terminology
“translational research” but understand it in various ways. [16]. No study so far has
explored the understanding of the term TR among experimental or clinical audiologists.
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The second reason behind the reluctant use of TR terminology in publications could
be a lack of motivation. Calls for TR-targeted grants could enhance this motivation. For the
past four years, the UK-based Royal National Institute for Deaf People and French Fonda-
tion Pour I’Audition have held a competition for research grants focused on translational
research for hearing loss and tinnitus [18]. In the USA, the National Institute on Deafness
and Other Communication Disorders (NIDCD) has offered this kind of grant for almost
a decade. Nevertheless, securing a grant related to translational research makes TR more
popular as a term but does not assure the use of it while publishing the research outcomes.

Apart from reluctance, the unfamiliarity of the audiological society with TR could also
be a reason for the sparse use of that term in published work. Here, it would be suggested
to propagate this term among the community of audiologists, for example, during scientific
congresses or professional courses.

A final possible reason that could be responsible for the infrequent use of “translational
audiology” may be the multidisciplinary approach often used in audiology research [19-21].
This approach can sometimes result in publishing with an emphasis on other disciplines,
leaving translational audiology overshadowed by, e.g., neurology or otorhinolaryngology.

The obvious challenge is how to enhance the use of the term TR in audiology pub-
lications. One encouragement would be to emphasize that applying the term TR could
increase the visibility of published studies. Recently, a bibliometric measure of translational
science has been proposed to evaluate the translation of basic research into clinics [22]. This
method tracks the practical implementation of preclinical research, resulting in the so-called
translational score. While it is labor intensive, it focuses on the translational success of
a specific manuscript and can also be used to track the practical success of steps TO-T4.
An additional incentive would be the possibility of extending the scope of publishing
to journals specializing in TR. Another effective solution to increase the popularity and
use of the term TR could be an introduction of a well-defined subsection “Translational
Audiology” or “Translational Research in Audiology” in specialized journals.

In conclusion, at present, identifying translational research in audiology using MeSH
terms is challenging. It could be facilitated by adding TR to the keywords and methods
section. Specifying particular translational steps (TO0 to T4) could also aid in understanding
the research design and lead to additional recognition and more significant credit in
the field.
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Abstract: Translational audiology research aims to transfer basic research findings into practical
clinical applications. While animal studies provide essential knowledge for translational research,
there is an urgent need to improve the reproducibility of data derived from these studies. Sources of
variability in animal research can be grouped into three areas: animal, equipment, and experimental.
To increase standardization in animal research, we developed universal recommendations for de-
signing and conducting studies using a standard audiological method: auditory brainstem response
(ABR). The recommendations are domain-specific and are intended to guide the reader through
the issues that are important when applying for ABR approval, preparing for, and conducting ABR
experiments. Better experimental standardization, which is the goal of these guidelines, is expected
to improve the understanding and interpretation of results, reduce the number of animals used in
preclinical studies, and improve the translation of knowledge to the clinic.

Keywords: auditory brainstem responses; ABR; translational audiology; experimental audiology; rodents

1. Introduction

Translational research aims to apply basic research findings to clinical practice. A trans-
lational project in audiology may involve pharmacological research, the development of
non-pharmacological therapies, or disease monitoring [1]. The auditory brainstem response
(ABR), also known as brainstem auditory evoked potentials (BAEPs) and short-latency
auditory evoked potentials (SLAEPs), is a sensitive tool for determining the therapeutic
potential of hearing loss therapies [2-5] and for diagnosing auditory nerve and brainstem
dysfunction. Because of its objective nature, ABR is one of the few audiological tests that
can be used for both human diagnostics and animal research. The results obtained from
animal studies have translational potential and represent an essential step in develop-
ing therapeutics for otological disorders. According to the classification of translational
research, such studies represent translational steps TO (basic research aimed at understand-
ing the pathological mechanisms of hearing loss or developing curative approaches) and
reverse translation T1 (bedside to bench).

During an ABR, the electrical activity of auditory fibers evoked by an acoustic stimulus
is recorded by electrodes placed on the skin (in humans) or subcutaneously (in animals)
near the ear and auditory brainstem. ABRs consist of up to seven positive peaks, or waves,
numbered from I to VII. In humans, wave I represents cochlear nerve activity (compound
action potential, CAP), and wave Il marks the exit of the cochlear nerve from the skull at
the temporal bone. Waves III-V represent auditory brainstem activity [6]. Two key features
of the ABR waves are their amplitudes and latencies. The amplitudes of the ABR waves
provide information about the degree of synchronous action potential and the natural
generators or modulators of the signal [6,7]. ABR latency reflects axonal conduction time
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and synaptic delay [6,8]. In clinical practice, ABR may help detect auditory neuropathies,
retrocochlear lesions, or vestibular schwannomas [9]. It is also used for intraoperative
monitoring to determine cochlear implant performance [10].

A great deal of insight into the development of ABR in animals has come from research
on cats, and cats were the first group of animals in which ABR developmental changes
were determined [11-13]. Depending on the research question, different animals, such as
chickens, chinchillas, dogs, and bats, are used in experimental audiology. However, this
paper will primarily focus on rats and mice, the two species most commonly used to study
auditory responses using ABR (Figure 1).

PubMed 2010-2022

45.39% mouse
23.09% rat
16.27% guinea pig
3.53% dog
3.53% gerbil
1.93% bird
1.88% chinchilla
1.48% cat
0.68% bat
0.63% chicken
0.46% rabbit
0.40% horse
0.23% fish
0.17% hamster
0.17% treeshrew
0.17% ferret

Figure 1. Usage of animal species in studies involving ABR published in PubMed between 2010
and 2022.

n=1758
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Rats are primarily used in pharmacological studies to develop new compounds [14].
Guinea pigs provide easy access to the cochlea and round window. Therefore, these animals
are often used to research the round window approach of drug delivery and perilymph
sampling [15]. Mice are used in genetic studies of inner ear pathology, although their
hearing range differs from that of humans [16]. The gerbil’s longevity (approximately
three years) and resistance to developing middle ear disease make it an excellent model for
age-related hearing loss [17].

Despite anatomical differences in the origins of ABR waves between species [18], the
amplitude of wave I, which reflects the functional status of cochlear ribbon synapses and
represents the functional integrity of auditory nerve fibers [19,20], is a sensitive marker of
synaptopathy (recorded to suprathreshold transients) in both humans [21] and animals [22].
Wave V in humans probably corresponds to wave IV in animals [23].

Experimental ABR studies often yield significant results of potential clinical signifi-
cance. However, data heterogeneity often precludes translation to the clinic. Data hetero-
geneity is related to several factors representing three domains: animal-, equipment-, and
experiment-dependent. In the previous work, we analyzed the impact of each of these do-
mains on the results of the ABR [24,25]. Here, we synthesized the knowledge on performing
ABR in experimental animals to provide general recommendations. These recommenda-
tions consist of three parts: the planning of the experiment, the preparation of the ABR
recordings, and the performance of the ABR recordings concerning three domains: animal-,
equipment-, and experiment-related (Figure 2). Improving the reliability of results and
minimizing experimental variability are the ultimate goals of the recommendations [26].
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Planning the experiment
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Applying for funding)

Deciding on: Blinding the animal Animal transport,
e Species identity to the anesthesia, control of
e Strain experimenter animals under
e Sex anesthesia and during
e Age the recovery
"""""""""""""""""""""""" Checking and calibratingthe ABR
equipment
Testing stimuli on an oscilloscope
[T SUICHE R cqlipment \(;ihsirgli?r?stheecgitrzegfyspuabcdkesrmaI CheCking i impe_dance
is in place, functional and electrodeg before ABR recording
ayailable for the experimental Disinfection Checking the electrode
time Preparing the temperature and positioning

Usage of anesthetics
Acclimatization time

humidity in the laboratory
Arranging the necessary consumables

i Preparing the .
Housing paTgEt Noting all adverse
Animal handling randomization TEn rring durin
Preparing SOPs events occurring during
Stimulus (click or tone or both) ABR

Choosing tested frequencies, intensity
range, signal length, repetition rate,
polarity, number of averages, analysis time,

and filters.

months before
the experiment

few days before on the experimental day
the experiment

Figure 2. Schematic presentation of timelines and domains during the planning, preparation, and
experimentation. Created with BioRender.com.

2. Planning the Experiment

The Experimental Design section refers to the outline of the experiment, which is
usually part of the application to the ethics committee and/or the research grant appli-
cation. After approval by the authorities, the only way to change this plan is to submit
a supplemental application. Therefore, it is imperative at this stage to think through the
project, discuss the procedure with laboratory members, and, if necessary, with the local
veterinarian or animal facility representative. The more details addressed at this stage, the
more time and peace of mind can be gained in conducting the experiments.

Because each country has different laws regarding the use of animals in research, no
documents or links are given here. The investigator should find out how, when, and how
to apply for an animal license in their institution. The first step in performing ABR on any
animal is to obtain an animal use permit.

2.1. Planning the Experiment: Animals

This section addresses the species, strain (albino or pigmented), sex, age of the animals,
and the number of animals included in the planned study. The animal’s hearing range,
size, and approximate life expectancy should be considered to select the appropriate
species. The approximate hearing ranges of animals compared to humans are summarized
in Figure 3. However, the choice of animal species may be influenced by factors other
than hearing range, such as anatomical characteristics, life expectancy, or susceptibility
to substances toxic to humans. For example, guinea pigs have larger tympanic bullae,
which provide better access to the inner ear and are used in drug delivery studies by

12



Audiol. Res. 2023, 13

injection through the tympanic membrane or semicircular canal into the inner ear or for
performing inner ear surgery. Due to their long lifespan (up to 20 years), chinchillas
are not a standard model for age-related hearing loss [17], despite their hearing range
being similar to humans. In the study of drug-induced hearing loss, a variety of species
are used, and the different susceptibility of the species to ototoxins necessitates different
dosage regimens [27]. Compared to guinea pigs, rats and mice are less susceptible to
aminoglycoside-induced ototoxicity.

dog- | |

bat=

chinchilla | |

gerbil=

guinea pig=

rat= | |

T T T T
10 100 1000 10000 100000

hearing frequency [Hz] (log scale)

Figure 3. The hearing ranges of the most commonly used laboratory animals in ABR studies as
compared to those of humans. Adapted from [28]. Due to the different paradigms that have been
used to measure hearing range in different species, caution should be used in the interpretation of
these results [29].

Both ABR thresholds and waveforms reflect strain differences [30,31]. For example,
adult male (3—6 months old) Sprague-Dawley rats have a lower hearing threshold than
Long-Evans rats (2-8 kHz). Adult (8-week) female Sprague-Dawley and Wistar rats had
lower hearing thresholds below 26 kHz than Long-Evans and Lister Hooded rats [30].
Differences were observed between Sprague-Dawley and Wistar rats in the amplitude of
wave IV: Sprague-Dawley rats had a higher amplitude than Wistars. Amplitude differences
between Sprague-Dawley and Long-Evans strains were only observed when an 8 kHz tone
burst elicited the ABR response. Sprague-Dawley rats have a higher amplitude of waves II,
III, and IV than the Long-Evans strain [31]. Waves VI and VII are absent in animals [23].

Concerning laboratory mice, strain-dependent differences in the onset of age-related
hearing loss (ARHL) have been reported (Table 1). Because CBA /Ca] mice have stable hear-
ing (until 12-18 months of age), they are used in chronic ototoxic exposure experiments [32].
See elsewhere for more details on ARHL in mice [33].

Table 1. The onset of age-related hearing loss (ARHL or presbycusis) in selected mouse strains.

Mouse Strain Onset of ARHL
C57Bl1/6] 6 months [34]
CBA/] 20 months [32]
DBA /2] 3 weeks [35]
Balb/C 10 months [36]
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Interestingly, unpigmented and pigmented animals have different inner ear morpholo-
gies [37-40]. Furthermore, melanin protected guinea pigs from noise-induced hearing
loss [41]. Melanin precursors protected albino mice from age- and noise-induced hearing
loss [42]. In addition, it was observed that the onset of age-related hearing loss differed
between wild-type C57BL/6 and C57BL/6 Tyrc-2] albino mice, which was attributed to
a melanin-dependent thinning of the striae, marginal cell loss, and a reduction of endo-
cochlear potential [43].

There are behavioral differences between the strains of animals at the beginning
and after the experimental treatment. Strain differences have been observed in male
mice for sheltering behavior, locomotor activity, and behavior related to the dark/light
phase [44]. Female mice from different strains have different sleeping habits [45]. Following
noise exposure and salicylate administration, male Wistar rats developed more aggressive
behavior than Sprague-Dawley rats [46]. Sometimes only female mice are used in a study
because aggressive behavior may occur in large groups of unfamiliar male mice [47].

Sex bias has been identified as one of the factors contributing to poor translation in
preclinical research [48]. Sex should be treated as a biological variable, and both sexes (equal
numbers) should be included in the study design [48]. Exceptions to this are studies on the
prevalence of the disease in only one sex, the performance of confirmatory experiments,
or a pilot study. The justification should be provided in the study design if animals of
only one sex are used. In audiology research, the effect of sex is reflected in differences
in hearing ability [49], metabolism, and efficacy of medications [50]. Since the menstrual
cycle affects the hearing thresholds of women, it should also be considered a confounding
factor in animal studies [51]. Although sex affects the onset of presbyacusis, and male
Fischer 344 rats exhibited age-related hearing loss earlier than female rats [52], differences
in ABR latencies in the aging cochlea of CBA and C57 mice in males and females were not
detected, which was attributed to minimal differences in brain size between the sexes [53].
Additionally, body mass and head/neck fat layer are confounding factors, as both are sex-
and age-dependent [54,55]. Compared to females, male CBA /Ca mice are more susceptible
to the adverse effects of a high-fat diet on body weight, metabolism, and hearing [56].
Because the subcutaneous fat layer has high electrical resistance and low conductance
properties, and skin and muscle have low resistance and high conductance, this can result
in high electrode impedance and affect ABR results [57].

The susceptibility of mice to noise and drug-induced hearing loss is age dependent.
The noise susceptibility window in CBA /] mice begins at fifteen days of age and remains
high until three months [58,59]. Consistent with these findings, young adult (1-2 months
old) C57Blk/6], CBA/CaJ, and Balb/CJ] mice were more likely to develop noise-induced
permanent threshold shifts than 5-7 month-old mice [60]. Similarly, susceptibility to
ototoxic damage is age-dependent, and mice are most sensitive to drugs such as kanamycin
during the first month of life [61,62]. Furthermore, susceptibility to drug-induced hearing
loss depends on the exposure time and dose [63-65].

An essential step in preparing the experimental design is to decide how many animals
will be included in each experimental group. A power analysis calculation should be per-
formed to determine the sample size [66]. This mandatory calculation requires knowledge
of effect size (significant difference between groups), standard deviation (only used for
quantitative variables), power (probability of finding), the direction of effect, statistical test
(simple vs. complex tests), and expected attrition of animal deaths [67]. An alternative
method of sample size calculation is based on the law of diminishing returns—a technique
used when it is difficult to specify an effect size [68]. The number of animals used in
experiments should be kept as low as possible for ethical and practical reasons. Typically,
5-10 animals per group are used, which may not be sufficient for statistical analysis [69]. In
such a case, a solution may be to perform pilot studies, sometimes with only one animal per
group [66]. According to the ARRIVE guidelines, a justification for the number of animals
included in the study should be reported.
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Inclusion and exclusion criteria should be decided and not changed during the experi-
ment. Examples of universal exclusion criteria include general animal health (abnormal
appearance, tumors, otitis media, redness and swelling of local tissues, perforated tympanic
membranes) and animal distress (appearance, behavior).

Finally, it is recommended that a Standard Operating Procedure (SOP) be prepared in
the event of infectious contamination. Since the treatment given to one animal may affect
other animals in the cage, it is good practice to consider all such animals as treated and
include them in the same experimental unit.

2.2. Planning the Experiment: Equipment

An essential step is to ensure that the ABR equipment is in place, functional, and
available for the duration of the experiment. There are several commercially available sys-
tems used in animal audiometry, manufactured by (in alphabetical order): ADInstruments
(Castle Hill, Australia); Intelligent Hearing Systems (IHS, Miami, FL, USA); Interacoustic
(Middelfart, Denmark); Neuro-Audio 0710 (Ivanovo, Russia); and Tucker Davis Technolo-
gies (TDT, Miami, FL, USA) [24]. Future studies should examine whether ABR results
differ by device. Manufacturer’s instructions for calibration and oscilloscope signal testing
should be followed.

2.3. Planning the Experiment: Experiment

This domain includes stimulus design, the experimental unit, anesthetic use, acclima-
tion time, housing, animal handling, and the possible influence of stress.

Although different commercial systems are used to perform small animal audiometry,
the same stimulus parameters should be used for evoked ABR. The detailed protocol
for performing ABR with TDT equipment and the IHS system [70] has been described
elsewhere [71]. A video protocol showing ABR measurements in mice has also been
described [72].

Depending on the purpose of the study;, click or pure tone stimuli are used to elicit
the ABR: tone burst stimuli are used to assess frequency-specific hearing, whereas click is
used to assess high-frequency hearing, diagnose auditory nervous system disorders, or
rapidly screen for hearing loss. The time required to complete the audiologic measurement
is affected by either click or a tone burst.

The auditory stimulus consists of a sound spectrum, an intensity range, a signal length,
a repetition rate, and a polarity. In addition, a number of averages, analysis time, and filters
must be defined. Both the stimulus (e.g., type of stimulus, polarity) and the acquisition
parameters (e.g., filters, analysis time) play a critical role in the quality of the ABR recording.
Their effects are summarized in Table 2.

Either the entire hearing range or only a few selected frequencies are tested. The
frequencies tested depend on the species. In mice and rats, typical test ranges include
4 kHz to 32 kHz, whereas, in guinea pigs, they range from 1 kHz to 18 kHz [73]. For gerbils,
test ranges include 1 kHz to 8 kHz [74].

The click stimulus (a broadband signal) is characterized by a rapid onset and short du-
ration. It activates more auditory nerve fibers and produces larger ABR amplitudes because
its energy spans a broader frequency range than a tone burst [6]. The stimulus level can be
independently adjusted. Three stimulus polarities are used: rarefaction, condensation, and
alternating. Condensation clicks initially move the tympanic membrane inward, whereas
rarefaction clicks move the tympanic membrane in the opposite direction [75]. The effect
of the polarity of the ABR recordings has been discussed in the literature [23]. In humans
with normal hearing, ABR recordings with either condensation or rarefaction polarity are
nearly identical. Differences between click-evoked ABRs with condensing and rarefaction
polarity were shown in cats [76]. For rarefaction clicks, the amplitude of wave I is greater.
When recording is unreliable, alternating polarity (switching between condensation and
rarefaction) can be used. Eliminating stimulus artifacts and cochlear microphonics makes
Wave I more easily detectable [23].
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The auditory stimulus can also be characterized by its repetition rate. As the stimulus
repetition rate increases, amplitudes decrease, and latencies increase. Therefore, a slower
stimulus rate will result in a more visible ABR waveform.

Windowing defines the shape of the tone burst signal, and it follows the rise, plateau,
and fall of the stimulus. A stimulus that is too short will result in spectral splatter, while a
stimulus that is too long will not produce a well-defined ABR (lower amplitude). Therefore,
a 2-1-2 tone burst (two cycles of rise/fall time and one cycle of plateau time) is considered
a compromise in humans [77]. In mice, 2.5 ms has been used in most studies [73].

In addition, noise reduction and averaging techniques are required for reliable ampli-
tude assessment [78]. Noise can be environmental, instrumental, or generated within
the body (physiological noise). Filters are used to improve the signal-to-noise ratio
(SNR) [79]. A high-pass filter removes low-frequency noise, while a low-pass filter re-
moves high-frequency noise [75]. Since electrophysiological signals are often plagued
by noise from the power line (50 or 60 Hz and harmonics), a notch filter is used to elim-
inate this noise [80]. A detailed description of the use of filters has been provided by
Cheveigné and Nelken [80]. Signal distribution/loudspeaker placement depends on the
manufacturer’s recommendations.

Because decreasing stimulus intensity results in longer latencies and lower amplitudes
of ABR waves, 2-3 ABR traces should be collected at a near-threshold intensity to estimate
the ABR threshold and correctly identify relevant peaks. In addition, low amplitude
responses require more averages to verify ABR results. Since the ABR signal typically
occurs in the 1 to 2.5 microvolt range, amplification is needed. A gain is used to remove
the effect of hardware amplification of the response signal [73]. Use the value specified by
the manufacturer.

Table 2. Factors influencing ABR recordings.

Suggestions Based on ABR

Factor Definition Influence on ABR Results .
User Guide
The number of sinusoidal . . ..
. . An increment in the rise time
Ramp Number of Cycles waves in the rise, plateau, and . . . .
(Rise-Plateau-Fall, e.g., 5 ms fall portions of the tone of t}.1e signal stimulus results mouse studies: mainly
(2-1-2)) burst’s waveform. Only mn ello; r;gii?i?gi?lute 25ms
applicable for tone-burst
Amplitude decrease with an
. . increasing repetition rate of
Repetition rate Number of stimuli produced the stimuli—an increase in 21/s

Polarity

Number of averages

Analysis time/
Recording window

er second s .
p repetition rate results in an

increase in ABR latencies.
Three stimulus polarities are

Crucial for initial stimulus
presentation since it
determines the way the sound
pressure wave is
presented [82]

A period following the
stimulus is presented to the
subject, during which the
response is averaged
and analyzed

used; i.e., rarefaction,

condensation, and alternating.

The latency of waves I, ITI, and
V are shorter in response to
the rarefaction click than the

condensation click [83].
Impact on the signal-to-noise
ratio. The number of averages
balances signal quality and
minimalization of the time to
complete testing.

Since decreasing stimulus
intensity reduces the
amplitude and increases
latencies, the analysis time is
extended to 15 ms to estimate
the hearing threshold.

Rarefaction or alternating

The typical range of
averages: 256-1024

10 ms
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Table 2. Cont.

Factor

Suggestions Based on ABR

Influence on ABR Results User Guide

Definition

Sampling rate

Artifact Rejection Threshold

Filters

The average number of
samples acquired per second
The value defines the lowest
level of electrophysiological

activity, which contains

excessive electric noise.
Use filters to separate signals
based on their frequency,
attenuating (reducing in
amplitude) the unwanted
frequency components and /or
emphasizing the features that
are important to us [79]

12 KHz

Clearer ABR response

Filters make the presence or
absence of the ABR responses
more obvious since noise is
filtered out.

Highpass filter: 300 Hz
Lowpeass filter: 3 kHz

Three main study designs are used in experimental audiology. The first type uses
one ear as the experimental ear, while the contralateral ear is the control. This model is
predominantly used in studies of ear surgery or the efficacy of drug administration. To use
this model in studies of noise-induced hearing loss, an earplug must be used to protect one
ear during noise exposure, while in studies of drug-induced hearing loss, the drug should
be locally rather than systemically administered. In the second type of study, animals
are divided into experimental and control groups. In the third type of study, all animals
are examined at baseline and after treatment (before-after). This model ensures better
identification of changes in ABR thresholds and waveforms by eliminating inter-animal
differences and controlling for baseline variations.

When the purpose of the study is to estimate the effect of earlier treatment on hearing
function, to determine whether hearing changes are gradually developing, and finally to
test whether these changes are transient or permanent, the time course of recovery of ABR
results is analyzed. One of the ways to assess this is to calculate the correlation factor (corF),
which reflects the changes in waveform and amplitude before and after exposure to noise
or toxic substances. High values (around 1) indicate the similarity of a waveform, whereas
low values (around 0) reflect the loss of both waveform similarity and amplitude [84,85].
Depending on the experiment’s length, the fat layer’s thickness and the animals” age should
be considered confounding factors.

Next, the number of animals to be tested daily with ABR should be determined. It is
recommended to perform the audiological tests at the same time of the day to minimize
the possible effects of diurnal rhythm since the function of the auditory system (both
peripheral and central) is regulated by circadian mechanisms [86]. In addition, problems
with anesthesia may prolong the measurement time.

The choice of an appropriate anesthetic is of great importance. Depending on labora-
tory capabilities and ethical requirements in a given country, inhalation gas or injectable
drugs may be used. In the case of inhalation anesthesia, the anesthesia equipment should
have been calibrated within the last 12 months. The local animal caretaker or veterinarian
may be consulted for advice on the appropriate anesthetic and dosage. In most studies,
isoflurane is used as an inhalation anesthetic, whereas ketamine/xylazine mixtures are
used for injections. Technical details on the administration of isoflurane to animals can
be found elsewhere [87]. Although the same drugs are used, different doses are applied,
which affects the anesthetic conditions (working time and depth of anesthesia) [88] and
explains the high heterogeneity of results. The advantages and disadvantages of using
these anesthetics are summarized in Table 3.
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Table 3. Advantages and disadvantages of using particular anesthetics for ABR studies.

Anesthetic

Sedation [73]

Drawbacks

Xylazine + Ketamine
(i.p., im.)

Isoflurane (inhalation)

Last ~45 min, the animal is
awake after ~90 min from the
initial injection. In male
Wistar rats, complete sedation
occurs in 10 min [89]

Fast-acting, short-acting
inhalation agent; the animal is
usually fully sedated within
4-5 min. When the gas is
removed, the animal wakes
up very quickly.

Requires proper restraining;
rats anesthetized with this
drug are more likely to
develop corneal lesions than
rats anesthetized with
isoflurane, which is essential
for long-term studies [90].
Long-Evans rats anesthetized
with isoflurane had higher
hearing thresholds than rats
anesthetized with
ketamine/xylazine. Both click
and tone thresholds were
elevated, and the ABR

response was worse [91,92].

Injectable anesthetics can be intraperitoneally, intramuscularly, or intravenously ad-
ministered [93]. However, each type of injection requires proper restraint technique and
has disadvantages, such as difficulty finding a superficial vein (intravenous), a high failure
rate (intraperitoneal) [94,95], a less predictable route (subcutaneous) [96], or tissue reac-
tions (intramuscular) [97]. Learning proper restraint techniques is recommended to avoid
overdosing with injectable anesthetics. It is important to first assess the effects of anesthesia
on an animal, to use healthy animals, to use drugs with a wide margin of safety, and to use
comfortable syringes, such as those used to inject insulin in humans [98].

If ABR is to be recorded more than once, the SOP for recovery from anesthesia should
be prepared.

At least one week of acclimatization should be allowed after transport to the animal
facility to prevent the influence of stress on the experimental outcome. During this time,
transport-induced metabolic and hormonal changes return to baseline [99]. The acclimation
period should be extended if the day/night cycle is reversed.

The type and size of cages used should be appropriate to the number of animals
housed per cage. Welfare assessments should be planned before, during, and after the
experiment. The minimum cage size can be estimated based on the age of the animals
when they are permanently removed from their home cage. Cage replacement should be
avoided. If the animals are aggressive and must be separated from cage mates, the SOP
should be prepared for such a situation.

An additional confounding factor in animal studies is stress, which has already
been mentioned a number of times in this paper. Since both physical and psychologi-
cal stress affect the hearing ability of animals [7], it is necessary to identify all possible
stressors in the study design, such as environmental noise, handling, isolation, cage changes,
and injections.

e  Environmental noise can impact the hearing abilities of animals. Human activity is
the primary source of environmental noise; therefore, all noise-generating activities
inside the animal facility should be reduced to a minimum [100,101].

e  The SOP describing the handling of animals should be prepared beforehand, and
all unnecessary handling should be avoided. A handling tunnel or cupping without
restraint in the open hand can minimize the anxiety of mice [102]. It is worth noting
that the presence of men in breeding or experimental rooms is stressful for mice [103].
Animal behavior is also influenced by the animals’ familiarity with the personnel
involved in the experiment [104]. Importantly, the same breeds of animals purchased
from different suppliers may respond to stress in various ways [105].

e  Note: Experimenters should not wear scented cosmetics [106].
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e Since cage changing is stressful for animals, cleaning cages should be planned in
advance [106].
In addition, social isolation can cause somatic reactions and should be avoided.
Repeated intraperitoneal injections are also known to stress animals. Attention task
performance was similar in rats chronically sham injected and chronically sham
injected and restrained [107].

