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Editorial on the Research Topic
Digital Hearing Healthcare

The Digital Hearing Healthcare or DHH Research Topic consists of 30 articles using
modern digital methods to address a wide range of interesting and important hearing
healthcare related issues. The interdisciplinary nature of the DHH Research Topic spans
five Frontiers journals and six Frontiers sections. As the host journal, Frontiers in Digital
Health published 16 articles, while Frontiers in Neuroscience, Medicine, Psychology,
Public Health, and Neurology published 7, 3, 2, 1, and 1 articles, respectively. The
Research Topic was initiated in March 2020, opened for submission from August 2020
to Octobor, 2021, with a total of 38 submissions being received.

The World Health Organization (WHO) estimates that “more than 1.5 billion people
experience some decline in their hearing capacity during their life course, of whom
at least 430 million will require care,” but only a fraction of them are receiving the
care, with unaddressed hearing loss resulting in an annual global cost of US$980 billion
(1). We believe that digital health methods will play a significant role not only in the
prevention, diagnosis, treatment and rehabilitation of hearing loss, but also in increasing
the universal coverage of and decreasing the cost and burden of hearing healthcare.
Here the term “Digital” is used to signify a much broader context than the traditional
“digital signal processing” concept. Digital Hearing Healthcare uses a wide range of
digital technologies to address hearing healthcare problems in ways complementary to,
or different from, the conventional clinical processes in hospitals or clinics. This Editorial
summarizes the key findings and contributions of the DHH Research Topic.

frontiersin.org


https://www.frontiersin.org/journals/digital-health
https://www.frontiersin.org/journals/digital-health#editorial-board
https://www.frontiersin.org/journals/digital-health#editorial-board
https://www.frontiersin.org/journals/digital-health#editorial-board
https://www.frontiersin.org/journals/digital-health#editorial-board
https://doi.org/10.3389/fdgth.2022.959761
http://crossmark.crossref.org/dialog/?doi=10.3389/fdgth.2022.959761&domain=pdf&date_stamp=2022-07-13
mailto:mengqinglin@scut.edu.cn
https://doi.org/10.3389/fdgth.2022.959761
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fdgth.2022.959761/full
https://orcid.org/0000-0003-0544-1967
https://orcid.org/0000-0003-0851-0665
https://orcid.org/0000-0002-4325-2780
https://www.frontiersin.org/research-topics/15421/digital-hearing-healthcare
https://www.frontiersin.org/journals/digital-health
https://www.frontiersin.org

Meng et al.

To show the full scope of the Research Topic, Figure 1
displays the 30 articles (middle column) that are conceptually
categorized according to the target hearing healthcare issues
(left column) and digital techniques (right column). The hearing
health issues include basic audiometry tests, hearing devices,
advanced hearing ability, and tinnitus therapeutics. The digital
techniques include machine learning and big data, smartphone
and wearables, tele-audiology, automatic speech recognition,
and signal processing.

Basic audiometry testing

Audiometry consists of methods used in a standard
audiology center to identify and quantitatively measure the
degree and pathogenesis of hearing loss. Pure-tone audiometry
(PTA) is the most widely used method, resulting in a quantitative
estimate of the audiogram. The audiogrm reflects the hearing
threshold as a function of frequency (2). Wang et al. studied
phenotypes of noise-induced hearing loss by clustering analysis
on audiograms of more than 10 thousand shipyard employees.
Cox and de Vries proposed an improved probabilistic model-
based PTA procedure that combines more prior information

10.3389/fdgth.2022.959761

about the patients. This line of research on machine learning-
based methods is expected to facilitate automatic PTA by
shortening the testing time while maintaining accuracy (3, 4).
Ellis and Souza examined the performance of a previously
patented method for measuring an audiogram without precise
sound level calibration in remote testing. That method
combined the audiometric slope between pure-tone thresholds
estimated at 2 and 4kHz and questionnaire information. The
latter two methods were examined in simulation experiments
based on large databases. Frank et al. validated an iPad-based
PTA app in 25 individuals with mild cognitive impairment
and mild dementia. Beyond PTA, speech audiometry is critical
for assessing the ability to hear and comprehend speech.
Ratnanather et al. developed an automated program to calculate
the phoneme confusion pattern based on the records from
word or sentence-level tests. Ceccato et al. developed a
French version of the antiphasic digits-in-noise (DIN) test for
smartphone hearing screening. DIN, which does not require
precise sound level calibration and tests digit-triplet reception
thresholds in noise, has been developed in many languages.
The antiphasic DIN may be more sensitive to unilateral hearing
loss and conductive hearing loss than traditional diotic DIN
(5). Other than the behavioral tests, novel technologies for
otoacoustic emission (OAE) and auditory brainstem response

Pure Tone i i
Audiometry Wang, ef al; Cox & de Vries ; Ellis & Sowza oo i Machine Learning &
PTA) Ratnanather, ef al. Big Data
Speech Frank,etal —————————— —‘\
Basic Audiometry o Sidiras, et al. Mini Review \
Audiomet 0 S N Sosiehiat:
Test v Otoacoustic o~ Ceccato, et al. ————————————-mmmee Smartphone &
Emission - S X . Wearables
(OAE) Christensen, et al; Willink et al.
Hsiao, et al.
Auditory Fletcher. Review  —————====-=--—~ %
Brainstem
Pasta, et al. g .
Response (ABR) ) T — i \\ A Tele-audiology
- Chen J., et al. gy
Hearing Aid (HA) D'Onofrio & Zeng. Review ——-----——————7" 7" /
Hearing A
Device Cochlear Implant Luengen, et al. i “//
(cn - --- Parreiio, et al. =-------====== S Automatic Speech
————————— ChenY., et al. Recognition
gz:ce::“on Braz, et al; Fontan, ef al.
Advanced Qi etal
< i, et a
H:;[.':'g Spatial Hearing Zendeletal. -----------—-—-
ility
iuZic Parceniion Hamdan & Fletcher Signal Processing
L N N N Vickers, et al.
e Pragt et al.
.. I Meng et al.
Tinnitus Therapeutics Sanchez-Lopez, ef al. Cognition
i SR Searchfield, ef al. Review
Digital Hearing Healthcare
FIGURE 1
Distribution of the 30 articles in this Digital Hearing Healthcare (DHH) Research Topic.
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Meng et al.

(ABR) detection were also studied. Hsiao et al. introduced the
stimulus design and signal processing to measure distortion-
product OAE with a single loudspeaker in the ear. The research
targets intelligent consumer earphones with integrated hearing
health monitoring functions. Chen C. et al. proposed a machine
learning method to recognize ABR waveforms automatically,
and the results showed its feasibility in saving time and helping
make diagnoses.

Hearing aid

As one of the most widely-used treatments for hearing
impaired (HI) listeners, hearing aids (HAs) were explored
and discussed adequately in this specific issue, including more
than ten papers in which HA-related research was conducted.
Willink et al. focused on the alternative pathway for hearing
care by examining the HI population who do not use HAs
via describing their characteristics and health care utilization
patterns with the sample size of 7,361 Medicare beneficiaries.
Two papers (Pasta et al.; Christensen et al.) tried to provide
a deeper insight into the adoption of hearing care treatments
and individual HA usage patterns by analyzing objective HA
use data logged from real-world users. Braz et al. and Fontan
et al. developed new fitting methods combining automatic
speech recognition (ASR) to optimize compression parameters
for HA. One of the most important objectives of using HAs
is to improve the speech perception of HA customers, and the
perception of the speech signals processed by HA technology
is probably related to listeners’ language experience (6). Three
papers investigated the speech perception of HA users speaking
Mandarin Chinese. Qi et al. aimed to examine the effects
of an adaptive non-linear frequency compression algorithm
on speech perception and sound quality in native Mandarin-
speaking adult listeners with sensorineural hearing loss. They
found significant perceptual benefit from the adaptive non-
linear frequency compression algorithm in detecting high
frequency sounds at 8 kHz, in consonant recognition, and in an
overall sound quality rating. Chen J. et al. aimed to evaluate
the improvement of speech recognition in noise measured
with signal-to-noise ratio by using wireless remote microphone
technology for HI listeners speaking Mandarin Chinese. The
experiment results confirmed the significant improvement.
Chen Y. et al. investigated the relationships between cognitive
and hearing functions in older Chinese adults with HAs and
untreated hearing loss. They concluded that speech perception
in noise is significantly associated with different cognitive
functions. In addition to speech perception, researchers also
tried to extend HA functions to make HI listeners’ hearing
experience close to normal hearing, such as spatial hearing and
music perception. Hamdan and Fletcher proposed a compact
two-loudspeaker virtual sound reproduction system for clinical
testing of spatial hearing with hearing-assistive devices. They

Frontiers in Digital Health
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found such a system can give broad access to advanced and
ecologically valid audiological testing, and it could substantially
improve the clinical assessment of hearing-assistive device users.
Meng et al. investigated a novel minimum audible angle (MAA)
test using virtual sound source synthesis and found it to
be a suitable alternative to more complicated and expensive
setups. Sanchez-Lopez et al. developed the Better hEAring
Rehabilitation (BEAR) project to measure various hearing
abilities, especially supra-threshold hearing deficits.

Cochlear implant

For most patients with severe-to-profound hearing
impairment, HAs cannot provide enough benefits for their
speech communication. The cochlear implant (CI) is a good
option for them to partially (re)gain speech perception
abilities, at least in a quiet environment. However, CI users
still face significant challenges in advanced hearing functions,
e.g., speech-in-noise perception, spatial hearing, and music
perception (7). Many efforts have been made to improve
the CI performance on these issues gradually. Three papers
in this Research Topic researched CI improvements. Kang
et al. used recent progress to improve noise suppression or
speech enhancement of CIs and found that the intelligibility
of the denoised speech can be significantly enhanced when
a neural network is trained with a loss function bias toward
more noise suppression than that with equal attention on
noise residue and speech distortion. Vickers et al. developed
a package of virtual-reality games to train spatial hearing in
children and teenagers with bilateral CIs. The virtual-reality
implementation demonstrated to be more engaging than
traditional rehabilitation methods. As introduced in the HA
section, Fletcher reviewed the effects of haptic stimulation
methods on enhancing music perception in HA and CI listeners.
New technologies such as advanced algorithms, virtual reality,
and multimodal stimulation should be up-and-coming to
positively integrate future CI devices with CI users’ lives.

Tinnitus

Tinnitus, or ringing in the ears, affects 15% of the general
population. At present, tinnitus mechanisms remain unclear (8).
Although no cure is available for tinnitus, safe and effective
therapy and counseling have been developed to help alleviate its
symptoms. Searchfield et al. reviewed the first three generations
of digital technologies for tinnitus management, ranging from
digital hearing aids and apps to stand-alone, customized
digital devices. Most interestingly, they forecast the fourth-
generation digital technology that incorporates physiological
sensors, multi-modal transducers, and AI for personalized
tinnitus therapy.
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Tele-audiology

Accelerated by COVID-19, tele-audiology has become a
necessary means of delivering hearing care service, especially
for the most-vulnerable elderly population. D’Onofrio and Zeng
examined technological and regulatory barriers for a wide
range of audiological services from audiometry to hearing
device fitting and rehabilitation. Most of these barriers can
be overcome not only to provide reliable and effective tele-
audiological service, but more importantly, to improve access
to care, increase follow-up rates, and reduce travel time and
costs. Luengen et al. envisioned an innovative tele-audiological
model that consists of (1) one-to-one remote interaction
between a patient and an audiologist, (2) a one-to-many model
that relies on automated service provided by AI, and (3) a
several-to-many application that can fit hearing devices not
only based on the patient’s audiological profile but also their
listening environments. One critical piece of information in tele-
audiology is reliable monitoring of hearing status and device
functionality, especially for a complicated device such as a CI.
Parrefio et al. developed a self-monitoring method of measuring
CI electrode impedance. Making use of a computer, the device
interface provided by the manufacturer, and secure internet
connectivity, they were able to record, transfer and monitor
impedance at home without any adverse events. Another critical
piece of information is accurate and reliable communication
between the patient and providers in tele-audiology. Zendel
et al. found that current teleconferencing is less reliable than
in-person instruction in terms of patients’ recollection of the
healthcare messages delivered. Speech and video quality, as
well as communication methods, need to be improved in
order to reduce the memory deficit associated with current
telehealth technologies.

Machine learning and big data

Machine Learning (ML) represents a set of tools that
reveal complex trends in data that would be difficult or
impossible to discern otherwise. Often these tools are powered
by large amounts of data (“big data”), which provide more
opportunities to observe interesting trends. Ellis and Souza
took this approach to train an ML classifier of audiograms
using almost 10,000 individuals from a large national auditory
and demographic information database. Wang et al. followed
a similar approach, analyzing over 10,000 audiograms for
notch appearance, identifying three noise-induced hearing loss
subtypes in the process. Using a different type of data, Chen C. et
al. employed a recurrent neural network and signal processing to
recognize potential waveforms in Auditory Brainstem Response
(ABR) signals. Big Data can be leveraged in different ways,
as well. For example, Cox and de Vries learned from existing
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databases how to shorten the test time of future audiograms
computed in real time using an ML algorithm.

Ongoing data collection enabled by always-connected
devices offers the opportunity to trade up for more informative
algorithms as more data become available. Christensen et al.
clustered the usage activity of 64 hearing aid users over several
days with a straightforward K-means algorithm. Pasta et al.
approached a similar problem with nearly 16,000 users and
several month’s worth of data. They used a more sophisticated
multilayer neural network to reveal finer trends.

ML methods have great potential for therapeutics as well
as diagnostics. Kang et al. describe a deep learning (ie.,
many-layered neural network) approach to improve speech
enhancement in cochlear implant (CI) encoding algorithms.
Braz et al. used knowledge of audiograms and a genetic
algorithm to search the many configurations of hearing aid
program settings to optimize the device for a particular patient.

Smartphone and wearables

Miniaturization has led to smaller sensors and stimulators
to create haptic devices worn as gloves or bracelets. Fletcher
contributed a review paper to discuss “Can haptic stimulation
enhance music perception in HI listeners.” It has been
reported that “electro-haptic stimulation” improves melody
recognition and pitch discrimination, as well as speech-in-noise
performance and sound localization. This review paper focused
on the use of haptic stimulation to enhance music perception
in HI listeners. One of his conclusions is that haptic devices, in
concert with other modalities, can enhance the music experience
in hearing impaired listeners. Using several sensor technologies,
modern HAs strive to become better, more personalized, and
self-adaptive devices that can handle environmental changes
and cope with the day-to-day fitness of the users. Skoglund
et al. measured the accuracy of activity tracking, e.g., step
detection, through small accelerometers embedded in hearing
aids. They showed classification of activities was similar to
conventional activity tracking techniques, which is encouraging
for applications in hearing health care. In noisy conditions,
small microphones can be employed to improve the signal-to-
noise ratio. Chen J. et al. confirmed that wireless microphones
improve speech recognition in Chinese hearing impaired
listeners when the target speaker is at a larger distance.

Automatic speech recognition

Within digital hearing health care, ASR has various
applications, including the use of ASR as a tool to understand
conversations. Pragt et al. examined the speech recognition
performance of four ASR apps on smartphone using
conventional Dutch audiological speech tests. They compared
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human speech recognition performance and performance
by ASR apps. They found that the performance of the apps
was limited on audiological tests that provide little linguistic
context or use low signal-to-noise levels. They concluded that
conventional performance metrics and conventional hearing
tests are insufficient to assess the benefits of ASR apps for
the deaf and proposed that adding new performance metrics
including the semantic difference as a function of SNR and
reverberation time could help monitor ASR performance.
Another strategy uses ASR, hearing loss models, and hearing
aid signal processing simulations to mimic impaired hearing
listeners. As mentioned in the Hearing Aid section, Braz et al.
and Fontan et al. demonstrated that ASR, in combination with
random search algorithms, can be used to find optimal subsets
of parameter settings for hearing aids. These optimizations
should subsequently be validated in actual hearing aid users,
especially in case of severe hearing loss. Recently, ASR has also
been used in predicting CI performance (9) and, together with
the above HA studies, demonstrates good potential in modeling
hearing device performance.

Discussion and future outlook

It is worth noting that several articles present the
progress of their projects driven by long-term interdisciplinary
collaborations. They are SHOEBOX Audiometry for hearing
screening using sound-attenuating headphones (Frank et al.),
Better hEAring Rehabilitation (BEAR) to provide a test battery
for hearing loss characterization (Sanchez-Lopez et al.), User-
Operated Audiometry (UAud) to introduce an automated
system for user-operated audiometric testing into everyday
clinical practice (Sidiras et al.), BEARS (Both EARS) to develop
virtual reality training suite for improving spatial hearing for
8-16 year-olds with bilateral CIs (Vickers et al.), OPRA for
developing Objective Prescription Rule based on ASR (Braz
et al; Fontan et al.). These long-term, collaborative projects
may result in improved efficiency while lowering the cost for
hearing healthcare.

The interdisciplinary nature of the DHH field also provides
great challenges and opportunities for both academic research
and industrial development. For example, the Interdisciplinary
Technologies for Auditory Prostheses (iTAP) conference
series (http://www.itap.org.cn/) was founded in 2017 in
China and has a vast interest overlap with this DHH
Research Topic. Computational audiology, the application
of complex models to clinical care (10), is an important
part of digital hearing health care. Many contributors to
this Research Topic first discussed their projects at the
Virtual Conferences on Computational Audiology (VCCA)
(https://computationalaudiology.com/), which have provided a
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platform to share progress in e-research, machine learning,
big data, models, virtual reality, and other developments.
The Research Topic, iTAP, and VCCA all share the same
goal of providing a platform for facilitating communication
between experts from different fields and accelerating research
and development.

this Research
Topic have demonstrated that novel digital technologies

In conclusion, the contributions in
in machine learning, big data, signal processing, telehealth,
and mobile health are being actively applied toward hearing
healthcare applications. Improving the accessibility and

performance of audiometry, hearing-assist devices and
tinnitus therapeutics stands out as successful application
of these This

general readers a glimpse of the emerging Digital Hearing

technologies. Research Topic provides
Healthcare field and hopefully will inspire more people,
companies, and organizations to develop and deploy digital
health techniques for better hearing, and as a result, a

better world.
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Introduction: Cochlear implant (Cl) impedance reflects the status of the electro neural
interface, potentially acting as a biomarker for inner ear injury. Most impedance shifts
are diagnosed retrospectively because they are only measured in clinical appointments,
with unknown behavior between visits. Here we study the application and discuss the
benefits of daily and remote impedance measures with software specifically designed for
this purpose.

Methods: We designed software to perform Cl impedance measurements without the
intervention of health personnel. Ten patients were recruited to self-measure impedance
for 30 days at home, between CI surgery and activation. Data were transferred to a
secured online server allowing remote monitoring.

Results: Most subjects successfully performed measurements at home without
supervision. Only a subset of measurements was missed due to lack of patient
engagement. Data were successfully and securely transferred to the online server. No
adverse events, pain, or discomfort was reported by participants.

Discussion: This work overviews a flexible and highly configurable platform for
self-measurement Cl impedance. This novel approach simplifies the Cl standard of care
by reducing the number of clinical visits and by proving useful and constant information
to Cl clinicians.

Keywords: cochlear implants, telehealth, objective measurements, electrical impedance, self-measures

INTRODUCTION

Cochlear implants are the most successful sensory prosthetic device in medicine. Research has
demonstrated that CIs typically provide significant improvement in speech recognition for persons
with severe to profound hearing loss (1, 2). Like all neural prostheses, the interface between
electrodes and neural tissue is a critical aspect for adequate functioning (3). The measurement
of intracochlear electrode impedance provides an indication of the status of the electrode-tissue
interface, which may give important information for the clinician providing CI management
(4). Normally, this is a quick (i.e., 1-2min) and safe procedure, because it involves the use
of subthreshold- or near-threshold level stimulation (5, 6). During the postoperative period,
impedance measurement is routinely performed for CI-programming guidance, detecting device
failures, and extrusion of electrode contacts. Moreover, this value is a biomarker for inner ear injury
(i.e., fibrosis and ossification) that may help predict residual hearing loss or vertigo events (7, 8).
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While electrode impedance measurement provides essential
information regarding the CI and cochlear status, it is only
performed in the patient’s clinical appointments, and not
much is known on the behavior of this parameter between
visits (7-9). Thus, most impedance variations are diagnosed
retrospectively when little can be done to correlate them with
clinical presentation or to start pharmacological treatment. More
frequent monitoring of CI impedance with available methods is
not feasible, but currently the use of telemedicine can be used to
improve clinical practice by performing constant monitoring of
electrode impedance values.

Telemedicine made its way into the cochlear implant clinic
in the last 10 years with advances in connectivity. This
progress was supported with the development of remote-access
applications and new telecommunication systems (10, 11).
Audiologists started performing remote fitting and monitoring of
implanted patients, allowing medical care while keeping patients
at their homes with no significant differences regarding standard
programming sessions (10-18).

Here, we study the application and discuss the benefits of
assessing daily and remote impedance measures with a software
specifically designed for CIs. Patients measured themselves at
home for 30 days, and data were automatically uploaded to
an encrypted cloud database. The procedure did not require
supervision of any clinicians and was easily performed in all
patients. During the 30 days over which a recipient’s electrode
impedance values were measured in this study, the researchers
could retrieve this data at any time, which enables true remote
monitoring of CI status and cochlear health.

METHODS

Hardware

The measurement setup was designed so that patients only had
to connect the audio-processor coil to their implant. It included
a Freedom® speech processor with research firmware (ver.
0102E00F02), a clinical programming interface (Pod, Cochlear
Ltd.), and the patient’s personal computer (Figure 1). Note that
it has the same number of elements as for a normal clinical
fitting appointment.

Software

We designed a software that performs CI impedance
measurements at home without the intervention of health
personnel (Figure2A). We used the Delphi platform and
a dynamic-link library (DLL) provided by Cochlear Ltd.
to develop a patient-oriented software that runs under a
Windows® operating system and in personal computers.
The application was distributed as a single-file installer.
Upon installation, it runs in the background automatically
detecting the programming Pod connection. The app launches
manually or automatically when the Pod is detected. Once
running, the main window automatically pops up showing an
intuitive and simple graphical user interface (GUI) front end
(Figure 2B). The GUI provides the instructions to start the
impedance measurements and offers help if it detects incorrect
connection to CI (Figures 2D,E). Once an adequate connection

is obtained and after user confirmations (Figures2C,F), it
performs impedance measurements (Figure 2G). Each electrode
impedance (Z.) measurement is assessed by streaming a constant
current (I) pulse of 74.21 A with a phase width of 25 ps. Using
the active intracochlear electrode and the extracochlear reference
electrode [MP1 coupling mode (8)], voltage (V) at the trailing
edge of the pulse is recorded. Finally, the impedance value is
calculated through Ohm’s law as follows:

measured voltage [volt]

I~ 7421-10-[A] W

Zen[Q] =

with 7 being the intracochlear electrode number.

Values are temporarily stored into a secured local database
(Figure 2I) by means of the industry-standard SQLite and
automatically exported to a web-based secure server (Figure 2]J).
This process is automated and requires no intervention of the
patient. Last, the health professionals with granted access to the
cloud database can analyze the CI user data from the hospital.

Patient Safety

CI impedance measurement is a safe procedure performed as
routine in the clinic. It involves stimulating with a low current
stimulus which is inaudible for most patients and causes no
discomfort (5). Unexpected problems such as connection failure,
computer, or software lagging are unable to produce a current
level that exceeds defined parameters. This is mainly due to
the transmission commands: data packages or tokens carry the
information required to perform a required task. In the event
of loss of a package, the processor automatically stops all tasks.
However, for extra caution or in case of discomfort, the patient
was instructed by the investigator and software on how to
terminate the procedure immediately by removing the coil (see
GUI in Figure 2G).

Data Security

Both software and connections were developed to ensure
maximum protection of the patients data and anonymity.
Information required by the software to register on first use
does not include any of the Health Insurance Portability And
Accountability Act (HIPAA) identifiers (19). Data transfer to
the cloud database only includes deidentified measurements and
registration number, which are not associated with the patient’s
ID. Moreover, the exchanged traffic between the web server and
both patient and investigator uses Hypertext Transfer Protocol
Secure over transport layer security (HTTPS over TLS). These
protocols provide encryption, data integrity, and authentication;
thus, reasonable protection is ensured (20).

Patient measurements are temporarily stored in a local
encrypted SQLite database (Figure 2I) until data is transmitted
to the web server (Figure2J). Upon transfer to the server,
local information is deleted to mitigate risk of local breach.
When an internet connection is available, transfer is immediate;
otherwise, periodic attempts every 3min are performed.
Impedance acquisition parameters, such as current level and
pulse width, are embedded in the software, making its alteration
highly improbable.
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Computer Pod Research
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FIGURE 1 | Hardware setup for Cl impedance measurement and electrode illustration.
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electrode

Cl electrodes

Cl user

Cl Subjects

Impedance measurements were conducted after approval of
the local Ethics Committee in concordance with international
standards for human research. Written informed consent was
provided to all participants. A total of 10 CI users were recruited
for this study. All patients were implanted at the Hospital
Italiano in Buenos Aires, Argentina. A Cochlear Nucleus CI24RE
Contour Advance™ electrode array with Freedom or Profile
platform (Cochlear Ltd., Australia) was used for all subjects.
This CI consists on an array of 22 active electrodes tonotopically
arranged inside the cochlea and uses an extracochlear (reference)
electrode for MP1 coupling mode (see Figure 1).

The average patient age was 34 (range 1-67). Table 1 shows
patient description, including age at implantation, supervisor’s
age in case of a minor CI user, gender, CI side, and etiology.

Impedance Measurement

To assess CI impedances, the pulse characteristics (i.e.,
amplitude, phase duration, and interphase gap) were configured
according to values used in Custom Sound Suite Software
(Cochlear Ltd.) (21). The impedance coupling mode was limited
only to Monopolar 1 (MP1), where the circuit is closed using
an intra-cochlear and extra-cochlear electrode, where the last
operates as the reference for all measures. This external electrode
is normally positioned between the skull and the temporal
muscle, also referred to as “ball” electrode in Cochlear Ltd.
devices. Every time the patient runs the measurement session,
a stream of 22 pulses is sent (one for each electrode), and
each corresponding voltage telemetry measurement is retrieved.
This procedure is performed in accordance with the predefined
parameters embedded in the software code. The stream of pulses
and recording of each electrode voltage is completed in ~10s.
Note that the entire procedure also includes the connection of
the POD and change of audio processor (see Figure 1), which
extends the overall time to ~1-2 min.

All subjects were provided with the previously described
custom software and measurement hardware. The research
team instructed subjects (and/or supervisors) on how to
self-perform the measurements at home twice a day—with

~12h difference—for 30 days before CI activation. A printed
brochure on how to connect and measure was also provided as
support. A training measurement session was performed under
supervision before the patient went home with the equipment.
The first appointment (day 0) was measured postoperatively
with help and supervision at the hospital, until the activation
day (day 1-day 29) subjects measured themselves at home
and the last appointment (day 30) was performed at the
hospital again.

RESULTS

A total of 450 measurement sessions were performed, accounting
for 75% of the total expected measurements (2 times x 30
days x 10 subjects = 600 measures). From the non-performed
measurements (150 measures), only 1 was due to software or
hardware issues and the rest correspond to skipped measurement
sessions. Subject 7 did not measure for 24 consecutive days,
accounting for 48 lost sessions. Although not all subjects were
measured twice a day as required, at least one session per day was
performed. No adverse events, pain, or discomfort was reported
by participants.

Figure 3 shows two example subjects over time for all
electrodes and its overall mean. The average patter of the group
is represented by S8 (Figure 3A). All electrodes showed an initial
decrease (days 0-3), a continuous growth (4-17 days), and a
final stabilization period (days>18). Interestingly, an atypical
variation between days 5 and 10 was captured for S1 (Figure 3B),
where higher values were observed for the basal electrodes (el,
e2, and e3). Despite the differences across electrodes, they all
converge to a more stable value from day 18 approximately to
the activation day.

To illustrate the overall impedance behavior over time, we
computed the average electrode impedance values across subjects
over each electrode contact. As shown in Figure 4, average
electrode impedance values increased until reaching a plateau at
approximately day 15. However, small variations can be observed
between electrodes and daily shifts are present. Overall, the
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TABLE 1 | Demographic and general information about participants.

Subject Age at Supervisor Gender Implanted Etiology
implantation age ear

S1 1 38 F Right Preterm —ototoxicity

S2 13 40 M Right Ototoxicity

S3 34 - M Right Viral parotitis

S4 16 43 M Left Unknown

S5 49 - F Left Otosclerosis

S6 63 - M Left Unknown

S7 41 - F Left Genetic

S8 59 - F Left Unknown

S9 6 30 F Right Ototoxicity

S10 67 - M Right Unknown

group showed impedances of 6.1 k2 on the surgical day along
electrodes and 13.7 k€2 on the activation day.

DISCUSSION
A Novel Method

To the best of our knowledge, this is the first report of
daily patient remote self-objective measurement in cochlear
implants. All CI users (and supervisor) were able to self-
perform measurements effectively and in little time. Adherence
to measurement was high, allowing precise tracking of clinical
impedance evolution on a daily basis.

Given the increasing number of implanted patients and the
geographical spread all around the world, the possibility of
acquiring remote measurements saves travel costs, time, and
physical requirements in clinical care centers. Furthermore,
this approach can generate extensive data collection helping
to understand overall trends, hidden patterns, unknown
correlations, etc.

The presented platform is highly versatile, enabling the
integration of other measurements. For example, a more complex
measurement of impedance includes polarization impedance and
access resistance, which helps to reveal the underlying cochlear
pathophysiology mechanism of these changes (7, 22, 23).

In our study, CI users performed their measurement with
their personal computer, using specialized research hardware
(POD and research CI processor, see methods). However,
actual and future connectivity of personal mobile devices (i.e.,
mobile phones or tablets) allows for streaming of telemetry
data, enabling impedance measurements protocols as well as
other rehabilitation practices (e.g., audiometry test, speech
in noise evaluation, questionnaires). These devices connect
wirelessly to the patient audio processors which also can
simplify measurements, especially in the pediatric population.
More “homemade” measurements in the CI population will
substantially improve the CI standard of care, simplifying actual
unnecessary procedures and benefiting both the CI user and
clinical care centers.

Itis important to highlight that an important limitation of this
procedure is the requirement of patient collaboration. Most of

4  Subject8

Impedance (kQ)

B 20 —

1  Subject1

Impedance (kQ)
S
|

5 —
0 -

L e e e e e e L e e I e e

0 10 20 30

Time (days)

® ~ n

—_— s u —_—
(Cl surgery) (home) (Cl activation)

FIGURE 3 | Impedance measurements over time of Subject 8 (A) and Subject
1 (B). Colors indicate the electrode number. Black line shows the overall mean
over time and the gray patch its standard deviation.

the lost measurements in our study were due to lack of subject
cooperation. Considering that this investigation was carried
out during the first month after implantation, where patient
expectation on the CI is high, it is likely that this cooperation
is further diminished with time. Although we did not assess
user’s feedback or satisfaction (e.g., via surveys), overall subjects
positively agreed with the benefits of “homemade” measures.
However, a systematic assessment of users experience would
certainly gain knowledge toward an optimized patient-oriented
design. Recently Cochlear Ltd. released a smartphone app to
perform remote impedance measurements and other tests in
CI users (Cochlear’s Remote Check). The benefit of this tool is

Frontiers in Digital Health | www.frontiersin.org

November 2020 | Volume 2 | Article 582562


https://www.frontiersin.org/journals/digital-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/digital-health#articles

Parrefio et al.

