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Abstract

The medial olivocochlear system is an important system that mediates efferent control over the outer
hair cells of the cochlea (Boothalingam, Allan, Allen, & Purcell, 2019). It has been shown to play a
role in varying aspects of hearing, such as signal-in-noise perception (Lilaonitkul & Guinan, 2009;
Robertson, 2009; D. W. Smith & Keil, 2015). Importantly, the connection between speech-in-noise
auditory training and the changes seen in speech-in-noise perception and how these relate to the
medial olivocochlear system are fundamentally important (Bhattacharya, 2020; de Boer & Thornton,

2008).

This study aimed to build on a previous study by further evaluating the relationship between an
auditory training programme and its effects on speech-in-noise perception and medial olivocochlear
system activity (Bhattacharya, 2020). Additionally, this study aimed to evaluate the relationship
between the changes in speech-in-noise perception following the auditory training programme and
changes in medial olivocochlear activity to identify the mechanisms underlying these changes.
Speech-in-noise perception was measured using Word Recognition-in-Noise and Quick Speech-in-
Noise Tests, whereas medial olivocochlear system activity was measured through Distortion Product

Otoacoustic Emissions and Auditory Brainstem Responses.

The findings of this study showed an improvement in speech-in-noise perception ability for
participants who underwent the auditory training programme. Furthermore, there was a suppression
identified in DPOAE and ABR wave I response amplitudes when measured with the presence of a
medial olivocochlear reflex elicitor. However, the findings of this study did not reflect any
significant changes in medial olivocochlear system activity following the training programme or any
significant relationship between the changes in speech-in-noise perception and medial olivocochlear

system activity.

This led to the conclusion that the improvements seen in speech-in-noise perception with auditory
training could have been mediated by alternative mechanisms, or there could be an involvement of
the medial olivocochlear system that was undetected. Importantly, this study identifies that
perceptual improvements seen with auditory training and medial olivocochlear activity are a result of
complex interconnections between multiple structures, and therefore, require further research to
develop certainty regarding these mechanisms. These findings are generally consistent with the

previous study on this topic (Bhattacharya, 2020).
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Introduction

The human auditory system is a complex system that allows for the perception of auditory stimuli.
The auditory system is composed of multiple structures that play a role in the eventual perception of
sounds (Alberti, 2006). These structures include sensory hair cells, the higher processing centers
such as the primary auditory cortex, as well as the ascending and descending pathways that regulate
and mediate important auditory information (Alberti, 2006). One specific efferent pathway that holds
importance to this study is the medial olivocochlear (MOC) system. The MOC system innervates and
regulates outer hair cell (OHC) activity (Boothalingam et al., 2019). These OHCs are responsible for
mediating the cochlear active process, which is believed to amplify the incoming sound, aid in
frequency discrimination and provide compressive non-linearity. These functions are important in
maintaining the sensitivity of hearing and are fundamentally important in ensuring efficient and
accurate perception of hearing (Hudspeth, 2014). The regulation of OHCs by the MOC system
results in a reduction in the gain of the cochlear amplifier, which has been suggested to play an

important role in hearing (Ciuman, 2010).

These roles include protection from overstimulation/ noise trauma, signal-in-noise perception and
sound localization. Multiple studies have evaluated these roles in humans and animal models
(Ciuman, 2010; de Boer, Thornton, & Krumbholz, 2012; Lopez-Poveda, 2018; Robertson, 2009).
The findings of these studies are typically contradicting, which suggests the need for further research
in this field. However, an important role of the MOC system that is focused on in this study is signal-
in-noise perception. The MOC system is believed to improve signal-in-noise perception through
varying mechanisms (Lilaonitkul & Guinan, 2009; Robertson, 2009; D. W. Smith & Keil, 2015).
One such mechanism is termed anti-masking and is discussed in more depth in further sections
(Robertson, 2009). Furthermore, to evaluate the role of the MOC system in hearing, it is vital to be
able to measure MOC system activity. This can be measured by analyzing distortion product
otoacoustic emissions (DPOAE) as well as auditory brainstem responses (ABRs) (Lilaonitkul &
Guinan, 2009; Lopez-Poveda, 2018). The latter is fundamentally important to this study, as will be

shown throughout this research.

There is also an important connection between signal-in-noise perception and auditory training.
Auditory training is a process that an individual can go through which aims to train the individual’s
auditory skills to aid in improvement. Studies have shown there to be improvements in speech-in-
noise (SIN) perception with auditory training (Besser & Launer, 2020; Ferguson, Henshaw, Clark, &
Moore, 2012; Henshaw & Ferguson, 2013). Furthermore, the idea of plasticity is also fundamentally



important. Studies have shown there to be plasticity in various auditory structures, including the
MOC system. This is important as it shows how factors such as auditory training can result in
changes in the processing of certain stimuli (Anderson & Kraus, 2013; Brown, Kujawa, & Liberman,

1998; Illing, Kraus, & Michler, 2000).

Previous research has been conducted that shows a relationship between SIN perception and auditory
training relating to MOC system activity (de Boer & Thornton, 2008). However, the amount of
research present in this field is scarce, with contradicting evidence in some studies (Bhattacharya,
2020; de Boer & Thornton, 2008; de Boer et al., 2012). This indicates the need for further research in
this field to evaluate these relationships. An important idea to understand is the physiological
mechanisms that underlie the improvements seen in SIN perception with auditory training and MOC
system activity. A key study conducted by Bhattacharya (2020) found there to be an improvement in
individuals’ SIN perception ability with a SIN auditory training programme. This study also
evaluated MOC system activity, which was shown to have no significant change over the training
period. This study was also not able to reflect a relationship between SIN perception and MOC
system activity (Bhattacharya, 2020). Therefore, this current study will build on this previous study
by investigating whether additional measures of MOC activity (namely ABR wave I responses) are
able to reflect changes in MOC system activity following the auditory training programme and if
they are able to identify a relationship between MOC activity and the changes seen in SIN

perception, indicating the mechanisms underlying these changes.

This study aims to evaluate the involvement and underlying connection of the medial olivocochlear
reflex (MOCR) to training-induced changes in SIN perception. This study will evaluate whether
changes seen following an auditory training programme can be explained and/or correlated to MOCR
related activity as measured through varying assessments. Additionally, this study will also aim to
identify whether the auditory training programme affects the activity of the MOCR and affects SIN
perception ability. Therefore, this study will be building directly on the previous study conducted on
this topic (Bhattacharya, 2020).

This study will begin by discussing and reviewing literature surrounding various topics on the
auditory system. This will provide a background to the study conducted. This will be followed by the
aims and hypotheses of this study, as well as the methodological approach used. The findings and
results of this study will then be described, followed by an in-depth discussion of the findings.

Finally, a summary and conclusion to this study will be discussed.



Review of Literature

1. Anatomy and Physiology of the Human Ear

The human ear is a fundamental organ responsible for hearing and balance. When considering the
sense of hearing, the ear is responsible for collecting, detecting and analyzing sound, which is
achieved through sensory transduction (Alberti, 2006). Sensory transduction is the process of
converting sound-driven mechanical activation into electrochemical activation, which involves the
central auditory nervous system. This process is essential to the perception of sound as it travels from
the periphery to central brain structures (Alberti, 2006; Nava & Lasrado, 2021). The human ear can
be separated into three substructures: the external, the middle and the inner ear (Nava & Lasrado,

2021).

1.1. Outer Ear

1.1.1. Anatomy

The outer or external ear consists of the pinna and the ear canal and possesses the primary function
of collecting and delivering sound into the ear. The pinna is made up of cartilage and is covered by
skin with multiple anatomical structures such as the helix and the tragus (Alberti, 2006). These
structures are physiologically essential and aid in varying aspects of sound perception. The ear canal
extends to the tympanic membrane and is comprised of cartilage and bone (Alberti, 2006; Nava &
Lasrado, 2021). The outer two-thirds of the ear canal is made up of cartilage, whereas the inner one-
third is comprised of bone. The outer portion of the ear canal contains sebaceous glands and sweat
glands, which work to produce cerumen (ear wax) (Alberti, 2006). This, in combination with the tiny
hairs found in this portion of the ear canal, primarily function as a protective mechanism particularly
against foreign objects. The bony portion of the ear canal directs sound to the tympanic membrane,
which can pass the sound into the middle ear system by being set into motion (Alberti, 2006).
Therefore, through these anatomical structures of the outer ear, sound can be collected and delivered

into the ear to eventually be processed and perceived.

1.1.2. Physiology

Aside from possessing the role of transmitting sound to the tympanic membrane, the outer ear also
possesses additional physiologically important functions, including sound localization and

amplification of sound pressure at the tympanic membrane (Alberti, 2006). As the sound is funneled



from the pinna into the narrower ear canal, sounds are amplified particularly between 2000 Hz and
4000 Hz, which results in a greater sensitivity of the ear to these sounds. This is due to the resonance
of the ear canal (Alberti, 2006). This is particularly important when considering speech as this
frequency range (approximately) is identified to be important for speech signals. Furthermore, the
outer ear also plays a vital role in localizing sounds in space (Alberti, 2006). Humans use a
combination of binaural and monaural cues to localize sounds, which can become difficult if one set
of cues is absent. This can be the case where binaural cues such as interaural intensity and interaural
level differences are used solely and do not provide sufficient evidence into locating the source of the
sound (Scharine, Letowski, & Sampson, 2009). This phenomenon is referred to as the cone of
confusion, where binaural cues do not provide enough information about the source of the sound,
particularly in the front-back axis and regarding the elevation of the sound in space. Therefore, the
pinna and its contribution as part of the head-related transfer function can aid in localizing sounds
(Scharine et al., 2009). This is achieved through varying representations and patterns of the incoming
signal in the sound spectra because of the way the sound waves interact with the individual’s pinna.
These characteristics can be analyzed by the auditory system to aid in the localizing of sounds in

space (Scharine et al., 2009).

1.2. Middle Ear

1.2.1. Anatomy

The middle ear is an air-filled cavity that is found between the tympanic membrane and the oval
window, which is an opening to the inner ear (Alberti, 2006). The middle ear can be separated into
two parts: the epitympanic recess and the tympanic cavity (Nava & Lasrado, 2021). The front end of
the tympanic cavity has the opening of the Eustachian tube, which connects the middle ear to the
back of the nose. This tube holds multiple functions, one such being to equalize the pressure between
the middle ear space and the ambient environmental pressure (ear canal pressure) (Alberti, 2006).
Within the mastoid process are mastoid air cells that are found posteriorly to the epitympanic recess
and aid in some aspects of pressure changes within the middle ear space (Alberti, 2006). The middle
ear also houses the ossicular chain. This is a chain of three small bones that aid in conducting and
transferring sound from the tympanic membrane to the inner ear (George & Bordoni, 2021). These
bones include the malleus, incus and stapes. The malleus is attached to the tympanic membrane on
one end and articulates with the incus on the other, forming the incudo-malleolar joint, which in turn
is attached to the stapes (George & Bordoni, 2021). The connection between the incus and stapes

forms the incudo-stapedial joint. The stapes itself is embedded into the oval window, which provides



an opening into the inner ear (George & Bordoni, 2021). The movement of these ossicles resulting
from incoming sound sets into motion sound driven movement within the inner ear that eventually
results in the perception of sound. Also present in the middle ear are multiple ligaments that hold

these ossicles in place (George & Bordoni, 2021).

This is accompanied by the stapedius and tensor tympani muscles which innervate the stapes and
malleus, respectively. These are believed to play a protective role against loud sounds by increasing
the stiffness in the ossicular chain and attenuating the incoming sound so that it does not cause
damage to the ear (Mukerji, Windsor, & Lee, 2010). The Middle Ear Muscle (MEM) reflex is
believed to work through ascending information in the auditory nerve synapsing with interneurons in
the ventral cochlear nucleus (VCN). These interneurons (either directly or indirectly) project onto
MEM reflex motoneurons found near the motor nuclei of the facial or trigeminal nerve (Mukerji et
al., 2010). From here, neurons project and innervate the stapedius and tensor tympani muscles. Both
crossed and uncrossed pathways exist where the ipsilateral VCN can project to both ipsilateral and

contralateral motor nuclei of the facial or trigeminal nerve (Mukerji et al., 2010).

1.2.2. Physiology

Physiologically an important function the middle ear possesses is that of acting as a transformer. Due
to the impedance difference between the air found outside the ear and the fluid in the inner ear, the
sound pressure without the middle ear would not have sufficient energy to effectively move the
fluids within the inner ear (Qing & Mao-li, 2009). This could approximately result in a 30-40 dB
hearing loss. Therefore, the transformer function provided by the middle ear is essential to the
perception of sound (Qing & Mao-li, 2009). This is achieved through multiple factors, such as the
difference in surface area between the tympanic membrane and the oval window (larger surface area
of the tympanic membrane compared to the oval window) and the lever-action that is produced by
the ossicles, which leads to an amplification of sound pressure (Qing & Mao-li, 2009). This allows

for the sound to effectively be transmitted into the inner ear.

Similarly to the outer ear, the middle ear also provides resonance at certain frequencies, which is
believed in the literature to be at approximately 1 kHz (Homma, Du, Shimizu, & Puria, 2009). This
is in part due to the stiffness and mass of the tympanic membrane as well as the ossicular chain and
can affect how certain frequencies of sounds are transferred (Sundar, Chowdhury, & Kamarthi,

2021).



Furthermore, another important physiological role of the middle ear is the MEM reflex or acoustic
(stapedial) reflex (ASR). As explained above, the MEM reflex is activated when loud sounds are
detected by the auditory system (Mukerji et al., 2010). These are believed to be sounds
approximately 70-90 dB above the hearing threshold of an individual (Sundar et al., 2021). Although
the tensor tympani muscle is believed to be associated with this reflex, the stapedius muscle is the
dominant mediator in humans, whereas the tensor tympani muscle is potentially involved with other
roles such as the startle response. The ASR is believed to play a protective role in humans by
preventing damage related to intense acoustic stimuli (Mukerji et al., 2010). It is also believed to be
important in speech discrimination by preventing low frequencies (typically found in background
noise) to mask speech signals. Lastly, the ASR is noted to be important in preventing loud acoustic
stimuli originating from the individual from being disturbing or damaging. This can include bodily

functions such as speaking (Mukerji et al., 2010).

However, studies have shown the function of the ASR to be restrictive in instances where the loud
acoustic stimulus is prolonged for approximately ten seconds or more (Mukerji et al., 2010; Unsal et
al., 2016; Xu, Cheatham, & Siegel, 2015). This is particularly relevant to this research as studies
have identified a potential overlap with the ASR and medial olivocochlear reflex (MOCR) exerting
suppressive effects on otoacoustic emissions (OAEs) with contralateral broadband noise stimulation.
However, ASR effects are believed to exist during the early durations of the stimulus as compared to

the MOCR, which is considered in this research (Xu et al., 2015).

1.3. Inner Ear

1.3.1. Anatomy of the Cochlea

Housed within the temporal bone is the bony labyrinth, which works to protect the structures that are
key for our sense of balance and hearing (Alberti, 2006; Musiek & Baran, 2017b). The bony
labyrinth is made up of the cochlea, semi-circular canals and the vestibule. Found within are
membranous structures such as the cochlear duct, semi-circular ducts and the utricle and saccule
(Bruss & Shohet, 2021; Musiek & Baran, 2017b). This is referred to as the membranous labyrinth
and also contains fluids necessary for sensory transduction. Aside from the cochlea, the structures
named are key for providing information about the angular, linear and static position of the head and

help maintain balance (Alberti, 2006; Bruss & Shohet, 2021).

The cochlea is found in the petrous area of the temporal bone and is located medially to the middle

ear (Musiek & Baran, 2017b). There are two openings into the inner ear; one such opening is the



oval window which opens into the scala vestibuli and in which movement of the stapes sets into
motion the perilymph, which is a type of fluid found within the cochlea. The other opening is the
round window which opens into the scala tympani and is covered by a fibrous membrane and works
to move at the same time but in the opposite direction as the oval window (Alberti, 2006; Musiek &
Baran, 2017b). This allows for the fluids within the cochlea to be displaced to allow for sensory
transduction to occur, which would otherwise be difficult as the fluid could be in ways
incompressible (Alberti, 2006). The cochlea has a snail shell shape with approximately 2.2 to 2.9
turns in humans. Centrally to the cochlea (cochlea wraps around the modiolus) is a structure named
the modiolus that houses blood vessels and nerve fibres (Musiek & Baran, 2017b). The osseous
spiral lamina is a structure that also wraps around the modiolus from the base to the apex of the
cochlea. The lower shelf of the spiral lamina supports and acts as a point for the basilar membrane
and the cochlear duct to attach to. Whereas the upper shelf acts as a support and attachment point for

the tectorial membrane (Musiek & Baran, 2017b).

Within the cochlea are three compartments, the scala vestibuli, scala media (cochlear duct) and the
scala tympani. The cochlear duct is separated from the other compartments by two structures known
as the basilar membrane and the Reissner’s membrane (Alberti, 2006; Musiek & Baran, 2017b). The
basilar membrane seperates the cochlear duct from the scala tympani and is connected to the spiral
ligament found on the outer wall of the bony cochlea and to the osseous spiral lamina. The
Reissner’s membrane seperates the cochlear duct from the scala vestibuli (Musiek & Baran, 2017b).
Although these compartments are separated, the scala tympani and scala vestibuli interact at the
helicotrema. The fluids found within these compartments also differ (Alberti, 2006). The scala
vestibuli and scala tympani house perilymph, whereas the scala media contains endolymph.
Perilymph is low in potassium (K+) and high in sodium (Na+) compared to endolymph which is high
in K+ and low in Na+ (Bruss & Shohet, 2021; Musiek & Baran, 2017b). This is physiologically
important as the K+ is important for sensory transduction in the hair cells, and therefore, is named
the endocochlear potential. Research suggests that the stria vascularis is the main contributor of the

K+ concentration found in the endolymph (Musiek & Baran, 2017b).

1.3.1.1. The Organ of Corti

The organ of Corti is a very important sensory structure as it contains the sensory cells and nerve
fibres essential for sensory transduction. The organ of Corti is found on the basilar membrane, with
the tectorial membrane being found above it (Musiek & Baran, 2017b). The tectorial membrane is an
important structure as it is believed to interact with the sensory hair cells (particularly the outer hair

cells (OHCs)) and is important when considering sensory transduction (Musiek & Baran, 2017b).



However, it is believed that inner hair cells (IHCs) do not interact with the tectorial membrane and
operate through a different manner. It is also important to note that the stiffness of the basilar
membrane decreases from the base to the apex of the cochlea, whereas the mass increases (Musiek &
Baran, 2017b). This is physiologically important for factors such as frequency coding. The organ of
Corti also contains a structure known as the reticular lamina, which forms a barrier above the sensory
and supporting cells from the endolymph (Musiek & Baran, 2017b). The stereocilia found on the hair
cells are believed to penetrate this barrier to be situated in this endolymph, whereas the body of these
hair cells is situated in perilymph. Also found within the organ of Corti are supporting cells such as

Deiters’ cells (Musiek & Baran, 2017b).

1.3.1.2.  Hair Cells

There are two types of sensory hair cells found within the organ of Corti. These are OHCs and IHCs.
There are approximately 3,500 IHCs in humans which are arranged in a single row spanning the
length of the cochlea (Musiek & Baran, 2017b). This differs from OHCs which are arranged in rows
of three to five. There are approximately 12,000 OHCs in humans. These hair cells have afferent and
efferent innervation in the base and stereocilia at the top (Musiek & Baran, 2017b). These stereocilia
are arranged in three rows graded in length on the OHCs shaped in a W pattern. Research also
suggests there to be a greater number of stereocilia on each OHC towards the base of the cochlea
(approximately 150) compared to the apex (approximately 50) (Musiek & Baran, 2017b). The OHCs
also contain contractile proteins such as prestin, which are essential for the function of the OHCs
relating to electromotility. Contrastingly, the stereocilia found on the IHCs are flat and U-shaped
(Musiek & Baran, 2017b). Furthermore, there is also a greater number of stereocilia on each THC
found at the apex (approximately 100) compared to the base (approximately 50-70) (Musiek &
Baran, 2017b). Located at the tip of the stereocilia are mechanoelectrical transduction (MET)
channels and are connected to tip link filaments (Qiu & Miiller, 2018). These tip links connect one
stereocilium to another and result in the opening or closing of these MET channels when there is a
deflection of the stereocilia in a certain direction. This, in turn, allows for the flow of K+ ions, which

is important for sensory transduction (Musiek & Baran, 2017b; Qiu & Miiller, 2018).

1.3.1.3.  Afferent Cochlear Innervation

The auditory nerve (AN) is a key component along the sound transmission and perception pathway.
The AN carries information about the timing, frequency and intensity of sound from the cochlea to
central brain structures and is essential in the accurate perception of sound (Musiek & Baran, 2017¢).
The tonotopic arrangement of the AN fibers allows for frequency information to be accurately coded,

and therefore, perceived. These AN fibers connect to the hair cells at the terminal buttons and make
8



their way through the habenula perforate to the spiral ganglion, which is where the cell bodies of the
AN fibers reside (Musiek & Baran, 2017¢). From here, the fibers go through the internal auditory
meatus (IAM) to central brain structures. These AN fibers can be separated into type I and type 11
fibers (Musiek & Baran, 2017c). Type I fibers are believed to account for approximately 90-95% of
total AN fibers and primarily innervate the IHCs. The pattern of innervation is referred to as
divergent as one IHC is typically innervated by multiple type I fibres (Musiek & Baran, 2017c).
Research has suggested for these fibers to vary in properties such as spontaneous firing rates, which
can be an important factor when considering intensity coding and loudness perception, a concept
known as dynamic range stitching (Wen, Wang, Dean, & Delgutte, 2009). Contrastingly, type II AN
fibres account for approximately 5-10% of total AN fibers and primarily innervate OHCs. The
pattern of innervation for these fibers is convergent as typically multiple OHCs can be innervated by
one type II fiber (Musiek & Baran, 2017c). Research has also suggested a difference in myelination
between these two types of AN fibers. This indicates that the primary function of type I fibers is to
carry sensory information to the central nervous system to allow for the perception of sound (Musiek
& Baran, 2017c). Contrastingly, type II fibres typically carry information regarding the state of the
cells and information regarding the active process (Weisz, Glowatzki, & Fuchs, 2009). Importantly,
research has suggested that these type Il AN fibres potentially play a role in providing sensory input
mediating the MOC reflex, which is important for this research. Although this is debated in the

literature, compelling evidence supporting this has been found (Froud et al., 2015).

The synapse between the hair cells and AN fibers is referred to as a ribbon synapse. This is due to a
high-density ribbon structure that works to have numerous vesicles containing neurotransmitters
(NT) in them (Glowatzki, Grant, & Fuchs, 2008; Moser, Brandt, & Lysakowski, 2006). The
predominant NT involved in this process is glutamate. These ribbon structures can be found in the
presynaptic membrane in a region known as the active zone, whereas the postsynaptic receptors can
be found on the AN fibers across the synaptic cleft (Glowatzki et al., 2008; Moser et al., 2006). The
ribbon structure ensures quick and sufficient release of NTs across the synaptic cleft onto the post-
synaptic receptors to ensure accurate coding and perception of sound can be achieved. This is also
important for temporal coding as there can be minimal intervals between varying sound stimuli

(Glowatzki et al., 2008; Moser et al., 2006).



1.3.2. Physiology of the Cochlea

1.3.2.1. The Travelling Wave and Passive Mechanics

When considering the physiology of the cochlea, it is essential to understand the travelling wave and
passive mechanic concepts that underlie the coding of sound information. The movement of the
stapes at the oval window results in a displacement of cochlear fluids (Musiek & Baran, 2017a). This
results in a pressure difference between the scala vestibuli and the scala tympani as the displacement
travels the whole length of the cochlea. This difference results in the movement of the basilar
membrane upon which sits the organ of Corti (Musiek & Baran, 2017a). This explains the
fundamental principle behind the travelling wave (Manley, 2018). The stiffness of the basilar
membrane also plays an important role in this concept. The basilar membrane is stiffer at the basal
end compared to the apical end (Musiek & Baran, 2017a). This means that different frequencies of
sound have different travelling waves that are maximally displaced at different points along the
basilar membrane (Manley, 2018). This is typically found with higher frequencies being maximally
displaced towards the base and lower frequencies being displaced towards the apex of the cochlea

(Alberti, 2006; Musiek & Baran, 2017a).

Frequency and intensity discrimination associated with the travelling wave is also an important
concept. It is believed that frequency coding can occur through two ways (Oxenham, 2013b). One of
these theories is referred to as temporal coding. This is believed to occur through coding of the
oscillation rate of the basilar membrane as a result of the incoming sound (Musiek & Baran, 2017a).
However, this is limited to lower frequencies of sound due to limitations by the refractory period of
the auditory nerve fibers, meaning it cannot keep up with the oscillations of high frequencies of
sound. For these high-frequency sounds, the theory of place coding is important (Oxenham, 2013b).
This explains how, due to the characteristics of the basilar membrane including its width and
stiffness, the travelling wave reaches a point of resonance specific to the frequency of sound,
resulting in an enhanced movement of the basilar membrane. This is believed to be the primary
mechanism by which frequency is coded in the peripheral auditory system (Musiek & Baran, 2017a;
Oxenham, 2013Db).

Importantly, Georg von Békésy’s (1960) findings around the travelling wave identified passive
mechanics in the cochlea. These indicated linearity in the cochlear mechanics (Manley, 2018). This
is because the envelope of displacement along the basilar membrane would be larger with higher
intensity sounds. However, these findings did not identify the reasoning behind accurate frequency

discrimination in these instances or generally (Musiek & Baran, 2017a). This is because the
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frequency discrimination was more finely tuned than explained by the passive mechanics shown by
the travelling wave alone (Manley, 2018; Musiek & Baran, 2017a). This is where the concept of the

cochlear active process is important and is discussed in 1.3.2.4.

1.3.2.2. Mechanoelectrical Transduction

The movement of the basilar membrane upwards (rarefaction waves) and downwards (condensation
waves) as a result of stapes displacement means that there is corresponding movement and deflection
of the stereocilia found on the hair cells. A rarefaction wave results in the shearing of the stereocilia
found on the OHCs with the tectorial membrane, whereas the IHCs are believed to operate slightly
differently (Musiek & Baran, 2017a). It is believed that the flow of fluid through the subtectorial
space allows for the deflection of stereocilia found on the IHCs. This is because the IHCs are not
believed to be in contact with the tectorial membrane. Research has also suggested that THC
stereocilia could also potentially be in contact with a structure known as the Hensen’s stripe, which

causes the deflection of their stereocilia (Musiek & Baran, 2017a).