It is important to dedicate a person responsible for feeding and observing animals
during the experiment. Abnormal posture, changes in motoric activity, reduced water and
food intake (differences in the size of animals are a source of variability between animals),
gait disturbance, erected hairs, weight loss, hypersalivation, abnormal licking, chewing
movement, tremor, desensitization, moaning, and aggressive behavior should be observed
and marked in the experimental protocol.

3. Preparing ABR Recordings
3.1. Preparing ABR Recordings: Animals

The experimenter should be blinded to the animal’s identity (e.g., treated or untreated).
Tips for improving study blinding have been described elsewhere [108]. Nevertheless,
blinding (masking) is not always possible, e.g., when performing a comparative analysis of
older and younger animals, as older animals are heavier and present alternation in body
conditions compared to young animals. Based on ABR recording, noise-exposed animals
are easily identified during the experiment [109].

3.2. Preparing ABR Recordings: Equipment

Two to three days before measurement, the system used to measure the ABR should
be thoroughly checked and calibrated. Because calibration requires proper equipment, it
should always be performed according to the manufacturer’s instructions. In addition, an
oscilloscope test should be performed to provide a visual representation of the shape or
waveform of the signal. Again, follow the manufacturer’s instructions.

Battery packs should be fully charged. Visual inspection of the subdermal electrodes
should determine the need for replacement due to corrosion, blunting, bending, or other
damage. The disinfectant should be prepared, and the experimental instruments should be
disinfected or autoclaved. In addition, the environmental noise level should be determined
by performing a saline test. See elsewhere for details [110].

The conditions (temperature, humidity) in the animal facility should be noted to mimic
them as closely as possible in the experimental area (ABR room). The experimental area
should be prepared to avoid unnecessary movements (gloves, syringes, etc., should be
ready to be at hand).

3.3. Preparing ABR Recordings: Experiment

The random assignment of animals to experimental groups is necessary to minimize
the effects of subjective bias. The PREPARE and ARRIVE guidelines identify randomization
as mandatory in any animal study. Programs such as IBM SPSS Statistics, Prism GraphPad
(www.graphpad.com/quickcalcs), randomizer.org, or the RandoMice tools can perform
randomization [111]. Practical information on randomization can also be found on the
ReproducibiliTeach YouTube channel (https://www.youtube.com/@reproducibiliteach,
accessed on 19 April 2023).

4. Performing ABR
4.1. Performing ABR: Animals

This area covers animal transfer to the ABR research facility, anesthesia, and the
monitoring of anesthetized animals.

After being transferred from the animal facility to the laboratory, animals should be
allowed at least 15 min to acclimate. If possible, avoid changing cages during the transport
and isolation of animals. Because small mammals (mice, rats, hamsters, guinea pigs, and
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rabbits) cannot regurgitate, it is not recommended that food be withheld before anesthesia—
these animals should be provided with water and food ad libitum. However, in carnivores
(e.g., dogs, cats, or ferrets) and insectivores (e.g., bats), food deprivation is mandatory as
part of the preparation for anesthesia. Details can be found on the homepage of the Society
for Laboratory Animal Science (https://www.gv-solas.de/?lang=en, accessed on 24 March
2023) or in a publication dedicated to that topic [112].

If injectable anesthesia is used, before removing the animal from the cage, it should be
ensured that the animal is not exhibiting aggressive behavior. If so, wait until the animal
has calmed down. Prepare an appropriate dose of anesthetic based on the animal’s weight
in a sterile vial or bottle (shake well before use). Mixed drugs should be protected from
light and stored at room temperature on an experimental day. The rest of the drug or drugs
mix or their waste should be disposed of according to local regulations—it equally regards
the inhalation and non-inhalation drugs [113].

The most consistent and artifact-free ABR signals are obtained from stable anesthetized
animals; otherwise, spontaneous muscle twitches over 100 times larger than the ABR may
occur and completely overwhelm the signal. Applying ophthalmic ointment to both eyes is
recommended to reduce the risk of corneal abrasions. Susceptibility to corneal injury is
strain dependent [90].

An awake animal should not be housed with an anesthetized animal [114]. Five
minutes after applying anesthesia (on average, usual time between the injection and loss
of motor responses to noxious stimuli), check whether the animal is deeply anesthetized
(eyelid reflex, toe reflex, tail flick reflex, nose, and vibrissae). For details on the depth
and stages of anesthesia, please refer to a specific publication [115]. If the reflexes are still
present, wait another 5 min, and if deep anesthesia cannot be confirmed after this time,
review the protocol and refer to the SOP. Further action (additional injections, calling a
veterinarian, returning the animal to the facility, or sacrificing the animal) depends on the
country, ethical approval, and specific local regulations.

Once the animal is under deep anesthesia, the skin can be disinfected, and the elec-
trodes subdermally placed. Care should be taken to ensure the electrodes are always placed
in the same position. If the recording is repeated (recovery experiments), the position of
the electrodes should be marked (e.g., by shaving the areas).

Transfer the animal to the ABR room. Perform an otoscopy to check the condition of
the middle ear. Animals with ear canal or tympanic membrane abnormalities should be
excluded from further experiments [24]. If necessary, remove the earwax.

During the anesthesia, the animal should be covered (e.g., with paper towels—do
not use electric heating pads as most of them may interfere with the ABR recording) to
keep it warm. Monitor and maintain the animal’s body temperature to prevent the dis-
ruption of thermoregulation and eliminate the body temperature’s effect on ABR records.
A temperature decrease of 0.5 °C or more may significantly alter ABR latencies and am-
plitudes [116,117]. Monitor the anesthesia. The duration of anesthesia depends on the
species and the anesthetic used. For example, the duration of anesthesia induced by
ketamine + xylazine is typically 30 to 45 min. After this time, half the dose may be admin-
istered as needed.

Do not leave an anesthetized animal unattended during the recovery process. Keep
the animal warm by covering it. Return the animal to its cage as soon as it begins to move
and allow it to recover fully. Record the recovery time in the log. Recording food and water
consumption in the pre- and postoperative periods is good practice to confirm that animals
are in a regular physical state after recovery from anesthesia. Intake of both will be reduced
if the animal is in pain [98].

4.2. Performing ABR: Equipment

Since significant amplitude variations can be related to electrode impedance, the
impedance should be checked before ABR recording. Impedance >3 k() results in lower
artifact suppression, lower recording quality, and incorrect threshold recognition at the
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sound pressure level of roughly 20 dB. Furthermore, the resistance between the recording
and active electrodes should be tested. Since the placement of the reference electrode affects
ABR recordings, carefully check the position of the needle electrodes [118]. A reference
electrode is placed behind the ipsilateral ear. An active electrode is commonly placed on
the vertex (base of the skull), and a ground electrode is placed at the back, hind hip, or
base of the tail. Since the ABR is recorded from electrodes placed on the vertex and the
electrode behind the ipsilateral ear [75], do not forget to change the reference electrode when
switching between ears (the electrode’s position depends on the ear, which is measured;
Figure 4).

electrode (+)

reference
electrode (-)

Figure 4. Example of electrode positioning for ABR. Created with BioRender.com.

The impact of the animal fat layer in the head /neck region on impedance has been
previously discussed [24]. Since the ABR signal typically occurs in the 1-2.5 microVolt
range, removing cables, wires, and noise generators from the test area is crucial.

Start the measurement. Correctly identifying the waveform, especially in the abnormal
waveform, is challenging. Because waves II, IV, VI, and VII are inconsistent in humans, they
are generally not considered for clinical interpretation [23]. To improve wave identification,
an automated tool for ABR waves has been developed [119], which was possible because
ABR has a predictable pattern. Therefore, time intervals for each wave were used to find
the local extrema of the waveforms. The same rules are used to identify waves in animals.
First, wave I is identified, and then the rest of the waves are identified. Depending on the
literature, either wave II or III is the most prominent in rodents. The automatically detected
ABR threshold is similar to the visually detected threshold [120].

At the end of the recording, remove the electrodes, disinfect them, and store them in
a sterile container (record the number of times the electrodes were used in the protocol).
Ensure that all recorded traces are saved for further analysis (.txt files can be uploaded into
an Excel file) [70].

4.3. Performing ABR: Experiment

Any adverse events during the ABR recording should be noted in the protocol. The
reasons for excluding an animal from the analysis should be recorded in the protocol. Room
temperature variations should also be considered a confounding factor [121]. Detailed
experimental records can help quickly identify the source of variability between animals,
especially differences between animals during the same experiments [65]. A sex-specific
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analysis should be performed if male and female animals were included in the study. Data
analysis should be based on the experimental design.

4.4. Protocols

The published research performed with ABR usually contains respective protocols.
However, manuscripts focused on detailed ABR protocols have also been published in
peer-reviewed journals, and we list them in Table 4 below.

Table 4. Publications focused on ABR protocols.

Title Publication Year Species Ref.
Measurement of the auditory brainstem response .
(ABR) to study auditory sensitivity in mice 2006 ice [122]
Using the Auditory Brainstem Response (ABR) to .
Determine Sensitivity of Hearing in Mutant Mice 201 fice [123]
Mouse Auditory Brainstem Response Testing 2016 mice [114]
Data Acquisition and Analysis In Brainstem Evoked .
Response Audiometry In Mice 2019 fice [72]
Protocgl for assessing auditory brams’Fem response in 2022 mice [124]
mice using a four-channel recording system
Auditory brainstem response (ABR) measurements in mice (suggested
small mammals,” in Developmental, Physiological, 2022 application also for rats, [71]
and Functional Neurobiology of the Inner Ear hamsters, and bats)
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ABR is a non-invasive technique that measures electrical potential reflecting neural
activity in the auditory pathway and can be used to identify markers of different auditory
conditions. Improving data reproducibility during preclinical studies is necessary to trans-
late animal research into the clinic. Such improvement can be achieved by standardizing the
design, conducting experiments, and reporting all information in publications according to
the ARRIVE guidelines [125]. In addition, the management of sources of variability should
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Abstract: Introduction: During cochlear implantation, electrode insertion can cause cochlear damage,
inflammation, and apoptosis, which can affect the residual hearing. Nanoparticles are increasingly
studied as a way to increase the availability of inner ear protective factors. We studied the effect
on rats of Pluronic-coated gold nanoparticles (Plu-AuNPs) containing dexamethasone, which were
applied locally in the rat’s middle ear following the implant procedure. Methods: Seven rats were
used in the study. The right ear served as a model for the Dex-Plu-AuNP group. Following the
intracochlear dummy electrode insertion through the round window, Dex-Plu-AuNPs were placed in
the round window niche. In the right ear, following the same insertion procedure, free dexamethasone
(Dex) was placed in the same manner. Auditory brainstem response thresholds (click stimulus, pure
tones at 8 kHz, 16 kHz, 24 kHz, and 32 kHz) were measured before and one week after the procedure.
A two-tailed T-test was used for the variables. Statistical significance was set as p < 0.05. Results: In
the Dex-Plu-AuNP group, the threshold shift was less than that in the free dexamethasone group,
but no statistical significance was noted between the groups. When compared individually, only the
8 kHz frequency showed statistically significant, better results after one week, in favor of the Dex-
Plu-AuNP group. The mean postoperative 8 kHz threshold in the Dex-Plu-AuNPs was significantly
lower than that of the control group (p = 0.048, t-test). For the other frequencies, statistical analysis
showed no significant differences between the mean threshold shifts of the two cohorts. Conclusions:
The local application of Plu-AuNPs containing dexamethasone following cochlear implantation may
better protect the residual hearing than dexamethasone alone, but a larger sample size is needed to
reach a possible statistical significance. Dex-Plu-AuNPs do not seem to cause ototoxicity and may
be used as a carrier for other agents. In a clinical setting, Dex-Plu-AuNPs may have the effect of
protecting lower frequencies in patients with partial deafness who are candidates for electric acoustic
stimulation (EAS). If we consider this tendency, Dex-Plu-AuNPs may also be beneficial for patients
with Méniére’s disease.

Keywords: hearing loss; cochlear implant; nanomaterials; ABR; Pluronic; dexamethasone

1. Introduction

Reducing cochlear damage and preserving the residual hearing capacity has long been
a primary objective of inner ear procedures, particularly cochlear implantation (CI) [1]. In
recent years, growing interest can be observed regarding hearing conservation in candi-
dates for hybrid, electro-acoustic stimulation whose residual hearing levels may be affected
during CI [2,3]. As patients with partial deafness (PD) can benefit from a CI, members
of the HEARRING group have extensively studied hearing preservation in cochlear im-
plantation (HPCI) in adults and children, using a variety of electrode array types and
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manufacturers [4,5]. Limiting the cochlear trauma during Cl is also beneficial for patients
with minimal residual hearing as larger amounts of electrically induced information passing
through a healthier neural interface will promote better speech discrimination [6].

The loss of hearing remnants following CI surgery, especially for low frequencies,
generally presents two possible outcomes: an early and a late phase. The immediate loss
of residual hearing can be due to insertion trauma (fracture of the osseous spiral lamina,
displacement of the basilar membrane, damage to the stria vascularis, or disturbance of
the cochlear fluids) and the subsequent inflammatory response [1]. Later residual hearing
loss can occur months after implantation. Such a loss can be progressive, fluctuating, or
sudden, and its identification largely depends on the observation period and the frequency
of visits to the audiologist [7]. Most of the available information regarding the cochlear
inflammatory response and its modulation has been gathered through experimental models;
scarce data is available from human postmortem studies.

The prospects of HPCI have greatly increased with the development of less traumatic
electrodes, in conjunction with the application of soft surgery principles [8]. As surgical
principles and electrode design have been extensively studied, attention is shifting toward
new solutions, such as assisted electrode insertion or otoprotective pharmacological sup-
port through either systemic or local drug delivery [1]. Local drug delivery using novel
nanoparticles (NPs) via the intratympanic or intracochlear route is intended to generate
high localized concentrations while avoiding any systemic side effects.

Metallic and metal oxide nanoparticles are among the most promising inorganic
substances for the treatment of inner ear diseases [9]. Gold nanoparticles (AuNPs) are
distinguished by their superior chemical and physical stability. They can be functionalized
with organic molecules that are biologically active, granting them excellent biocompatibility,
and can be used for loading drugs or as inner ear contrast agents [10,11].

NP-based medication delivery can be employed to reduce inflammation and fibrosis
after CI and to maintain residual hearing. In recent years, the number of FDA approvals for
the use of NPs to treat various auditory diseases has increased [11]. In a preclinical setting,
locally applied chitosan-coated gold nanoparticles (Cs-AuNPs) in the rats’ tympanic bulla
did not compromise the animals” hearing thresholds [12]. However, AuNPs have not yet
been utilized in treating inner ear diseases. Other types of AuNPs, like pluronic-coated
Au-NPs, seem to have promising results regarding drug distribution and hemocompat-
ibility [13]. The current experimental pilot study aims to evaluate if Pluronic-coated
AuNPs carrying dexamethasone (Dex-Plu-AulNPs) can yield better auditory brainstem
response (ABR) thresholds, compared to free dexamethasone (Dex), and if they can bet-
ter protect against the progressive cochlear function loss developed following electrode
insertion trauma.

2. Materials and Methods
2.1. Animals

Seven adult male Wistar rats, weighing 250-300 g, with good general health were
included in a prospective randomized experimental pilot study. Otologic inclusion cri-
teria were considered to be good general health and the absence of otitis media. All the
included subjects were endoscopically screened to exclude external and middle ear pathol-
ogy. All protocols were conducted according to European law regarding the welfare of
experimental animals and followed the guidelines established by our institution’s ethi-
cal committee (AVZ 81/28.03.2022) and the National Veterinary Health and Food Safety
Authority (ethical approval no. 316/30.05.2022). Following the 3Rs approach [14], we
minimized the number of subjects by using both ears of each subject to compare the two
forms of dexamethasone delivery.

2.2. Chemicals

Trisodium citrate (C¢HsNazO7-2H,0, >99%), hydrogen tetrachloroaurate (III) hy-
drate (HAuCly-3H,0, 99.99%), Pluronic F127, and dexamethasone were purchased from
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Sigma-Aldrich. Ethanol (96%) was obtained from Chemical Company, lasi, Romania. All
chemicals were used without further purification. The aqueous solutions were prepared
using ultrapure water.

2.3. Nanoparticles Preparation and Loading with Dexamethasone

Citrate-capped gold nanoparticles (AuNPs) of spherical shape were prepared ac-
cording to the Turkevich—-Frens method [15]. In brief, 100 mL of an aqueous solution of
HAuCly-3H,0 (10~3 M) was boiled on a magnetic stirring hot plate. Then, 10 mL of an
aqueous sodium citrate solution (38.8 x 10~3 M) was quickly added while maintaining
magnetic stirring. The stirring process was continued for 10-15 min after the color of
the colloidal suspension became a deep burgundy red. The color changes in the solution
from yellow to intense burgundy red indicate the formation of colloidal nanoparticles.
Pluronic-coated gold nanoparticles (Plu-AuNPs) were obtained by incubating AuNPs with
an aqueous Pluronic F127 solution at a final concentration of 4 x 10~* M. The obtained
Plu-AuNP suspension was then purified by centrifugation at 12,000 rpm for 20 min. To
prepare dexamethasone-loaded Plu-AuNPs (Dex-Plu-AulNPs), the colloidal solution was
incubated with Dex at a final concentration of 0.18 mg/mL, and the resulting mixture
was ultrasonicated for 50 min. The prepared Dex-AuNP nanoconjugate was then incu-
bated with Pluronic F127 (4 x 10~% M), followed by centrifugation to remove the unbound
polymer and drug. The formation of Dex-Plu-AuNPs was monitored by UV-visible ab-
sorption spectroscopy, using a Jasco V-670 UV-vis-NIR spectrometer (JASCO, Hachioji,
Tokyo, Japan). The concentration of loaded Dex was estimated indirectly, according to the
Beer—Lambert law, by calculating the amount of unloaded Dex molecules remaining in the
supernatant. The final concentration of loaded Dex was 10 pug/mL. The concentration of
gold nanoparticles expressed in pg/mL was determined by atomic absorption spectroscopy
(Avanta PM, GBC-Australia (GBC Scientific Equipment, Braeside, Victoria, Australia)).

2.4. Anesthesia, Surgical Preparation, and Approach

Anesthesia was achieved using a mix of Ketamine (80 mg/kg) and Xylazine (8 mg/kg),
administered intramuscularly [16]. Additional doses were administered during the proce-
dure if signs of pain were observed (withdrawal reflex to a plantar pinch or eyelid reflex).
During the procedure, the animal was kept at a constant body temperature of 35-37 °C
using a heating pad, and the eyes were protected from drying using a sterile ophthalmic
solution. Animals recovered post-operatively in separate cages, with free access to water
and food.

The surgical intervention was performed using a Leica® microscope (Model M320,
Leica, Wetzlar, Hesse, Germany). Insertion of the electrode analog was achieved via the
round window (RW), using a retroauricular approach to the tympanic bulla. Access to
the middle ear was achieved through a bony defect in the posteroinferior aspect of the
bulla. A 1-millimeter diameter cutting drill was used to access the bony defect, with good
exposure of the stapedial artery, RW niche, and RW membrane (Figure 1). The bony defect
of the middle ear was sealed using the surrounding muscles. Finally, the platysmal muscle
and skin were sutured with absorbable Vicryl 6/0 sutures (Ethicon®, Raritan, NJ, USA).
The wound was covered with a topical spray containing oxytetracycline. All surgical
procedures were performed under aseptic conditions.
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Figure 1. Left ear electrode analog insertion; 1—round window niche; 2—stapedial artery; 3—middle
ear, seen through the bony defect; 4—electrode analog during the insertion through the round
window membrane. (A): Opening of the left middle ear, (B): Visualization of the RW, (C): Left ear
electrode analog insertion.

2.5. Dummy Electrode

A monofilament 5/0 polypropylene suture (Ethicon®, Raritan, NJ, USA) with a length
of 5 mm was employed for the insertion [17,18].

2.6. Groups

To reduce the number of animals included in the study, we divided the groups as fol-
lows. One ear was considered to represent the study group (group 1) with the contralateral
ear representing the control group (group 2). In group 1, after inserting the analog electrode
through the RW, 30 pL of Dex-Plu-AuNP solution was applied in the middle ear and above
the RW. The concentration of Plu-AuNPs was 1005 ug/mL, while the dexamethasone
concentration was 64 pg/mL. In group 2, after the same insertion procedure, 30 pL of free
Dex solution with a dexamethasone concentration of 64 ug/mL was applied.

2.7. Hearing Threshold Measurement: Auditory Brainstem Response (ABR)

All rats included in the study presented normal hearing before surgery. We determined
the hearing thresholds bilaterally before surgery and seven days following the implanta-
tion procedure. We assessed the external and middle ear status before the audiological
measurements, to exclude a conductive hearing loss component.

We measured ABR thresholds in a soundproof room using the Opti-Amp bio amplifier
(Intelligent Hearing System, Miami, FL, USA) connected to the Smart EP system. Click
stimulus, and pure tones of 8 kHz, 16 kHz, 24 kHz, and 32 kHz were presented through
closed tubes placed into the external ear canal, with 1.3 ms duration at a 20/s repetition
rate. ER insert earphones were used for the click stimulus and high-frequency transducers
were used for the tone burst stimulus. Stainless steel needle electrodes were placed subcu-
taneously in the retroauricular area (recording negative electrode), on the vertex (positive
reference), and rear leg (ground electrode). Ipsilateral evoked potentials were averaged
over 1024 sweeps in decreasing intensity increments of 10 dB SPL; thresholds were de-
fined as the minimum stimulating level with an ABR response that can be identifiable
and repeatable.
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2.8. Statistics

IBM® SPSS® (IBM, Armonk, NY, USA) was used for statistical analysis. Analyses were
performed on the outcome measures between pre-implantation (T0) and post-implantation
(T1). A two-tailed Student’s t-test was used for independent variables to assess group het-
erogeneity, as well as to compare pre- and post-implantation audiological data, represented
as dB SPL for the selected frequencies. The significance level was set at p < 0.05.

3. Results
3.1. Spectral Characterization of Dex-Plu-AuNPs

Figure 2A illustrates the normalized UV-Vis absorption spectra of AuNPs before and
after stabilization with Pluronic F127. As one can observe, citrate-capped AulNPs exhibit
a plasmonic band with an extinction maximum at 519 nm, which represents the typical
spectral signature of spherical colloidal gold nanoparticles. Stabilization with Pluronic
induced a 2 nm shift toward higher wavelengths, due to the modification of the refractive
index of the surrounding medium. Normalized UV-Vis absorption spectra before and
after Dex loading are depicted in Figure 2B, taken after each preparation step. The inset of
Figure 2B illustrates the magnified spectral region of the absorption maxima. We noticed
that the spectra of Dex-AuNPs and Dex-Plu-AuNPs showed a hybrid profile containing
both the spectral signature of AuNPs and the electronic absorption of Dex molecules in the
UV spectral domain at 240 nm. Moreover, the plasmonic band of Dex-AuNPs experiences
a 2 nm red shift compared to AuNPs, followed by a further 2 nm shift toward higher
wavelengths upon stabilization with Pluronic.
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Figure 2. (A) Normalized UV-Vis absorption spectra of AuNPs (black) and Plu-AuNPs (green).
(B) Normalized UV-Vis absorption spectra of AuNPs (black), Dex-AuNPs (red), and Plu-Dex-AuNPs
(blue). The inserts show the magnified spectral region of the absorption maxima.

These spectral changes are related to the modification of the refractive index of the
medium surrounding the particles due to the attachment of Dex onto the gold surface and
encapsulation with Pluronic F127.

3.2. Audiological Results

Before cochlear implantation, all rats presented similar hearing thresholds in both ears
(Table 1). There was no statistical difference between the median values of the hearing
threshold at any of the used stimuli (p values > 0.05, t-test).
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Table 1. Preoperative frequency-specific hearing threshold (dB SPL) for both the Dex-Plu-AuNP and
Dex groups.

Dex-Plu-AuNPs (n = 7) Dex(n=7)
Stimuli
i Threshold Mean (dB SPL) SD Threshold Mean (dB SPL) SD p Value (t-Test)
Click 20 0 20 0 -
8 kHz 20 0 20.7 1.8 0.35
16 kHz 20 0 20.7 1.8 0.35
24 kHz 20 0 20 0 -
32 kHz 214 10.6 22.85 5.6 0.59
The two-tailed t-test indicates no significant difference between groups (p > 0.05); SD = standard deviation; dB
SPL = decibel sound pressure level; kHz = kilohertz; n = number of subjects.

One week after implantation, neither animal displayed otorrhea, signs of middle ear
infection, or infection at the incision site. Therefore, the determinations of ABR thresholds
followed the same protocol as the preoperative ones.

At seven days after bilateral CI, both groups displayed a significant elevation in
hearing threshold across all frequency ranges (Table 2). When individual frequencies
were analyzed one week after surgery, the Dex-Plu-AuNP group averaged better hearing
thresholds than the dexamethasone group. However, no statistical significance was noted
between the two groups, except for one frequency.

Table 2. Postoperative frequency-specific hearing threshold (SPL dB) for both the Dex-Plu-AuNP
and Dex cohorts.
Stimuli Group N Mean dB SPL Std. Deviation Std. Error Mean
clickpost Dex-Plu-AuNPs 7 63.57 28.536 10.785
P Dex 7 74.29 21.876 8.268
ost8 kHz Dex-Plu-AuNPs 7 87.86 23.954 9.054
P Dex 7 108.57 6.901 2.608
ost16 kHz Dex-Plu-AuNPs 7 97.14 18.225 6.888
P Dex 7 108.57 14.351 5.424
Dex-Plu-AuNPs 7 70.71 16.439 6.213
post24 kHz Dex 7 79.29 14.840 5.609
Dex-Plu-AuNPs 7 87.14 11.852 4.480
post32 kHz Dex 7 92.86 10.746 4.062

Dex-Plu-AuNPs = Pluronic-coated gold nanoparticles with dexamethasone; Dex = free form of dexamethasone;
dB SPL = decibel sound pressure level; kHz = kilohertz; post = postoperative.

At 8 kHz, there was a significant difference of 20.7 dB between the mean thresholds of
the two groups in favor of the Dex-Plu-AuNP group (Dex = 108.57, Dex-Plu-AuNP = 87.86,
p = 0.048, t-test) (Figure 2).

At 16 kHz, there was a statistically insignificant difference of 11.43 dB between the
mean threshold of the two groups in favor of the Dex-Plu-AuNP group (Dex = 108.57 dB,
Dex-Plu-AuNPs = 97.14 dB, p = 0.21, t-test) (Figure 3). At 24 kHz, the difference between
the mean threshold of the two cohorts was 8.5 dB; however, this difference did not reach
significance (Dex = 79.29, Dex-Plu-AuNPs = 70.71, p = 0.32) (Figure 3). In addition, the
highest frequency, recorded at 32 kHz, did not yield any significant difference between the
groups at 5.7 dB (Dex = 92.86, Dex-Plu-AuNPs = 87.14, p = 0.36, t-test) (Figure 3).

The click stimulus elicited the least amount of threshold shift in the control and study
groups, with a difference of 10.7 dB between them. However, the difference was not
statistically significant (Dex = 74.29, Dex-Plu-AulNPs = 63.57, p = 0.44, t-test) (Figure 4).