Toward Self-Measures in Cochlear Implants

18
16
14
12
10

Impedance (kQ)

N A O

e22

(Cl surgery)
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the portability and wireless connectivity to the CI, potentially
increasing the user’s engagement. However, one could imagine
that future applications with constant background impedance
monitoring will rule out any cooperation-related issue and
substantially increase the data availability.

Interestingly, the actual epidemiological context due to the
COVID-19 pandemic imposed on us the challenge of considering
new clinical approaches while practicing social distancing. As
we continue to navigate the coronavirus pandemic and its
economic consequences, telemedicine approaches like the one
presented in this study not only promote the needed social
distancing but also help to build the future of the CI standard
of care.

About Cl Impedance Daily Monitoring

To the moment, impedances in cochlear implants are a series
of isolated values in time measured by audiologists during the
fitting process. Daily home monitoring brings a whole new
field of opportunities for audiologists, surgeons, and researchers.
Impedance shifts may relate to clinical manifestations such as
vertigo, Meniere-like symptoms, tinnitus, and loss of residual
hearing. Unfortunately, the majority of studies are retrospective;
thereby, it is difficult to establish a correlation between the
symptoms and impedance variations (7-9). More sophisticated
methods, such as the one presented in this paper, may allow
rapid diagnosis of the impedance variations and a better
correlation with the clinical manifestations. When detecting
unusual impedance variations (like the one observed on S1;
Figure 3B), automatic alerts could be directed to the CI center
for further clinical decision and follow-up. These impedance
shifts may be responsive to steroids; thus, detecting them
on an early basis may allow prompt treatment and outcome

improvement (7, 9, 24). Furthermore, the surgical approach
adopted by the surgeon and the electrode insertion itself
can cause trauma at the basal turn of the cochlea, which
might elicit higher impedances due to its inflammatory process
(25, 26).

It is noteworthy that even after impedance stabilization values
continue to vary (see Figure 3), which could affect hearing
perception even over the course of the same day. Continuous
real-time measurement may also improve our results by the
development of future auto fitting algorithms and automatic
medical referral when values exceed defined parameters.

Impedance Dynamics Over Time

During the following 2-3 weeks from the surgery, the body’s
immune response is evidenced by a fibrous tissue encapsulation
of the electrode array, which is reflected in a systematic overall
increase on the impedance (3, 4, 8, 27-30). Once the CI is
activated, the provided electrical current has major implications
on the electrode-electrolyte interface (28). Typically, the
impedance decreased and then stabilized within the first few
months of device use (8, 28, 29, 31-36).

Hu et al. (37) showed the impedance dynamics when
activating the CI 1 day after surgery and measuring
intraoperatively and postoperatively. This study was performed
with the same CI device and shared the first period of
measurements as the presented in this paper. Overall,
measurements started with a mean 7.9 kQ intraoperatively
and showed an average decrease of 1.9 k2 at the activation
day and a subsequent rise reaching 8.9 k2 after 8 weeks.
Interestingly, the initial impedance drop at the activation day
was substantially higher than that observed in our data (mean of
200 €2; Figure 4). This could be associated with the difference of
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electrical current provided between studies, since we delivered
sub-threshold stimulation which potentially reduced the
polarization effect on the inner ear medium. Moreover, Hu et
al. reported that 28 days postoperatively the group showed an
average of 8.7 k2 while in our case values reached a mean of 13.6
kQ. We also argue that this difference could also be due to the
interaction of the natural inflammatory process (observed in this
study) with the increasing electrical stimulation provided after
CI activation.

In conclusion, the method in this paper could be of potential
use to better understand the different factors that can play a
role on the impedance dynamics over time by offering two
main advantages: increased amount of data and measurement
simplicity for the CI users and centers.

CONCLUSION

This work overviews a flexible and configurable software
platform for CI users, which allows self-measures of CI
impedance. The outcome enables a remote check of CI
status, substantially reducing patients clinical appointments. All
patients performed the measurements in a very short time and
without complications. This novel approach can be used to
quickly relate a change in the objective measures with a clinical
manifestation. Further advances in the method to fully automate
measurements are required.
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Background: Auditory brainstem response (ABR) testing is an invasive
electrophysiological auditory function test. Its waveforms and threshold can reflect
auditory functional changes in the auditory centers in the brainstem and are widely
used in the clinic to diagnose dysfunction in hearing. However, identifying its waveforms
and threshold is mainly dependent on manual recognition by experimental persons,
which could be primarily influenced by individual experiences. This is also a heavy job in
clinical practice.

Methods: In this work, human ABR was recorded. First, binarization is created to
mark 1,024 sampling points accordingly. The selected characteristic area of ABR data is
0-8 ms. The marking area is enlarged to expand feature information and reduce marking
error. Second, a bidirectional long short-term memory (BiLSTM) network structure is
established to improve relevance of sampling points, and an ABR sampling point classifier
is obtained by training. Finally, mark points are obtained through thresholding.

Results: The specific structure, related parameters, recognition effect, and noise
resistance of the network were explored in 614 sets of ABR clinical data. The results
show that the average detection time for each data was 0.05 s, and recognition accuracy
reached 92.91%.

Discussion: The study proposed an automatic recognition of ABR waveforms by
using the BILSTM-based machine learning technique. The results demonstrated that the
proposed methods could reduce recording time and help doctors in making diagnosis,
suggesting that the proposed method has the potential to be used in the clinic in
the future.

Keywords: auditory brainstem response, characteristic waveform recognition, neural network model,
bi-directional long short-term memory, wavelet transform
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INTRODUCTION the change characteristics of ABR waveform latency and the
special shape of the ABR waveform in the same patient
Auditory brainstem response (ABR) is a global neural activity in - under different stimulation levels. Thus, the ABR threshold
the auditory brainstem centers evoked by acoustic stimulations.  and interwave latency of waves I, III, and V, which are of
It can observe the functional status of the auditory nerve and  great significance in clinical applications, can be obtained by
lower auditory center and reflect the conduction ability of the  jdentifying the position of the characteristic wave of ABR.
brainstem auditory pathway (1, 2). Given that patient’s hearing  Usually, the potential obtained from each stimulation is weak.
impairment can be diagnosed without his active cooperation,  n a clinical testing, multiple stimulations must be performed
ABR has become one of the routine methods for adult hearing  to superimpose, average, and obtain relatively stable waveform
recording (3-5). The ABR waveform usually has a range of  results. This process is susceptible to interference by electrical
interwave latency, and its potential in microvolts is recorded.  noise arising from stray myogenic potentials or movement
Normal ABR usually has five peaks visible, i.e., waves L IL IIL IV, gartifact. In addition, performing multiple tests on patients
and V. Wave V usually appears as the largest peak in the ABR. In ~ 3nd comparing results to avoid unobvious peaks, overlapping
clinical diagnosis, the minimum intensity of sound stimulation  peaks, and false peaks, which not only consume a lot of time
to be capable of evoking a recognized ABR is defined as ABR  but are also prone to subjective judgment errors, are usually
threshold, which is usually dependent on wave V or wave IIl  necessary. Thus, identifying the waveform characteristics of
(6, 7). Figure1 shows the annotated ABR waveforms, which  ABR and avoiding interference caused by unclear differentiation,
are mainly identified as waves I, III, and V clinically. Other  fuzzy characteristics, and abnormal waveforms are important
characteristic waves are usually not displayed clearly because of jssues that need to be solved urgently and correctly in clinical
small amplitude, two-wave fusion, and noise interference. Thus,  ABR recording.
they are rarely used as a basis for diagnosis. The application of computer technology in assisting medical
In clinical diagnosis, the minimum stimulation intensity  diagnosis can effectively reduce errors caused by repetitive work
of wave V is usually used as ABR threshold. Sometimes, and complex waveform characteristics. This research direction
when wave III is greater than wave V, the ABR threshold is  has been important for ABR consultation for a long time (10).
judged by stimulation intensity of wave IIT (8). In determining  For example, Wilson (11) discussed the relationship between
lesions, the location can be judged according to the interwave  ABR and discrete wavelet transform reconstructed waveforms,
latency of waves I, III, and V and the interwave latency  indicating that the discrete wavelet transform waveform of ABR
between waves and binaural waves (9). Furthermore, the can be used as an effective time-frequency representation of
types of deafness of a patient can be judged by observing normal ABR but with certain limitations. Especially in some
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FIGURE 1 | The annotated ABR waveform (legend data is selected from the datasets applied in this work).
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is stored in a server (e) and can be observed with the monitor.

FIGURE 2 | The ABR hearing diagnosis clinical collection process. (a) Skin degreasing to enhance conductivity; (b) the position of the forehead and earlobe
electrodes; (c) the positional relationship diagram of the preampilifier, electrodes, and plug-in earphones; and (d) the details of the preamplifier. The collected waveform

cases, the reconstructed ABR discrete wavelet transform wave is
missing because of the invariance of discrete wavelet transform
shift. Bradly and Wilson (12) further studied the method of using
derivative wavelet estimation to automatically analyze ABR,
which improved the accuracy of the main wave identification
to a high level. However, they also mentioned the need for
further research on the performance of waveform recognition
of abnormal subjects, and manual judgment of abnormal
waveforms 1is still required under clinical conditions. Zhang
etal. (13) proposed an ABR classification method that combined
wavelet transform and Bayesian network to reduce the number
of stimulus repetitions and avoid nerve fatigue of the examinee.
Important features are extracted through image thresholding
and wavelet transform. Subsequently, features were applied
as variables to classify using Bayesian networks. Experimental
results show that the ABR data with only 128 repetitive
stimulations can achieve an accuracy of 84.17%. Compared
with the clinical test that usually requires 2,000 repetitions, the
detection efficiency of ABR is improved greatly. However, wave I
and wave V are always prolonged by about 0.1 ms and cause wave
range changes. Therefore, III-V/I-III would be inaccurate as
an indicator.

Thus, automatic recognition of ABR waveforms through
computer-assisted methods can assist clinicians and audiologists
in ABR interpretation effectively. It also reduces the errors
caused by subjective factors, the interference of complex
waveforms, and the burden of a large number of repetitive
tasks for the medical staff. This study proposes a method
of using the long short-term memory (LSTM) network to
identify waves I, III, and V in the ABR waveform and
proposes a new idea for the recognition of ABR characteristic
waveforms by neural networks. The structure of the study is
organized as follows: The experimental data and the detailed
description of the proposed method are presented in the
Materials and Methods section. The Results section presents the
experimental design and the corresponding results. Finally, the
Discussion section provides an elaboration of the findings of
this work.

MATERIALS AND METHODS

Data Source

The data are provided by the Department of Otolaryngology
Head and Neck Surgery, Chinese PLA General Hospital. The
SmartEP evoked potential test system developed by the American
Smart Listening Company is used for measurement and
acquisition. Figure 2 shows the clinical collection process, where
Figure 2a represents skin degreasing to enhance conductivity;
Figure 2b represents the position of the forehead and earlobe
electrodes; Figure 2c represents the positional relationship
diagram of the preamplifier, electrodes, and plug-in earphones;
and Figure 2d shows the details of the preamplifier. The collected
waveform is stored in a server Figure 2e and can be observed
with the monitor. Six hundred and fourteen subjects’ clinical
click stimuli ABR data were collected at 96 dB nHL stimulation
intensity after 1,024 repeated stimulations, which contain 181
normal and 433 abnormal hearing. The clinical dataset comprises
348 men and 266 women aged 18 to 90 years old. For data
structure, the data contain 1,024 sampling points that range from
—12.78 to 12.80 ms with an average interval of 0.025 ms between
every two sampling points. All data were marked by three clinical
audiologists with characteristic waves: wave I, wave III, and wave
V, and cross-validated. Finally, the data were randomly divided
into training and test sets. A total of 491 training sets were used
to train the network model, and 123 test sets were used for the
final recognition accuracy test.

Data Processing

In this work, a new data processing method is proposed. To
quantify waveform and label points, two 1,024 x 1 matrices A and
B were generated as the classification train and label, respectively.
A represents the potential of the input ABR data. The position
of the serial number corresponds to the position of the ABR
data sampling point. B represents nonfeature (0) and feature
points (1), respectively. Thus, according to the position of the
label value of the label data, the data that corresponded to the
position of the label matrix was changed to 1 to meet the binary
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FIGURE 3 | Abnormal ABR waveform and data quantization method.

classification requirements of all sampling points. However, noise
created by myogenic potential is observed in some experimental
data (Figure 3). In this ABR clinical test data, the ABR waveform
has an unusual increase in the sampling point at the end because
of the fluctuation of characteristic waves VI and VII and the result
of the external interference. To prevent the interference caused
by abnormal data, the data up to 8 ms were selected uniformly to
identify the characteristic waves.

On the other hand, the starting point of the actual
stimulation is 0 ms. The final potential value input data and the
corresponding training label both retained only 321 sampling
points of 0-8ms to avoid interference with neural network
training and reduce the amount of calculation in the neural
network training process. Thus, A and by are updated as follows:

_ T
{ A (321) = {y1, 2, - ¥321} (1)

B(321) = {t1,t2, .. t321}T

In actual processing, the loss function value can easily reach a
low level, and sufficient information cannot be learned because
the ratio of the labeled value to the unlabeled value in the 321
sample points is only 3:318. The manually labeled information
may also bring certain errors. Thus, this study adopted the
method of augmenting the position of the identification point in
the training label. The four points (0.1 ms) before and after the
original marking point were marked as the characteristic area,
which expands the marking range of the characteristic waveform.

Network Structure
LSTM is a recurrent neural network and mainly improved on
the basis of the time step unit by adding the output of memory

cells to carry information that needs to be transmitted for a long
time. Three gate structures are also added. These gate structures
are used to select the retention of the memory cell C;,—; value
passed from the previous time step, add new information into
the memory cell V, and predict and output the information
transmitted by the memory cell and continue to pass it to the next
time step.

Figure 4 is a schematic diagram of the LSTM structure. First,
to control the proportion of the input information retained by the
memory cells at the previous time step, the output is calculated
as follows:

fi=o (tht—l + Upxe + bf) (2)

hy—; is the hidden state value passed at the previous time step;
and Wy, ..., and by are the corresponding weights and biases.
The activation function usually uses the sigmoid function to map
the activation value between [0, 1]. To control the proportion of
information updated into the memory cell, the sigmoid activation
function was first applied to obtain the output #;. Then, the tanh
activation function is applied to obtain, and the product of the
two is used as the information to update the memory cell. i; and
a; are calculated as follows:

3)
(4)

ir = o (Wih—1 + Uix; + by)

a; = tanh (Waht_l + Ugxt + ba)

where W, Uj, bi, W,, U,, and b, are the weights and biases.
Finally, the memory cell C; is calculated to the next time step by
using Equation (5):

C=C10fi+irOar (5)
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FIGURE 4 | Schematic diagram of the LSTM network structure.
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where (©) is the Hadamard product, which indicates that the
corresponding positions of the matrix are multiplied. The right
side refers to the output gate, and the output of the output gate is
calculated by using Equation (6):

0 =0 (Woht71 + UaXt + bo) (6)
where W,, U,, and b, are the weights and offsets. Finally,
the output value h; at the time step is obtained through
using Equation (7):

h; = o; ® tanh(Cy) (7)
The predicted output weight and bias are applied to activate
the output value to obtain the predicted value, as shown
in Equation (8):

=0 (Vht + C) (8)
Finally, the loss values 8} and 8% of the hidden state are calculated
as follows:

T (~ aht-&—l T t+1
=V (}’t —)’t) + 8, 9)
ah
86 =8¢ O fir1 + 8,00, 0 (1 —tank* (C))  (10)

In this work, BiLSTM is established as the network structure
to enable the input sequence to have a bidirectional connection
with one another (14). Figure 5 shows that another LSTM layer
that propagates backward in time is added on the basis of the
unidirectional LSTM forward propagation in time sequence. The
final output is determined by the output of the two LSTM layers:
forward and backward. Compared with the one-way LSTM, the
final output avoids the prediction at each time to only be affected
by the input of the previous time. Moreover, it can reflect the
information characteristics before and after each prediction point
better, thereby making more accurate predictions.

Wavelet Transform

In the traditional mode, wavelet transform is a commonly used
method in ABR extraction and recognition research (15). In
ABR extraction, wavelet transform can achieve the effect of
eliminating noise by selecting the detailed components of specific

frequencies for reconstruction and to make the ABR waveform
smoother. Obtaining relatively clear waveforms while reducing
repetitive stimulation is also possible. Generally, continuous
wavelet transform is defined as (16):

*)a

WT (a,7) = f/ f(t)*xb(

where f(t) is the signal in the time domain, and the part of
fw (t ’) is a wavelet function, which can also be denoted

(11)

as Vg7 (t). Two variables, namely, scale a and translation ,
are available. Scale a is applied to control the expansion and
contraction of the wavelet function, and the translation amount
7 controls the translation of the wavelet function. Scale a is
inversely proportional to its equivalent frequency, which is
defined as ¢ (). The complete wavelet expansion is as follows:

f(t)=Z;:7 +Z Z

cxe ( dig (Pt —k)

(12)

where ¢ and d are the coefficients of the corresponding function,
j is the frequency domain parameter that determines the
frequency characteristics of the wavelet, and k is the time
domain parameter that controls the position of the wavelet
base in the time domain. Although the scale and wavelet
functions are complex and have different characteristics, the
process of wavelet decomposition can be regarded as using a
low-pass filter and a high-pass filter to decompose the signal
by frequency. The low-frequency components decomposed in
each layer are called approximate components, and the high-
frequency components are called detailed components. Thus,
approximate components and detailed components were applied
to the reconstructed waveform.

RESULTS

Experimental Procedure

In this study, three sets of experiments, namely, (1) comparison
between various network structures, (2) comparison experiment
of wavelet transform, and (3) comparison experiment of
different hidden layer nodes, were designed. Figure 6 shows
the experimental flowchart. The sequence input layer was used
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FIGURE 5 | Schematic diagram of the BILSTM structure.
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FIGURE 6 | Experimental flowchart.
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as the input of the potential value of 321 sampling points,
and the data were passed to several LSTM or BiLSTM layers.
Subsequently, the fully connected layer was connected. The
classification probability of each time point was calculated
using the softmax function. Finally, the classification layer was
connected. The cross-entropy function (17) was used to calculate
the loss function of each time point and the overall loss function
of the sequence. Then, the time sequence was classified.

In the comparison experiment of multiple network structures,
seven network structures, namely, (1) single-layer LSTM, (2)
double-layer LSTM, (3) single-layer BiLSTM, (4) double-layer
BiLSTM, (5) three-layer BiLSTM, (6) four-layer BiLSTM, and

(7) five-layer BILSTM network layers, were selected. In the
comparative experiment of different hidden layer nodes, a
three-layer bidirectional LSTM network was used for training,
and different numbers of hidden neurons were applied. The
experiment applied four groups of different numbers of hidden
neurons, namely, 64, 128, 256, and 512.

In the comparative experiment of the wavelet transform,
all data added noise as interference. Seven different network
structures were used for testing. For instance, the training data
preprocessed by wavelet transform were used as the experimental
group, and the training data trained using the original data were
used as the control group. In this experiment, ABR data were
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decomposed in six layers, and the approximate and detailed The output results are in the form of “region.” Figure 7
components of the sixth layer and the fourth, fifth, and sixth  expresses the output visualization, where the curve is the original
layers were retained to reconstruct the waveform, respectively. ~ ABR used for identification, and the red labels are the network
The parameter configuration is consistent. The network was  prediction classification results reduced by four times. The ABR
trained with five K-fold cross-validation (K = 9), and the testwas ~ of the first 8ms is clearly divided into two different labels.

performed to obtain the average value. The part with 1 is the identified peak, and the other part is
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FIGURE 7 | Feature labeling on the ABR, where (a) shows output by modes. (b) is result by postprocessing.
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FIGURE 8 | Recognition results of four data, where (a-d) are manual labels. Also, (e=h) represent outputs of the proposed three-layer BILSTM model.
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the identified characteristic nonpeak. Postprocessing is defined
as follows: A total of 20 sampling points (0.5ms) are set as
the threshold. The area within 20 sampling points between the
beginning and the end is the same characteristic wave area.
Finally, the time mean value of the first and last points is
calculated as the time value of the recognized characteristic wave.
The similar sampling points are calculated to obtain the unique
characteristic wave value. Finally, the recognition accuracy rate is
calculated according to the identified ABR feature wave position.

Four recognition results of ABR data were randomly selected
and presented in Figure 8. After postprocessing, output vectors
from models were converted to feature points. The identified
feature points are almost identical to those selected using
manual labeling techniques, illustrating the potential utility
of this method in clinical settings. Even in some complex
ABR data, manual annotation usually records multiple sets
of data to determine the correct peak (Figure 8d). However,
the model can directly and accurately identify the peak of
the waveform from a single waveform (Figure 8h). Therefore,
they also verify the possibility of the proposed method. To
better verify the accuracy of recognition, this work has carried
out a quantitative discussion from different network structures,
wavelet transform processing, and number of hidden neurons.

example, Figure 9a shows an incorrect recognition result. Since
wave I and wave III of the waveform are not obvious, enough
continuous identification points cannot be obtained. Therefore,
only relatively obvious wave V is obtained after postprocessing
(Figure 9c). Also, Figure 9b presents another wrong result. In
this case, the obtained error of wave I reached 0.67 ms. This is
because the model has judged the wrong wave I (Figure 9d).
Thus, in future work, improving the model’s ability to analyze
complex waveforms is still an important direction.

Comparison Between Multiple Network

Structures

Generally, an error scale of 0.2 ms is applied as a scale range of
clinically marked points. Three criterion values for the maximum
allowable error value (ME) were tested: —0.1, 0.15, and 0.2 ms.
The prediction result was deemed acceptable if the prediction
point and the manually identified point were within the ME
criteria range. According to the number of correct prediction
points r, and the total marked points p,, the accuracy (ACC) rate
is calculated using r,/py, as shown in Equation (13):

However, the model may also lead to some misjudgments. For ACC = r1p/pn (13)
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FIGURE 9 | Two error recognition results, where (a,b) are manual labels. Also, (c,d) represent outputs of the proposed three-layer BILSTM model.
TABLE 1 | Loss value and ACC of each network structure.
Network Training Validation Accuracy Accuracy Accuracy
structure loss loss (0.1 ms) (%) (0.15ms) (%) (0.2ms) (%)
LST™M 0.1463 0.1635 37.08 44.92 50.37
LSTMx2 0.1123 0.1625 58.61 65.75 70.59
BILSTM 0.1264 0.1562 61.96 72.03 77.60
BiLSTMx2 0.0849 0.1285 78.74 84.88 86.84
BiLSTMx3 0.0704 0.1275 85.46 91.06 92.91
BiLSTMx4 0.0651 0.1342 82.48 88.32 90.20
BIiLSTMx5 0.0617 0.1467 83.31 88.80 90.90
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In this study, three error scales (ME) of 0.1, 0.15, and 0.2ms
were calculated, respectively, to further explore the recognition
accuracy and other related laws. Loss value of training results
with different network structures and the ACC under different
error scales are revealed in Table 1.

Figure 10A indicates data distribution to observe correlation
with different network structures visually. Notably, the ACC of
the BiLSTM network is higher than that of the LSTM network.
In addition, the ACC of the single-layer BiLSTM network and
the double-layer LSTM network is similar. The reason is due to
the fact that the two-way LSTM network has a similar structure
to the double-layer LSTM network. However, information in
the BiLSTM network has the characteristics of propagating in
forward and reverse directions, whereas the two-layer LSTM
network only propagates in the forward sequence over time.
This phenomenon leads to differences in the ACC between the
two models. The LSTM and BiLSTM networks increase ACC
with the number of superimposed layers. After the BiLSTM

network reaches three layers, the ACC will no longer increase
significantly. Network structure will gradually reach an over-
fitting state and increase computational pressure because of
excessive parameters. Thus, the three-layer BILSTM network is a
better choice.

Wavelet Transform Experiment

When testing the ACC of the wavelet transform, ABR data
was decomposed in six layers. Also, approximate components
of the sixth layer and detailed components of the fourth, fifth,
and sixth layers were retained to reconstruct the waveform.
Figure 11 expresses an instance of filtered result by wavelet
transform. The curve processed by wavelet transform becomes
smoother. Then, unprocessed ABR data served as a control
experiment. In this work, detection and comparison were
carried out based on two error scales of 0.1 and 0.2ms
(Table 2). The results of recognition ACC are shown in
Figure 12.
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FIGURE 10 | (A) ACC metrics with different network structures. In the statistical results, the three-layer BILSTM network reached 92.91% and is the highest index
among all the networks. The single-layer LSTM, which has the lowest index, is about half of it. (B) ACC metrics with different hidden nodes, where the 512 nodes
ranked first, and the 256 and 128 quantities stood at the second and third positions. Also, the 64 nodes ranked last.
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FIGURE 11 | An instance result from the wavelet transform, where (a) is the original data. An obvious interference occurred in this waveform. (b) is obtained after
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TABLE 2 | The ACC of each network structure with original data and wavelet transform data.

Network Original data Wavelet transform data Original data Wavelet transform data
structure (0.1 ms) (%) (0.1 ms) (%) (0.2 ms) (%) (0.2ms) (%)
LST™M 37.08 37.95 50.37 52.94
LSTMx2 58.61 55.47 70.59 72.46
BILSTM 61.96 59.17 77.60 76.25
BILSTMx2 78.74 73.03 86.84 84.71
BILSTMx3 85.46 79.00 92.91 90.50
BILSTMx4 82.48 77.73 90.20 89.67
BiLSTMx5 83.31 78.09 90.90 89.17
90 80 70 60 50 40 30 30 40 50 60 70 80 90
BiLSTMx5

P BiLSTMx4
P BiLsTMx3
P BiLSTMx2
P BiLsT™
P LsTMx2

LST™M

|

0.10ms(wt) [ I 0.20ms(wt)
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FIGURE 12 | Influence of wavelet transform preprocessing on accuracy. wt represents the results obtained by wavelet transform preprocessing.

Recognition ACC values of preprocessing in the LSTM  preprocessing does not obtain a higher ACC by smoothing
network using wavelet transform are slightly higher than those  curves. Due to wavelet decomposition and reconstruction, a
of the control group. However, they are not as good as those in  slight deviation was created in the position of wave crest. Some
the control group in the BiLSTM network. Especially, the highest ~ information was destroyed in the ABR waveform; therefore, the
ACC difference reaches 6.46% when calculated with a 0.1-ms  results of training and recognition were affected. This means
error scale. Also, the difference reduces to <3% when calculated  that the BiLSTM network has noise immunity and can handle
with a 0.2-ms error scale. Results indicate that wavelet transform  low-quality ABR data.
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TABLE 3 | The ACC with different hidden layer nodes.

Hidden layer nodes Accuracy

(0.1 ms) (%)

Accuracy
(0.15ms) (%)

Accuracy
(0.2ms) (%)

64 70.50 80.61 83.48
128 73.90 82.44 85.36
256 80.44 87.49 91.07
512 85.46 91.06 92.91

Comparative Experiments of Different
Hidden Layer Nodes

Based on the above results, the three-layer BILSTM network is
a better choice. The ACC results with different hidden node
numbers were discussed in this work (Table 3). Figure 10B
expresses the ACC results with different hidden layer nodes of
64, 128, 256, and 512. Obviously, recognition ACC increases with
the number of hidden nodes, because enough parameters make
network fitting accurately. Also, the ACC of the 0.2-ms error scale
increases slowly during the change process of 256-512 nodes and
is basically saturated. Considering accuracy standard in practical
applications and time cost of training that may be brought by
the increasing number of hidden nodes, a network of 512 hidden
nodes is a better choice.

Furthermore, this work mainly discusses the characteristic
wave recognition process of a click ABR with a 96-dB nHL
stimulus. Also, only parameters such as latency and wave interval
can be obtained. In clinical applications, many indicators can
still be used as a diagnostic basis, such as the relationship
between potential values of different stimulus sizes, response and
disappearance of wave V, and change of interwave latency of
each characteristic wave. This also provides a new idea for the
subsequent computer-assisted ABR diagnosis and treatment.

DISCUSSION

This work proposes an automatic recognition method for ABR
characteristic waveforms using the BiLSTM network. The main
purpose is to identify positions of characteristic waves I, III, and
V, which assist the medical staff in obtaining relevant clinical test
parameters, such as interwave latency and wave interval. A data
quantification process is designed to analyze the characteristic
waveform of ABR, including selection area of potential signal and
expansion of label position. An optimal network model structure
is obtained through multiple sets of comparative experiments. In
614 sets of clinically collected ABR waveform experiments, the
network’s overall recognition of characteristic waves showed an
ACC 0f92.91%.

Experimental results express that the method proposes a new
idea for the identification of ABR characteristic waveforms, and
helps professionals to obtain interwave latency parameters in
ABR waveforms. Therefore, a computer automatic identification
method can obtain deeper information, avoid subjective
judgment error by the medical staff in the manual identification
process effectively, reduce the number of repeated stimulations

during a test, and also avoid vision fatigue of the tested person.
Because of noise immunity of the proposed network model, it can
effectively reduce repetitive detection of patients. In the process
of large-scale identification, the average time of each data by
using the method only takes approximately 0.05 s, which is much
faster than the speed of manual identification. Thus, it has great
advantages in repeatable work.

Some efforts have been proposed to analyze ABR waveforms
using deep learning methods. For example, Fallata and Dajani
(18) proposed a new detection method of ABR based on ANN
to reduce detection time. Before ANN calculation, discrete
wavelet transform was processed to extract features of ABR.
The reduction in recording time was expected to promote
the application of this measurement technique in clinical
practice. McKearney and MacKinnon (19) divided ABR data into
clear response, uncertain, or no response. In their work, they
constructed a deep convolutional neural network and fine-tuned
it to realize ABR classification. Results showed that the network
may have clinical utility in assisting clinicians in waveform
classification for the purpose of hearing threshold estimation.
Different from the existing works, this research proposed a new
data processing method and established an end-to-end deep
learning model. The model can also be directly calculated without
complicated mathematical transformations, so it provides a new
idea for deep learning in signal processing.
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It is critical to remember details about meetings with healthcare providers. Forgetting
could result in inadequate knowledge about ones’ health, non-adherence with
treatments, and poorer health outcomes. Hearing the health care provider plays a crucial
role in consolidating information for recall. The recent COVID-19 pandemic has meant a
rapid transition to videoconference-based medicine, here described as telehealth. When
using telehealth speech must be filtered and compressed, and research has shown
that degraded speech is more challenging to remember. Here we present preliminary
results from a study that compared memory for health information provided in-person
to telehealth. The data collection for this study was stopped due to the pandemic, but
the preliminary results are interesting because the pandemic forced a rapid transition to
telehealth. To examine a potential memory deficit for health information provided through
telehealth, we presented older and younger adults with instructions on how to use two
medical devices. One set of instructions was presented in-person, and the other through
telehealth. Participants were asked to recall the instructions immediately after the session,
and again after a 1-week delay. Overall, the number of details recalled was significantly
lower when instructions were provided by telehealth, both immediately after the session
and after a 1-week delay. It is likely that a mix of technological and communication
strategies by the healthcare provider could reduce this telehealth memory deficit. Given
the rapid transition to telehealth due to COVID-19, highlighting this deficit and providing
potential solutions are timely and of utmost importance.