A deflection of these stereocilia towards the site of activation (towards the tallest stereocilia) will
result in tension between the tip-links and opening of the MET channels. This opening will allow for
an influx of Ca2+ and K+ ions into the hair cells resulting in depolarization and ultimate release of
NT, resulting in an action potential (AP) along the AN fibers (Hudspeth, 2005; Musiek & Baran,
2017a). The flow of these ions is due to a gradient that is established across the outside and inside of
the hair cells. The resting potential outside the hair cell is approximately +80 mV which is relatively
greater than the -45 mV to -60 mV found within the hair cell (McPherson, 2018). This gradient
allows for the flow of K+ ions into the hair cells upon opening of these MET channels. This
depolarization then opens voltage-gated Ca2+ channels, which is important for the release of NT at
the base of the hair cell (Hudspeth, 2005; McPherson, 2018). When these hair cells are deflected in
the opposite direction, the tension in these tip-links is reduced, resulting in the closure of these MET
channels. This results in hyperpolarization. Research suggests that at rest there are a few channels

that remain open and ensure a resting discharge exists (Hudspeth, 2005; Musiek & Baran, 2017a).

Although the general mechanism by which these MET channels work is the same for I[HCs and
OHCs, some properties of these differing hair cells vary. This is especially true for OHCs (Musiek &
Baran, 2017a). Aside from providing some sensory input, OHCs play an important role as cochlear
amplifiers. Research has shown for OHCs to contract and elongate upon stimulation (Brownell,
2017; Salvi, Eddins, & Wang, 2017). This works to produce a greater displacement and finer tuning
of the basilar movement aiding with frequency discrimination (Brownell, 2017). This is believed to
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operate more so at lower intensities compared to higher intensities of sound. Research suggests that
without OHCs, the IHCs could become insensitive and only become activated with at least 50-60 dB
of sound (Musiek & Baran, 2017a). The motor protein prestin is believed to mediate the contraction
and elongation seen with OHCs. Cl- anions are believed to be important in regulating this response
(Salvi et al., 2017). Upon depolarization, the anion is believed to move to the cytoplasmic side of the
prestin protein, resulting in contraction of the protein, and therefore, the hair cell. Contrastingly, the
movement of the CI- anion to the extracellular side results in elongation. This allows for the function

of the OHC to be carried out (Salvi et al., 2017).

1.3.2.3.  Auditory Nerve Response

The auditory nerve carries information from the cochlea to central brain structures. It carries
important information about the frequency, intensity and timing of sound. The information presented
is largely agreed upon in literature regarding the functional aspects of the auditory nerve (Musiek &
Baran, 2017c). Eventual perception of the auditory signal is achieved through action potentials being
propagated along the auditory nerve fibers through multiple brain structures, until eventually the
information is conveyed to the auditory cortex. The coding of information such as intensity and

frequency is achieved through careful representation along the pathway (Musiek & Baran, 2017c¢).

Similarly to the hair cells and specific locations along the basilar membrane, AN fibers each have the
lowest threshold for a certain frequency known as the characteristic frequency (CF) that they best
respond to. However, increasing the intensity of the stimulus can, in some cases, mean that other
frequencies aside from the CF of an AN fiber can be responded to as well (Musiek & Baran, 2017c¢).
Additionally, it is also important to understand the tonotopic arrangement of the AN fibers. Running
through the center of the AN is believed to be fibers innervating hair cells in the apex of the cochlea,
and each layer of AN fibers outside of this center is believed to innervate more higher frequency
areas of the cochlea, moving to the base (Musiek & Baran, 2017c¢). This tonotopic arrangement is
maintained throughout most components of the auditory pathway aiding in frequency discrimination

(Langers & van Dijk, 2012).

One way frequency coding can occur is through place coding. This is where specific areas of the
basilar membrane represent specific frequencies for which the corresponding AN fibers then carry
information regarding that frequency (Musiek & Baran, 2017c; Oxenham, 2013b). This also uses
firing rates to establish frequency where AN fibers corresponding to that specific frequency of sound
will fire maximally, whereas the fibers surrounding this area will fire at a different level. These

different firing responses can then provide information about the frequency of sound (Musiek &
12



Baran, 2017c). Another way frequency coding occurs is through temporal coding. This is where
neural activity is time-locked to the incoming acoustic signal, a concept known as phase-locking
(Oxenham, 2013b). However, research argues the ability of AN fibers to phase-lock to high
frequencies of sound. Although there is some evidence of AN fibers being able to phase-lock for
frequencies up to 5000 Hz, the general consensus is that there are not many fibers that are able to do
this (Musiek & Baran, 2017c). Therefore, for high-frequency sounds, it is believed that the volley
principle comes into effect. This is where varying AN fibers are able to fire at varying intervals to
provide information about higher frequency sounds that would otherwise exceed one AN fibers firing
rate. Therefore, research suggests that frequency coding is a result of both place and temporal

coding, allowing for the fine frequency discrimination that is achieved (Musiek & Baran, 2017c).

Intensity coding is achieved through varying spontaneous rate fibers that innervate the IHCs.
Research suggests for there to be low and high threshold fibers that have high and low spontaneous
rates of firing, respectively (Barbour, 2011). As the intensity of the sound stimulus increases, the low
threshold fibers fire till they become saturated. From here, the high threshold fibers take over and
begin firing (Musiek & Baran, 2017c). Varying fibers with different spontaneous rates and thresholds
can take over at different intensities. The varying activity in these fibers can, as a result, code for
intensities of sound (Musiek & Baran, 2017c¢). Research has also suggested the role of adaptation to
be important in intensity coding. This is where the AN fibers are able to adapt to the ambient
conditions to preserve the dynamic range of hearing (Barbour, 2011). This is also believed to be
important in intensity coding. Some research has also highlighted an increase in the number of fibers
and the amount of firing undergone by AN fibers as a basis for intensity coding (Ray & Doetsch,
1990; Viemeister, 1988). Although this may be true in some instances, a contradictory study
indicated that the number of neighbouring AN fibers that are firing may not, in fact, code for the
intensity of sound (McGee & Walsh, 2005). However, the amount of evidence supporting these
claims can be considered limited as there is other research highlighting a general agreement in the
literature supporting firing rates and total recruitment to also play a role in the coding of intensity

(Ray & Doetsch, 1990; Viemeister, 1988).

1.3.2.4.  Cochlear Active Process

The cochlear active process (also termed cochlear amplifier) has been an area researched extensively
in the literature. It explains a process by which there is an amplification of the movements and
vibrations in the basilar membrane that work to provide different functions (Davis, 1983). This
amplification has also been noted to overcome the resistance provided by the fluids of the cochlea,

further aiding in the sensitivity of hearing (Hudspeth, 2014). The cells that are believed to mediate
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these effects are OHCs. Due to the electromotility carried out by OHCs, they are able to mediate
these amplifications that are seen in the basilar membrane, which aids in hearing sensitivity
(Hudspeth, 2014). These OHCs contract upon intracellular depolarization and elongate with
hyperpolarization, which mediates this active process function. Contraction results in the basilar
membrane being ‘pulled further up’, which aids in the amplification of the incoming signal
(Hudspeth, 2014; Musiek & Baran, 2017a). This cochlear amplifier is believed to improve hearing
sensitivity by approximately 40 dB. This further contradicts earlier evidence which suggested a sole
passive process in the cochlea, which would not provide the sensitivity to hear low-level sounds

(Choi, 2010).

The cochlear active process is believed to amplify the incoming sound, aid in frequency
discrimination and provide compressive non-linearity. The amplification of the incoming sound
through the movement of the basilar membrane is important to overcome the resistance provided by
the fluids of the cochlea (Hudspeth, 2014). Research has shown for the sensitivity of hearing to be
less than 1% of normal when there is damage to the cochlea and this active process. Secondly, this
active process is fundamental in frequency selectivity and neural tuning curves (Hudspeth, 2014).
The activity of the OHCs is believed to increase the movement of the basilar membrane at the CF of
the incoming signal. This means that the IHCs that are then stimulated as a result are those that are
finely tuned to the specific frequency of sound. This aids in frequency selectivity and discrimination
(Davis, 1983; Musiek & Baran, 2017a). Lastly, another important function of the cochlear amplifier
is to provide compressive non-linearity (Hudspeth, 2014). Non-linearity in the cochlea indicates that
for a given incoming signal, the amount of movement seen at the basilar membrane is not directly
proportional to the incoming sound (Musiek & Baran, 2017a; Nizami, 2013). This is believed to
provide a protective mechanism to the hearing structures (Musiek & Baran, 2017a). In a linear
system, a loud incoming stimulus could result in excessive movement of the basilar membrane,
which could damage important structures. Therefore, indicating the importance of non-linearity
(Musiek & Baran, 2017a). This works by low-intensity sounds being amplified more through the
function of the active process compared to higher-intensity stimuli. These higher-intensity stimuli
undergo compression. This works to maintain hearing sensitivity (Musiek & Baran, 2017a; Nizami,
2013). Some research has also indicated a connection between basilar membrane displacement and
the recruitment of varying AN fibers, whereby the amplitude of basilar membrane displacement
mediates which AN fibers fire (i.e. low-spontaneous and/ or high spontaneous fibers) (Yates, 1990).

This further shows the importance of the cochlear active process.
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1.3.2.5. Otoacoustic Emissions

An important concept that is explored and used in this research is that of OAEs. OAEs are sounds
that are generated from the cochlea, typically as a result of specific stimulation (Kemp, 2002). These
sounds travel back out from the cochlea and the middle ear and can be detected by microphones
placed in the external auditory canal. These OAEs are believed to originate from the cochlear active
process explained above and involve the OHCs (Kemp, 2002). As these OAEs originate from OHCs
in the inner ear and travel back through the middle ear. These can be affected by pathologies
affecting these compartments of the ear. This can include pathologies such as otitis media with
effusion which affects the transmission of these OAEs through the middle ear (Thakur et al., 2013).
OAEs are widely used in clinical test batteries and can provide valuable information regarding an
individual’s auditory system when used in conjunction with other tests. OAEs are also very valuable

as a research tool and aid in measuring different aspects of the auditory system (Kemp, 2002).

OAEs can be separated into spontaneous (SOAEs) and evoked (EOAEs) emissions. SOAEs are
believed to arise from linear reflections, whereas EOAEs are believed to arise from a combination of
reflection and distortion emissions, the latter of which is a form of nonlinear distortion (Shera &
Guinan Jr., 1999). Under the category of EOAEs are different types of evoked emissions that can be
found; these include transient evoked OAEs (TEOAE:s), distortion product OAEs (DPOAEs) and
stimulus frequency OAEs (SFOAEs). These differ based on the stimulus used to evoke these OAEs.
The main focus of this section will be DPOAE:s as this was used in this research (Shera & Guinan Jr.,

1999).

DPOAESs are generated when two tones are played into the ear of an individual. These two tones
have CFs that overlap on the basilar membrane. The non-linearity generated by the cochlear
amplifier creates a distortion product at this overlapping point (Shera & Guinan Jr., 1999). This
sound that is created travels back through the middle ear and can be measured in the ear canal.
Alongside this, some of this sound also travels along the basilar membrane to its CF and can be heard
by the individual (Kemp, 2002; Shera & Guinan Jr., 1999). This travelling of sound along the basilar
membrane results in some reflections to be created as a result of nearby impedance perturbations.
These also travel back out through the middle ear and in combination with the distortion source can
combine to produce the DPOAE that is recorded in the ear canal (Shera & Guinan Jr., 1999). Having
said so, of importance are the parameters used when measuring DPOAEs. Therefore, it is important
to use the correct frequency separation ratio between the two frequencies (f1 and f2) as well as the
level of the primaries to ensure DPOAEs can be measured (Caroline Abdala & Visser-Dumont,

2001). Research suggests that primaries within the range of 55-65 dB SPL provide the greatest
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accuracy when undertaking these measures. Primary levels that are louder may not, in fact, reflect
cochlear amplifier activity, and therefore, may not be accurate (Caroline Abdala & Visser-Dumont,
2001). Furthermore, a frequency separation ratio of 1.2 and a level difference of 10 dB between the
two tones is believed to provide the largest amplitudes of DPOAESs. This can be important, especially
when undertaking research, as changes can be minimal (Caroline Abdala & Visser-Dumont, 2001).

This information was considered when carrying out this research.

Of relevance to this research is the efferent control exhibited by the MOC system on these OHCs,
and therefore, the OAEs. This, in turn, provides a measure of the MOC system and the MOCR,
which is used in this research (Kemp, 2002; Marshall et al., 2014). This is discussed further in
section 3.2.1.2.

2. Auditory Masking

Our normal daily environment exposes individuals to complex listening situations. In most instances,
our listening environment is made up of multiple streams of sound, which can encompass both
meaningful sounds such as speech stimuli and unwanted sounds such as background noise
(Oxenham, 2013a). Therefore, the auditory system must play a role in coding for and separating the
important parts of an incoming signal from the unwanted noise. Research has suggested that an
important mediator of this is the frequency analysis carried out by the auditory system (Oxenham,
2013a). Having said so, this, in some instances can be difficult due to the amount of noise present in
a particular environment. This can be referred to as masking and works to raise thresholds of one
sound due to the occurrence of another sound (Oxenham, 2013a). This can make hearing difficult in
noisy situations and is a fundamental idea on which this research is based. Of relevance is the idea of
using clinical masking to test and evaluate an individual’s ability to perceive SIN. Although this does
not provide a direct correlation to the experience of listening in a noisy background, it provides some
information that can be useful. When considering auditory masking, this general area can be divided
into peripheral masking and central masking. Peripheral masking is any masking that is a result of
processes in peripheral auditory structures, whereas central masking refers to physiological processes

in central auditory structures (Oxenham, 2013a; Zwislocki, 1971).

2.1. Peripheral Masking

Research conducted by Fletcher (1940) investigated masking and how the frequency components of

a masking stimulus affect the stimulus of interest. It has been shown that white noise, which contains
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energy across a range of frequencies, is able to mask a pure tone stimulus (Yacullo, 2014). However,
the research carried out by Fletcher (1940) worked to identify what components of a masking
stimulus are important in effecting a particular stimulus of a certain frequency. The findings
identified that a narrow band of noise around the frequency that is to be masked is sufficient to mask
the stimulus (Moore, 2008; Yacullo, 2014). For speech stimuli, a speech spectrum noise is used. This
noise is a broadband stimulus that is filtered to simulate the long-term average spectrum of speech.
Due to this reason, speech spectrum noise is more efficient as a masker when compared to white

noise (Yacullo, 2014). This outlines the fundamental principles used in clinical masking.

There are also varying mechanisms that have been outlined in the literature that are believed to
mediate the effects of masking. One such mechanism is believed to be excitatory masking
(Rodriguez et al., 2010). This explains how masking is mediated through the effects of AN fibers and
their firing rates. Research explains that a masking stimulus is believed to cause elevations in the
firing of AN fibers corresponding to the specific frequency of interest (Delgutte, 1990; Rodriguez et
al., 2010). When a signal of interest is played alongside the masking stimulus, this is not able to
effectively stimulate the AN fibers by overcoming the discharge rate that is a result of the masking
stimulus (Delgutte, 1990; Rodriguez et al., 2010). Another mechanism mediating the masking effects
is believed to be suppression. This mechanism works by raising the threshold, meaning that the
stimulus of interest can be masked by the masker (Rodriguez et al., 2010). This has been shown
through two-tone suppression, whereby presenting two tones together can provide masking effects
(Recio-Spinoso, Cooper, Recio-Spinoso, & Cooper, 2013). This requires the presentation of one tone
which is not within the CF range of the stimulus of interest (Recio-Spinoso et al., 2013; Rodriguez et
al., 2010). However, the envelope of activation of this masking tone is able to overlap with that of
the CF of the stimulus of interest. This results in increased activation of OHCs, which are known to
saturate at high or increased intensity levels (Delgutte, 1990; Recio-Spinoso et al., 2013; Rodriguez
et al., 2010). The result of this is a reduced sensitivity to incoming signals within the certain
frequency range resulting in masking (Recio-Spinoso et al., 2013; Rodriguez et al., 2010). These
mechanisms are believed to underlie simultaneous masking (Delgutte, 1990; Rodriguez et al., 2010).
Though the literature argues that both mechanisms can be involved in masking effects, some
evidence suggests varying mechanisms depending on the frequency of the masker in relation to the
CF of the stimulus of interest (Delgutte, 1990). Delgutte (1990) identified that masking could
potentially be excitatory with masking frequencies near and below the CF and suppressive when
masking frequencies are above or below the CF of the stimulus of interest. Though, evidence

supporting these claims is typically scarce.
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2.2. Central Masking

Masking can also occur as a result of physiological processes in central brain structures as compared
to peripheral masking. Central masking can be seen when a masking stimulus presented to the
ipsilateral ear can mask a stimulus in the contralateral ear (Zwislocki, 1971). Although this can occur
because of ‘cross-over’ whereby the masking stimulus is at a high-intensity level such that it crosses
over through varying mechanisms to effects responses in the contralateral ear. Central masking is
believed to operate in situations aside from this (Yacullo, 2014). Research has suggested that the
antero-ventral cochlear nucleus (AVCN) and its projections to the medial superior olive (MSO) are

significant in mediating the effects of central masking (Zwislocki, 1971).

3. Auditory Pathways

An essential part of the auditory system are the auditory pathways that convey important sensory
information from the periphery to central brain structures to allow for the perception of sound. These
pathways involve multiple structures which relay information to one another and are known as the
afferent pathway (Hackney, 1987). Another key component of the auditory pathway is the efferent
pathways. These are pathways with descending innervation that can regulate multiple aspects of the
auditory system (Ciuman, 2010). These pathways are believed to be important in factors such as
protection of hearing and mediation of signal to noise ratio. Another important function of this
pathway is to regulate and control the OHCs, which can be important in some instances. An
important component of the efferent pathway is the MSO and its related MOC system (Ciuman,
2010). This is of particular importance in this research due to a significant focus on the MOCR.

Therefore, this system will be discussed in greater depth in section 3.2.4.

3.1. Afferent Pathways

The afferent pathway begins at the vestibulocochlear nerve as it passes through the internal auditory
meatus. This nerve carries information from both the vestibular and hearing systems (Hackney,
1987). This nerve is comprised of afferent fibers that relay information from the hair cells of the
cochlea to the first relay station in the afferent pathway: the cochlear nucleus complex. The cochlear
nucleus (CN) itself can be divided into three subdivisions: the anteroventral cochlear nucleus
(AVCN), the dorsal cochlear nucleus (DCN) and the posteroventral cochlear nucleus (PVCN)
(Hackney, 1987; Moller, 2006). The AN fibers that make up the ascending branch of the cochlear
nerve project to the AVCN, whereas the descending branch projects to the PVCN and then the DCN.
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Within the subdivisions of the CN are varying types of cells that carry out varying functions
(Hackney, 1987; Pickles, 2015). Found within the rostral pole of the AVCN are cells that are
considered to be ‘primary-like’. These cells are known as spherical bushy cells. The projections from
these cells are believed to travel to the MSO on both sides (via the ventral acoustic stria) and the
lateral superior olive (LSO) on the ipsilateral side (Moller, 2006; Pickles, 2015). The AVCN also
contains globular bushy cells, which project to the contralateral LSO via the medial nucleus of the
trapezoid body (MNTB). Pyramidal cells can be found in the DCN and project to the central nucleus
of the contralateral inferior colliculus (Hackney, 1987; Moller, 2006; Pickles, 2015). These are
believed to be relayed through the ventral nucleus of the lateral lemniscus (VNLL). These
projections typically travel via the dorsal acoustic stria (Moller, 2006). There are also other cells,
such as the giant and multipolar cells, which can be found in the DCN. These are also believed to
send projections to the ipsilateral inferior colliculus (IC) and the contralateral CN (Hackney, 1987).
Alongside this, there are also projections within the cochlear nucleus that aim to assist in the
processing of incoming information. This can be seen through projections from the caudal pole of the
PVCN from a group of cells known as octopus cells (Hackney, 1987). These cells project to the DCN
and can alter and affect afferent fibers that are projecting from the cochlea to the DCN. Additionally,
there are connections between the DCN and AVCN as well as the IC, which also aim to regulate

complex activity within these areas (Hackney, 1987; Pickles, 2015).

The MSO has projections that travel to the IC ipsilaterally through the lateral lemniscus (LL).
Comparatively, the LSO sends projections to the dorsal nucleus of the lateral lemniscus (DNLL) and
the IC contralaterally via the intermediate acoustic stria (Moller, 2006; Pickles, 2015). Research has
also suggested for there to be connections between the DNLL and the IC on the contralateral side
with projections through the commissure of Probst. Whereas the IC on both sides is believed to send

projections to either side through the commissure of IC (Moller, 2006; Pickles, 2015).

The medial geniculate body (MGB) can be divided into three nuclei. These include the ventral,
dorsal and medial nucleus. The ventral MGB receives projections from the ipsilateral IC and sends
projections to the ipsilateral auditory cortex (Pickles, 2015). The specific areas the projections
innervate are the tonotopically arranged areas of the auditory cortex. The medial MGB receives
projections from the IC as well as multiple other nuclei (Pickles, 2015). This area has the role of
integrating information from multiple sensory fields. This area can send projections to varying
auditory cortices and the amygdala (Pickles, 2015). The dorsal MGB receives projections from the
dorsal cortex of the IC as well as other areas. The projections, in turn, from this area are sent to the

non-tonotopic cortical belt around the main parts of the auditory cortex (Pickles, 2015).
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The afferent pathway sees a range of divergence and convergence of information as it travels up to
the auditory cortex and associated areas. This works to process information to allow for the
perception of sound (Hackney, 1987; Pickles, 2015). The tonotopic arrangement seen in the cochlea
and the AN fibers is preserved as it travels through the afferent pathway. Within the CN, the
innervation of high-frequency information compared to low-frequency information is different
(Hackney, 1987). It is believed that higher frequency information typically innervates the
dorsomedial areas of the subdivisions in the CN. Whereas the lower frequency information typically
innervates the ventrolateral regions (Hackney, 1987). When considering the superior olivary complex
(SOC), the bilateral innervation this area receives plays an important role in sound localization.
These areas are able to detect and process differences in the intensity and timing of incoming
information, which aids in localizing sounds in space (Hackney, 1987). The central nucleus of the IC
plays an important role in frequency processing and processing spatial characteristics of sound,
whereas the VNLL is believed to be important for analyzing the temporal characteristics of complex
signals due to the presence of specialized cells (Pickles, 2015). An important concept that arises
when considering the physiology of the afferent pathways is that of varying streams of information
that carry information regarding different aspects of auditory processing. Research outlines two such
streams: the ventral and the dorsal stream (Alain, Arnott, Hevenor, Graham, & Grady, 2001; Bizley
& Cohen, 2013; Pickles, 2015). The AVCN and its projections are believed to be part of the ventral
stream, whereas the PVCN and the DCN and their projections are believed to be part of the dorsal
stream. These streams of information are believed to converge at the IC, which is a fundamental step
in processing information from individual acoustic characteristics to a more complex and integrated
perception of the acoustic stimuli. This is further continued in the MGB (Pickles, 2015). The ventral
stream is believed to be important in processing information about the auditory space, whereas the
dorsal stream is believed to be involved in more complex processing of spectrotemporal
characteristics (Bizley & Cohen, 2013; Pickles, 2015). Some research has also suggested another
pathway to exist potentially also originating from the DCN. This is known as the non-lemniscal
pathway and is separate from the lemniscal pathway that has been discussed thus far (Pickles, 2015).
This non-lemniscal pathway is believed to play a role in multimodal integration and reflexes, which
is separate from the unimodal auditory processing associated with the lemniscal pathway. This
pathway can see projections through the medial and dorsal divisions of the MGB, as explained above

(Pickles, 2015).

As the information is further projected through the afferent pathway, the tonotopicity remains, which

aids in frequency discrimination and sound perception. There are varying cells present in the auditory
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cortex that are sensitive to different characteristics of the incoming signal (Pickles, 2015). These can
include characteristics such as the location or the frequency of the sound source. This information
can be integrated in the auditory cortex and surrounding areas typically through different patterns of
neuronal activation (King, Teki, & Willmore, 2018; Pickles, 2015). This can be seen throughout the
afferent pathway, which sees varying levels of excitatory and inhibitory activity that modulate

responses which ultimately leads to the perception of sound (Pickles, 2015).

3.2. Efferent Pathways

Alongside afferent pathways that carry important sensory information from the periphery to central
brain structures. The efferent pathway is an important regulator of incoming information by acting on
structures downstream (Pickles, 2015; Robertson, 2009). These efferent pathways are believed to
modulate activity that results in the eventual enhancement of stimuli that are to be perceived. These
efferent pathways are also known as centrifugal pathways (Bajo & King, 2013; Pickles, 2015). The
focus of this section will be on the MOC system due to its relevance to the research conducted.

However, a brief evaluation of other efferent pathways will also be discussed.

An important efferent pathway that exists involves connections between the auditory cortex and the
IC. These have been termed corticocollicular connections and are believed to modulate the
sensitivity to acoustic characteristics such as frequency, intensity and location information for IC
neurons (Bajo & King, 2013). Research suggests that activity carried out by these connections is also
believed to underlie the effects of learning and experience on auditory perception (Bajo & King,
2013). Pyramidal cells located in layer V of the auditory cortex are believed to be the main cells
responsible for these connections, as found through anatomical tracing studies (Bajo & King, 2013;
Beyerl, 1978). Furthermore, layer VI has also been shown to exhibit a low level of control over cells
found in the IC (Schofield, 2009). In terms of function, some research has also outlined a potential
role in auditory segregation played by these corticocollicular connections highlighting the

importance of these efferent pathways (Bajo & King, 2013).