33



Audiol. Res. 2022, 12

8kHz 16kHz

51 52 53 s4 s5 56 57 s1 s2 53 54 s5 56 s7
0 0
20 20
40 40
60 60
80 80
100 100 7@&
120 120
A =t Dex-Plu-AUNP === Dex B = Dex-Plu-AUNP == Dex

24kHz 32kHz

51 52 s3 54 55 56 57 s1 s2 53 s4 s5 6 57
o ]
20 20
40 40
60 60
“ M e S~ g
100 100
120 120
c —&—Dex-Plu-AUNP —2—Dex D —8—Dex-Plu-AuNP =8 Dex

Figure 3. Representation of postoperative hearing threshold for rats in both groups, measured
through auditory brainstem response. Results are presented as individual values for each subject
at a specific frequency. (A) 8 kHz; (B) 16 kHz; (C) 24 kHz; (D) 32 kHz; dB SPL = sound pressure
level expressed in decibels; Dex-Plu-AuNP= Pluronic-coated gold nanoparticles with dexamethasone;
Dex = free form of dexamethasone; kHz = kilohertz; S = subject.
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Figure 4. Postoperative hearing threshold using click stimuli; dB SPL = sound pressure level ex-
pressed in decibels; Dex-Plu-AuNPs = Pluronic-coated gold nanoparticles with dexamethasone;
Dex = free form of dexamethasone; kHz = kilohertz; S = subject.
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4. Discussion

Since cochlear surgery can be considered a traumatic event, it is of the utmost im-
portance to maintain the normal architecture and surface anatomy throughout the early
periods of recuperation. The reduction of local trauma and preservation of long-term
residual hearing are major focuses for patients undergoing cochlear implantation surgery.
There have been many attempts to develop adjuvant therapy strategies to avoid or diminish
the acute and late inflammatory phases seen after CI. Corticosteroid usage had a substantial
influence on auditory brainstem response, impedance, and histopathological alterations in
the animal models. However, the otoprotective effect was only long-lasting with continued
administration [19,20]. Clinical trials fail to provide consistent recommendations regarding
the routes of administration as well as dosage [21-24]. The cost of hospitalization for
intravenous corticosteroid administration and the possible side effects of systemic adminis-
tration open up the possibility of researching methods of local delivery. To render efficiency
and prolong the local effect of corticosteroids, different strategies have been addressed, one
of them being the usage of nanocarriers.

AuNPs belong to a promising nanocarrier-mediated drug delivery class; they have
easy surface functionalization and the ability to modify their size, shape, and surface
chemistry [11]. They also exhibit ROS-independent antimicrobial activity, making them
safer for mammalian cells than the other nanometals [25]. Using AuNPs as an intratympanic
vector can allow patients to benefit from these characteristics. Nevertheless, the possible
variations of these parameters make it hard to truly study their toxicity. Initial in vivo
studies researching their utility as an inner ear contrast agent observed no effect on the
morphology of the hair cells [12,26].

The results of this study confirm some of the previous observations regarding the
significant and variable nature of hearing loss after cochlear implantation in experimental
models [27]. The limitations of this study would be the reduced number of subjects included.
In addition, the nature of the surgical procedure itself can be subject to human variation
and needs to be considered a variable.

Our study’s hearing threshold shift was greater than other rodent-based CI experi-
mental models [18]. Although the threshold shift values we obtained in the study were
high, another study using the same length (5 mm) of electrode analog also reported high
hearing threshold shifts of approximately 65 + 27 dB [17]. Even though these values are
higher than the literature reports, they are consistent throughout all the subjects of both
groups; therefore, the repeatability of the surgical maneuvers can be considered to have
been accomplished. The full-length insertion of the dummy electrode and its material can
be a possible source for the obtained results. The otoendoscopic evaluation eliminated the
possibility of middle ear conduction interference that could have influenced the results.

The results that have emerged from our study show the tendency for a lower hearing
threshold shift in the group where CI was associated with Dex-Plu-AuNPs, but no statistical
difference was noted except at the 8 kHz frequency. Obtaining better protection of the lower
frequencies is the desired effect when considering CI in patients with residual hearing. A
larger study group could elicit further information about the sustainability of this finding.

On the other hand, when considering the possible cell toxicity, if no statistical signifi-
cance was noted between the two groups, it is plausible to add that Plu-AuNPs presented
no ototoxicity in the short term. Therefore, this carrier can be considered a safe alternative
delivery method for other possible otoprotective agents. In the future, we need to pur-
sue more extended follow-up periods through audiological threshold measures and note
histopathological alterations considering different Dex and Plu-AuNP concentrations.

Translating the effect of Dex-Plu-AuNPs in a clinical setting may serve as a better
alternative to utilizing free Dex, offering beneficial preventive short-term residual hearing
protection from damage caused by the cochlear implantation process itself. The short-term
effects do not suggest any cytotoxicity but rather imply a protective effect on hearing
thresholds. The potential to better protect lower frequencies needs to be further studied;
cochlear implant recommendations have expanded to include patients with partial deafness
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who are candidates for electric acoustic stimulation (EAS). Clinical implementation can be
also beneficial for patients with Méniere’s disease, in which the low frequencies are initially
those most affected.

5. Conclusions

Pluronic-coated AuNPs carrying dexamethasone, applied to the round window, may
be useful as an additional treatment for limiting the short-term inner-ear damage caused
by cochlear implantation, along with the soft surgery principles. The long-term effects
need to be evaluated, together with the capacity to sustain a delayed and prolonged anti-
inflammatory effect. Since no statistical differences were found in the audiological parame-
ters, more evidence is needed to support the use of Plu-AuNPs containing dexamethasone
as a pharmacological compound for the protection of residual hearing. Dexamethasone
may be beneficial in its free form without the need for a carrier.
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Abstract: Background: Chronic tinnitus can have an immense impact on quality of life. Despite
recent treatment advances, many tinnitus patients remain refractory to them. Preclinical and clinical
evidence suggests that deep brain stimulation (DBS) is a promising treatment to suppress tinnitus. In
rats, it has been shown in multiple regions of the auditory pathway that DBS can have an alleviating
effect on tinnitus. The thalamic medial geniculate body (MGB) takes a key position in the tinnitus
network, shows pathophysiological hallmarks of tinnitus, and is readily accessible using stereotaxy.
Here, a protocol is described to evaluate the safety and test the therapeutic effects of DBS in the MGB
in severe tinnitus sufferers. Methods: Bilateral DBS of the MGB will be applied in a future study in six
patients with severe and refractory tinnitus. A double-blinded, randomized 2 x 2 crossover design
(stimulation ON and OFF) will be applied, followed by a period of six months of open-label follow-up.
The primary focus is to assess safety and feasibility (acceptability). Secondary outcomes assess a
potential treatment effect and include tinnitus severity measured by the Tinnitus Functional Index
(TFI), tinnitus loudness and distress, hearing, cognitive and psychological functions, quality of life,
and neurophysiological characteristics. Discussion: This protocol carefully balances risks and benefits
and takes ethical considerations into account. This study will explore the safety and feasibility of
DBS in severe refractory tinnitus, through extensive assessment of clinical and neurophysiological
outcome measures. Additionally, important insights into the underlying mechanism of tinnitus and
hearing function might be revealed. Trial registration: ClinicalTrials.gov NCT03976908 (6 June 2019).

Keywords: deep brain stimulation; tinnitus; MGB; auditory thalamus; randomized controlled trial

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.

o _ 1. Introduction
This article is an open access article

Tinnitus, commonly known as “ringing of the ears”, is one of the largest health
challenges in the world [1]. According to a recent large survey, approximately 6.4% of
Americans experience persistent tinnitus [2]. One in ten patients experiences the most
extreme and debilitating form of tinnitus. Sleep deprivation, anxiety, and depression often
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accompany tinnitus and severely affect the patient’s quality of life [3-5]. In turn, this places
a huge burden on society, and healthcare costs, and decreases productivity [6].

Subjective tinnitus has a multifactorial origin with heterogeneous patient profiles,
which makes it a highly complex condition. The absence of an underlying medical cause
in most cases leaves many patients without an available curative evidence-based treat-
ment [7,8]. Tinnitus combined with sensorineural hearing loss might benefit from hearing
aids. However, somewhere between 22% and 80% of affected patients are adequately
served by using hearing aids [9,10]. The current clinical practice primarily aims at reducing
the impact of tinnitus by providing psychoeducation and improving coping strategies via
various psychological interventions [11,12].

The etiological and pathophysiological mechanisms of subjective tinnitus are complex
and not fully understood. Many investigators feel that in nearly all tinnitus cases, there is
some degree of cochlear impairment, leading to diminished auditory nerve activity reaching
the cochlear nuclei [13]. Much evidence implicates the head and neck somatosensory system
as a separate major factor in the development of tinnitus. It is likely that most tinnitus
develops as a result of interactions between these two systems within the central nervous
system [14]. According to current theories, tinnitus is associated with increased neural
activity in auditory cortices, possibly resulting from maladaptive gating [15,16] and/or
an increase in central gain [17]. Specific neural correlates described in tinnitus models are
enhanced neuronal synchrony, increased spontaneous firing, and changes in tonotopic
organization [18].

A commonly applied neuromodulation technique is deep brain stimulation (DBS).
This therapy has been widely used in neurologic and neuropsychiatric disorders such as
Parkinson’s disease. DBS is generally applied using high-frequency stimulation (>100 Hz),
to disrupt pathological neuronal activity and oscillations [19,20]. Hypothetically, this results
in an alteration of tinnitus perception and related distress. Further, patients treated with
DBS for a movement disorder sometimes also suffered from tinnitus. DBS of non-auditory
structures in these patients led to diminished or completely suppressed tinnitus [21-27].
Other implants that could potentially influence tinnitus, and have been investigated, are a
cochlear implant (CI) [28] and an auditory brainstem implant (ABI) [29], however, these
can only be used in patients with severe hearing loss. In addition, other neuromodulation
techniques, such as vagal nerve stimulation [30] and cortical stimulation [31], have been
investigated with various degrees of success. These latter treatments can also be used in
patients without hearing loss, however, at the moment, there is insufficient evidence to
implement these treatments in clinical practice. For a comprehensive review of neuro-
modulation for tinnitus, see Deklerck et al. [32]. Our hypothesis is that influencing the
pathological tinnitus network at any level could be beneficial in theory, but the site at which
stimulation is performed strongly influences the outcome. Stimulation in close proximity
to the site at which the pathological activity is generated, i.e., within the brainstem [33],
might be a more direct and thus efficient target. This could also explain why non-invasive
cortical stimulation fails to show conclusive favorable outcomes [34,35].

Preclinically, at multiple levels of the central auditory pathway from cochlear nuclei
to the auditory cortex, tinnitus-related neuronal activity is similar to subthalamic nucleus
activity in Parkinson’s disease, i.e., enhanced spontaneous activity and burst firing [36-39].
The primary role of auditory thalamic neurons is to actively and dynamically shape neural
representations of information and to control which information reaches the cerebral
cortex [40].

Moreover, preclinical studies support the beneficial effects of DBS on tinnitus when
applied in auditory brain areas [21-27]. In Table 1 we listed all currently available animal
and human studies that applied DBS for tinnitus. In our lab a rat model for tinnitus was
used in order to test DBS as a potential treatment for tinnitus. Noise exposure was used to
induce tinnitus in rats after which a gap-prepulse inhibition of the acoustic startle reflex
(GPIAS) also known as a gap detection task [41] established the presence of tinnitus. This
task exploits the acoustic startle reflex which is present in all mammals and consists of a
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contraction of the major muscles in response to an unexpected loud noise [42]. A reduction
in tinnitus-like behavior was shown when DBS was applied in several structures along
the classical auditory pathway, including the dorsal cochlear nucleus [43—45], inferior
colliculus [46], and medial geniculate body (MGB) [47]. Importantly, no undesired side
effects occurred. DBS of the MGB did not lead to anxiety or disturbed locomotor activity.
DBS of the inferior colliculi did not cause any detectable hearing impairment [48]. Other
groups also showed beneficial effects in tinnitus behavior in animal rat models, in the
caudate [45] and the dorsal cochlear nucleus [44,45]. A similar setup was used as in our
studies. These results also indicate that (high-frequency) stimulation anywhere within the
pathological tinnitus network could have a beneficial effect on tinnitus [49-51].

Table 1. Overview of preclinical and clinical DBS studies that applied DBS primarily for tinni-
tus. We only listed studies that primarily treated tinnitus. GPIAS = gap-prepulse inhibition of the
acoustic startle reflex; TFI = Tinnitus Functional Index (clinically significant change, i.e., respon-
der = > 13 point decrease); THI = Tinnitus Handicap Inventory (clinically significant change, i.e.,

responder = > 20 point decrease).

Animal (Rodent) Studies

Reference Design Target N  Uni/Bilateral Stimulation Outcome
. Noise induced tinnitus, Continuous GPIAS, tinnitus
Van Zwieten o . Dorsal Cochlear . . . . .
et al.,, 2019 [43] within-subject Nucleus 10 Bilateral stimulation during behavior was
v controlled test suppressed
Van Zwieten Noise induced tinnitus, Medial Continuous GPIAS, tinnitus
et al., 2018 [47] within-subject Geniculate 11 Bilateral stimulation during behavior was
v controlled Body test suppressed
Noise induced tinnitus, Continuous GPIAS, tinnitus
Ahsan et al., Lo . Dorsal Cochlear . . . . .
2018 [45] within-subject Nucleus 9 Bilateral stimulation during behavior was
controlled test suppressed
. Noise induced tinnitus, . Continuous GPIAS, tinnitus
Smit et al., 2016 Lo . Inferior . . . . .
[46] within-subject Colliculus 9 Bilateral stimulation during behavior was
controlled test suppressed
Luo et al,, 2012 Noise }nduced ’metus, Dorsal Cochlear ' ' Cont}nuous' GPIAS,‘ tinnitus
[44] within-subject Nucleus 6 Unilateral ~ stimulation during behavior was
controlled test suppressed
Human Studies
Reference Design Target N  Uni/bilateral Stimulation Outcome
Open-label,
Cheungetal,  nonrandomized trial in Caudate 6 Bilateral 24 weeks open TFI (3 responders),
2019 [24] refractory tinnitus Nucleus label THI (4 responders)
patients
Ventral anterior
.. Case report in limb of the TFI (pre = 74,
D1]21E)slt§a[2e;]al., refractory tinnitus internal capsule 1 Bilateral 1 year post = 46), THI
patients & Nucleus (pre =76, post = 32)
Accumbens

The MGB is a preferred target area as opposed to other auditory subcortical struc-
tures [50], as the auditory thalamus is readily accessible in stereotactic surgery. Conse-
quently, targeting the auditory thalamus bears smaller surgical risks and complications
such as bleeding and potential neurological deficit. The MGB of the thalamus is a major
relay and gateway between the midbrain and cortex, and a core structure in tinnitus patho-
physiology [52,53]. Furthermore, the integration of auditory and limbic information occurs
within the MGB [54]. Connected limbic structures, such as the amygdala and nucleus
accumbens, are related to emotional and attentional symptoms of tinnitus [55]. Hence, the
MGB acts as a central hub in networks involved in tinnitus, which makes it a promising
structure for neuromodulatory approaches.
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Currently, MGB DBS has not been applied in humans. The majority of patients with
tinnitus can be treated with non-invasive methods, and only a small number of patients
can be considered a candidate for DBS. Based on our pre-clinical findings in rat studies, we
developed this protocol for a human pilot study.

The primary objective of the proposed study is to assess the safety and feasibility
(acceptability) of bilateral MGB DBS in severe tinnitus. Patients with severe tinnitus who
are refractory to the standard treatment program will be included. Secondary outcomes
will provide data on the potential efficacy of MGB DBS on tinnitus severity (Tinnitus
Functional Index (TFI)), tinnitus loudness, and distress (Visual Analogue Scales (VAS)).
Additionally, hearing (audiometry), cognition (neuropsychological test battery), quality
of life, and psychological functioning (questionnaires) will be assessed. Furthermore,
electrophysiological data will assess fundamental aspects of auditory function and tinnitus
pathophysiology. After a successful evaluation of the primary and secondary outcomes
in this pilot study, MGB DBS could potentially be further developed as a novel treatment
option in severe, refractory tinnitus.

2. Methods
2.1. Study Design

This pilot study uses a double-blind 2 x 2 crossover design in which MGB DBS will
be compared to no stimulation (Figure 1).

Inclusion (n = 6)
T0 l
DBS surgery
Recovery 2 weeks
A Optimizarion of 6 weeks
stimulation parameters
Randomisation
+ <
Stimulation ON Stimulation OFF 6 weeks
T1
washout (1 week) washout (1 week)
Stimulation OFF Stimulation ON 6 weeks
T2
washout (1 week) washout (1 week)
Stimulation ON 6 months
T3

Figure 1. Overview of study design.

2.2. Setting

This study will be carried out at Maastricht University Medical Center (MUMC+)
in Maastricht, the Netherlands. MUMC+ is an expertise center for tinnitus, providing
integrated multidisciplinary diagnostics and rehabilitation for a wide range of tinnitus
patients. The Ear, Nose, and Throat department has long-standing clinical expertise and
experience with developing neuromodulative therapies for tinnitus such as intracochlear
devices [56]. The neurosurgery department has substantial clinical and preclinical expertise
in DBS. In addition to a preclinical DBS research line [57], it is well equipped to conduct
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clinical trials for new indications of DBS therapy such as Gilles de la Tourette syndrome [58].
Acquisition of neurophysiological data, both intra- and postoperatively is standard practice
and is used to unravel neural mechanisms [59].

The study will be conducted according to the principles of the Declaration of Helsinki
(Version 10, 2013) and in accordance with the Medical Research Involving Human Subjects
Act (in Dutch: ‘“Wet medisch-wetenschappelijk onderzoek met mensen’ (WMO)). This
study complied with the CONsolidated Standards Of Reporting Trials (CONSORT) exten-
sion statement. Ethics approval was obtained by the institutional review board. Results
will be published in an international peer-reviewed scientific journal and presented at
scientific meetings.

2.3. Recruitment and Consent

Patients are eligible to enroll if they meet the inclusion and none of the exclusion
criteria as outlined in Table 1. All patients will be evaluated and selected by a multidisci-
plinary team of specialists (otolaryngologists, audiologists, neurosurgeons, neurologists,
psychiatrists and psychologists). Diagnostics and treatment are in accordance with national
tinnitus guidelines [60]. Based on the Dutch tinnitus guidelines, the tinnitus questionnaire
(TQ) is used to determine tinnitus severity [61]. Patients suffer severely (TQ score > 47), and
are refractory to available treatments including cognitive behavioral therapy and hearing
aids in case of hearing loss.

Patients will be recruited at the outpatient clinic of the Ear Nose Throat department.
If patients give permission, they receive an information brochure. Two weeks after, re-
searchers will contact the patients to plan a face-to-face meeting. During this meeting, a
full understanding of the study protocol is ensured and additional questions are answered.
When a patient needs more time to decide, the investigator plans a follow-up appointment
after a few weeks. If a patient agrees to participate in the study, informed consent will be
signed by the patient and investigator. If the patient meets the criteria, a second outpatient
visit will be planned. During this visit, an intake interview will be conducted by one of
the researchers, followed by a consultation with both a psychiatrist and a neurosurgeon.
Then, the multidisciplinary team will form a collective decision on inclusion or exclusion.
Following a positive decision of the multidisciplinary team, a standard clinical workup
for DBS surgery will follow. This includes conducting a brain scan and general blood
examination. If inclusion criteria are still met, final inclusion will follow. Patients can leave
the study at any time for any reason without any consequences. The investigators can
decide to withdraw a subject from the study for urgent medical reasons.

2.4. Outcomes

The time frame and methods of data acquisition are displayed in Figure 1 and Table 2,
respectively.

2.4.1. Primary Outcomes

The primary focus of this pilot study is to assess safety and feasibility. Safety will be
assessed by reporting the rate and grade of all surgical and stimulation induced adverse
events in the study sample during the study period. Feasibility will be assessed in terms
of the acceptability of the intervention, by taking qualitative interviews at all major time
points (T0, T1, T2, T3; see Table 3), and by comparing satisfaction during sham stimulation
and DBS.
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Table 2. Eligibility criteria. TQ, Tinnitus Questionnaire; DBS, Deep Brain Stimulation; CI, Cochlear

Implant; ABI, Auditory Brainstem Implant.

Inclusion Criteria

Exclusion Criteria

Medically refractory tinnitus *
Age 18-69 years

Experiencing tinnitus that is non-pulsatile and

uni- or bilateral
Severe tinnitus (TQ score > 47)

Tinnitus, which is chronic (present > two years)
and stable (not intermittent > one year)
° Average pure tone thresholds for 1, 2 and 4 kHz

<60 dB for each ear

e  Willingness to participate in the study

° Anatomic cause of tinnitus (e.g., vestibular schwannoma, tumor,
middle-ear pathology, temporal mandibular disorder)

DSM-V psychiatric disorders, other than depression or anxiety
disorder

Depression or anxiety disorder, manifestation before tinnitus onset
Cognitive impairment or coping problems

Active otologic diseases

Pregnancy or breast-feeding

Active suicidal thoughts or recent attempts

Life expectancy lower than two years

Implantable electronic devices that potentially interfere with DBS
(CI, ABI, cortical implant)

e  General contra-indications for MRI or surgery

* Patient does not respond to available tinnitus treatments (e.g., sound enrichment and cognitive behavioral
therapy) and is thoroughly evaluated by the multidisciplinary tinnitus team in MUMC+.

2.4.2. Secondary Outcomes

This pilot study will be used to robustly examine the suitability and appropriateness

of the secondary outcome measures (e.g., tinnitus severity, hearing function, depression,
anxiety, cognitive function, and quality of life) and make necessary changes in preparation
for a full trial. Descriptive statistics and confidence intervals will be reported. The small
sample size may hinder a statistically significant outcome. Furthermore, changes in neu-
ronal activity will be assessed by comparing electrophysiological measurements during
sham stimulation and DBS.

1.

Tinnitus severity will be assessed with the Tinnitus Functional Index (TFI) [62]. The
TFl is a validated self-report questionnaire that measures the overall severity of tinni-
tus and provides coverage of multiple tinnitus severity domains. This questionnaire
is the most appropriate responsive measure of treatment-related change. The TFI is
translated and validated for Dutch native speakers [63].

Tinnitus loudness and burden will be measured by VAS. This will be performed
three times daily within a week, which is repeated four times during the study.
Furthermore, these VAS scores will be used to assess the effect of stimulation on
tinnitus during surgery. VAS ratings for tinnitus loudness and burden are often used
in both clinical practice and experimental and descriptive research as a measure of
subjective symptoms [64]. Both scales have been shown to correlate with the scores
on Tinnitus Questionnaires [65].

The hearing function will be assessed with pure tone and speech audiometry. These
are clinical standard audiometric tests. Furthermore, subjective hearing will be evalu-
ated using patient feedback.

Cognitive functioning will be measured using a validated test battery for standard
DBS care. These include the Boston Naming Test, Verbal Fluency, Letter Fluency,
15 Words Test, Trail Making Test part A and B, and the Stroop Color-Word Test.
Quality of life and psychological functioning will be assessed by the following psycho-
logical questionnaires: 36-Item Short Form Health Survey (SF-36), Beck Depression
Inventory II (BDI-II), Beck Anxiety Inventory (BAI), and Hospital Anxiety and De-
pression Scale (HADS).

Neurophysiological measurements: electrophysiological data and auditory brainstem
responses will be recorded before and after surgery (T0 and recovery) and at the end
of treatment periods I and II (T1 and T2). Furthermore, local field potentials (LFP)
will be recorded during surgery and before the implantation of the pulse generator.
Details are described under ‘Neurophysiological assessments’.
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Dependent on the results of the primary and secondary outcomes, future imple-
mentation procedures might be adapted or in case of adverse events, terminated. These
adaptations depend not only on the feedback of the individual participants but also on
expert judgment. For example, in case the patients describe the questionnaire procedures
to be too burdensome, it could be considered to shorten these. Another example, based on
expert judgment, could be rethinking the two times six weeks crossover design in case no
short-term effects are reported.

3. Intervention
3.1. Implantation of DBS Electrodes and Internal Pulse Generator

A two-staged surgery will be performed. First, bilateral DBS electrodes will be im-
planted. Tinnitus is a complex disorder for which to date the underlying mechanisms
are not entirely clear. The auditory system is organized bilaterally, with a large number
of interconnections and information crossing partially (80%) after the cochlear nucleus.
To investigate the safety and feasibility bilateral implantation was opted for. Following
a standard stereotactic surgical procedure, DBS electrodes will be inserted in the MGB
of the thalamus and monitored by radiological and electrophysiological measures. The
placement will be conducted under local anesthesia. A CT cerebrum will be carried out and
fused with a pre-operative MRI in order to plan the exact trajectory. First, a micro-electrode
(InoMed, Emmendingen, Germany) will be inserted. Neurophysiological recordings will
be performed in 0.5 to 1 mm steps from 10 mm above and maximally 5 mm below the
target with a multi-channel system (InoMed, Emmendingen, Germany) [66]. Simultane-
ously, at each step, a sequence of auditory stimuli will be presented, which is designed
based on known signal processing characteristics of the thalamus [67] and to maximize the
likelihood of evoking a reliable response. The amplitude of these responses relative to the
spontaneous activity will be used to confirm electrode placement. After the identification
of the ventral and dorsal border of the MGB, test stimulation will be applied using 130 Hz,
a pulse width of 120 ps and a voltage starting from 0.5 V up to 5 V, or until undesired
side effects occur. Stimulation is monopolar, the deepest contact of the electrode is the
anode and the battery is the cathode. Stimulation amplitude will be adjusted stepwise. The
patient will be asked repeatedly to rate the loudness and burden of the tinnitus sound using
VAS. Furthermore, the neurologist will test for undesired side effects. The stimulation
electrode will be placed once an optimal effect and acceptable or absent side effects are
reached. After placement and fixation of both stimulation electrodes (Medtronic, model
3389) the stereotactic frame will be removed and electrodes will be externalized to enable
the recording of LFPs postoperatively.

After surgery, the patient will be transferred to a neurosurgical medium care unit.
On the second post-operative day a CT cerebrum will be made to confirm the definite
electrode positioning. After one or two days the pulse generator (Medtronic, Activa PC
model 37601) will be subcutaneously placed under general anesthesia and the electrodes
will be connected. One or two days postoperative, the patient can be discharged. After the
end of the trial, follow-up as standard DBS care will be provided.

3.2. Stimulation Parameters

Based on the results in rats it is expected that only high-frequency stimulation will be
effective for tinnitus reduction [43]. The following stimulation parameters will be used as
the minimum and maximum values during the optimization period to determine optimal
stimulation parameters: stimulation frequency (2-200 Hz), pulse width (60-450 ps), and
voltage (starting from 0 to a maximum of 5 V). Initially, the stimulation will be bilateral with
the same parameters on both sides. Voltages will be increased symmetrically depending
on the clinical effect and side effects. In case of stimulation induced side effects, bilateral
stimulation can be adapted to unilateral stimulation. During treatment, patients will
visit the outpatient clinic weekly. During this period, side effects and tolerability of the
stimulation in daily life are evaluated; however, no instant change in tinnitus is expected

45



Audiol. Res. 2023, 13

due to the complexity of the disorder and the anticipated burden and duration of tinnitus.
Following the treatment episode, there will be a one-week period for washout of a possible
residual therapeutic effect.

3.3. Neurophysiological Assessments

EEG will be recorded with surface electrodes applied to the scalp in accordance with
the 10-20 international system standard. Just before the implantation of the pulse generator,
cables are externalized, which enables simultaneous recordings of LFPs from the depth
electrodes in the MGB.

For each session, several recordings with and without auditory stimulation will be
obtained. In the first phase, resting-state activity will be recorded with eyes open and eyes
closed. These initial recordings serve to establish baselines for task-independent neural
oscillatory activity, network activity, and coherence (assessed on the basis of dominant
spontaneous low-frequency oscillations and their variability). In the second phase, auditory
brainstem responses will be recorded using a standard protocol to probe auditory brain-
stem function before and after surgery. In the third phase, activity will be recorded during
experimental auditory stimulation. The respective measures will allow assessing of basic
characteristics of auditory function in general, and sensory gating in particular (i.e., adap-
tive filtering based on predictable feature-based and temporal information) in accordance
with the adopted model. These measures have been previously obtained via surface EEG
recordings in humans [68,69] and preliminary data show comparable responses recorded
from the thalamus in the animal model.

Taken together, these measures allow for assessing fundamental signal coding (linear
vs. event-related), time-course (temporal relation of thalamic and surface responses), and
functional (deviance processing, regularity, predictability, gating) aspects of auditory func-
tion. Dysfunctional processing would correspondingly be indexed by desynchronization,
lack of suppression effects, temporal decoupling (reduced correlation between thalamic
and surface responses), and overall high variability.

3.4. Randomization and Blinding

Randomization will be performed directly after the period of stimulation optimization
by an independent institution, the Clinical Trial Center Maastricht (CTCM). Patients will
be randomly assigned to one of the two study groups. The investigator who adjusts
DBS parameters cannot be blinded. All other investigators and the patient are blinded to
the study group. In case the patients are considered unblinded due to the nature of the
stimulation the protocol will be carried out as planned. Only in the case of medical concerns,
the patient and investigators will be unblinded in order to provide the care needed.