Keywords: telehealth, memory, hearing, healthcare delivery, aging

INTRODUCTION

In early 2020 many countries introduced physical distancing protocols to limit the spread of
COVID-19. Health authorities around the world encouraged health care providers to move to
virtual care when possible. In many cases, this meant using telehealth, where a health care provider
meets with a patient using voice alone (i.e., telephone) or voice and video (i.e., video conferencing).
For the purposes of this paper, telehealth will refer exclusively to video conferencing between
a patient and a health care provider. The rapid nature of this transition left many health care
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providers without training on how to deliver health care through
a video conferencing system, and without supports to make this
transition work. While this transition was occurring, our lab
was conducting a study on how hearing status and age impact
memory for health information provided through a telehealth
system. Due to the COVID-19 pandemic, data collection for this
study was stopped with fewer than half of the total number of
participants we had planned to collect. A preliminary analysis
of the data revealed a significant memory deficit for health
information provided through a telehealth system compared to
when the same information was provided in-person. Given the
rapid transition to telehealth due to COVID-19, we felt that this
preliminary data would be of interest. The next section will briefly
summarize the background for the original study.

Difficulties with hearing are one of the most commonly
reported health issues in older adults (Gates and Mills, 2005).
Hearing difficulties make understanding speech more difficult,
particularly when there is background noise, or when the
speech is degraded. Interestingly, even when older adults
fully comprehend mildly degraded speech, there are long-term
memory deficits for the content of that speech (Pichora-Fuller
etal., 1995). The proposed reason for this deficit is that a limited
amount of cognitive resources that can be used at any given time,
and when speech is degraded, even mildly, additional cognitive
resources are needed to comprehend the speech (Pichora-
Fuller et al., 1995; Schneider et al., 2010). This reduces the
cognitive resources available to encode information into long-
term memory (Pichora-Fuller et al., 1995; Schneider et al., 2010).
Recently a series of studies demonstrated that the memory for
health instructions was improved when the speech quality was
enhanced, and memory for the same information was reduced
when the speech was degraded (DiDonato, 2014; DiDonato and
Surprenant, 2015). In the same series of studies, older adults
with hearing loss benefited most when the speech was enhanced
(DiDonato, 2014; DiDonato and Surprenant, 2015). This series
of studies supports the idea that increased listening effort reduces
memory, and demonstrates that this memory deficit occurs
specifically for health information. Thus, even when older adults
understand mildly degraded speech, they have more difficulty
remembering what was said compared to younger adults.

One situation where this memory deficit could have major
implications for older adults is for users of telehealth. Using
this technology may have a significant impact on older adults,
because video-conferencing systems rely on audio-compression
algorithms that distort the audio signal so that information
can be transmitted efficiently over the internet. The amount
of distortion in the audio signal is usually dependant on
the overall network bandwidth available, the quality of the
microphone encoding the audio signal, and the quality of
the speaker reproducing the audio signal. Proprietary digital
compression algorithms can reduce the bandwidth needed to
transmit the audio signal by down sampling the digital encoding
and reducing the bit depth through amplitude compression.
These proprietary compression algorithms, along with non-
audiological grade microphones, speakers, or earphones, and
non-ideal room acoustics degrade the speech. Degraded speech
may not reduce the ability for an older patient to understand the

healthcare provider during the session, because older adults will
use additional cognitive resources in order to overcome hearing
difficulties. The real problem may emerge hours or days later,
when an older adult tries to remember what was said during the
telehealth session. This memory deficit likely occurs because the
use of additional cognitive resources to aid comprehension takes
cognitive resources away from the memory system (Pichora-
Fuller et al., 1995; Schneider et al.,, 2010; DiDonato, 2014). A
recent study confirmed that older adult users of telehealth with
hearing loss report more difficulty remembering what was said
during a telehealth session compared to an in-person session
(Willoughby and Zendel, 2017).

The goal of the original study was to experimentally test
the hypothesis that older adults, particularly those with hearing
loss, would have more difficulty remembering health information
presented through telehealth compared to in-person after a
1-week delay. Before the COVID-19 pandemic, identifying
potential memory deficits for health information presented
through telehealth was critical for at least two reasons. First,
telehealth use is increasing. In Canada there was a 54.6% increase
in telehealth use between 2010 and 2012 (Canada’s Health
Informatics Association, 2013). Second, Canada’s population is
aging. Between 2006 and 2011, there were 1.1% more Canadians
over the age of 65 (Statistics Canada, 2011). Most critical, the
number of Canadians over 65, living in rural areas far from urban
centres, increased 50% more than the national average between
2006 and 2011. Aging rural populations will put additional
stress onto telehealth systems across Canada because older adults
are more frequent users of healthcare. In 2011, older adults
made up 14.8% of the Canadian population, but accounted for
45% of healthcare expenditures (Canadian Institute for Health
Information, 2011). Moreover, health outcomes for older adults
are more positive when they have an increased sense of control
over their day-to-day lives, and are not forced to move to new
communities or into long-term care facilities (Rodin, 1986).
This supports the idea that aging at home benefits the health
of older adults. For older adults whose home is in a remote
community, this means increased reliance on telehealth. With
physical distancing in place for COVID-19, identifying issues that
could impact digital healthcare delivery is of utmost importance.

Unfortunately, this research was interrupted by the COVID-
19 pandemic, and data collection is not complete. During
the research stoppage, we explored the data and found a
significant memory deficit for health information when the
health information was presented through telehealth compared
to in-person across all participants. Given that healthcare for
many is likely to be delivered remotely for the near future, we
thought these preliminary findings should be presented. Once
data collection can continue, we plan to complete the study and
publish the full results.

METHOD

Participants

To date, 27 participants have been recruited into the study. Ten
of these participants were Younger [Mag = 27.1 (SD = 5.9),
range 20-37; 6 female], and 17 of these participants were Older
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[Myge = 67.4 (SD = 8.8) range 51-81; 10 female]. All participants
were native English speakers, and self-reported good health.
All participants completed the Montreal Cognitive Assessment
(MOCA; Nasreddine et al., 2005) and scored 23 or above (M =
28, SD = 2.17), the revised cut-off for mild cognitive impairment
(Carson et al., 2018). On the MOCA there are two subtests
associated with verbal recall: Verbal Fluency and Delayed Recall.
On the Verbal Fluency participants generated 19.2 (SD = 5.5)
words that start with the letter F and on the Delayed Recall,
participants recalled 3.5 (SD = 1.3) out of five words. For the full
study we plan to test 60 participants (20 younger, 40 older), based
on a power analysis that assumed a small-medium effect size of
0.15, an alpha of 0.05 and beta of 0.8. We planned to test a larger
sample of older adults so the group could be split based on their
audiological thresholds.

Stimuli and Task

For the purpose of this brief report, only preliminary results
from the experimental task will be reported. Participants also
completed other audiometric and cognitive assessments, and
a questionnaire about their hearing, memory, and education.
These data will be reported in the final analysis. This study
was approved by the Health Research Ethics Board (HREB)
in Newfoundland and Labrador, and all participants provided
written informed consent prior to participating. The study took
part across two sessions that were 1 week apart from each other.

Session 1-Encoding

All testing took place in 2 adjacent teleconferencing rooms that
each included a large table, and a Polycom teleconferencing
system located in the Health Sciences Centre in St. John’s,
Newfoundland and Labrador. This type of teleconferencing
system is commonly used by telehealth services in Newfoundland
and Labrador. Each participant was presented with two vignettes
about how to use two different medical devices (inhaler;
medipatch) adapted from DiDonato and Surprenant (2015; see
below for more information). One was presented in-person
and the other via telehealth. In order to minimize potential
practice effects, the order of presentation (telehealth or in-
person, and inhaler or medipatch) was fully counter balanced
between participants. Before the experimental tasks, participants
completed a written informed consent, and a demographics
questionnaire administered orally. Participants were instructed
that they would be asked to recall the instructions of both
vignettes immediately after they were presented, and again in 1
week, at the beginning of Session 2. Participants were further
instructed that no information from the vignettes would be
repeated, not to ask questions during the presentation of the
vignette but to otherwise behave as they would during a visit with
a health-care provider.

In-person

For the in-person condition, the participant and researcher were
both seated facing each other across a conference table, about 1
meter apart. The participant could see the researchers face, arms,
hands, and upper torso. The telehealth screen was off during
this session to avoid distractions. The researcher read aloud

the vignette about how to use one of the medical devices. The
researcher spoke slowly and clearly, at a typical conversational
sound level, ~60-65 dB SPL for the listener. Before testing
any participants, the researcher practiced speaking at this level,
using a portable sound level meter placed where a participants’
ears would be to ensure they could maintain a constant level.
Immediately following the vignette, participants were asked to
verbally recall as much detail as they could. During recall,
participants were not assisted by the researcher, and were not
provided with any feedback about their accuracy.

Telehealth

For a vignette conducted via telehealth, the researcher moved
into the adjacent room, that was nearly identical to the room
the participant was in. During this session, the teleconferencing
system was turned on. The teleconferencing system was a
Polycom HDX6000. This type of system is used throughout
Newfoundland and Labrador for telehealth sessions. Video was
presented at a resolution of 1080p at 30 frames per second, and
audio was presented at a 22 kHz sampling rate. The participant
was seated approximately 1 meter from the screen, and 0.5 meters
from the free-field speaker. The participant was able to see the
researchers face, arms, hands, and upper torso on the screen. The
researcher was positioned so that their image was approximately
“life size” on the screen. The volume on the speaker was adjusted
so that the researcher’s voice was ~60-65 dB SPL where the
participant was sitting. Other than being presented through the
telehealth system, the task was identical to the in-person task.

Medical Device Vignettes

The medical device vignettes were adapted from DiDonato
and Surprenant (2015). One vignette featured information on
how to use a medipatch to deliver pain medication, and the
other vignette featured information on how to use an asthma
puffer. The vignettes were matched on many linguistic and non-
linguistic aspects of speech to equate them as much as possible on
the complexity of the stimuli, while at the same time maintaining
their ecological validity (see DiDonato and Surprenant, 2015
for more details). Both vignettes were 10 sentences long, and
included 37 details; the medipatch vignette was 154 words long,
and the asthma puffer vignette was 151 words long. Reading the
vignette took ~70s, for an average speaking rate of about 2.2
words per second, which was slower and easier to understand
than conversational speech (Baker and Bradlow, 2009). No visual
aids or demonstrations of how to use the medipatch or asthma
inhaler were provided. The 37 details were content words within
each phrase that carried the most critical meaning for the purpose
of using these medical devices. Details may have been a single
word, compound word, or multiple words (e.g., breathe out, out
of reach, etc.). The distribution of the details throughout the
vignette were arranged so that each third of the vignette had a
similar number and distribution of details to recall.

Immediate Recall

After the presentation of the vignette, the participant was asked
to recall the instructions as best they could. The researcher
recorded the number of details the participant correctly recalled
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using a scoring sheet. There was no time restriction on how
long a participant could take to recall the instructions. Details
did not have to be remembered in the correct order, and each
detail was worth 1 point. Participants were given a score out
of 37 based on how many details they correctly recalled. This
score was converted to a percentage and used as a measure of
Immediate Recall.

Session 2

After a 7-day delay, participants returned for a second session.
The focus of this session was to examine the delayed recall of the
medical vignettes, and to collect audiometric data. This session
took place in the Cognitive Aging and Auditory Neuroscience
Laboratory, a large, quiet room that contains a sound-attenuating
booth, and equipment for audiometric assessments. Participants
were seated at a table in an office chair facing the researcher. The
researcher sat across from the participant, ~1 meter away. At
this point the researcher reminded the participant that they were
asked to remember the instructions given for both the medipatch
and the asthma puffer. Participants were asked to describe these
instructions in as much detail as they could remember. The order
in which they were asked to recall the vignettes was the same as in
Session 1 (i.e., if in session 1 the participant heard the medipatch
vignette first and the asthma puffer second, then in session 2 the
participant was asked to recall the instructions for the medipatch
first, and the asthma puffer second). This order was maintained
regardless of the order of presentation in session 1 was in-
person or telehealth first. Scoring was identical to scoring for
immediate recall, and like the immediate recall session, there
was no restriction on how long a participant could take to
recall the instructions. Upon completion of the delayed recall
task for both vignettes, participants were given a 5-min break.
Participants were then given a series of auditory and cognitive
assessments. For the purpose of this brief report, this data is
not presented.

RESULTS

Data was analyzed using a mixed-design ANOVA that included
Mode of Delivery (In-person, Telehealth) and Memory
(Immediate, Delayed) as within-subject variables, and Age
Group as a between-subject variable. The Order of presentation
(i.e., Telehealth or In-person first) was initially included as
a factor, but its main effect (p = 0.99) and interactions were
not significant (p = 0.15-0.93), so it was removed from the
analysis. There were main effects of Memory and Mode of
Delivery. Overall, more details were recalled immediately
after the session compared to after a 1-week delay [F(; »3) =
19.54, p < 0.001, n?> = 0.08] (Figure 1A). Additionally, more
details were recalled when delivered In-person compared to via
Telehealth [F(;, 23 = 5.70, p = 0.026, n° = 0.05] (Figure 1A).
There was no main effect of Age Group [F(; 23 = 2.79, p =
0.11, n°> = 0.06], and there were no significant interactions
between the three variables; however, the interaction between
Memory and Age Group approached significance [F(j, 23
= 3.90, p = 0.060, n° = 0.02] (Figure 1B). Follow-up tests,
using pairwise comparisons revealed that for Younger Adults,
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FIGURE 1 | Number of details recalled immediately after the session and after
a 1-week delay as a function of (A) Mode-of-Delivery and (B) Age group. Error
bars are one standard error of the mean.

compared to older adults, there were larger differences in
the number of details recalled immediately compared to the
number of details recalled after the 1-week delay (p = 0.002).
For Older Adults, differences in the number of details recalled
immediately compared to after a 1-week-delay were smaller and
not significant (p = 0.20).

Frontiers in Psychology | www.frontiersin.org

35

March 2021 | Volume 12 | Article 604074


https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles

Zendel et al.

Memory Deficits and Telehealth

DISCUSSION

Overall, both groups (younger and older) demonstrated a
memory deficit when health information was presented via
Telehealth compared to In-person. One interesting observation
was that people remember about the same amount of
information immediately after a Telehealth session (54.3%)
compared to an In-Person session after a 1-week delay (51.6%),
suggesting that the impact of getting health information
through telehealth was similar to the impact of a 1-week
delay in verbal memory recall (herein referred to as simply
“recall”). Furthermore, the decrease in recall performance
immediately after the session, and 1 week later was similar
for both In-Person and Telehealth delivery (10.5 & 12.3%,
respectively). This preliminary data suggests comprehension
difficulties (i.e., impaired speech perception or cognitive-
linguistic processes) due to the Telehealth mode of delivery
led to a reduction in the number of details that were initially
encoded. The telehealth memory deficit is unlikely to be related
to differences in retention because the number of details
“forgotten” during the 1-week delay was similar for both the
In-person and Telehealth conditions. Once the full data set
is collected a detailed exploration of the impact of aging and
hearing status on immediate and delayed recall for health
information provided either through telehealth or in-person will
be possible.

Differences between Telehealth and In-person mode-of-
delivery led to an immediate recall deficit in the Telehealth
condition. The main goal of this study was to compare
immediate- and delayed-recall for health information presented
in two realistic situations. The main challenge was that by using a
real telehealth system, we were unable to control or manipulate
a number of factors that could reduce both audio and video
fidelity in the Telehealth condition. The deficit we observed could
therefore be related to reduced audio fidelity, reduced video
fidelity or a combination of both. In a review, Mattys et al.
(2012) describes this as a form of environmental/transmission
degradation in communication. Mattys et al. (2012) highlights
that this type of degradation could reduce speech recognition,
reduce the ability to attend to the telehealth session, and reduce
memory for information from the session.

There are a number of theories that can be used to interpret
these results in terms of the reduced quality of the message,
including The Ease of Language Understanding theory (Ronnberg
et al., 2010), and the Effortful Listening theory, first introduced
by Rabbitt (1968, 1991), and more recently developed into
the Framework for Understanding Effortful Listening (FUEL) by
Pichora-Fuller et al. (2016). These theories state that working
memory load will increase when there is a difficulty matching
incoming speech to ones’ mental lexicon. This increased working
memory load during listening inhibits the ability to encode
details into long-term memory. Findings from the current study
suggest that audio and video degradation in a commercial grade
telehealth system increases working memory processing in order
to accurately match incoming speech to the mental lexicon (i.e.,
comprehension of the message). In turn this reduced the number
of details that were encoded into long-term memory, which led

to a deficit in recalling health information immediately after the
encoding session was complete.

Based on perceptual factors alone, one might not predict
significant recall deficits due to the high quality of the telehealth
system used in the study; however, a minimally degraded
message can act in an insidious way. When communication
is degraded minimally, an individual may not recognize the
degradation, and may not engage compensation mechanisms to
properly attend to, and remember what was said (Bickman and
Dixon, 1992). It is this lack of awareness that a communication
event is sub-optimal that then interferes with the automatic
or explicit use of those to-be-employed compensations for
mitigating the effects of the degraded message (Bickman and
Dixon, 1992). In a recent review of best practices for tele-mental-
health Hilty et al. (2019), specifically highlight the importance
of minimizing distractions and optimizing speech clarity in
order to improve the therapeutic relationship. Accordingly, in
this situation, the slight imperfections in the communication
associated with the Telehealth condition may have contributed
to difficulty remembering what was said due to both the reduced
quality of the message, and a lack of awareness of the reduced
quality of the message. Previous work in visual perception
has shown that target degradation increases distractor effects
(Lavie and De Fockert, 2003). In the current study, this effect
might be amplified because the telehealth system used was
high quality, and thus the participant may not have engaged
possible compensatory mechanisms (see: Bickman and Dixon,
1992). The mildly degraded auditory and visual information in
the Telehealth condition may have made minor, unavoidable
distractions more salient for the individual compared to the In-
Person condition. In-turn this would have reduced the number
of details that were comprehended and then encoded into long-
term memory.

Interestingly, this distractibility hypothesis and the Effortful
Listening hypotheses make somewhat different predictions about
comprehension. The Effortful Listening hypotheses predicts that
immediate comprehension may indeed be similar for In-Person
and Telehealth sessions with the impact of the degradation
only demonstrated later as reduced recall of the message,
while the distractibility hypothesis would predict that immediate
comprehension may be reduced for the Telehealth session
compared to the In-Person session. Unfortunately, due to the
ecological nature of the study, comprehension of each statement
was not measured; immediate recall was measured at the end of
the vignette. Overall, it is likely that both increased distractibility
and reduced fidelity of the signal play a role in reduced
immediate recall. It is therefore likely that improving the fidelity
of the telehealth signal, could improve memory due to reduced
cognitive load, and a reduction of distractibility. Unfortunately,
the current study was not designed to tease apart contributions
of effortful listening and distractibility on immediate recall. This
should be explored in future research.

Laboratory-based studies have shown that modifying the
fidelity of speech impacts both comprehension and memory.
Degraded speech has been shown to negatively impact recall
compared to normal speech, including when speech is sped
up (DiDonato, 2014), when it is presented with background
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noise (Pichora-Fuller et al., 1995) or when the speech is noise
vocoded (Ward et al,, 2016). Speech clarity can be improved
by using inserted earphones instead of loudspeakers, and this
difference has been shown to enhance recall (DiDonato and
Surprenant, 2015). It is likely that providing the patient with
high quality insert earphones could improve their memory from
a telehealth session. The healthcare providers’ speech patterns
are also important for understanding. Speaking with normal
prosody has been shown to improve recall compared to speaking
with a flat prosody (Stine and Wingfield, 1987). One interesting
finding was that older adults recalled more information when
health information was presented slower, with shorter utterances,
and more varied and higher pitched intonation (McGuire et al.,
2000). While slower speaking has been shown to improve recall
(Thompson, 1995), it has been shown that “self-paced” listening
can further improve recall (Piquado et al., 2012). Self-paced
listening is when the listener is allowed to pause the speech
when they want. From a telehealth perspective this means that
healthcare providers would be best to pause regularly. During
these pauses recall could likely be further improved if patients
are asked to repeat what the healthcare provider just said, as
repetition is a well-known memory aid. Another important
finding is that meaningful phrases are recalled better than
random words (Stine and Wingfield, 1987; Thompson, 1995).
This suggests that healthcare providers should take extra care to
use colloquial speech, and to be thoughtful of their word choices
so that each statement they make is understood and meaningful
to the patient.

When speech is paired with a visual representation of
the person speaking (i.e., video), comprehension improves,
suggesting that videoconferencing is superior to telephone in
situations where comprehension is critical (Grant et al., 1998;
Grant and Seitz, 2000; Sommers et al., 2005). In these studies,
the video was limited to the head and neck of the speaker, and
the authors explain the audio-visual enhancement compared to
auditory alone was due to an integration of audio and visual
cues that facilitate phonetic and lexical decisions (Grant et al.,
1998; Grant and Seitz, 2000; Sommers et al., 2005). In addition to
the face, hand gestures have also been shown to improve speech
understanding, although the benefit of seeing gestures seems to
be reduced in older adults (Thompson, 1995; Hilty et al., 2019).
In the current study, the researcher did not use their hands to
demonstrate how to use the device, and based on previous work,
this may have reduced the differences in recall between the in-
person and telehealth conditions. Accordingly, it is important
for users of telehealth to be able to see the face and hands of
their healthcare provider clearly in order to see gesturing and
other non-verbal forms of communication that occur through
the hands.

Summary

The current study found that immediate and long-term
recall of health information was lower when that information
was presented through Telehealth, compared to In-Person.
Importantly, this telehealth memory deficit was similar for
both immediate and delayed recall, which suggests that the

best way to improve memory for health information provided
through telemedicine is to improve a patients immediate
recall of the session. This is likely to be effective because
the decline in recall performance after a 1-week delay was
about the same regardless of the mode-of-delivery. One way
to accomplish this would be to facilitate understanding so that
more efficient memory encoding occurs. It is therefore likely
that optimizing comprehension in telehealth situations would
mitigate the listening effort and enhance immediate recall of
health information. Improved immediate recall should in turn
improve long-term recall. From a practical perspective, health
care providers should be mindful that their patients may not
recall the information presented through telehealth as they
would in person, unless the health-care provider takes steps
to enhance the immediate recall of information they present.
The limitations of the suggestions presented here to minimize
the memory deficit are based on in-person healthcare studies,
or laboratory-based speech perception studies, thus they may
not be generalizable to telehealth. However, given the dearth of
studies on memory for information presented through telehealth,
the recent need to rapidly transition healthcare into an online
format due to COVID-19, and the relatively easy and low
risk techniques that could improve memory, we suggest that
healthcare providers attempt to use as many of the techniques
reported above to improve memory for health information when
they are conducting telemedicine and to review information that
was presented in previous sessions. These preliminary results
could be a very positive finding for telehealth, as they suggest that
supplementing telehealth sessions with communication supports
including high-quality earphones, and communication guidance
for healthcare providers could eliminate the recall difference
between in-person and telehealth sessions.
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Background: The definition of notched audiogram for noise-induced hearing loss (NIHL)
is presently based on clinical experience, but audiometric phenotypes of NIHL are
highly heterogeneous. The data-driven clustering of subtypes could provide refined
characteristics of NIHL, and help identify individuals with typical NIHL at diagnosis.

Methods: This cross-sectional study initially recruited 12,218 occupational
noise-exposed employees aged 18-60 years from two factories of a shipyard in
Eastern China. Of these, 10,307 subjects with no history of otological injurie or disease,
family history of hearing loss, or history of ototoxic drug use were eventually enrolled. All
these subjects completed health behavior questionnaires, cumulative noise exposure
(CNE) measurement, and pure-tone audiometry. We did data-driven cluster analysis
(k-means clustering) in subjects with hearing loss audiograms (n = 6,599) consist of two
independent datasets (n = 4,461 and n = 2,138). Multinomial logistic regression was
performed to analyze the relevant characteristics of subjects with different audiometric
phenotypes compared to those subjects with normal hearing audiograms (n = 3,708).

Results: A total of 10,307 subjects (9,165 males [88.9%], mean age 34.5 [8.8] years,
mean CNE 91.2 [22.7] dBJ[A]) were included, 3,708 (36.0%) of them had completely
normal hearing, the other 6,599 (64.0%) with hearing loss audiograms were clustered into
four audiometric phenotypes, which were replicable in two distinct datasets. We named
the four clusters as the 4-6 kHz sharp-notched, 4-6 kHz flat-notched, 3-8 kHz notched,
and 1-8kHz notched audiogram. Among them, except for the 4-6kHz flat-notched
audiogram which was not significantly related to NIHL, the other three phenotypes
with different relevant characteristics were strongly associated with noise exposure. In
particular, the 4-6 kHz sharp-notched audiogram might be a typical subtype of NIHL.
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Conclusions:

By data-driven cluster analysis of the large-scale noise-exposed

population, we identified three audiometric phenotypes associated with distinct NIHL
subtypes. Data-driven sub-stratification of audiograms might eventually contribute to the
precise diagnosis and treatment of NIHL.

Keywords: noise-induced hearing loss, audiometric phenotype, notched audiogram, unsupervised learning,
data-driven cluster analysis, multivariate characteristics

INTRODUCTION

Noise-induced hearing loss (NIHL) is one of the most common
hearing loss in adults (1), with increasing incidence in children
and adolescents (2) due to widespread recreational and transport
noise exposure (3, 4). The World Health Organization (WHO)
estimates that 10% of the world population is exposed to sound
levels that could potentially cause NIHL (5). To date, treatment
options for NIHL are limited, while ~50% of this burden could
be prevented by early detection of NIHL, avoidance of noise
exposure, prompt intervention, etc. (6).

It is widely accepted that the noise exposure usually
causes high-frequency sensorineural hearing impairment (7,
8). Despite several previously concluded abstract phenotypes
of NIHL including the high-frequency audiometric notch and
the bulge downwards audiogram (9), there are still no clear
audiometric criteria on stratifications of NIHL, which makes
it difficult to specifically evaluate NIHL during clinical and
primary health care (10, 11). One reason for this is the
heterogeneous audiometric phenotypes of NIHL, involving
complex confounding influencing factors. The majority of studies
have adopted different definitions of high-frequency hearing loss
(12, 13) and notched audiogram (14-16), which were chosen
mainly by specialized intuition or clinical experience, rather than
by data-driven analysis. These inconsistent assessment methods
were manifested by various ranges of frequency and degrees of
hearing loss, which may represent different subtypes of NIHL
with inconsistent responses to intervention, and inevitably result
in incomparable conclusions between studies.

Generally, descriptions of NIHL phenotypes are limited by
subjectivity and poor data support. A data-driven classification
that incorporates the multifrequency audiogram of NIHL is
needed to identify subtypes with consistent patterns and
characteristics. Cluster analysis is an unsupervised exploratory
data mining technique able to group the most similar individuals
with multiple specified variables in the same group called
“cluster” without any previously defined hypothesis (17). Since
audiogram stratification is based on the complex non-linear
combination of thresholds at several frequencies, unbiased data-
driven cluster analysis has recently been found to be a useful
method for the identification of audiometric phenotypes (18,
19). We postulated that cluster analysis could be applied for
classifying audiograms of NIHL.

In the current study, based on audiograms of 10,307 Chinese
shipyard employees with various noise exposure levels, we used
the k-means clustering algorithm to classify subtypes of NIHL in
two distinct noise-exposed populations from different factories.

The confounding influencing factors related to these subtypes
were further analyzed to optimize the assessment for different
subtypes of NIHL, which could provide a powerful tool to
identify those individuals at great risk of NIHL and guide optimal
prevention of noise exposure.

METHODS
Study Population

We conducted this hearing and health investigation in a shipyard
in eastern China from August 1, 2017, to June 30, 2018. A
total of 12,218 subjects aged 18-60 years were initially recruited,
and 10,307 from two steel factories (6,631 from factory 1, and
3,676 from factory 2) were included in the analysis based on the
following criteria: (1) completed questionnaire and audiometric
data, (2) no history of otological injuries or diseases, (3)
no family history of hearing loss, (4) no history of ototoxic
drug use, (5) no profound hearing loss (average threshold at
0.5-2kHz frequencies >70 dB HL in any ear), and (6) no
perforation of tympanic membrane or abnormal tympanogram.
Sex and race were self-reported. Figure 1 shows the flowchart
of this cross-sectional study, which was in accordance with
the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting guidelines and approved by
the ethics committee of the Ninth People’s Hospital affiliated
to Shanghai Jiao Tong University School of Medicine. All the
participants signed written informed consent forms.

Audiometry

Pure-tone air-conduction audiometry at frequencies of 0.5,
1, 2, 3, 4, 6, and 8kHz in both ears was performed
by certified audiological technicians using an audiometer
(Otometrics Madsen, Xeta, Denmark) with TDH-39P headsets
in a soundproof booth in accordance with the regulations of
ISO 8253-1: 2010. The subjects were not exposed to occupational
noise or loud sounds within 16 h before being examined. The
average threshold of the left and right ears at each frequency
was calculated for subsequent analysis without the age-correction
according to ISO 7029: 2017, in order to avoid the artificial
modification on the subsequent cluster analysis. Normal hearing
was defined as hearing threshold <25 dB HL over 0.5-8 kHz
frequencies. Hearing loss was defined as hearing threshold >25
dB HL at any frequency.

Questionnaire
Demographic variables (sex, age, race, job type, working
time-length) and behavioral characteristics, including hearing
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from a shipyard in Shanghai, China

Questionnaires to employees aged 18 - 60 years

A

12218 complete questionnaires were collected

A

1148 were excluded without audiometric data

A 4

(9850 males and 1220 females)

11070 with complete audiometric data

763 were excluded from analyses :
185 reported history of otological injuries or diseases
.| 158 reported family history of hearing loss

A

129 reported history of ototoxic drug uses
119 with profound hearing loss
93 with type B or C tympanogram

10307 were included
(9165 males and 1142 females)

79 with the perforation of tympanic membrane

|

!

Factory 1 (n = 6631)
(5855 males and 776 females)

Factory 2 (n = 3676)
(3310 males and 366 females)

FIGURE 1 | Flowchart of this cross-sectional study.

protection device (HPD) use (<4 h/work-day, >4 h/work-day),
personal earphone use (<1 h/day, >1 h/day), tobacco (<10
cigarettes/day, >10 cigarettes/day) and alcohol (<50 g/day, >50
g/day) consumption, and auditory-related symptoms (hearing
difficulty and tinnitus), were collected through a self-reported
questionnaire. Body mass index (BMI) was measured and
calculated by investigators, and then categorized into non-obese
(<28 kg/mz) and obese (>28 kg/mz) groups.