Research has also suggested for there to be projections between the auditory cortex and the MGB.
Furthermore, important connections also exist between the IC and the SOC as well as the CN
(Mellott, Bickford, & Schofield, 2014; Pickles, 2015). Of particular importance are the projections
from the differing nuclei found within the SOC, namely the medial superior olive (MSO) and lateral
superior olive (LSO) (Ciuman, 2010; Pickles, 2015).
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3.2.1. Superior Olivary Complex

The SOC holds important roles in the human auditory system. Research has shown for characteristics
associated with sound localization to be processed in these structures (Ciuman, 2010). However, the
SOC also plays an important role in maintaining efferent control over the cochlea and related
structures. The SOC can be separated into two systems: the LOC system and the MOC system
(Ciuman, 2010; Pickles, 2015; Pujol, 1994). The LOC system has efferent fibers which project from
neurons in the LSO to the cochlea. This is predominantly on the ipsilateral side (Pickles, 2015; Pujol,
1994). Comparatively, the MOC system has efferent fibers which originate from the MSO and the
trapezoid body. These fibers project mainly contralaterally to the cochlea (70% of fibers are believed
to project contralaterally) (Pickles, 2015; Pujol, 1994). The fibers from both systems travel within the
inferior vestibular nerve and join the cochlear nerve at the anastomosis of Oort (Ciuman, 2010). The
lateral efferents are believed to be unmyelinated along the whole pathway and synapse with the
dendrites of the afferent fibers innervating the IHCs. Comparatively, the medial afferents are
myelinated until they reach the habenula perforata and are believed to synapse with OHCs directly
(Ciuman, 2010). The function of this efferent pathway, although complex, is able to regulate both the
electromotility and auditory information that is conveyed to higher brain structures (Pickles, 2015;

Pujol, 1994).

3.2.1.1. Lateral Olivocochlear System

The LOC system has been shown to possess more efferent fibers than the MOC system. There are
approximately 1005 efferent fibers as part of the LOC system and 360 MOC fibers (Lopez-Poveda,
2018). It is believed that the LOC reflex is mediated through sound driven activity. Information
travels through the auditory nerve and through the PVCN to the LOC neurons, which are activated
(Lopez-Poveda, 2018). This results in activation of these LOC efferents, which synapse onto the
dendrites of type I afferent fibers innervating IHCs. This, in turn, regulates activity in these type I
afferent fibers (Lopez-Poveda, 2018). Research has shown for there to be two types of neurons
present in the LSO. These are intrinsic neurons and shell neurons (Ciuman, 2010). Intrinsic neurons
are believed to be smaller and run only 10-20% of the total cochlear length. Comparatively, the shell
neurons are more diffuse, and research indicates that they can extend up to 80-95% of the total

cochlear length (Ciuman, 2010).

The LSO system has a variety of NTs that allows for it to exert its effects on AN fibers. These NTs
include acetylcholine (ACh), gamma-aminobutyric acid (GABA), calcitonin gene-related peptide
(CGRP), as well as dopamine, serotonin, and specific opioids (Ciuman, 2010; Safieddine & Eybalin,
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1992). It is also believed that the lateral efferents can co-localise these NTs. Research has indicated
that NTs such as CGRP and ACh are able to enhance neural activity (Ciuman, 2010). This is
achieved through a lowering of the resting potential, which works to increase neural activity.
Contrastingly, NTs such as GABA and dopamine are able to reduce neural activity by increasing the
resting potential (Ciuman, 2010; C G le Prell et al., 2003). These NTs are believed to have inhibitory
effects. Therefore, the NTs that are released can affect neural activity, and therefore, this can be a

way to modulate activity in the peripheral auditory system (Ciuman, 2010).

The LOC system has been speculated to play a protective role in limiting damage to the cochlea as a
result of overstimulation (Pujol, 1994; Robertson, 2009). Research has suggested that enkephalins
are an important mediator in this process. Enkephalins are endogenous pentapeptides that act as
neurotransmitters and neuromodulators exerting their affects through their various receptors (Pujol,
1994). Enkephalins are believed to reduce the firing in the AN fibers as a way to regulate and protect
the important fibers and synapses. A link to tinnitus has also been established where it is believed
that enkephalins are potentially responsible for reducing abnormal spontanecous activity seen in AN
fibers, which can be seen in tinnitus (Pujol, 1994). However, these findings require further studies
and evaluation to find further evidence for these claims. This protective role by the LOC system is
also believed to be mediated through dopamine. This is believed to be important in situations of
overstimulation (Pujol, 1994). Dopamine is thought to prevent noise-induced excitotoxicity, which is

a result of excessive glutamate release at the IHC and AN fiber synapses (Pujol, 1994).

The LOC system is also thought to play a role in the homeostatic regulation of the AN afferent
fibers. Through its regulation and mediation, research suggests that the LOC system maintains and
controls the excitability of afferent fibers that synapse with IHCs (Robertson, 2009). This is
important so that slight changes in electrical potential do not lead to varied spontaneous rates of
firing or varied responses by the afferent nerve fibers to incoming sound. Therefore, this regulation
ensures that the AN fiber activity is kept regulated to ensure that sensory information can be
accurately conveyed (Robertson, 2009). This potential role is, however, not guaranteed. This is
because conclusive evidence is yet to be found that supports the idea of afferent fiber activity
requiring constant regulation due to any changes in activity (Robertson, 2009). Therefore, further

evidence is required.

3.2.1.2. Medial Olivocochlear System

The MOC system operates in a similar manner to the LOC system. However, there are significant

differences when considering the locations these efferents innervate as well as the role they play in
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hearing. As these medial efferents can eventually be stimulated by sound, and therefore, alter cochlea
functionality, this process has been termed the medial olivocochlear reflex (MOCR) (Boothalingam
et al., 2019). Therefore, to understand this reflex, it is important to develop an understanding of the

pathways and other physiological mechanisms that are responsible for mediating this reflex.

The MOCR reflex pathway can be divided into two specific pathways: the contralateral and
ipsilateral pathways. These pathways differ in the way their projections travel to stimulate the
ipsilateral and contralateral cochlea (Lopez-Poveda, 2018). Beginning with the contralateral
pathway, stimulating the right ear results in AN fibers firing that has projections to the PVCN. From
here, these MOC-reflex interneurons project to the contralateral ventral nucleus of the trapezoid body
(VNTB). The final projection is from the VNTB to the cochlea on the left side, innervating the OHCs
directly (Lopez-Poveda, 2018). Contrastingly, although the initial part of the pathway is similar in
both ipsilateral and contralateral divisions, there are differences that exist. Stimulating the right ear
will result in firing in the AN fibers projecting to the PVCN and from here projections to the
contralateral VNTB. However, following this, these neurons project contralaterally to cross the
midline again and innervate the OHCs in the right cochlea (Lopez-Poveda, 2018). This shows a key
difference which has been highlighted to be because of uncrossed and crossed fibers. The
contralateral pathway crosses the midline on one occasion and involves the uncrossed efferent fibers.
Contrastingly, the ipsilateral pathway crosses the midline on two occasions and involves the crossed
efferent fibers (Lopez-Poveda, 2018). Research suggests for there to be approximately 1,500 medial
efferent fibers innervating the cochlea on each side. Out of these fibers a greater proportion are
believed to be monoaural fibers which are only activated by sound in one ear (de Venecia, Liberman,
Guinan, & Brown, 2005). Approximately 2/3 of these monoaural fibers are believed to be activated
by sound in the ipsilateral ear, whilst the others are activated by contralateral stimulation. Binaural

neurons are also believed to exist in the population of MOC neurons (de Venecia et al., 2005).

The NTs that are believed to be involved at the MOC and OHC synapses are GABA, ACh and
CGRP, which are similar to those found at the LOC efferents. However, research has also suggested
for there to be an involvement of enkephalins, nitric oxide (NO) and adenosine triphosphate (ATP)
(Ciuman, 2010). Some pieces of evidence suggest for ACh to be one of the most important NTs in
the MOCR that allow for its effects to be exhibited (Pujol, 1994). Related to this are the nicotinic-
like ACh-receptors, which are found in greater quantities in OHCs compared to IHCs. These are
located at the synapses between the OHCs and the MOC efferents and are responsible for inducing
hyperpolarization in the cell membrane (Ciuman, 2010). These receptors work by allowing Ca2+

entry into the cell when activated by ACh, which allows for a hyperpolarizing Ca2+-sensitive K+
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current. This then hyperpolarizes the cell membrane resulting in a change in the activity of the OHCs
(Ciuman, 2010). This is particularly true for the cochlear amplifier gain, which is reduced as a result.
It is also believed that the Ca2+ influx also affects the motor protein prestin found with the OHCs
(Ciuman, 2010). This influx results in elongation of the OHC, which in turn reduces the cochlear
amplifier. The MOCR is, therefore, driven by initial acoustic stimulation, which explains how the
MOC system can play a role in the protection of key sensory structures from overstimulation
(Ciuman, 2010). By reducing the cochlear amplifier, the MOC system effectively reduces the activity
and sensitivity of the IHCs to sound. This is because the cochlear amplifier is an important process
that allows for sufficient stimulation of IHCs, particularly at low intensities. This, in turn, increases
the cochlear sensitivity to sound (Robertson, 2009). These MOC effects can be seen through varying
clinical measurements. One such measurement is through OAEs, where amplitudes are shown to
decrease due to a reduction in the cochlear amplifier, which also reduces the non-linearity that is seen
in the cochlea. Additionally, studies have also observed reductions in auditory brainstem responses

(ABR) wave I amplitudes due to MOCR activation (Lopez-Poveda, 2018).

Multiple pieces of research have suggested a suppression observed in OAE measurements when this
MOCR reflex has been stimulated and activated. This is believed to occur following stimulation
being provided to the auditory system, although typically, this is studied through the provision of
contralateral stimulation (Brashears, Morlet, Berlin, & Hood, 2003; Jamos, Kaf, Chertoff, & Ferraro,
2020; Lilaonitkul & Guinan, 2009). The efferent fibers that innervate the cochlea have similar tuning
curves to those seen with the AN afferent fibers. These efferent fibers are believed to similarly
innervate those OHCs that are located at the CF of the MOC efferent fiber (Liberman & Brown,
1986; Lilaonitkul & Guinan, 2009). This, therefore, shows a frequency-specific innervation and
modulation of cochlear activity (Lilaonitkul & Guinan, 2009). However, research has shown that
broadband stimulation which is typically delivered contralaterally, has greater effects on OAE
suppression in comparison (Lilaonitkul & Guinan, 2009; Lisowska, Smurzynski, Morawski,
Namyslowski, & Probst, 2002; Velenovsky & Glattke, 2002). Having said so, varying pieces of
research provide contradictory information that explains the potential for ipsilateral broadband
stimulation to provide greater MOC activation (Lopez-Poveda, 2018). Though this is inconclusive
when considering the evidence, it is important to highlight. Furthermore, there are also claims that
bilateral broadband stimulation provides a greater activation of the MOCR reflex when compared to
the ipsilateral and contralateral stimuli separately (Berlin, Hood, Hurley, Wen, & Kemp, 1995;
Lilaonitkul & Guinan, 2009; Lopez-Poveda, 2018). Therefore, this is an important characteristic that

has been considered in this research.
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To understand the physiology potentially underlying these affects, it is important to understand the
integration of MOC effects across varying frequencies. Research has shown that the MOC effect
increases as the bandwidth and the corresponding number of octaves increases (Lilaonitkul &
Guinan, 2009). This suggests that increasing the bandwidth results in increased MOC activity, most
likely due to activation of fibers in other locations of the cochlea now within the increased
bandwidth. This, therefore, indicates the potential integration of MOC effects (Lilaonitkul & Guinan,
2009). Underlying this, studies have attributed these effects to type II AN fibers. Due to mutual
synaptic connections between OHCs, type II AN fibers and MOC efferents, it is speculated that these
type II AN fibers may play a role in this integration (Lilaonitkul & Guinan, 2009). However,
conclusive evidence is yet to be found supporting this. Furthermore, some studies have also
highlighted the involvement of central brain structures in allowing for this integration of MOC
effects across frequencies in the cochlea (Lilaonitkul & Guinan, 2009). This then aids in
understanding potential reasons as to why broadband stimulation results in greater MOC effects. It is
believed that broadband stimulation will result in greater stimulation due to a wider range of
frequencies being stimulated. This is accompanied by the narrow dynamic range of the low threshold
AN fibers, which will result in greater firing. In turn leading to a higher level of MOC activity which
will potentially spread across the frequencies due to the integration effects explained above

(Lilaonitkul & Guinan, 2009).

Studies have also shown that the MOCR can be measured through ABRs, specifically focusing on
the wave I responses. Research has shown for there to be a reduction in wave I amplitudes as a result
of MOCR activation (Lilaonitkul & Guinan, 2009; Lopez-Poveda, 2018). This is of particular
importance in this research as it is a fundamental aspect of what the research is analyzing. The
affects and underlying physiology of the MOCR on ABR wave I responses are discussed further in
section 6.1.1. There is currently a limited level of research that has been done investigating these
effects (Lilaonitkul & Guinan, 2009). This is particularly true when adding and considering speech-
in-noise (SIN) auditory training to the research. Therefore, these effects have been investigated in

this research.

4. Roles of the Medial Olivocochlear System

The MOC system has been studied extensively when regarding its role in hearing. The majority of
this research, however, has been conducted in animal models, with there being a lack of evidence
present in humans supporting some roles of the MOC system (Ciuman, 2010; Lopez-Poveda, 2018).
Having said so, the roles this section will cover have been widely suggested in the literature to be
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important functions of the MOC system. These roles include protection from overstimulation/ noise
trauma, signal-in-noise perception and sound localization (Ciuman, 2010; de Boer et al., 2012;

Lopez-Poveda, 2018; Robertson, 2009).

4.1. Protection

An important role of the MOC system is its ability to protect key hearing structures in the periphery.
Multiple studies have researched the effects of the MOC system in animals, evaluating the protective
role carried out by the MOCR (Marshall & Miller, 2015). In relation to this, multiple mechanisms
have been highlighted which are believed to mediate these effects. One such mechanism identifies
the reduction in the cochlear amplifier that is mediated by the OHCs (Marshall & Miller, 2015). As
explained above, MOC efferent activity will reduce these effects, which in turn result in reduced
amplification mediated by the OHCs. This means that there is a reduced chance of damage to the
cochlea, protecting it from excessive noise (Ciuman, 2010; Marshall & Miller, 2015). However, the
underlying physiology shows that the non-linearity of the OHCs means that the cochlear amplifier is
mostly active during low-level sounds. Therefore, there must be other mechanisms that explain the
protective role for high-level sounds (Marshall & Miller, 2015). Research has shown for there to be a
reduction in the endocochlear potential, which is mediated by MOC efferent activity due to an
increased flow of current through OHCs. This results in a lowered IHC receptor potential, and
therefore, a reduced release of NTs by the IHCs (Marshall & Miller, 2015). Studies investigating AN
fiber activity have seen these effects with reduced firing rates. This is also specifically seen in
medium and high threshold fibers which are typically active with higher-level sounds (Guinan &
Stankovic, 1996; Marshall & Miller, 2015). Furthermore, increased stiffness of the basilar membrane
has also been theorized to mediate the protective role of the MOC system. However, the physiology
of this process is yet to be understood (Marshall & Miller, 2015).

A study conducted by Maison et al., (2013) investigated the effects of temporary threshold shifts
(TTS) in mice that had MOC activity terminated due to MOC lesions. The results showed a greater
loss in afferent AN fibers in mice that did not have MOC activity, indicating the protective role
carried out by this system (Maison, Usubuchi, & Charles Liberman, 2013; D. W. Smith & Keil,
2015). Furthermore, the findings of this research have been supported by other studies which found
similar results. These results showed a reduced TTS when the MOC system was activated, further
contributing to evidence supporting this role of the MOC system (Otsuka, Tsuzaki, Sonoda, Tanaka,
& Furukawa, 2016; Rajan, 2000; Rajan & Johnstone, 1988). These findings, however, are in animal

models, which means that direct correlations to humans are difficult to make. A few studies
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investigating the protective role of the MOC system in humans have also been conducted (Otsuka et
al., 2016). These studies found that there was a correlation between the level of MOC activity and
the TTS. These findings showed an inverse relationship (Wolpert, Heyd, & Wagner, 2014). A study
conducted by Otsuka et al., (2016) found similar results in musicians. These findings reflected a
similar lower TTS in musicians with a greater level of MOC activity, further providing evidence of
the protective role of the MOC system in humans (Otsuka et al., 2016). However, a study by Collet
et al., (1991) was unsuccessful in finding similar results. This, therefore, shows the inconclusiveness
of the MOC protective role in human studies and shows that more research is required in this field,

though it can be speculated that this role exists to some extent in humans (Lopez-Poveda, 2018).

4.2. Signal-in-Noise Perception

An important role carried out by the MOC system is that of improving signal-in-noise perception
(Lilaonitkul & Guinan, 2009; Robertson, 2009; D. W. Smith & Keil, 2015). This role is of particular
relevance due to this research investigating signal-in-noise perception and evaluating MOC activity
alongside this. Multiple studies have been conducted that have evaluated an individual’s signal-in-
noise performance and have analyzed MOC activity (de Boer et al., 2012; D. W. Smith & Keil,
2015). Furthermore, some research has also been done on potential underlying explanations as to
why the effects are seen (D. W. Smith & Keil, 2015). Therefore, this section will cover these pieces

of research, providing a basis for this role of the MOC system.

An important concept underlying signal-in-noise perception with MOC activation is antimasking
(Robertson, 2009). When there is an incoming stimulus in quiet background situations, research has
shown that the firing rates of the AN afferent fibers increase in firing till they reach their point of
saturation. This is a typical response in the AN fibers in quiet situations (Winslow & Sachs, 1987).
Comparatively, in noisy background situations, a different response is seen. There is increased firing
from the afferent fiber in response to the incoming background noise, which results in a reduced
maximum firing rate (Winslow & Sachs, 1987). This means that the range of output for the afferent
fiber is reduced, which is accompanied by reduced cochlear sensitivity as a result of the incoming
noise affecting the OHC response (Winslow & Sachs, 1987). This has also been explained as an
increased firing rate and a reduced rate at which fibers saturate, thereby affecting the dynamic range
within which afferent fibers can operate (de Boer et al., 2012; Guinan, 2006). These effects,
therefore, work to ‘mask’ the important signals in noise, such as speech (Winslow & Sachs, 1987).
Now considering the effects of the MOC system, these characteristics of the AN fibers are altered. In
quiet situations, the same nerve fiber has a shifted response in quiet background situations (Winslow

& Sachs, 1987). This means that a similar response is seen where there is spontaneous firing at low
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levels followed by increased firing when the stimulus is at an intensity loud enough to cross the
fibers threshold. The AN fiber also becomes saturated at similar levels (Winslow & Sachs, 1987).
However, due to MOC activation reducing the cochlear amplifier, relatively louder intensities of
sound are required to increase the firing rate in the AN fiber. Comparatively, in noisy background
situations, MOC activation results in a reduced firing of the AN fiber in response to background
noise, which results in an increased maximum firing rate (Winslow & Sachs, 1987). Additionally, the
output range is also improved, which aids in signal-in-noise perception in noise. This is referred to as
antimasking and explains the fundamental process behind the improvements seen in SIN perception

with MOC activation (Winslow & Sachs, 1987).

Aside from the explanation provided by studies investigating these antimasking effects, there are
inconsistencies in the literature regarding evidence supporting this effect in humans. A study
conducted by Scharf et al., (1997) found contradicting evidence to show that the MOC system does
not, in fact, affect signal-in-noise perception. This study showed that the inactivation of the MOC
system did not alter an individual’s ability to detect tones embedded in noise. Contrastingly another
study provided evidence supporting the antimasking effects by showing a greater ability for
individuals to detect signals in noise that correlated to their MOC activity. The MOC activity was
measured through OAE suppression with contralateral stimulation (Micheyl & Collet, 1998).
Therefore, this shows the inconsistencies in the literature supporting these antimasking effects

showing the need for further research to evaluate these effects (Lopez-Poveda, 2018).

Research has also been conducted to evaluate the effects of the MOC system on SIN perception.
There is some speculation in the literature that suggests that the effects of the MOC system may be
seen to a greater extent when using complex stimuli such as speech compared to pure tones when
evaluating the role of the MOC in signal-in-noise perception (de Boer et al., 2012). This was studied
by Giraud et al., (1997) who found that individuals with absent MOC systems did not see
improvements in SIN performance with contralateral sound. Furthermore, this study also found that
there was an improvement in SIN intelligibility, which corresponded to the level of MOC activity.
These findings reflected the role of the MOC system in improving signal-in-noise perception (Giraud
et al., 1997). Other studies have also found similar results indicating and supporting this role of the
MOC system (de Boer et al., 2012; Kumar & Vanaja, 2004). However, there is also evidence present
from other studies that contradict this evidence which suggests inconclusiveness in this role (de Boer
et al., 2012). This further indicates the need for additional research to provide more evidence in this

arca.
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The speculated mechanisms that underlie these improvements seen in SIN perception with MOC
activity are as follows. Research has suggested for MOC activity to play a role in the spectral
analysis of incoming information, which contributes to the perception of sound, specifically complex
stimuli such as speech (Giraud et al., 1997). This can be seen through poorer frequency tuning in
individuals with absent MOC activity, potentially playing a role in stimulus encoding. Furthermore,
the MOC efferent fibers are also believed to be important in the intensity coding of speech signals
(Giraud et al., 1997). Due to the mechanisms explained above, afferent nerve fibers are more
responsive to transient signals in the presence of background noise. This preserves the rate
representation of the incoming sound aiding in coding for intensity (Giraud et al., 1997). This can
help improve SIN coding, and therefore, perception. Lastly, MOC efferent fibers are also believed to
play a role in the temporal analysis of incoming stimuli (Giraud et al., 1997). This is believed to
operate through an increased temporal resolution of the basilar membrane and OHCs, which improve
the ability to code for speech stimuli. These mechanisms are believed to underlie the improvements
seen in SIN perception with MOC activation (Giraud et al., 1997). However, further research needs

to be conducted to find evidence supporting these claims.

There is also some evidence supporting a potential involvement of attention in the MOCR. Research
suggests that attention can modulate the effects of the MOCR and can, in instances, increase or
decrease the level of activity. Therefore, attentional effects have also been speculated to play a role

in SIN perception with MOC activity (de Boer et al., 2012).

Importantly, although research has been conducted in this field, to my knowledge, an underlying
physiological mechanism has not been identified with evidence that explains and corresponds to the
studies showing improvements seen in signal-in-noise perception with MOCR activation. This is
particularly true when a period of auditory training has been added to the study design to observe
changes in performance that correlate with MOC activity following a training period. Therefore, this

research has attempted to evaluate these effects.

4.3. Sound Localization

Another important role of the MOC system is that of aiding in sound localization. This is believed to
operate through a similar mechanism to that explained above (Boothalingam, Macpherson, Allan,
Allen, & Purcell, 2016). Research has speculated that the antimasking effects exhibited by the MOC
system also play an important role in sound localization (Boothalingam et al., 2016). This was
supported by studies that found a strong relationship between MOC activity and vertical-plane sound

localization in noise (Andéol et al., 2011). However, similarly to above, these findings are also
30



contradicted by evidence suggesting that the MOC system does not affect sound localization as much
as claimed by other studies. This was seen through a study conducted by Boothalingam et al., (2016)
which found a weak correlation between MOC activity and sound localization. Furthermore, there is
also varying evidence suggesting there to be a difference in horizontal- and vertical-plane sound
localization and its correlation to MOC activity, further adding to the uncertainty for this role of the
MOC system (Lopez-Poveda, 2018). Additionally, a study conducted by Irving et al., (2011)
theorized that MOC effects in sound localization might be affected by frequency, and therefore,
specific frequencies such as high frequencies may be affected by MOC activity greater than other
frequencies. This then would mean that MOC activity would play a role in specific processing, such
as with interaural level differences due to their correlation with high frequencies (Irving et al., 2011).
However, further evidence is required to evaluate these claims. This, therefore, shows that further

evidence is required to evaluate the role of the MOC system in sound localization in humans.

5. Auditory Training

Auditory training is a process that an individual can go through which aims to train the individual’s
auditory skills to aid in improvement. These skills can vary; however, ultimately, the goal of auditory
training is to see improvements in aspects such as speech perception or other communication skills
(Besser & Launer, 2020). Typically, auditory training is used as a rehabilitative measure to aid
individuals with hearing impairments. Research has shown that these periods of auditory training
help improve these individuals’ hearing ability (Besser & Launer, 2020). Furthermore, some studies
have also shown improvements in other aspects, including working memory and cognition.
Therefore, highlighting the usefulness of auditory training as a rehabilitation technique (Besser &
Launer, 2020). Auditory training is typically used in individuals with hearing impairments. However,
studies have been conducted on individuals with normal hearing, which show similar improvements
in hearing ability following a period of auditory training (Karawani, Bitan, Attias, & Banai, 2016).
Fundamentally, an important concept discussed in the literature around auditory training is that of
cognitive processing. Multiple pieces of research have shown that complex signals such as speech
require greater integrated and complex processing (Ferguson & Henshaw, 2015; Karawani et al.,
2016). This is particularly true in instances where there is a difficult listening environment, such as
one with a variety of background noise. To perceive key stimuli in these environments, complex
processing is required, which can involve working memory and attention (Ferguson & Henshaw,

2015; Karawani et al., 2016).
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Literature suggests for there to be distinctions between the physiological changes that come as a
result of auditory training. There are believed to be bottom-up processing and top-down (cognitive)
processing changes (Henshaw & Ferguson, 2013). Studies show that these processes can be affected
differently depending on the type of auditory training that is undergone. Auditory tasks with varying
phonemes and words typically are shown to aid bottom-up processing, whereas non-auditory tasks
such as visuospatial or visual discrimination tasks are believed to improve top-down cognitive
processes (Ferguson & Henshaw, 2015). However, research has also shown that training that aids in
bottom-up processing may also aid in improvements with top-down processing, which could also
explain the improvements seen in SIN perception for individuals after auditory training (Ferguson et

al., 2012; Henshaw & Ferguson, 2013).

The effects of auditory training can also vary depending on the stimuli used as well as multiple other
factors (Karawani et al., 2016). A study conducted by Burk et al., (2006) has shown that using words
embedded in noise as a training stimulus showed improvements in individuals’ ability to perceive
SIN. However, these improvements were limited to words that were used in training and the
improvements were not seen for unfamiliar words or sentences (Burk et al., 2006; Karawani et al.,
2016). Therefore, when developing an auditory training programme, it is important to evaluate what

effects are to be evaluated and what results are to be expected.