3.5. Data Collection and Management

Data handling will be organized according to the “FAIR guiding principles for scientific
data management and stewardship” [70]. This will be carried out in cooperation with the
CTCM, which is a local center that facilitates human research. Data will be collected by
data entry in Castor electronic data capture (EDC); a cloud-based, password-protected
data management system providing a backup on a secured server. Audit trailing provides
basic data to backtrack a file to its origin. Paper versions of questionnaires will be kept in a
locked closet in the research office. All data will be anonymously coded. The key will be
available to the project leader only. Data collection is monitored by the CTCM,; a specific
monitor is appointed to the study who will follow up on the progress and adherence to
the protocol. The monitor will perform periodic checks. A data safety monitoring board,
comprising a statistician and two neurologists, is instituted which periodically reviews
and evaluates the accumulated study data concerning participant safety, study conduct,
progress, and efficacy. The data safety monitoring board receives and reviews the progress
and acquired data of this trial and provides the research team with advice on the conduct
of the trial.
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3.6. Statistical Analyses

The safety and feasibility outcomes will be reported descriptively. Descriptive statistics
with 95% confidence intervals will be used to present preliminary data of secondary
outcomes such as tinnitus (severity, loudness and distress), anxiety, depression, hearing
function, quality of life, and cognitive functioning. These data will provide some insight
into population characteristics and might indicate potential changes in mean scores between
the intervention and sham stimulation.

3.7. Sample Size

As this is a pilot study, no formal sample size calculation was performed. Only a
small sample size will be used because a large burden is being placed on the participants.
Additionally, there is uncertainty about potential benefits and the fact that the effects of
surgery are still unknown, even though it is expected to be safe. Based on previous first-in-
human DBS studies [24,58,71], we expect to adequately address the safety and the proof of
concept purpose of the study by including six patients. In these invasive first-in-human trial
small sample sizes are not uncommon. Furthermore, this number of patients will enable
the collection of preliminary results that will provide meaningful information about the
differences between the intervention and sham stimulation. In case of the withdrawal of a
patient or in case of incomplete data there will be no replacement of individual participants.

3.8. Patient and Public Involvement

Patients from the Dutch tinnitus support group were involved in the development of
this protocol. During information meetings, aspects of the study were discussed such as
feasibility and eligibility criteria. Furthermore, patients were involved in the development
of patient information.

4. Discussion

One of the main ethical considerations in this study is balancing risks and benefits.
The potential benefit of the intervention is a reduction of tinnitus loudness and tinnitus
burden. Risks of this minimally invasive and reversible form of functional neurosurgery are
surgery-related complications (e.g., cerebral hemorrhage or infarction, CSF leak, seizures,
meningitis or encephalitis), hardware failure (e.g., lead rupture, extension fibrosis, device
migration) and stimulation related side effects. These latter effects are unknown as clinical
MGB DBS has not been performed before. The function of the MGB is primarily hearing
thus other side effects than hearing-related effects are less likely. Animal studies did not
show hearing loss, anxiety or locomotion-related side effects in DBS in subcortical auditory
structures [43,47,48]. We also reviewed possible side effects based on the brain structures
surrounding the MGB. The MGB is located posterior to the subthalamic nucleus. The MGB
is 8mm wide, 6mm long and 6.5mm high with its largest volume at -3.5mm from the AC-PC
(anterior commissure-posterior commissure) plane. Considering the relatively large size of
the MGB, current spread outside the MGB is unlikely if the DBS electrode is positioned in
the center. Neighboring structures of the MGB are structures similar to other commonly
used stimulation targets. The current spread to the anterior side of the MGB could result
in internal capsule effects. These side effects are known from subthalamic nucleus (STN)
DBS treatment for dystonia and Parkinson’s disease. The possible side effects of internal
capsule stimulation are dysarthria, muscle contractions, and gaze paresis. Posterior to the
MGB the ventricle can be found. Possible side effects are known from anterior nucleus of
the thalamus (ANT) DBS which has also a border at the ventricle. Antero-medially the
sensory thalamus is located which is targeted when performing DBS to treat pain. More
medially the fields of Forel are located. Possible side effects are known from STN DBS in
which current spread also may occur to the fields of Forel which can result in disturbances
of speech, postural stability and gait. Laterally to the MGB the optic tract is located. We
know from globus pallidus internus (GPi) DBS that stimulation of the optic tract elicits
phosphenes. All these side effects from current spread to surrounding regions are elicited
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by stimulation and thus reversible. Taking this together, MGB DBS could induce changes
in auditory sensation, and there is a slight risk for side effects due to current spread. In
case of undesired side effects, stimulation parameters can be adapted or stimulation can be
turned off. The principal investigator will immediately inform the data safety monitoring
board and the medical ethical committee in case of serious side effect.

In relation to correctly and carefully evaluating risks and benefits, patient recruitment
and extensive informed consent are crucial steps. The primary inclusion criterion is that pa-
tients need to be refractory to current treatment (e.g., cognitive behavioral therapy); second,
sufficient hearing is required and patients cannot be candidates for cochlear implants. In a
refractory patient population, patient selection is an important factor. Patients should have
gone through all available proven treatments without significant success. This treatment
could be the last resort for these patients when all else has failed. However, this could also
affect their decision-making, making them eager to participate in the hopes of a cure. There-
fore, patients should be informed about the implications and the uncertainties concerning
the outcome extensively during the informed consent procedure. Thus, creating realistic
outcome expectations and emphasizing the potential effects or the potential absence thereof.
To evaluate whether a patient will be able to cope with a potential negative outcome (no
result or side effects) a multidisciplinary team is involved in this study. Additionally, both
the potential health benefits as well as the scientific gain need to outweigh the possible risks.
In order to maximize the scientific benefit one should try to gather as much information
as possible to expand the fundamental knowledge. The potential health benefit should be
aimed at increasing the participant’s quality of life. For this reason, a balance needs to be
struck to obtain the most beneficial situation for both science and the participant [72].

A questionnaire study showed that about 20% of general tinnitus patients are willing
to undergo DBS surgery in case of a 50% chance of successful treatment. The willingness
increased with the number of therapies already tried [73]. Further, patients would be
willing to pay 20 times their monthly income to be treated. Most patients would accept
a risk of mild side effects, and almost half of the patients would accept a risk of severe
side effects [73]. A caveat in patient selection is that desperate patients might see this
experimental treatment as a last resort and rush through the informed consent [74]. These
circumstances make this group of patients vulnerable and inclusion should carefully be
contemplated when informed consent is discussed. Included patients will receive a heavy
burden by undergoing a surgical treatment that could be perceived as a last remedy. This
could potentially lead to a bias based on effort justification. We aim to minimize the
bias by using a combined crossover and randomized double-blind design. The crossover
ensures that every patient receives each treatment in a different order, counterbalancing
the treatment phases. The double-blind randomization ensures that neither the participant
nor the researcher can influence the outcome as they are unaware of the condition. The
rationale of the study is for the majority based on animal studies. The assessment of tinnitus
in rats (GPIAS) and the method for DBS is at least not fully translatable to humans. An
additional limitation is that generalizability to the target group of severely affected tinnitus
patients might be challenging due to the heterogeneous nature of tinnitus and the small
sample size of this pilot feasibility trial. Still, by carefully evaluating safety and feasibility
in this pilot study, we will be able to determine how MGB DBS is received by participants,
and optimize a follow-up study in terms of patient support, patient inclusion, surgical
procedure and choice of stimulation parameters.

5. Trial Status
Recruitment starts in 2020 and last follow-up is estimated to be completed in 2023.
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Abstract: Subjective tinnitus is a highly prevalent sound sensation produced in most cases by
persistent neural activity in the auditory pathway of the patient. Audiologists should be confident
that they can employ elements of sound therapy and related counseling to support patients in coping.
However, patients with bothersome tinnitus may be challenged by mental health complications, and
they struggle to find adequate care when tinnitus and psychological distress co-occur. Audiologists in
many cases lack the confidence to provide in-depth counseling while mental health providers lack
basic understanding of tinnitus, its mechanisms, and the elements of audiologic management that
could support patients in coping. At the very least, audiologists should be able to explain the
mechanisms involved in and contributing to negative tinnitus effects, conduct valid measures of
these effects, and offer reasonable options for managing the consequences linked by the patient to
bothersome tinnitus and sound-related sensations. This brief communication summarizes the current
state of tinnitus-related opportunities offered in US audiology training programs, and the substantial
need to improve both the education of practitioners and the delivery of services to patients in need.

Keywords: tinnitus; cognitive behavioral therapy; self-efficacy; doctor of audiology

1. Introduction

Subjective tinnitus is not associated with sounds external to the body; however, its
onset and detectability may be related to a specific medical condition, such as otosclerosis
or otitis media [1], or it can arise from, and provide a reminder of, a specific event such
as traumatic acoustic overexposure [2,3]. Tinnitus may also arise as a consequence of
ototoxic medication use [4,5]. Subjective tinnitus may appear idiopathically, intermittently,
and be unrelated to auditory thresholds [6,7]. Tinnitus often co-occurs with other auditory
symptoms such as intolerance to moderate levels of sound (i.e., hyperacusis) or powerful
negative emotions such as anger or rage in response to sounds that do not bother other people
(i-e., selective sound sensitivity or misophonia) [8]. The diversity of these experiences, triggers,
and consequences challenges providers as patients require counseling not only for audiologic
rehabilitation, but often interventions for co-occurring mental health complications.

The education of practitioners in this area of audiology is of obvious value, and
although published standards [9] reference prevention and management, there remains
substantial heterogeneity among audiology programs in the US with regard to classroom
and clinical opportunities to study tinnitus and sound tolerance disorders. Reports con-
cluding that psychological management of tinnitus may for many patients provide better
outcomes than audiologic management can point both audiology and clinical psychology
fields to reasonable interventions (i.e., cognitive behavioral therapy (CBT)) [10]. However,
such findings may not encourage audiologists who lack experience and comfort with
counseling regarding tinnitus to provide management services for distressed patients.
Patients often express frustration and disappointment when seeking clinical services for tin-
nitus and it is not uncommon for a patient, particularly one who experiences co-occurring
mental health disorders, to cease searching despite needing help [11].
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2. Methods

This communication summarizes elements of audiology education that can be considered
as viable avenues through which programs and students may improve current delivery
of tinnitus-related clinical services. Academic and clinical programs routinely assess their
resources as they face choices regarding the opportunities they provide. Few programs provide
comprehensive and consistent opportunities for their students that meet the needs of patients
who have bothersome tinnitus and lack access to dependable care. Current practices in clinical
psychology that have relevance and value to audiologists, and that audiologists conduct
routinely within their scope of practice, such as fitting hearing aids to reluctant patients and
counseling parents of hearing-impaired children, are summarized below.

3. Results
3.1. Tinnitus in the Doctor of Audiology Program

Henry et al. [12] conducted a survey of 75 academic programs offering the AuD degree.
The survey focused on class and clinic activity directly supporting tinnitus education and
services. In total, 32 out of 75 programs responded to the survey. The results depicted a sub-
optimal situation in which only a handful of programs (5) specified an hourly total related
to tinnitus coursework, while 15/32 programs indicted less than one credit hour (or sixteen
total hours of class and clinic time) devoted to tinnitus training. Only 10/32 programs
indicated an hourly total commensurate with 1 full-semester course focused on tinnitus,
including student clinic assignments that provided contact with patients reporting tinnitus.
It may be an overly optimistic interpretation to consider the non-responder programs
(i.e., approximately 1/3 of the remaining 43 programs) as offering a similar amount of
tinnitus study and opportunities to students.

Henry et al. [12] questioned programs regarding management approaches taught or
offered in clinical activity. All but one program indicated instruction/experience related to
masking/sound therapy, 91% specified instruction in tinnitus retraining therapy (TRT) [13]
and in progressive tinnitus management (PTM) [14]. Other interventions such as tinnitus
activities treatment (TAT) [15] and cognitive behavioral therapy (CBT) [16] were specified
by programs less often; unfortunately, the Henry et al. [12] summary lacked intervention
fidelity information. Therefore, while it was encouraging that at least the responding
programs endeavored to support the management of patients with tinnitus, the degree
to which their didactic and clinical instruction articulated information essential to the
interventions was not assessed. Other interventions specified (pharmacological, counseling,
mindfulness, and stress reduction) either required other professionals for implementation, or
lacked specific guidelines commensurate with those published for TRT, PTM, CBT, or TAT.
Two programs mentioned instruction regarding hearing aid use; however, hearing aid use
likely would be implemented as well by those programs specifying masking/sound therapy.

A recent European guideline [10] offered a comprehensive review of diagnostic, as-
sessment, and treatment approaches related to tinnitus patients and providers. The authors
identified barriers to and facilitators of tinnitus research and clinical activity, at one point
indicating that fewer than 50% of respondents in countries that offered tinnitus services
were satisfied with the care they received. Among the barriers, a lack of specialty clinics, a
lack of time for counseling and assessment, difficulties related to payment for services, in
addition to variability in treatment protocols could be generalized as challenges present
concurrently in the US. With regard to facilitators of care, the authors specified among
other items the condition’s ubiquity, and an awareness that services remain inadequate.

Professional organizations serving audiologists, as well as academic programs and
specialty continuing-education outlets, offer additional certification or training opportuni-
ties for clinicians. These programs are in most cases offered online, using asynchronous
delivery, and employ modules related to different aspects of tinnitus mechanisms and man-
agement. Therefore, the challenges of coordinating clinical opportunities with classroom
work might not be easily nor reasonably addressed. Ultimately, learners must translate the
educational components into routine clinical practice, and while the online programs en-
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deavor to address gaps in training, their effectiveness may be tempered by an unavoidable
disconnect if face-to-face clinical opportunities are not provided concurrently.

As the development and delivery of tinnitus programs remains a challenge, their sus-
tainability must also be addressed. The American Speech-Language Hearing Association
(ASHA) offered 591 opportunities in the past; however, only three continuing-education
“products” [17] are currently available. According to ASHA, it is rare for members to access
tinnitus-related opportunities; fewer than ten individuals have completed any tinnitus-
related work in the past year. The AudiogyOnline [18] continuing-education service offers
52 options, about half of which are linked directly to manufacturers of devices. Most of
the course options on AudiologyOnline indicate reviews of the courses that number from
100 to 2170, hence some courses accommodate thousands of viewers across several years.
Most of the courses are indicated as “intermediate”; however, presentation modalities are
heterogenous, consisting of videos from academic meetings as well as question and answer
text offerings. As with ASHA, continuing education is offered online or as recordings;
no opportunities for clinical practice are offered and the numbers of consumers are not
easily determined [18]. Salus University offers six 1.5-credit modules that cover tinni-
tus mechanisms, management, and sound tolerance disorders as part of an Advanced
Studies Certificate Program. The modules are optional for students completing Salus’
program of study, and are offered entirely online (also offered via AudiologyOnline) and
asynchronously in order to maximize availability for international participants.

One notorious barrier to the provision of tinnitus services remains the professionals’
remuneration for the clinical endeavor. Fee schedules for tinnitus services provided in
clinics whose population contains medicare recipients may reimburse basic, albeit often
uninformative measures such as pitch and loudness matching. Many professionals conduct
tinnitus-related activity as an ancillary service to, and separate corporate entity from, their
routine practice. In such cases, patients are required to pay for services out of pocket, therefore
the service will be available to a subset of patients who seek help. Tinnitus and sound
tolerance issues, for both patients and providers, highlight many of the US healthcare system’s
shortcomings; the reimbursement difficulties may represent both a cause and effect of the
shortfall of providers and lack of adequate service. It should be noted that, for years, all of the
continuing-education and certification training opportunities indicated above were intended
to address the shortfall of providers, yet the need remains acute. One additional and widely
recognized designator, the Certificate Holder-Tinnitus Management (CH-TM), may support
potential providers in a more durable manner and is summarized below.

Considered in the context of Henry et al.’s [12] findings, it is not likely that such basic
barriers could be addressed in any reasonable way with fewer than 16 dedicated hours of
course and clinic work throughout a multi-year training program offering a doctoral degree.

Perhaps extensive clinic placement opportunities could compensate for the dearth
of program credit hours, however Henry et al. [12] reported that only 25/32 responder
programs indicated externships that offered tinnitus-related opportunities for practice, or
“tinnitus-specific mentorship”. Of these, ten indicated that fewer than 25% of the students
received such training, while ten indicated that the opportunities were offered to at least half
the students; overall, 41% of students received training specific to tinnitus. Tinnitus training
outside the University clinic was not consistent, and in nearly half the programs responding,
such training was by student request and hence “voluntary”. Yet, when the authors asked
program administrators, on a 1-10 scale, whether students were well-prepared to offer services,
with 10 signifying “exceptionally well-prepared”, the responses were for the most part positive
with regard to making onward referrals (8.8/10), conducting a tinnitus assessment (7.8/10),
providing counseling (6.8/10), and performing at least one tinnitus intervention (5.8/10). If the
current regrettable state of tinnitus clinical services in the US is an indication of program efficacy,
then there are stark differences between the perceptions of program directors regarding their
programs and the willingness with which their graduates approach providing tinnitus-related
services. No matter how concerned by our deficiencies we are as providers, it may be that our
patients are at the same time substantially more concerned.
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3.2. Perspectives on Translation and Interprofessional Practice

If students do not receive a critical mass of experience and information supporting tinnitus
management during their matriculation through a program, then it may not be reasonable
to expect them to embrace the endeavor in their careers. Indeed, the previous statement has
relevance for clinical psychology students, who lack access to tinnitus-related instruction, as
well as those in hearing science/audiology programs. Increasing the availability and ability
of providers would facilitate the translation of scholarship—particularly clinically directed
scholarship—into practice at a rate likely greater than at present. Audiology programs, and
their clinical partners, could facilitate this process by employing interprofessional models,
such as those employed in group intervention settings [19]. In addition to group options,
audiologists could recognize self-efficacy training as an intervention strategy routinely
employed in past and current practice with regard to fall prevention, hearing aid use, and
audiologic rehabilitation.

The American Board of Audiology introduced in 2018 a certificate program intended to
provide practitioners additional training and educational modules associated with clinical
practice and the management of tinnitus and sound tolerance disorders [20]. The certifi-
cate holder in tinnitus management (CH-TM) completes seven online modules that address
the Foundations of Tinnitus Management (tinnitus definitions, management, and business
management) and Tinnitus Management Principles in Practice (audiologic evaluation, inter-
vention techniques, and management plans for patients with tinnitus and sound tolerance
disorders). Each module requires at least one hour to complete, while some certificate earners
use additional time to review notes and study for online evaluations. While the certificate
program supports clinical practice in an underserved portion of audiology’s scope of practice,
and requires completion of module-specific assessments, it cannot ensure that participants
have opportunities to practice in a supervised clinical setting. As of this writing, according
to Torryn Brazell, the chief operating officer of the American Tinnitus Association (ATA) [21],
483 professionals have earned the CH-TM through the online offering, 435 of whom are au-
diologists practicing in the US. Approximately 1000 students graduate audiology programs
annually; therefore, fewer than 10% of graduates sought the CH-TM since its inception
in 2018. The ATA also reported that their AuD degree-holder membership doubled since
the certificate was initially offered. It remains unclear whether the increase in certified
providers translates into a meaningful increase in services rendered.

At least three graduates from the author’s AuD program completed the CH-TM during
their first few years post graduation. All three graduates acknowledged the value of having
the certificate as a designator affirming their clinical competence; however, the graduates
also indicated that the certificate program did not extend in a substantive way the class and
clinical experiences provided during their matriculation through the AuD program. As an
extension of AuD programs of study, the CH-TM may be considered a welcome addition,
but should not be considered a substitute for a rigorous full-semester course supported by
a rotation in a tinnitus clinic. If the certificate’s completion required two hours/module,
then the 14 h total would approximate the typical AuD program time devoted to tinnitus
study as reported by Henry et al. [12].

3.3. Audiologists and Non-Audiologic Management Approaches

Other than medical interventions for cases such as otitis media or otosclerosis, tinnitus
sensations persist for most patients regardless of attempts to shut the sound off. At present,
the strongest evidence base for tinnitus management is CBT [7,10,16], an intervention that
convention would state resides outside audiologists” scope of practice. Because there are
no reliable cures for the ubiquitous subjective tinnitus sensation experienced by nearly
1 billion humans, research and clinical practice in the area of tinnitus often fail to please
providers and patients alike. Because patient education and counseling offer non-invasive
tools that may, more than other interventions, improve patient self-efficacy and agency, the
need for audiologists to convey relevant, accurate, and helpful information to patients is
clear. How best to prepare audiologists to address tinnitus and sound tolerance problems in
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the clinic, given that psychological interventions have the strongest evidence base, remains
a challenge.

The observation that bothersome tinnitus, or “tinnitus disorder” as described by
DeRidder et al. [22], would emerge when mental health status is “associated with emo-
tional distress, cognitive dysfunction, and/or autonomic arousal, leading to behavioural
changes and functional disability” [22] affirms the putative value of interprofessional care
opportunities for affected patients. One barrier to patient care specified by Cima et al. [16] is
related to the lack of multidisciplinary teams in some European countries, and a similar lack
of opportunities exists in many parts of the US. Without support from other professionals,
an audiologist might limit tinnitus clinical activity due to their concern regarding extra-
auditory contributors to tinnitus disorder. While such trepidation might seem reasonable,
it should be pointed out that audiologists routinely fit hearing aids to anxious and irritated
patients who resist the devices. The process is far from high-fidelity CBT; however, it is
often effective because it relies upon durable tenets of cognitive training, desensitization,
and the establishment of realistic expectations for the patient. Audiologists foster patient
self-efficacy when providing counseling regarding fall prevention, assistive devices in
classrooms, cochlear implant use, and more. Unfortunately, clinicians do not recognize the
similarities between the management strategies they already employ and those that could
be of benefit to patients with bothersome tinnitus.

The need for audiology providers to recognize mental health contributions to tinnitus
and sound tolerance disorders requires consideration of training components that were
viewed in the past as the exclusive purview of clinical psychology training programs.
Because tinnitus effects may be exacerbated by co-occurring mental health challenges
such as depression or PTSD, audiologists must be prepared to provide onward referrals
and appropriate counseling regarding mechanisms shared by tinnitus and mental health
status. That tinnitus effects are also compared to those of other conditions such as chronic
pain suggests the need to employ patient-centered interventions that support coping and
a patient’s ability to talk themselves through challenging situations and environments.
The evidence supporting cognitive behavioral approaches to tinnitus management [7,10,16]
affirms the value of addressing patient beliefs and of supporting patients” understanding of
tinnitus to the degree that the patient can employ in a reasonable manner lexical items that
support an accurate tinnitus narrative. As specified across decades of studies related to
the management of traumatic memories, for example, a patient who can employ accurate
and comprehensive narratives will more likely be able to manage the effects of traumatic
memories and arousal [2,23-26]. Unfortunately, the lack of preparation offered to audiology
students in the majority of AuD programs affects their ability to provide the management
strategies and narrative elements required by distressed patients. While it remains unlikely
that rank and file audiologists would provide and gain reimbursement for tinnitus-related
CBT programs, elements of cognitive training that foster a patient’s tinnitus management
may be employed. One such strategy, self-efficacy training, sets its focus on improving
patients’ confidence and agency when confronted with a challenging condition that lacks a
simple and accessible cure, such as tinnitus or disorders of sound tolerance.

Self-efficacy training is an intervention with a decades-long history of supporting
patients in co-existing with chronic conditions for which management, not curing, is the
only option. Bandura [27] offered the rationale and evidence to support specific methods
by which patients could be counseled and encouraged to employ thought and action in
ways that facilitated overcoming barriers and challenges associated with, for example,
healthcare needs or a handicapping health condition. Self-efficacy training [27] supports
care by enhancing patients” mastery of challenging activities and experiences, providing
vicarious experiences, using verbal persuasion to inform, and improving a patient’s sense
of control, thereby influencing physiologic and affective states.

Mastery experiences resemble interventions that employ “baby steps” as a way to
provide the patient evidence that there are elements of the tinnitus experience that may be
controlled. A patient may believe that tinnitus interferes with communication; however,
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the use of elevated test levels to illustrate the influence of amplification followed by hearing
aid evaluation may illustrate that communication can be improved even though a tinnitus
sensation remains present. In this case, the patient learns that mastering the use of a
hearing aid, Bluetooth streaming device, or other sound generator, although not the same
thing as mastering tinnitus, facilitates co-existing with an unwanted tinnitus sensation.
Other examples of mastery experiences could include the improvement of sleep through
the incremental use of sleep hygiene strategies.

The second self-efficacy objective employs vicarious experiences during which a pa-
tient may observe, through other affected individuals, the benefits of counseling, education,
device use, or other strategies that reduce distress in others. Group sessions for patients
bothered by tinnitus would support this goal as patients would have opportunities to inter-
act with one another, share each other’s successes and learn from each other’s challenges.

Verbal persuasion is an element of self-efficacy training with which audiologists may
feel the most comfortable. Counseling regarding tinnitus mechanisms results from medical
assessments that rule out the possibility that tinnitus is a symptom of sinister or terminal
illness, and an effective use of communication strategies, for example, may to some degree
“persuade” the patient to reassess their prior beliefs and concerns regarding tinnitus and its
perceived value.

Finally, self-efficacy training seeks to increase a patient’s perception of their own
ability to control the influences of tinnitus on daily life, including their emotional reaction
to the tinnitus. Interprofessional approaches and teams may facilitate improvements
in a patient’s coping, and may target elements of tinnitus as it affects emotional and
physiologic state. Addressing the patient’s sense of control [28], supports a variety of coping
strategies that can minimize the intrusiveness and negative effects of tinnitus. In addition
to supporting tinnitus management for patients, the inclusion of self-efficacy principles
in audiologic rehabilitation classes could provide a reasonable conduit for students to
acquire experience and confidence—self-efficacy of their own—with regard to patient care.
Note that audiologists taking on the role of a clinical psychologist is not being advocated,
and in no way should an audiologist employing mastery experiences, for example, be
thought of as conducting a comprehensive self-efficacy training course. The reader is
encouraged to consider whether a subset of elements drawn from interventions such as an
8-week CBT program, or a comprehensive self-efficacy training program, provide value to
patients in audiology clinics. If the answer is “yes”, then it is reasonable to provide students
an acknowledgement that clinical psychology employs tools that audiologists (and others)
may adapt to improve patient outcomes; at the same time, programs would provide the
means and opportunities for students to obtain relevant clinical experience. If the answer
is “no”, then the practice of audiologic rehabilitation will require recalibration.

A self-efficacy questionnaire intended to assess challenges facing patients with tinnitus
was validated [29] and later distinguished the self-efficacy levels across patient groups with
and without trauma histories [30]. In those studies, patients with prior military service
sought tinnitus-related services at a Veteran’s Medical Center (VAMC) audiology clinic.
Patients with PTSD diagnoses, and whose tinnitus was related to traumatic exposures—
tinnitus with sudden onset that was traced to specific traumatic events—rated their tinnitus
handicap and intrusiveness as more severe than patients without PTSD. The questionnaire
identified specific elements of a patient’s daily routine affected by tinnitus, thereby support-
ing focused management strategies related to, for example, device use, sleep hygiene, and
communication. A student project implementing a guided self-efficacy program intended
to improve tinnitus management is currently offered in both individual and group settings
at our university tinnitus clinic. Results will emerge over the next few months as the
program continues.

3.4. Medical Humanities and Tinnitus Education

Education and clinical practice opportunities related to tinnitus may support the
patient’s and the clinician’s self-efficacy, and the process by which an individual improves
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their skills may be informed by the tenets of medical humanities. Kirklin [31] described the
Medical Humanities program components at the Royal Free and University College Medical
School at the University College of London (UCL). The summary emphasized the merging
of diverse curricular elements such as the arts, arts therapy, humanities, and philanthropic
activities among others, whose addition to student training supported medical management
and intervention delivery. Shapiro et al. [32] asserted that the medical humanities have
a “moral function” as the practice should compel students and providers to (re)evaluate
their attitudes and actions in order to offer patients accurate, thorough, and relatable
information that addresses patients’ prior knowledge, beliefs, and suffering, as well as their
perspectives on healing. The use of the humanities in this context is more applied than it
would be as an academic endeavor; when linked to medical practice and service delivery,
for example, the arts offer a perspective and a language that may resonate with patients in
ways that foster adapting to and managing a challenging condition, perhaps one without a
simple cure such as tinnitus. Unfortunately, as pointed out by Shapiro et al. [32] and others,
“By and large, medical humanities remain an intriguing sideline in the main project of
medical education” [32].