Noise Exposure Dose

A composite quantitative noise exposure index, the cumulative
noise exposure (CNE), was used to estimate the noise exposure
level for each subject, which was calculated using the following
formula (20):

CNE = Lapceqgh + 10logT,

where Ljeqsn is the equivalent sound pressure level in A weight
of 8 continuous hours of a work-day, which was measured
and analyzed using the personal exposure dosimeter (Aihua,
ASV5910 type, Hangzhou, China). Subjects were required to wear
the dosimeter on the shoulder for five work-days to calculate the
average Laeqgh- T is the working time-length in years obtained
from the questionnaire.

Data-Driven Cluster Analysis

Seven variables including standardized values of thresholds at
frequencies of 0.5, 1, 2, 3, 4, 6, and 8kHz were input for k-
means cluster analysis performed using R software (version 4.0.3)
(21). The optimal number of clusters was selected according to
the within cluster sum of squares (WSS) (22), the number of
clusters from 2 to 15 was tried, and the last one that significantly
reduced the WSS (at the inflection point of the curve) was
selected as the optimal number of clusters (Figures 2A-E). Data-
driven cluster analysis was performed in data from two factories
(dataset 1 and dataset 2) separately, and then repeated in the
total data.

Statistical Analysis

Data analysis was performed by using IBM SPSS version
24.0 software (SPSS Inc., Chicago, IL, USA) except for
cluster analysis. Continuous variables are expressed as the
mean (standard deviation, SD), and categorical variables
are presented as percentages (n [%]). Statistical significance
for differences in continuous variables was examined using
Student’s t test (between dataset 1 and dataset 2) or ANOVA
(between cluster subtypes with Dunn-Bonferroni tests for post-
hoc analyses), and categorical variables were compared by
the chi-square test. Multinomial logistic regression models
were used to analyze relevant factors of different clusters of
audiometric subtypes. For the hierarchical regression, age was
categorized into 3 groups (<30, 30-45, and >45 years). For
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FIGURE 2 | Optimal clusters for three datasets. The within cluster sum of squares (WSS) decrease with the increment of clusters number, and the optimal number of
clustering was selected at the last one significantly reduced the WSS (at the inflection point of the curve). The optimal clustering were all at number of four (black
dotted line) for total dataset (A), dataset 1 (C), and dataset 2 (E). The average hearing thresholds over 0.5-8 kHz frequencies of normal hearing subjects and those
four clusters were shown for total dataset (B), dataset 1 (D), and dataset 2 (F).
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TABLE 1 | Characteristics of subjects in different datasets.

Variables Total (n = 10,307) Dataset 1 (n = 6,631) Dataset 2 (n = 3,676) P value”
Age (years), mean (SD) 34.5(8.8) 36.2 (8.6) 31.4(8.3) <0.001
CNE (dBJ[A]), mean (SD) 91.2 (22.7) 92.0 (22.0) 89.8 (23.9) <0.001
Sex, n (%) 0.007
Males 9,165 (88.9) 5,855 (88.3) 3,310 (90.0)

Females 1,142 (11.1) 776 (11.7) 366 (10.0)

BMI, n (%) <0.001
Non-obese 9,391 (90.9) 6,000 (90.5) 3,371 (91.7)

Obese 936 (9.1) 631 (9.5) 305 (8.3)

Hearing difficulty, n (%) <0.001
No 7,955 (77.2) 4,952 (74.7) 3,008 (81.7)

Yes 2,352 (22.8) 1,679 (25.3) 673 (18.9)

Tinnitus, n (%) <0.001
No 6,971 (67.6) 4,327 (65.3) 2,644 (71.9)

Yes 3,336 (32.4) 2,304 (34.7) 1,032 (28.1)

HPD use, n (%) <0.001
<4 h/work-day 7,384 (71.6) 4,936 (74.4) 2,448 (66.6)

>4 h/work-day 2,923 (28.4) 1,695 (25.6) 1,228 (33.4)

Earphone use, n (%) <0.001
<1 h/day 5,844 (56.7) 3,418 (51.5) 2,426 (66.0)

>1 h/day 4,463 (43.3) 3,213 (48.5) 1,250 (34.0)

Tobacco consumption, n (%) 0.156
<10 cigarettes/day 6,436 (62.4) 4,174 (62.9) 2,262 (61.5)

>10 cigarettes/day 3,871 (37.6) 2,457 (37.1) 1,414 (38.5)

Alcohol consumption, n (%) <0.001
<50 g/day 7,558 (73.3) 5,076 (76.5) 2,482 (67.5)

>50 g/day 2,749 (26.7) 1,655 (23.5) 1,194 (32.5)

Hearing loss, n (%) <0.001
No 3,708 (36.0) 2,170 (32.7) 1,538 (41.8)

Yes 6,599 (64.0) 4,461 (67.3) 2,138 (58.2)

SD, standard deviation; BMI, body mass index; CNE, cumulative noise exposure; HPD, hearing protective device.

*Comparisons were between dataset 1 and dataset 2.

all models, odds ratios (ORs) and 95% confidence intervals
(ClIs) are presented. A 2-tailed P < 0.05 was considered
statistically significant.

RESULTS

Basic Characteristics of Subjects

A total of 10,307 Chinese Han subjects (9,165 males [88.9%],
mean age 34.5 [SD 8.8] years, mean CNE 91.2 [SD 22.7]
dB[A]) were included. Among all subjects, 3,708 (36.0%) had
completely normal hearing over 0.5-8 kHz frequencies. The total
subjects were recruited from two independent factories in a
shipyard, who had similar types of occupational tasks, despite
significantly different distributions of sex, age, CNE, hearing
loss, and other characteristics. The distributions of age, CNE,
sex, BMI, hearing difficulty, tinnitus, HPD use, earphone use,
tobacco consumption, and alcohol consumption are shown in
Table 1.

Clusters of Audiometric Phenotypes

To classify NIHL into novel audiometric phenotypes, we used
the k-means clustering method in audiograms with hearing loss.
We repeated the cluster process, respectively, in total dataset (all
the hearing loss audiograms, n = 6,599), dataset 1 (hearing loss
audiograms from factory 1, n = 4,461) and dataset 2 (hearing loss
audiograms from factory 2, n = 2,138) to verify that the cluster
structure described for each dataset was reproducible.

For all three datasets, the optimal number of clusters was
four according to the WSS decreasing curve (Figures 2A-E),
and the audiometric phenotypes of four clusters identified from
different datasets were qualitatively similar. In total, 6,239 /6,599
(94.5%) audiograms in total dataset clusters were classified into
the same subtype according to the distinct clusters in dataset
1 (4,286 /4,461, 96.1%) and dataset 2 (1,953 /2,138, 91.3%),
the consistency of subtypes by cluster analysis in two distinct
datasets and total dataset showed in Table 2. The average hearing
thresholds of normal hearing subjects and those four clusters are
shown for each dataset (Figures 2B-F).
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TABLE 2 | The consistency of subtypes by cluster analysis in two independent datasets and total dataset.

Consistency, n (%) Cluster 1 Cluster 2 Cluster 3 Cluster 4 Total

Dataset 1 1,549 (100.0) 1,123 (89.9) 1,075 (97.3) 539 (96.6) 4,286 (96.1)
Dataset 2 708 (91.4) 737 (94.0) 354 (83.1) 159 (100.0) 1,953 (91.3)
Total 2,252 (97.2) 1,860 (91.5) 1,492 (93.3) 698 (97.4) 6,239 (94.5)

Relevant Characteristics of Audiometric
Phenotypes

Audiograms with hearing loss were then classified into 4
subtypes for cluster analysis of the total dataset, which were
named 4-6kHz sharp-notched (original cluster 1, Figure 3A),
4-6kHz flat-notched (original cluster 2, Figure 4A), 3-8kHz
notched (original cluster 3, Figure 5A), and 1-8 kHz notched
(original cluster 4, Figure 6A) phenotypes, referring to the
frequency range, and shape of their audiometric notches. Hearing
thresholds at frequencies of 0.5-8kHz of the four subtypes
were significantly different from each other (all the P values
< 0.001). In comparison with the 4-6kHz sharp- and flat-
notched subtypes, subjects manifested as the 3-8kHz and 1-
8 kHz notched subtypes were significantly older, with higher
noise exposure, as well as higher proportions of males, hearing
difficulties and tinnitus. In post-hoc analyses, for the 4-6 kHz flat-
notched audiogram, the average age of subjects of this subtype
was similar (P = 0.293) to that of the 4-6 kHz sharp-notched
audiogram, while the mean CNE was slightly smaller (P =
0.008) than that of the 4-6 kHz sharp-notched audiogram, but
significantly larger (P < 0.001) than that of the normal-hearing
audiogram. The proportions of females, hearing difficulties,
tinnitus, and earphone uses were higher in subjects with the 4-
6kHz flat-notched audiogram than that in the 4-6 kHz sharp-
notched audiogram. Moreover, the average hearing thresholds of
the 4-6 kHz flat-notched audiogram at frequencies of 0.5-3 kHz
were obviously higher than that of the 4-6 kHz sharp-notched
audiogram (all the P value < 0.001). The detailed distribution of
characteristics in subjects with different audiometric phenotypes
is shown in Table 3.

Variables that showed significant differences between
audiometric phenotypes were included in the multinomial
logistic regression analysis (Table4). Age, male sex,
tobacco consumption, and alcohol consumption were
risk factors for all subtypes, while the HPD use was a
protective factor. CNE was associated with three of all
subtypes except for the 4-6kHz flat-notched phenotype.
Tinnitus was associated with three of all subtypes except
for the 4-6kHz sharp-notched phenotype. Self-reported
hearing difficulty was only related to the 1-8kHz
notched phenotype, which reflected the most severe
NIHL subtype.

Specific Influence of Noise Exposure on
Audiometric Phenotypes

To explore the specific influence of noise exposure dose on
audiometric phenotypes among populations with different
characteristics, we performed hierarchical regression analysis

A 4 - 6 kHz sharp-notched audiogram
o. ...........................................................................
o0
T
m
=2
T 40
[<]
£
[}
2
£ 60-
[
£
&
Q
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0.5 1 2 3 4 6 8
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Alcohol consumption = 50 g/day

Alcohol consumption < 50 g/day
Tobacco consumption = 10 cigarettes/day

Tobacco consumption <10 cigarettes/day
HPD use = 4 h/work-day

HPD use < 4 h/work-day
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Tinnitus: no
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FIGURE 3 | The 4-6 kHz sharp-notched audiogram and its association with
noise exposure. (A) The average hearing thresholds over 0.5-8 kHz
frequencies of subjects with normal hearing and the cluster of 4-6 kHz
sharp-notched audiogram. The pink shade includes the range of notched
frequencies. (B) Adjusted ORs with 95% CI of CNE increment (per dB[A]) for
the 4-6 kHz sharp-notched audiogram refer to normal hearing audiogram after
stratification of sex, age, hearing difficulty, tinnitus, HPD use, tobacco
consumption, and alcohol consumption.

of audiometric phenotypes stratified by confounding factors
(sex, age, CNE, HPD use, hearing difficulty, tinnitus, tobacco
consumption, and alcohol consumption). According to

Frontiers in Medicine | www.frontiersin.org

March 2021 | Volume 8 | Article 662045


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Wang et al.

Cluster Audiometric Phenotypes of NIHL

4 - 6 kHz flat-notched audiogram

40

60

Hearing threshold (dB HL)

80
— Normal hearing (n=3708)

— 4 - 6 kHz flat-notched (n=2033)

100

0.5 1 2 3 4 6 8
Frequency (kHz)

4 - 6 kHz flat-notched refer to Normal hearing

Alcohol consumption = 50 g/day H
Alcohol consumption < 50 g/day
Tobacco consumption = 10 cigarettes/day o
Tobacco consumption <10 cigarettes/day
HPD use = 4 h/work-day
HPD use < 4 h/work-day
Tinnitus: yes
Tinnitus: no
Hearing difficulty: yes
Hearing difficulty: no
Age > 45 years
Age 30 - 45 years
Age < 30 years

Females

L S T S N B

Males

0.90 0.95 1.00 1.05 1.10

o

Adjusted ORs (95% Cl) for audiogram (per dB[A] of CNE)

FIGURE 4 | The 4-6 kHz flat-notched audiogram and its association with
noise exposure. (A) The average hearing thresholds over 0.5-8 kHz
frequencies of subjects with normal hearing and the cluster of 4-6 kHz
flat-notched audiogram. The pink shade includes the range of notched
frequencies. (B) Adjusted ORs with 95% Cl of CNE increment (per dB[A]) for
the 4-6 kHz flat-notched audiogram refer to normal hearing audiogram after
stratification of sex, age, hearing difficulty, tinnitus, HPD use, tobacco
consumption, and alcohol consumption.

the adjusted ORs of noise exposure dose for different
phenotypes after stratification, the increment of CNE
was stably associated with the 4-6kHz sharp-notched
phenotype (Figure 3B), as well as associated with the 3-
8kHz notched phenotype except among younger subjects
(<30 vyears old) (Figure5B) and the 1-8kHz notched
phenotypes except for females and younger population
(Figure 6B). In contrast, CNE was almost unrelated to the
4-6kHz flat-notched phenotype (Figure4B), except for
population who were males, with hearing difficulty and little
tobacco consumption.

A 3 - 8 kHz notched audiogram
0_ ..............................................................................
)
I
[11]
o2
=
[<]
<
]
<
<
=
o
£
=
<
]
I 80
— Normal hearing (n=3708)
— 3-8 kHz notched (n=1531)
00 T T T T T T T
0.5 1 2 3 4 6 8
Frequency (kHz)
B 3 - 8 kHz notched refer to Normal hearing
Alcohol consumption = 50 g/day ——i
Alcohol consumption < 50 g/day o
Tobacco consumption = 10 cigarettes/day —e—i
Tobacco consumption <10 cigarettes/day i
HPD use = 4 h/work-day —o—i
HPD use < 4 h/work-day e
Tinnitus: yes ——i
Tinnitus: no i
Hearing difficulty: yes —e—i
Hearing difficulty: no o
Age > 45 years —e—i
Age 30 - 45 years —e—i
Age < 30 years —e—
Females —_——
Males e
0.90 0.95 1.00 1.05 1.10

Adjusted ORs (95% CI) for audiogram (per dB[A] of CNE)

FIGURE 5 | The 3-8 kHz notched audiogram and its association with noise
exposure. (A) The average hearing thresholds over 0.5-8 kHz frequencies of
subjects with normal hearing and the cluster of 3-8 kHz notched audiogram.
The pink shade includes the range of notched frequencies. (B) Adjusted ORs
with 95% Cl of CNE increment (per dB[A]) for the 3-8 kHz notched audiogram
refer to normal hearing audiogram after stratification of sex, age, hearing
difficulty, tinnitus, HPD use, tobacco consumption, and alcohol consumption.

DISCUSSION

In this study we performed a cluster analysis of noise-exposed
population who had some degree of hearing loss. By using
the audiometric thresholds over 0.5-8 kHz of the total hearing
loss dataset (n = 6,599), we developed the cluster model and
identified four phenotypes with distinct audiogram subtypes of
hearing loss. We repeated the cluster analysis in two independent
parts of the total dataset, dataset 1 (n = 4,461) and dataset
2 (n = 2,138) where we were able to replicate the clusters
into four similar phenotypes. The relevant demographic and
behavioral characteristics of population with different hearing
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FIGURE 6 | The 1-8 kHz notched audiogram and its association with noise
exposure. (A) The average hearing thresholds over 0.5-8 kHz frequencies of
subjects with normal hearing and the cluster of 1-8 kHz notched audiogram.
The pink shade includes the range of notched frequencies. (B) Adjusted ORs
with 95% CI of CNE increment (per dB[A]) for the 1-8 kHz notched audiogram
refer to normal hearing audiogram after stratification of sex, age, hearing
difficulty, tinnitus, HPD use, tobacco consumption, and alcohol consumption.

loss phenotypes were analyzed in comparison with the normal
hearing population (n = 3,708).

Our main finding was that hearing loss in noise-exposed
population consisted of four audiogram subtypes that had
different characteristics and associations with noise exposure
levels. In line with previous studies, we found the presence of a
“notch” at high frequencies of 3, 4, and 6 kHz with recovery at
8 kHz in most hearing loss audiograms, some of which extended
to involve even 1kHz and 2kHz (14-16). Therefore, we named

the phenotypes 4-6 kHz sharp-notched, 4-6 kHz flat-notched,
3-8 kHz notched, and 1-8 kHz notched audiograms.

In the present study, the 4-6 kHz sharp-notched audiogram,
3-8kHz notched audiogram, and 1-8 kHz notched audiogram
were strongly related to noise exposure, which represented
three distinct subtypes of NIHL. This result supported the
conventional description of noise-induced high-frequency
audiometric notches (8, 9, 23) based on data-driven evidence.
The occurrence of 4-6kHz sharp-notched audiogram was
highest among all subtypes with constant correlation to the
noise exposure, which could be regarded as a typical subtype
of NIHL. While the 3-8 kHz notched audiogram and 1-8 kHz
notched audiogram that manifested as more severe subtypes
of NIHL involved wider ranges of frequency, which were less
likely to appear among younger populations and even females.
This finding agreed with several previous studies suggesting
that the risk of NIHL in males was significantly higher than
that in females (12, 15, 24), as well as the effects of aging may
extend the hearing loss frequencies to 8kHz and even low
frequencies, which reduces the prominence of the typical “notch”
in audiograms of individuals with excess noise exposure (8, 9).

In particular, the 4-6kHz flat-notched audiogram was the
second most common subtype of hearing loss after the 4-
6kHz sharp-notched audiogram, however, it seemed to be
unrelated to noise exposure, but associated with age, sex, and
some behavioral factors according to the logistic regression
(Table 4). Although the mean CNE of subjects with the 4-
6kHz flat-notched audiogram was significantly larger than
that of the normal-hearing audiogram, it might due to the
longer working-length of subjects with the 4-6kHz flat-
notched audiogram, who were also older than those with the
normal-hearing audiogram. In addition, the average hearing
thresholds of the 4-6kHz flat-notched audiogram at lower
frequencies were higher than that of the 4-6 kHz sharp-notched
audiogram, despite of the similar mean age, and CNE. However,
in consideration of the obvious differences in sex, hearing
difficulty, tinnitus, and earphone use between the two subtypes,
we speculated that there should be other factors (such as
individual behaviors and genetic heterogeneity) influencing the
audiometric phenotypes, which should be further explored in
future studies. This finding may provide an explanation for
some previous studies reporting that audiometric notches also
commonly occur in individuals without any previous noise
exposure and have been associated with other factors (14,
15, 25). The Nord-Trendelag Hearing Loss Study analyzed
the various definitions of notched audiograms in the 3-
6kHz range [defined by Coles et al. (9), Hoffman et al. (26),
Wilson and Mcardle (27)] in 49 774 subjects aged 20-101
years. The prevalence of those notches varied from 60 to
70% in the most noise-exposed men, but was also common
in men without any occupational noise exposure. Another
study using the Hoffmann notch to analyze audiograms of
US adults from the NHANES (16) showed that though 8.2%
of 1,223 self-reported occupational noise-exposed individuals
had bilateral high-frequency audiometric notches, 5.2% of
2,360 individuals without noise exposure also had bilateral
notches. Those artificial definitions of notches probably included
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TABLE 3 | Characteristics of subjects in different audiometric phenotypes.

Variables Normal hearing 4-6 kHz sharp-notched 4-6 kHz flat-notched 3-8 kHz notched 1-8 kHz notched P value”
(n = 3,708) (n=2,318) (n =2,033) (n =1,531) (n=717)

Age (years), mean (SD) 29.9 (7.0)Pcde 34.9 (7.7)2%e 35.4 (8.9)29° 39.6 (8.1)2boe 43.5.4 (7.8)2bcd <0.001

CNE (dBJ[A]), mean (SD) 85.4 (27.8)P:cde 93.8 (17.6)2cde 91.5 (22.6)2bde 96.9 (14.3)2Pce 100.0 (13.3)2bcd <0.001

Sex, n (%) <0.001

Males 3,085 (82.7)>cde 2,144 (92.5)2c.de 1,775 (87.3)2b.de 1,492 (97.5)2bC 689 (96.1)20°

Females 643 (17.3)Pcde 174 (7.5) 258 (12.7) 39 (2.5) 28 (3.9)

BMI, n (%) 0.209

non-obese 3,356 (90.5) 2,118 (91.4) 1,831 (90.1) 1,409 (92.0) 657 (91.6)

Obese 352 (9.5) 200 (8.6) 202 (9.9) 122 (8.0) 60 (8.4)

Hearing difficulty, n (%) <0.001

No 2,914 (78.6)c:0¢ 1,844 (79.6)0%¢ 1,555 (76.5)2be 1,168 (76.3)2be 474 (66.1)2bcd

Yes 794 (21.4) 474 (20.4) 478 (23.5) 363 (23.7) 243 (33.9)

Tinnitus, n (%) <0.001

No 2,600 (70.1)c:d.e 1,640 (70.8)>%® 1,370 (67.4)2bde 957 (62.5)2Pce 404 (56.3)2Pcd

Yes 1,108 (29.9) 678 (29.2) 663 (32.6) 574 (37.5) 313 (43.7)

HPD use, n (%) <0.001

<4 h/work-day 2,290 (61.8)>ode 1,719 (74.2)2d° 1,516 (74.6)24¢ 1,256 (81.4)2b0e 613 (85.5)2b:0d

>4 h/work-day 1,418 (38.2) 599 (25.8) 517 (25.4) 285 (18.6) 104 (14.5)

Earphone use, n (%) 0.004

<1 h/day 2,151 (58.0)%%¢ 1,361 (58.7)°9° 1,112 (54.7)20 836 (54.6)*° 384 (53.6)2°

>1 h/day 1,557 (42.0) 957 (41.3) 921 (45.3) 695 (45.4) 333 (46.4)

Tobacco consumption, n (%) <0.001

<10 cigarettes/day 2,451 (66.1)>cde 1,371 (59.1)2¢d 1,300 (63.9)2Pde 886 (57.9)*¢ 428 (59.7)2¢

>10 cigarettes/day 1,257 (33.9) 947 (40.9) 733 (36.1) 645 (42.1) 289 (40.9)

Alcohol consumption, n (%) <0.001

<50 g/day
>50 g/day

3,023 (81.5)>cde
685 (18.5)

1,577 (68.0)204
741 (32.0)

1,498 (73.7)2bde
535 (26.9)

982 (B4.1)abce
549 (35.9)

478 (66.7)24
239 (33.9)

SD, standard deviation; BMI, body mass index; CNE, cumulative noise exposure; HPD, hearing protective device.
*Comparisons were between different audiometric phenotypes.
Significantly different from normal hearing?, 4-6 kHz sharp-notched®, 4-6 kHz flat-notched®, 3-8 kHz notched?, and 1-8 kHz notched® audiograms in post-hoc analyses of ANOVA or

chi-square test (P < 0.05).

TABLE 4 | Multinomial logistic regression models of audiometric phenotypes.

Variables

(OR [95% CI])

Refer to normal hearing

4-6 kHz sharp-notched

4-6 kHz flat-notched

3-8 kHz notched

1-8 kHz notched

Age (per years)
CNE (per dBJA])
Male sex

Hearing difficulty
(self-reported yes)

Tinnitus (self-reported yes)

HPD use >4 h/work-day
Earphone use >1 h/day

Tobacco consumption
>10 cigarettes/day

Alcohol consumption >50 g/day

1.09 (1.08-1.09)
1.01 (1.01-1.01)
2.76 (2.27-3.35)
0.92 (0.80-1.06)

1.03 (0.91-1.17)
0.84 (0.74-0.95)
0.9 (0.81-1.01)
1.17 (1.03-1.32)

1.51 (1.32-1.72)

1.10 (1.09-1.10)
1.00 (1.00-1.01)
1.72 (1.44-2.05)
1.06 (0.92-1.22)

1.19 (1.04-1.35)
0.86 (0.75-0.98)
1.10 (0.97-1.23)
1.10 (0.97-1.25)

1.27 (1.11-1.47)

1.16 (1.15-1.17)
1.02 (1.01-1.02)
9.63 (6.81-13.63)
0.91(0.77-1.08)

1.53 (1.32-1.78
0.77 (0.65-0.90
0.93-1.22
1.26 (1.09-1.45

(
(
1.07 (
(

1.54 (1.32-1.8)

)
)
)
)

1.04

1.84 (1.51-2.24
0.76 (0.59-0.97,
0.84-1.22
1.33 (1.09-1.62

1.01

1.23 (1.22-1.25)
1.03-1.05)
6.44 (4.25-9.75)
1.36 (1.10-1.67)

)
)
)
)

1.25 (1.02-1.54)

Reference variables: Sex, females; Hearing difficulty, self-reported no; Tinnitus, self-reported no;, HPD use, <4 h/work day; Earphone use, <1 h/day; Tobacco consumption, <10
cigarettes/day; Alcohol consumption, <50 g/day.

Bold type: P < 0.05.

OR, odds ratio; Cl, confidence interval; BMI, body mass index; CNE, cumulative noise exposure; HPD, hearing protective device.
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this 4-6kHz flat-notched audiogram, which may limit the
specificity of using high-frequency audiometric notch for the
diagnosis of NTHL.

As many previous studies reported (11, 28, 29), we
found that age, sex, tobacco, and alcohol consumption were
confounding influencing factors of hearing loss other than
noise exposure. Using HPDs in an environment with loud
noise exposure for hours every work-day likely protected
individuals from NIHL, despite audiometric subtypes. In
addition, we found that tinnitus was associated with the
degree of hearing loss rather than the most typical NIHL
subtype, while self-reported hearing difficulty was only closely
related to the most severe subtype of hearing loss with speech
frequencies impairment. These findings are approximately
consistent with previous studies that reported that tinnitus is
usually accompanied by hearing loss (30), and self-reported
hearing status could not sensitively reflect high-frequency
hearing loss (31).

It is widely accepted that audiometric phenotypes are based
on presumed underlying auditory histopathology, which suggests
the causes and degree of auditory organ damage (32, 33).
A few previous studies have performed cluster analysis in
clinical audiograms. Interestingly, the notched audiometric
phenotype was always distinguished out as a separate cluster
(18, 19), and we assumed that it should indicate the NIHL
phenotype, although the noise exposure history of those
patients was not reported. Here we propose to use this
cluster classification to identify audiometric phenotypes for
the evaluation of NIHL, since the typical NIHL in a specific
population may manifest as different subtypes of notched
audiograms, and suggest different management approaches. For
instance, the presence of 4-6 kHz sharp-notched audiogram in
younger females might be a strong signal indicating NIHL, in
contrast, the 4-6kHz flat-notched audiogram should not be
evidence of NIHL. This would facilitate optimal assessment
of NIHL.

The main strength of our study is that it first provides various
reproducible audiometric subtypes of NIHL by data-driven
analysis in a relatively large-scale noise-exposed population.
Another strength was that our study was based on consideration
of detailed noise exposure history, questionnaire information
and audiometric data from standardized protocols, which can
give a more nuanced picture than clinical data. Previously Zhao
et al. developed machine learning models for the prediction
of NIHL (34), which were based on hypothesis-driven or
supervised analysis. Instead, for the first time to our knowledge,
we performed an unsupervised data-driven cluster analysis to
identify the unknown audiometric phenotypes associated with
noise exposure, and to describe the relevant characteristics
of distinct subtypes of NIHL. However, there are also some
limitations. First, this cross-sectional study did not allow robust
causal inference, although the employees were supposed to have
a pre-work health examination to ensure normal hearing at
baseline. Second, all subjects in this study were collected in the
same region of China and they may not represent the whole

noise-exposed population. Furthermore, we cannot at this stage
claim that the new subtypes represent different etiologies of
NIHL, or that this clustering is the optimal classification of
NIHL phenotypes.

In conclusion, we were able to repeat and identify distinct
audiometric phenotypes of NIHL large-scale noise-
exposed populations with different relevant characteristics,
by using cluster analysis. Moreover, given the technological
advances in machine learning, our study provides a sight
into the prospect of involving data-driven audiogram
mining for the precise diagnosis and treatment of NIHL in
future studies.
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Objective: This study was aimed at evaluating improvements in speech-in-noise
recognition ability as measured by signal-to-noise ratio (SNR) with the use of wireless
remote microphone technology. These microphones transmit digital signals via radio
frequency directly to hearing aids and may be a valuable assistive listening device for
the hearing-impaired population of Mandarin speakers in China.

Methods: Twenty-three adults (aged 19-80 years old) and fourteen children (aged 8-
17 years old) with bilateral sensorineural hearing loss were recruited. The Mandarin
Hearing in Noise Test was used to test speech recognition ability in adult subjects, and
the Mandarin Hearing in Noise Test for Children was used for children. The subjects’
perceived SNR was measured using sentence recognition ability at three different
listening distances of 1.5, 3, and 6 m. At each distance, SNR was obtained under three
device settings: hearing aid microphone alone, wireless remote microphone alone, and
hearing aid microphone and wireless remote microphone simultaneously.

Results: At each test distance, for both adult and pediatric groups, speech-in-noise
recognition thresholds were significantly lower with the use of the wireless remote
microphone in comparison with the hearing aid microphones alone (P < 0.05), indicating
better SNR performance with the wireless remote microphone. Moreover, when the
wireless remote microphone was used, test distance had no effect on speech-in-noise
recognition for either adults or children.

Conclusion: Wireless remote microphone technology can significantly improve speech
recognition performance in challenging listening environments for Mandarin speaking
hearing aid users in China.

Keywords: hearing aids, sensorineural hearing loss, signal-to-noise ratio, wireless remote microphone, speech-
in-noise recognition

INTRODUCTION

With the advancement and evolution of current hearing technology, a variety of digital audio
electronic devices have become more prevalent in the general population. These accessories which
allow wireless transfer of high quality audio, such as smartphone compatible wireless earphones,
have enhanced listening experiences for normal-hearing listeners, with the potential of similar
accessories improving listening experiences for the hearing-impaired as well (Picou, 2020).
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Sensorineural hearing loss not only reduces the sensitivity to
sound and dynamic range of auditory perception for hearing-
impaired listeners, but also reduces their frequency and temporal
resolution that can lead to difficulty in speech comprehension
(Moore, 2013). Hearing aids have been proven to be an effective
solution in compensating for hearing loss in the loudness
domain, but cannot compensate sufficiently for issues with
frequency or temporal resolution. These issues become more
pronounced in listening environments where the target sounds
are masked by competing sounds. An effective way to help people
with sensorineural hearing loss in more challenging listening
environments is to improve the audibility of the target signal.
The signal-to-noise ratio (SNR) is defined as the ratio of speech
signals to noise and is frequently used to indicate the quality of
the target signal in challenging communication environments.
Research has shown that the speech-in-noise recognition ability
in people with sensorineural hearing loss is significantly reduced
when the SNR is at or below 5 dB. In contrast, the speech-in-
noise recognition performance for normal-hearing listeners are
minimally impacted at a SNR of 0 dB (Dong et al., 2015). Wilson
et al. (2007) reported that individuals with a moderate hearing
loss required an increased SNR of up to 10 dB to achieve the
same speech understanding as individuals with normal hearing.
Generally speaking, SNR depends on three key determinants: the
presence of background noise, the distance between the listener
and the target signal, and the reverberation in the listening
environment. If the competing noise level is stable and the
distance between the listener and target speech increases, the
effective SNR for the listener will decrease. Studies have shown
that to achieve better speech signal clarity, the distance between
the listener and the signal source should be no greater than
1.8 m (Fickes, 2003). Blazer (2007) reported that students with
hearing loss were able to achieve 95% on speech recognition
tasks when they were 1.8 m apart from the source of interest,
and only 60% when they were 7.3 m apart from the source of
interest. In addition to the target distance, Reverberation Time
(RT) plays an important role as well: the longer the RT in the
communication environment, the more difficult it is for people
with sensorineural hearing loss to communicate. Studies have
shown that reducing reverberation time from 1.2 to 0.3 s can
lead to 11 dB improvement in SNR (David and William, 1984).
Furthermore, some studies have shown that optimal SNR for
speech perception is dependent on a child’s age, with younger
children requiring a more favorable SNR to obtain similar
speech recognition scores as adults. Adult-like performance is
reached at the age of 10-12 years in stationary noise conditions
(Koopmans et al., 2018).