In general, multiple studies have found improvements with varying methods of auditory training in
individuals with and without hearing impairment. These improvements have been seen in a range of
areas. These include communication skills, perceptual, cognitive, speech processing and SIN
perception, among others (Besser & Launer, 2020; Ferguson & Henshaw, 2015; Ferguson et al.,
2012; Henshaw & Ferguson, 2013; Karawani et al., 2016).

Auditory training is a key component of this research as it was used to evaluate changes in
individuals’ SIN perception ability. This, in combination with MOCR measurements was the
fundamental component of the research conducted. Therefore, this section will highlight the
underlying physiological principles as well as research highlighting auditory-training related effects

in centrifugal pathways such as the MOC system.

5.1.Underlying Physiology of Auditory Training

A few studies have investigated the biological mechanisms that underlie the improvements seen with
auditory training (Ferguson & Henshaw, 2015). One such study identified the involvement of cortical

and subcortical structures and potential connections which underlie the training-induced changes.
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This study speculated that auditory training, particularly through programmes such as LACE
(Listening and Communication Enhancement), which can involve both peripheral and central
structures, can play an important role in strengthening cognitive processes (Song, Skoe, Banai, &
Kraus, 2012). Due to the contents of the LACE programmes, a high level of demand is exerted on
cognitive processes. This, in turn, then ensures that subcortical processing is similarly strengthened,
which works to improve hearing speech in noisy background situations (Song et al., 2012). This
works as a loop where strengthened processing is further relayed to cortical structures, which aids in
the processing of information. Furthermore, this research also showed that auditory training could
improve the coding of pitch-related information (Song et al., 2012). As discussed in earlier sections,
pitch and frequency coding are important when perceiving SIN. Therefore, these improvements are

believed to underlie the training-induced changes (Song et al., 2012).

Furthermore, neural correlates of auditory training can also be seen through studies conducted on
musicians. Musicians go through musical training as a result of repeated exposure to music (Zendel
& Alain, 2014). This has been shown through studies investigating musicians’ ability to analyze
spectral and temporal information in a given stimulus. These findings have reflected significantly
better performance for musicians compared to non-musicians at these tasks. Furthermore, some
studies have also identified better SIN performance for musicians that is preserved as they age
(Parbery-Clark, Skoe, & Kraus, 2009; Zendel & Alain, 2014). Findings have shown that musicians
show enhanced brainstem responses compared to non-musicians which further indicates
improvements in subcortical processing. Furthermore, this indicates the potential importance of
corticofugal pathways in regulating subcortical activity, as was explained above (Kraus &
Chandrasekaran, 2010; Zendel & Alain, 2014). Additionally, auditory event-related potentials
(ERPs) reflected enhanced object-related negativity (ORN) and P400 responses in younger and older
musicians, respectively. These findings reflect an improved ability of musicians to undergo
spectrotemporal analyses of incoming stimuli (Zendel & Alain, 2014). This could aid with
concurrent sound segregation. Therefore, these studies reflect that the underlying biological
mechanisms of auditory training can involve both cortical and subcortical structures as well as

corticofugal connections between varying structures (Zendel & Alain, 2014).

Although, there have been biological mechanisms that have been highlighted in the literature that
aim to explain the improvements seen in SIN perception with auditory training. There are a limited
number of studies that evaluate and include the MOC system and its potential involvement in the
changes seen with auditory training. The findings of these studies also vary, which further provides

reasons to continue research in this field to obtain further evidence in this field (Bhattacharya, 2020;
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de Boer & Thornton, 2008; Mertes, Johnson, & Dinger, 2019). This is also important as any evidence
supporting the involvement, and underlying connection of the MOCR to training-induced changes in

SIN perception could have clinical implications that could benefit individuals.

5.2. Auditory Plasticity

An important concept that underlies auditory training is that of plasticity. Plasticity is when there are
changes in the processing of sensory information (Anderson & Kraus, 2013). This plasticity usually
comes as a result of changes in incoming sensory information or external factors such as periods of
auditory training. These changes, therefore, are fundamental in mediating perceptual differences that
come as a result of auditory training or other factors (Anderson & Kraus, 2013). This has been shown
through studies that have shown plasticity-related changes in individuals having undergone periods
of auditory training. A study done by Krishnan et al., (2010) showed that individuals who were
speakers of a tonal language showed enhanced coding of pitch compared to those individuals who
were non-tonal language speakers. This was further reflected through SIN performance for these
speakers, further providing evidence to the information provided in section 5.1 (Krishnan et al.,
2010). Additionally, this reflected plasticity in the auditory structures with changes corresponding to
the incoming sensory information, which varied across the different groups of individuals (Anderson
& Kraus, 2013; Krishnan et al., 2010). Furthermore, another study reflected enhanced coding for
fundamental frequency in bilingual speakers compared to those who spoke one language. This
further showed the connection between plasticity and changes that come as a result of differing input
(Krizman, Marian, Shook, Skoe, & Kraus, 2012). Interestingly, a study done by Gaab and Schlaug
(2003) found that musicians showed recruitment and activation of different central structures
compared to non-musicians. This was shown through greater activation of the superior parietal lobe,
supramarginal gyrus and inferior frontal gyrus. These areas are also known as auditory storage sites.
Comparatively, non-musicians saw greater activation of more traditional areas, including the primary
and secondary auditory cortices (Gaab & Schlaug, 2003). This reflected the idea of plasticity and
varying activation depending on the auditory training as well as the input these individuals had
received for certain periods of time (Anderson & Kraus, 2013). Therefore, this shows the importance

of plasticity in auditory training.
Corticofugal plasticity has been shown through various studies which have shown altered activity in

subcortical structures. This has been shown to be a result of top-down modulation, which works to

alter responses, mediating auditory training-related plasticity. This has been discussed in section 5.1.
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5.2.1. Plasticity of the Medial Olivocochlear System

Another structure that must be considered when discussing plasticity is the MOC system. This
mediates efferent control over the peripheral structures, and therefore, plasticity and auditory
training-related changes in this structure are important as they can alter how incoming stimuli are
coded for. Multiple studies have been conducted investigating the effects of auditory training on
MOC activity (Otsuka et al., 2016). One study found that repeated exposure to sound resulted in
increased activity in the MOC efferent fibers reflecting possible plasticity-related changes as a result
of auditory training (Brown et al., 1998; Illing et al., 2000). Another study found that those who were
exposed to sound for longer periods of time showed smaller PTS (Permanent Threshold Shift — a
shift in threshold that does not recover to preexposure levels) compared to those who were not
(Kujawa & Liberman, 1999). These studies support the idea of plasticity-related changes that can be
seen in the MOC system.

Furthermore, an important idea that has been investigated in literature is that of the input onto the
MOC efferents, which controls the descending output on the cochlea and related structures. As
explained above, the MOC system receives presynaptic innervation by both descending inputs such
as from the IC and ascending inputs from the CN (Romero & Trussell, 2021). Therefore, research
has speculated that this control of MOC activity is mediated by both higher-processing centers as
well as ascending inputs. Some studies found increased activity from the IC when there was repeated
stimulation at the periphery (Romero & Trussell, 2021). This was coupled with reduced ascending
activity onto the MOC efferents. This shows that a combination of both descending and ascending
information can play an important role in the mediation of MOC efferent activity (Romero &
Trussell, 2021). This is also believed to underlie the dynamic and broad range of intensities that the
MOC system can operate under. Furthermore, these studies also speculate that these changes in
ascending and descending activity could be conditioned to show longer-term plasticity-related
changes (Romero & Trussell, 2021). This further shows the plasticity that can exist in the MOC

system and how it can be important in mediating the effects of auditory training.

5.3. Auditory Memory

An important characteristic that is relevant to this research is that of auditory memory. When
listening to incoming stimuli, some words can be stored in an individual’s auditory working memory
(Kaiser, 2015; Wojcik, 2013). This is considered to be more of a short-term memory where the
stimuli can be forgotten if not properly encoded, consolidated and/ or retrieved (Kaiser, 2015;

Wojcik, 2013). Furthermore, there are also connections between working memory and long-term
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memory (van der Linden, 1998). Research suggests that an individual can retain approximately two
seconds of information about an incoming auditory signal, where the stimulus is repeated. This can
be lower for those signals or speech that are continually being presented, particularly in those lists of
stimuli where the individual is not aware when the list will end (N. Cowan, 2001; Nelson Cowan,
2010). Additionally, when the duration between stimuli is shorter, this is speculated to prevent an
individual from accurately remembering the words presented. Furthermore, it is also theorized that
multiple lists of words or other stimuli can make it difficult for an individual to be able to
discriminate between words presented in different lists, thus making it difficult to remember previous
words (Tehan & Turcotte, 2002). This is important as it can affect the results obtained during
research that involves using the same stimulus on different occasions. Thus, it was considered when

carrying out this study.

6. Auditory Evoked Potentials

Evoked potentials are important tools that are used clinically and in research studies. These are
electrical potentials that arise because of a stimulus that is delivered to an individual (Paulraj,
Subramaniam, Yaccob, Adom, & Hema, 2015). These potentials and corresponding electrical
activity can be recorded by electrodes placed on the scalp/ head or in the ear in some instances.
Specifically, a form of evoked potentials are auditory evoked potentials (AEPs). These are potentials
that arise following auditory stimulation (Paulraj et al., 2015; Petrova, 2009). These AEPs can be
evaluated and assessed to identify problems and lesions along the auditory pathway and can, in some
cases, provide information to aid in varying diagnoses (Berger & Blum, 2007; Paulraj et al., 2015).
AEPs are generated by stimulating the auditory system with a specific stimulus. This stimulus results
in electrical activity and firing in a large number of neurons (Biagio De Jager, 2008). This activity
needs to be synchronous and coordinated among the multiple neurons. Additionally, this activity is
different compared to the spontaneous activity that occurs when stimulation is not present (Biagio De
Jager, 2008). Therefore, this increased and synchronous electrical activity can be measured through
the placed electrodes. The resulting activity can be recorded and separated into different groups,
typically grouped based on the latency of the activity (Biagio De Jager, 2008). Responses obtained
within 10-12 ms of stimulus presentation are referred to as early responses and are comprised of
electrocochleography (eCochG) and auditory brainstem responses (ABR) (Biagio De Jager, 2008;
Paulraj et al., 2015). The middle latency responses or middle latency AEPs (MLAEPs) typically arise
between 10-50 ms of stimulation, whilst the late responses can be seen between 50-300 ms (Biagio
De Jager, 2008; Paulraj et al., 2015). The MLAEPs are believed to arise from activity in the
thalamus, early auditory cortex and the inferior colliculus. Comparatively, the late responses arise
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from activity in the auditory cortex and higher brain areas (Biagio De Jager, 2008). These varying
responses have different clinical uses and can be used to analyze different aspects of auditory
activity/ processing. The stimuli used to elicit these responses can also be varied to evaluate specific
processes (Biagio De Jager, 2008; Paulraj et al., 2015). The further sections will provide more detail
into ABRs as they hold relevance due to being used in this study.

6.1. Auditory Brainstem Responses

ABRs are very useful clinical tools that aid in multiple aspects of patient management. These are
especially used in paediatric populations to provide an insight into the child’s hearing status (Biagio
De Jager, 2008; Laumen, Ferber, Klump, & Tollin, 2016; Paulraj et al., 2015). This is particularly
important as young children can be difficult to test due to uncooperating behaviours and/ or shorter
attention spans. Furthermore, infants are not able to undergo other means of diagnostic testing due to
an inability to understand and undergo more complex tasks for their age (Biagio De Jager, 2008).
Therefore, ABRs can be very beneficial in these populations (Biagio De Jager, 2008; Laumen et al.,
2016; Paulraj et al., 2015). Furthermore, the characteristics of ABRs provide information on the
integrity of the auditory pathway and can highlight potential sites of lesion as well as aid in varying
diagnoses in combination with other test results. Thus, showing the usefulness of ABRs as a clinical
tool (Laumen et al., 2016; Paulraj et al., 2015). Furthermore, ABRs are also very useful as a research

tool as they can be used to analyze auditory activity in varying conditions (Laumen et al., 2016).

ABRs can be analyzed by assessing varying peaks that arise at different latencies following auditory
stimulation. These peaks are typically referred to as waves I through to wave VII (Berger & Blum,
2007; Biagio De Jager, 2008; Petrova, 2009). Wave I activity is believed to arise from neural
generators in the peripheral portion of the auditory nerve, whereas wave Il activity arises from the
distal portion of the auditory nerve and/or the cochlear nuclei. Wave III activity is believed to be
generated from the superior olivary complex and the projections to the LL, whereas wave IV
responses arise from the LL (Berger & Blum, 2007; Petrova, 2009). Wave V activity is believed to
be generated from lower midbrain structures such as the inferior colliculus. Additionally, wave VI
and wave VII activity are speculated to originate from subcortical areas and projections to higher

cortical areas (Berger & Blum, 2007; Petrova, 2009).

Importantly, the testing parameters that are used to elicit these responses are also important. This is
because these parameters can affect how these responses are created, and therefore, affect important

characteristics such as latency and amplitudes of responses (Biagio De Jager, 2008). Furthermore,
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other parameters, such as those that control averaging of responses and artifact rejection etc., are also
important as they can affect the reliability and accuracy of results obtained (Biagio De Jager, 2008).
Also of importance is ensuring minimal impedance with the electrodes and the amount of noise
present in the testing environment. These factors can affect the results obtained (Biagio De Jager,
2008). ABRs that are obtained can have significantly small amplitudes, especially when measured
through a far-field recording. Obtaining a near-field recording through the use of an electrode placed
in the ear canal of the individual can provide responses with higher signal-to-noise ratios (SNR) and
greater amplitudes (Biagio De Jager, 2008). This is particularly true for wave I responses which are
particularly important for this research, as will be discussed in section 6.1.1 (Bauch & Olsen, 1990;
Biagio De Jager, 2008). Furthermore, varying parameters such as stimulus rate, artifact rejection and
high- and low-pass filters, among others, can be used to improve the SNR to ensure reliable and

accurate results (Biagio De Jager, 2008).

The stimuli used to evoke these ABRs also plays an important role in determining the responses
obtained. Click stimuli deliver a broadband signal that works to stimulate a wide range of
frequencies in the cochlea (Biagio De Jager, 2008). However, due to the arrangement of the cochlea,
the high frequencies are stimulated before the lower frequencies. The delay is due to the time it takes
for lower frequencies to travel along the cochlear partition to the apex of the cochlea (Biagio De
Jager, 2008). Comparatively, a chirp stimulus is designed to deliver lower frequencies before the
higher frequencies, which works to compensate for this cochlear arrangement. This results in
synchronous firing and simultaneous activation of hair cells in the cochlea, resulting in a signal that
is typically higher in amplitude (Biagio De Jager, 2008; Elberling & Don, 2008). A specific type of
chirp used in studies nowadays is referred to as an LS CE-Chirp. This is designed to accommodate
stimulus effects at high intensities (di Scipio & Mastronardi, 2018). Furthermore, the amplitudes and
latencies of the responses obtained can also differ depending on the stimulus used (Jamal, Arafat
Dzulkarnain, Shahrudin, & Marzuki, 2020). For chirp stimuli, research has shown wave I latencies to
be approximately 1.49 ms for normal hearing individuals with an 80 dB nHL stimulus (Jamal et al.,
2020; Pani, Sahoo, Chatterjee, & Dutta, 2020). Additionally, the amplitude of wave I responses has
been shown to be approximately 0.38 microvolts for the same stimulus (Jamal et al., 2020). There is
some variation that can be expected depending on each individual. However, these are suggested to
be the normative values (Jamal et al., 2020; Pani et al., 2020). This will be important as we progress

further into this research.

6.1.1. Auditory Brainstem Responses and the Medial Olivocochlear Reflex
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Research has shown there to be a decrease in the dynamic range within the auditory nerve with noise
stimulation. This occurs following an increased baseline rate of firing and early saturation of AN
fibers (de Boer et al., 2012). These are believed to be the effects seen with noise stimulation.
However, as explained in earlier sections, the MOC system is believed to ameliorate these effects
and alter the response of the AN fibers (de Boer et al., 2012). This works to provide a basis for
improved signal-in-noise perception, which has been discussed as the antimasking effect. This is
theorized to underlie the changes that are seen with MOCR activity and ABRs (de Boer et al., 2012;
Lichtenhan, Wilson, Hancock, & Guinan, 2016).

Literature has shown for there to be a connection between ABRs and the MOCR. They have
reflected changes in ABR wave I activity as a result of stimulating the MOC system (Lichtenhan et
al., 2016). This, therefore, provides a way to evaluate MOCR activity and potentially provide an
alternative mechanism that can underlie mediation of the effects of the MOC system. Research has
shown for there to be a reduction in ABR wave I amplitudes with contralateral acoustic stimulation.
This stimulation is believed to activate the MOCR, thus showing a MOCR related reduction in wave
I amplitudes (Lichtenhan et al., 2016). This has been shown through a few studies (Chabert, Magnan,
Lallemant, Uziel, & Puel, 2002; Folsom & Owsley, 1987; Lichtenhan et al., 2016). However, the
results have been questioned for some studies in regard to their reliability (Lichtenhan et al., 2016).
This, therefore, shows further reason to carry out research in this field to accumulate more evidence

in this area.

Another important factor in measuring MOC activity on ABRs is ensuring accurate and correct
testing parameters are used. An important consideration is using moderate to high stimulus levels to
ensure large amplitudes of the waveforms (Berger & Blum, 2007; S. B. Smith, Lichtenhan, & Cone,
2017). These have been employed in other studies that have evaluated these effects (Berger & Blum,
2007; Lichtenhan et al., 2016; S. B. Smith et al., 2017). Furthermore, aspects such as stimulus rate
also need to be considered to prevent adaptation which can affect the ABR results (Buran et al.,
2020). For this, a low stimulus rate is recommended, such as a 11.1/s stimulus rate. Other parameters
also need to be considered when establishing the testing protocols (Berger & Blum, 2007;
Lichtenhan et al., 2016; S. B. Smith et al., 2017).

Some studies have been conducted evaluating the effects of the MOCR on ABRs. These studies have
found varying results (Chabert et al., 2002; Folsom & Owsley, 1987; Lichtenhan et al., 2016). This
research aims to add additional information to previous studies and investigate a potential correlation
between ABR wave I activity and changes in SIN perception following a period of auditory training,

as well as any potential connection between ABR wave [ activity and auditory training. This study is
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building on the study conducted by Bhattacharya (2020) and investigates whether ABRs and their
related underlying principles can potentially explain and reflect the underlying physiological

mechanisms mediating any changes in SIN perception with auditory training and the MOCR.

7. Review of Literature Summary

The literature has provided information covering varying aspects of the auditory system. This
includes the outer, middle and inner ear and the underlying anatomy and physiology of these
divisions of the human ear (Nava & Lasrado, 2021). Furthermore, aspects such as the afferent and
efferent pathways, varying types of masking and principles of AEPs have also been discussed
(Ciuman, 2010; Hackney, 1987; Oxenham, 2013a; Paulraj et al., 2015). Importantly, the literature
has provided information on the MOC system, including the roles it plays in the human auditory

system (Ciuman, 2010; Lopez-Poveda, 2018).

Previously conducted studies have shown that the MOC system plays a role in varying aspects of
hearing. These include protection from overstimulation/ noise trauma, signal-in-noise perception and
sound localization (Ciuman, 2010; Lopez-Poveda, 2018). Importantly, a common theme among this
research is the need for further research to obtain more conclusive evidence supporting these roles in

humans.

Previously conducted studies have evaluated the effects of auditory training programmes on SIN
perception relating to MOC system activity. However, these studies have found variable results
(Bhattacharya, 2020; de Boer & Thornton, 2008; Mertes et al., 2019). Furthermore, studies have also
reflected plasticity in the MOC system, therefore, showing how it can be important in mediating the
effects of auditory training. Additionally, studies conducted investigating ABRs, and MOC activity
have also found results showing suppression of wave I activity, although amongst unreliability in the
literature (Chabert et al., 2002; Folsom & Owsley, 1987; Lichtenhan et al., 2016). Therefore, this
study aims to build directly on a study conducted by Bhattacharya (2020), which provided future
research directions for investigating the physiological mechanisms underlying changes seen in SIN
perception with auditory training. This study, therefore, aims to also build on previous research
conducted in this field to obtain additional evidence supporting the connection between auditory
training and MOC system activity as well as SIN perception. Additionally, finding a connection
between MOCR activity (underlying physiological mechanism) and SIN perception is also an

important idea investigated throughout this research.
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Aims and Hypotheses

Aim _One: To obtain additional information on a previous study investigating the relationship
between a speech-in-noise auditory training programme and the participants’ perception for speech-

in-noise stimuli.

Hypothesis One (A): Improvements will be seen in participants’ performance throughout the five-day

auditory training programme.

Hypothesis One (B): Improvements will be seen in participants’ ability to perceive speech-in-noise,

measured through Quick Speech-in-Noise Test and Word Recognition-in-Noise Test results, at the

completion of the auditory training programme when compared to before the programme.

Aim_Two: To obtain additional information on a previous study investigating the relationship
between a speech-in-noise auditory training programme and medial olivocochlear efferent activity as

measured through otoacoustic emissions.

Hypothesis Two: An elevation of medial olivocochlear efferent activity will be seen when measured
through contralateral suppression of DPOAE’s with broadband noise stimulation, following the

auditory training programme.

Aim_Three: To investigate the effects of contralateral broadband noise stimulation on medial
olivocochlear efferent activity as measured through auditory brainstem responses, focusing on Wave

I activity.

Hypothesis Three: An elevation of medial olivocochlear efferent activity will be seen when

measured through contralateral suppression of ABR Wave I activity with broadband noise

stimulation, as compared to ABR Wave I activity without broadband noise stimulation.

Aim Four: To investigate the relationship between a speech-in-noise auditory training programme
and medial olivocochlear efferent activity as measured through auditory brainstem responses,

focusing on Wave I activity.
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Hypothesis Four: An elevation of medial olivocochlear efferent activity will be seen when measured

through contralateral suppression of ABR Wave I activity with broadband noise stimulation,

following the auditory training programme.

Aim Five: To obtain additional information on a previous study investigating the relationship
between the participants’ perception for speech-in-noise stimuli and medial olivocochlear efferent

activity as a result of the auditory training programme.

Hypothesis Five: The auditory training programme will result in a positive correlation between

improved speech-in-noise perception as measured through Quick Speech-in-Noise Test and/or Word
Recognition-in-Noise Test results for participants’ and an increase in medial olivocochlear efferent

activity as measured through DPOAE and/or ABR Wave I suppression.
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Methods

This study was developed to build upon a previously completed study by Bhattacharya (2020).
Therefore, the methods used in this study have been kept nearly identical to this previous study. This
has been done to evaluate the underlying mechanisms that can potentially play a role in the changes
that are seen with auditory training. Furthermore, by keeping the methods the same, this study will be
able to obtain additional data on the necessary aims and hypotheses. This is also important as
research has shown for there to be contradicting evidence present in the literature. Therefore,
obtaining more evidence will be important in eventually establishing a conclusion on the topic
(Bhattacharya, 2020; de Boer & Thornton, 2008; Mertes et al., 2019). The study conducted by
Bhattacharya (2020) found contradictory information to that found in other studies. Therefore, this
study can also evaluate these effects to see if these results were study-specific or if the information
indicates differences to the literature. Keeping the same methods, also provides an opportunity for
future research to potentially combine datasets to evaluate any potential effects because of a larger

sample size.

1. Study Setup

This study was approved by the Auckland Health Research Ethics Committee (Reference: AH2946).
Sound treated rooms in the University of Auckland Hearing and Tinnitus Clinics were used to ensure
there was minimal background noise during the various testing procedures. This study can be
separated and described in four different parts. These parts are a hearing assessment, the baseline
measurements or the measurements taken before training, the speech-in-noise (SIN) training

programme and the measurements taken after the auditory training programme.

1.1. MOCR Elicitor

The MOCR was stimulated using contralateral acoustic stimulation (CAS). This was used for a
variety of measures and was fundamental to the research study. A broadband noise (BBN) stimulus
was used to elicit the MOCR. This has been shown to be effective in various studies investigating the
effects of CAS on MOCR activity (Lilaonitkul & Guinan, 2009; Lisowska et al., 2002; Velenovsky
& Glattke, 2002). Furthermore, the level of the BBN stimulus was set to be 60 dB SPL. This is
important as studies have been conducted evaluating the effects of various stimulus levels on MOCR

activity. These studies have shown that intensity levels >60 dB SPL potentially activate the middle
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ear muscle reflex (MEMR) (Marshall et al., 2014). Therefore, to stay clear of these effects on our
results, a 60 dB SPL BBN stimulus was used, which has been shown to be effective in eliciting

MOCR activity (Marshall et al., 2014).

This elicitor was only used contralaterally for DPOAE and ABR measurements to prevent the noise
from affecting the DPOAE stimulus and to keep the elicitor the same when investigating the ABRs.
For the SIN auditory training programme and the Word Recognition-in-Noise Test, the BBN
stimulus was presented bilaterally. This is because research has indicated that bilateral stimulation
results in greater MOC activity compared to other forms of stimulation (Berlin et al., 1995;

Lilaonitkul & Guinan, 2009; Lopez-Poveda, 2018).

The BBN elicitor used was created using a computer software called Audacity. Through this
software, white noise, which had equal energy across a range of frequencies, was altered to create the
BBN used. The white noise was created from frequencies 43 Hz to 22 kHz. From 8 kHz onwards, the
software was set to reduce the amplitudes by 48 dB per octave. This was known as a low-pass filter.
Additionally, the BBN noise was played through two Dell laptops and a Grason-Stadler Audiostar
Pro Audiometer; each coupled to an ER-3A insert phone transducer. This allowed for verification
and establishment of the levels required on the volume controls to produce a 60 dB SPL BBN
stimulus. For this, a Briiel and Kjar 2250 Sound Level Meter was used, which was coupled with a
Briiel and Kjer 4152 Artificial Ear and a Pressure-field Microphone type 4144. This allowed for a 60
dB SPL (LZF weighted) output to be verified.