Examples of tinnitus considered in a medical humanities context provide counseling
elements that can be employed to great effect with patients. Baguley [33] provided a
chapter identifying many instances of tinnitus and disorders of sound tolerance appearing
in literature and the arts. Such information may be particularly useful for practitioners
who participate in interprofessional teams, who employ self-efficacy elements such as
verbal persuasion [27], and who recognize elements related to the medical humanities
that may provide unusual and helpful perspectives for a patient struggling with their
tinnitus experience. Weaving examples from literature and popular culture into a tinnitus
counseling session provides the patient a novel view of tinnitus that may facilitate an
understanding of its effects and its ubiquity, not just as a modern-day event, but as a
durable element of the human condition.

In a comprehensive book chapter, Stephens placed tinnitus in a historical context [34],
and in doing so provided a sort of origin story that can support patient understanding of
tinnitus” ubiquity even during periods of human activity that preceded industrialization.
By reviewing the Stephens chapter, the provider may address the frustrations of patients
who received conflicting or unhelpful information from other clinicians; the chapter affirms
that frustrations and fears were shared by patients more than 2000 years ago.

Nothing about acquiring such information cures tinnitus; however, the interaction
between patient and provider(s) benefits from the broader scope of counseling topics as
well as the likelihood that the expansive view of tinnitus and its effects, when incorporating
centuries of art and literature, may become relatable to the patient in a manner that reduces
some of the tinnitus distress. If tinnitus existed in society prior to loud sound, if people
have been bothered by tinnitus for centuries, and if the tinnitus sensation is so common
that it can be used as a trope in movies and literature, then the patient may develop an
understanding that the sensation is not unique to them despite the observation that they
are the only one who hears it. Medical humanities training and implementation seem an
ideal a fit for audiology students and practitioners with regard to supporting a patient’s
understanding of, and management of, bothersome tinnitus.

4. Conclusions

Barriers to the access and effectiveness of tinnitus interventions continue to challenge
patients, students, academic programs, audiologists, and otolaryngologists. It is acknowledged
that an inadequate number of AuD programs in the US provide for students a substantive
set of experiences focused on tinnitus and disorders of sound tolerance in the classroom and
clinic. At the same time, while clinical psychologists employ tools of known benefit to patients
with bothersome tinnitus, they cannot be counted upon to address on top of their current
caseloads a condition with tinnitus” prevalence. Further, it is more likely that audiologists can
gain experience with, and implement on their own, strategies from formal programs such as
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CBT and self-efficacy training. The audiologist would employ these techniques much as
they already do, as elements of rehabilitation intervention. Greater focus than that offered
at present on such management strategies, coupled to comprehensive study of tinnitus
mechanisms both audiologic and non-audiologic (i.e., psychological) would if nothing
else improve student and clinician self-efficacy. The student who is exposed to patients
with bothersome tinnitus, and who collaborates on that patient’s management of tinnitus,
will be more likely than an unexposed student to work with similar patients in the future.
Such opportunities need to be created and fulfilled at a higher rate than at present.
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Abstract: Translational research moves promising primary research results from the laboratory to
practical application. The transition from basic science to clinical research and from clinical research
to routine healthcare applications presents many challenges, including ethical. This paper addresses
issues in the ethics of translational audiology and discusses the ethical principles that should guide
research involving people with hearing loss. Four major ethical principles are defined and explained,
which are as follows: beneficence, nonmaleficence, autonomy, and justice. In addition, the authors
discuss issues of discrimination and equal access to medical services among people with hearing
loss. Despite audiology’s broad field of interest, which includes evaluation and treatment of auditory
disorders (e.g., deafness, tinnitus, misophonia, or hyperacusis) and balance disorders, this study
focuses primarily on deafness and its therapies.

Keywords: ethics; audiology; deafness; translational research

1. Introduction

Audiology is a large branch of medicine concerned with disorders such as hearing
loss, hyperacusis (distorted loudness perception causing several noises unbearable and
painfully loud to the affected person [1]), tinnitus (the perception of sounds without actual
acoustic stimuli [2]), or misophonia (an emotional reaction to sounds [3]). Another branch
of audiology deals with vestibular dysfunctions originating from the inner ear [4-6].

Hearing loss may have congenital or acquired origins [7], and several therapeutic
options were developed to treat the affected patients. These options depend on the site of
the pathological changes (outer, middle, inner ear; brainstem or central auditory system)
and on the degree of the hearing loss (mild, moderate, or severe) [8]. The National Health
Service should support people who are hard of hearing and help to early detect hearing
impairment [9]. This article focuses on deafness as a disease model and uses that model to
discuss the ethical principles in translational audiology.

Translational research is a relatively new but rapidly growing field in biomedical
research that aims to transfer scientific discoveries to clinical practice and to analyze clinical
observations in the laboratory. Translational research is also referred to as “from bench to
bedside”. The reverse relationship—"from bedside to table”—is also essential [10]. Many
discoveries are made in the clinic by observing a patient’s response to treatment. For
example, in the clinic, one can observe the correlation of a particular substance, whose
biological role we do not understand, with the patient’s clinical state. The researchers try
to understand its meaning by going back to the laboratory. One can use the knowledge
gained to develop a more effective clinical treatment [11]. The core of translational research
is synthesizing information obtained from multiple research sources. Such an approach
improves our understanding of human physiology, broadens our knowledge of diseases,
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and accelerates the discovery and testing of new diagnostic and therapeutic methods.
The goal of translational research is to increase the quality and efficiency of medical
care for patients.

Ethical perspectives recognize that groups of people who are particularly vulnera-
ble to dignity violation and exploitation are marginalized and socially stigmatized, for
example, because of illness, substance abuse, poverty, homelessness, ethnicity or cultural
identification, or incapacity. However, it is essential to remember that many people who are
medically defined as people with disabilities are fully functional. Discrimination can occur
due to limiting access to goods or treating people worse by trying to help them against
their needs. Considering deafness in this aspect turns out to be extremely important.

Deafness, due to the perceptions and living reality of the person, can be considered in
the following two ways: medical and cultural. [12]. In a medical context, deafness refers
to hearing loss and, in that context, is written with a lowercase. In a cultural context, to
refer to those who primarily communicate through sign language, regardless of hearing
ability, often written with a capital letter as Deaf and referred to as “big D” in speech and
sign language [13]. Moral dilemmas arising from the multidimensionality of the concept
of Deafness seem extremely difficult to resolve; therefore, it is necessary to know both the
history of Deafness, related diseases, and existing codes and ethical norms.

2. Deafness in Translational Studies

When conducting translational research with Deaf people, one must also consider the
reluctance of this community to participate in genetic testing. This reluctance may stem
from the apparent medicalization of deafness, as pointed out by Harlan Lane [14]. This
is related to the history of the Deaf, in which genetic engineering methods and medical
procedures were used to eliminate deafness. Forced sterilization of Deaf people and
conducting genetic testing for congenital deafness are procedures that were used between
1880 and 1950 in the U.S., Britain, and Germany, among others, as elements of the eugenics
movement, which aimed to “reduce social burdens” and improve the condition of the
human species [15]. To this day, genetic research on deafness in some Deaf communities is
met with criticism. In addition, the Deaf community’s reluctance and distrust of scientists
are compounded by the definition of deafness in biomedical science as a disability, defect
and disease. For some deaf communities, deafness might be a unique feature. Despite all
the personal and technical aids and the fact that hearing impairment implies functional
limitations in social life, the persons are able to organize their social and cultural life,
which is why some deaf people do not opt for preventive screenings or treatments to
improve their hearing or prevent hearing loss. On the other hand, however, it should
also be emphasized that genetic testing can benefit the Deaf community by identifying an
increased risk of conditions associated with some types of congenital deafness, such as
retinal pigmentary degeneration (e.g., Usher syndrome), facial dysmorphia (e.g., Treacher-
Collins syndrome), long QT syndrome (e.g., Jervell andLange-Nielsen syndrome) and renal
dysfunction (e.g., Alport syndrome) [16]. Thus, when including a person with deafness
in translational research, one should avoid misunderstandings by taking into account the
welfare of the research participant. Moreover, the participant’s safety should be taken
into account by assessing the participant’s background, mode of communication, and
cultural identification.

This is possible by using the Roman Jakobson’s model of the communicative functions
of language. Jakobson’s diagram includes the following six elements: sender, receiver,
message, context, code and contact. The sender sends a message to the receiver. This
message has a referential context that the receiver can understand. The context includes
all the circumstances accompanying a message that have a key impact on it, e.g., time and
place, audience, cultural origin and history. It refers to objects, facts and phenomena from
the extra-linguistic world. It is also necessary that the sender and receiver share a common
code, by which the first one modifies the message and the second, decodes it. In the case of
deaf people, sign language may be a common code with hearing people. The last element is
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contact, which for Jakobson is a physical channel and a psychological connection between
the sender and receiver. This allows to both establish and maintain communication.

In the case of translational research in audiology, we recommend enriching Jakobson’s
model with ethical principles (Figure 1).

CONTEXT

MESSAGE

The principle of ‘ The principle of

beneficence autonomy

SENDER = » RECEIVER

The principle of || The principle of ‘
justice nonmaleficence

CONTACT

CODE

Figure 1. Roman Jakobson’s model of the communicative functions of language with ethical principles
in translational research in audiology. Source: own elaboration based on Jakobson, R. Linguistics and
Poetics. In Style in Language; Sebeok, T., Ed.; M.LT. Press: Cambridge, USA, 1960; pp. 350-377.

Ethical rules related to the safety of research participants, minimizing harm and abuse
of subjects, appeared only in the early 20th century. In 1931, the German Reich published
the first ever national set of rules defining the principles for implementing experiments
on humans. The document introduced the division of experiments into therapeutic and
non-therapeutic. It also emphasized the need to respect the principle of nonmaleficence
and beneficence. The regulations included the principle of respecting the autonomy of
research participants and obtaining the participant’s (or his representative) consent [17].
Unfortunately, this document did not stop Nazi medics from using barbaric experimental
methods on concentration camp prisoners.

Nevertheless, the events during World War II contributed to the establishment of
bioethics as a science and the development of critical ethical codes. After the Nuremberg
Trials, the most significant war criminals were tried, and doctors were directly respon-
sible for unethical experiments. The Nuremberg Code was formulated—10 principles
that researchers should follow during experiments on humans. The Code was the first
international attempt to define standards of ethics in scientific research and the first doc-
ument that unambiguously articulated the requirement of obtaining informed consent
of the individual to undertake. In addition, in response to the wartime experience, the
World Medical Association developed a modern international version of the Hippocratic
Oath, the Geneva Declaration [18], and later, in 1964, one of the most critical sets of ethical
principles for medical research, the Helsinki Declaration, putting the welfare of research
participants first [19]. This principle was not followed during the scandalous observational
study of untreated syphilis, the Tuskegee Syphilis Study, which was conducted between
1932 and 1972. The study had racist overtones, as only black, poor, and poorly educated
residents of rural Macon County, Alabama, participated. Effective treatment for syphilis
was discovered in the early 1950s, yet the study participants were not given treatment, and
observation continued [20]. The Tuskegee Syphilis Study disclosure scandal contributed
to the United States Congress establishing the National Commission for the Protection of
Participants in Biomedical and Behavioral Research. In 1979, this commission published
the Belmont Report. This document pointed out the fundamental differences between
research activities directed toward the advancement of scientific knowledge and clinical
practice focused on the welfare of the individual patient and identified the following three
basic principles for the conduct of research involving human participants in medicine: the
principle of respect for the person, the principle of beneficence, and the principle of justice.
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Over time, these principles have come to be recognized as the fundamental principles of
researcher ethics [21].

According to the Belmont Report, respect for the person is expressed in the belief
that he or she should be treated as an autonomous agent of action and that persons with
diminished autonomy are entitled to protection. Thus, the principle of respect refers
to respecting the autonomy of the research participant. Another principle, charity, is
understood in the document as an obligation, rather than as an act of kindness or mercy.
Two general rules are formulated that provide complementary accounts of acts of kindness
thus understood, which are as follows: do no harm, maximize possible benefits, and
minimize potential harm. The principle of justice refers to the ethical obligation to treat all
people in a manner consistent with what is considered morally proper and speaks to the
fair distribution of burdens and benefits that accompany participation to all community
members [22].

The four ethical principles, beneficence, nonmaleficence, autonomy, and justice, form
the basis for most decision-making in both the research setting and in clinical practice.
The following section presents their application both in conducting research in the field of
translational audiology and in therapy of people with hearing impairment.

3. Basic Principles of Medical Ethics
3.1. The Principles of Beneficence and Nonmaleficence

The principle of beneficence is the obligation of the physician to act for the benefit of
the patient, prevent harm, remove conditions that will cause harm and help persons with
disabilities. It is worth emphasizing that, in distinction to nonmaleficence, the language
here is one of the positive requirements. The principle calls for not just avoiding harm, but
also to benefit patients and to promote their welfare.

The practical application of nonmaleficence is for the physician to analyze the benefits
and losses of the proposed interventions and therapies. The physician is obliged by this
principle to avoid those that are inappropriate and chose the best procedure for the patient.

The application of the principle of beneficence in clinical trials refers to a researcher’s
obligation to maximize the benefits of the research and minimize the risk of harm to its
participants. Therefore, this principle also includes the principle of nonmaleficence, which
sets specific limits for the activities of researchers. It prohibits taking any action that may
cause intentional evil or harm to the participants of the research, whereby both physical
wrong or harm, i.e., one concerning the state of somatic health, as well as emotional and
financial harm, must be included.

A key measure ensuring compliance with the principle of beneficence in scientific
research is the analysis and assessment of the risk-benefit ratio of a research participant.
Research should not impose risks and burdens disproportionate to the expected benefits
of participating in it. In the case of experimental research involving sick persons, which
gives participants a chance to obtain a direct diagnostic, therapeutic or prophylactic benefit,
the benefit-risk balance of the new intervention cannot be assumed to be less favorable
than that of the existing best-proven interventions. In the case of scientific research that
does not provide direct diagnostic, therapeutic or prophylactic benefits to participants, the
accompanying risk should be estimated proportionally to the scientific value intended to
be obtained in connection with the implementation of the study. Such tests are allowed
only if they involve risks and burdens that are not greater than acceptable [23].

It should be noted here that participation in scientific research is always associated
with the risk of the subject coming to harm. The most frequently mentioned risks include
incurring physical, mental, and socioeconomic harm. Research in biomedical sciences often
exposes the subject to minor pain, discomfort, or harm caused by medication side effects,
and these harms are examples of the physical type of harm. Among the psychological
harms, attention should be paid to undesirable changes in the study participants” thought
processes and emotional states, e.g., episodes of depression, confusion or hallucinations
after taking the drug, feelings of stress, guilt, and loss of self-esteem. These changes may
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be temporary, recurrent, or permanent. Potential socioeconomic harms include violations
of the right to privacy and intimacy of study participants, job loss, and stigmatization.
Moreover, information relating to alcohol or drug abuse, mental illness, illegal activities,
and sexual behavior creates areas highly prone to abuse [24].

Applying the principle of beneficence and nonmaleficence, the researcher should
assess the significance of the potential benefits and harms and, on this basis, decide on the
participation of the subject; bearing in mind the principle according to which a research
participant should never be the object of an action or a means to achieve an end. However,
as an end in itself, the researcher should assess the moral acceptability of his action.

3.2. The Principle of Autonomy

Compliance with the principle of autonomy is based on respecting the patient’s
opinion and will. It refers to the freedom of the patient to choose the method of treatment
and the need to obtain informed consent from the study participants. Autonomy in
bioethics and medicine emphasizes respect for the person and their dignity, including the
medic, the patient, and the researcher alike.

On the one hand, hearing loss or deafness require a specialist or researcher, who will
provide the patient/study participant with information about the procedure, side effects,
risks, benefits, costs necessary to make an autonomous decision; on the other hand, the
patient or his or her parents have the opportunity to make decisions based on their beliefs
and after consulting specialists or other deaf people. The physician or the researcher in his
or her actions is guided by evidence-based medicine and the good of the patient/research
participant; nevertheless, he or she is obliged to respect the individual’s will, even if it is not
in line with his or her point of view. Involving the patient in the decision-making process is
a desirable phenomenon that proves that the principle of autonomy is respected [25,26].

Regarding audiology and the needs of young patients for implant provision, preserving
the child’s autonomy is also an essential aspect of medical practice. To maintain the principle
of the child’s autonomy, with the literal meaning attributed to it, the intervention decision
could be postponed until an older age. However, it should be remembered that for the proper
sensorimotor and speech development, it is important to take appropriate action as early as
possible [27]. It is also crucial for supporting a child’s psychosocial development (Figure 2).

Figure 2. Child with the ear worn cochlear implant processor.
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3.3. The Principle of Justice

Another principle of research ethics is the principle of justice. Suppose justice means
treating everyone morally and appropriately, including the benefits of participating in the
study for all community members. In that case, one should expect equal access for both
researchers and, above all, deaf patients to the most modern hearing aids or implants at
the best time for a given person. This means that everybody should equally be able to
participate in research regardless of, for instance, a gender. Another benefit of participating
in research is the application to community members that do not participate in research and
to broaden the knowledge and social skills. However, is it so? It seems that both in transla-
tional audiology and other fields, especially in modern areas of medicine, the principle of
justice functions insufficiently. The application of justice in research should be reflected in
social life and the availability of the most appropriate solutions for the patient [28]. Justice
in research emphasizes the fundamental principle of “health for all” [27]. This means
access to health, regardless of gender, ethnicity, place of birth, political beliefs, religion,
economic or social status. Applying the principle of justice in translational audiology could
prevent the marginalization of a society. Every researcher in each community would have
to provide the best possible equipment implants for the patient, regardless of the patient’s
place of residence or economic status.

Consequently, each patient would have the same opportunity to develop commu-
nication. It does not always have to be verbal communication; this could involve a sign
language interpreter. In the context of the principle of justice, it is essential to inform the
patient from the very beginning what solutions they are entitled to regarding the implant
and what methods of communication they have at their disposal. Researchers in their
daily work should apply the principle of justice. A drawback is that this often leads to
the study group being less numerous than if patients were only offered one method of
assessment and therapy. Therefore, bearing in mind that clinical trials usually have their
origin in medical practice, the ideal solution is if the principle of justice accompanies the
researcher from the very beginning of their activity, including conceptualization, practice,
and research. However, this is not always the case in everyday life. A body that is respon-
sible for safeguarding, so to speak, the principles of ethics, including justice [29], is the
bioethics committee. Therefore, an audiologist who is a researcher has several roles in
conducting the study. First of all, he or she should take into account the patient’s well-being
and health, as well as the patient’s ethical perspective. Secondly, they must consider factors
influencing moral judgment, sensitivity, motivation, courage, and cultural dimensions of
ethical practice in audiology [30].

The multifaceted nature of the issues related to deafness also leads to serious moral
dilemmas related primarily to reproductive medicine and the treatment of hearing loss. In
the case of reproductive medicine, the dilemma may concern the acceptability of donor
selection and the selection of an embryo burdened with deafness. Such a situation took
place in the USA, where a deaf lesbian couple deliberately created a deaf child. Sharon
Duchesneau and Candy McCullough used their sperm donor, a deaf friend with five
generations of deafness in his family. Duchesneau and McCullough do not see deafness as
a disability. They see being deaf as defining their cultural identity and witness signing as a
sophisticated, unique form of communication [31-34]. The moral dilemma concerns the
dispute over the understanding of deafness and the concept of care related to the ethical
principles discussed above.

Furthermore, although this problem is not new in ethics, a similar situation occurs
when parents do not agree to have a child’s life saved by refusing blood transfusions
because of their faith. For this case also, an extremely current problem of rapidly developing
research and gene therapies and their applications should be resolved. The question arises
whether genetic testing techniques designed to reduce disease and improve the quality of
life can be used to deliberate defective embryos. It should be remembered that deafness
does mean not only a lack of hearing, which can actually be perceived in a cultural context,
but also several comorbidities, including an increased risk of dementia [35]. This dilemma
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seems to be difficult to resolve from the principles described above. All perspectives boil
down to whether it is good that a sick child has been brought into the world. The arguments
from one side point to the use of preimplantation genetic diagnostics as incompatible with
its objectives. However, it should be remembered that Gauvin, the son of a pair of deaf
women, was born thanks to the knowledge in medical genetics.

4. Conclusions

The idea behind translational research in audiology is to improve the quality of medical
care for patients with hearing impairment. Although lofty and deserving of the highest
recognition, this idea should never be implemented at an individual’s expense in the
research procedure. The inalienable dignity of the human being requires researchers and
physicians to act for the benefit of the subject, limit the harm, maximize the benefits, and
respect the autonomous decisions of the subject. What may serve as signposts indicating the
ethical way of conducting translational research in audiology and taking care of patients
with hearing impairment are the principles of beneficence, nonmaleficence, autonomy;,
and justice.
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Abstract: (1) Background: To improve hearing-aid rehabilitation, the Danish ‘Better hEAring Rehabil-
itation” (BEAR) project recently developed methods for individual hearing loss characterization and
hearing-aid fitting. Four auditory profiles differing in terms of audiometric hearing loss and supra-
threshold hearing abilities were identified. To enable auditory profile-based hearing-aid treatment, a
fitting rationale leveraging differences in gain prescription and signal-to-noise (SNR) improvement
was developed. This report describes the translation of this rationale to clinical devices supplied by
three industrial partners. (2) Methods: Regarding the SNR improvement, advanced feature settings
were proposed and verified based on free-field measurements made with an acoustic mannikin fitted
with the different hearing aids. Regarding the gain prescription, a clinically feasible fitting tool and
procedure based on real-ear gain adjustments were developed. (3) Results: Analyses of the collected
real-ear gain and SNR improvement data confirmed the feasibility of the clinical implementation.
Differences between the auditory profile-based fitting strategy and a current ‘best practice” procedure
based on the NAL-NL2 fitting rule were verified and are discussed in terms of limitations and future
perspectives. (4) Conclusion: Based on a joint effort from academic and industrial partners, the BEAR
fitting rationale was transferred to commercially available hearing aids.

Keywords: audiology; hearing rehabilitation; hearing aid

1. Introduction

Clinical hearing rehabilitation involves the sensory management of a hearing loss,
which is typically addressed by means of hearing-aid (HA) fitting based on a set of audio-
metric thresholds. However, it is well known that there are hearing deficits that are only
partially captured by an audiogram [1,2]. As such, conventional amplification cannot be
expected to provide effective hearing loss compensation for speech understanding [3,4].
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To address this shortcoming, the Danish “Better hEAring Rehabilitation” (BEAR)
project recently developed strategies for individual hearing loss characterization and
compensation. The characterization of hearing deficits is based on the concept of auditory
profiling. Using various diagnostic tests, patients are stratified into four distinct groups
called profiles A, B, C and D. This is achieved using a data-driven method [5]. This method
was developed based on a relatively large dataset stemming from a sample of listeners
with a wide range of hearing abilities who were tested with a comprehensive auditory
test battery [6]. The test battery was afterwards reduced, based on considerations of
cost-effectiveness and reliability, to arrive at the most informative diagnostic measures.
These include loudness perception, speech intelligibility in noise, binaural hearing abilities,
and spectro-temporal modulation sensitivity [7]. Furthermore, a profile-based HA fitting
strategy called the BEAR strategy was proposed and evaluated in a pilot study [8], as
summarized in Figure 1.
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Figure 1. Overview of the pilot evaluation of the BEAR fitting strategy. (A) Stratification of the
listeners into profiles A-D is based on two largely independent auditory dimensions, that is, speech
intelligibility deficits and loudness perception deficits. Four tailored solutions (HAS I-IV) were
proposed to compensate for these deficits using SNR improvement and loudness normalization,
respectively. (B) Perceptual evaluation carried out with a HA simulator. (C) Results suggest that
profile-C and -D listeners prefer their tailored solutions over a standard solution (HAS O), whereas
profile-A and -B listeners do not show a clear preference. The image is based on the graphical
abstract of [8].

Based on the results from this pilot evaluation, a large-scale randomized controlled
trial was designed and carried out at two public hearing clinics. All participants underwent
an initial evaluation, based on which they were stratified into one of the four auditory
profiles. They were then randomly assigned to either the “BEAR” fitting strategy or a
“current” fitting strategy. The participants assigned to the “current” strategy were fitted
with HAs in accordance with current best clinical practice. That is, insertion gains (IGs) ac-
cording to the “National Acoustic Laboratories—Non-Linear version 2” (NAL-NL2) fitting
formula, which aims to maximize speech intelligibility and which was optimized based on
empirical adjustments [9,10], were prescribed and verified using real-ear measurements
(REM) [11]. Besides, earpieces and advanced feature settings were selected based on the
recommendations made in the fitting software. In contrast, the participants assigned to the
“BEAR” strategy were fitted with HAs depending on their profile membership. That is, IGs
were prescribed based on the BEAR rationale [8] and verified using REM, and earpieces
and advanced feature settings were chosen based on SNR improvement targets prescribed
by the BEAR rationale [8].
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The current report focuses on the clinical implementation of the BEAR fitting strategy.
Its purpose is to demonstrate the transfer of this strategy to the hearing aids used in the
large-scale clinical study. Technical measurements characterizing the HA fittings were
performed in the laboratory to ensure that the targeted SNR improvement was achieved.
Furthermore, REM performed in the clinics on the HA fittings made as part of the large-scale
clinical study were evaluated.

2. The BEAR Rationale at a Glance

The BEAR rationale [8] includes the prescription of target gains and advanced feature
settings, as summarized by the following formula:

BEAR(L, f,p) = 0.31-HTL(f) +a(L, f,p) + 6(p)

where HTL(f) denotes the hearing thresholds at different frequencies, a(!, f, p) denotes
gain correction factors applied at different input levels (/) and frequencies (f) and for the
different profiles (p), and é(p) denotes the SNR improvement to be applied for the different
profiles (p). The constant factor 0.31 reflects the proportion of gain applied in relation to
the HTL (“1-third rule”); for convenience, we use that specific value as it is specified in the
original NAL formula [12,13]. The term +4(p) does not represent an arithmetic sum but the
SNR improvement. It does not affect the insertion gain.

To implement the BEAR rationale in three different commercially available devices,
the key properties needing to be transferred first had to be identified. Table 1 summarizes
the priorities chosen for the clinical implementation. To implement the BEAR rationale
in three different commercially available HA devices, the key properties needing to be
transferred had to be identified. Table 1 summarizes the priorities chosen for the clinical
implementation. The SNR improvement was achieved by optimizing the settings of the
directionality and noise reduction algorithms. The advanced features used in this study
are shown in Appendix B (Table Al). Adaptive algorithms were not considered, and only
features that aim for SNR improvement were activated in the BEAR fittings.

Table 1. Summary of the key properties (acoustic coupling, gain prescription, and SNR improvement)
for implementing the BEAR rationale in commercially available devices.

. . . Gain SNR
HA Setting Acoustic Coupling Prescription Improvement
A Standard or custom Maximize Small
ear-tips (open fit) speech audibility
B Custom ear-molds Maximize Laree
with venting speech audibility &
BEAR strategy
C Custom ear-molds Loudness Laree
(closed fit *) normalization 8
D Custom ear-molds Loudness Small
(closed fit *) normalization
Current ) Same as for BEAR NAL-NL2 Manufacturer
strategy default settings

* With small (0.6-0.8 mm) vents.

3. Challenges to the Clinical BEAR Implementation

A number of challenges related to the clinical implementation of the BEAR rationale
were identified, as listed below:

e Commercial fitting tools were not suited for the implementation, as they could not
readily accommodate all required HA settings.

e  While REM could be used for verifying IG targets, no clinically feasible method for
verifying SNR improvement targets is currently available.
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e The BEAR strategy had to be sufficiently different from the current HA fitting strategy
to warrant a formal investigation into its perceptual benefits.

e The HA solutions for the four auditory profiles had to be sufficiently different from
each other to warrant a formal investigation into their perceptual benefits.