Hearing aids today can provide listeners with a clear,
high-quality sound experience in a quiet environment, but
they deteriorate in the presence of noise (Bentler et al., 2016).
Kochkin (2002) found that nearly 45% of hearing aid users
were dissatisfied with their hearing aid performance in a noisy
environment. One of the main goals of the development of
current hearing aid technology is to improve speech recognition
in complex listening environments and improve SNR in
conditions where noise, distance, and reverberation can
interfere. One of the technologies, directional microphones, can

significantly improve speech recognition in noise for specific
listening environments. Directional microphones perform best
when the speech is presented from the front, the noise is in
the rear, and the target speaker is in close proximity. However,
in a real-world communication environment, directional
microphones may fall short as these conditions are often not met
(Kreikemeier et al., 2013; Picou et al., 2014).

When hearing aids and their microphones alone do not
provide adequate assistance, some of the most beneficial wearable
technology comes in the form of assistive listening devices which
can also effectively improve the SNR for hearing aid users.
For example, remote microphone hearing assistance technology
(HAT) is widely used for hearing-impaired children. Amongst
various HAT devices, wireless frequency modulation (FM) system
is an early development that is still widely used. A typical FM
unit consists of a small transmitter and microphone, which picks
up the voice of a speaker and sends the clean speech to a radio-
frequency (RF) receiver plugged into the hearing aid of a listener.
Using a FM system to transmit the teacher’s voice directly to the
student is equivalent to reducing the communication distance
to within 3-6 inches. Boothroyd showed that using the FM
system in a noisy environment resulted in the same speech
recognition as in a quiet environment (Boothroyd and Guerrero,
2004). For FM systems, American Speech-Language-Hearing
Association (ASHA) recommends, ... the basic goal is that the
FM system should increase the level of the perceived speech, in
the listener’s ear, by approximately 10 dB” [American Speech-
Language-Hearing Association (ASHA), 2002]. Lewis et al. (2004)
reported that on average, subjects improved by 14.2-16.7 dB with
the use of one FM receiver over the use of two hearing aids
alone in the directional microphone mode. Current hearing aids
often utilize digital radio frequency technology, such as Bluetooth
Remote Microphones, which wirelessly connect to hearing aids.
These devices function similarly to FM systems and can wirelessly
transmit audio signals to hearing aids over long distances (up
to 10 m). In most hearing aid applications, this technology
does not require an extra receiving device like a traditional FM
system, as the digital wireless antenna is built into the hearing
aids. This makes them more convenient to carry and operate
than traditional FM systems. Research has clearly indicated that
the use of remote microphone systems statistically improved
speech recognition in noise, relative to unaided and hearing aid-
only conditions for adults with hearing loss (Jace et al., 2015;
Rodemerk and Galster, 2015).

Mandarin Chinese is a tonal language with four
phonologically distinctive tones characterized by syllable-
level fundamental frequency (FO) contour patterns. These
pitch contours are commonly described as high-level (tone 1),
high-rising (tone 2), falling-rising (tone 3), and high-falling
(tone 4) (Lin, 1988). According to a study of the hearing disabled
population from four provinces in 2016, about 5% of the
population in mainland China have hearing impairment (Hu
et al., 2016). However, it was speculated that only about 7-10%
of those hearing impaired listeners have been fitted with hearing
aids (Zhang, 2009), suggesting a large unreached population
of hearing-impaired Chinese listeners that could benefit from
the use of hearing aids and the assistive listening devices.
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Previous studies (Jace et al., 2015; Rodemerk and Galster, 2015;
Bentler et al., 2016) have shown that the remote microphone
HAT can significantly improve the speech recognition ability
of the hearing-impaired people who communicate in English
in noise. However, there are few reports on the application of
this technology in the hearing impaired population who speak
Mandarin Chinese. It is our interest to investigate how much
improvement Chinese hearing-impaired listeners may benefit
from the current wireless remote microphone technology. This
study was aimed at evaluating improvements in speech-in-noise
recognition ability as measured by signal-to-noise ratio (SNR)
with the use of wireless remote microphone technology.

MATERIALS AND METHODS
Subjects

Two groups of subjects were recruited in this study. All subjects
had a history of digital hearing aids use for more than 1 year
but no experience with HAT in combination with their hearing
devices. Twenty-three native Mandarin Chinese-speaking adult
subjects (6 females and 17 males) participated in the adult group.
The subjects were between 19 and 80 years old (Mean = 63.4,
SD = 18.7) and had relatively symmetric sensorineural hearing
loss in both ears. The mean pure-tone hearing thresholds at
frequencies of 500, 1,000, 2,000, and 4,000 Hz (PTA¢.5¢ 4 kHz)
across the two ears for the groups of subjects ranged from 40 to
75 dB HL, as shown in Figure 1.

Fourteen native Mandarin Chinese-speaking children (7
females and 7 males) were recruited for the children’s group.
These subjects were between 8 and 17 years old (Mean = 13.1,
SD = 3.2), and had bilateral sensorineural hearing loss with a
PTAg.54 4 ky, ranging from approximately 35 to 80 dB HL, as
shown in Figure 1.

Hearing Aid Fitting Equipment

In this study, adult participants were fitted with two ReSound
LiNX2 962 Receiver-In-The-Ear (RIE) hearing aids, and pediatric
participants were fitted with two ReSound UP 988 Behind-the-
Ear (BTE) hearing aids. Pediatric participants utilized their own
earmolds during the test, which were coupled to hearing aids.
Pediatric subjects with good low frequency hearing had earmolds
with small vents., which would have negligible effect on the gain
of the amplified sound path (Dillon, 2012). A ReSound Mini
Microphone was paired to the test hearing aids in all cases. The
ReSound Mini Microphone is a small personal streaming device
which utilizes 2.4 GHz digital wireless technology to transmit
sounds from the remote microphone or the output signal from
any external audio source, directly to a Resound hearing aid. The
remote microphone can be clipped onto the speaker’s clothing or
placed on a surface to transmit the voices of multiple speakers.
It provides a wireless link between the speaker and the listener
with no additional hardware or connections required. The audio
frequency range of the Mini Microphone is from 100 to 8,000 Hz.
A remote control was used to change the hearing aid program
during the test. The ReSound Aventa 3.10 software was used to fit
hearing aids for subjects.

Test Equipment and Materials

The test equipment included five Audioengine2 + active
speakers, four of which were used to present noise signals and
one was used to present the target speech. The Mandarin Hearing
in Noise Test (MHINT) was used to test the speech recognition
ability for adults. The HINT is a standardized and recorded
test that can be used to estimate the signal-to-noise ratio (SNR)
at which the sentences embedded in background noise can be
repeated correctly 50% of the time. MHINT is the Mandarin
version of HINT. The MHINT materials consist of 12 lists,
each containing 20 sentences. Each sentence contains 10 Chinese
characters. The presentation level is response dependent; lowered
or raised according to a participant’s correct or incorrect response
of the test material. Presentation levels were decreased by 2 dB
after a correct response and increased by 2 dB after an incorrect
response. The reception threshold for sentences (RTSs) was
calculated using this adaptive procedure (Wong et al., 2007). The
Mandarin Hearing in Noise Test for Children (MHINT-C) was
used to test the children. The MHINT-C materials consist of 12
lists, each containing 10 sentences (Chen and Wong, 2020). For
each test condition, a list of 10 MHINT sentences were presented
in a randomized order. Speech-shaped noise (SSN) was used as
the masker noise in the present study.

Test Environment

The test location was a quiet meeting room measured at 5.5 X
8 x 2.5 m, with ambient background noise levels below 45 dB
A. The testing room resembles a typical classroom setting with a
reverberation time of 0.46 s. As shown in Figure 2, four speakers
were utilized for the noise located at the four corners of the
room, 0.75 m away from the walls in the corners (N1-N4) of
the test room, 45 degrees away from the two vertical walls,
facing the center of the room. The participants were seated at
the SO, 1.5 m away from the back wall. The speakers presenting
speech signals were located at 0°azimuth distanced at 1.5, 3,
and 6 m directly in front of the participant (S1, S2, and S3
conditions, respectively), resulting in a critical distance of 1.41
m. The wireless remote microphone was set to directional and
clipped to the participant’s collar. In the test, the wireless remote
microphone was suspended 25 cm below the speaker to simulate
the distance and orientation between the speaker’s mouth and the
Mini Microphone in practical applications. The speaker was set at
ear level for each participant. Four speakers labeled N1, N2, N3,
and N4 were used to deliver speech-shaped noise simultaneously
at a calibrated noise level of 65 dB A at SO.

Test Procedures

Adult subjects were fitted with ReSound LiNX2 962 RIE
hearing aids on both ears according to their audiograms. The
proprietary fitting prescription of Audiogram + in the ReSound
Aventa 3 software was used. The hearing aid microphones
were set to a fixed directional response, and all other
advanced signal processing features (e.g., directional processing,
digital noise reduction, wind noise reduction, reverberation
processing, frequency lowering) were disabled. The ReSound
Mini Microphone was paired with the hearing aids and set at
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FIGURE 1 | The average hearing thresholds between the two ears of each individual adult and child. The horizontal axis represents the frequency. The vertical axis
represents the hearing thresholds in dB HL. Each dot represents the average threshold of the left and right ears at this frequency of one individual.
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a hearing aid to Mini Microphone ratio of 1:1. (i.e., remote
microphone and hearing aid microphone were set such that
each contributed equally to the output audio signal). There
were nine test conditions consisting of three test distances and
three program settings. Each program setting was tested at each
distance condition. The program settings included directional
microphones active (HA_D), the Mini Microphone active only
(MM), and both hearing aid microphones and MM active
(HA_D + MM). The nine test conditions were carried out
in a randomized order. The remote control was used by the
investigator to switch the hearing aid program settings. For each
test condition, a list of MHINT materials were presented to obtain
the speech recognition threshold in SNR. During the test, the SSN
noise level was fixed at 65 dB A.

Pediatric subjects were fitted with bilateral Resound UPS988-
DLW BTE hearing aids based on their audiograms with a DSL
v5 fitting prescription. The programming of the hearing aids
were the same as those utilized for the adult subjects, with
the addition of an omnidirectional microphone mode (HA_O)
program. Hence, for the pediatric subjects, there were twelve
test conditions (four test program settings at three distances

N1
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o
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FIGURE 2 | Five speaker set up in the testing room. Four speakers playing
the noise placed in the four corners (N1-N4) of the test room, and 0.75 m
from the wall corner. The speaker playing speech signals were located at S1,
S2, and S3, respectively. SO is the location of the subject (Red mark).

each) carried out in a randomized order. For each test condition,
a list of MHINT-C materials were used to obtain recognition
thresholds in SNR.

Statistical Methods

Statistical analysis was carried out using Statistics Package for
Social Science (SPSS) 16.0. A repeated-measures analysis of
variance (RM-ANOVA) was conducted to determine if there
was any overall statistical significance among the outcome SNRs
across the three or four device settings at the three test distances
for both adult and pediatric groups. The test distances and device
settings were considered the independent variables. SNR was
considered the dependent variable.

RESULTS
Speech Recognition for Adults

The SNRs obtained under nine test conditions for adults are
detailed in Table 1. The RM-ANOVA revealed a statistically
significant  difference among each device setting [F(2,
65) = 26791, p < 0.05]. There was a significant interaction
effect between the distance and device settings [F(4, 62) = 7.77,
p < 0.05]. This indicates that SNR is affected by the interaction
between the distance and device settings.

Figure 3 illustrates the speech-in-noise recognition threshold
(measured in SNR) of adult subjects with different test distances
and different test device settings. The results showed that at
the same test distance, the SNR thresholds under three device
settings were significantly different from each other (p < 0.05).
Performance was significantly better when the MM was active
compared to the hearing aid microphone alone (p < 0.05). The
performance with the MM alone was significantly better than the
performance with HA_D + MM (all p < 0.05).

Moreover, the results showed that with the hearing aid
microphone alone, the SNR for the 1.5 m condition was
significantly better than those for the 3-6 m conditions (p < 0.05),
with no significant differences in SNR between 3 and 6 m
conditions. When the MM was active, the test distance had no
effect on SNRs (p > 0.05).
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TABLE 1 | The speech in noise recognition thresholds in SNRs (dB) obtained under each test condition for both adults and children.

Adult Children
HA_D HA + MM MM HA_O HA_D HA + MM MM
1.5m 5.565 £ 5.90 —2.23 +6.87 —5.46 £ 7.50 4.09 £+ 5.56 1.66+1+6.19 —4.37 +£5.66 —9.26 £ 1+5.11
3m 11.77 £6.90 —3.30 £ 6.99 —-5.88+1+6.71 816 +1+528 6.77 £6.12 —3.66 +£ 7.23 —9.65 +4.55
6m 13.11 £ 7.08 —4.87 £5.96 —7.563£7.08 10.16 + 8.92 8.47 +£8.14 -4.47 £ 8.10 —10.38 £ 5.00
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FIGURE 3 | Comparison of speech in noise recognition threshold (measured in SNR) of adult subjects with different test distances and different device settings.
Boundaries of the boxes indicate the 25th and 75th percentile. Whiskers indicate the 10th and 90th percentiles. Solid lines denote the median. Plus denotes the
mean.

Speech Recognition for Children
The SNRs obtained under twelve test conditions for children
are detailed in Table 1. The RM-ANOVA revealed a statistically
significant difference among each device setting [F (2,
65) = 26791, p < 0.05]. There was a significant interaction
effect between test distance and device settings (p < 0.05). This
indicates that the SNR is affected by the interaction between the
distance and device settings.

Figure 4 illustrates the speech-in-noise recognition threshold
(measured in SNR) of children subjects with varying test

distances and test device settings. The results showed that
the SNR thresholds under 1.5 m conditions for four device
settings were significantly different from each other (p < 0.05).
Performance was significantly better for the two conditions with
the MM active, in comparison with the hearing aid microphone
alone (p < 0.05) regardless of microphone directionality. The
performance for the MM alone was significantly better than the
performance with MM + HA (all p < 0.05). When the test
distance was set at 3 and 6 m, there were no differences in
performance between HA_O and HA_D.
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denotes the mean.

The results show that using the hearing aid microphone alone,
regardless if directional or omnidirectional, the SNR in the 1.5 m
condition was significantly better than that for the 6 m condition,
with no significant difference in SNR between 1.5 and 3 m, 3 and
6 m. When the MM was active, the test distance had no effect on
speech in noise recognition thresholds (p > 0.05).

DISCUSSION

A remote microphone can be connected with a hearing aid and/or
a cochlear implant to improve the speech recognition ability
for patients with sensorineural hearing loss in noise. In a study
of children with moderate to severe sensorineural hearing loss
wearing bilateral hearing aids, Lewis et al. investigated the effects
of remote microphone technology on speech perception in noise
relative to hearing aid only conditions. Results revealed that

the use of bilateral FM audio streaming significantly improved
SNR relative to the omnidirectional hearing aids alone by 16-
22.7 dB, confirming that adult listeners with hearing loss benefit
from the use of a personal remote microphone system (Lewis
et al, 2004). Research by Jantien et al. (2017) showed that
using a wireless remote microphone in a noisy environment
improved Speech Reception Thresholds (SRTs)in adults with
bilateral cochlear implants by 5.4 dB. In a study with preschool
children using remote microphones as personal wireless systems
with cochlear implants, Clare and Gill (2018) showed that with
professional guidance and training at home, this technology
has the potential to improve education and communication
environments for preschool children. In the present study, the
benefit of using the remote microphone was consistent in all
three test distances for both adults and children. Speech in noise
recognition thresholds, measured in SNR, at all test distances
decreased significantly, indicating a significant improvement
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in the speech recognition performance in noise. Compared
with the HA_D setting, the results with the MM improved by
11-19.5 dB for adults and by 10-18.9 dB for children. The
benefits of adding the MM compared to the HA alone increased
as the test distance increased. Regardless of whether the HA
was set to omnidirectional or fixed directional, increases in
distance resulted in a rapid decrease in SNR for the hearing
aid microphones only condition. In the conditions where MM
was used, the distance between the MM and sound source
remained constant even though the listener wearing hearing aids
moved further away. Thus, the SNR at the location where the
target speech was detected remained the same. The use of a
wireless remote microphone could very well improve the problem
of reduced signal-to-noise ratios due to greater distances by
increasing the desired sound in communication environments.

In this study, we found that for both adult and pediatric
subjects, speech in noise recognition thresholds using the MM
alone were significantly better than using HA_D + MM. This
finding is similar to Linda et al., who reported that when using
a FM-only microphone setting, the SNR is determined primarily
by the SNR of the FM microphone; when both HA and FM
microphones are active, the SNR is determined by the highest
level of the speech, which is typically at the FM microphone, and
the highest level of noise at either the FM or HA microphone.
Linda showed that better performance was observed in the
FM-only compared to FM + HA condition. The amount of
improvement in the SNR is determined by the levels of noise
at the FM and HA microphones. When the noise levels are
similar at the two microphones, an improvement in the SNR
of 2 dB is expected (Linda and Kristen, 2016). In the present
study, the use of MM alone could provide 3 dB improvement in
SNR compared to HA_D + MM settings for adult subjects, and
6.5 dB improvement for pediatric subjects. This phenomenon was
more distinct in children. Compared with adults, it is difficult for
children to concentrate on listening tasks in low SNR conditions
(Ryan and Patricia, 2011). Therefore, the negative impact of low
SNR listening environments on children is greater than that seen
in adults. The results of this study also showed that children are
more likely to experience “floor effects” than adults in hearing aid
microphone only conditions.

It has been established that the use of hearing aids with
directional microphones can improve speech communication in
noise for people with sensorineural hearing loss; however, varying
degrees of improvement have been reported. Early research
showed that directional microphones can improve speech in
noise by 6-8 dB compared to omnidirectional microphones
(Gravel et al., 1999; Kuk et al., 1999). Ricketts et al. performed
HINT tests on 47 adults using five different hearing aids to
evaluate the advantages of directional microphones. Speech
was presented from a 0° azimuth with simulated cafeteria
noise presented from 30°, 105°, 180°, 225°, and 330° azimuths
(Ricketts et al, 2001). An average directional benefit of 2.2-
2.9 dB compared to omnidirectional microphones was reported
(Ryan and Patricia, 2011). In the present study, when the
test distance was 1.5 m, the directional microphone responses
were significantly better than omnidirectional responses for
children. When the test distance increased to 3 and 6 m,

there were no significant differences among the directional and
the omnidirectional microphones. The directional microphone
advantage disappeared, the possible reason being that the
increase in test distance led to the rapid decline of signal-
to-noise ratio, resulting in the “floor” effect. The directional
microphone loses its advantage under the condition of low signal-
to-noise ratio, which leads to no significant differences among the
directional and the omnidirectional microphones.

In this study, when listening via the hearing aid microphones
only, speech in noise recognition performance in adult subjects
decreased as the test distance increased from 1.5 to 3 m. However,
in children subjects, the same trend as that of adults was observed,
but did not reach a standard of statistical significance. The
consideration may be related to the small number of children
subjects. Whether adult or child subject, no further decrease was
observed when the test distance increased from 3 to 6 m. This
was not a surprising finding as performance often decreases with
increasing distance (Wilson et al., 2007). The lack of a further
decrease between the 3 and 6 m test distances could be due to
a “floor effect” where decreased signal levels at further distance
did not result in an even poorer speech in noise recognition
performance, perhaps due to reverberation and distortion of the
speech signal caused by the test environment.

Compared with English, most initial consonants in Mandarin
are voiceless. This results in initial consonants with low sound
intensities as voiceless signals do not entail the vibration of the
vocal folds and makes Mandarin comparatively more difficult to
recognize in noise. This study showed that the Mini Microphone
can effectively improve speech communication in Mandarin-
speaking patients with sensorineural hearing loss.

Currently, multiple hearing aid manufacturers have
introduced digital wireless remote microphones compatible with
their range of hearing aid and cochlear implant technologies.
Operation of these devices is simple, could be easily adopted
by hearing aid users, especially older adult users, and adds
relatively little cost to the hearing aid purchase. For future
studies, a comparative study of speech intelligibility, speech
delay, and cumulative power consumption of multiple digital
wireless devices used in conjunction with hearing aids may be
considered. Lastly, the Bluetooth SIG (Special Interest Group)
has introduced a digital wireless standard for manufacturers
of hearing aids and wireless accessories, as well as consumer
devices. With the increase of such technology, Bluetooth digital
signal coverage in public spaces such as theaters and cinemas
may increase, improving accessibility for hearing aid users who
may be able to use remote microphones in public spaces to
improve communication and listening.

In the current study, loudspeakers were used as the source
of speech signals. The role of lip-reading and facial expressions
in communication was not fully examined. However, in daily
communication, lip reading and facial expressions play a vital
role in understanding speech, especially for hearing-impaired
individuals and children (Chodosh et al., 2020). The results of
this study showed that MM alone provided the best speech
recognition ability in a noisy environment for both adults and
children, but this result should not be interpreted as a basis to
deactivate a hearing aid microphone in noisy environments. For
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hearing-impaired children, hearing aid microphones can increase
the chances of incidental learning (Vermeulen et al., 2012; Klein
et al., 2018). HA + MM may be considered as a part of a more
comprehensive program, where both target speech and incidental
learning are desired.

Lastly, one of the limitations of the current study is
that,only native speakers of Mandarin Chinese were selected.
For future studies, bilingual (e.g., Mandarin Chinese and
English) adults and children could be recruited to evaluate
the effect of remote microphone and assistive listening
devices in both tonal and non-tonal languages. In addition
to the aforementioned wearable assistive listening devices,
speech-to-text conversion apps for smart phones have been
designed specifically to provide communication redundancy for
individuals with hearing loss. These apps have been shown to
improve communication for those with hearing loss, especially
the profoundly hearing impaired population in certain listening
situations (Pragt et al., 2020).

CONCLUSION

The addition of a wireless remote microphone to bilaterally worn
hearing aids compensates for increased distance from the sound
source. The use of a wireless remote microphone can significantly
improve speech in noise communication performance in Chinese
hearing-impaired listeners.
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The ability to localize a sound source is very important in our daily life, specifically to
analyze auditory scenes in complex acoustic environments. The concept of minimum
audible angle (MAA), which is defined as the smallest detectable difference between the
incident directions of two sound sources, has been widely used in the research fields
of auditory perception to measure localization ability. Measuring MAAs usually involves
a reference sound source and either a large number of loudspeakers or a movable
sound source in order to reproduce sound sources at a large number of predefined
incident directions. However, existing MAA test systems are often cumbersome because
they require a large number of loudspeakers or a mechanical rail slide and thus are
expensive and inconvenient to use. This study investigates a novel MAA test method
using virtual sound source synthesis and avoiding the problems with traditional methods.
We compare the perceptual localization acuity of sound sources in two experimental
designs: using the virtual presentation and real sound sources. The virtual sound source is
reproduced through a pair of loudspeakers weighted by vector-based amplitude panning
(VBAP). Results show that the average measured MAA at 0° azimuth is 1.1° and the
average measured MAA at 90° azimuth is 3.1° in a virtual acoustic system, meanwhile
the average measured MAA at 0° azimuth is about 1.2° and the average measured MAA
at 90° azimuth is 3.3° when using the real sound sources. The measurements of the
two methods have no significant difference. We conclude that the proposed MAA test
system is a suitable alternative to more complicated and expensive setups.

Keywords: localization acuity, the frontal MAA, the lateral MAA, virtual sound synthesis, VBAP

1. INTRODUCTION

The smallest perceptually detectable difference between the azimuths of two sound sources is
called the minimum audible angle (MAA) (Mills, 1958). In 1958, Mills proposed the concept of
MAA to measure perceptional auditory spatial acuity and since then, the MAA has been used
in many studies on sound localization and auditory perception. For example, the MAA test was
used to investigate the precedence effect in sound localization (Litovsky and Macmillan, 1994) or
to measure the sound localization acuity of children with cochlear implants (Saberi et al., 1991;
Litovsky et al., 2006; Tyler et al., 2010).
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Sound source localization is important for auditory scene
analysis (McAdams, 1984, 1993; Tyler et al., 2002; Grieco-Calub
and Litovsky, 2010; Kerber and Seeber, 2012). There is an
increasing demand for affordable and convenient assessment of
sound localization ability especially for the hearing impaired
and the early identification of hearing loss in children. Often in
experimental designs, researchers are restricted to loudspeakers
with fixed positions, often with 10° or more separation. It would
therefore be preferable to have a controlled method to render
virtual stimuli at any angle when measuring the MAA at any
desired incident direction.

The MAA measurement method has been conducted in
previous researches to measure sound localization acuity with
real sound sources (Mills, 1958; Perrott, 1969, 1993; Harris and
Sergeant, 1971; Perrott et al., 1989; Saberi et al., 1991; Grantham
etal., 2003; Van Deun et al.,, 2009; Tyler et al., 2010). Various such
techniques were developed in the past: Mills (Mills, 1958) used
rotating poles to change the incident direction of stimuli in the
horizontal plane and the MAA value is about 1°. This apparatus
was also popular later in related studies. For example Saberietal
(Saberi et al., 1991) used a system of counter-balanced speakers
on the pole to measure MAAs in the lateral and dorsal planes.
Van Deun et al. (2009) used nine loudspeakers positioned in
the frontal horizontal field to measure sound localization, sound
lateralization, and binaural masking level differences in young
children. Tyler et al. (2010) set up an auditory training system
with eight loudspeakers to improve binaural hearing in noise
and localization. Perrott (1969, 1993) used 13 loudspeakers in
the MAA study with different signal onsets in the horizontal
plane and another array with 14 loudspeakers. Harris and
Sergeant (1971) set up a track upon which a loudspeaker rode
on a little cart, and MAA was computed from the stimulus
of Gaussian white noise moving left and right. In Litovsky
and Macmillan’s experiment (Litovsky and Macmillan, 1994),
MAAs were estimated for single noise bursts, and for burst pairs
that satisfied the conditions of the precedence effect, but the
loudspeakers had to be moved manually between trials. All of
these experimental designs based on the real source reproduction
are complex, a better design is expected to be applied to clinical
utility with easier experiments.

Using a rotating boom method, Mills (1958) measured the
MAAs in various directions in the horizontal plane using a two-
alternative forced choice procedure. He reported MAAs of about
1°. Similar results were later found by Perrott et al. (1989). For
a broadband 0.9 kHz high pass noise, the measured MAA at 0°
azimuth is about 1.2° (Perrott, 1993). For broadband noise the
measured MAA at 0° azimuth is about 1.6° (Grantham et al,,
2003).

Virtual sound synthesis methods were used in studies of
virtual reality and artificial sound field generation (McAdams,
2000; Daniel et al, 2010). Existing virtual sound synthesis
methods mainly include wave-field synthesis (WFS), Ambisonics,
vector-based amplitude panning (VBAP) and binaural synthesis.
Wave-field synthesis (WES) developed by Berkhout et al. (1993)
enables the synthesis of sound fields within a rather large listening
area. Localization accuracy with wave-field synthesis (WES) was
evaluated using an MAA listening test paradigm (Volk et al.,

2012b; Volk, 2016). Ambisonics was firstly proposed by Michael
Gerzon as a point source solution for a small listening area
and was extended to higher orders of spherical harmonics so
that the listening area can be extended significantly (Gerzon,
1977). However, sound reproduction systems through WES or
Ambisonics require tens of loudspeakers. Binaural synthesis (BS)
is widely used as a tool aiming at eliciting specific auditory
perceptions by means of headphones. An evaluation method was
proposed, addressing the binaural synthesis quality by comparing
the MAAs measured in the synthesized situation versus the
corresponding real situation (Volk et al., 2012a). V6lk argued
for the use of virtual acoustic methods in psychoacoustics and
auditory studies because of their relatively simple application
(Volk, 2013). Hohmann discussed the current state and the
perspectives of virtual reality technology used in the lab for
designing complex audiovisual communication environments
for hearing assessment and hearing device design and evaluation,
the result showed that the virtual reality lab in its current
state marks a step toward more ecological validity in lab-
based hearing and hearing device research (Hohmann et al,
2020). Ahrens investigated source localization accuracy with
the head mounted displays (HMD) in virtual reality providing
a varying amount of visual information, which showed that
the lateral localization error induced by wearing HMD was
due to alterations of HRTF (Ahrens et al., 2019). However, BS
requires individualized head related transfer functions (HRTFs)
which are difficult to measure. Berger proposed auditory source
localization could be improved for users of generic HRTFs via
cross-modal learning (Berger et al,, 2018). Pausch employed
perceptual tests to evaluate a recently proposed binaural real-
time auralization system for hearing aid (HA) users (Pausch and
Fels, 2020). But, problems like virtual sound images perceived
internalized with binaural synthesis still need to be overcome
(Kulkarni and Colburn, 1998). The vector-based amplitude
panning (VBAP) was proposed by Pulkki (1997) as stereophonic
principles aiming to synthesize an arbitrary sound source
between selected pair or triplet of loudspeakers in a plane
or in the three-dimension space (Pulkki, 2001a,b; Pulkki and
Karjalainen, 2008). Pulkki investigated the localization accuracy
of the VBAP method, it was shown that the high-frequency
interaural level difference (ILD) cues roughly propose the same
directions as low-frequency interaural time difference (ITD)
(Pulkki and Karjalainen, 2001). Gréhn (Pulkki, 2001a) conducted
a localization accuracy test with VBAP reproduction and non-
individualized HRTF reproduction, finding the median value of
median azimuth error were 5.6° and 8.3°, the VBAP in this
experiment showed the same accuracy as the direct loudspeaker
reproduction. The setup of VBAP is relatively simple, however,
whether VBAP can be an alternative to conventional methods in
hearing research has not been established yet, and some basic
perceptual effects such as the MAAs at different reproduction
angles should be validated.

In this study, we investigate the feasibility to use the VBAP
method to measure the MAAs at 0 © azimuth and 90° azimuth.
This method could reproduce source positions for a single
listener at a sweet spot regardless of head rotation. However, the
result in sound localization acuity through VBAP is not known
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yet. This paper first introduces the setup of experiments including
the VBAP method and a baseline method. Experiment results are
given in section 3, followed by discussions in section 4. Finally,
the conclusions are drawn in section 5.