Relative
Amplitude
(dB)

43Hz 5000Hz 10000Hz 15000Hz 21993Hz

Frequency (Hz)

Figure 1: Figure showing the relative amplitudes across varying frequencies for the created BBN elicitor.
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1.2. Participants

The participants were recruited based on set inclusion and exclusion criteria. Individuals would be
eligible to take part in the study if they were above the age of 16 and had clinically normal hearing.
The exclusion criteria included any hearing conditions such as ANSD or APD, abnormal
tympanometry results, hearing thresholds that were considered outside of the normal range (>15 dB
HL), as well as exposure to loud levels of noise or ototoxic medication which could have effects on
hearing. The recruitment process was conducted through printed and verbal advertisements of the
study. Each participant was also provided with the Participant Information Sheet and was required to

sign a Consent Form to take part in the study.

1.2.1. Control and Treatment Groups

Ten participants were recruited for the study and were randomly allocated into control and treatment
groups. Six participants made up the treatment group, and four made up the control group. The
control group did not undergo the auditory training programme. This group underwent the Word
Recognition-in-Noise Test, the Quick Speech-in-Noise Test, and the DPOAE and ABR
measurements on the first and fifth days. Furthermore, they also underwent a hearing assessment. A
control group was necessary to evaluate the effects of auditory training. The same methods were

used for both control and treatment groups regarding the specific measurements carried out.

2. Part One: Hearing Assessment

The initial part of the study required a clinical hearing assessment to be conducted. This was to
ensure the participants had hearing within normal limits and fit the inclusion/ exclusion criteria. An
otoscopic examination was conducted as part of this assessment. This was to ensure no visual
abnormalities or significant occurrences of cerumen could be detected, which could affect the

hearing status of the participants.

This was followed by immittance audiometry. A Grason-Stadler GSI Tympstar Version 2 Middle Ear
Analyzer was used for these measurements. For these measurements, a typical audiological process
was conducted to ensure there were no contraindications to this testing. For tympanometric testing, a
226 Hz probe tone was used with a sweep rate of 600/200 daPa/sec. The findings of these results
were evaluated with normative values established in the literature. The participants were considered
to have normal results if the values fell within the normative ranges established (ASHA, 1990). This
testing was done in both ears of each participant. The normative values indicate a middle ear pressure
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between -100 to 100 daPa, an admittance between 0.3 to 1.4 mmho, an equivalent ear canal volume
between 0.6 to 1.5 cm”3 and a tympanometric width between 50 to 110 daPa (ASHA, 1990).
Alongside this, acoustic reflex thresholds were also obtained using a BBN stimulus. This testing was
done for both ears of each participant, and both contralateral and ipsilateral measurements were
taken. A threshold was identified at the lowest intensity level that elicited at least a 0.02 mmho
change in admittance on two separate occasions (Hunter & Shanaz, 2013). This followed the
standard clinical procedure used for ASR measurements which included a check for growth and

absence of the reflex at lower intensity levels.

The final part component of the hearing assessment was pure-tone audiometry. A Grason-Stadler
Audiostar Pro audiometer was used for this assessment. ER-3A insert earphone transducers were
used with 13mm foam tips. The participants were provided with a button to indicate they heard the
sound in their ears. Both ears of the participants were tested separately. This was done for
frequencies between 250 Hz and 8 kHz. The initial presentation level was 30 dB HL which was
decreased by 10 dB HL if the participant successfully heard the tone and increased by 5 dB HL if
they did not (Carhart & Jerger, 1959). A screening method was used where the lowest intensity level
evaluated was 15 dB HL. Two out of three responses obtained at this level would indicate that the

participant had hearing within the normal range (Carhart & Jerger, 1959).

3. Part Two: Baseline or Pre-Training Measurements

3.1.Speech-in-Noise Assessments

3.1.1. Word Recognition-in-Noise Test (WINT)

One of the first tests done as part of the pre-training measurements was the Word Recognition-in-
Noise Test (WINT). This test was done to evaluate participants’ SIN perception with words
presented in noise. These types of tests have been shown to be effective in the literature in auditory
training-based studies and are an efficient way to measure an individual’s SIN perception (Burk et
al., 2006). Furthermore, these types of tests allow for stimuli to be set at specific SNRs, and
therefore, allow for an assessment of an individual’s ability to perceive the stimulus with varying
levels of noise (Wilson, 2011). The stimulus used for this test was Meaningful Consonant-Vowel-
Consonant words (CVC). These words are monosyllabic, arranged in lists and are composed of three
phonemes arranged as a consonant-vowel-consonant (Wilson, Arcos, & Jones, 1984). The scoring
for this test is based on the components of the word the participant got correct and can be scored
either 0, 3, 7 or 10 out of 10 for each word.
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The participants were set up with two Dell laptops and a Grason-Stadler Audiostar pro audiometer.
One laptop was set to provide the BBN stimulus at 60 dB SPL through ER-3A insert earphones
coupled with a 13mm foam tip to the left ear. The other laptop provided a 60 dB SPL BBN stimulus
through the second channel of the audiometer, alongside the CVC words to the right ear using the
same type of transducer. As the audiometer dial provided intensities in dB HL, these were converted
to dB SPL using the IEC 60645-2 1997 standard RSPL for speech to ensure accurate SNR stimuli
were being provided. Lists 5-12 of the built-in CVC lists were used at a randomly assigned SNR in a
random order. These SNRs were +12, +8, +4, 0, -4, -8, -12, -16 with one practice list at +16 SNR.
Before the presentation of the CVC lists, the BBN stimulus was presented for two seconds to ensure
activation of the MOCR (Boothalingam, Goodman, MacCrae, & Dhar, 2021). Instructions to the
participants were provided, which asked for them to repeat (or guess if needed) the words they heard.
The scoring for each word was done with the scores mentioned above. The total WINT score was
calculated by taking the sum of the scores of each word in one list (specific SNR). This allowed for
the change in WINT score to be calculated by subtracting the pre-training total WINT score from the
post-training measurement. This provided an evaluation of how the participant performed following

the training programme.

3.1.2. Quick Speech-in-Noise Test (QuickSIN)

Another test done to evaluate participants’ SIN perception was the QuickSIN Test. This test has been
shown to be effective in evaluating SIN perception in individuals alongside MOC activity. Therefore,
it provides a good measurement to assess training effects (Greaves, 2018). The QuickSIN test is a list
of sentences, each with five keywords that are embedded in multi-talker babble. Each sentence in the
list has a different SNR, starting at 25 and decreasing to 0 (Greaves, 2018; Killion, Niquette,
Gudmundsen, Revit, & Banerjee, 2004). This again provides a way to assess participants’ ability to
perceive SIN for varying levels of noise. Each keyword is scored one mark totalling to a maximum
of 30 marks. Each list then provides an SNR loss which indicates how much louder the stimulus
must (in dB) be for it to be heard in noise. This is also believed to be quite accurate (within 2.7 dB),

as has been shown through research (Killion et al., 2004).

The participants were set up with a Grason-Stadler Audiostar pro audiometer. The built-in QuickSIN
lists were used and delivered through ER-3A insert earphones coupled with a 13mm foam tip to the
right ear. The audiometer dial was set to 70 dB HL, and each list presented the stimuli in varying
SNRs. This was carried out for three lists, each with six sentences. Instructions to the participants
were provided, which asked for them to repeat (or guess if needed) the words they heard in each

sentence. The scoring for each list was done with the scoring mentioned above. The total score in one
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list was subtracted from 25.5 to provide the SNR loss. The average SNR loss across the three lists
provided the mean SNR loss. This mean SNR loss from the pre-training measurements was
subtracted from the post-training measurement to show the change in SNR loss for each participant
after training. This provided an evaluation of how the participant performed following the training

programme.

3.2. Medial Olivocochlear Activity Measurements

3.2.1. DPOAE Measurements

DPOAE measurements were undertaken on each participant as a measure of MOC activity. Research
has shown for there to be MOCR related suppression of DPOAE amplitudes with CAS; therefore,
this measurement was undertaken. It has been widely used in literature and has proved effective in
various studies (James, Harrison, Pienkowski, Dajani, & Mount, 2005; Konomi, Kanotra, James, &
Harrison, 2014). Research suggests that primaries within the range of 55-65 dB SPL provide the
greatest accuracy when undertaking these measures. Primary levels that are louder may not, in fact,
reflect cochlear amplifier activity, and therefore, may not be accurate (Caroline Abdala & Visser-
Dumont, 2001). Furthermore, a frequency separation ratio of 1.2 and a level difference of 10 dB
between the two tones are believed to provide the largest amplitudes of DPOAESs. (Caroline Abdala
& Visser-Dumont, 2001). As per recommended guidelines, an SNR of 6 dB was required for the

responses to be accepted to ensure accuracy of the responses obtained (McCreery, 2013).

The participants were set up with an Interacoustics Titan system coupled to a Dell computer. This
computer ran the Titan Suite software, which was used to measure the DPOAEs from the
participants. The probe was placed in the right ear of participants, with an ER-3A insert transducer
coupled with a 13mm foam tip placed in the left ear. This was connected to a Dell laptop which
provided the 60 dB SPL BBN stimulus. This was played for two seconds before the ‘with CAS’
DPOAE measurements were taken. A ten-second interval was provided between ‘with’ and ‘without’
CAS measurements to ensure the MOCR was not actively affecting responses (Boothalingam et al.,
2021). The level of the primaries was L1=65 dB SPL and L2= 55 dB SPL. The frequency separation
ratio was 1.22. The frequencies tested were between 500 Hz and 8000 Hz, logarithmically arranged
to create 24 frequencies for DPOAE testing. Two measurements were taken for each participant: a
‘without CAS’ and a ‘with CAS’ measurement. DPOAE suppression was calculated by subtracting
the DPOAE response amplitudes with CAS from the DPOAE response amplitudes without CAS for

the frequencies tested. This was done for the pre-training and post-training measurements. The
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change in DPOAE suppression was calculated by subtracting the pre-training suppression values

from the post-training suppression values.

3.2.2. ABR Measurements

ABR measurements were undertaken on each participant as a measure of MOC activity. Research
has shown for there to be MOCR related suppression of ABR waveform amplitudes with CAS;
therefore, this measurement was undertaken. There have been prior studies that have evaluated these
effects, showing the effectiveness of ABRs as a measure (Chabert et al., 2002; Folsom & Owsley,
1987; Lichtenhan et al., 2016). In specific, this study focusses on wave I amplitudes as they are
believed to be correlated to auditory nerve activity, and research has suggested a reduced firing rate
in AN fibers as a result of CAS (Berger & Blum, 2007; de Boer et al., 2012). Therefore, being

effective in measuring MOC activity and evaluating the potential mechanism.

The ABR measurements were conducted using the Interacoustics Eclipse EP25 system. The
participants were instructed to remain still and quiet during the measurement procedure. The
electrode placement sites were cleaned with alcohol wipes, and Nuprep skin preparation gel was
applied to these sites. The active electrodes were placed on the high forehead, with the common
electrode being placed on the low forehead, ensuring there was sufficient distance between the two
electrodes. A reference electrode was placed on the left mastoid. The right ear electrode was a
TipTrode which was connected to the insert earphone transducers to deliver the stimulus and
recorded through an alligator clip cable which contacted the gold foil of the TipTrode itself.
Impedance values were required to be 5 kiloohms or lower to be accepted. For the TipTrodes,
research has suggested impedance values below 20 kiloohms to also be acceptable (Interacoustics,
2016). Two measurements were taken for each participant: a ‘without CAS’ and a ‘with CAS’
measurement, with each repeated twice to check for the reliability of the results. An ER-3A insert
transducer coupled with a 13mm foam tip was placed in the left ear. This was connected to a Dell
laptop which provided the 60 dB SPL BBN stimulus. This was played for two seconds before the
‘with CAS’ ABR measurements were taken. A ten-second interval was provided between ‘with’ and
‘without’ CAS measurements to ensure the MOCR was not actively affecting responses
(Boothalingam et al., 2021). The testing parameters used are provided in Table 1. ABR suppression
was calculated by subtracting the ABR wave I response amplitude with CAS from the ABR wave |
response amplitude without CAS. This was done for the pre-training and post-training
measurements. The change in ABR suppression was calculated by subtracting the pre-training

suppression values from the post-training suppression values.
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Table 1: Table showing the parameters used for ABR measurements.

Parameter Values Used
Stimulus Type LS CE-Chirp
Stimulus Level 80 dB
Stimulus Rate 11.1/s
High and Low Pass Filters 10 Hz to 3000 Hz

Waveform Sampling

40 kHz over 25.6 ms epoch

Averaging 2000 averages with an option to go to 4000
if needed.
Artifact Reject 20-25 microvolts

Table 1 shows the parameters used for the ABR measurements conducted. These parameters
have been selected based on research outlined in Section 6.1.1, as well as experimentation with

varying parameters to identify those that provide the most accurate and reliable results.

4. Part Three: Speech-in-Noise Auditory Training Programme

The SIN auditory training programme used in this study has been kept the same as that used in a
previous study (Bhattacharya, 2020). This training programme was designed and implemented to
elicit auditory-training related changes in SIN perception ability relating to MOC activity. This
auditory training programme used monosyllabic words as the stimulus for the training. Previous
research in this area has used varying forms of stimuli. However, monosyllabic words are believed to
show effective results with auditory training. Furthermore, the effects of the auditory training on
MOC related activity and SIN perception are also speculated to be affected by the stimuli chosen
(Mertes et al., 2019; Mertes, Wilbanks, & Leek, 2018). The specific stimuli used for this study were
Northwestern University Auditory Test No.6 (NU-6) and the Central Institute for the Deaf (CID) W-
22-word lists. Each list is comprised of 50 words, totalling to 200 words in total for each of the NU-6
and the CID W-22 words (Thomson, 2002).

This auditory training programme was conducted over five days using a staircase method. This
staircase method is suggested to provide an SNR of which intensities higher result in correct

responses 50% of the time (Cornsweet, 1962). The participants were set up with two Dell laptops and

50



a Grason-Stadler Audiostar pro audiometer. One laptop was set to provide the BBN stimulus at 60
dB SPL through ER-3A insert earphones coupled with a 13mm foam tip to the left ear. The other
laptop provided a 60 dB SPL BBN stimulus through the second channel of the audiometer, alongside
the NU-6 and/or CID W-22 words (built-in) to the right ear using the same type of transducer. As the
audiometer dial provided intensities in dB HL, these were converted to dB SPL using the IEC 60645-
2 1997 standard RSPL for speech to ensure accurate SNR stimuli were being provided. Before the
presentation of the word lists, the BBN stimulus was presented for two seconds to ensure activation
of the MOCR (Boothalingam et al., 2021). Instructions to the participants were provided, which
asked for them to repeat (or guess if needed) the words they heard. The initial presentation was at 65
dB SPL, which correlated to a +5 SNR. If the participant repeated an incorrect word, the intensity
was increased by 1 dB and alternatively was reduced by 1 dB if they got the word correct
(Cornsweet, 1962). After each word, the participant was shown the correct word on a separate laptop.
In addition to this, the word was also repeated for the participant if they had repeated it incorrectly.
This has been shown to be effective in auditory training and learning (Olson, 2015). This staircase
method was conducted for 25 words in each staircase. The first and fifth days of training saw eight
staircases be completed, whereas ten staircases were completed for the days in between. This was
scored by calculating the mean of the intensities during the last four reversals of each staircase,
which provided the word recognition threshold (WRT) presented in the form of an SNR (Cornsweet,
1962). Averaging all the WRTs across the staircases for one day provided the mean WRT. The
change in WRT was calculated by subtracting the mean WRT of the fifth day of training from the

first day of training to show changes in SIN perception.

5. Part Four: Post-Training Measurements

The post-training measurements were undertaken on the fifth day of the study. These included:
WINT, QuickSIN testing as well as DPOAE and ABR measurements. These were conducted in the

same manner as outlined in the previous sections of these methods.

6. Statistical Analysis

The data obtained through the study was statistically analyzed and presented in the results section
below. The analysis conducted included a variation of inferential and descriptive statistical methods.

The statistical analysis methods used included repeated-measures ANOVA as well as Pearson
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correlation analysis. Furthermore, some forms of descriptive statistical methods have also been used.

The statistical analysis was conducted using the SPSS software.
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1. Hearing Assessment

Results

Table 2: Table showing the ipsilateral and contralateral acoustic reflex thresholds for participants in

both treatment and control groups.

Group

Treatment

Control

Participant

— N W B W N =

E-NE VSRR S

Right Ipsilateral

80
70
85
70
75
75
70
70
75
70

Right Contralateral
(dB HL)

80
75
85
70
75
75
75
75
80
70

Left Ipsilateral

70
70
80
70
75
70
70
70
75
70

Left Contralateral

85
75
85
70
70
85
75
70
80
75
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2. Speech-in-Noise Perception and the Auditory Training Programme

2.1. Word Recognition Thresholds (WRTs)

5.000 |

4.000 |

3.000 |

2.000 |

1.000 |

Mean Word Recognition Threshold (in SNR)

000 |

1 2 3 4 5

Session

Figure 2: Figure showing the mean WRTs (in SNR) in each session for the participants having

undergone the auditory training programme.

Figure 2 shows that, on average, the WRTs improved over the five-day auditory training programme.
This is shown through a mean WRT of 4.46 SNR (SD = 1.48) on the first day, decreasing to -0.03
SNR (SD = 1.12) on the fifth day of training. This shows that the participants, on average, were able
to perform better on the task (lower SNR). There was also an improvement seen throughout the
training programme each day. These results were deemed statistically significant using a repeated

measures ANOVA with a Greenhouse-Geisser correction, F(1.854, 9.272) =25.545, p =<0.001.
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Figure 3: Figure showing the initial mean WRTs (in SNR) for each participant and the
corresponding decrease in mean WRTs (in SNR) observed when comparing the last day of auditory

training to the first.

Figure 3 shows that there is a strong positive association between the initial mean WRT and the
mean reduction in WRT when comparing the fifth day of auditory training to the first. This shows
that participants who performed relatively poorer on the first day saw a greater reduction in mean
WRTs on the last day of auditory training, indicating greater improvement. These results were

analyzed using Pearson’s Correlation and are statistically significant, r(4) = 0.98, p = <0.001.
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2.2. Word Recognition-in-Noise Test (WINT)

100.00 Group
== Control
=== Treatment
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+12 +8 +4 0 -4 -8 -12 -16

SNR of Presented Stimulus

Figure 4: Figure showing the presented stimulus (in SNR) and the corresponding mean WINT scores

(in %) observed when comparing the control group to the treatment group.

100.00 Group

=== Control - Second Measurement
we== Treatment - Post-Training

80.00

60.00

40.00

Mean WINT Score (in %)

20.00

+12 +8 +4 0 -4 -8 -12 -16
SNR of Presented Stimulus

Figure 5: Figure showing the presented stimulus (in SNR) and the corresponding mean WINT scores
(in %) observed when comparing the second measurement of the control group to the post-training

scores of the treatment group.
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Figure 6: Figure showing the presented stimulus (in SNR) and the corresponding mean WINT scores

(in %) observed when comparing the first and second measurements of the control group.
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Figure 7: Figure showing the presented stimulus (in SNR) and the corresponding mean WINT scores

(in %) observed when comparing the pre- and post-training measurements of the treatment group.

The WINT results were analyzed to assess participants’ SIN perception when taking into
consideration the auditory training programme. Repeated measure ANOVAs were used to analyze
these results. Figure 4 showed a significant interaction (F(7, 126) = 5.88, p = <0.001) which
indicated that the mean WINT scores varied by group (control and treatment). Further analysis
indicated no significant interaction between the first measurement of the control group and pre-
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training measurements in the treatment group (F(14, 119) = 1.46, p = 0.135), indicating no
significant difference in mean WINT scores between the two groups prior to training (first
measurement). Figure 5 showed a further analysis where a significant interaction was shown between
the second measurement of the control group and post-training measurements in the treatment group
(F(14, 119) = 1.90, p = 0.033). This showed that there was a difference in mean WINT scores for the
participants who underwent the training programme compared to those who did not. Furthermore,
figure 6 showing no significant interaction (F(2, 17) = 2.15, p = 0.147) and figure 7 showing a
significant interaction (F(14, 119) = 3.54, p = <0.001) indicate for there to be improvements in mean
WINT scores for those who underwent training, compared to those who did not. These
improvements can be seen in figure 7, across all the SNRs measured, where it can be seen that
participants who underwent auditory training saw improvements following the auditory training

programme.

2.3. Quick Speech-in-Noise Test (QuickSIN)

5EH Group

B Control
B Treatment

1.50

1.00

Mean SNR Loss

50

.00
Pre-Training (First Measurement) Post-Training (Second Measurement)

Time of Measurement

Figure 8: Figure showing the mean SNR loss for participants in the control and training groups as
measured before and after the auditory training programme (first and second measurement for the

control group).

Figure 8 shows the results of the QuickSIN tests. These results were analyzed using a repeated
measures ANOVA and showed a significant interaction (F(1, 8) = 13.21, p = 0.007). This indicates a
difference in mean SNR loss shown through the QuickSIN test between the control and treatment
groups. Further analysis showed a significant difference in the mean SNR loss for the treatment

group when comparing the pre-training measurement to the post-training measurement (F(1,5) =
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15.64, p = 0.011). The mean SNR loss decreased from 1.94 (SD = 1.39) to 0.78 (SD = 1.02),
indicating improvement following the auditory training programme. Comparatively, no significant
difference in mean SNR loss was identified for the control group through the statistical analysis (F(1,

3)=2.45,p=0.215).

3. DPOAEs and the Auditory Training Programme
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Figure 9: Figure showing the mean DPOAE response amplitudes (in dB SPL) for all participants

with and without contralateral acoustic stimulation (CAS).

Statistical analyses on DPOAE results indicated no significant effects of group (control or treatment)
or when the measurements were taken (pre- or post-training) (F(3, 16) = 1.07, p = 0.389). This
indicated that average DPOAE response amplitudes did not significantly change with the auditory
training programme. Further analysis (shown in figure 9) reflected a significant change in mean
DPOAE response amplitudes when comparing measurements taken without CAS and with CAS
(F(1, 19) = 25, p = <0.001). This showed for there to be a suppression of mean DPOAE response
amplitudes from 7.27 dB SPL (SD = 3.22) without CAS to 6.42 dB SPL (SD = 3.11) with CAS.
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4. ABR Wave I Responses and the Auditory Training Programme
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Figure 10: Figure showing the mean ABR Wave I response amplitudes (in uV) for all participants

with and without contralateral acoustic stimulation (CAS).

Statistical analyses on ABR results indicated no significant effects of group (control or treatment) or
when the measurements were taken (pre- or post-training). These analyses were also conducted
within each group; however, no significant results were obtained. This indicated that average ABR
wave | response amplitudes did not significantly change with the auditory training programme.
Further analysis (shown in figure 10) reflected a significant change in mean ABR wave I response
amplitudes when comparing measurements taken without CAS and with CAS (F(1, 19) = 14.87,p =
<0.001). This showed for there to be a suppression of mean ABR wave I response amplitudes from

0.36 uV (SD = 0.10) without CAS to 0.28 uV (SD = 0.08) with CAS.

5. Change in Physiological Suppression and SIN Perception

5.1. Word Recognition-in-Noise Test (WINT)

A statistical analysis was carried out to evaluate any potential correlation between changes in total
WINT scores (in %) and changes in DPOAE suppression for each participant. These findings showed
no significant results for either treatment (r(4) = 0.12, p = 0.88) or control group (r(2) = 0.25, p =
0.63). This indicates that changes in WINT scores were not correlated to changes in DPOAE
suppression. Similar findings were obtained for ABR results (r(4) =-0.67, p=0.15) and r(2) = -0.86,
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p = 0.14, respectively), indicating that changes in WINT scores were not correlated to changes in

ABR wave I suppression.

5.2.Quick Speech-in-Noise Test (QuickSIN)

A statistical analysis was also carried out to evaluate any potential correlation between changes in
SNR loss (in SNR) as measured through the QuickSIN Test and change in DPOAE response
amplitude suppression for each participant. These findings showed no significant results for either
treatment (r(4) = 0.58, p = 0.23) or control group (r(2) = -0.88, p = 0.12). This indicates that changes
in WINT scores were not correlated to changes in DPOAE suppression. Similar findings were
obtained for ABR results (r(4) = 0.05, p = 0.92) and r(2) = 0.40, p = 0.60, respectively), indicating

that changes in WINT scores were not correlated to changes in ABR wave I suppression.

6. Additional Analyses

6.1. Absolute Physiological Suppression and SIN Perception

Additionally, analyses were also conducted on absolute suppression of DPOAE response amplitudes
and ABR wave | amplitudes and any related correlation to SIN perception as measured through
WINT and QuickSIN tests. Analysis of total WINT scores and absolute suppression of DPOAE
response amplitudes for each participant showed no significant results. This was true for pre-training
(first measurement) conditions for both treatment (r(4) = 0.37, p = 0.48) and control groups (1(2) = -
0.12, p = 0.88). Similarly, post-training results for both groups showed no significant results (r(4) = -
0.07, p = 0.88) and r(2) = -0.08, p = 0.90, respectively). Similar results were obtained when
analyzing absolute suppression of ABR wave I response amplitudes and total WINT scores, for both
pre-training (r(4) = 0.44, p = 0.38) and r(2) = 0.34, p = 0.66, respectively) and post-training
measurements (r(4) = 0.13, p=0.81) and r(2) = 0.57, p = 0.43, respectively).

Similar results were found for QuickSIN measurements, indicating no significant correlation
between absolute ABR and DPOAE suppression and SNR loss. This was seen for pre-training (first
measurement) conditions for both treatment (r(4) = 0.09, p = 0.86) and control groups (r(2) = 0.02, p
=0.98). Similarly, post-training results for both groups showed no significant results (r(4) = -0.32, p
= 0.53) and r(2) = 0.15, p = 0.85, respectively). Similar results were obtained when analyzing

absolute suppression of ABR wave I response amplitudes and SNR loss, for both pre-training (1(4) =

61



0.20, p=0.70) and r(2) = 0.19, p = 0.81, respectively) and post-training measurements (r(4) = 0.43, p
=0.85) and r(2) = 0.73, p = 0.28, respectively).

Analyzing both treatment and control groups together for pre-training and post-training
measurements also showed no significant relationships for DPOAE and ABR suppression
measurements in relation to the WINT and QuickSIN test. These results show no significant
correlation or relationship between absolute ABR and DPOAE suppression and SIN perception as

measured through the WINT and QuickSIN test.