4. Methods

For the final implementation, the BEAR rationale was slightly modified compared
to the original proposal [8]. First, the proposed compression ratios had to be adjusted to
settings that were practically realizable in the fitting software of the manufacturers. Second,
the gain prescription was revised, so the soft input level corresponded to 55 (instead of 50)
dB SPL. This was done to reduce the influence of background noise on the corresponding
REM data.

The methods described below focus on a fitting tool developed for the clinical study,
the procedure used for making real-ear measurements as part of the clinical study, and
SNR improvement measurements made on an acoustic mannikin in preparation for the
clinical study.

4.1. Clinical Fitting Tool

A clinically feasible fitting tool was developed to allow the commercial HAs to be
fitted in accordance with the BEAR rationale. First, a Microsoft Excel sheet for calculating
the BEAR target gains was prepared, into which the audiologists entered the audiometric
thresholds at 0.25, 0.5, 1, 2, 4, and 8 kHz together with the profile of a given patient. The
Excel sheet then generated a figure that was carefully designed to resemble the visual
display in the REM system used for verification purposes (Affinity 2.0, Interacoustics,
Middelfart, Denmark). Using the open-source software ‘OnTopReplica’ [14], the calculated
BEAR gains were superimposed onto the visual REM display. The fitting tool and procedure
are illustrated in Figure 2.

Follow fitting cookbooks
from the HA companies to
achieve BEAR target gains

Turn into
transparent
figure using
OnTopReplica

Superimpose |
onto Affinity
REM window =

_ Excel sheet
calculates
BEAR targets

Figure 2. Illustration of the BEAR fitting tool and procedure developed for the clinical study.

The efficacy of the developed fitting tool and procedure was verified by performing
several HA fittings on a CARL manikin (Ahead Simulations, Cambridge, ON, Canada).
Care was taken to make the fitting process as straightforward as possible for the audiologists
who handled the HA fittings in the clinical study. To accomplish this, detailed instructions
were prepared to guide them through all necessary steps. Since three hearing aids from
three different manufacturers were used, a set of instructions was needed for each device.
Importantly, the instructions covered not only the gain adjustments, but also the activation
and parameters of advanced features corresponding to the choices made for each profile in
the BEAR fitting group, and the fitting protocol for the current fitting group.
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4.2. Real-Ear Insertion Gain Measurements

As part of the clinical study, real-ear insertion gain (REIG) data were collected at 55, 65,
and 80 dB SPL input levels to ensure close fits to the target. The International Speech Test
Signal (ISTS, [15]) was used as the stimulus and played back from a loudspeaker approx.
1 m from the head of the participant. All recordings were carried out with the Interacoustics
Affinity 2.0 system (Middlefart, Denmark). The REIG data were extracted as XML files and
stored in an online database. Individual data files were processed to eliminate additional
measurements performed during HA adjustment. Following the completion of the clinical
study, information regarding the fitting strategy (current vs. BEAR) and auditory profile
(A-D) was obtained and combined with the REIG data.

The participants for the clinical trial were recruited at two university hospitals (in
Aalborg and Odense). Two-hundred-and-five adults with bilateral symmetric sensorineural
hearing loss, Danish as their primary language, and no prior HA experience were included.
They were 45-83 years old (mean and standard deviation: 68.3 £ 7.5 years), and 54%
of them were male. Some participants dropped out of the study after the first visit. In
total, 165 participants completed the study. At the first visit, the participants completed a
clinical test battery for auditory profiling [7], based on which they were classified into a
given profile. The distribution of the four auditory profiles was as follows: 53 profile-A,
92 profile-B, 14 profile-C, and 6 profile-D. There were 82 participants fitted according to
the BEAR strategy and 83 participants fitted according to the current strategy. Within each
profile, the distribution of the two fitting strategies was roughly equal.

4.3. SNR Improvement Measurements

To characterize the SNR improvement, electroacoustic measurements were performed
in an IEC-standardized listening room at the Technical University of Denmark with a
free-field setup with five loudspeakers placed in a circle with a radius of 1.5 m. At the
center of the loudspeaker array, a head-and-torso simulator (HATS, type 4128, Briiel &
Kjeer, Neerum, Denmark) with pinnae (DZ9626-7, Briiel & Kjeer, Neerum, Denmark) was
placed (see Figure 3). The HATS was fitted with the test hearing devices and custom-
made earpieces. The target speech signal (i.e., the ISTS) was played back from the frontal
loudspeaker (0° azimuth) and so was an uncorrelated 4-talker babble noise from the other
four loudspeakers (+45° and +135° azimuth). The noise signals were calibrated to produce
a sound pressure level of 70 dB SPL at the listening position.

Figure 3. Picture of the test setup used for performing the SNR improvement measurements.

The measurements consisted of a series of 30 s recordings. The first 10 s of each
recording were discarded. In this way, it was ensured that the advanced HA features
had reached a steady state. To calculate the achieved SNR improvement, the Hagerman-—
Olofsson method [16] was used to separate the speech and noise signals on the HA output
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side. The signals from the left and right microphones were both used in the analyses
by concatenating them. First, the power spectral density of the target and noise signals
was estimated in 18 one-third-octave bands with center frequencies according to (ANSI
§3.5-1997). The average SNR was then calculated as the difference between the power
spectral density of the target and noise signals averaged across all bands.

An additional reference recording was made with the unaided HATS. The SNR im-
provement, ASNRan, was then calculated as the difference between the SNR estimated for
each of the HA settings and the SNR from the unaided condition.

5. Results
5.1. REIG Measurements

Figure 4 shows mean REIGs measured at 55, 65, and 80 dB-SPL input levels. Each
panel shows a comparison of the current fitting vs. one of the profile-based HA fittings (A,
B, C, or D). While no differences between the two strategies are apparent for the profiles
fitted according to considerations of audibility maximization (A and B), there are clear
differences for the profiles fitted according to loudness normalization considerations (C and
D). In both cases, the BEAR strategy provides less amplification for all input levels. This is
especially clear at 80 dB SPL, where there is very little amplification below 4 kHz. Also,
there are apparent gain differences between 65 and 80 dB-SPL input levels, corresponding
to large compression ratios, as intended.

Audibility-based Loudness-based

Mean REIG (profile B) Mean REIG (profile C)

Test

— REIGSS
REIG6S 201

— REIGEO

= REIG55
REIG65
== REIG80

Gain (dB)
Gain (dB)

Fitting
104 104 =+ BEAR
#= BEAR = current
= current
04 01
0125 025 05 i 2 3 4 6 8 0125 025 05 i 2 3 4 6 8
Frequency (kHz) Frequency (kHz)
Mean REIG (profile A) Mean REIG (profile D)
304 30
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Figure 4. Mean real-ear insertion gains measured as part of the clinical study. Each panel shows data
for one profile. Measurements made on participants fitted with the “current” strategy are shown
with solid lines, while those made with the “BEAR” strategy are shown with dashed lines. The blue,
yellow, and red lines represent input levels of 55, 65, and 80 dB SPL, respectively.

As there were only six participants in profile D, the differences in REIGs between
the two fitting strategies can be largely explained based on differences in individual
audiograms. To enable a comparison of the differences in gain between the two strategies
for profile D, the gains measured for participants who received a BEAR fitting are compared
with NAL-NL2 target gains for the same participants (i.e., for the same audiograms). This
is illustrated in Appendix A. Overall, profile D is characterized by more gain at low
frequencies and greater compression ratios in case of the BEAR strategy.
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5.2. SNR Improvement Measurements

Figure 5 shows ASNRavg values for three input SNRs (=5, 0, +5 dB) and the three
HAs that were used in the clinical study (HA1, HA2, HA3). Each panel corresponds to one
of the profiles. HA1 provided hardly any SNR improvement for profile A, but a notable
SNR improvement (~3 dB) was seen for profile C. HA2 and HA3 provided 1-2 dB of SNR
improvement for profiles A and D and >2 dB SNR improvement for profiles B and C. In
terms of dependencies on the input SNR, there were only clear differences for profile B,
especially with HA1, for which the SNR improvement decreased with increasing input
SNR. This could have been a consequence of HA1 using fast-acting compression.

4 HAS Profile B 4 HAS Profile C
3 3
S 2 S 2
[a'd [a'd
! !
0 0
-1 -1
-5 dBSNR 0 dBSNR +5 dB SNR -5 dBSNR 0 dBSNR +5 dB SNR
4 HAS Profile A 4 HAS Profile D
EHAL
3 3 [CIHA2
[ HA3
s 2 s 2
(2’4 (2’4
0 0
-1 -1
-5 dBSNR 0 dB SNR +5 dB SNR -5 dBSNR 0 dB SNR +5 dB SNR

Figure 5. SNR improvement (ASNRayg) measured at three input SNRs (=5, 0, +5 dB) for the four
auditory profile-based HA fittings (A-D) and three different HAs (HA1, HA2, HA3).

6. Discussion
6.1. Differences between HA Settings for the Four BEAR Profiles

The present study focused on challenges and solutions for implementing the BEAR
fitting strategy in real HAs. The results of the technical evaluation showed that the three
HAs were able to provide SNR improvement targets in accordance with the BEAR strategy.
This was especially true for HA1, which did not provide any SNR improvement for profiles
A and D but a substantial SNR improvement for profile C and, to a lesser extent, profile B
at lower input SNRs. Overall, it was therefore possible to find advanced feature settings
that fulfilled the requirements.

The REIG data were collected as part of the clinical study. As expected, the IGs for
HAS-A and HAS-B were very similar to the ones prescribed by NAL-NL2. This was
because the BEAR rationale prescribes IG based on the same principles as NAL-NL2 (i.e.,
maximization of speech audibility) for these two profiles. In contrast, the IGs corresponding
to HAS-C and HAS-D deviated substantially from NAL-NL2. The IGs prescribed by the
BEAR rationale for HAS-C and HAS-D are based on empirical comparisons between the
gains required for loudness normalization, based on loudness perception measurements.
The goal here is to provide sufficient amplification to normalize loudness at soft and
conversational input levels and to reduce amplification for signal inputs above 75-80 dB
SPL. This is partly motivated by the expected presence of ‘rollover’ in profile-C listeners,
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which can affect speech intelligibility at above-conversational levels [17]. To achieve
this compression behavior, large compression ratios are required, which are not easily
achievable with commercial HAs. The reason for this limitation is that large compression
ratios can compromise sound quality. Given the HAs used here, it was difficult to confirm
whether the prescribed IG was normalizing the loudness as intended. A valid alternative
would have been to fit the HAs while performing loudness perception tests, as suggested
in [18,19], to individualize compression parameters. However, it is important to note that
the profile-based HA fittings investigated here do not support the idea of using loudness
normalization for all users, but only for those belonging to profiles C and D. Overall, it
was possible to overcome many of the limitations in the test devices and to transfer the key
properties of the BEAR rationale to them.

6.2. Limitations

A practical realization of the BEAR fitting strategy could be found based on a joint
effort from the academic and industrial partners. The main limitation was that no modifica-
tions to the HA fitting software could be made. Instead, a procedure combining real-ear
gain measurements with an open-source software was chosen for the gain adjustments.
However, this procedure can be difficult for clinicians to perform, and thus errors can occur
along the way.

While the REIG data were obtained from individual participants as part of the clinical
study, the SNR improvement data could only be obtained in the laboratory. This makes
a comparison of the current and BEAR fittings difficult. Currently, there is no systematic
method for characterizing advanced HA signal processing in real ears. Although there are
techniques that can successfully quantify signal modification [16,20], they require the use
of head and torso simulators and a spatial loudspeaker configuration. Therefore, there is a
need for clinically viable procedures that can be used to perform real-ear SNR measure-
ments [21]. Ideally, it should be possible for such procedures to be routinely performed in
the clinics using realistic scenarios and while the HA is operating as intended [22].

7. Conclusions

The BEAR fitting rationale was implemented for use in a large-scale clinical trial. The
joint efforts by the industrial and academic partners resulted in a procedure for HA fitting
that allowed the investigation of profile-based HA fittings with commercially available
devices. As expected, the differences in IG between the BEAR and current fitting strategies
were only apparent for profiles C and D, while the differences in SNR improvement were
apparent for all profiles. The BEAR fitting rationale is the first fitting strategy that prescribes
not only gain targets but also the adjustment of advanced HA features.
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Appendix A Comparison between BEAR and Current REIGs in Profile-D Participants

The profile-D group was relatively small. Therefore, a comparison between the REIG
at 65 dB SPL and the prescribed NAL-NL2 targets is presented here. Figure A1l shows the
REIGs for the three participants who were fitted according to the BEAR strategy, together
with the calculated NAL-NL2 gains.

REIGE5 (3 profile-D participants with BEAR fitting)

30
7 Group

20 == REIG65-BEAR
o == REIGE5-NAL-NL2 (simulated)
Z
£
[o] Prescription
U}

10 <=+ BEAR

=+ NAL_NL2 (simulated)
0
0.125 0.25 0.5 1 2 3 4 6 8

Frequency (kHz)

Figure A1. Mean REIGs at 65 dB SPL averaged across ears for three profile-D participants according
to the BEAR strategy (blue lines). The red lines show calculated NAL-NL2 target gains.

Appendix B Hearing Devices and Advanced Features

Table A1. Settings of the advanced features for each profile-based hearing-aid fitting.

A B C D

Dir: Open Automatic
Low transition

Dir: Open Automatic
Medium transition

Dir: Open Automatic
Very High transition

Dir: Open Automatic
Low transition

Oticon Opn S1 NR simpler = 0 dB NR simpler = —3 dB NR simpler = —3 dB NR simpler = 0 dB
NR complex = =5 dB NR complex = —7 dB NR complex = —9 dB NR complex = —5 dB
Utban program Urban program.
Widex Evoke 440 Speech and noise mode: Default Urb.an program Default Imp'act Speech'and noise mode:
. . settings program settings Noise reduction
Noise reduction comfort
comfort
. Omni Fixed Dir. Fixed Dir. Omni
GN Linx Quattro 9 NTIL: Off NTIL: Strong NTII: Strong NTIL: Off
Dir: Directionality, NR: Noise reduction; NTII: Noise Tracker II.
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Abstract: The acoustical characteristics of auditory triggers often recommended to generate the
autonomous sensory meridian response (ASMR) on Internet platforms were investigated by pa-
rameterizing their sound qualities following Zwicker’s procedure and calculating autocorrelation
(ACF)/interaural cross-correlation (IACF) functions. For 20 triggers (10 human- and 10 nature-
generated sounds), scores (on a five-point Likert scale) of the ASMR, perceived loudness, perceived
pitch, comfort, and perceived closeness to the sound image were obtained for 26 participants by ques-
tionnaire. The results show that the human-generated sounds were more likely to trigger stronger
ASMR than nature-generated sounds, and the primary psychological aspect relating to the ASMR was
the perceived closeness, with the triggers perceived more closely to a listener having higher ASMR
scores. The perceived closeness was evaluated by the loudness and roughness (among Zwicker’s
parameter) for the nature-generated sounds and the interaural cross-correlation coefficient (IACC)
(among ACF/IACF parameters) for the human-generated sounds. The nature-generated sounds with
higher loudness and roughness and the human-generated sounds with lower IACC were likely to
evoke the ASMR sensation.

Keywords: autonomous sensory meridian response; loudness; roughness; interaural cross-correlation
coefficient

1. Introduction

The autonomous sensory meridian response (ASMR) is an atypical sensory phe-
nomenon in which individuals experience a tingling, static sensation across the scalp and
back of the neck in response to specific triggering audio and visual stimuli or to light
touch [1]. This sensation is widely reported to promote relaxation, wellbeing, and sleep,
and there are many ASMR-related channels on YouTube. Some researchers have examined
the relationship between the ASMR and misophonia [2-4]. Misophonia is an auditory disor-
der of decreased tolerance to specific sounds or their associated stimuli such as oral sounds
(e.g., loud breathing, chewing, swallowing), clicking sounds (e.g., keyboard tapping, finger
tapping, windshield wipers), and sounds associated with movement (e.g., fidgeting) [5-8].
The ASMR triggers produce positive emotions associated with an increase of wellbeing,
while the misophonia triggers produce negative emotions associated with fight-or-flight
responses. Although the displayed emotions are opposite, both are caused commonly by
hypersensitivities to sound triggers, and it is possible that the acoustical characteristics of
the ASMR triggers may explain the occurrence mechanism of the misophonia. Actually, a
previous study reported that people who experienced the ASMR were more likely to have
a risk of misophonia [2].

Several common audio and visual stimuli (triggers) that induce the ASMR are known,
and an online ASMR experience questionnaire completed by 475 individuals identified
the trigger types as whispering (75%), personal attention (69%), crisp sounds (64%), and
slow movements (53% participants reporting the ASMR experience) [1]. Following this
questionnaire, many studies on the ASMR have empirically selected such highly possible
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triggers [9-13]. However, it is not clear which physical characteristics of these triggers
induce the ASMR.

In the case of audio signals, numerical models have been proposed to define the
sound quality. Perceptual characteristics of the hearing of sound are the loudness, pitch,
and timbre, and the sound quality is expressed generally by numerical algorithms based
on varying sound pressure. As an example, Zwicker’s parameters (loudness, sharpness,
roughness, and fluctuation strength) have been used to evaluate the sound quality of
environmental noise [14]. The loudness is the psychological sound intensity, and it is
calculated by transforming the frequency onto the Bark scale, considering the effects of
frequency and temporal masking, and counting the area of the loudness pattern [15]. The
loudness of a pure tone with a frequency of 1 kHz and sound pressure level of 40 dB is
defined as being 1 sone. The sharpness is a measure of the sound acuity and high-frequency
component, and is obtained by adding a weight function to its specific loudness [16]. The
sharpness of a noise at 60 dB in a critical band at 1 kHz is defined as being 1 acum. The
roughness is a fundamental hearing sensation caused by sound with rapid amplitude
modulation (15-300 Hz) and is quantified on the basis of the modulation frequency and
depth of the time-varying loudness [16]. The roughness of a 1 kHz tone at 60 dB with a
100% amplitude modulation (modulation depth of 1) at 70 Hz is defined as being 1 asper.
The fluctuation strength is similar in principle to roughness except that it quantifies the
subjective perception of the slower (up to 20 Hz) amplitude modulation of a sound, and it is
calculated from the modulation frequency and depth of the time-varying loudness [16]. The
fluctuation strength produced by a 1 kHz tone at 60 dB with a 100% amplitude modulated
at 4 Hz is defined as being 1 vacil.

The other procedure for evaluating sound quality is using the autocorrelation and
interaural cross-correlation functions (ACF and IACF) frequently used for music and
acoustics in concert halls [17]. Our auditory perceptions are deeply related to the timing of
nerve firings caused by binaurally detected sounds, and the ACF and IACF are modeled
in the processors of the auditory nerve [18,19]. Three parameters can be calculated from
ACF analyses of monoaurally recorded sound: (1) the delay time of the maximum peak
(T1), (2) the amplitude of the first maximum peak (¢1) and (3) the width of the peak at the
original time [Wg(g)] (see Section 2.2 for details). The fundamental frequency (1/7; Hz)
and the pitch strength of the sound are t; and ¢, respectively. The spectral centroid of the
original signal is W), with longer and shorter values, respectively, corresponding to lower
and higher centroid values of spectral energy signals. These ACF parameters explain not
only the musical motif suitable for a specific concert hall [17] but also annoyance induced
by noise [20,21] and speech intelligibility [22,23]. From the IACF analyses of binaurally
recorded sound, the interaural cross-correlation coefficient (IACC) can be calculated (see
Section 2.1 for details). The IACC is the maximum peak amplitude of the IACF whose
delay time is within 1 ms. The IACC is related to the subjective sound diffuseness, which
means that a higher IACC corresponds to the listener perceiving a well-defined direction of
the incoming sound, whereas a lower IACC corresponds to a well-diffused sound. Such
ACF and IACF parameters have also been used for the evaluation of several types of
noise [24-27].

The present study identified physical factors that induce the auditory-based ASMR
sensation using the four Zwicker parameters and four ACF/IACF parameters. We prepared
a total of 20 sound motifs likely to induce the ASMR and calculated the eight sound quality
parameters. To confirm the occurrence of the ASMR, previous studies have adopted
physiological (e.g., functional magnetic resonance imaging or heat rate) [11,28,29] and
psychological (e.g., questionaries) [1,9,10,12,13] procedures. The present study adopted
the psychological approach, with participants quantifying the degree of the perceived
ASMR on a five-point Likert scale. In addition to the ASMR, the participants scored four
subjective sensations (subjective loudness, pitch, comfort, and closeness) at the same time.
We examined the correlation of the ASMR scores with the four subjective sensations and
eight sound quality parameters.
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2. Method
2.1. ASMR Triggers and Sound Quality Parameters

The 10 auditory ASMR triggers (human-generated sounds) used in the study, and
10 healing sounds (nature-generated sounds) recorded binaurally were added for the
comparison (Table 1). The human- and nature-generated sounds were obtained from several
websites and music distribution sites, respectively. The human-generated sounds were
recorded by a dummy head microphone or a binaurally wearing microphone. Although the
nature-generated sounds do not have information on the recording devices, the participants
of this study could perceive the sound images close to them with binaural hearing. For the
sake of expediency, both sounds are called as trigger. The human- and nature-generated
sounds, respectively, represent sounds generated by human behaviors (e.g., the cutting of
vegetables and typing at a keyboard) and natural phenomena (e.g., waves and rain). The
time length of each trigger was 50 s, and the sound energy was set at the same equivalent
continuous A-weighted sound pressure level (Laeq) of 45 dBA.

Table 1 lists the sound quality parameters. The Zwicker parameters were calculated
using a Matlab command embedded in Auditory Toolbox [30]. The calculation algorithms
were based on work in the literature [14-16]. The calculations of roughness and fluctuation
strength had running steps of 0.5 ms and 2 ms, respectively, along the time length of 50 s,
and Table 1 lists average values of the time-varying parameters.

Table 1. Human- and nature-generated sounds and calculated Zwicker’s and ACF/IACF parameters.

Sound Source Zwicker’s Parameters ACF/TIACF Parameters
Fluctuation
Sl}ort Contents Loudness Sharpness Roughness Strength T1 o1 Wa(0) IACC
Title [sone] [acum] [asper] : [ms] [ms]
[vacil]
Cutting Cutting vegetable 6.20 1.63 0.07 1.31 2.52 020 0.26 0.58

Human-
generated
sound

Typing  Typing a keyboard

Book Flipping a book

Shampoo

Washing hair with
shampoo

5.67 2.33 0.08 0.33 1.92 0.04 0.10 0.05

Pen Writing with pen

Fire Building a fire

Brook Murmur of a brook 5.43

Nature-
generated
sound

Rain Sound of rain 5.92

Cricket  Bell-ringing cricket 3.78

Volcano

Bubbles of mud

volcano

711 1.46 0.12 0.29 1.65 015 022 0.07
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The ACF parameters were calculated from the normalized ACEF:

ou() = gueis,T) = UG, @
where
@u(tisT) = g [ pl e+ D). @

Here, 7 is the delay time [s], s is the running step [s], 2T is the integration interval [s]
and py/(t) is the sound in the left channel at time t after passing through an A-weighted
network. The ACF parameters were the (1) delay time of the maximum peak (11), (2)
amplitude of the first maximum peak (¢1) and (3) width of the peak at T = 0 (Wg(q)),
calculated by doubling the delay time at which the normalized ACF becomes 0.5 times
that at the origin of the delay (Figure 1a). Additionally, T and ¢, are related to the pitch
(high or low) and pitch strength (clear or ambiguous) perceived in the periodical part of
the sound. The spectral centroid is equivalent to Wg(g), and a sound with greater W g) is
thus perceived as having a lower pitch in the noisy part.
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Figure 1. (a) Normalized ACF of Cicada as a nature-generated sound and (b) normalized IACF of
Cutting as a human-generated sound. The definitions of Ty, ¢1, We(g) and the IACC are included.

The IACC was calculated from the normalized IACF:

B - CI)I,,(T; S T>
(Pl’r‘(r) - (lblr(T) - \/CI)”(O,' S, T)q)rr(o; S, T) ' (3)
where
D) = 2T / t o i

Here, ®,; is the ACF for the right channel and pr’ (t) is the A-weighted sound in the
right channel. The IACC is the maximum peak amplitude of the IACF whose delay time
is within +1 ms (Figure 1b). The IACC is related to the subjective sound diffuseness
mentioned in the Introduction. The integration interval (2T) and running step (s) were,
respectively, 1 and 0.5 s for the both ACF and IACF calculations, and Table 1 lists average
values of the time-varying parameters.
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2.2. Participants

We recruited 26 participants (20 men and 6 women; age: 21.7 &= 0.4 years) who
had normal hearing. All participants self-reported that they knew of the ASMR through
watching Japanese YouTube channels. The institutional ethics committee approved the
experimental protocol (approval code: R3-19).

2.3. Tasks and Procedures

After listening to the ASMR trigger (50 s) through headphones (HD598, Sennheiser,
Wedemark, Germany) binaurally, the participants were instructed to provide scores on a
five-point Likert scale in the subsequent 10 s. The Laeq at the ear positions was adjusted to
45 dBA. After mounting the headphones on a head and torso simulator (type 4128; Briiel
& Kjeer, Naerum, Denmark), the output level was adjusted to the 45 dBA in the average
of the left and right channels. The participants were asked to give scores (-2, —1,0, 1 or
2) for the degree of perceived loudness (from —2: not so loud to 2: very loud), perceived
pitch (from —2: very low to 2: very high), comfort (from —2: not so comfortable to 2: very
comfortable), perceived closeness to the sound image (from —2: very far to 2: very close)
and ASMR (from —2: not feeling an ASMR to 2: feeling a strong ASMR) on the question
sheet. The order of presentation of the AMSR triggers was randomized. The experiment
was conducted in an anechoic chamber (Laeq of the background noise below 30 dB) at
Osaka University, Japan. The Matlab was used to calculate the statistical values in the
following section.

3. Results

Figure 2 shows the average scores of the subjective loudness, pitch, comfort, closeness,
and ASMR for the human- (black symbols) and nature-generated (gray symbols) sounds.
The subjective loudness, closeness, and ASMR scores tended to be higher for the human-
generated sounds than for the nature-generated sounds. According to a t-test of the total
scores of the human- (260 = 10 ASMR triggers x 26 participants) and nature-generated
(260) sounds, there were significant differences in the subjective loudness (t335 = 3.65,
p <0.01), closeness (t333 = 8.69, p < 0.01), and ASMR (t338 = 7.84, p < 0.01). In contrast, the
comfort was higher for the nature-generated sounds (333 = 6.28, p < 0.01) and there was
no significant difference in the perceived pitch between the nature- and human-generated
sounds (f33g = 0.28, p = 0.78). The three sounds with the highest ASMR values were Earpick,
Shampoo, and Book for the human-generated sounds and Volcano, Lava, and Bubble for the
nature-generated sounds, and they were commonly perceived to be close. The three sounds
with the lowest ASMR values were Cutting, Heels, and Brush for the human-generated
sound and Cicada, Bamboo, and Rain for the nature-generated sounds, and they were
commonly perceived to be far.
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Figure 2. Average scores for (a) loudness, (b) pitch, (c) comfort, (d) closeness, and (e) the ASMR.
Black and gray symbols are results for human- and nature-generated sounds, respectively. The bar on
each symbol shows standard deviations. The black and gray horizontal dot lines are total averaged
scores for human- and nature-generated sounds, respectively.

Table 2 shows the Pearson correlation coefficients of the ASMR scores with the sound
quality parameters that had normal distributions. The ASMR scores of the nature-generated
sounds were strongly correlated with loudness and roughness among the Zwicker parame-
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ters. Meanwhile, the ASMR scores of the human-generated sounds were strongly correlated
with the JACC among the ACF/IACF parameters. Figure 3 shows the ASMR scores as func-
tions of loudness, roughness, and IACC which showed high Pearson correlation coefficients.
The strong negative relationship could be observed in the IACC for the human-generated
sounds, while the positive relationships could be observed in the loudness and roughness
for the nature-generated sounds. Table 2 lists the correlation coefficients of the ASMR
scores with the scores of the other psychological judgements, too. The subjective loudness
had a high correlation with the ASMR generated by the nature-generated sounds. Addi-
tionally, closeness had a high correlation with the ASMR generated by both human- and
nature-generated sounds.