2. MATERIALS AND METHODS
Setup

The process of producing the stimuli using VBAP is explained
in detail in Pulkki (2001a) and summarized here. For a desired
azimuthal incident direction ¢ the signal amplitudes of the
selected pair of loudspeakers located at 01,6, are controlled with
gain factors g1, ¢&». The amplitude gains g1, g are calculated based
on Equations (1, 2). Equation (1) calculates the sound amplitudes
as a function of incident direction

costy cos6, NG cos ¢

sinf; sin6, ay) ~ \sin¢
and Equation (2) shows how to calculate the normalized
amplitude gains:

(1)

ai az

2 2
ay +a;

&= 5 8= (2)

2
ay +a;

In the measurement of the MAA at 0° azimuth (the frontal
MAA) with the virtual sound synthesis system, two loudspeakers
are located symmetrically with ¢y =30° at each side of the
reference as shown in Figure 1A. In the measurement of the
MAA at 90° azimuth (the lateral MAA) with the virtual sound
synthesis system, two loudspeakers are located symmetrically
with ¢y =15° at each side of the reference as shown in Figure 1B.
Generally, when the aperture between loudspeakers is wider, the
localization accuracy is worse (Pulkki and Karjalainen, 2001).
The head rotation can be corrected using the tangent law (Pulkki,
1997):

tang g1 — %
tangp g1+

3)

Theoretically, an accurate synthesis is possible in the horizontal
plane by weighting the amplitude gains of the pair of
loudspeakers. Therefore, the VBAP method is a promising
candidate to provide a simple method of measuring MAA using
just two fixed loudspeakers. Sounds were presented at 65 dB(A)
with a background level of 28 dB(A), measured with a sound
level meter.

Participants

Nineteen normal-hearing (thresholds < 20 dB HL, measured
in a hearing screening test) volunteers participated in the study
(aged between 22 and 29). All participants had participated
in psychoacoustic localization experiments before and were
considered as experienced listeners. A listening room with
dimensions of 12.92m x 6.94m x 2.67m (Length x Width x
Height) and the reverberation time T60 of 0.1 s was used as the
test environment.

VBAP Measurement Procedure

Prior to test trials, participants received training to familiarize
them with the procedure. The participants were instructed and
positioned in a seat 1.8 m away from the loudspeakers in those
two experiments. Broadband white noises (0.1-8 kHz) were used
as stimuli. The noise stimulus were a train of three 100-ms bursts
of Gaussian noise, with a 500-ms silence between bursts. A pair of
Bose MusicMonitors were used for sound reproduction through
Realtek(R) Audio sound card, in addition, a silent speaker was
placed in the middle as a visual reference. Figure 1 showed the
frontal and the lateral MAA measurement configuration. In the
frontal MAA measurement experiment, the two speakers were
placed symmetrically on the left and right of the participants at
a fixed angle of 30° in reference to 0° azimuth. In each trial,
the stimuli were presented from the right or the left randomly.
Participants were instructed to indicate the perceived side of the
stimuli in each trial by pointing with their hand toward the right
or the left side. The results were recorded by the experimenter
seated behind the participant. In the very first trial, the stimuli
were presented from 30° (right or left). The initial 30° shift
was chosen to ensure that it comfortably exceeded the expected
MAAs of all participants. In the lateral MAA measurement
experiment, the two speakers were placed symmetrically on the
front and back of the participants at a fixed angle of 15° in
reference to 90° azimuth. In each trial, the stimuli were presented
from the front or the back randomly. Participants were instructed
to indicate the perceived side of the stimuli in each trial by
pointing with their hand toward the front or the back side. The
results were recorded by the experimenter seated behind the
participant. In the very first trial, the stimuli were presented from
15° (front or back). This initial 15° shift was chosen to ensure that
it comfortably exceeded the expected MAAs of all participants.
A 3-down/1-up adaptive procedure (Levitt, 1971) was used to
determine the reproduction angle for the next trial, which could
be smaller or larger than the previous separation, so as to find
the 79.4% correct point on a psychometric function (Schiitt et al.,
2016). The angular step sizes in the frontal MAA measurement
were determined by Parameter Estimation by Sequential Testing
(PEST) (Litovsky and Macmillan, 1994), and were: 30°, 15°, 8°,
4°,2°,1°, 0.5°. And the angular step sizes in the lateral MAA
measurement were: 15°, 8°, 4°, 2°, 1°. The presentation side
(left/front or right/back) in each trial was chosen randomly. The
experiment ended after six reversals (a reversal is an increase
in angle following a decrease, or vice versa), this procedure is
converging toward the 79.4% point of the psychometric function.
After discarding the first 2 reversals the MAA is defined here as
the angular threshold where about 79.4% of all judgments of the
relative positions of the sound sources are correct. The average
experiment duration for each individual was around 30 min.

Baseline Measurement Procedure

In order to verify the accuracy of the VBAP system, an MAA
experiment system with the real sources shown in Figure 2
was used as the baseline comparison. In the frontal MAA
measurement, this baseline system consisted of a pair of
loudspeakers: one was located on the left and the other was
located on the right side at either 1°, 2°, 4°, 8° symmetrically

Frontiers in Psychology | www.frontiersin.org

61

June 2021 | Volume 12 | Article 656052


https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles

Meng et al.

MAA Test With Virtual Sound

Reference
at 0-deg azimuth

Virtual
Left d
5

Right

measurement experiment.

FIGURE 1 | The VBAP system configuration. (A) The configuration of the frontal MAA measurement experiment; (B) The configuration of the lateral MAA
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in reference to 0° azimuth. In the lateral MAA measurement,
this baseline system consisted of a pair of loudspeakers: one
was located at the front and the other was located on the back
side at either 1°, 2°, 4°, 8°,15° symmetrically in reference to
90° azimuth. The stimuli and the test room were the same
as those in the previous VBAP measurement procedure. The
participants were instructed and positioned in a seat 1.8 m away
from the loudspeakers in those two experiments. When playing
the left and right (or the front and back) sound randomly, the
participants were answered whether the sound is on the left or
the right (front or back). The procedure was conducted twenty
times at each angular separation of loudspeakers. The results were
averaged and provided a percent correct indicating how often
the participants correctly identified the localization. The average
experiment duration for each individual was around 30 min.

3. RESULTS

The average MAAs at 0° azimuth measured by the VBAP method
is 1.1° with a range from 0.8° to 1.7° and a standard deviation of
0.3°. The average MAAs at 90° azimuth measured by the VBAP
method is 3.1° with a range from 0.8° to 5.7° and a standard
deviation of 1.3°. Using the described adaptive method, the MAA
is the angle where the psychometric function is 79.4% correct.
To establish an equivalent threshold from the baseline method,
we employed the following method: percent correct rates were
calculated for each angle, and the resulting data were fitted with a
psignifit function (Schiitt et al., 2016). The percent correct at each
angular separation in the baseline method was extracted from
subjects’ answer data, based on which the fitting curves were used
to estimate corresponding MAAs with judgments 79.4% correct.
The MAA at 0° azimuth is 1.2° with a range from 0.6° to 1.7°
and a standard deviation of 0.3°. The MAA at 90° azimuth is 3.3°
with a range from 1.8° to 5.6° and a standard deviation of 1.1°,
which is taken as the MA As from the baseline method. This result

is consistent with previous findings that MAA at 0° azimuth is
about 1° with a range from 0.7° to 2.5° (Mills, 1958; Perrott, 1969;
Harris and Sergeant, 1971; Tyler et al., 2010). In the frontal MAA
measurement experiment, we assume that participants have an
average of about 50% correct at 0° and almost achieve 100%
accuracy at the angular separation of 8°, and in the lateral MAA
measurement experiment, we assume that participants have an
average of about 50% correct at 0° and achieve 100% accuracy
at the angular separation of 15°. The MAA results of the two
experiments are shown in Figure 3. Paired ¢-tests of participants’
MAAs in both methods were performed to test if there is a
significant difference between the baseline data and the VBAP
data. As the calculated p-values (t = 0.43, p > 0.05, Cohen’s d
= 0.10 in the frontal experiment; ¢ = 1.30, p > 0.05, Cohen’s d
= 0.30 in the lateral experiment) are bigger than the p critical
value (p = 0.05 with 95% confidence), the null hypothesis is
accepted, meaning that there is no statistical difference in the
same participant’s MAA between the VBAP method and the
baseline method. For the same participant, we also found that
the performance in the frontal MAA measurement experiment
is not statistically correlated with the performance in the lateral
experiment (r = 0.02, p > 0.05 in baseline method, r = 0.01,
p > 0.05 in VBAP method). This may mean that people who
perform well in the frontal MAA measurement experiment do
not necessarily perform well in the lateral MAA measurement
experiment.

To further illustrate the similarity between the baseline
method and the VBAP method, we calculated the average percent
correct of different angular separation in both experiments
(marked star and circle in Figure4) and fitted curve of the
average percent correct of the group at each angle (see Figure 4
dash and dash-dot line). The error bar means variance of
the correct percent at each angle in Figure 4. For the frontal
experiment, the variance of the deviation between the individual
measurement accuracy of each angle is 18.65, 13.11, 9.18, 4.03,
and 0%, respectively at 0.5°, 1°, 2°, 4°, 8° in the VBAP method.
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For the frontal experiment, the variance of the deviation between
the individual measurement accuracy of each angle is 12.08,
6.86, 1.91, and 0%, respectively at 1°, 2°, 4°, 8° in the baseline
method. For the lateral experiment, the variance of the deviation
between the individual measurement accuracy of each angle is
14.01, 16.05, 15.70, 3.48, 2.90%, respectively at 1°, 2°, 4°, 8°,
15° in the VBAP method and 21.74, 15.72, 12.89, 5.84, 2.17%,
respectively at 1°, 2°, 4°, 8°, 15° in the basline method. We
compared the percent correct of each angle in VBAP method
and the baseline method for each individual participant. Paired
t-tests of participants’ results in both methods were performed
(¢ =1°,t=1.14, p > 0.05, Cohen’s d = 0.26; ¢ = 2°, t = 2.25,
p = 0.04 < 0.05, Cohen’s d = 0.51; ¢ =4°,t = 1.84, p > 0.05,
Cohen’s d = 0.42 in the frontal experiment. ¢ = 1°,t = 0.33, p
> 0.05, Cohen’s d = 0.08; ¢ = 2°, t = 0.34, p > 0.05, Cohen’s
d =008 ¢ =4° t =144, p > 0.05, Cohens d = 0.33; ¢ =
8°, t = 1.31, p > 0.05, Cohen’s d = 0.30; ¢ = 15°, t = 0.44, p
> 0.05, Cohen’s d = 0.10 in the lateral experiment). The above
analysis shows that the calculated p-values are bigger than the
p critical value (0.05 with 95% confidence) except when ¢ is 2°
(Cohen’s d = 0.51, medium effect), which indicates that the two
methods are not significantly different to some extent. However,
more samples are needed to strongly support the non-significant
difference hypothesis.

4. DISCUSSION

We compared the MAAs at 0° and 90° azimuth determined in
the VBAP method and the measured baseline results, and showed
that there is no significant difference in the results obtained by
the two methods. To further verify the substitutability of the
VBAP method, we conducted acoustic simulations to analyze
the binaural cues (ITD and ILD) of the stimuli delivered via
VBAP. By convolving the generic non-individualized HRTF of
the KEMAR mannequin with the stimuli, the left and right
signals are obtained. We divided the stimuli into 16 critical
bands with a gammatone filterbank and estimated corresponding
ITDs and ILDs through the Binaural Cue Selection Toolbox

(Faller and Merimaa, 2004). The simulation results of the
ILDs and ITDs in the VBAP method and the baseline method
are compared in Figure5. The left and the right columns
show the results for 0-degree azimuth and 90-degree azimuth
of incidences, respectively. The top and bottom rows show
the results for the ITDs and ILDs, respectively. The VBAP
delivers ITDs and ILDs closely consistent with those delivered
by the real sound source. Therefore, we conclude that the
virtual sound synthesis system is a valid alternative to the
conventional apparatus, e.g., a cart runs in the track (Harris
and Sergeant, 1971), large scale loudspeaker array (Harris and
Sergeant, 1971; Perrott and Saberi, 1990), or a sound boom
balanced by weights (Saberi et al., 1991) and can provide a
compact and affordable listening test system for measuring
MAAs.

This could be useful in the future as an additional tool
to diagnose hearing impairment in a clinical setting, and
could also be used for the hearing aid fitting process. Due
to the principle of rendering virtual sound sources within the
angular range between two loudspeakers, a slight misplacement
would introduce a large deviation of the incident direction.
This position-sensitive attribute is particularly obvious in the
hearing tests where small angular differences are required.
Improving the localization accuracy of the apparatus as well
as the participants’ localization accuracy would be beneficial.
To reduce the uncertainty of participants’ localization, a head-
tracking system monitoring the participants’ head position
would also be useful. However, an appropriate head fixation
limiting the head motions is a cheaper option. Moreover,
the present sample size is small, and the feasibility of
the VBAP method needs to be further verified. These
limitations are important issues for our future research, and
they are also inevitable problems in clinical applications.
Finally, reducing the interval angle between each pair of
loudspeakers is likely to provide higher localization acuity in
sound source reproduction. However, a large interval angle
can provide more virtual sound source locations flexibly
without having to move or add loudspeakers. We need
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to balance between the speaker arrangement flexibility and
localization acuity.

5. CONCLUSIONS

We evaluated the feasibility of a virtual acoustic method to
measure MAAs, because conventional apparatuses are usually
complicated to use. We used a setup with two loudspeakers
driven by sounds based on the vector-based amplitude panning
(VBAP) principle. Results show that a resolution around 1° at 0°
azimuth and around 3° at 90° azimuth can be achieved by the
virtual acoustic test system. To validate the results of MAA test,
a baseline measure with real loudspeakers was established with
the same participants. The results of “real MAAs” and “virtual
MAAs” are not significantly different and thus provide validation
of the proposed MAA measurement method.

The virtual acoustic methods provide a convenient and
affordable alternative to implement experiments in hearing
research and they have the potential for a wider range of
applications. For example, assessment of localization skill in
hearing-aid fitting and children’s localization training in the
critical period of auditory development (Harrison et al., 2005).
Since the loudspeakers are fixed during the experiment, such
methods can be quite convenient for studies involved moving
sound sources such as moving minimum audible angle (Hughes
and Kearney, 2016).
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Background: Digital processing has enabled the development of several generations
of technology for tinnitus therapy. The first digital generation was comprised of digital
Hearing Aids (HAs) and personal digital music players implementing already established
sound-based therapies, as well as text based information on the internet. In the
second generation Smart-phone applications (apps) alone or in conjunction with
HAs resulted in more therapy options for users to select from. The 3rd generation
of digital tinnitus technologies began with the emergence of many novel, largely
neurophysiologically-inspired, treatment theories that drove development of processing;
enabled through HAs, apps, the internet and stand-alone devices. We are now of the
cusp of a 4th generation that will incorporate physiological sensors, multiple transducers
and Al to personalize therapies.

Aim: To review technologies that will enable the next generations of digital therapies
for tinnitus.

Methods: A “state-of-the-art” review was undertaken to answer the question:
what digital technology could be applied to tinnitus therapy in the next 10 years?
Google Scholar and PubMed were searched for the 10-year period 2011-2021. The
search strategy used the following key words: “tinnitus” and [‘HA,” “personalized
therapy,” “Al” (and “methods” or “applications”), “Virtual reality,” “Games,” “Sensors” and
“Transducers”], and “Hearables.” Snowballing was used to expand the search from the
identified papers. The results of the review were cataloged and organized into themes.

Results: This paper identified digital technologies and research on the development of
smart therapies for tinnitus. Al methods that could have tinnitus applications are identified
and discussed. The potential of personalized treatments and the benefits of being able
to gather data in ecologically valid settings are outlined.

Conclusions: There is a huge scope for the application of digital technology to tinnitus
therapy, but the uncertain mechanisms underpinning tinnitus present a challenge and
many posited therapeutic approaches may not be successful. Personalized Al modeling
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based on biometric measures obtained through various sensor types, and assessments
of individual psychology and lifestyles should result in the development of smart therapy

platforms for tinnitus.

Keywords: review, digital, therapy, tinnitus, treatment, technology, biometrics

INTRODUCTION

Tinnitus is commonly referred to as “ringing in the ears;” it is the
perception of a sound in the absence of a sound source. Tinnitus
is the result of a complex cascade of changes within the auditory
and emotional networks of the brain that occur following ear or
head injury (1). Tinnitus can have mild through to catastrophic
effect on life-quality; it can disrupt hearing, attention and sleep,
result in anxiety, and depression (2). The incidence of significant
tinnitus is highest amongst older populations (3). There is
currently no cure for tinnitus, largely due to its heterogeneity
(4). Much of the severity of tinnitus relates to the sufferer’s
psychological response to abnormal auditory and emotional
inputs. Stress, anxiety and depression have been shown to occur
with tinnitus or contribute to a greater, negative and sustaining
reaction to tinnitus (5). Cognitive processes are suspected to
affect how dominating tinnitus may or may not become, how easy
or difficult it may be to ignore, and whether attention can easily be
diverted away from, or is captured by, this endogenous signal (6).
In the absence of effective medication for tinnitus a combination
of sound-based therapy, to disrupt auditory processing of the
tinnitus signal, and counseling therapy to reduce the potentiation
of the tinnitus signal by emotional neural networks, has become
common (7, 8). This therapy is usually provided by audiologists
and is demanding of both clinician and patient time. Its benefits
are often only apparent after months and may require the expense
of HAs (9). Such sound therapy is very beneficial for some
patients but is of limited or no benefit for others (10). This means
that considerable cost in health delivery is incurred without any
certainty of benefit (8).

Digital processing has enabled the development of several
generations of technology for treating tinnitus. Computers have
been used for tinnitus assessment since the early 1980s (11) and
the internet ushered in online information (and misinformation)
becoming readily available. But it was the first commercially
successful digital HAs in the mid-1990s that marked the
beginning of the first generation of tinnitus treatments based
around digital technology (12). The first-generations of digital
HAs appeared to be more effective tinnitus therapy tools than
their analog predecessors (13). The beginning of the Apple
iTunes store in 2001 facilitated the availability and knowledge
surrounding downloading of sounds to personal music players
(e.g., MP3 players, iPods). MP3 players enabled earlier self-
help tinnitus masking strategies developed using the SONY
Walkman (14) to be replicated, but with a greater playtime,
more listening options and longer battery life. Digitization of
sound files and MP3 players has continued to enable the rapid
prototyping of sound therapies (15). As of April 2021, a search
on the Apple iTunes store identified over 100 digital albums

identified as “tinnitus relief.” In the early 2000s a stand-alone
tinnitus treatment device, resembling an MP3 player, called the
Neuromonics was released based on the concept of systematic
acoustic desensitization (16). It implemented a two-stage therapy
of noise combined with a music calibrated to have a flat spectrum
and weighted to the individuals audiogram profile (17).

We identify the second generation of digital tinnitus devices
as offering user-selectable therapy options and, in the case
of wearable devices, wireless connectivity. With increases in
memory and processing capacity HA manufacturers were
able to include tinnitus treatment sounds in many of their
models, usually consisting of broadband noise derivatives,
some synthesizing surf like sounds (18), others fractal sounds
(digital chimes) (19). The emergence of “made for iPhone”
HAs saw Smart-phone apps able to connect with HAs via
Bluetooth (20). At first Bluetooth power demands required
an intermediary device receiving the Bluetooth transmission
and retransmitting as a lower drain signal to HAs (21). This
inconvenience was addressed when direct connection between
phone and HAs become possible. The first universal (Android
and Apple) connective HA became available in 2017-2018 (22).
As Smartphones became popular their onboard MP3 software
negated the need for a separate dedicated MP3 player. The
ubiquitous nature of the Smartphone enabled tinnitus apps
to be developed by manufacturers and third party developers,
these first generation apps consisted primarily of sound libraries
that extended the range of sounds available to the listener.
Online tinnitus clearinghouses (e.g., www.tinnitus.org.uk) and
clinic websites (www.tinnitustunes.com) made a wider range
of resources available, including podcasts and sound files
to download.

The 3rd generation of digital tinnitus technologies emerged
from a plethora of new therapy concepts based on specific,
putative, neurophysiological mechanisms (1). Third generation
therapies attempt to personalize to a characteristic of the users’
tinnitus (7). Digital processing algorithms enabled these new
therapies to be implemented through HAs, apps, the internet and
stand-alone devices. Sound therapies may be based on tinnitus
pitch and use notched sound in an attempt to achieve lateral
inhibition (23, 24), patterned tones to create desynchronization
(25) or be tinnitus replicas for nocturnal habituation (26). Digital
processing has also facilitated multimodal stimulation pairing
sound with vagus nerve or trigeminal nerve stimulation. Apps
and online counseling services have become more interactive
(for example chatbots). Despite technological improvements 3rd
generation therapies appear to offer little in population-based
benefits above 2nd generation (and possibly 1st generation)
approaches (27). Almost without exception tinnitus technology
has been made available commercially before clinical trials have
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shown efficacy. It is possible that some of these 3rd generation
devices and therapeutics are very effective, but for whom and
when is unclear. Certain subsets of the population may be
more responsive to one or other therapies, and this may not
be static but change with chronification or dynamically through
the day to circadian rhythms. To address this variability, we
need to be able to ascertain individual differences that predict
the most appropriate therapy, and potentially adjust in real-time
to a marker of some tinnitus property that can be modified.
Recent AI technologies have presented the opportunity to
realize such goals (28). In recent years, AI methods have been
implemented in a variety of health settings for the purpose
of early diagnosis, developing smart therapy platforms and
prediction of response to treatment. The rapid growth of Al-
driven technologies has allowed tinnitus researchers to consider
AT methods and applications to address open questions in
tinnitus data analytics, tinnitus management and accelerating
decision-making for choosing the best course of treatment, more
specifically, toward development of smart therapy. It is our ambit
that such smart tinnitus devices represent the 4th generation of
the evolution of tinnitus therapeutic technology.

We are on the cusp of a 4th generation of digital tinnitus
therapy that we believe will be defined by the incorporation
of physiological sensors, multiple therapy options and Al to
personalize therapies. This new generation of tinnitus technology
coincides with maturing wearable technology, and in particular
Hearables. Hearables are ear level wearable computers or
computer interfaces (29, 30). While several start-up companies
have come and gone, the release of Hearables by large consumer
electronics companies and the inclusion of Hearable features
into HAs indicate a pathway for tinnitus technology innovation.
As awareness for the heterogeneity of tinnitus continues to
grow within the scientific community, research is beginning to
move toward precise treatment of tinnitus which is tailored
for an individual (31, 32). For tinnitus treatments to be truly
individualized, one must understand the physiological and
psychological biomarkers of tinnitus and how they influence
treatment outcome and selection (7). Progress toward precision,
data-driven, treatment of tinnitus requires either large datasets
to better understand tinnitus heterogeneity or in-depth repeated
measures in individuals in which the technology adapts to, or
learns, personal preferences and effective decisions (33). Al can
be applied to these datasets (34, 35).

In this state-of-the-art review we will catalog and describe
technology that has the potential to deliver real-time customized
tinnitus treatment that extends beyond the decision making
capability and capacity of clinicians alone. Advancements
in mobile computing technology enable ecologically valid
technology-based interventions tailored to individual needs.
The aim of this review is to identify and discuss potential
sensors, transducers and algorithms that may comprise the
next generations of digital therapies for tinnitus. To capture
information in peer reviewed journals, industry whitepapers and
forums, a “state-of-art” review was implemented. State-of-the-
art reviews are a specific form of review that focus on current
issues and new perspectives, often in areas with a need of further
research (36). This is an inclusive form of review, that captures

information from a wide variety of sources; it does not exclude
material based on a quality criterion in the way systematic
reviews do. A trade off in sourcing a wide range of information is
the inclusion of some material that be of low evidence quality, for
example expert opinion.

METHODS

A state-of-art review (36) was undertaken in March 2021 with
cataloging of results in April 2021. The aim of the review
was: To review proposed and potential sensors, transducers
and algorithms that may comprise the next generations of
digital therapies for tinnitus. Google Scholar and PubMed were
searched for the 10-year period 2011-2021. The search strategy
used the following key words: “tinnitus” and [“Hearing aids,”
“personalized therapy;,” “Artificial intelligence” (and “methods”
or “applications”), “Virtual reality, “Games,” “Sensors,” and
“Transducers”] after an initial search an additional search term
“Hearables” was added. The reference lists of these articles
were searched for additional pertinent articles including in Gray
literature (e.g., public domain consultancy documents, consumer
electronics magazines and blogs), older articles were included if
they provided context. The authors’ knowledge of expert topic
areas were used to identify gaps in the search outputs and fill these
with appropriate source material. Studies were charted according
to technology types and purposes: Hearing aids and cochlear
implants, Hearables, Internet-based therapies, Dedicated sound
and multimodal therapy devices, Apps, Virtual and Augmented
reality, EMA, Sensors, and Al The articles were cross-references
if content lay across categories. A narrative was constructed from
the chosen material, based around a pragmatic worldview.

RESULTS
Hearing Aids

Hearing Aids (HAs) have been used as tinnitus management
tools since at least the late 1940s (37) and this continued with
the arrival of fully digital aids in the mid 1990s. HA are used in
tinnitus management to reduce accompanying hearing handicap,
reduce the levels of attention paid to tinnitus, compensate for
deafferentation, and by raising the audibility of environmental
sounds so that tinnitus can be masked (38). In the early 2000s
the United Kingdom National Health Service modernized their
hearing aid program, and digital aids became available to NHS
patients. It was found that tinnitus outcomes improved with
a shift from analog to digital aids (13). The digital benefit
was attributed to greater high frequency amplification (13).
New digital processing strategies within 2nd generation tinnitus
HA and the emergence of made for iPhone HAs (39) may
have resulted in some increment improvements in outcomes,
although evidence for this is poor. Sound introduced in this
next generation of HAs included synthesized natural sounds,
such as ocean surf sounds (18). Streamed nature sounds and
Broad Band Noise (BBN) have been found to be equally effective
over 6 months (40). Digitally-rendered, fractal sounds resembling
musical chimes have also been used (41). Most trials of fractal
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sounds have shown benefit but have been open label, with large
individual variability (19, 42).

A scoping review found HAs were beneficial for tinnitus
management (43). A Cochrane review of amplification for
tinnitus and hearing loss (44) identified only 1 study (45) meeting
their quality criteria which compared digital HA to sound
generator (maskers), both groups improved on the Tinnitus
Handicap Inventory but there was no statistical difference
between groups. A follow-up review (46) included eight studies
(with a total of 590 participants). Seven of the studies investigated
HAs, four combination HAs and three sound generators. There
was insufficient evidence to differentiate between outcomes of
the sound therapy options and the level of evidence of an overall
benefit was low (46). So, while widely adopted for tinnitus control
there is little evidence for 2nd generation hearing aid tinnitus
efficiency above 1st generation approaches. The current volume
of evidence suggests that hearing aid amplification is an effective
way to treat tinnitus, but the research that supports this evidence
is not of a high quality (18, 43).

Third generation digital hearing aid tinnitus solutions are
translations from body-worn dedicated sound therapy devices
based on novel neurophysiological theories (described in a
subsequent section). In a case example, applied through HAs,
Acoustic Coordinated Reset Neuromodulation, a treatment
using patterned tones, seemed feasible (47). Notched noise and
music have been used in attempts to inhibit tinnitus (23, 24).
Notched amplification takes a similar approach to the use
of notched music, but in this case amplification of sound is
not applied surrounding tinnitus pitch. There is currently no
compelling evidence that novel sound processing adds benefit to
conventional amplification for tinnitus (48, 49).

The next generations of HAs are going to apply increasing
levels of AI and incorporate biosensors (50). Already HAs are
beginning to feature better fidelity (51) and have begun to
incorporate sensors such as for fall detection (52) mirroring
similar developments in fitness trackers and Hearables described
later. As hearing loss often accompanies tinnitus HAs are a logical
platform for data-driven wearable tinnitus therapy. Efforts to
develop cognitively controlled HAs (53) and the development
of ear-based EEG (54) could be extended to tinnitus treatment
solutions with real-time adjustment based on AL

Cochlear Implants

Cochlear implants are surgical acoustic-electrical transducers
that comprise a digital signal processor similar to a hearing aid
and a multiple electrode array that is inserted into the cochlear
(55). The array provides direct stimulation of the auditory
nerve through the tonotopic electrode array when hearing aid
amplification would be insufficient to improve hearing. Cochlear
implants replace the role of HAs when hearing loss is severe
(55). Cochlear implants provide electrical stimulation based on
sound patterns, but can be considered a Sound Therapy device
because they activate auditory pathways. Interest in cochlear
implants for tinnitus therapy began in the 1980s (56), but early
experience with implantation for tinnitus showed limited success
(57). Cochlear implants are becoming more common therapy
options when tinnitus accompanies a severe unilateral hearing

loss (58) Tinnitus Sound Therapy strategies developed for HAs,
for example apps, are also being trialed with implants (59). A
systematic review indicated low-level evidence for the benefits
of cochlear implants on tinnitus; they appear to help people
who had severe tinnitus prior to the implant, but do carry some
risk that the implant surgery may exacerbate or initiate tinnitus
(60). As knowledge of tinnitus mechanisms advance there are
great opportunities to introduce novel stimulation paradigms
through cochlear implants that target tinnitus in addition to, or
alternatively, to the focus on speech understanding.

Hearables

Crum (30) likened the ear to a biological “USB” port, presumably
with the brain as the “CPU.” A range of sensors and transducers
worn in the ear can measure or affect physiology. These ear level
devices have become generically known as “Hearables” (29, 30).
A Hearable can be defined as a device that fits in the ear that
contains a wireless link (29). We prefer to define the Hearable
as an ear level wearable computer or computer interface. Both
definitions encompass many HAs as well as ear level Bluetooth
headphones and fitness trackers. HAs have been reviewed in
a separate section primarily because of their established long
history in tinnitus therapy. Although HAs and Hearables appear
to be converging technologies they can, at present, be separated
by their primary consumers, the music listening, fitness focused,
younger public (Hearables) and those persons with greater than
mild hearing loss (HAs). It is with this in mind that after setting
the initial review criteria it was evident that AI and sensors
are being, or could be, incorporated into Hearables for tinnitus
therapy, consequently “Hearables” was added as a separate search
term. The ambit of the search for this section of the review is to
scope the development of Hearable design and their current or
potential application to tinnitus.

In the mid 2010s several startup companies emerged in the
Hearable space to considerable consumer electronics and media
attention. Biometric sensors saw the Bragi Dash emerge as a trend
setter amongst these first generation Hearables (61). Some of
these companies are no longer operating [e.g., Soundhawk (39);
Doppler (62) or have moved from manufacturing to focus on
Al development as a 3rd party for other manufacturers Bragi
(63)]. The 2016 introduction of Apple Air Pods, for which “Live
Listen” allows functioning as basic HAs, signaled an important
juncture for access to augmented communication (39) and digital
tinnitus therapies. Recent Apple accessibility updates to Air Pods
include the availability of background sounds, that could be
used for tinnitus masking. The recent purchase of the consumer
headphone brand Sennheiser by the hearing aid manufacturer
and retailer Sonova is a further indication of market convergence
and opportunities for capturing market share across the spectrum
of hearing, and potentially tinnitus, needs (64).