6.2. Physiological Suppression and SIN Perception: First Measurement

An additional analysis was carried out to evaluate if there was a correlation between the DPOAE and
ABR wave I response amplitude suppression observed on the first day with changes seen in SIN
perception as measured through the WINT and QuickSIN test for the treatment group. This analysis
showed no significant results for a correlation between DPOAE suppression and change in total
WINT score (in %) (r(4) = -0.001, p = 0.99) or for changes in SNR loss (r(4) = 0.44, p = 0.38).
Similarly, the correlation between ABR wave I suppression and change in total WINT score (in %)
(r(4) = 0.08, p = 0.89) and changes in SNR loss (r(4) = -0.14, p = 0.79), showed no significant
results. These results indicate for there to be no significant relationship between DPOAE and ABR
wave [ response suppression measured on the first day and the improvements seen in SIN perception

following the auditory training programme.
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Discussion

1. Summary of Results

The findings of this study reflected improvements in SIN perception for individuals that underwent
the auditory training programme. There were improvements seen on each day of training, further
reflecting the effectiveness of the auditory training programme. This was seen through improvements
in participants’ WRTs that used monosyllabic words masked with a BBN stimulus. Furthermore, the
WINT and QuickSIN results showed a similar improvement in SIN perception for those participants

that underwent auditory training compared to those who did not.

DPOAE measurements reflected suppression of response amplitudes across both groups when
measurements were taken with the presence of CAS compared to without. However, the results did
not indicate changes in DPOAE response amplitude suppression with the auditory training
programme. Similar results were found for ABR measurements. Although there was an observed
suppression in ABR wave | amplitudes when measured with the presence of CAS compared to

without, there were no significant changes in suppression with the auditory training programme.

The findings also do not reflect any significant correlation between DPOAE and/or ABR suppression
and the changes seen in SIN perception, as measured through the WINT and QuickSIN test. This was
evaluated for both changes in suppression and absolute suppression values. Both analyses found no
significant correlation. Additionally, the results did not indicate a significant correlation between the
initial suppression observed in DPOAE and ABR measurements and the improvements seen in SIN

perception, as measured through the WINT and QuickSIN test.

2. Auditory Training-Induced Improvements in SIN Perception

Improvements were seen in participants’ ability to perceive SIN. This was shown through both
WINT and QuickSIN tests that measured performance before and after training and reflected
improvements in the group that underwent auditory training. The control group did not reflect any
significant changes in SIN perception between their two measurements. These findings were
consistent with those hypothesized in this study. Furthermore, these findings are also generally
consistent with those obtained in the previous study conducted on this topic. Although, there were
contrasting results obtained for the QuickSIN test, which will be discussed further in section 3.2

(Bhattacharya, 2020). Additionally, the WRTs obtained across the five days of auditory training also
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reflect similar results. Improvements were seen on each day of the training programme. These
findings are also consistent with those hypothesized in this study and those found in the previous
study (Bhattacharya, 2020). These findings are also supported by the literature, which shows
improvements in SIN perception following a period of auditory training (de Boer & Thornton, 2008;
Mertes et al., 2019; Song et al., 2012). However, these findings are shown to be, in some cases,
dependent on the stimuli and the perceptual tasks used (Amitay, Hawkey, & Moore, 2005; de Boer &
Thornton, 2008; Mertes et al., 2019; Song et al., 2012). Furthermore, although improvements were
seen in SIN perception following the auditory training programme, some studies show that these
improvements are restricted to the stimuli used for the training programme. Therefore, extrapolating
this information to more naturalistic environments can be difficult to assume (Burk et al., 2006;

Karawani et al., 2016; Song et al., 2012).

Additionally, an improvement in WRTs was seen on each day of the training programme in this
study, similar to the previous study on this topic (Bhattacharya, 2020). This leads to an assumption
that longer periods of auditory training could result in proportional improvements in SIN perception.
Although this could be seen, other studies have shown that shorter periods of auditory training result
in more effective improvements in perceptual learning (Barlow, Purdy, Sharma, Giles, & Narne,
2016; Henshaw & Ferguson, 2013). These studies show that extended periods of auditory training
have similar outcomes to those conducted for shorter periods of time. Therefore, providing
uncertainty to any expected changes with longer periods of auditory training (Barlow et al., 2016;

Henshaw & Ferguson, 2013).

Furthermore, an additional analysis evaluating initial mean WRTs for participants and the
improvement seen across the training programme reflected a positive correlation. This meant that
individuals who performed relatively poorer on the first day saw a greater reduction in mean WRTs
on the last day of auditory training, indicating greater improvement. This was also consistent with the
earlier study (Bhattacharya, 2020). This finding has also been shown through the literature (Amitay
et al., 2005; de Boer & Thornton, 2008). The mechanisms underlying these results are difficult to
interpret as these findings could be a result of multiple interconnecting factors. However, a
speculated mechanism that could explain these results relates to brain plasticity (Feng et al., 2018).
Individuals who initially performed worse on the WRT task could see a greater range for them to
improve with training compared to those who performed relatively better. This could be due to
plasticity-related effects that allow for greater neurophysiological changes with training that underlie

greater levels of relative improvement (Feng et al., 2018).
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An important consideration in this study is the stimuli used for the WRT measurements during the
training programme. As described above, 400 words were used as the stimuli for the WRT
measurements. Due to the nature of this testing and the limited number of words available, some
measurements were taken with a repeating set of words. However, it is unlikely that this played a
role in the results that were obtained. Research has shown that the auditory information an individual
can retain is restricted in instances where the stimuli is presented continually, with the duration
between the stimuli being short. Furthermore, multiple lists of words and the absence of knowing
when the list will end have also been shown to make the remembrance of words difficult for
individuals (N. Cowan, 2001; Nelson Cowan, 2010; Tehan & Turcotte, 2002). For this study, as the
words were presented with short duration intervals and were separated into lists of 25 words, which
were presented randomly on any given day. Memory-related effects on the results obtained are
unlikely. Furthermore, improvements in other measurements, such as the WINT and QuickSIN test
which would be less affected by these memory affects, further provide evidence for the auditory-

training related improvements in SIN perception.

3. WINT and QuickSIN Test

3.1. Word Recognition-in-Noise Test (WINT)

This study shows that were improvements in participants’ SIN perception following the auditory
training programme. This was seen through an improvement in WINT scores, as hypothesized. These
findings are also consistent with the previous study on this topic (Bhattacharya, 2020). When
considering the performance of participants across the range of SNRs measured during the WINT
test, the findings from this study reflect slight differences from that of other studies. Some studies
have shown greater improvement in SIN perception at intermediate SNRs, whereas others have
shown greater improvements at the most challenging SNRs tested (Giraud et al., 1997; Kumar &
Vanaja, 2004). Additionally, the study conducted by Bhattacharya (2020) showed minimal
improvements for the least challenging SNRs. However, the results from this study show an
improvement in WINT scores across all SNRs following the period of auditory training. This
contradicts the explanation surrounding ‘ceiling effects’ provided in the previous study, as both
studies show a similar measure for pre-training scores at those least challenging SNRs. This
therefore, shows that the amount of improvement was not, in this case, restricted by the test
(Bhattacharya, 2020). However, the findings of this study do show slightly greater improvement in
more challenging SNRs, which could be explained by the potential effects of the MOCR and greater
effectiveness at these SNRs compared to higher SNRs (Kumar & Vanaja, 2004; Mertes et al., 2019).
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3.2. Ouick Speech-in-Noise Test (QuickSIN)

The findings of this study also showed an improvement in SIN perception following the auditory
training programme when measured through the QuickSIN test. These results were consistent with
those hypothesized. Previous studies have shown for the QuickSIN test to be an effective measure of
SIN perception and is able to provide accurate results (Killion et al., 2004; Sharma, Tripathy, &
Saxena, 2017; Song et al., 2012; Yund & Woods, 2010). The accuracy is believed to be within 1.6
dB of the true thresholds, further reflecting its effectiveness (Killion et al., 2004). Furthermore, the
QuickSIN test has also been shown to be more effective when compared to tests that provide
percentage scores. These tests are believed to be limited by floor and ceiling effects, which is a
limitation that is overcome with a test such as the QuickSIN test (Duncan & Aarts, 2006; Sultan,
Mahallawi, Kolkaila, & Lasheen, 2020). The findings of this study are consistent with other studies
that have shown improvements in QuickSIN results following a period of auditory training (de Boer
& Thornton, 2008; Song et al., 2012). However, these findings are inconsistent with the previous
study on this topic. The previous study found no significant improvement in QuickSIN performance
following the auditory training programme. These results were especially inconsistent as the other
measurements indicated improvements in SIN perception following the auditory training period
(Bhattacharya, 2020). These results could be attributed to a couple of factors. Research shows that
the QuickSIN test can be affected by factors such as memory, cognition and other linguistic factors
due to the stimulus involving longer sentences compared to single word tests (Le Prell, 2018).
Therefore, there is a possibility that the results obtained in the previous study could have been
impacted by these factors, which did not allow for an accurate depiction of participants’ SIN
performance. Furthermore, the small sample size could have also contributed to the results obtained
by not showing a significant improvement across the small sample. Therefore, this potentially

indicates why there could be inconsistencies with the previous study (Bhattacharya, 2020).

These WINT and QuickSIN results indicate that there were significant improvements in SIN

perception following the auditory training programme.

4. Physiological Mechanisms

4.1. Study Findings

This study hypothesized that changes seen in SIN perception with the auditory training programme
could be correlated to and explained by changes seen with MOC system activity. Namely, changes in

DPOAE response amplitude and ABR wave I amplitude suppression were theorized to show an
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increase in MOC system activity following the auditory training programme. This is due to the
design of the auditory training programme, which was, in ways, stimulating the MOC system
throughout the training period. Additionally, studies have shown plasticity in the MOC system,
indicating an ability for change to occur (Brown et al., 1998; Illing et al., 2000; Romero & Trussell,
2021). However, the findings of this study were contradictory to those theorized. The findings
reflected no significant relationship between changes in MOC activity, as measured through DPOAE
and ABR amplitude suppression following the auditory training programme, and improvements seen
in SIN perception. This indicates a potential for other underlying physiological mechanisms that
could have mediated the improvements seen in SIN perception following the auditory training

programme. These findings are consistent with the previous study on this topic (Bhattacharya, 2020).

Contrastingly, the findings of this study are inconsistent with some other studies in the literature.
These studies show a relationship between MOC activity and SIN perception following a period of
auditory training (de Boer & Thornton, 2008; de Boer et al., 2012). These findings were attributed to
potential antimasking effects, which aided SIN perception mediated by MOC system activity. This
was further shown through animal studies which showed that lesions in the MOC system impaired
vowel discrimination (Dewson, 1968; Mertes et al., 2019). However, research also shows
inconsistencies with these findings (Mertes et al., 2019). Studies conducted in human models have
shown there to be no significant differences in SIN perception between control groups and groups of
individuals who have undergone unilateral vestibular neurectomy. This resulted in a loss of MOC
activity, which did not seem to affect SIN perception (Mertes et al., 2019; Scharf et al., 1997).
Furthermore, studies conducted in animals have also shown the effects of morphological elimination
of the MOC efferent fibers (Igarashi, Alford, Nakai, & Gordon, 2009; Mertes et al., 2019; Trahiotis
& Elliott, 1970). One study in cats showed no changes in varying tasks, such as those involving
varying SNRs as well as behavioral auditory thresholds (Igarashi et al., 2009). These findings,
therefore, show that alternative mechanisms could be underlying the changes seen in SIN perception

with auditory training, as seen in this study.

4.2. Central Mechanisms: Cortical, Subcortical and Corticofugal Connections

An important consideration underlying the plasticity of the MOC system is the involvement of
central mechanisms. As an alternative mechanism for the changes seen in SIN perception with
auditory training, central mechanisms are believed to be the most important. Studies have shown
there to be changes in corticofugal activity following periods of auditory training. Multiple aspects of
central processing have been shown to change following varying periods of stimulation (Perrot &

Collet, 2014; Song et al., 2012; Suga, 2012). Furthermore, the demand on higher cognitive processes
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during tasks such as those carried out during periods of auditory training is also believed to be an
important mediator. This cognitive demand ensures that subcortical processing is similarly
strengthened, which works to improve hearing speech in noisy background situations (Song et al.,
2012). This works as a loop where strengthened processing is further relayed to cortical structures,
which aids in the processing of information. Furthermore, this research also showed that auditory
training could improve the coding of pitch-related information (Song et al., 2012). As discussed in
earlier sections, pitch and frequency coding are important when perceiving SIN. Therefore, these
improvements could underlie the training-induced changes seen (Song et al., 2012). Additionally, it
is also important to consider the ascending and descending innervation and the multiple
interconnections that are important in mediating MOC efferent activity (Perrot & Collet, 2014;
Romero & Trussell, 2021; Song et al., 2012; Suga, 2012). This, therefore, provides an alternative
mechanism by which auditory training-related improvements in SIN perception could have occurred.
This could have been through auditory training-related changes in central mechanisms such as
brainstem processing and/ or corticofugal regulation of MOC activity (Song et al., 2012). Therefore,
speculating that greater changes in central mechanisms with auditory training potentially saw greater
improvements in SIN perception for the participants. Through this, the improvements that were seen

in the participants’ SIN perception ability could have been mediated by these central mechanisms.

4.2.1. MOC System and Learning-Associated Memory

Interestingly, research has also shown for a concept surrounding a ‘long-term’ memory, which is
associated with learning and is found in higher brain areas (de Boer & Thornton, 2008; Suga, Xiao,
Ma, & Ji, 2002; Weinberger, 2007). This learning can potentially, therefore, become active in
situations where there is SIN and act on the MOC system to exert its effects in improving SIN
perception (de Boer & Thornton, 2008). However, the changes in MOC system activity could
potentially be limited in duration, and therefore, not show longer-term changes with auditory
training, as seen in this study. However, MOC activity could potentially play a role in establishing
these ‘learning’ and short-term effects (de Boer & Thornton, 2008). An important idea to further
investigate, therefore, could be to investigate long-term changes in SIN perception following a period
of auditory training. Although this theory could also explain the underlying changes in SIN
perception, it is important to consider other studies that have shown changes in MOC activity
relating to changes in SIN perception (de Boer & Thornton, 2008). Therefore, this theory could
potentially be an important aspect of a larger, more complicated mechanism that mediates these

changes.
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4.3. Auditory Nerve Adaptation

A key concept discussed in other studies is auditory nerve adaptation. This is where the auditory
nerve is able to adapt its characteristics based on the incoming stimulus (Marrufo-Pérez, del Pilar
Sturla-Carreto, Eustaquio-Martin, & Lopez-Poveda, 2020). Studies have shown for there to be
changes in the dynamic range of auditory neurons in the presence of background noise. This is
believed to aid in the coding of other relevant stimuli, such as speech (Marrufo-Pérez et al., 2020).
This dynamic nerve adaptation is believed to underlie more accurate coding of the speech envelope,
and therefore, result in better SIN perception (Marrufo-Pérez et al., 2020; Marrufo-Pérez, Eustaquio-
Martin, & Lopez-Poveda, 2018). Research has suggested for this adaptation to potentially play a role
in the improvements seen in SIN perception in other studies (Mertes et al., 2019). A study conducted
by Marrufo-Pérez et al., (2018) investigated the differences in SIN perception for normal hearing
individuals and cochlear implant users in the presence of ipsilateral noise. The findings reflected no
significant differences between either group in SIN perception ability. These findings, therefore,
reflected that alternative mechanisms might contribute to the improvements seen in SIN perception,
aside from MOC activity (Marrufo-Pérez et al., 2018; Mertes et al., 2019). This is because the
cochlear implant users would not typically have working MOCR effects, yet still saw similar
improvements in SIN perception as the control group. This led to an alternative mechanism of
auditory nerve adaptation to be speculated in mediating these improvements in SIN perception with

noise (Marrufo-Pérez et al., 2018; Mertes et al., 2019).

In relation to this study, this mechanism could potentially explain the improvements seen in SIN
perception following the period of auditory training. The period of auditory training could have led
to an adaptation in the auditory neurons that resulted in improved SIN perception ability post-
training. This could have been mediated by longer-term plasticity-related changes that came as a
result of the auditory training period. Therefore, this mechanism could explain the changes seen in
SIN perception with auditory training. This theory is consistent with that speculated in the previous

study due to a similarity in the results obtained (Bhattacharya, 2020).

4.3.1. Critique

Importantly, the literature has shown for the MOCR to be involved in improving the responses of AN
fibers in noisy situations as well as improving the dynamic range and altering the discharge rate of
firing (Marrufo-Pérez et al., 2020). This works to provide a basis for improved SIN perception,
which has been discussed as the antimasking effect. This is also theorized to underlie the changes

that are seen with MOCR activity and ABRs (Chintanpalli, Jennings, Heinz, & Strickland, 2012; de
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Boer et al., 2012; Lichtenhan et al., 2016). This information contradicts some of the speculations in
the previous study (Bhattacharya, 2020). Due to the MOCR being involved in exerting similar effects
as to those seen with auditory nerve adaptation, it is difficult to assume that this mechanism operates
independently of the MOC system, as speculated in the previous study (Bhattacharya, 2020; de Boer
et al., 2012; Winslow & Sachs, 1987). However, the findings of this current study support the idea
that there may be some components of auditory nerve adaptation that operate independently of the
MOC system. This is because the findings of this study did not show any significant changes in ABR
wave | suppression after the auditory training programme, as theorized. Changes in ABR wave I
amplitudes were theorized as these responses typically correlate to auditory nerve activity (de Boer et
al., 2012; Lichtenhan et al., 2016). These changes were also believed to be mediated by MOCR-
related effects on auditory nerve activity, which did not show a relationship with the improvements
seen in SIN perception (de Boer et al., 2012; Lichtenhan et al., 2016). Although a suppression in
ABR wave I amplitudes was observed when using CAS in both pre-training and post-training
measurements (potentially indicating the effects of the MOCR on auditory nerve activity), no
significant changes in suppression were identified post-training. This indicated that there was no
significant difference in MOC system activity following the auditory training programme. Therefore,
leading to the assumption that there were alternative mechanisms that underlie these improvements
seen in SIN perception after auditory training. One such speculated mechanism is auditory nerve
adaptation, which may have components independent of the MOC system, as discussed in section 3.3
(Marrufo-Pérez et al., 2018; Mertes et al., 2019). Having said so, although the findings of this study
contradict other studies that have shown potential antimasking effects, these biological mechanisms
could still be important in mediating the changes seen in SIN perception alongside other important
mechanisms. Additionally, there could be undetected changes in MOC activity that could be present.
This would be consistent with the speculations in the previous study (Bhattacharya, 2020).

4.4. Undetected Changes in MOC System Activity

An idea that was discussed in the previous study on this topic was of undetected changes in MOC
activity (Bhattacharya, 2020). Based on the findings of this study, as well as information presented in
the literature, this idea could also be of significance. Therefore, this study supports the speculation
made in the previous study (Bhattacharya, 2020). Multiple studies have shown a relationship
between MOC activity and SIN perception, which provides evidence supporting the involvement of
the MOCR in training-related changes in SIN perception. This indicates for the results obtained in
this study to be inconsistent with some other studies (de Boer & Thornton, 2008; de Boer et al.,
2012). A careful analysis of methodological factors indicates slight differences from those used in

other studies. These methodological factors have been shown to be very important in influencing the
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results obtained. This has been shown through a variety of studies (Bhatt & Sokolowski, 2017;
Guinan, Backus, Lilaonitkul, & Aharonson, 2003; Rao, Koerner, Madsen, & Zhang, 2020).
Therefore, there is a possibility that the changes seen in SIN perception following the auditory
training programme could have a significant relationship with changes in MOC activity, as has been
shown in other studies (de Boer & Thornton, 2008; de Boer et al., 2012). However, due to
methodological and other factors, this study was unable to detect changes in MOC plasticity
(Bhattacharya, 2020).

An important characteristic that was different in this study compared to another study which shows a
relationship between MOC activity and SIN perception is attention (de Boer & Thornton, 2008). The
study conducted by de Boer and Thornton (2008) tried to ensure that their participants were focusing
and paying attention to the measurements and training being undertaken. This was ensured by the
participants being seated in a blacked-out room facing a monitor (de Boer & Thornton, 2008).
Controlling for attention was not carried out in this current study, which could explain the
differences in results. Studies have shown that attention is an important factor in the measurement of
MOC activity (de Boer & Thornton, 2007; de Boer et al., 2012; Kalaiah, Theruvan, Kumar, & Bhat,
2017; Perrot & Collet, 2014; D. W. Smith & Keil, 2015). It has been shown that there is a decrease in
MOC activity when the subject attends to the ear in which the OAE measurement is being
undertaken. Contrastingly, when the same subject focusses on the ear with the CAS stimulus, there is
an increase in MOC activity (de Boer et al., 2012; Kalaiah et al., 2017). This shows how attention
can affect the responses obtained, and therefore, could potentially have led to undetected changes in
MOC activity following the training period. This could have occurred depending on the participant’s
attention at the time of OAE and ABR measurement, as well as potential differences in attention
between the auditory training tasks and the suppression measurements being undertaken. This could
provide an inaccurate picture of underlying MOC activity. Furthermore, although there could have

been changes in MOC activity post-training, these may not have been detected.

The stimulation pattern of the MOC system using the BBN stimulus also varied throughout the
research. During the training programme, BBN was being provided binaurally to the participants. In
contrast, during the ABR and OAE measurements, the stimulation was only provided contralaterally.
This could have affected the measurement of these responses, whereby they did not reflect accurate
MOC system activity that could be underlying the changes seen in SIN perception due to the training
occurring with binaural stimulation. Signs of this specificity have been speculated through research,
where MOC activity measures may only show changes in activation depending on the stimulus

eliciting the MOCR (de Boer & Thornton, 2008).
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Additionally, studies have indicated for MOCR effects to be short-lasting in some cases. This has
been indicated to be approximately a few minutes, after which the level of activity can be seen to
decrease (Brown et al., 1998). Therefore, it is possible that there were changes in MOC activity
following the auditory training programme. However, these were not detected due to the interval
between the end of the training period and the post-training measurements. This interval was shorter
in this study (approximately 15 minutes) compared to the previous study, yet the results are

consistent (Bhattacharya, 2020).

This information, therefore, shows that there is a possibility that changes in MOC activity were not
detected following the training programme and could have potentially shown a significant
relationship between the improvements seen in SIN perception and changes in MOC activity relating
to auditory training. Additionally, the alternative mechanisms discussed above could have played a
role in mediating these changes, and an interplay between cortical and subcortical structures could be

an important mediator. Further research is required to understand these mechanisms.

5. DPOAE Measurements

This study hypothesized that there would be an increase in MOC activity as measured through
DPOAE suppression after the auditory training programme. The findings of this study did not
support this hypothesis. Additionally, the findings of this study were consistent with the previous
study, showing that DPOAE suppression did not significantly increase following the auditory
training programme, indicating that there was no significant change in MOC activity (Bhattacharya,
2020). However, these findings are inconsistent with other studies that have shown changes in MOC
activity and the corresponding DPOAE amplitudes following a period of auditory training (de Boer
& Thornton, 2008). Various factors could have resulted in these results, some of which have been
discussed in earlier sections. Another possible explanation involves consideration of the DPOAE
fine-structure. Research shows that evaluation of the fine-structure maxima and fine-structure
minima are important as they are composed of in-phase and out-of-phase DPOAE components,
respectively (Henin, Thompson, Abdelrazeq, & Long, 2011). As the DPOAEs are composed of two
components, which are believed to be affected differently by varying stimulus and recording
parameters, this can result in the fine-structure minima and maxima reflecting different effects on
DPOAE suppression (Henin et al., 2011; Sun, 2008; Williams & Brown, 1997). Therefore, as this
study did not evaluate the fine-structure of the recorded DPOAEs, there could have been changes in

DPOAE suppression following the auditory training programme that were potentially undetected,
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which could potentially explain the results obtained (Carolina Abdala, Mishra, & Williams, 2009;
Henin et al., 2011).

This study did, however, show a reduction in DPOAE amplitudes when a contralateral BBN stimulus
was presented to elicit the MOCR. This finding is consistent with the previous study on this topic
and various studies in the literature that have found similar results (Bhattacharya, 2020; de Boer &
Thornton, 2008; de Boer et al., 2012; Rao et al., 2020). The mechanisms underlying this suppression
in DPOAE amplitudes have been covered in earlier sections. Interestingly, this study showed for this
suppression to generally occur across the frequencies measured. This differed from the previous
study, which showed the suppression to typically occur at the lower frequencies (Bhattacharya,
2020). The findings of this study are consistent with other studies that reflect suppression across the
frequency range tested (Bulut et al., 2019). Having said so, the literature also suggests for there to be
differences that can exist from one study to another and can be due to varying factors such as the

stimulus parameters used (Palmietto, 2017).

6. ABR Measurements

This study aimed to evaluate whether ABR wave I amplitudes could show an increase in MOC
activity following auditory training. This was especially important as it was building on previous
research, which could not identify a significant relationship between MOC activity and SIN
perception through changes in DPOAE suppression (Bhattacharya, 2020). Therefore, this research
implemented ABR wave I amplitudes as a measure to identify a significant relationship between
these factors. This was attempted as research showed that MOC effects alter AN activity and reduce
wave | amplitudes (Lichtenhan et al., 2016). Furthermore, changes in AN activity that are mediated
by MOC effects are also shown to be a mechanism by which the eftects of the MOCR are elicited,
which was thought to hold importance in potentially showing a significant relationship between
MOC activity and SIN perception, as has been shown through other studies (de Boer & Thornton,
2008; de Boer et al., 2012; Winslow & Sachs, 1987). Additionally, other studies have shown that
there is plasticity in the AN, where changes in neural activity can be seen (Anderson & Jenkins,
2015; Gold & Bajo, 2014; Rumschlag et al., 2022). This further contributes to the idea that there
could be changes seen in ABR wave I amplitudes following a period of auditory training. Therefore,
this study hypothesized that there would be an increase in MOC activity as measured through ABR
wave | suppression after the auditory training programme. The findings of this study, however, did
not support this hypothesis, indicating that there was no significant change in MOC activity. It is

possible that, similar to the DPOAE measurements, there were undetected changes in ABR wave |
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amplitudes following the auditory training programme. This could underlie the results obtained.
Moreover, when considering the relationship between SIN perception and MOC activity, the
alternative mechanisms discussed in section 4 could underlie the results obtained, with there being no
significant changes in ABR wave I amplitudes, following training. Additionally, a combination of

mechanisms could underlie the changes seen in SIN perception with auditory training, as discussed.