Table 2. Correlation coefficients of the ASMR scores among Zwicker’s parameters, ACF/IACF
parameters and subjective judgements (**: p < 0.01, *: p < 0.05).

Zwicker’s Parameters ACF/TACF Parameters Subjective Judgements
Loudness  Sharpness Roughness Fl;:r:{g:ﬁ“ T $q Wa) IACC SS)T;:E:: Pitch Comfort Closeness
ASMR (Total) 042 —0.21 027 0.15 012  —036 006  —0.67* 0.64 ** —029  —038 0.93 **
ASMR (Human) 0.04 0.11 032 —0.30 039 —032 —0.04 —0.89% 0.38 -020  0.02 0.93 **
ASMR (Nature) 073 * —0.61 0.77 ** 047 014 —046 034 041 0.92 ** —-053  —017  096*
(a) Human-generated sound
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Figure 3. Relationships of the ASMR scores with loudness, roughness, and IACC for (a) human-
generated sounds (black symbols) and (b) nature-generated sounds (gray symbols).
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4. Discussion

The primary reason why the ASMR scores of the human-generated sounds were
significantly higher than the nature-generated sounds may be the distance from the sound
source to the receiver. In fact, the perceived closeness was strongly related to the ASMR
sensation (Table 2). The human-generated sounds were recorded at a position close to the
binaural devices whereas the nature-generated sounds were recorded at a certain distance
from the sound source. Additionally, the ASMR triggers used in previous studies (e.g.,
whisper voice, personal attention, and crisp sounds) were recorded close to the binaural
microphone [1,9-13]. In these triggers, the personal attention refers to role-play videos that
concentrate on the viewer, so that it is not just an ASMR trigger but the scenario/context in
which the triggers occur. To examine acoustical aspects in the triggers, sounds including the
scenario/context (e.g., speech) were removed from the triggers used in this study. However,
the Earpick, Shampoo, and Hair sounds that had high ASMR scores made the participants
imagine to be acted upon themselves. It seems undeniable that such unintended personal
attention might help the ASMR sensations for these triggers, and the very closed triggers
to the participants are likely to induce the pseudo-personal attention.

For nature-generated sounds, sound qualities relating to higher loudness and rough-
ness induced the ASMR experience (Figure 3). These parameters also had high correlations
with the closeness scores (loudness: r = 0.73, p < 0.05, roughness: r = 0.77, p < 0.01). The
nearby sounds produce the ASMR, whereas some listeners are annoyed by sounds close to
their ears. Therefore, the comfort scores were significantly lower for the human-generated
sounds (Figure 2c). Although it is well known that people who experience ASMRs report
feeling relaxed and sleepy after watching and listening to ASMR content, some people feel
annoyance from the triggers [4]. The hypersensitivity for the auditory perception is the
same origin for the ASMR and misophonia; however, higher-order cognitive processing
may divide expressed emotions into the preference for the ASMR or annoyance for the
misophonia [3]. The very closed sound makes the listeners imagine either the positive
personal attention or negative invasion of territory. Separation at the cognitive processing
may be related to the different interpretation of the closeness. If this study contains speech
signals addressing the participants, the comfort scores for the human-generated sounds
may be improved.

Although a previous ASMR study reported that sounds with a lower pitch were
more likely to produce an intense ASMR sensation [9], the pitch scores and ACF/IACF
parameters relating to pitch (i.e., T1, ¢1 and Wg(g)) did not affect the ASMR score (Figure 2b
and Table 2). The bass or low-frequency response is higher when a sound source is close
to a directional or cardioid microphone (in what is known as the acoustical proximity
effect) [31]. In this study, the acoustical proximity effect might occur to the same degree for
any human-generated sound that is sufficiently close to the binaural microphones.

The human-generated sounds with a lower IACC produced a stronger ASMR sensation
(Figure 3). The IACC is related to the spatial characteristics of a sound field, and it can thus
control the location of a sound image. In concert halls (having a diffused sound field), the
IACC is lower when the distance between the sound source and receiver is greater [32],
because the direct sound that tends to increase the IACC is weakened relative to reflections
and reverberations. In contrast, in laboratory experiments, the IACC can be controlled by
changing the interchannel phase difference of stereo loudspeakers in front of the listener,
and a sound with lower IACC can generate a sound image closer to the listener (in what is
referred to as auditory distance rendering) [33-37]. This phenomenon observed in auditory
distance rendering agrees with the results of the present study. However, the binaural phase
of the ASMR triggers used in this study was not manipulated digitally; therefore, there
may be another explanation in this case. The IACC indicates the similarity of time-varied
sounds entering the left and right ears. It is thus expected that sound near one ear (e.g., the
sound heard when using an earpick) has low similarity (low IACC) between the ears, and
we thus have to separate the relationships between the IACC and the distance from the
sound image into near and far fields centering around the listener’s head.
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Finally, we discuss the possible applications of these findings in clinical treatments
for misophonia. The most successfully used treatment at the clinical scene is cognitive
behavioral therapy (CBT) [38—42]. The CBT protocol constitutes four different techniques:
task concentration exercises, counterconditioning, stimulus manipulation, and relaxation
exercises. Following treatment, 48% of the patients showed a significant reduction of miso-
phonia symptoms [43]. In a session of stimulus manipulation, the patients are instructed to
change the pitch and time interval of sound triggers by using an audio-editing software,
and this manipulation initiates a sense of control over their personal misophonic trigger
sounds. In this study, the IACC is the most effective factor to control the ASMR sensation,
so the change of IACC (e.g., convolution with binaural impulse responses) may be effective
to let the patients know the misophonic trigger sounds under their control.

5. Conclusions

The following conclusions are drawn from the results of the study.

(1) Human-generated sounds are more likely to trigger stronger ASMRs than nature-
generated sounds.

(2) Among possible ASMR auditory triggers, sounds perceived to be close to the listener
are more likely to evoke the ASMR sensation.

(3) In the case of nature-generated sounds, the ASMR triggers with higher loudness and
roughness among Zwicker parameters are more likely to evoke the ASMR sensation.

(4) Inthe case of human-generated sounds, the ASMR triggers with a lower IACC among
the ACF/IACF parameters are more likely to evoke the ASMR sensation.
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Abstract: The Weber tuning fork test is a standard otologic examination tool in patients with unilat-
eral hearing loss. Sound should typically lateralize to the contralateral side in unilateral sensorineural
hearing loss. The observation that the Weber test does not lateralize in some patients with long-
standing unilateral deafness has been previously described but remains poorly understood. In the
present study, we conducted a retrospective analysis of the medical records of patients with unilateral
profound hearing loss (single-sided deafness or asymmetric hearing loss) for at least ten years. In this
patient cohort, childhood-onset unilateral profound hearing loss was significantly associated with
the lack of lateralization of the Weber tuning fork test (Fisher’s exact test, p < 0.05) and the absence of
tinnitus in the affected ear (Fisher’s exact test, p < 0.001). The findings may imply a central adaptation
process due to chronic unilateral auditory deprivation starting before the critical period of auditory
maturation. This notion may partially explain the poor outcome of adult cochlear implantation
in longstanding single-sided deafness. The findings may suggest a role for the Weber test as a
simple, quick, and economical tool for screening poor cochlear implant candidates, thus potentially
supporting the decision-making and counseling of patients with longstanding single-sided deafness.

Keywords: hearing loss; tuning fork; audiometry; single-sided deafness; tinnitus

1. Introduction

Tuning fork tests have remained a mainstay of otologic examination for over a century.
The Weber tuning fork test has been mainly used in patients with unilateral hearing
loss to distinguish between sensorineural and conductive hearing loss [1-4]. In patients
with conductive hearing loss, the sound should typically lateralize to the affected side,
whereas in sensorineural hearing loss, it lateralizes to the contralateral side. The mechanism
of sound lateralization of the Weber test has intrigued hearing health professionals for
many decades [1-4]. Clinical and animal experiments have shown that bone conduction
stimulates the cochlea mainly through two routes: (1) through the vibration of the middle
ear ossicles and (2) vibrations of the skull itself (mainly of the cerebrospinal fluid) [4]. In
the case of unilateral sensorineural hearing loss, the intercochlear intensity and phase
differences lead to vibrations being perceived louder in the contralateral unaffected ear,
producing sound lateralization. The observation that some patients with longstanding
unilateral deafness fail to lateralize on the Weber test has been previously mentioned in the
literature but remains poorly understood [2,5,6]. To date, there is no explanation as to why
some patients with longstanding single-sided deafness lateralize and others do not. This
article reports on thirteen cases of patients with longstanding unilateral profound hearing
loss of various etiologies. These patients had different lateralization patterns on the Weber
tuning fork test, seemingly related to the age of onset of deafness.
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2. Materials and Methods

The study was approved by the ethics committee of Charité Medical University
(approval number EA1/015/21). The analysis involved the retrospective review of the
hospital records and audiograms of adult patients with profound unilateral hearing loss
(UHL) of at least ten years” duration who presented to our outpatient department and/or
auditory implant clinic between 2018 and 2021. Pure tone audiograms (PTA) determined
the ipsilateral and contralateral hearing status. Profound hearing loss was defined by a
pure tone threshold average of 90 dB or higher, as described previously [7,8]. The pure
tone threshold average was considered the average threshold at four frequencies: 0.5, 1,
2, and 4 kHz. The Weber tuning fork test was performed using a standard 512 Hz tuning
fork for all patients. To meet the inclusion criteria, the patients had to have an audiometric
interaural asymmetry of at least 50 dB at the frequency of the tuning fork tone (512 kHz).
According to the status of the contralateral ear, the patients were divided into single-sided
deafness (SSD) or asymmetric hearing loss (AHL) groups. SSD was defined by contralateral
a PTA four-frequency average threshold below or equal to 30 dB, while AHL was defined
by a PTA four-frequency average threshold above 30dB [9,10]. Statistical analysis was
performed using JMP 15 Software (Statistical Analysis Systems “SAS” Institute, Cary;,
NC, USA).

3. Results
3.1. Patient Cohort

Thirteen adult patients met the inclusion criteria. Their age ranged from 26 to 78 years
(median 54 £ 16.3 years); seven patients were male, and six were female. All patients were
diagnosed with profound unilateral hearing loss (UHL) of at least ten years” duration. The
patients” epidemiological, clinical, and medical history details are summarized in Table 1.
Of the 13 patients, 8 had childhood-onset UHL and 5 had adult-onset UHL. The duration
of UHL ranged from 10 to 73 years. According to the status of the contralateral ear, ten
patients had single-sided deafness (SSD), while three patients had asymmetric hearing loss
(AHL). Eight of thirteen patients reported having tinnitus in the poorer hearing ear.

Table 1. Patient characteristics of the study cohort. AHL: asymmetric hearing loss; SSD: single-sided
deafness; UHL: unilateral profound hearing loss. SSNHL: sudden sensorineural hearing loss. F:
female; M: male.

. Age of Duration
Age Weber  Residual SSD vs. . Onset ..
(Years) Gender Test Hearing AHL Etiology Onset Classification of UHL  Tinnitus
(Years) (Years)
Infectious .
#1 78 g Nolater- g AHL (scarlet 6 Childhood 72 No
alization onset
fever)
#2 34 M Lateralized  No SSD Infec't101.1§ Childhood 30 No
(meningitis) onset
#3 75 F Lateralized  No AHL Surgery 22 Adult onset 53 Yes
#4 54 M Lateralized  No SSD Surgery 37 Adult onset 17 Yes
#5 54 M N.O lafcer— Yes SSD Trauma 7 Childhood 47 No
alization onset
No later- Infectious Childhood
#o 4 M alization No SSD (labyrinthitis) onset 20 No
47 56 g Nolater g SSD SSNHL 46 Adult onset 10 Yes
alization
#8 36 p o Nolater SSD  Congenital 0 Childhood 36 No
alization onset
#9 54 v Nolater g SSD  Congenital 0 Childhood 54 No
alization onset
#10 51 M Lateralized  Yes SSD Metmere S 33 Adult onset 18 Yes
disease
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Table 1. Cont.

. Age of Duration
Age Weber  Residual SSD vs. . Onset .
(Years) Gender Test Hearing AHL Etiology Onset Classification of UHL  Tinnitus
(Years) (Years)

#11 44 F Lateralized  Yes SSD SSNHL 22 Adult onset 22 Yes

#12 % F Np lajcer— No SSD Infectious Childhood 23 No
alization (mumps) onset

M3 78 p o Nolater- oy 0 AHL  Infectious 5 Childhood 73 No
alization onset

3.2. Weber Test Lateralization Pattern and the Age of Onset

All but one patient with childhood-onset UHL (seven of eight patients) reported
hearing the tuning fork tone during the Weber test but without lateralization to one side.
In contrast, all but one patient with adult-onset UHL (four of five patients) reported
lateralization to the contralateral side, and no patients lateralized to the ipsilateral side
in this cohort. A contingency analysis showed a significant correlation between the age
of onset (adult vs. childhood) and the pattern of lateralization of the Weber test (Fisher’s
exact test, p = 0.0319). The patients’ age, gender, and duration of UHL did not significantly
correlate with the Weber test result in this cohort.

Concerning tinnitus, 5 of 13 patients (38%) reported having tinnitus in the worse
hearing ear (ipsilesional tinnitus). No patients with childhood-onset UHL reported having
tinnitus, while all patients with adult-onset UHL reported having ipsilesional tinnitus. On a
statistical contingency analysis, the absence of tinnitus correlated significantly with the lack
of lateralization during the Weber test (Fisher’s exact test, p = 0.0008). Other factors such
as the ipsilateral residual hearing or the contralateral hearing status were not significantly
associated with the Weber test lateralization pattern in this patient cohort.

3.3. Case Presentations (Selected Cases)

Patient #1: 78-year-old woman who suffered from scarlet fever during childhood
(around the age of six), resulting in a profound hearing loss on the right side. The patient
reported having heard no sounds in the right ear since childhood, even in very noisy
environments. The patient also denied having tinnitus. The pure tone audiogram (PTA)
detected some measurable hearing in the right ear at very high intensities. The contralateral
left ear showed sloping sensorineural hearing loss. The Weber test, performed with a
512 Hz tuning fork, consistently failed to indicate lateralization, as the patient has reported
hearing the tone in the middle of the head. The PTA is shown in Figure 1.
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Figure 1. Pure tone audiogram of Patient #1 with right-sided profound hearing loss caused by scarlet
fever 72 years ago.
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Patient #3: 76-year-old woman who, at the age of 31, underwent a modified radical
mastoidectomy for an invasive middle ear cholesteatoma on the right side. As a result of
the cholesteatoma and the surgery, the patient had right-sided profound deafness and facial
palsy. No recurrence of her cholesteatoma occurred in the following decades. The patient
presented to the outpatient department with mastoid cavity problems. The PTA (Figure 2)
indicated a sloping hearing loss in the contralateral (left) side with a small air-bone gap
after a left-sided tympanoplasty decades ago. The Weber tuning fork test consistently
lateralized to the contralateral (left) side, despite the very long UHL duration (45 years).
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Figure 2. Pure tone audiogram of Patient #3 approximately 45 years after right-sided modified radical
mastoidectomy with partial labyrinthectomy for extensive middle ear cholesteatoma.

Patient #4: 54-year-old man who underwent a translabyrinthine surgery for right-
sided vestibular schwannoma 17 years ago. Immediately after the surgery, the patient
reported a right-sided profound hearing loss (PTA is shown in Figure 3) and facial palsy,
both of which have persisted to the present day. The contralateral side retained normal hear-
ing. The magnetic resonance follow-up scans determined no evidence of tumor recurrence,
and the Weber test lateralized to the contralateral (left) side.
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Figure 3. Pure tone audiogram of Patient #4 approximately 17 years after translabyrinthine surgery
for right-sided vestibular schwannoma.
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Patient #7: 56-year-old woman who suffered from an acute episode of right-sided
sudden sensorineural hearing loss (SSNHL) at 46 years. The contralateral side showed
normal hearing. Ten years later, the Weber tuning fork test does not lateralize, but instead,
it is heard in the middle of the head. The hearing loss and tinnitus did not recover. The
patient elected not to undergo cochlear implantation. The PTA is shown in Figure 4.
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Figure 4. Pure tone audiogram of Patient #7 approximately ten years after right-sided sudden
sensorineural hearing loss.

Patient #9: 54-year-old man with profound left-sided sensorineural hearing loss of
unknown etiology since birth. The PTA showed contralateral normal hearing (Figure 5).
The Weber tuning fork test consistently showed a failure of lateralization.
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Figure 5. Pure tone audiogram of Patient #9 with left-sided profound hearing loss since birth.

Patient #10 is a 52-year-old man with left-sided Meniere’s disease for over twenty
years. The disease progression had resulted in recurrent vertigo attacks, left-sided sen-
sorineural hearing loss, and tinnitus. After multiple intratympanic gentamicin injections,
complete control of the vertigo attacks was reached. However, the intratympanic gen-
tamicin treatment resulted in a left-sided profound UHL for over 18 years. The Weber
test lateralized to the contralateral (right) side. The patient was referred to the cochlear
implantation unit for auditory rehabilitation. The PTA is shown in Figure 6.
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Figure 6. Pure tone audiogram of Patient #10 with left-sided Meniére’s disease.

4. Discussion

In the present study, we analyzed the results of the Weber test in a small cohort
of patients with single-sided deafness (SSD) and asymmetric hearing loss (AHL). The
common features shared among all patients in the present study are the unilaterality and
long duration of the profound hearing loss, ranging from ten to over seventy years. Despite
the anticipated lateralization of the Weber test in the entire cohort, eight of thirteen patients
reported the sound heard equally on both sides (no lateralization).

We hypothesize that the longstanding auditory deprivation associated with profound
unilateral hearing loss (UHL) could lead to a central adaptation process, contributing to
the loss of lateralization of the Weber tuning fork test. This observation appears to apply to
both SSD and AHL. It is tempting to speculate that the loss of Weber test lateralization could
be attributed to central habituation. Observations from daily otologic practice support
such a notion. For instance, patients who underwent successful stapedotomies commonly
describe environmental sounds as uncomfortably loud for a short period immediately after
the surgery [1]. This observation can be explained by the central adaptation to a low-sound-
intensity input from that ear over a long time. Since this discomfort is generally transient,
this central adaptation appears to be reversible in those cases of chronic conductive hearing
loss [1]. After an acute unilateral vestibular loss, an equivalent central habituation process
is also well established [11-13]. It would be interesting to determine whether such an
adaptation process in the central auditory system influences the outcome of cochlear
implantation in patients with SSD.

The effects of unilateral auditory deprivation on the auditory cortex have been pre-
viously studied [14,15]. Children with SSD display neural plastic changes in the auditory
cortex, particularly cortical reorganization and interaural preference, which may be re-
versible after early cochlear implantation [15-18]. Interestingly, auditory cortex maturation
continues well into adolescence [19], which may explain the absence of tinnitus and lack
of Weber test lateralization observed in patients with postlingual childhood-onset SSD
in the present study. These cortical changes may explain the poorer outcome of cochlear
implantation in prelingual SSD compared to postlingual SSD [15]. However, animal mod-
els of SSD have also shown neuroplastic changes in the subcortical auditory centers [20],
making the model even more complex. This complexity renders it challenging to employ
specific electrophysiologic or radiological markers as predictors for the outcome of cochlear
implantation in patients with longstanding SSD. One potential approach would be to
use functional magnetic resonance imaging (fMRI) to evaluate the central reorganization
occurring after SSD [21,22]. Based on the current study’s findings, we suggest adding the
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Weber tuning fork test to the standard test battery to evaluate cochlear implant candidacy
in SSD patients.

SSD patients should be counseled about the alternatives to cochlear implantation,
including contralateral routing of signals (CROS) or bone conduction devices. While those
devices may abolish the head shadow effect, they do not restore binaural hearing [23,24].
In the well-selected motivated SSD patient, cochlear implantation may thus be an attractive
treatment option that allows binaural hearing with improved sound localization, tinnitus
relief, speech discrimination in noise, and quality of life [25,26]. In a recent randomized
controlled trial, cochlear implantation outperformed CROS and bone conduction devices
in SSD [26]. However, the auditory outcomes of cochlear implantation in congenital and
longstanding SSD still represent a challenge, which was the primary motivation behind
the present study, aiming to provide clinical predictors of cochlear implant performance in
longstanding SSD.

The lack of reliable electrophysiologic or radiological outcome predictors for cochlear
implantation in SSD patients may reflect the incomplete understanding of the neurobio-
logical changes associated with SSD. Indeed, the outcome of cochlear implantation in SSD
is variable and depends on several factors, most notably the duration of deafness [27-31].
A long duration of SSD has been associated with poor cochlear implant performance
and deficient postoperative speech discrimination [27-31]. As a result, many clinicians
do not recommend cochlear implantation in longstanding SSD. However, the outcomes
of auditory rehabilitation with cochlear implants vary among SSD patients, precluding
a consensus or guideline, since some patients still achieve some degree of benefit even
after long durations of deafness [32]. A systematic review of the literature identified a
statistically significant negative association between the SSD duration and postoperative
speech discrimination [27]. However, the effect size was not clear, thus not allowing for a
recommendation on the longest accepted period of SSD for cochlear implant candidacy [27],
especially considering the myriad of other confounding factors influencing the outcome. In
our own published data on implanted adults with SSD, there was a statistically significant
correlation between a longer duration of SSD and poorer postoperative implant perfor-
mance, with congenital SSD patients having zero speech discrimination in the implanted
ear one year after implantation [28,33].

In clinical and experimental studies, the association between tinnitus and SSD has been
well established [14]. Chronic subjective tinnitus may be regarded as a central response
to peripheral auditory deafferentiation [15,34]. Translational audiology experiments with
animal models of SSD have demonstrated the lack of tinnitus in congenital SSD [34,35]. This
finding has been confirmed by human clinical studies of congenital SSD patients, suggesting
that auditory experience is essential for the development of tinnitus [36]. Furthermore,
the duration of auditory experience must be sufficiently long for the development of
tinnitus [37]. Indeed, Lee and coworkers reported the absence of subjective ipsilesional
tinnitus in adult patients with SSD with onset before the age of 20 years [37]. These findings
suggest that the lack of tinnitus in SSD may be associated with irreversible neural plastic
changes if they persist after the critical point of auditory development in adolescence. As
such, the absence of tinnitus in adult patients with childhood-onset SSD may indicate
irreversible central changes. Future studies should investigate the potential usefulness of
central auditory processing evaluations in detecting those changes. In adult-onset SSD, the
role of tinnitus as a predictive factor is less clear. Previous studies have shown that the
severity of tinnitus associated with sudden sensorineural hearing loss (SSNHL) decreases
with time [38]. Some authors hypothesized that SSD patients with tinnitus might have
better auditory outcomes after cochlear implantation than those without tinnitus [39]. In
the present study, ipsilesional tinnitus was reported exclusively by patients with adult-
onset UHL, which is consistent with the findings of Lee et al. [37]. In the patients with
childhood-onset UHL, the absence of tinnitus correlated significantly with the lack of
Weber test lateralization. Since our data are only correlative and retrospective, the findings
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should still be confirmed in further prospective studies. The small sample size and the
heterogeneous patient cohort represent the main limitations of our research.

5. Conclusions

In patients with longstanding SSD referred for cochlear implantation, the poor postim-
plantation auditory performance can be partially explained by peripheral factors (such
as spiral ganglion neurite retraction or neuronal loss). However, a central habituation
component is also likely involved, as shown by electrophysiological and brain mapping
studies [14,17,40]. It is tempting to hypothesize that the lack of Weber test lateralization
could predict this central habituation process, possibly forecasting the auditory perfor-
mance of implanted SSD patients. Based on this hypothesis, we proposed a novel role
for the Weber test as a simple adjunct screening tool before cochlear implantation of SSD
patients. If confirmed, this phenomenon may have implications for otologic practice, poten-
tially supporting the decision-making and counseling of patients with longstanding SSD,
who seek auditory rehabilitation. Further, more extensive studies are needed to elucidate
the relation between the Weber tuning fork test result and the cochlear implant performance
in patients with SSD. In addition to clinical research, the reverse translational approach
(“bed-to bench”) is recommended for further studies to determine the precise cell biology-
and neurobiology-based mechanisms of the changes seen in clinical practice.
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Abstract: This systematic review investigates ear cooling and cryotherapy in the prevention and
treatment of inner ear damage and disease, within the context of animal models and clinical studies.
A literature search was carried out in the databases Pubmed and Cochrane Library. Ten studies
were identified concerning the otoprotective properties of cryotherapy. Nine of these were rodent
in vivo studies (mice, rats, gerbils, guinea pigs). One study involved human subjects and investigated
cryotherapy in idiopathic sensorineural hearing loss. The studies were heterogeneous in their goals,
methods, and the models used. Disorder models included ischemia and noise damage, ototoxicity
(cisplatin and aminoglycoside), and Cl-electrode insertion. All ten studies demonstrated significant
cryotherapeutic otoprotection for their respective endpoints. No study revealed or expressly inves-
tigated otodestructive effects. While limited in number, all of the studies within the scope of the
review demonstrated some degree of cryotherapeutic, otoprotective effect. These promising results
support the conducting of further work to explore and refine the clinical applicability and impact of
cryotherpeutics in otolaryngology.

Keywords: otoprotection; cryotherapy; hypothermia ; inner ear

1. Introduction

Pathologic conditions of the inner ear manifest clinically in varying degrees of hearing
loss, tinnitus, and dizziness. In some cases, these symptoms severely impair quality of
life (QoL) and carry emotional and financial consequences for those affected and their
relatives [1,2]. The pathophysiology of many inner ear diseases is not well-known; dis-
orders with a known cause are somewhat better understood. The latter include blast
injury, acoustic trauma, or ototoxic hearing loss [3,4]. In contrast, the etiology of dis-
orders such as idiopathic sensorineural hearing loss and acute vestibular neuropathy
remain unclear (Schick et al. 2001), although potential suspected causes include auto-
immunological processes [5], viral infections [6,7], and vasomotor dysregulation [8]. An
improved pathogenetic understanding of these disorders has only sometimes improved
therapeutic outcomes.

The two most common therapies for the disorders listed above are steroids and
antioxidants; both deliver mixed results in the clinical setting. For example, steroids,
despite being a well-established therapy for cisplatin ototoxic hearing loss, do not positively
influence outcomes [9]; adverse effects include high blood pressure, blood sugar disorders,
and decompensation of psychological comorbidities [10]. Despite substantial testing,
the results with antioxidants such as sodium thiosulfate also remain mixed. The 2017
Freyer et al. randomized control trial of oncological diseases in children and young people
treated with cisplatin employed an antioxidant containing sodium thiosulfate in the test
group, as well as cisplatin [11]. This was regarded as the first effective therapy for cisplatin-
induced hearing loss. However, a retrospective analysis demonstrated significantly worse
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QoL in the test group with advanced tumor disease [12]. As a result, a potential reduction
by the antioxidant of cisplatin’s anti-cancer activity cannot be ruled out. At present,
known otoprotective therapies are both limited in their availability and applicability, and
demonstrate questionable efficacy.

In the search for better otoprotective therapies, clinicians and researchers are eval-
uating novel therapeutic modes. To this end, the otoprotective effect of cryotherapy
(otoprotective hypothermia, OH) has been investigated since the 1980s, and a number of
in vivo studies have been published. It is somewhat surprising that local cooling in otorhi-
nolaryngology (with a few exceptions) has not been studied more actively, considering
thermal manipulation of the inner ear is an established clinical routine in the diagnosis of
the vestibular organ, and the broad protective effects of cryotherapy are included in inten-
sive care medicine and oncology (prevention e.g., scalp hair loss during chemotherapy)
daily routine [13-15].

In this review we seek to elucidate the following key topics: (i) the current state of
application and understanding of cooling of the inner ear; (ii) the protective effect of cooling
on hearing; (iii) the pros and cons of cryotherapy in human otolaryngology disorders; and
(iv) potential methods of administering cryotherapy.

2. Methods

A literature search was conducted between 1 September and 30 September, and again
between 1 December 2021 and 31 January 2022, according to PRISMA guidelines [16].
Search parameters included (a) condition (e.g., hearing loss, deafness, blast injury, tinnitus,
hair cell loss) and (b) intervention (e.g., hypothermia, cryotherapy, cooling). The terms and
Boolean combinations were adapted for the database searches in Pubmed and the Cochrane
Library. Figure 1 demonstrates the search outcomes as a PRISMA flow diagram. Literature
cited within the included studies was also reviewed. No restrictions were placed on the
date of publication. Studies from the search sample set described above were included in
the review if they explored effects of cooling on the inner ear.