Hearables could be used as an alternative to HAs as device
for 2nd generation therapy, for example wireless access to sound
libraries [e.g., Bose Sleepbuds (65)]. Onboard access to internet of
voice (29) may enable virtual counselors beyond simple chatbots.
The real promise of this technology is the potential to combine
biometrics (e.g., EEG, heart rate, temperature, skin resistance,
blood oxygen, and stress hormone levels) with auditory or other
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sensory stimulation (30). These measurements and response
could inform status of mental effort, stress, engagement and
attention, direction of vision and physical health (30). The
types of sensors that would enable Hearables to be used in
4th generation digital therapies are described in greater depth
in a later section of this review. In an opinion piece Crum
(30) specifically mentions tinnitus as a health application for
Hearables. Bragi began to explore the potential of incorporating
tinnitus treatments in future generations of their Hearable (66)
before moving away from manufacturing. At the time of writing
Nuheara was one of the few Hearable companies highlighting
hearing loss (67), and had identified tinnitus as a market (https://
www.nuheara.com/how-it-helps/tinnitus-relief/).

Internet-Based Therapies

Internet-based therapies include Internet Cognitive Behavioral
Therapy (iCBT), online counseling, peer support and tailored
sound. The 1st generation internet was used for tinnitus in a
manner similar to a written self-help book, as a repository for
information. ICBT programs developed greater content as a
form of 2nd generation digital tinnitus treatment. ICBT typically
consists of text-based modules for tinnitus patients to work
through. An example is the Tinnitus E-program, a 10-12 week
self-directed approach consisting of education and information
about tinnitus, management, resources available, training for
psychological strategies, social support, and monitoring of
tinnitus (68). In addition to written information, behavior
change techniques such as relaxation methods are available as
downloadable MP3 files (68). ICBT in various forms has a
good level of evidence to support its use (69). Tinnitus Tunes
(www.tinnitustunes.com; established in 2016) is another 2nd
generation internet-based digital tinnitus therapy. Subscribers
undertake self-directed activities to complement their clinician’s
advice. It offers a 12-week structured program consisting five
separate steps: (1) Education and information so that members
can remove any false beliefs they have about tinnitus. (2)
Information about role of different clinicians. (3) Managing
stress associated with tinnitus (e.g., relaxation sound files,
audio podcasts on visualization and progressive relaxation). (4)
Training the patient’s brain to ignore tinnitus through attention
refocusing and adaptation. (5) Prevention of relapse through
lifestyle tips. Weekly emails are sent to users that include case
studies and lifestyle tips to suit user needs.

Notched sound/music is a 3rd generation online therapys;
based on a specific tinnitus mechanism and customized to the
individual. Notched sound involves customizing sound (usually
music) by removing of sound energy in a band around the
patient’s reported tinnitus pitch. Two examples are https://
www.audionotch.com and https://www.tinnitracks.com/en. The
concept is based on experimental work that notched sound may
result in lateral inhibition (23). The user chooses the audio signal
they wish to have notched (e.g., music or white noise) an online
processing algorithm applies the notch, then sounds are played
over the computer or downloaded to be played on a portable
device. The use of notched sound from the internet or app has
only a low level evidence base (70). A double-blinded controlled
trial of notched sound found no significant change in the primary

outcome of the Tinnitus Questionnaire, although there was a
change in a tinnitus loudness rating (24).

Ecological Momentary Assessments and

Mobile Crowdsensing

EMA and mobile crowdsensing have been gathering momentum
in tinnitus research in recent years [see recent reviews (71, 72)].
EMA describes the collection of data from participants as they
go about their everyday lives, outside of research laboratories
or clinical appointments. The ubiquity of smartphones in
modern society has made implementation of this approach much
more feasible and cost-effective than in the past. Smartphones
have in-built sensors, processing, and data transfer capabilities.
Participants can be notified via their phone at any time to
complete surveys (also delivered on their phone) or data can
be collected from the in-built sensors and connected devices
such as smart watches (73). The EMA approach stands in stark
contrast to the highly controlled environments used in traditional
clinical research. These two styles of data collection each have
their own strengths and weaknesses, and can serve to inform and
compliment the other. With a focus on group effects, traditional
clinical research aims to remove as much variability as possible
from the testing environment between appointments (within and
between participants) in order to try and reduce confounding
factors (74). However, these research settings lack ecological
validity as they tend not to reflect the participants’ everyday
environment. EMAs offer ecologically valid measurements at the
expense of control over the environment. Interaction between
effects and different environments is often an interesting and
relevant avenue for research (72, 75). Furthermore, while group
studies are undeniably useful for assessing treatments, their
methods inherently lack the nuance required for understanding
individual differences in conditions and responses to treatments.
The EMA approach has been useful in fields investigating
conditions of high heterogeneity of symptoms and treatment
responses such as psychology and psychiatry (76). One of the
reasons that successful tinnitus treatments have remained elusive
and of variable benefit is because of the highly heterogeneous
nature of the condition in terms of etiology, experience, reaction,
and response to treatment (4).

Smartphone-delivered EMA tinnitus studies have shown high
engagement from participants, especially from people with more
severe symptoms (77-81). A large, longitudinal study (81) found
that there was a high drop-oft rate after the first few days of initial
engagement, but that predictors of continued engagement were
evident at these early stages. They suggested that personalized
motivators should be considered to increase adherence. This
suggests that people will engage with tinnitus-focused EMAs but
future apps could increase adherence through more engaging
and interactive content, such as gamification of data collection
methods (82). The incorporation of sensor data in such apps
could lead to more targeted timing of EMAs and perhaps less
reliance on subjective survey data (though this data is still highly
relevant in tinnitus research at this stage). Software is already
being developed to support integration of sensor data with
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FIGURE 1 | EMA of tinnitus pitch (A) and loudness (B) recorded each day of a 20 day multisensory training program [Spiegel et al. (89), used with permission of
authors].

treatment plans and allow information flow between patients,
clinicians, and researchers (83).

EMA studies have revealed various factors accounting for
within- and between-subject differences in tinnitus perception,
including time of day, emotional state and arousal, stress level,
concentration, and environmental sound (71, 84, 85). Measures
of tinnitus impact (such as annoyance and perceived loudness)
can fluctuate over a day, and between days (85). EMAs collected
over long periods could be used to examine and identify
patterns within patients and potentially enable the development
of precision treatments in terms of the timing and targets
of treatment.

Data collected from the combination of sensor and EMA
technologies has the potential to advance individualized tinnitus
treatment and research for patients, clinicians and researchers.
Patients could be given more control over their tinnitus by
being informed about situations and environments that are
likely to increase or decrease their tinnitus symptoms (71).
This information could be delivered and interventions suggested
in real-time if AI algorithms were developed to predict these
situations accurately and produce feedback based on case history,
EMA and biosensor data (86). Researchers could also use
biosensor data to automate the delivery of EMAs to gain
subjective data during high or low stress situations (72). There
is potential for data mining opportunities with large anonymized
EMA datasets that could detect patterns in data to elucidate
tinnitus subtypes, environmental impacts and circadian patterns,
and inform treatment.

Mobile crowdsensing and EMA tend to be more cost-effective
to implement than clinical trials, and require less labor (especially
with increasing automation capabilities likely in the future),
have the added benefits of ecological validity, the ability to
examine heterogeneous populations, and the elimination of recall

bias (84). It has also been suggested that these methods could
inform clinical trials. Selection of participants (and therefore
sensitivity) could be improved with machine learning used to
identify participants most likely to respond to therapies (78).
Time of day has been identified as a key consideration for
when measurements are taken (84, 85). Accounting for this
will improve the accuracy of trial results. EMA and mobile
crowdsensing tinnitus research supports the development of
interventions that reduce stress and improve emotional stability
to improve tinnitus symptoms (71). The research has also
revealed the need to further investigate circadian factors in
tinnitus, and the underlying chronobiological mechanisms (85,
87).

EMA has been employed in tinnitus using: Palm pilots (77)
text messaging linked to surveys (72) a TrackYourTinnitus app
on Smartphones (85) and Smartwatches (73), and as part of
a serious games (82, 88) and multisensory Training (89, 90)
(Figure 1). All these methods for EMA are feasible with response
rates to text reminder EMA for tinnitus being high (79-88%)
(72, 78). Average time to complete questionnaires on smartwatch
were 7.8% longer than on a smartphone (215.4s & 198.6s
respectively) (85).

Common outcomes among studies include: tinnitus fluctuates
within and between days, there is a link between emotional
dynamics, stress and tinnitus loudness and distress, and some
correlation between increased severity of tinnitus and different
times of the day (71) although not all studies showed such
variation (77). Tinnitus loudness and distress have been found
to be most severe at night and early morning, while stress was
most severe in the afternoon (85). The ability to track tinnitus
changes over a day may enable individual tailoring in timing
of therapeutic interventions, possibly in tune with circadian
rhythms (85). In addition to question-based EMA tracking
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treatment progress through pitch and loudness matching is
achievable (82, 88). The addition of biosensors would increase
the information being obtained, and with AI, enable real-
time adjustments.

Biosensors

Physiological assessment of function has been part of medical
diagnosis for decades. Measures such as blood pressure (BP),
heart beat rate (HR), electrocardiograms (ECG/EKG), functional
magnetic resonance imaging (MRI) magnetoencephalograms
(MEG), and electroencephalograms (EEG) are routinely used
in clinics, hospitals and research labs to assess cardiac (BP,
ECG), and brain (EEG/MRI/MEG) function. BP, ECG, and EEG
along with many other objective physiological, or psychological,
function tests can be undertaken in the field, in ecologically
valid settings (91, 92). Although there is no single physiological
objective measure of tinnitus itself, years of lab based search
has identified many related markers of tinnitus related activity,
for example neural networks associated with tinnitus (93),
measures of emotion, and stress (94). New miniaturized wearable
technology is now available to make longitudinal measures of
physiological function (95-104) that can be related to behavioral
indices of tinnitus.

A strong link between tinnitus and stress has been found
epidemiologically, and is seen in clinical practice; patients often
report tinnitus onset or increased tinnitus severity in response to
stressful events (94). People with tinnitus display dysfunction in
both the short-term stress response mediated by the sympathetic
nervous system, and the long-term stress response mediated by
the hypothalamic pituitary adrenal axis (105). Imaging studies
have found increased activity in autonomic brain regions in
those with tinnitus, which may act to generate and maintain
the tinnitus percept and the related emotional distress (106). If
tinnitus related distress is maintained long-term, the sympathetic
response may become blunted (105). It is feasible to continuously
monitor various physiological variables, including the inter-beat
interval (from which heart rate and heart rate variability can be
derived), blood volume pulse and skin conductance and relate
these to tinnitus (107). Skin conductivity can be used to measure
stress, it may be possible to measure cortisol and volatile organic
components from the skin (103) possibly using flexible electronic
patches (99, 101).

EEG is a non-invasive electrophysiological measure of brain
function with high time resolution. In laboratories it is normally
recorded from multiple wired electrodes across the skull, often
held in position by a cap and electrical conductance enhanced
with a conducting gel (97). We are now able to move measures
of EEG outside of the lab and record frequently across hours
or days, this information can be stored and or relayed back to
the researchers. A key feature of wearable EEG is the integration
of the electrodes and connecting leads into headsets or ear-level
devices (102, 104). Various forms of wearable EEG have been
developed and trialed, silver electrodes in a custom earmold (108)
cloth electrodes with non-custom earbud (96, 109) conductive
silicone electrodes in the ear and around the ear (104) and
fingered electrodes to improve contact (97). At present there is a
tradeoff between the convenience and usability of these devices

and resolution and/or range of applications. Fewer electrodes
means brain regions removed from the recording site contribute
less to the recorded signal and there is less data. The form of the
EEG headset should match the most important spatial region(s)
generating the activity of interest, otherwise spatial smearing of
activity various brain regions may occur.

Disruption of sleep is a common complaint amongst
tinnitus sufferers. Polysomnography (PSG) 1is the gold
standard for objective sleep monitoring (110). PSG uses EEG,
electromyography, electro-oculography, electrocardiography,
pulse oximetry, and numerous other measures. PSG is
undertaken in a laboratory and is expensive and labor intensive.
Actigraphy is less expensive method, that can be used at home,
and estimates periods of wakefulness and sleep from timing,
intensity, and duration of movements using inertial sensors (98).
Incorporation of heart rate and variability, skin conductance
and temperature along with movement should, depending on
algorithms used, improve accuracy (98).

An example of the use of sensors in assessing therapy
outcome was a small 12 participant randomized crossover
study comparing visualization therapy with visualization paired
with self-selected nature sounds. Sleep was assessed using
wrist-based actigraphy (Actiwatch 2®) (111). Sleep quality was
measured by actigraphy estimates of total sleep time, sleep onset
latency, sleep fragmentation, and wake after sleep onset. Sleep
onset latency significantly improved following both treatment
conditions (111).

Medical monitoring and consumer electronics have converged
with the development of smart fitness tracking watches. Much
like the convergence of HAs and Hearables this blending of
wearable technology is a potent catalyst to apply to the Tinnitus
field. Consumer fitness and activity Smartwatches are popular,
and provide increasingly accurate measures of function (98).
Biosensors, alongside smartphone acquired context such as
geospatial information (112), weather conditions and EMA
may cue real-time treatment modification (100). Monitoring
emotion may enable identification in changes in mood that may
necessitate different therapy (96), sensors may be used to provide
personalized coaching for health behaviors (95).

Apps

Several recent reviews have previously identified tinnitus-
related apps, although scope, inclusion/exclusion criteria, and
definitions differed between them (83, 113-118). Tinnitus
patients have been surveyed about their preferences in apps (113),
but aside from a small trials (119) evidence of benefit from apps
for tinnitus is absent. Sereda et al. (113) found the five most
commonly used apps in descending order from highest were:
(1) White Noise Free, (2) Oticon Tinnitus Sound, (3) Relax
Melodies-Sleep Sounds, (4) myNoise, and (5) Tinnitus Therapy
Lite. Due to the fast development and release of new apps on
various platforms, the list of apps is ever-growing and changing.
Therefore, the number of tinnitus-related apps available at any
time is difficult to report but recent reviews have suggested
over 200 (116, 118). However, a common observation was that
very few apps had been scientifically validated or tested for
efficacy, and there was a high risk of bias in many of the studies
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that were available (83, 117). Furthermore, Sereda et al. (113)
found that most of the apps that they reviewed were self-help
apps that did involve clinicians. App services identified included
CBT, assessments and self-measurement of hearing and tinnitus
symptoms, EMA, serious games, and sound therapies (115).
App-based tinnitus sound therapies take the form of masking,
notched music, and hearing aid control. While these therapies
are well-established, there is no guarantee that a given app is
implementing them correctly. Similarly, without expert guidance
app users may not use the therapies correctly or as intended, and
some therapies may not be appropriate for some individuals.

Mobile delivery of therapies has several advantages over
traditional clinic-based therapies. Barriers to accessing care such
as distance or hesitancy to engage in face-to-face therapy can
be overcome. Therapy, questionnaires, and compliance measures
can all be implemented on the same device (120). Mobile therapy
programs are also generally cheaper to implement, can reach a
wider audience, and require less clinician time. Hauptmann et al.
(120) found that tinnitus pitch matches measured in clinic vs. in
an app did not differ, but the app measures showed less variability
than the clinical measures. This is an example of how technology
can save time for clinicians and even produce more reliable
results. However, clinician involvement is still desirable in order
to direct patients to valid and appropriate apps, and instruct
them on correct use of therapies (116, 118). Smart technology
opens up the possibility of collecting objective data regarding
the user’s physiology and environment in real-life settings. This
can be achieved through the in-built sensors present in modern
smartphones (e.g., GPS, microphone, camera, gyroscopes, and
accelerometers) (115) as well as peripheral wearable devices
such as smart-watches and hearables. However, limitations of
hardware and differences between devices must be considered
when interpreting the data (121). Other limitations to mobile
therapy can include lack of validation, lack of expert supervision,
and incorrect use. In research, samples can differ between
platforms; newer platforms tend to attract younger participants
than traditional advertisements through clinics (122). Drop off
in usage after initial sign up is common in internet and mobile
based therapy and research (119), although the reasons why are
not well-understood (123). Inconsistencies in terminology have
been identified as a problem in internet/digital psychological
interventions that can lead to miscommunication and can hinder
systematic reviews and research (124). Mitigation of inconsistent
terminology should be considered in the tinnitus field to enable
evidence-based validation of digital therapies. One review even
suggested an app review board, similar to journal editorial boards
to develop and ensure standards are met before apps can be
recommended by clinicians (114).

Auditory Training and Serious Games

Auditory training is a learning method in which listeners are
taught to make perceptual distinctions about sounds being
presented. A review undertaken at the beginning of our decade
of interest found improvement in outcome measures in nine
of ten studies after auditory training, but with low-moderate
levels of evidence (125). Frequency discrimination tasks have
been the primary training mode (125, 126), but frequency

categorization training has been suggested as an alternative
method (127). The training tasks may have had benefit through
attention mechanisms as opposed to pure sensory improvements
in discrimination (6, 125, 128).

Gamification of training may be an important consideration
to maintain motivation and compliance with auditory training
(128). “Serious games” do not have entertainment as their
primary goal but, instead, are intended to change behavior or
teach new skills while being engaging and enjoyable (129, 130).
A systematic review of application to psychotherapy and meta-
analysis of serious games for mental health have indicated,
with some caveats to research quality, that serious games are
effective (129, 130). A game based on ignoring distractor sounds
resembling tinnitus (on that day) while receiving points reward
in identifying non-tinnitus target sounds has been developed
and tested (82, 88). Users advanced through different levels
of an increasing number of distractors across 20 days of
30 min game-play. A feasibility study demonstrated the tasks
were achievable and the system was useable; preliminary data
indicated significant reduction in tinnitus handicap (88). A
controlled trial demonstrated Tinnitus Functional Index scores
improved as did performances on audio and visual attention tasks
(82). The N1 auditory evoked potential latency was also reduced
for sounds remote from tinnitus pitch (82). The concepts of
training to focus on target sounds while suppressing background
sounds used by Wise and colleagues (6, 82, 88) have been
mirrored by other developers (131).

Dedicated Sound Therapy Devices
Dedicated sound therapy devices are desktop, hand-held or
body worn tinnitus devices that have a single purpose: tinnitus
treatment. Neuromonics® therapy is a habituation-based, 1st
generation passive music sound therapy. The Neuromonics®
“Oasis” became available in the mid-2000s as a hand held
digital sound player with Bose headphones. It is now available
as a download for Smartphones, the “Oasis Pro” (https://
neuromonics.com). It uses music that has been spectrally
flattened (to reduce bass dominance) and adjusted to the
individuals hearing (usually a treble increase). It consists of
two stages: stage 1 is noise with modified music, stage 2 is
modified music alone. Multiple trials of the treatment have been
undertaken indicating success in reducing negative psychological
aspects of tinnitus (17, 132). Neuromonics® treatment outcomes
have been found to be equivalent to ear-level maskers (133).
Acoustic CR® (Coordinated Reset) Neuromodulation was
developed from an electrical stimulation paradigm to treat
Parkinson’s disease (134). It is available as a handheld processor
and wired air conduction headphones: the Desyncra™. The
tinnitus treatment consists of temporally patterned tones of
frequencies that span a tonal pitch match. The treatment aims
to desynchronize aberrant neural ensembles. We consider the
Desyncra a 3rd generation treatment, being based on a plausible
neurophysiological mechanism and with personalization
(tinnitus pitch); however evidence for its benefits are limited
(135). An unpublished controlled trial suggested no benefit of
the Desyncra treatment over an active control (134). Another
3rd generation device was the Otoharmonics® Levo System.
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This consisted of tinnitus synthesis software Apple iPod and
headphones. It used a tinnitus replica sound that was played
during sleep and was based on the hypothesis that tinnitus
emerges to replace an input deficit, matched sound should
interrupt or reverse this (136). There is limited clinical evidence
available demonstrating its efficacy, one trial showed clinically
meaningful change in a questionnaire after 3 months (26); the
Otoharmonics company appears to have ceased operating.

Multimodal Therapies

As the name suggests, therapies using multiple modes don’t just
use sound, but couple it with some other sensory stimulation
or nerve modulation. Evidence of multimodal stimulation
benefit comes from animal models of tinnitus (137, 138). The
MicroTransponder, Serenity® pairs sounds with Vagal Nerve
stimulation as an implanted device (139), The Neuromod
Lenire couples sound stimulation with tongue tip™ trigeminal
stimulation (140). The Neosensory “Duo” combines sound with
wrist haptic stimulation (141). These three systems are available
clinically in some countries. Computer-based perceptual training
has also trialed combining sound, tactile and visual stimuli (89,
90). Clinical outcomes appear variable with questions as to what
combination of sound and other stimulation is optimal (142).
Further evidence is need to confirm that these treatments offer
clinically meaningful benefits above auditory stimulation alone.

Virtual and Augmented Reality for Tinnitus
Therapy

AR and VR have been used for the purpose of entertainment
(143, 144), enterprise (145) and health care (146, 147). Another
popular use for both these forms of technology has been for
collaboration in virtual spaces (148, 149). The last decade has
seen the emergence of Augmented Reality (AR) and Virtual
Reality (VR) as healthcare tools. These emerging technologies are
capable of generating immersive environments that leverage the
body’s perceptual capabilities. While VR provides a completely
computer generated environment which isolates a user from the
real world, AR incorporates the real world by augmenting the
environment, visually and aurally, the user inhabits (150). VR and
AR lie on opposite spectrums of the Reality-Virtuality continuum
described by Milgram et al. (150) (Figure 2).

Researchers have suggested the use of VR for tinnitus;
stating that the ability to expose patients to ecologically valid
environments in a safe and regulated manner may help deliver

more effective therapies for the treatment of tinnitus (152).
Furthermore, at least one study demonstrates the use of VR for
the treatment of tinnitus (153). While the results from that study
show no differences between Cognitive Behavioral Therapy and
VR (153), there are many parameters to explore, particularly
the association of simultaneously occurring sensory cues. Most
of the technological focus in virtual and augmented reality has
been on visual stimuli. But virtual auditory scenes are important
for immersive environments. Efforts have been made to create
realistic auditory avatars of tinnitus (154) and HRTFs used for
spatial rendering of sound to manipulate tinnitus perception
through training (82) or masking (155). There is the possibility
that by harnessing such auditory signal processing, coupled to
vision and haptics, the perceived reality of tinnitus might be
changed from an unreal phantom sound in the head to something
resembling an ecological valid sound (156).

Familiarity with one’s surroundings and other factors can
significantly affect the efficacy of the treatment that is provided
(75). Another important factor to consider is which of AR and/or
VR technology is best for the purpose. Both AR and VR have
their advantages and disadvantages. For example, with AR we
can use the patients natural surroundings in combination with
computer generated auditory and visual cues to deliver therapy.
While such an approach offers the best ecological validity, it
does not afford complete control of the environment. In cases
where control of the virtual environment is desirable in order to
manipulate delivery of the therapy, the inherent flexibility of VR
can help achieve this with relative ease. More work needs to be
done, both with AR and VR, to explore how these technologies
can be used in an effective manner for tinnitus. Some of this
work could possibly involve exploring how “Matrix-like” direct
brain stimulation (Figure 3) could be used to manipulate the
interoceptive sense to deliver effective treatment (151).

Artificial Intelligence: Methods and

Applications in Tinnitus

The 4th generation of digital tinnitus therapies will almost
certainly require AI to automate functions and make use
of multimodal sets of data acquired through biosensors.
Developments of new algorithms in Al, and its adoption by
healthcare providers, have been transforming the tinnitus field
in many ways, with impacts on areas including personalized
diagnosis, prognosis and smart therapeutics (157). This section
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focuses on the state-of-the-art methodological developments in
Al in tinnitus studies.

Analytical Al Methods for Tinnitus

Al can be used to develop intelligent systems and devices. Smart
algorithms can learn from multimodal sets of data to extract
meaningful patterns that can indicate certain health outcome
(diagnosis and prognosis), more accurately and faster than
traditional approaches (157). The application of Al techniques
to tinnitus started relatively recently and is so far limited.
Thus far, Al algorithms have mostly been used in operational
aspects of tinnitus such as comparative analysis (tinnitus vs.
control), evaluating tinnitus-related distress, and individualizing
tinnitus treatments through feature selection, classification, and
prediction tasks (34, 83, 158).

AT has been applied to develop advanced systems (machines)
that can learn from data, so-called Machine Learning (ML) in
which a variety of computational architectures and learning
algorithms have been emerged to increase the accuracy
of decision making and decision support (159). The most
commonly developed ML systems are based on Artificial
Neural Networks (ANN) which loosely model the information
processing mechanism observed in neurons in a biological
brain (160). ANNs are organized in three main layers of
neurons (input layer, hidden layer, and output) (Figure 3). The
input layer nodes pass the input data (e.g., biosensors) to the
ANN, the hidden layer neurons are computational units that
learn from the input data while applying non-linear functions
which link the input samples to the proper output neurons
(diagnosis labels) (160, 161). State-of-the art in ANN is Deep
Learning (DL) in which several hidden layers of neurons
are used, each performing automatic extraction informative
features from the input data and then pass them to the next
layer (162). This is a modern variation of ANN that permits
practical application and optimized implementation of non-
linear classifications.

The main AI methods that are being used in tinnitus
research alongside current and potential AI-driven applications
are described in subsequent sections (Figure 4).

Machine Learning in Tinnitus

ML is a field of study that applies the principles of computer
and mathematical science and statistics to create computational
models, which are used for future predictions (based on past
data) and identifying patterns in data (159). The use of ML
has increased in healthcare applications and has been applied to
behavioral, EEG, functional Magnetic resonance imaging fMRI,
and Functional near-infrared spectroscopy (fNIRS) data (163—
165). The learning algorithms in ML can be divided into two
main groups: supervised and unsupervised (166). Supervised
methods are based on learning from labeled datasets to create
a predictive statistical model based on mapping input data
to an output decision (prognosis or diagnosis outcomes). In
unsupervised learning, data is unlabeled and the algorithms learn
from the input data to detect differences and categorized the data
into different groups (166, 167).

ML algorithms solve several tasks including clustering,
classification and prediction. Clustering is an approach in data
mining, pattern recognition, and knowledge discovery (168).
This aims to objectively organize data samples into homogeneous
groups, where the data samples within a group are similar (168).
Classification is used for decision making by categorizing the data
samples into different classes (diagnosis labels), while prediction
is to provide an early detection of an outcome (e.g., response
to treatment) (169). In the tinnitus literature, the classification
of brain data has often been done using different ML methods.
One of the commonly used method is the Support Vector
Machine (SVM) which is based on a supervised learning to detect
the relationship between the data samples and their class label
information (163, 170, 171). SVM learns from data to assign
a hyperplane in an optimal position in the data space such
that the samples are best separated with respect to their classes
(159). Multilayer Perceptron (MLP) is a another ML approach
which is a well-known architecture of ANN with supervised
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learning algorithms that can perform non-linear classification
and prediction (160).

Although EEG is widely applied to tinnitus research, few ML
methods have been developed to classify tinnitus patients from
healthy people using EEG. Sun et al. (171) proposed a multi-
view intact space learning method to distinguish EEG signals and
classify the tinnitus patients from healthy people using a SVM
classifier; with accuracy of 99%. Monaghan et al. (172) applied
SVM techniques to classify (at the individual level) tinnitus from
healthy people, based on their Auditory Brainstem Responses.
Their findings showed the existence of objective features in
neural activity generated by the inner ear and early auditory brain
that vary between individuals with/without subjective tinnitus
with quite high accuracy (80%) (172). This approach shows
potential to be developed into a diagnostic tool.

In order to increase the classification accuracy, researchers
have tried to use ML feature selection methods to extract the
most important variables from EEG data. For example, Liu et al.
(163) studied cortical/subcortical morphological neuroimaging
biomarkers that may characterize idiopathic tinnitus using
ML methods. They used a hybrid feature selection algorithm
combining the F-score and sequential forward floating selection
(SFES). SFES is a search algorithm that is used to reduce
the dimensions of feature space to improve the computational
efficiency; it removes irrelevant features or noise, without losing
the informative patterns in the data. The results suggested
a combination of 13 cortical/subcortical brain regions had
the highest classification accuracy for effectively differentiating
patients with tinnitus from healthy subjects (163). In addition
to EEG data, Shoushtarian et al. (165) collected fNIRS data to
differentiate tinnitus patients from control participants and to
identify fNIRS features associated with tinnitus severity. The
Naive Bayes classifiers (a mathematical formula for determining
probability of an outcome occurring, based on a previous
outcomes) were used to classify patients with tinnitus from

controls. An accuracy of 87.32% was obtained to distinguish
patients with slight/ mild vs. moderate/ severe tinnitus (165).
These findings show the feasibility of using fNIRS and ML
to develop an objective measure of tinnitus that might enable
clinicians to provide new treatment plans.

No treatment is currently able to eliminate the perception
of tinnitus, but reducing its impact is possible (70). However,
treatment is complicated by the large variability in tinnitus,
and response to treatments, amongst sufferers (4). Research
developing machine learning methods for early prediction of the
effectiveness of tinnitus interventions based on the response of
tinnitus individuals have been undertaken (165, 173, 174). For
example, Schecklmann et al. (173), used a new cluster analysis
based on the multimodal datasets including Positron-Emission
Tomography (PET) and clinical variables, and extracted the
most important predictor variables to improve accuracy. Their
findings showed that clustering according to patients imaging
data (PET data) is feasible and might provide a new approach
for identifying tinnitus sub-types. Niemann et al. (174) developed
a model to predict depression severity after outpatient therapy
based on variables obtained before therapy among tinnitus
sufferers. In this study, a decision tree classifier, which is a
supervised ML model was used to split the data samples into
different outcomes (tree leaves) by passing them through several
decision nodes (tree nodes) and assigning them to proper
branches in the tree (174). The results indicated an accuracy of
89% for detection of depression severity after treatment using
data extracted from questionnaire answered before treatment.
By incrementally reducing the number of features on predictive
performance the set of predictive features (the number of
questions) required may be minimized. Therefore, determinants
of tinnitus-related distress provide valuable information about
tinnitus categorization and desired therapy planning. Niemann
et al. (175) also identified that gender-associated differences may
facilitate a more detailed identification of symptom profiles. Al
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may heighten treatment response rates, and help to create access
for vulnerable tinnitus populations that are potentially less visible
in clinical settings (35). Niemann et al. (35) generated different
regression models in the dataset and finally classified the samples
with respect to various regressions.

Tinnitus patients’ psychological symptom-based phenotypes
comparison with tinnitus have been explored in a Gaussian
mixture model (176). It was found that specific symptom profiles
(e.g., anxiety) were significantly correlated with cochlear implant
users’ tinnitus characteristics. The Gaussian mixture model was
found as a promising ML tool for identifying psychological
symptom-based phenotypes.