It is also difficult to compare these results with other studies, as to my knowledge, other studies have
not yet been conducted that evaluated changes in ABR wave I amplitudes relating to MOC activity
following a period of auditory training. Having said so, comparisons can tentatively be made to
studies that evaluate neural activity in musicians who undergo a form of auditory training. These
studies reflect longer-term changes in neural activity, which can indicate some inconsistencies with
this study (Anderson & Kraus, 2013). However, a direct comparison is difficult to make due to a
multitude of differences between these studies, as well as these other studies not evaluating the effect

of the MOCR as in this study.

This study did, however, show a reduction in ABR wave I amplitudes when a contralateral BBN
stimulus was presented to elicit the MOCR. This was similar to the DPOAE measurements obtained.
These findings are consistent with those hypothesized and with studies in the literature that have
found similar results (Lichtenhan et al., 2016; Mertes & Potocki, 2022; Schochat, Matas, Samelli, &
Mamede Carvallo, 2012). A study conducted by Lichtenhan et al., (2016) showed a 16% reduction in
amplitudes with activation of the MOCR. The findings of this study show a 23% reduction in ABR
wave | amplitudes. This, therefore, shows how the findings of this study are relatively consistent
with other studies. The mechanisms underlying this suppression in ABR wave I amplitudes have

been covered in earlier sections.

7. Additional Considerations

7.1. Initial Physiological Suppression and Improvements in SIN Perception

An additional analysis conducted in this study showed no correlation between the level of initial
suppression as measured through DPOAE and ABR responses with the presence of CAS and the
overall improvements seen in SIN perception. These findings were inconsistent with another study
that evaluated these effects (de Boer & Thornton, 2008). A study conducted by de Boer and
Thornton (2008) showed that participants who had relatively lower levels of suppression during the
first measurement showed the greatest improvements in SIN perception. This suggested a mechanism
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in which the participants’ initial MOC activity (reflected through the level of suppression) indicated
the range available for improvement in the MOC system with auditory training. Those individuals
who showed lower levels of initial MOC activity had more room for improvement and saw greater
improvements in SIN perception following auditory training (de Boer & Thornton, 2008). The
opposite applied to those who had greater levels of initial MOC activity. This explanation fits this
other study as they were able to show changes in MOC activity and SIN perception with auditory
training (de Boer & Thornton, 2008). However, this current study did not show these effects, which
could explain the results obtained. Furthermore, the results obtained could be a result of some of the
factors discussed in earlier sections. Additionally, the small sample size in this study could have

impacted the results, where a significant relationship was difficult to obtain.

7.2. Acoustic Stapedial Reflex (ASR)

Another important consideration that needs to be addressed involves the ASR or the MEMR. A
common limitation shown in the literature is the potential effects of the MEMR on DPOAE and ABR
suppression. The CAS used to elicit the MOCR can also activate the MEMR, which can have a
confounding effect on the results (Jedrzejczak, Milner, Ganc, Pilka, & Skarzynski, 2020). However,
all participants in this study had ASR thresholds at or above 70 dB. This meant that the reflexes were
activated at higher intensities than the CAS used at 60 dB. Furthermore, studies have shown that the
effects of the MEMR are negligible when measured with ABR parameters similar to this current
study (Lichtenhan et al., 2016). This further indicates that the results obtained in this study were most
likely not affected by the MEMR. To obtain certainty, it would be important to carry out
measurements in future research that are able to identify the effects of the MEMR, separate from the

MOCR (Jedrzejczak, Milner, Gance, Pilka, & Skarzynski, 2020).

8. Clinical Implications

The findings of this study make it difficult to identify clinical implications that can potentially be
observed. However, it is important to allude to potential clinical implications that can come as a
result of further research in this area. Identifying potential connections between the MOC system and
auditory training-related changes in SIN perception can be an important factor. Furthermore,
understanding the underlying physiological mechanisms that potentially underlie these connections is
also important. This information can provide further areas to address and target when considering
individuals who have difficulties with SIN perception. This is particularly true for those individuals

who have clinically normal hearing, as their MOC systems and efferent targets tend to be better
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intact compared to individuals with hearing loss (Hernandez-Perez et al., 2021). Moreover, MOC
measures could potentially be used clinically to better understand varying characteristics, such as an
individual’s SIN perception ability, when considering the amount of improvement they could
potentially see with auditory training (de Boer & Thornton, 2008). Therefore, further showing the

importance of further research in this area.

9. Strengths and Limitations

9.1. Strengths

This study generally showed consistency with the previous study on this topic. This is valuable
information as it indicates that the results obtained in the previous study may not have been
completely study-specific and could indicate a trend in this topic (Bhattacharya, 2020). This is
important as it provides more evidence concerning this topic in the research field, which is

significantly important as there is contradicting and varying evidence present in the literature.

Furthermore, this study also investigated some of the future directions outlined in the previous study.
This is valuable information as the previous study was not able to identify the physiological
mechanisms underlying the improvements seen in SIN perception with auditory training and the
MOCR (Bhattacharya, 2020). Therefore, this study evaluated whether additional measures could be
used to show a relationship between MOC system activity and the improvements seen in SIN
perception. Although this study did not find a significant relationship, it added valuable evidence to
this research field by showing how ABR measures reflect this relationship. Moreover, this study
measured multiple measures of MOC activity to evaluate this relationship. This worked to ensure
that an accurate depiction of MOC activity could be obtained in the case where it may differ between

measurements.

This study was also developed with careful consideration of the methodological approach. This was
important and ensured that the parameters and other methods used resulted in accurate

measurements, aiding in obtaining information to address the aims and hypotheses of this study.

Additionally, this study showed improvements in participants’ SIN perception with a period of
auditory training. This provided valuable information, alongside more evidence supporting research
that identifies auditory training as an important tool for perceptual improvements (Besser & Launer,

2020). Further showing the clinical uses of such training programmes. The use of multiple measures
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such as the WINT and QuickSIN test reflected improvements in participants’ SIN perception ability
following the training period. This further showed the validity and usefulness of these measurements

in clinical practice and in other research studies.

9.2. Limitations

A potential limitation of this study included factors associated with the methodological approach.
The results obtained could potentially include undetected changes in MOC system activity, which
could come as a result of varying aspects of the methods. Factors such as attention and the
stimulation pattern of the MOCR elicitor could have potentially impacted the results, as discussed in

section 4.4.

This study was also limited in terms of the sample size. This restriction was caused due to funding
availability as well as COVID-19 related disruptions. Ten participants were recruited, which meant
that the control and treatment groups had a very small number of participants in each. This could
have potentially impacted the results, whereby significant trends in the data were not seen. This
could mean that the study was not able to reflect relationships that may have existed otherwise.
However, the consistency of the findings to the previous study indicates that the results may not have

been impacted to a large extent by the small sample size (Bhattacharya, 2020).

Although this study reflects findings that may be beneficial in clinical settings, it is difficult to
directly apply this information to ‘real-life’ situations. This is due to factors such as the nature of the
training programme and measurements conducted being in a controlled environment. The findings,
therefore, may be different in ‘real-life’ situations. This also indicates potential future research

directions.

10. Future Research

The findings of this study resulted in speculations surrounding possible undetected changes in MOC
system activity. Therefore, further research could be conducted by controlling the factors discussed
in section 4.4 to evaluate whether the results were affected by these factors. An important parameter
to potentially consider could be forward masking. This could potentially be used to provide binaural
stimulation to elicit the MOCR when measurements assessing MOC activity are undertaken. This
could potentially overcome the limitations of providing the MOCR elicitor to the testing ear with the

DPOAE and ABR measurements.
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Similarly to the previous study, this study was not able to identify the physiological mechanisms
underlying the improvements seen in SIN perception with auditory training and the MOCR
(Bhattacharya, 2020). Therefore, future research could investigate other mechanisms that could
underlie these improvements. Potential analysis of responses such as a frequency following response
(FFR) could be explored. The FFR is a non-invasive measurement which indicates both a transient
response (for stimulus onset) and a sustained response for periodic features of speech when elicited
using speech stimuli. These features include both the spectral and temporal characteristics of the
eliciting stimulus. This could potentially indicate alternative mechanisms underlying these
improvements as have been outlined in other studies (Kumar et al., 2013; Ribas-Prats et al., 2019).
Furthermore, investigations could also be conducted to assess late responses of AEPs, which could
provide information regarding higher processing centers and their potential involvement in this

relationship.

Future research could also carry out studies that evaluate MOC activity and SIN perception with
auditory training over a longer period of time. This may reflect findings that have not been reported
yet. Furthermore, assessing long-term outcomes for participants having undergone these training
periods could also be useful as it may provide information regarding the usefulness of the training

programme as well as potential information surrounding the underlying mechanisms.
Lastly, a useful future study could combine datasets from this study and the previous study on this

topic. This may reflect information that was not found in these individual studies, mainly due to

relatively small sample sizes in both studies (Bhattacharya, 2020).

78



Summary and Conclusions

Important information regarding the human auditory system was covered in this study. This included
a range of information providing a background for the study conducted. Important areas covered in
this research included the MOC system as well as auditory training and SIN perception. Moreover, a
greater focus was put on ABR measurements as these were evaluated to attempt to identify potential

changes in MOC activity with auditory training.

This study was designed to further investigate the effects of an auditory training programme on SIN
perception and MOC system activity. To do so, this study built on previous research and aimed to
identify a potential relationship between MOC activity and SIN perception by conducting additional
measurements. The findings of this study were primarily similar to the previous study on this topic

(Bhattacharya, 2020).

The findings of this study showed an improvement in SIN perception for participants who underwent
the auditory training programme. Furthermore, physiological suppression of DPOAE and ABR wave
I responses were observed when the MOCR was elicited. However, this study did not identify a
change in DPOAE and ABR suppression following the auditory training programme. This showed
that there was no significant change in MOC activity. Additionally, no significant relationship

between MOC activity and SIN perception was identified.

The absence of an underlying connection between MOC activity and SIN perception meant that
alternative mechanisms were speculated to have mediated the improvements seen in SIN perception.
These mechanisms included central mechanisms, which could potentially include cortical,
subcortical and corticofugal connections. Furthermore, consistent with the previous study, the
potential for an undetected change in MOC system activity was also theorized (Bhattacharya, 2020).
Therefore, this means that the improvements seen in SIN perception with auditory training could
have been mediated by alternative mechanisms, or there could be an involvement of the MOC
system. Importantly, this study identifies that perceptual improvements seen with auditory training
and MOC activity are a result of complex interconnections between multiple structures, and

therefore, require further research to develop certainty regarding these mechanisms.

79



References

Abdala, Carolina, Mishra, S. K., & Williams, T. L. (2009). Considering distortion product
otoacoustic emission fine structure in measurements of the medial olivocochlear reflex. The
Journal of the Acoustical Society of America, 125(3), 1584—1594.
https://doi.org/10.1121/1.3068442

Abdala, Caroline, & Visser-Dumont, L. (2001). Distortion Product Otoacoustic Emissions: A Tool
for Hearing Assessment and Scientific Study. The Volta Review, 103(4), 302.

Alain, C., Amott, S. R., Hevenor, S., Graham, S., & Grady, C. L. (2001). “What” and “where” in the
human auditory system. Proceedings of the National Academy of Sciences of the United States
of America, 98(21), 12301-12306.
https://doi.org/10.1073/PNAS.211209098/ASSET/CEDB0B44-F803-4238-8151-
49853C56DBF3/ASSETS/GRAPHIC/PQ2112090003.JPEG

Alberti, P. W. (2006). The Anatomy And Physiology Of The Ear And Hearing. Retrieved from
https://www.semanticscholar.org/paper/2-THE-ANATOMY-AND-PHYSIOLOGY-OF-THE-
EAR-AND-HEARING-Alberti/6a5f0832a948dde736208deS5ca02ada86ec6593d

Amitay, S., Hawkey, D. J. C., & Moore, D. R. (2005). Auditory frequency discrimination learning is
affected by stimulus variability. Journal of Perception & Psychopysics, 67(4), 691-698.

Andéol, G., Guillaume, A., Micheyl, C., Savel, S., Pellieux, L., & Moulin, A. (2011). Auditory
Efferents Facilitate Sound Localization in Noise in Humans. Journal of Neuroscience, 31(18),
6759-6763. https://doi.org/10.1523/INEUROSCI.0248-11.2011

Anderson, S., & Jenkins, K. (2015). Electrophysiologic Assessment of Auditory Training Benefits in
Older Adults. Seminars in Hearing, 36(4), 262. https://doi.org/10.1055/S-0035-1564455

Anderson, S., & Kraus, N. (2013). Auditory Training: Evidence for Neural Plasticity in Older Adults.
Perspectives on Hearing and Hearing Disorders. Research and Research Diagnostics., 17(1),
57. https://doi.org/10.1044/HHD17.1.37

ASHA. (1990). Guidelines for screening for hearing impairment and middle-ear disorders. . In
ASHA. Supplement. ASHA Suppl.

Bajo, V. M., & King, A. J. (2013). Cortical modulation of auditory processing in the midbrain.
Frontiers in Neural Circuits, 6. https://doi.org/10.3389/FNCIR.2012.00114/BIBTEX

Barbour, D. L. (2011). Intensity-Invariant Coding in the Auditory System. Neuroscience and
Biobehavioral Reviews, 35(10), 2072. https://doi.org/10.1016/J.NEUBIOREV.2011.04.009

Barlow, N., Purdy, S. C., Sharma, M., Giles, E., & Narne, V. (2016). The Effect of Short-Term
Auditory Training on Speech in Noise Perception and Cortical Auditory Evoked Potentials in
Adults with Cochlear Implants. Seminars in Hearing, 37(1), 98. https://doi.org/10.1055/S-0035-
1570335

80



Bauch, C. D., & Olsen, W. O. (1990). Comparison of ABR amplitudes with TIPtrode and mastoid
electrodes. Ear and Hearing, 11(6), 463—467. https://doi.org/10.1097/00003446-199012000-
00010

Berger, J. R., & Blum, A. S. (2007). Brainstem Auditory Evoked Potentials. In A. S. Blum & S. B.
Rutkove (Eds.), The Clinical Neurophysiology Primer. Humana Press.

Berlin, C. 1., Hood, L. J., Hurley, A. E., Wen, H., & Kemp, D. T. (1995). Binaural noise suppresses
linear click-evoked otoacoustic emissions more than ipsilateral or contralateral noise. Hearing
Research, 87(1-2), 96—103. https://doi.org/10.1016/0378-5955(95)00082-F

Besser, J., & Launer, S. (2020). Auditory Training Supports Auditory Rehabilitation: A State-of-the-
Art Review. Ear and Hearing, 41(4), 697-704.
https://doi.org/10.1097/AUD.0000000000000806

Beyerl, B. D. (1978). Afferent projections to the central nucleus of the inferior colliculus in the rat.
Brain Research, 145(2), 209-223. https://doi.org/10.1016/0006-8993(78)90858-2

Bhatt, I., & Sokolowski, B. (2017). Increased medial olivocochlear reflex strength in normal-hearing,
noise-exposed humans. PLOS ONE, 12(9). https://doi.org/10.1371/JOURNAL.PONE.0184036

Bhattacharya, M. J. (2020). The Effect of Auditory Training on Medial Olivocochlear Efferent
Activity . The University of Auckland.

Biagio De Jager, L. (2008). Auditory Evoked Potentials (AEPS): Underlying Principles.

Bizley, J. K., & Cohen, Y. E. (2013). The what, where and how of auditory-object perception.
Nature Reviews Neuroscience 2013 14:10, 14(10), 693—707. https://doi.org/10.1038/nrn3565

Boothalingam, S., Allan, C., Allen, P., & Purcell, D. W. (2019). The Medial Olivocochlear Reflex Is
Unlikely to Play a Role in Listening Difficulties in Children: Sage Journals, 23.
https://doi.org/10.1177/2331216519870942

Boothalingam, S., Goodman, S. S., MacCrae, H., & Dhar, S. (2021). A Time-Course-Based
Estimation of the Human Medial Olivocochlear Reflex Function Using Clicks. Frontiers in
Neuroscience, 15. https://doi.org/10.3389/FNINS.2021.746821/BIBTEX

Boothalingam, S., Macpherson, E., Allan, C., Allen, P., & Purcell, D. (2016). Localization-in-noise
and binaural medial olivocochlear functioning in children and young adults. The Journal of the
Acoustical Society of America, 139(1). https://doi.org/10.1121/1.4939708

Brashears, S. M., Morlet, T. G., Berlin, C. 1., & Hood, L. J. (2003). Olivocochlear efferent
suppression in classical musicians. Journal of the American Academy of Audiology, 14(6), 314—
324. https://doi.org/10.1055/S-0040-1715747

Brown, M. C., Kujawa, S. G., & Liberman, M. C. (1998). Single Olivocochlear Neurons in the
Guinea Pig. II. Response Plasticity Due to Noise Conditioning. Journal of Neurophysiology, 79,
3088-3097.

Brownell, W. E. (2017). What Is Electromotility? -The History of Its Discovery and Its Relevance to
Acoustics. Acoustics Today, 13(1), 27.

81



Bruss, D. M., & Shohet, J. A. (2021). Neuroanatomy, Ear. StatPearls.

Bulut, E., Oztiirk, G., Ta,s, T., Tiirkmen, M. T., Giilmez, Z. D., & Oztiirk, L. (2019). Medial
olivocochlear suppression in musicians versus non-musicians. Physiology International, 106(2),
151-157. https://doi.org/10.1556/2060.106.2019.11

Buran, B. N., Elkins, S., Kempton, J. B, Porsov, E. v., Brigande, J. v., & David, S. v. (2020).
Optimizing Auditory Brainstem Response Acquisition Using Interleaved Frequencies. JARO -
Journal of the Association for Research in Otolaryngology, 21(3), 225-242.
https://doi.org/10.1007/S10162-020-00754-3/FIGURES/9

Burk, M. H., Humes, L. E., Amos, N. E., & Strauser, L. E. (2006). Effect of training on word-
recognition performance in noise for young normal-hearing and older hearing-impaired
listeners. Ear and Hearing, 27(3), 263-278.
https://doi.org/10.1097/01.AUD.0000215980.21158.A2

Carhart, R., & Jerger, J. (1959). Preferred method for clinical determination of pure-tone thresholds.
Journal of Speech and Hearing Disorders, 24(4), 330-345.
https://doi.org/10.1044/jshd.2404.330

Chabert, R., Magnan, J., Lallemant, J. G., Uziel, A., & Puel, J. L. (2002). Contralateral sound
stimulation suppresses the compound action potential from the auditory nerve in humans.
Otology & Neurotology , 23(5), 784—788. https://doi.org/10.1097/00129492-200209000-00029

Chintanpalli, A., Jennings, S. G., Heinz, M. G., & Strickland, E. A. (2012). Modeling the Anti-
masking Effects of the Olivocochlear Reflex in Auditory Nerve Responses to Tones in
Sustained Noise. JARO: Journal of the Association for Research in Otolaryngology, 13(2), 219—
235. https://doi.org/10.1007/S10162-011-0310-3

Choi, C.-H. (2010). Mechanisms of Active Process and Amplification in Cochlea. Korean Journal of
Audiology, 14(2), 81-87.

Ciuman, R. R. (2010). The Efferent System or Olivocochlear Function Bundle — Fine Regulator and
Protector of Hearing Perception. International Journal of Biomedical Science, 6(4), 288.

Collet, L., Morgon, A., Veuillet, E., & Gartner, M. (1991). Noise and Medial Olivocochlear System
in Humans. Acta Oto-Laryngologica, 111(2), 231-233.
https://doi.org/10.3109/00016489109137380

Cornsweet, T. N. (1962). The Staircase-Method in Psychophysics. The American Journal of
Psychology, 75(3), 485—-491. https://doi.org/10.2307/1419876

Cowan, N. (2001). The magical number 4 in short-term memory: a reconsideration of mental storage
capacity. The Behavioral and Brain Sciences, 24(1), 87—114.
https://doi.org/10.1017/S0140525X01003922

Cowan, Nelson. (2010). The Magical Mystery Four: How is Working Memory Capacity Limited,
and Why? Current Directions in Psychological Science, 19(1), 57.
https://doi.org/10.1177/0963721409359277

Davis, H. (1983). An active process in cochlear mechanics. Hearing Research, 9(1), 79-90.
https://doi.org/10.1016/0378-5955(83)90136-3

82



de Boer, J., & Thornton, A. R. D. (2007). Effect of subject task on contralateral suppression of click
evoked otoacoustic emissions. Hearing Research, 233(1-2), 117-123.
https://doi.org/10.1016/J.HEARES.2007.08.002

de Boer, J., & Thornton, A. R. D. (2008). Neural Correlates of Perceptual Learning in the Auditory
Brainstem: Efferent Activity Predicts and Reflects Improvement at a Speech-in-Noise
Discrimination Task. Journal of Neuroscience, 28(19), 4929-4937.
https://doi.org/10.1523/INEUROSCI.0902-08.2008

de Boer, J., Thornton, A. R. D., & Krumbholz, K. (2012). What is the role of the medial
olivocochlear system in speech-in-noise processing? Journal of Neurophysiology, 107(5), 1312.
https://doi.org/10.1152/IN.00222.2011

de Venecia, R. K., Liberman, M. C., Guinan, J. J., & Brown, M. C. (2005). Medial Olivocochlear
Reflex Interneurons Are Located in the Posteroventral Cochlear Nucleus: A Kainic Acid Lesion
Study in Guinea Pigs. The Journal of Comparative Neurology, 487(4), 360.
https://doi.org/10.1002/CNE.20550

Delgutte, B. (1990). Physiological mechanisms of psychophysical masking: Observations from
auditory-nerve fibers. The Journal of the Acoustical Society of America, 87(1), 791.
https://doi.org/10.1121/1.398891

Dewson, J. H. (1968). Efferent Olivocochlear Bundle: Some Relationships to Stimulus
Discrimination in Noise. Journal of Neurophysiology, 31(1), 122—130.
https://doi.org/10.1152/JN.1968.31.1.122

di Scipio, E., & Mastronardi, L. (2018). Level Specific CE-Chirp® BAEP’s: A new faster technique
in neuromonitoring cochlear nerve during cerebello-pontine angle tumor surgery.
Interdisciplinary Neurosurgery, 11, 4—7. https://doi.org/10.1016/J.INAT.2017.10.001

Duncan, K. R., & Aarts, N. (2006). A comparison of the HINT and Quick SIN tests. Journal of
Speech-Language Pathology and Audiology, 30(2).

Elberling, C., & Don, M. (2008). Auditory brainstem responses to a chirp stimulus designed from
derived-band latencies in normal-hearing subjects. The Journal of the Acoustical Society of
America, 124(5), 3037. https://doi.org/10.1121/1.2990709

Feng, G., Ingvalson, E. M., Grieco-Calub, T. M., Roberts, M. Y., Ryan, M. E., Birmingham, P., ...
Wong, P. C. M. (2018). Neural preservation underlies speech improvement from auditory
deprivation in young cochlear implant recipients. Proceedings of the National Academy of
Sciences of the United States of America, 115(5), 1022-1031.
https://doi.org/10.1073/PNAS.1717603115/SUPPL_FILE/PNAS.1717603115.SAPP.PDF

Ferguson, M. A., & Henshaw, H. (2015). Auditory training can improve working memory, attention,
and communication in adverse conditions for adults with hearing loss. Frontiers in Psychology,
6. https://doi.org/10.3389/FPSYG.2015.00782/FULL

Ferguson, M. A., Henshaw, H., Clark, D., & Moore, D. (2012). Auditory training improves listening
and cognition. International Journal of Audiology, 51, 220-2217.

Folsom, R. C., & Owsley, R. M. (1987). N1 action potentials in humans: influence of simultaneous
contralateral stimulation. Acta Otolaryngologica, 103(3-4), 265.
https://doi.org/10.3109/00016488709107792

83



Froud, K. E., Wong, A. C. Y., Cederholm, J. M. E., Klugmann, M., Sandow, S. L., Julien, J. P., ...
Housley, G. D. (2015). Type 11 spiral ganglion afferent neurons drive medial olivocochlear
reflex suppression of the cochlear amplifier. Nature Communications 2015 6:1, 6(1), 1-9.
https://doi.org/10.1038/ncomms8115

Gaab, N., & Schlaug, G. (2003). The effect of musicianship on pitch memory in performance
matched groups. Neuroreport, 14(18), 2291-2295. https://doi.org/10.1097/00001756-
200312190-00001

George, T., & Bordoni, B. (2021). Anatomy, Head and Neck, Ear Ossicles. StatPearls.

Giraud, A. L., Garnier, S., Micheyl, C., Lina, G., Chays, A., & Chéry-Croze, S. (1997). Auditory
efferents involved in speech-in-noise intelligibility. Cognitive Neuroscience and
Neuropsychology, 8(7), 1779-1783.

Glowatzki, E., Grant, L., & Fuchs, P. (2008). Hair Cell Afferent Synapses. Current Opinion in
Neurobiology, 18(4), 395. https://doi.org/10.1016/J.CONB.2008.09.006

Gold, J. R., & Bajo, V. M. (2014). Insult-induced adaptive plasticity of the auditory system.
Frontiers in Neuroscience, 8(110). https://doi.org/10.3389/FNINS.2014.00110/BIBTEX

Greaves, L. J. (2018). Associations of the Medial Olivocochlear Reflex and Speech-In-Noise Abilities
in Normal Hearing Adult Listeners: A Systematic Review.

Guinan, J. J. (2006). Olivocochlear efferents: anatomy, physiology, function, and the measurement of
efferent effects in humans. Ear and Hearing, 27(6), 589—607.
https://doi.org/10.1097/01.AUD.0000240507.83072.E7

Guinan, J. J., Backus, B. C., Lilaonitkul, W., & Aharonson, V. (2003). Medial Olivocochlear
Efferent Reflex in Humans: Otoacoustic Emission (OAE) Measurement Issues and the

Advantages of Stimulus Frequency OAEs. Journal of the Association for Research in
Otolaryngology, 4(4), 521-540. https://doi.org/10.1007/S10162-002-3037-3/FIGURES/8

Guinan, J. J., & Stankovic, K. M. (1996). Medial efferent inhibition produces the largest equivalent
attenuations at moderate to high sound levels in cat auditory-nerve fibers. The Journal of the
Acoustical Society of America, 100(3), 1680—1690. https://doi.org/10.1121/1.416066

Hackney, C. M. (1987). Anatomical Features of the Auditory Pathway from Cochlea to Cortex.
British Medical Bulletin, 43(4), 780-801.