For this review, two review authors (DP and SS) independently searched and identified
eligible studies and trials based on the following characteristics: study population (clinical
studies, or in vivo studies) and study intervention (clinical study recruiting probands with
an inner ear disease receiving or not receiving cryotherapy; inner ear model of a cochlear
damage with or without cryotherapy).

The review authors screened titles and abstracts to identify potentially relevant cita-
tions. The full text of the article was retrieved and reviewed when the title and abstract
screening were ambiguous in their relevance. The review authors independently assessed
the eligibility of the studies, by filling out eligibility forms designed in accordance with the
review study inclusion criteria.
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Figure 1. Flow chart of the study selection procedure.

3. Results

The studies included in the review were heterogeneous in their objectives, the animal
models used, how cold was applied, and measurement methods. A total of 33 studies were
identified investigating the impact of cooling on the inner ear. However, only 10 studies
of the 33 investigated the otoprotective potential of cryotherapy in the ear. The remaining
23 studies were more heterogenous and focused on fundamental research.

3.1. Cooling Effects on Compound Action Potential

Fifteen of the twenty-three studies investigating the impact of cooling on the cochlea,
without reference to otoprotection, used animal models. Five of these in vivo studies
investigated the impact of cooling on compound action potentials (CAP) [17-21]. Brown
et al. measured CAP in guinea pigs with whole-body hypothermia and used 1-ms rise—fall
time to evoke the CAP. Small changes were observed when cooling to between 37 °C and
34 °C. With further cooling, amplitude, waveform, threshold, and latency changed greatly
and mostly reversibly. The amplitude decrease in the high frequencies was explained by
a selective decrease in the sensitivity of units tuned to higher frequencies. However, the
increase in the latency of units was independent of their characteristic frequency. The
authors presume that this could be explained by the fact that the conduction velocity of
myelinated nerves decreases linearly with the decrease in temperature.

3.2. Cooling Effects on Endocochlear Potential and Single nerve Fibers

Cooling has been shown to reduce the endocochlear potential (EP) in the base of the
guinea pig cochlea, from 86 mV to 73.2 mV on average, after 2 h of cooling, reaching a rectal
temperature 29 °C [22]. Two studies investigated the impact of cooling on the endocochlear
potential (EP), as facilitated by the stria vascularis [20,22]. Single auditory nerve fiber
recordings were used by two studies, which suggested that mechanical properties were
more changed in the base of the cochlea then in the apex. This further supports the validity
of CAP and EP cooling findings [23,24].
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3.3. Cooling Effects on Otoacoustic Emissions

Temperature dependence of distortion product (DPOAE) and transient evoked otoa-
coustic emissions (TEOAE) were found in at least three studies [25-27]. No changes were
observable between 37 °C and 33-34 °C, but DPOAE and TEOAE were significantly, but
reversibly, suppressed at temperatures below the lower range.

3.4. Other In Vivo Studies

Few studies used non-electrophysiological measures. Miller et al. published several
papers using laser Doppler flowmetry to measure the cochlear blood flow in guinea pigs.
They exposed the bone of the basal turn of the cochlea to a cryoprobe. This induced a
reduction of the cochlear blood flow for cryoprobe temperatures of —40 °C compared to
0 and —10 °C [28,29].

The studies listed above prove that in vivo cooling leads to reversible changes of the
different components of the inner ear, with a tendency to most strongly affect the base of the
cochlea. However, investigations upon the cooling application itself were not systematic or
closely comparable across studies.

3.5. Comparison of Cooling Administration

Only two in vivo studies were identified comparing different application methods
of cooling. Smith et al. 2007 used a rat model and placed a temperature micro-probe in
the basal flexion of the cochlea. Water irrigation over the external ear canal (EEC) was
compared with an opened bulla approach [30]. EEC irrigation with water cooled to 14 °C
and 11 °C decreased cochlear temperature on average by 1.1 °C and 1.6 °C, respectively.
Bulla irrigation with water cooled to 14 °C and 11° decreased cochlear temperature on
average by 3.3 °C and 4.1 °C, respectively. Stanford et al. 2020 compared EEC irrigation and
a thermoelectrically cooled metal ear bar in a guinea pig model. The ear bar needed to be
cooled to temperatures 7 °C lower than the EEC irrigation temperature, to achieve similar
cooling effects [31]. These two studies demonstrated that cooling applied locally over the
external ear canal leads to temperature changes within the inner ear in vivo. In contrast,
most other in vivo studies used whole-body hypothermia. Localized cooling methods are
more interesting, clinically, than whole-body hypothermia, due to the more practical route
to clinical application.

3.6. Cooling-Induced Otoacoustic and Temperature Changes in Human Studies

Temperature measurements in the tissues, cells, or fluid compartments of the inner ear
in living human subjects are lacking. As a result, surrogate measurements such as otoacous-
tic emissions were used in five studies. During cardiac surgeries whole-body hypothermia
was applied. It was shown that the TEOAE and DPOAE response is dependent on the body
core temperature [32-36].

Two human studies measured induced temperature change on the surface of the bony
labyrinth [37,38]. Kleinfeld and Dahl measured temperature variations at the lateral bony
canal during 11 ear surgeries (posterior tympanotomies). Cooling was applied by filling
up the external ear canal with about 2 ml 20 °C tempered or 0 °C tempered water. The
mean temperature decrease was 0.8 °C and 1.2 °C within 70 s. However, the administration
of only 2 mL cooling fluid is not likely to be sufficient to cool down the inner ear. What
remains unclear is what temperature change can practically be provoked in living human
subjects with EEC cooling or neck cooling, nor are the methods described that explain how
temperature changes should be measured within the inner ear in living human subjects
without the need for surgery.

3.7. Evidence of Cryotherapy for Prevention and Therapy

Ten studies investigating the otoprotective effects of cooling were identified. Of
these, nine were in vivo studies with rodents; one was a clinical study of hearing loss in
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human patients. Table 1 summarizes the included papers, sorted by investigated effect and
localization of cooling.

Table 1. Study characteristics.

Results

Whole-Body Ectopic, Cervical Invasive, Promontory Ear Canal

Increase of the cochlear
ischaemic tolerance

Decrease of
noise damage

Increasing the residual
hearing after CI
Increased rate of cured
patients after sudden
idopathic hearing loss

Decrease of
cisplatin ototoxicity

Balkany et al. 2005 (rats)

Takeda et al. 2008 (gerbils)
Watanabe et al. 2001 (gerbils)
Hyodo et al. 2001 (gerbils)

Henry et Chole 1984
(mice, gerbils)
Henry 2003 (mice)
Tamames et al.
2016 (rats)

Hato et al.
2010 (human)

Spankovich et al. 2016
Stanford et al. 2020

(guinea pigs)

Decrease in cisplatin ototoxicity: Two studies by the Spankovich group demonstrated
protection of hair cell activity in guinea pigs under the application of non-invasive cooling
of the outer ear canal [31,39]. Spankovich et al. irrigated the outer ear canal for 20 min
with 30 °C water, 2 h before administering a single dose of cisplatin (12 mg/kg, i.p.).
The same research group refined their methods for a later 2020 study and used a more
accurate cisplatin dosing regimen of one application per week (4 mg/kg, i.p.) for 3 weeks,
which cumulatively reached dose equivalence with Spankovich et al. (12 mg/kg) [31].
The results of Spankovich and Stanford did not significantly differ. Cisplatin exposure
over time resulted in minimal, insignificant ABR and DPOAE measurement threshold
shifts for the control and intervention groups. After the second cisplatin dose, there was a
significant threshold shift in the control group, a small, nonsignificant threshold shift in the
intervention group, and no significant difference between the two groups. After the third
dose, a significantly greater threshold shift was shown in the control group compared to
the cooled group. In addition, hair cell loss in the cochlear basal region was significantly
reduced for the intervention group [31]. In short, pre-emptive cryotherapy was successfully
demonstrated to protect hearing and hair cells from repeated cisplatin exposure.

Cranial cooling in the treatment of idiopathic hearing loss: While the etiology of idiopathic
sensorineural hearing loss has not been clarified, many forms of therapy have been tested.
Hato et al. conducted a multi-center study [40], motivated by the otoprotective effect
of hypothermia observed in the ischemia model of Watanbe et al. [41]. The patients in
Hato et al.’s study hypothermic group (N = 86) were admitted and treated with a cooled
water pillow for 48 h, in addition to standard treatment for 7 days, which was 60 mg pred-
nisolone for days 1-3 and reduced doses days 4-7, and 60 mg of Adenosine Triphosphate
(ATP) and 150 mg of methylcobalamin over 7 days. The water pillow was cooled to 15 °C
and was changed 4-5 times per day. The patients used the water pillow for the first 48 h
after admission, with restricted activity. The control patients received only the medications.
No adverse effects of the cooling pillow therapy were observed. At 6 months, there was no
observable statistical case-matched analysis difference in patients aged 60 years or older.
The below 60 years of age subgroup showed a statistically significantly higher recovery
rate, i.e., 71.4% vs. 46.5% in the control group [40]. Complete recovery was defined as
hearing level recovered within 20 dB at five frequencies (0.5, 1, 2, 4, and 8 kHz) or hearing
level recovered to that of the contralateral, unaffected ear.

Increasing cochlear ischemia tolerance as a model for idiopathic hearing loss: Some ani-
mal studies model idiopathic hearing loss by disconnecting blood supply to the cochlea.
These studies showed that mild full-body hypothermia (32 °C) reduced and usually also
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prevented hearing loss, as measured in terms of brain stem audiometry and immunohisto-
chemistry (number of intact hair cells) when compared to the normothermic group [41-44].

Reduction of the destructive effect of acoustic trauma: Henry et al. demonstrated the pro-
tective effects of cryotherapy within the context of acoustic trauma in mice and gerbils [45].
They exposed mice and gerbils of different ages to noise (5 min, 8-16 kHz octave band,
115 dB SPL). They then measured the cochlear action potential, before and after noise
exposure, at 4 days. The damage was quantified as a threshold shift in dB. The average
permanent threshold shift (PTS) was 37.2 dB in young mice in the normothermic group.
In the mild hypothermic group (30 °C) the average PTS was 26 dB. An electron micro-
graph of the apical, mid, and basal parts of the cochlea was taken. The authors asserted
that the physiological findings support CAP measurements, without providing a further
quantitative analysis.

Increasing residual hearing after cochlear implantation (CI): Balkany et al. conducted
a rat-based animal study demonstrating improved residual hearing after CI in animals
treated with systemic hypothermia (34 °C) [46]. They investigated the effect of mild
hypothermia on hearing loss due to electrode insertion trauma in normal hearing rats.
Electrode insertion leads to cochlear damage, which is clinically relevant in functional
deaf patients with residual hearing, i.e., at low frequencies. ABR threshold shift was
substantially reduced in the hypothermia group (—4.2 dB SPL) vs. the normothermia
group (—15.9 dB SPL). Similarly, Tamames et al. demonstrated significant otoprotection in
a hypothermia group, quantified as reduced ABR shift and improved hair cell count [47].
The main difference between the Tamames and Balkany studies was in the application of
cooling. Balkany et al. used mild whole-body hypothermia; Tamames et al. explored cold
application to the cochlear promontory via a rod-like device.

4. Discussion

The research, conclusions, and ultimately cryotherapy’s clinical usefulness as a ther-
apeutic approach remain a fragmented picture. In vivo study results are promising, and
positive physiological effects in the inner ear were observed, but this evidence pertains
mostly to full-body hypothermia, which is impracticable for use in clinical studies, and
probably impractical in most clinical settings. The reviewed works applied thermal energy
eclectically, so while the methods do not strongly corroborate one another, the results are
still generally promising. Furthermore, the varied studies show multiple clinically interest-
ing hypothermic impacts on the inner ear. Cryotherapy applications variously increased
ischemic tolerance, reduced cisplatin ototoxicity, and reduced both acoustic trauma and
residual hearing loss as caused by the CI electrodes. Nevertheless, little is known about
the mechanisms that take place within the inner ear in hypothermic conditions. Taken
together, these studies and measurements demonstrated that hypothermia has an effect,
and frequently enough a beneficial effect; however, it remains unclear how that effect
unfolds, and corroborating studies would be advisable to prioritize the form of application
and verify preliminary results in the areas where doing so would have the greatest impact;
i.e., QoL impacting clinical areas where other therapies are lacking or where otological
damage is particularly severe.

Most of the in vivo studies had a relatively simple design and relied upon a combina-
tion of hypothermic exposure in combination with different potentially hearing-harming
conditions and electrophysiological measurement, e.g., a hair-cell count. These captured
measurable changes, but were not generally sufficiently precise in application, to ascertain
what methods of application affect electrophysiological change most effectively, or why.
Several studies investigated electrophysiological changes in CAP, CP, and OAE, and thereby
demonstrated hypothermic effects at the basal part of the cochlea. CAP amplitude, wave-
form, threshold, and latency changed significantly, and mostly reversibly, below 32-34 °C
(body core temperature) [17]. In the case of the cisplatin-model the main mechanism is, in
all likelihood, reduced blood flow and, therefore, a reduced uptake of ototoxic substances,
e.g., cisplatin [48]. Additional mechanisms of action might include slowed metabolism,
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reduced oxidative stress, and the involvement of cold shock proteins [49]. Higher metabolic
and mechanical activity might explain the higher susceptibility of high-frequency areas vs.
low-frequency areas of the cochlea.

It is worthwhile to further explore the theoretical physiology of cooling. Cooling
reduces the blood flow of the stria vascularis and, therefore, impacts the endocochlear
potential, but it is unclear whether the vasoconstriction (and therefore a reduced blood flow)
on the level of the cochlea is responsible for some of the reported therapeutically promising
observations, or if further systemic changes within the body (e.g., reduced cardiac output
following whole-body hypothermia) are responsible for the effect [22,29].

Furthermore, not all the physiological phenomena are explained by processes in the
organ of Corti or the stria vascularis, because increased CAP latency was also observed.
This implies a hypothermia-associated process in the first neuron. This simply reinforces the
lack of clarity as to whether slowed metabolism or reduced perfusion, or perhaps neither or
both, are responsible for neural changes. Future research regarding physiological changes
of the inner ear should use models that more precisely localize cooling at the ear, avoiding
full body hypothermia, to differentiate better local cooling effects and exclude more general
processes. Furthermore, methods should be applied that support the investigation of
hypothermia-associated changes on an intracellular level with a differentiation between
the different cell types, to further uncover the precise mechanism by which therapeutic
effects are being achieved (or to hint at potentially undesirable side-effects).

There are a number of otologic diseases currently lacking reliable therapy options, and
which are potential targets for cryotherapy. Within this context, at present, the state of the
available literature implies that there is no consensus related to the prioritization of which
pathological condition or conditions might be best suited for study. In terms of the most
applicable therapeutic methods, only neck-applied cooling pad otoprotective hypothermia
studies have been conducted in humans, and these were entirely limited to idiopathic
hearing loss [40]. It is questionable whether idiopathic hearing loss is the most relevant
application for cryotherapy in otology disorders, and whether neck cooling is a sufficient
therapy for the disorder. Idiopathic sudden hearing loss is difficult to investigate because
of the unclear, possibly diverse, etiologies and the resultant variable time frames at which
patients should be enrolled in a study. A further obstacle is the high spontaneous remission
rates. The single study exploring otoprotection in humans by Hato et al. is promising but
is insufficient for actionable, clinical conclusions to be drawn, related to the protective or
therapeutic potential of cryotherapy in otorhinolaryngology.

Cisplatin-induced hearing loss might be a reasonable candidate for translational re-
search with cryotherapy, because the etiology is well understood [12]. Further arguments
for prioritizing cryotherapy for cisplatin-induced hearing loss, include the fact that the oto-
toxic agent is known (which improves quantifiable evaluation, due to the dose-dependency
of the ototoxicity). Studies could be schedulable to consistent time frames in the ototoxic
progression (time of drug administration), and a study group is clearly available as control,
as cisplatin is generally ototoxic in healthy-hearing patients.

Other disorders, which have not been explored in this work, and for which studies
were not discovered in our review (and presumably do not exist), but which also are
potential cryotherapy candidates, include vestibular neuritis, zoster oticus, and middle
ear infection with inner ear involvement. A characterization of the prevalence of these
ailments, the scope of otological damage, and a review of the therapies generally available
for these conditions would be useful in identifying which of these might be most suitable
for exploring the usefulness of cryotherapy in care. These diseases were, of course, outside
the scope of this review, because, to date, cryotherapy has not been attempted (or at least
not attempted and published). A reasonable cryotherapeutic trial protocol, may be an
accessible and efficient path to new QoL improvements for these disorders.

Besides prioritizing the best disease targets for future study, the cryotherapeutic
protocol (mentioned above) seems to be a prime target for optimization and standardization.
In short, the method of cooling that is best for otoprotective therapy has not yet been
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established. Disease targeting is inextricably connected to the question of how cryotherapy
is applied to the human body. Hato et al. used neck cooling to ectopically cool. However,
the approach of neck cooling is not new and is under debate for brain protection, e.g.,
out-of-hospital reanimations. Neck with full-head cooling was used in healthy volunteers
and intensive care unit patients [50-52], demonstrating a temperature drop at the tympanic
membrane of around 0.8-1.5 °C, with a significant reflexive increase in blood pressure.
Sole use of neck cooling is probably not ideal for future cryotherapy trials, because of its
potential inefficiency and side-effects.

Ear canal cooling seems practicable as a therapeutic vehicle. Cooling takes place close
to the target organ (the inner ear) and would not obviously cause severe or unpredictable
effects. Two studies were identified in which induced temperature change was measured
in humans, and where the EEC was inundated with water [37,38]. Spankovich et. al. used
EEC cryotherapy to reduce cisplatin toxicity in guinea pigs [31,39]. Notably, no human
otoprotective study with an EEC approach seems to have been conducted yet. However,
the procedure is basically known, is used, and is safe. Simultaneous bilateral application of
caloric stimulation is a known and proven method. Studies have investigated its diagnostic
value for the testing of the vestibular system and also central vestibular lesions [53-55].
Bilateral therapeutic cryotherapy should, therefore, also be feasible.

With regards to long-term cooling methods, due to the lack of a suitable long-term
cooling device, there is no data available to conclude whether longer cooling durations of,
for example, an hour or longer, are acceptable. Long-term cooling, in any case, would not
seem to be a practical implementation.

Besides duration, the degree of cooling that is appropriate has also not yet been
established. Mild local hypothermia may prove tolerable but insufficient to achieve effective
otoprotection. This too requires exploration, though general cryotherapeutic studies should
be useful to establish safe parameters for such explorations.

Through a focus upon cryotherapy for ototherapeutic purposes, it should be possible
to arrive at reasonably standardized methods, which can better help to elucidate the
otoprotective mechanisms and applications relevant to further develop new, useful, and
cost-effective therapeutic applications for ototoxic disease.

5. Conclusions

Otoprotective cryotherapy is a therapeutic approach that has been proven by various
in vivo studies. Although the studies were quite heterogeneous in terms of methodol-
ogy and objectives, they demonstrate protective effects and carry clinical potential. Fu-
ture in vivo studies on otoprotective cryotherapy should investigate molecular-genetic,
metabolic, and cellular mechanisms, in addition to verifying otoprotective key outcomes
(i.e., ABR and hair cell count). A better understanding of these mechanisms in all cells of
the inner ear, including hair cells and support cells, as well as the stria vascularis, would
help to guide future development of therapeutic methods, regardless of whether these are
cryotherapy-oriented or not. Data on the tolerability and safety of bilateral, simultaneous
cold application would be desirable, as such “soft” factors determine the acceptance and,
thus, success in patients. Significant research effort is required to empirically provide
grounds for clinical targets, methods, and recommendations. We recommend beginning
such research in the diseases best understood, and then leveraging such useful principles
as can be proven to drive further scientific and clinical progress.
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Reverend Professor David (Dave) Mark Baguley, audiologist, hearing scientist, tinnitus
clinician, educator, and Church of England priest, died suddenly and unexpectedly in
Nottingham, UK on 11 June 2022, at the age of 61 (Figure 1). Dave was preceded in death
by his mother Sheila. He is survived by his wife Bridget; their children Sam, Naomi and
Luke; his father, Philip and his brothers Peter and Richard.

He was born on the 18 March 1961 in Manchester, UK. The family relocated to Ipswich,
Suffolk but Dave never lost his Mancunian roots, and remained a fervent lifelong supporter
both of Manchester City soccer team and of Manchester Indie Music. After attending
Northgate Grammar School for Boys in Ipswich (now Northgate High School) he returned
to study at Manchester University where he was awarded a BSc (Hons) in Psychology in
1983, and subsequently an MSc in Clinical Audiology in 1985.

After university, his first job was as Scientific Officer at the Medical Research Council
(MRC) Institute of Hearing Research in Cardiff, Wales. After eight months in this post,
he moved to Addenbrookes Hospital in Cambridge UK, working for the National Health
Service (NHS) as an Audiological Scientist. Four years later he became Head of Audiology
and was later awarded Consultant status. He remained at Addenbrookes Hospital for
over 30 years and the Audiology Department grew under his stewardship to achieve
international renown. Latterly, he added Head of Hearing Implants to his job description
and became Clinical Lead for the local neonatal hearing screening service. As part of the
process of developing the Audiology Department, he instigated Cambridge’s first dedicated
Tinnitus Clinic in 1987.

To support his growing managerial responsibilities, he studied for an MBA which
was awarded with Distinction by the Open University in 1994. His academic career was
also blossoming and by this stage his medical writing was in full flow. He was contribut-
ing to the peer-reviewed medical press at a prodigious rate and ultimately wrote more
than 220 scientific articles. The main thrust of his initial research and writing concerned
vestibular schwannomas but by the late 1990s his research direction had shifted, and the
publication emphasis became tinnitus and hyperacusis. Although he wrote many erudite
papers, he seemed most fond of some of his quirkier publications. Finding a niche that
no-one else had considered gave him great pleasure and resulted in one paper about pos-
itive experiences of tinnitus, another about the international vocabulary of tinnitus and
a book chapter on tinnitus and hyperacusis in literature, film, and music. This offbeat
approach spilled into his presentations which were often scattered with tinnitus references
from literature and the arts: even Tintin featuring in one of his talks! While continuing to
work full-time, he undertook a PhD on the physiological mechanisms of tinnitus in patients
with vestibular schwannoma. This degree was awarded by Cambridge University in 2005.

Throughout his tenure at Addenbrookes, Dave developed what was to become a
lifelong passion for teaching, and this extended not only to audiology staff but also to both
the homegrown medical trainees passing through the ENT Department and the interna-
tional research fellows who were attached to the hospital’s skull base team. This ability to
cross boundaries into other clinical and research disciplines was one of Dave’s strongest
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points: he was equally comfortable talking to a young audiologist, a senior ENT surgeon, a
representative of big pharma, a psychologist or the head of a large university department.
This skill, combined with an encyclopaedic knowledge of tinnitus and hyperacusis research,
ensured that he became the go-to person for people wanting advice on new research topics
or novel tinnitus treatments. It also ensured that he became an unusual entity: an audiolo-
gist who was comfortable speaking at big ENT events. He presented several times at the
Otology section of the Royal Society of Medicine and the UK’s leading ENT conference, the
British Academic Conference in Otolaryngology (BACO).

Figure 1. Photo of Professor David (Dave) Mark Baguley.

The ability to move seamlessly between clinical, research and industry settings made
his opinion almost indispensable in matters of translational research: nearly all the recent
trials of potential tinnitus drugs or therapeutic devices sought Dave’s views prior to
commencement. He was passionate in his view that tinnitus should be approached as
a team effort and that only by adopting a multidisciplinary approach could we hope to
move forward.

Dave cared deeply about his work, and this is one of the factors that helped to make
him such an extraordinary teacher. On hearing of Dave’s death one colleague said: “I can
remember so clearly everything he taught me. It was impossible to attend a lecture he gave
without coming away with your mind changed or challenged about something in a way
that usually led to a more compassionate outlook or understanding. And somehow, he
did it without making you wrong for having thought about it differently.” Dave taught
on many courses, including the long-running European Tinnitus Course. He was always
happy to have detailed and careful conversations about the content of his lectures, over
coffee, lunch, even breakfast the following morning, or indeed, later via email. He was
available to all. In the words of another colleague: “In the big scheme of things, no one
would ever know me really, I'm just an everyday audiologist yet Dave always included me
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and reached out to share information or respond to questions as if I were important. He
made me feel important.” His care was also very evident in his clinical work. At times this
made him irascible if he felt others were not putting in the same effort, but these occasional
outbursts were usually short lived, and he was adept at defusing such situations with a
sprinkling of wit and charm.

In 2007, Dave took a brief sabbatical from Cambridge and for four months undertook
the role of Raine/Phonak Visiting Professor at the University of Western Australia, Perth,
Australia. A year after his return he was offered a UK University Chair and became Visiting
Professor at Anglia Ruskin University in Cambridge and Chelmsford in 2009.

In addition to journal articles, Dave wrote countless book chapters and was editor for
books on tinnitus, hearing loss and hyperacusis. He co-authored two tinnitus books: one
textbook for professionals, Tinnitus, a multidisciplinary approach; one self-help book for
people with tinnitus and hyperacusis, Living with tinnitus and hyperacusis. Both books
were well received and are in their second editions.

Dave contributed to many organisations and committees at local, national, and inter-
national level. He was a regular speaker at the local tinnitus support group in Cambridge.
He was Chair of the British Society of Audiology, 2009-2011, and was editor of their peri-
odical, the British Journal of Audiology (now the International Journal of Audiology) from
1995-2000. His vision helped to create the British Academy of Audiology. Dave joined the
Editorial Board of the journal ENT News in 2008 and was instrumental in expanding the
remit of the journal to include audiology, resulting in a name change to ENT & Audiology
News. He was a member and subsequently Chair of the Professional Adviser’s Committee
of the British Tinnitus Association and served as its President from 2015 to 2019. He sat on
a Department of Health committee developing tinnitus commissioning guidelines. Dave
was involved in the formation of the international committee of the American Academy of
Audiology and served as co-chair for three years.

Dave was the recipient of numerous prizes and awards, including the Marie and Jack
Shapiro Research Prize of the British Tinnitus Association on no less than five occasions,
the TS Littler Research Prize from the British Society of Audiology (1994), the International
Award of the American Academy of Audiology (2006), the Golden Lobe Award from
the Association of Independent Hearing Healthcare Practitioners (2016), and the Norman
Gamble Research Prize from the Royal Society of Medicine (2018).

In 2016 Dave decided on a career change and relocated to the University of Nottingham,
taking up the position of Professor of Hearing Sciences within the School of Medicine’s
Division of Clinical Neuroscience. He was Deputy Lead of the Hearing Theme in the
Nottingham National Institute for Health and Care Research (NIHR) Biomedical Research
Centre. Projects that he was involved with included investigation of hearing loss and
tinnitus following platinum-based chemotherapy, development of a hearing bioresource,
and a clinical trial on new adult hearing aid users, funded by the Health Technology
Assessment Programme.

From his 20s onwards Dave developed a deep Christian faith and in characteristic
fashion he chose to take a very active role: in 2011 he received a Diploma in Pastoral
Theology from Anglia Ruskin University and was ordained Deacon in the Church of
England. In 2012 he was ordained at Ely Cathedral as Priest in the Church of England.
When the family relocated to Nottingham, Dave’s wife Bridget took on the Ministry of St
Martin’s Church, Sherwood and Dave became Associate Minister.

Music featured highly in Dave’s life. He had eclectic tastes that encompassed ev-
erything from Van Morrison to Lee Scratch Perry to The Broken Family Band. However,
undoubtedly his greatest admiration was for the Manchester band Joy Division and its
rebirth as New Order. He was a keen attender of live music events, particularly the annual
Cherry Hinton Folk Festival. Dave was an enthusiastic musician himself, playing rhythm
guitar and it was a great source of pride to him that his children had embraced his joy
of music.
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One might be forgiven for thinking that there would be little room for anything else in
Dave’s life, but he had many other interests: voracious reader, talented cook, hill walker,
family man and above all, he loved to sit and chat, preferably over a pint or two of real ale.
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