Artificial Neural Networks in Tinnitus

To gain a mechanistic understanding of how tinnitus develops
in the brain, we need to design a biologically plausible
computational model that mimic both tinnitus formation and
perception, then evaluate the preliminary models using brain
and behavioral experiments (177). ANNs are computational
models directly inspired by, and partially modeled on biological
neural networks (160). They are capable of modeling and
processing non-linear relationships between inputs and outputs
in parallel (161). The brain is a highly interactive and deep
learning network, but nearly all multivariate models employed
in brain data analysis are linear and do not model interactions.
Understanding the dynamic patterns of spatiotemporal brain
data through traditional machine learning methods is limited
because temporal features of the data manifest complex
interactions that change dynamically over time. Therefore, it is
crucial to develop new computational models that are capable
of learning spatiotemporal interactions between multivariate
data streams. Durai et al. (34) used a behavioral case series,
alongside EEG and a brain-inspired artificial neural network
model, to evaluate the effect of three masking sounds therapy
on tinnitus and associated symptoms across 12 months. The
method was able to predict sound therapy responders (93%
accuracy) from non-responders (100% accuracy) using baseline
EEG recordings. The authors further used ANN model to
examine the effects of Acoustic Residual Inhibition on EEG
function, as well as the predictive ability of the model (93%) (158).
This approach may aid in the development of predictive models
for treatment selection.

Despite advances in Al, relatively little is known on how
best to incorporate it into health service delivery. Personalized
modeling of tinnitus could enable classification/prediction of an
individual patients profile (178). In contrast to global modeling
(the conventional Al systems the create a computational model
for the entire dataset), personalized modeling learns from the
most relevant datasets for the individual (personalized subset
of features and samples). It increases the model efficiency as
a smaller block of data features can be selected and used for
Al learning algorithms. Personalized AI models can be also
used in tracking the effectiveness of a treatment over time and
evaluate the treatment success at an individual level. This could,
as an example, lead to application of an Al clinical decision tool
to direct care toward higher probability of success treatments

improving: tinnitus therapy outcomes, more efficient in in time
and cost, in turn reducing burden to the wider community.

DISCUSSION

The results of this review indicate that there are many digital
technologies in use for tinnitus management, with an even
greater number of technologies that demonstrate the potential
to address the issue of tinnitus. A potential key to unlock
success in tinnitus therapy is to address the heterogeneity of
tinnitus and dispense targeted therapies (7). An individual’s
susceptibility to, and experience of, tinnitus is not divorced from
the environment that surrounds them. Therefore, addressing
multiple biopsychosocial factors (Figure 5) may be necessary
to holistically treat tinnitus. Environment factors including
circadian rhythms (87) and stress appear to interact with
individual sensitivities (5, 75) to modulate tinnitus. A treatment
method that could account for such modifiers would seem
invaluable. The resolution in understanding an individual’s
tinnitus experience with and without treatment may be essential
for very effective treatments, due to tinnitus heterogeneity.
Physiological predictors for treatment effectiveness, and
potentially adjustments for environment, may lead to highly
personalized real-time adjustments to the individual and their
environment. Sensor technology coupled with EMA and Al
offers the promise of real-time delivery of personalized therapies.

State-Of-the-Art Review Strengths and
Weaknesses

This “state-of-the-art” review was undertaken to answer the
question: what digital technology could be applied to tinnitus
therapy in the next 10 years? State-of-the-art reviews are
a subtype of narrative review that focus on current recent
knowledge and highlight how research may advance this further.
All review types have strengths and weaknesses (36). By focussing
on the last decade this review has captured developments in
the rapidly developing field of digital technology, that are,
or could reasonably, be applied to tinnitus. The authors are
knowledgeable in fields of behavioral science, audiology, artificial
intelligence and engineering so are familiar with the topic and
have been able to identify and fill gaps in the literature search by
referring to missed peer reviewed publications and by use of gray
literature. Gray literature includes manufacturer publications
and consumer electronics publications. This literature does not
provide high quality evidence, but it is current, and addresses
commercial questions not commonly discussed in scientific
papers. This review covers a breadth of material that a systematic
review would reject as not meeting apriori quality criteria. The
value of expertise from the authors must be considered in light of
risk for bias:

“a subject expert may simply provide a particularly idiosyncratic
and personal perspective on current and future priorities” [(36),
p. 102].
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FIGURE 5 | The ecological model of tinnitus. It consists of a psychophysical core described by adaptation level theory. In adaptation level theory tinnitus and
background sound perception are under influence of individual psychology factors classified as “residuals.” These factors are influenced by the environment and social
context. Helson (179) expressed this relationship mathematically: A = XPB9R". The adaptation level (A) is the weighted product of: X, the intensity of tinnitus signal, B,
intensity of background neural activity, and R, intensity of residual components (e.g., memory, arousal, and personality). The weighting coefficients p, g, and r
determine the relative contributions of components to adaptation level. These factors are under the influence of environmental and psychosocial factors [(75) with
permission of the authors].

With this is mind further research using scoping or Al models based on a group of individuals’ data with similar
systematic review methods, perhaps with a narrower focus, characteristics. Our research group is working toward a

are recommended. Precision Sound Therapy™ that examines individual differences
and treatment goals, and will employ Al to aid therapy selection

Future Digital Therapeutics for Tinnitus (Figure 6).

and Research Priorities The convergence of consumer and clinical devices is

Multifactorial treatments may be needed to address the happening quickly in the hearing space; the release of the first
diversity in tinnitus neurophysiology and patient goals. ~ Bose HA (180) the release of Jabra branded hearing aids by GN
Recent development in smart mobile apps offers a large  ReSound (181) and the purchase of Sennheiser by Sonova (64)
variety of functions that can be used for the clinical being prime examples. Changes in the hearing aid space is likely
interventions and diagnosis in the chronic tinnitus. AI  to migrate to tinnitus therapy as well. The technical similarities
and machine learning tools could be used to learn from  between Hearables and HA are obvious (microphone, Bluetooth,
the trend of data and extract meaningful patterns for  signal processing, speaker/receiver) but the differences are
the purpose of precise prediction and classification of  still significant. Hearing access is used to promote Hearable
tinnitus, this information could inform counseling, hearing  devices, but their primary market is not, with a few exceptions,
assistance and sound therapy. These concepts could be  hearing impaired or tinnitus sufferers. Most Hearables are
further developed toward making a smart therapy system  designed for entertainment and/or fitness tracking first while
for tinnitus, that may lend itself to use of AI decision tools hearing impairment is a secondary concern, and potentially
and real-time treatment selection based on physiological —a marketing strategy (29). HAs are worn near continuously
markers. This will necessitate development of personalized  requiring low battery consumption and high comfort, need to be
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FIGURE 6 | A potential future digital therapeutic system consisting of an app-based therapy that uses Al to configure transducers, counseling, EMA, biosensors and
connect to clinicians via cloud computing.

free of occlusion for voice quality and have to manage acoustic =~ 3. Wearable biosensors need to be applied with EMA to establish

feedback, they also require different types of support than real-time patterns in tinnitus related physiology. The meaning
consumer electronics. Although universal devices may benefit and value of such measures need to be ascertained.
from volume and mass production the majority of end-users do 4. AI methods to adjust therapies to physiological-EMA
not have disabilities. This runs some risk that highly focused measures need to be developed and tested to ascertain
technology development undertaken by HA manufacturers could whether personalized tinnitus therapies can benefit from
be compromised by the more generic solutions offered by modifying response according to the patients physiology and
consumer electronics companies. Importantly HAs are often environment in real-time.
accompanied by chronic medical conditions requiring clinical 5. New health-delivery models should be developed with end-
management, it is not clear how consumer-driven models will user communities. Data driven approaches need to ensure
mitigate risk of undiagnosed pathology, especially when that data privacy. Patient concerns regarding data use and data
consumer technology may mask the true problem, potentially sovereignty need to be studied across cultures.
delaying diagnosis. Debate as to the best model(s) for delivery 6. The role of the clinician in providing tinnitus digital therapies
of tinnitus management, self-help, self-directed and clinician led needs to researched from an efficacy, cost and consumer
services also needs to occur for tinnitus. perspective. The CoVID-19 pandemic has illustrated the value
This review has shown that clinicians and researchers in the of remote care and access to services outside clinic walls. The
tinnitus field do not lack imagination and innovation in their use value proposition of new technology relative to established
of digital technology. However, many ideas appear to have been patterns of clinical care should be explored.

translated into commercial products before concepts are proven.
To advance the field and develop effective digital therapeutics we
suggest 6 key priorities for tinnitus technology research. CONCLUSIONS

1. Tinnitus researchers should explore new and emerging The bourgeoning industry for digital tinnitus services is an
technologies through appropriate proof-of-concept trials  exciting area but current opinion is that it should be used
before the expense of randomized clinical trials and the lure  as an adjunct to, rather than a replacement of, clinical care.
of commercialization is entertained. Innovation is important, ~ The uncertain mechanisms underpinning tinnitus present a
but not at the expense of evidence. challenge and many posited therapeutic approaches may not

2. Physiological measures of tinnitus (or in their absence known  be successful. Some current therapies appear to be driven
associated measures) need to be included in trials as often by technology innovation capability and theory rather than
as possible alongside behavioral measures so as to develop a  evidence. Due to the heterogeneity of tinnitus, response to
reliable compendium of biomarkers for tinnitus therapy. various treatments differs between individuals. Holistic programs
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that offer multiple therapeutic facets such as sound therapy,
multisensory stimulation, information, guided meditation, and
counseling may address this heterogeneity. Personalized Al
modeling based on biometric measures obtained through various
sensor types, and assessments of individual psychology and
lifestyles should result in the development of smart therapy
platforms for tinnitus.
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Objective: This study was aimed at examining the effects of an adaptive non-linear
frequency compression algorithm implemented in hearing aids (i.e., SoundRecover2, or
SR2) at different parameter settings and auditory acclimatization on speech and sound-
quality perception in native Mandarin-speaking adult listeners with sensorineural hearing
loss.

Design: Data consisted of participants’ unaided and aided hearing thresholds,
Mandarin consonant and vowel recognition in quiet, and sentence recognition in noise,
as well as sound-quality ratings through five sessions in a 12-week period with three
SR2 settings (i.e., SR2 off, SR2 default, and SR2 strong).

Study Sample: Twenty-nine native Mandarin-speaking adults aged 37-76 years old
with symmetric sloping moderate-to-profound sensorineural hearing loss were recruited.
They were all fitted bilaterally with Phonak Naida V90-SP BTE hearing aids with hard ear-
molds.

Results: The participants demonstrated a significant improvement of aided hearing in
detecting high frequency sounds at 8 kHz. For consonant recognition and overall sound-
quality rating, the participants performed significantly better with the SR2 default setting
than the other two settings. No significant differences were found in vowel and sentence
recognition among the three SR2 settings. Test session was a significant factor that
contributed to the participants’ performance in all speech and sound-quality perception
tests. Specifically, the participants benefited from a longer duration of hearing aid use.

Conclusion: Findings from this study suggested possible perceptual benefit from the
adaptive non-linear frequency compression algorithm for native Mandarin-speaking
adults with moderate-to-profound hearing loss. Periods of acclimatization should be
taken for better performance in novel technologies in hearing aids.

Keywords: hearing aids, non-linear frequency compression, speech recognition, Mandarin Chinese, sound
quality, acclimatization, adult
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Qietal.

Adaptive Non-linear Frequency Compression

INTRODUCTION

High-frequency components of acoustic signals convey useful
information in speech and music. They play an important role in
sound-quality perception, sound localization, speech perception
in noise, and language development in children (Stelmachowicz
et al, 2002, 2004; Monson et al., 2014; Moore, 2016). Many
patients with sensorineural hearing loss have difficulty accessing
high-frequency information. For this population, the most
common intervention is to wear hearing aids. However, due to
the limitation of audible bandwidth for speech information above
5 kHz in the conventional processing hearing aids (Boothroyd
and Medwetsky, 1992; Moeller et al., 2007) and the presence
of cochlear dead regions (Moore, 2001, 2004; Zhang et al.,
2014), the aided performance in many hearing-aid users is
not satisfactory. The frequency-lowering technique provides a
practical solution because it shifts inaudible high frequencies
to audible low-frequency regions (Simpson, 2009; Alexander,
2013; Mao et al, 2017). Among many different frequency
lowering algorithms, non-linear frequency compression (NLFC)
has been implemented in modern commercial hearing aids,
such as Phonak Naida hearing aids. The key concept of NLFC
is to disproportionally compress high frequencies into lower-
frequency regions. In the first-generation of NLFC (known as
SoundRecover or SR), two parameters, cut-off frequency (CT)
and compression ratio (CR), determine the start point and
strength of compression, respectively. Sound with frequencies
below the CT remains unchanged but sound above the
CT is compressed.

For people with severe-to-profound hearing loss, more
aggressive settings with a lower CT and a higher CR are
required because the patients have a narrower audible frequency
bandwidth and the inaudible frequencies start at a lower
frequency point in comparison to people with mild or moderate
hearing loss. While the use of a lower CT ensures that a wider
range of high frequencies can be shifted down so that they
become audible to hearing aid users, it may also introduce
unwanted detrimental effects to consonant and vowel perception
(Alexander, 2016; Yang et al., 2018) and sound-quality perception
(McDermott, 2011; Parsa et al., 2013; Souza et al., 2013).
Therefore, to achieve a balance between audibility (lower CT) and
fidelity (higher CT), Phonak introduced a new adaptive NLFC
algorithm (known as SoundRecover 2 or SR2) in which the CT
is switched between a low cut-off (CT1) and a high cut-off (CT2)
based on the short-term energy distribution of the input signal
(Rehmann et al.,, 2016). When the system detects sound energy
at a relatively low-frequency region (e.g., vowels), CT2 is used so
that the formants are not disturbed. When the incoming signal is
a high-frequency sound (e.g., consonants), the system uses CT1.
Technically, the adaptive NLFC preserves the spectral structure
of vowel sounds and other low-frequency speech information
and allows the accessibility of high-frequency information that
is compressed and shifted to the lower-frequency region.

So far, there has been a number of studies examining the
efficacy of NLFC on various aspects of speech perception
including phoneme and word recognition, sentence
perception, and sound-quality perception (Glista et al., 2009;

Wolfe et al., 2010, 2011, 2017; Ching et al., 2013; Parsa et al,
2013; Brennan et al., 2014, 2017; Hopkins et al., 2014; McCreery
et al., 2014; Picou et al., 2015; Alexander and Rallapalli, 2017;
Chen et al.,, 2020; Xu et al., 2020). While many studies reported
lower detection thresholds and improved perceptual accuracies
with NLFC-fitted hearing aids in comparison to hearing
devices fitted with conventional processing (CP) (Ching et al.,
2013; Alexander et al, 2014; Zhang et al, 2014; Ching and
Rattanasone, 2015), some studies reported no additional benefit
in phoneme audibility, or sentence recognition with the NLFC
algorithm (Perreau et al., 2013; Bentler et al., 2014; Picou et al,,
2015). In addition, within those studies that found improved
perceptual performance with NLFC, some reported that the
benefit of NLFC was not ubiquitously shown in all tested subjects
(Simpson et al., 2005; Glista et al., 2009; McCreery et al., 2014).
For example, Simpson et al. (2005) tested the recognition of
monosyllabic words with NLFC vs. CP in 17 participants with
sloping moderate-to-severe sensorineural hearing loss. Only
eight of them showed improved recognition accuracy and
one participant demonstrated decreased accuracy with NLFC
compared to CP. As summarized in Akinseye et al. (2018), there
still lacks convincing evidence supporting the superiority of
NLFC over CP in all hearing-related tasks.

As adaptive NLFC is a newly developed algorithm, only
a few studies tested the use of this algorithm in hearing-
impaired listeners (e.g., Glista et al, 2017, 2019; Xu et al,
2020). In these studies, the researchers compared the perceptual
performance with CP, NLFC, and adaptive NLFC of the
tasks including phoneme perception, word recognition, and
sound-quality ratings in hearing-impaired children and/or
adults. Wolfe et al. (2017) reported a lower threshold for
phoneme detection and higher accuracy for phoneme and
word recognition in the tested children. Glista et al. (2017)
found that both NLFC and adaptive NLFC provided greater
benefits on phonetic recognition than CP. However, there was
no significant difference between static NLFC and adaptive
NLFC on phoneme perception. In a recent study, Xu et al.
(2020) evaluated the efficacy of the adaptive NLFC (i.e., SR2)
on phoneme detection, speech detection threshold, and sound-
quality ratings in Mandarin-speaking hearing-impaired adults.
In that study, five SR2 settings (SR2-off, SR2-default, SR2-
weak, SR2-strong 1, and SR2-strong 2) with various fitting
parameters for CT1, CT2, and CR were compared. The results
revealed that the hearing-impaired listeners showed improved
(lowered) phoneme detection and speech detection thresholds
with the two strong settings than weak setting or off condition.
However, different settings did not exert a significant influence
on sound-quality ratings. While Xu et al. (2020) study focused
on detection ability through one-time tests, the current study
aimed to provide a more comprehensive evaluation to test the
impact of adaptive NLFC on different aspects of perception ability
including Mandarin consonant, vowel, and sentence recognition.
Additionally, because each participant was tested multiple times
spanning a 3-month period, the design of this study enabled
us to examine how the perceptual performance would change
as a function of increased experience with adaptive NLFC-
fitted hearing aids.
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Adaptive Non-linear Frequency Compression

MATERIALS AND METHODS

Participants

The participants included 29 Mandarin-speaking adults (13
females and 16 males) aged between 37 and 76 years old
(M =66.7, SD = 8.8). All participants were diagnosed with sloping
moderate-to-profound sensorineural hearing loss. The average
pure-tone audiometric thresholds between 500 and 4,000 Hz
for both ears were between 40 and 90 dB HL. The individual
and group average pure-tone thresholds are shown in Figure 1.
The duration of hearing loss ranged from 2 to 40 years, with a
mean of 13.1 years. All participants met the following recruitment
criteria: (1) symmetric sloping sensorineural hearing loss (i.e.,
interaural difference < 15 dB at all octave frequencies from 250
to 8,000 Hz) with air-bone gaps at any frequency < 15 dB; (2)
normal middle ear function as indicated by tympanometry and
otoscopy examinations; (3) no diagnosed cognitive or mental
impairments (able to communicate effectively with their families
and the investigators); (4) no experience of hearing aids with
frequency lowering schemes prior to participating in the present
study; and (5) native Mandarin speakers in daily life. Twenty-two
of the participants had used hearing aids before participating in
the study whereas seven had no hearing aid experience. All 29
participants completed all five test sessions. This study protocol
was reviewed and approved by the Institutional Review Boards of
Ohio University and Beijing Tongren Hospital.

Hearing Aid Fitting

All participants were bilaterally fitted with experimental hearing
aids (Phonak Nadia V90-SP) programmed in Phonak’s Target
fitting software (v. 5.1). To ensure proper amplification of
sound across the entire speech spectrum and to limit acoustic
feedback, occluding hard ear-molds made of acrylic materials
were used with different vent sizes based on the recommendation
of the fitting software. After the feedback and real-ear test
using the estimated RECD (real-ear-to-coupler difference) and
recommended vents, the APDT (Adaptive Phonak Digital Tonal)
gain algorithm was chosen as the prescriptive target. The output
gain level was initially set to 100%, decreasing in a 10% step size in
case the participant reported that the hearing aids were too loud.
Three SR2 settings were tested in the study: SR2 off, SR2 default,
and SR2 strong (i.e., moving three steps toward Audibility relative
to default on the upper slider). As a group, the parameters
CT1 and CT2 changed from 3.77 £ 1.35 (mean £ SD) and
5.124+1.21 kHz in SR2 default to 2.17 & 0.55 and 3.78 £ 0.67 kHz
in SR2 strong. The group average of the parameter CR remained
unchanged in SR2 default and SR2 strong (1.22 % 0.10 vs.
1.22 £ 0.06). Note that the use of lower CT1 and CT2 in SR2
strong could potentially move more high-frequency energy to
the audible range but create greater disruption of low-frequency
information. A schematic diagram of the signal processing for
SR2 is available in our previous acoustic study of non-linear
frequency compression (See Figure 1 of Yang et al,, 2018). The
other advanced functions (such as noise reduction, directionality,
etc.) were all set as default. All the adjustments were performed by
experienced audiologists. Moreover, all the settings embedded in

the hearing aids remained the same throughout the process of the
entire study. All participants wore the same experimental hearing
aids with only setting varied (see Procedures below) throughout
the study period.

Perceptual Tasks and Outcome

Measures

The perceptual performance of each participant was evaluated
through speech perception tests and sound-quality rating
tasks. The speech perception tests included Mandarin-Chinese
consonant, vowel, and sentence recognition tests.

Consonant Recognition

The consonant recognition test included five Mandarin fricatives
(ie., f/f/, s /s/,x/el, sh /s/, and h /x/) and six Mandarin affricates
(e, z s/, c /ts"/, j Itel, q /teP/, zh /ts/, ch /tsP/) embedded
in a /Ca/ syllable in tone 1. The 11 words containing the target
consonants are A& (fa), il (sa), 9L (za), % (ca), IF (xia), X (jia),
1 (qia), ¥ (sha), # (zha), i (cha), and " (ha). The tokens
were recorded from 6 adult Mandarin speakers (3 males and
3 females). Thus, the consonant recognition test comprised 66
tokens (11 words x 6 speakers) that were randomly presented to
the participants. The intensity of the stimuli was set at 65 dB SPL.

Vowel Recognition

The Mandarin vowel list included 12 Mandarin vowels (i.e., /a/,
/ail, laol, I%1, [il, liao/, lie/, /iou/, fou/, /u/, luei/, /uo/) embedded
in a /dV/ syllable structure in tone 1. The 12 monosyllabic words
are 4 (da), 7% (dai), 7J (dao), " (de), & (di), Af (diao), B (die),
% (din), 58 (déu), B (da), ¥ (dui), and £ (dud). The tokens
were recorded from the same 6 adult Mandarin speakers. In total,
there were 72 tokens for the vowel recognition test (12 words x 6
speakers). The intensity of the stimuli was also set at 65 dB SPL.

Sentence Recognition

The material used for sentence recognition was Mandarin
Hearing in Noise Test (MHINT) (Wong et al., 2007). MHINT
contains 12 sentence lists. Each list is composed of 20 sentences
each of which is 10 Chinese characters long. The intensity of the
sentence stimuli was fixed at 65 dB SPL. In order to reduce the
ceiling effect for sentence recognition, a speech-spectrum-shaped
noise (Xu et al., 2021) was mixed with the sentences at a signal-
to-noise ratio (SNR) of +5 dB. For each SR2 setting, participants
were tested with one different list randomly chosen from the 12
sentence lists. A total of 11 lists were used throughout the five
sessions in which two lists were used for sessions 1, 2, 4, and 5
and three lists were used for session 3 (see below in Procedures
section for details on test sessions and SR2 conditions). The final
score was calculated based on the percent of correct characters
in each test list.

Sound-Quality Rating

All participants were asked to rate the loudness, clarity,
naturalness, and overall sound quality of different types of sounds
including own voice, male voice, female voice, bird chirp, and
music. Own voice was referred to as the participant’s natural
and spontaneous vocal production in daily life after wearing the
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FIGURE 1 | Unaided pure-tone thresholds of left and right ears in the 29 subjects.
represents the group mean threshold (n = 29). The shaded area represents +1 S.D.
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FIGURE 2 | The waveform and spectrogram of the bird chirps. The spectrogram shows that the chirps are rapid downward frequency sweeps from 4000 to
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experimental hearing aids. The male voice and female voice were
reading text composed of 127 Chinese characters by one male
and one female talker. The lengths of the recordings were 34
and 36 s for the male and female voices, respectively. They were
presented at 65 dB(A) in quiet. The bird chirps were provided
by MATLAB software (MathWorks, Natick, MA). The original
8 chirps (Figure 2) were repeated twice to form 24 chirps with

a total duration of 5.5 s. The music was a piece of recorded
piano music excerpted from a classic and well-known Chinese
folk music entitled “Liang Zhu (The Butterfly Lovers).” The bird
chirps and music were presented at 65 and 70 dB(A), respectively.

The five types of stimuli were presented in a fixed order
as above with no repetition being allowed. After listening to
each stimulus, participants were asked to rate four aspects of
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Session 2
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(week 9)

Session 3
(week 6)

Home trial SR2

setting
Group A
(n=14) Perceptual test  SR2 off SR2 off SR2 off SR2 off SR2 off
SR2 settings SR2 default SR2 default  SR2 default SR2 strong SR2 strong
SR2 strong
Home trial SR2 SR2 strong SR2 default
Group B sEling
(n=15)
Perceptual test SR2 off SR2 off SR2 off SR2 off SR2 off
SR2 settings SR2 strong SR2 strong SR2 default SR2 default SR2 default
SR2 strong

FIGURE 3 | Diagram of test procedures and group assignments. There were 5 sessions equally distributed in the 12-week period. Participants were randomly
assigned into two groups. Group A (n = 14) used SR2 default as the home trial setting for the first 6 weeks and switched to SR2 strong for the home trial in the
second 6 weeks. Group B (n = 15) used SR2 strong for the first 6 weeks and SR2 default for the second 6 weeks in their home trial.

sound quality including loudness, clarity, naturalness, and overall
quality using a continuous bar with two ends being 0 (extremely
poor) and 10 (perfect). No practice was provided for this task.

Procedures

All participants were tested at five different sessions separated
by 3 weeks between each two consecutive sessions. In the first
session, the participants were fitted with bilateral hearing aids
(Phonak Nadia V90-SP BTE) with individualized hard ear-molds.
The sound-field aided thresholds with SR2 off, SR2 default, and
SR2 strong settings were measured using warble tones at 250,
500, 1,000, 2,000, 3,000, 4,000, 6,000, and 8,000 Hz. Perceptual
tests including speech perception (i.e., consonant, vowel, and
sentence recognition) and sound-quality rating with SR2 off and
SR2 default or SR2 strong settings were then conducted. After the
first session, the participants were sent home with the hearing
aids on either SR2 default or SR2 strong. To count-balance the
order of SR2 settings, 14 of the 29 participants wore SR2 default
for the first 6 weeks (Group A) and the remaining 15 of the 29
participants wore SR2 strong for the first 6 weeks (Group B). After
6 weeks, the SR2 settings for both groups were switched. Figure 3
illustrates the SR2 settings used in the home trial and those
used in the perceptual tests in the lab. The order of SR2 setting
used in the perceptual tests was randomized across participants
and test sessions. All tests were conducted in a sound booth,
with the background noise below 30 dB A. The stimuli were
presented through a loudspeaker located at 1.45 m in front of the
participants at 0° azimuth.

Statistical Analyses

Statistical analyses were conducted using R software (version
3.63). The percent-correct data of the recognition tests
were treated as binomial data (Thornton and Raffin, 1978).

A generalized linear mixed-effect model (GLMM)
(Warton and Hui, 2011) was used to investigate the impacts
of (1) SR2 settings (off, default, and strong) and (2) test sessions
on the percent-correct scores. Furthermore, we analyzed the
potential interactions between SR2 setting and test session. For
the sound-quality rating data, linear mixed models (LMM) were
performed separately for each category of sound-quality percept
(i.e., loudness, clarity, naturalness, and overall preference). The
three main factors were (1) SR2 settings, (2) test sessions, and
(3) sound types (i.e., own voice, male voice, female voice, bird
chirp, and music).

RESULTS
Group Aided Thresholds

The group mean unaided and aided hearing thresholds under
the three SR2 settings (Figure 4) were analyzed using repeated-
measures analysis of variance (ANOVA) by frequency separately.
Compared with unaided thresholds, aided hearing thresholds
were better at all frequencies (with F-values ranging from 8.87 to
77.92, all p < 0.001) except 250 Hz [F3, 118 = 0.07, p = 0.98].
Tukey-adjusted pairwise comparisons revealed no significant
differences in aided hearing thresholds among SR2 off, SR2
default, and SR2 strong settings from 250 Hz to 6 kHz (all
adjusted p > 0.05). At 8 kHz, the hearing thresholds for SR2
off setting and unaided condition were comparable (adjusted
p = 0.34), and those for SR2 default and SR2 strong settings
were not significantly different (adjusted p = 0.29). However,
the hearing threshold was significantly higher at for unaided or
SR2 off setting than for SR2 default setting (unaided vs. SR2
default: adjusted p < 0.0001; SR2 off vs. SR2 default: adjusted
p < 0.0001) and SR2 strong setting (unaided vs. SR2 strong:
adjusted p < 0.0001; SR2 off vs. SR2 strong: adjusted p < 0.0001).
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Speech Perception Tests

Individual and group average performance of consonant, vowel,
and sentence recognition with the three SR2 settings in five
sessions is shown in Figure 5. All participants underwent a
12-week trial of the two SR2-enabled settings (i.e., SR2 default
and SR2 strong), each of which for 6 weeks, respectively. As
explained in Figure 3 and associated text, 14 of the 29 participants
(Group A) used SR2 default setting in the first 6 weeks, while
the other 15 participants (Group B) used SR2 strong setting
first. In the sixth week, the two SR2 settings were switched.
This counterbalance design minimized potential order effects. As
shown in Figure 5, no apparent order effects were observed in
the speech recognition data. An independent t-test comparing
the recognition performance between Groups A and B revealed
no order effect [consonant recognition: #(27) = —0.57, p = 0.57;
vowel recognition: £(27) = —1.17, p = 0.24; sentence recognition:
t(27) = —0.95, p = 0.35]. Thus, in the following presentations of
results, data from Groups A and B were pooled together and were
not treated separately.

Large individual variability in speech recognition, especially
in consonant recognition in quiet and sentence recognition in
noise (45 dB SNR), was evident (Figure 5). Pearson correlation
analyses showed that consonant recognition scores in the
three SR2 settings were correlated with the participants’ aided
thresholds (with corresponding SR2 settings) at high frequencies
(i.e., 4,000, 6,000, or 8,000 Hz) as well as averaged thresholds
across 500, 1,000, 2,000, and 4,000 Hz (PTA250—4,000 Hz)
(correlation coefficients ranging from —0.411 to —0.741, z-test,
all p < 0.05) with exception of one condition [i.e., 8,000 Hz
with the SR2 strong setting (r = —0.311, p = 0.1)]. In
addition, we used the difference scores in speech recognition
between SR2 default and SR2 off settings or those between
SR2 strong and SR2 off settings as potential NLFC benefit
scores. However, Pearson correlation analyses revealed no
significant correlation of the latter and the participants’ aided
hearing thresholds at high frequencies or PTA350_ 4,000 Hz- We
also found that the participants’ age was not correlated with
any of the speech recognition performance nor the potential
NLFC benefit scores.

Figure 6 plots the group mean speech-recognition results
of the three SR2 settings as a function of the test session. For
consonant recognition, the GLMM analysis revealed that both
SR2 settings (i.e., SR2 off, SR2 default, and SR2 strong) and test
sessions (ie., 1, 2, 3, 4, and 5) were significant factors for the
recognition performance [SR2 settings: ¥2(2, N = 29) = 21.90,
p < 0.0001; sessions: ¥2(4, N = 29) = 68.95, p < 0.0001]. Post-hoc
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