Henin, S., Thompson, S., Abdelrazeq, S., & Long, G. R. (2011). Changes in amplitude and phase of
distortion-product otoacoustic emission fine-structure and separated components during efferent
activation. The Journal of the Acoustical Society of America, 129(4).
https://doi.org/10.1121/1.3543945

Henshaw, H., & Ferguson, M. A. (2013). Efficacy of Individual Computer-Based Auditory Training
for People with Hearing Loss: A Systematic Review of the Evidence. PLOS ONE, 8(5).
https://doi.org/10.1371/JOURNAL.PONE.0062836

Hernandez-Perez, H., Mikiel-Hunter, J., McAlpine, D., Dhar, S., Boothalingam, S., Monaghan, J. J.
M., & McMahon, C. M. (2021). Perceptual gating of a brainstem reflex facilitates speech
understanding in human listeners. BioRxiv. https://doi.org/10.1101/2020.05.31.115444

84



Homma, K., Du, Y., Shimizu, Y., & Puria, S. (2009). Ossicular resonance modes of the human
middle ear for bone and air conduction. The Journal of the Acoustical Society of America,
125(2), 979. https://doi.org/10.1121/1.3056564

Hudspeth, A. J. (2005). How the ear’s works work: mechanoelectrical transduction and amplification
by hair cells. Comptes Rendus Biologies, 328(2), 155-162.
https://doi.org/10.1016/J.CRVI1.2004.12.003

Hudspeth, A. J. (2014). Integrating the active process of hair cells with cochlear function. Nature
Reviews Neuroscience 2014 15:9, 15(9), 600—614. https://doi.org/10.1038/nrn3786

Hunter, L. L., & Shanaz, N. (2013). Acoustic Stapedial Reflex. In Acoustic Immittance Measures :
Basic and Advanced Practice (pp. 79-96). Plural Publishing.

Igarashi, M., Alford, B. R., Nakai, Y., & Gordon, W. P. (2009). Behavioral Auditory Function After
Transection of Crossed Olivo-Cochlear Bundle in the Cat: 1. Pure-tone Threshold and
Perceptual Signal-to-noise Ratio. Acta Oto-Laryngologica , 73(2—6), 455-466.
https://doi.org/10.3109/00016487209138966

Iling, R.-B., Kraus, K. S., & Michler, S. A. (2000). Plasticity of the superior olivary complex .
Microscopy Research And Technique, 51, 364-381.

Interacoustics. (2016). Basic ECochG Testing with Eclipse.

Irving, S., Moore, D. R., Liberman, M. C., & Sumner, C. J. (2011). Olivocochlear Efferent Control in
Sound Localization and Experience-Dependent Learning. The Journal of Neuroscience, 31(7),
2501. https://doi.org/10.1523/INEUROSCI.2679-10.2011

Jamal, F. N., Arafat Dzulkarnain, A. A., Shahrudin, F. A., & Marzuki, M. N. (2020). Test-Retest
Reliability of Level-Specific CE-Chirp Auditory Brainstem Response in Normal-Hearing
Adults. Journal of Audiology and Otology, 25(1), 14-21.
https://doi.org/10.7874/JA0.2020.00073

James, A. L., Harrison, R. v., Pienkowski, M., Dajani, H. R., & Mount, R. J. (2005). Dynamics of
real time DPOAE contralateral suppression in chinchillas and humans. International Journal of
Audiology, 44(2), 118-129. https://doi.org/10.1080/14992020400029996

Jamos, A. M., Kaf, W. A., Chertoff, M. E., & Ferraro, J. A. (2020). Human medial olivocochlear
reflex: Contralateral activation effect on low and high frequency cochlear response. Hearing
Research, 389. https://doi.org/10.1016/J.HEARES.2020.107925

Jedrzejczak, W. W., Milner, R., Ganc, M., Pilka, E., & Skarzynski, H. (2020). No Change in Medial
Olivocochlear Efferent Activity during an Auditory or Visual Task: Dual Evidence from
Otoacoustic Emissions and Event-Related Potentials. Brain Sciences, 10(11), 1-17.
https://doi.org/10.3390/BRAINSCI10110894

Kaiser, J. (2015). Dynamics of auditory working memory. Frontiers in Psychology, 6.
https://doi.org/10.3389/FPSYG.2015.00613/BIBTEX

Kalaiah, M. K., Theruvan, N. B., Kumar, K., & Bhat, J. S. (2017). Role of Active Listening and
Listening Effort on Contralateral Suppression of Transient Evoked Otoacousic Emissions.
Journal of Audiology and Otology, 21(1), 1-8. https://doi.org/10.7874/JA0O.2017.21.1.1

85



Karawani, H., Bitan, T., Attias, J., & Banai, K. (2016). Auditory Perceptual Learning in Adults with
and without Age-Related Hearing Loss. Frontiers in Psychology, 6.
https://doi.org/10.3389/FPSYG.2015.02066/BIBTEX

Kemp, D. T. (2002). Otoacoustic emissions, their origin in cochlear function, and use. British
Medical Bulletin, 63(1), 223-241. https://doi.org/10.1093/BMB/63.1.223

Killion, M. C., Niquette, P. A., Gudmundsen, G. L., Revit, L. J., & Banerjee, S. (2004). Development
of a quick speech-in-noise test for measuring signal-to-noise ratio loss in normal-hearing and
hearing-impaired listeners. The Journal of the Acoustical Society of America, 116(4), 2395—
2405. https://doi.org/10.1121/1.1784440

King, A. J., Teki, S., & Willmore, B. D. B. (2018). Recent advances in understanding the auditory
cortex. F'1000Research, 7. https://doi.org/10.12688/F1000RESEARCH.15580.1

Konomi, U., Kanotra, S., James, A. L., & Harrison, R. v. (2014). Age related changes to the
dynamics of contralateral DPOAE suppression in human subjects. Journal of Otolaryngology -
Head & Neck Surgery, 43(1). https://doi.org/10.1186/1916-0216-43-15/FIGURES/5

Kraus, N., & Chandrasekaran, B. (2010). Music training for the development of auditory skills.
Nature Reviews Neuroscience, 11(8), 599-605. https://doi.org/10.1038/nr2882

Krishnan, A., Bidelman, G. M., & Gandour, J. T. (2010). Neural representation of pitch salience in
the human brainstem revealed by psychophysical and electrophysiological indices. Hearing
Research, 268(1-2), 60—66. https://doi.org/10.1016/J.HEARES.2010.04.016

Krizman, J., Marian, V., Shook, A., Skoe, E., & Kraus, N. (2012). Subcortical encoding of sound is
enhanced in bilinguals and relates to executive function advantages. In Proceedings of the
National Academy of Sciences of the United States of America (Vol. 109). Proc Natl Acad Sci U
S A. https://doi.org/10.1073/PNAS.1201575109

Kujawa, S. G., & Liberman, M. C. (1999). Long-Term Sound Conditioning Enhances Cochlear
Sensitivity. Journal of Neurophysiology, 82, 863—873.

Kumar, U. A., & Vanaja, C. S. (2004). Functioning of Olivocochlear Bundle and Speech Perception
in Noise. Ear and Hearing, 25(2), 142—-146.
https://doi.org/10.1097/01.AUD.0000120363.56591.E6

Kumar, K., Bhat, J. S., D'Costa, P. E., Srivastava, M., & Kalaiah, M. K. (2014). Effect of Stimulus
Polarity on Speech Evoked Auditory Brainstem Response. Audiology research, 3(1), e8.
https://doi.org/10.4081/audiores.2013.e8

Langers, D. R. M., & van Dijk, P. (2012). Mapping the Tonotopic Organization in Human Auditory
Cortex with Minimally Salient Acoustic Stimulation. Cerebral Cortex, 22(9), 2024-2038.
https://doi.org/10.1093/CERCOR/BHR282

Laumen, G., Ferber, A. T., Klump, G. M., & Tollin, D. J. (2016). The Physiological Basis and
Clinical Use of the Binaural Interaction Component of the Auditory Brainstem Response. Ear
and Hearing, 37(5), 276-290. https://doi.org/10.1097/AUD.0000000000000301

le Prell, C G, Dolan, D. F., Schacht, J., Miller, J. M., Lomax, M. L., & Altschuler, R. A. (2003).
Pathways for protection from noise induced hearing loss . Noise Health, 5(20), 1-17.

86



le Prell, Colleen G. (2018). Effects of noise exposure on auditory brainstem response and speech-in-
noise tasks: a review of the literature. International Journal of Audiology, 58(1), S3—S32.
https://doi.org/10.1080/14992027.2018.1534010

Liberman, M. C., & Brown, M. C. (1986). Physiology and anatomy of single olivocochlear neurons
in the cat. Hearing Research, 24(1), 17-36. https://doi.org/10.1016/0378-5955(86)90003-1

Lichtenhan, J. T., Wilson, U. S., Hancock, K. E., & Guinan, J. J. (2016). Medial Olivocochlear
Efferent Reflex Inhibition of Human Cochlear Nerve Responses. Hearing Research, 333, 224.
https://doi.org/10.1016/J.HEARES.2015.09.001

Lilaonitkul, W., & Guinan, J. J. (2009). Human medial olivocochlear reflex: effects as functions of
contralateral, ipsilateral, and bilateral elicitor bandwidths. Journal of the Association for
Research in Otolaryngology : JARO, 10(3), 459—470. https://doi.org/10.1007/S10162-009-
0163-1

Lisowska, G., Smurzynski, J., Morawski, K., Namyslowski, G., & Probst, R. (2002). Influence of
contralateral stimulation by two-tone complexes, narrow-band and broad-band noise signals on
the 2f1-f2 distortion product otoacoustic emission levels in humans. Acta Oto-Laryngologica,
122(6), 613-619. https://doi.org/10.1080/000164802320396286

Lopez-Poveda, E. A. (2018). Olivocochlear efferents in animals and humans: From anatomy to
clinical relevance. Frontiers in Neurology, 9.
https://doi.org/10.3389/FNEUR.2018.00197/BIBTEX

Maison, S. F., Usubuchi, H., & Charles Liberman, M. (2013). Efferent feedback minimizes cochlear
neuropathy from moderate noise exposure. The Journal of Neuroscience, 33(13), 5542-5552.
https://doi.org/10.1523/INEUROSCI.5027-12.2013

Manley, G. A. (2018). Travelling waves and tonotopicity in the inner ear: a historical and
comparative perspective. Journal of Comparative Physiology A: Neuroethology, Sensory,
Neural, and Behavioral Physiology, 204(9—10), 773—781. https://doi.org/10.1007/S00359-018-
1279-8/FIGURES/3

Marrufo-Pérez, M. 1., del Pilar Sturla-Carreto, D., Eustaquio-Martin, A., & Lopez-Poveda, E. A.
(2020). Adaptation to Noise in Human Speech Recognition Depends on Noise-Level Statistics
and Fast Dynamic-Range Compression. The Journal of Neuroscience, 40(34), 6613—6623.
https://doi.org/10.1523/INEUROSCI.0469-20.2020

Marrufo-Pérez, M. 1., Eustaquio-Martin, A., & Lopez-Poveda, E. A. (2018). Adaptation to Noise in
Human Speech Recognition Unrelated to the Medial Olivocochlear Reflex. Journal of
Neuroscience, 38(17), 4138—4145. https://doi.org/10.1523/INEUROSCI.0024-18.2018

Marshall, L., & Miller, J. A. L. (2015). How can the auditory efferent system protect our ears from
noise-induced hearing loss? AIP Publisher. https://doi.org/10.1063/1.4939427

Marshall, L., Miller, J. A. L., Guinan, J. J., Shera, C. A., Reed, C. M., Perez, Z. D., ... Boege, P.
(2014). Otoacoustic-emission-based medial-olivocochlear reflex assays for humans. 7he
Journal of the Acoustical Society of America, 136(5), 2713. https://doi.org/10.1121/1.4896745

McCreery, R. (2013). Building Blocks: Otoacoustic Emissions: Beyond “Pass” and “Refer.” The
Hearing Journal, 66(9), 16. https://doi.org/10.1097/01.HJ.0000434629.46891 .4E

87



McGee, J., & Walsh, E. J. (2005). Intensity coding in the auditory nerve. The Journal of the
Acoustical Society of America, 76(S1). https://doi.org/10.1121/1.2021892

McPherson, D. R. (2018). Sensory Hair Cells: An Introduction to Structure and Physiology.
Integrative and Comparative Biology, 58(2), 300. https://doi.org/10.1093/ICB/ICY 064

Mellott, J. G., Bickford, M. E., & Schofield, B. R. (2014). Descending projections from auditory
cortex to excitatory and inhibitory cells in the nucleus of the brachium of the inferior colliculus.
Frontiers in Systems Neuroscience, 8. https://doi.org/10.3389/FNSYS.2014.00188/BIBTEX

Mertes, 1. B., Johnson, K. M., & Dinger, Z. A. (2019). Olivocochlear efferent contributions to
speech-in-noise recognition across signal-to-noise ratios. The Journal of the Acoustical Society
of America, 145(3), 1529—1540. https://doi.org/10.1121/1.5094766

Mertes, 1. B., & Potocki, M. E. (2022). Contralateral noise effects on otoacoustic emissions and
electrophysiologic responses in normal-hearing adultsa). The Journal of the Acoustical Society
of America, 151(3). https://doi.org/10.1121/10.0009910

Mertes, 1. B., Wilbanks, E. C., & Leek, M. R. (2018). Olivocochlear Efferent Activity Is Associated
With the Slope of the Psychometric Function of Speech Recognition in Noise. Ear and Hearing,
39(3), 583-593. https://doi.org/10.1097/AUD.0000000000000514

Micheyl, C., & Collet, L. (1998). Involvement of the olivocochlear bundle in the detection of tones
in noise. The Journal of the Acoustical Society of America, 99(3).
https://doi.org/10.1121/1.414734

Moller, A. R. (2006). Anatomy, Physiology, and Disorders of the Auditory System (2nd ed.). Elsevier
Science.

Moore, B. C. J. (2008). Basic auditory processes involved in the analysis of speech sounds.
Philosophical Transactions of the Royal Society B: Biological Sciences, 363(1493), 963.
https://doi.org/10.1098/RSTB.2007.2152

Moser, T., Brandt, A., & Lysakowski, A. (2006). Hair cell ribbon synapses. Cell and Tissue
Research, 326(2), 359. https://doi.org/10.1007/S00441-006-0276-3

Mukerji, S., Windsor, A. M., & Lee, D. J. (2010). Auditory Brainstem Circuits That Mediate the
Middle Ear Muscle Reflex. Trends in Amplification, 14(3), 191.
https://doi.org/10.1177/1084713810381771

Musiek, F. E., & Baran, J. A. (2017a). Cochlear Physiology I: Mostly Mechanics. In B. A. Stach
(Ed.), The Auditory System: Anatomy, Physiology and Clinical Correlates (2nd ed., pp. 117—
132). Plural Publishing.

Musiek, F. E., & Baran, J. A. (2017b). Funtional Anatomy of the Cochlea. In B. A. Stach (Ed.), The
Auditory System: Anatomy, Physiology and Clinical Correlates (2nd ed., pp. 87—115). Plural
Publishing.

Musiek, F. E., & Baran, J. A. (2017¢). Structure and Function of the Auditory Nerve. In B. A. Stach

(Ed.), The Auditory System: Anatomy, Physiology and Clinical Correlates (2nd ed., pp. 179—
189). Plural Publishing.

88



Nava, A. S. L. de, & Lasrado, S. (2021). Physiology, Ear. StatPearls. Retrieved from
https://www.ncbi.nlm.nih.gov/books/NBK 540992/

Nizami, L. (2013). The Human Cochlear Mechanical Nonlinearity Inferred via Psychometric
Functions. EP.J Nonlinear Biomedical Physics, 1(1), 1-50. https://doi.org/10.1140/EPJNBP3

Olson, A. D. (2015). Options for Auditory Training for Adults with Hearing Loss. Seminars in
Hearing, 36(4), 295. https://doi.org/10.1055/S-0035-1564461

Otsuka, S., Tsuzaki, M., Sonoda, J., Tanaka, S., & Furukawa, S. (2016). A Role of Medial
Olivocochlear Reflex as a Protection Mechanism from Noise-Induced Hearing Loss Revealed in
Short-Practicing Violinists. PLOS ONE, 11(1).
https://doi.org/10.1371/JOURNAL.PONE.0146751

Oxenham, A. J. (2013a). Mechanisms and mechanics of auditory masking. The Journal of
Physiology, 591(10), 2375. https://doi.org/10.1113/JPHYSIOL.2013.254490

Oxenham, A. J. (2013b). Revisiting place and temporal theories of pitch. Acoustical Science and
Technology , 34(6), 396. https://doi.org/10.1250/ast.34.388

Palmietto, C. N. (2017). The Effect of Wideband and Narrowband Noise on the Olivocochlear
Bundle and the Cochlear Microphonic. Missouri State University.

Pani, S., Sahoo, A., Chatterjee, 1., & Dutta, P. (2020). The Effect of Stimulus Rates in Chirp and
Click Evoked Auditory Brainstem Response in Adults with Normal Hearing Sensitivity. Bengal
Journal of Otolaryngology and Head Neck Surgery, 28(3), 248-254.
https://doi.org/10.47210/BJOHNS.2020.V2813.287

Parbery-Clark, A., Skoe, E., & Kraus, N. (2009). Musical Experience Limits the Degradative Effects
of Background Noise on the Neural Processing of Sound. The Journal of Neuroscience, 29(45),
14100-14107. https://doi.org/10.1523/JNEUROSCI.3256-09.2009

Paulraj, M. P., Subramaniam, K., Yaccob, S. bin, Adom, A. H. bin, & Hema, C. R. (2015). Auditory
Evoked Potential Response and Hearing Loss: A Review. The Open Biomedical Engineering
Journal, 9(1), 24. https://doi.org/10.2174/1874120701509010017

Perrot, X., & Collet, L. (2014). Function and plasticity of the medial olivocochlear system in
musicians: A review. Hearing Research, 308, 27-40.
https://doi.org/10.1016/J.HEARES.2013.08.010

Petrova, L. D. (2009). Brainstem Auditory Evoked Potentials. American Journal of
Electroneurodiagnostic Technology, 49(4), 317-332.

Pickles, J. O. (2015). Auditory pathways: anatomy and physiology. Handbook of Clinical Neurology,
129, 3-25. https://doi.org/10.1016/B978-0-444-62630-1.00001-9

Pujol, R. (1994). Lateral and Medial Efferents: A Double Neurochemical Mechanism to Protect and
Regulate Inner and Outer Hair Cell Function in the Cochlea. British Journal of Audiology,
28(1), 185-191.

Qing, Z., & Mao-li, D. (2009). Anatomy and physiology of peripheral auditory system and commen
causes of hearing loss. Journal of Otology, 4(1), 7-14. https://doi.org/10.1016/S1672-
2930(09)50002-5

&9



Qiu, X., & Miiller, U. (2018). Mechanically gated ion channels in mammalian hair cells. Frontiers in
Cellular Neuroscience, 12. https://doi.org/10.3389/FNCEL.2018.00100/BIBTEX

Rajan, R. (2000). Centrifugal pathways protect hearing sensitivity at the cochlea in noisy
environments that exacerbate the damage induced by loud sound. The Journal of Neuroscience :
The Official Journal of the Society for Neuroscience, 20(17), 6684—6693.
https://doi.org/10.1523/INEUROSCI.20-17-06684.2000

Rajan, R., & Johnstone, B. M. (1988). Binaural acoustic stimulation exercises protective effects at
the cochlea that mimic the effects of electrical stimulation of an auditory efferent pathway.
Brain Research, 459(2), 241-255. https://doi.org/10.1016/0006-8993(88)90640-3

Rao, A., Koerner, T. K., Madsen, B., & Zhang, Y. (2020). Investigating Influences of Medial
Olivocochlear Efferent System on Central Auditory Processing and Listening in Noise: A
Behavioral and Event-Related Potential Study. Brain Sciences 2020, Vol. 10, Page 428, 10(7).
https://doi.org/10.3390/BRAINSCI10070428

Ray, R. H., & Doetsch, G. S. (1990). Coding of stimulus location and intensity in populations of
mechanosensitive nerve fibers of the raccoon: II. Across-fiber response patterns. Brain
Research Bulletin, 25(4), 533-550. https://doi.org/10.1016/0361-9230(90)90110-L

Recio-Spinoso, A., Cooper, N. P., Recio-Spinoso, A., & Cooper, N. P. (2013). Masking of sounds by
a background noise — cochlear mechanical correlates. The Journal of Physiology, 591(10),
2705-2721. https://doi.org/10.1113/JPHYSIOL.2012.248260

Robertson, D. (2009). Centrifugal Control In Mammalian Hearing. Clinical and Experimental
Pharmacology and Physiology, 36(7), 603—611. https://doi.org/10.1111/J.1440-
1681.2009.05185.X

Rodriguez, J., Neely, S. T., Patra, H., Kopun, J., Jesteadt, W., Tan, H., & Gorga, M. P. (2010). The
role of suppression in psychophysical tone-on-tone masking. The Journal of the Acoustical
Society of America, 127(1), 369. https://doi.org/10.1121/1.3257224

Romero, G. E., & Trussell, L. O. (2021). Distinct forms of synaptic plasticity during ascending vs
descending control of medial olivocochlear efferent neurons. ELife, 10.
https://doi.org/10.7554/ELIFE.66396

Rumschlag, J. A., McClaskey, C. M., Dias, J. W., Kerouac, L. B., Noble, K. v., Panganiban, C., ...
Harris, K. C. (2022). Age-Related Central Gain with Degraded Neural Synchrony in the
Auditory Brainstem of Mice and Humans. BioRxiv. https://doi.org/10.1101/2022.02.23.481643

Safieddine, S., & Eybalin, M. (1992). Triple Immunofluorescence Evidence for the Coexistence of
Acetylcholine, Enkephalins and Calcitonin Gene-related Peptide Within Efferent
(Olivocochlear) Neurons of Rats and Guinea-pigs. The European Journal of Neuroscience,
4(10), 981-992. https://doi.org/10.1111/J.1460-9568.1992.TB00124.X

Salvi, R. J., Eddins, A. C., & Wang, J. (2017). Cochlear Physiology II: Most Electrophysiology. In

B. A. Stach (Ed.), The Auditory System: Anatomy, Physiology and Clinical Correlates (2nd ed.,
pp- 133—177). Plural Publishing.

90



Scharf, B., Magnan, J., & Chays, A. (1997). On the role of the olivocochlear bundle in hearing: 16
case studies. Hearing Research, 103(1-2), 101-122. https://doi.org/10.1016/S0378-
5955(96)00168-2

Scharine, A. A., Letowski, T. R., & Sampson, J. B. (2009). Auditory Situation Awareness in Urban
Operations. Journal of Military and Strategic Studies, 11(4).

Schochat, E., Matas, C. G., Samelli, A. G., & Mamede Carvallo, R. M. (2012). From otoacoustic
emission to late auditory potentials P300: the inhibitory effect | Read by QxMD. Acta
Neurobiologiae Experimentalis, 72(3), 296-308.

Schofield, B. R. (2009). Projections to the inferior colliculus from layer VI cells of auditory cortex.
Neuroscience, 159(1), 246-258. https://doi.org/10.1016/J. NEUROSCIENCE.2008.11.013

Sharma, S., Tripathy, R., & Saxena, U. (2017). Critical appraisal of speech in noise tests: a
systematic review and survey. International Journal of Research in Medical Sciences, 5(1), 13—
21. https://doi.org/10.1044/2021_AJA-21-00176

Shera, C. A., & Guinan Jr., J. J. (1999). Evoked otoacoustic emissions arise by two fundamentally
different mechanisms: A taxonomy for mammalian OAEs. The Journal of the Acoustical
Society of America, 105(2). https://doi.org/10.1121/1.426948

Smith, D. W., & Keil, A. (2015). The biological role of the medial olivocochlear efferents in hearing:
separating evolved function from exaptation. Frontiers in Systems Neuroscience, 9.
https://doi.org/10.3389/FNSYS.2015.00012

Smith, S. B., Lichtenhan, J. T., & Cone, B. K. (2017). Contralateral inhibition of click- and chirp-
evoked human compound action potentials. Frontiers in Neuroscience, 11.
https://doi.org/10.3389/FNINS.2017.00189/BIBTEX

Song, J. H., Skoe, E., Banai, K., & Kraus, N. (2012). Training to Improve Hearing Speech in Noise:
Biological Mechanisms. Cerebral Cortex, 22(5), 1180-1190.
https://doi.org/10.1093/CERCOR/BHR 196

Suga, N. (2012). Tuning shifts of the auditory system by corticocortical and corticofugal projections
and conditioning. Neuroscience & Biobehavioral Reviews, 36(2), 969-988.
https://doi.org/10.1016/JNEUBIOREV.2011.11.006

Suga, N., Xiao, Z., Ma, X., & Ji, W. (2002). Plasticity and corticofugal modulation for hearing in
adult animals. Neuron, 36(1), 9-18. https://doi.org/10.1016/S0896-6273(02)00933-9

Sultan, O. A., Mahallawi, T. H. el, Kolkaila, E. A., & Lasheen, R. M. (2020). Comparison between
Quick Speech in Noise Test (QuickSIN test) and Hearing in Noise Test (HINT) in Adults with
Sensorineural Hearing Loss. Egyptian Journal of Ear Nose Throat and Allied Sciences, 21(3),
2090-0740. https://doi.org/10.21608/ejentas.2020.28080.1195

Sun, X.-M. (2008). Distortion product otoacoustic emission fine structure is responsible for
variability of distortion product otoacoustic emission contralateral suppression. The Journal of
the Acoustical Society of America, 123(6), 4310—4320. https://doi.org/10.1121/1.2912434

Sundar, P. S., Chowdhury, C., & Kamarthi, S. (2021). Evaluation of Human Ear Anatomy and
Functionality by Axiomatic Design. Biomimetics, 6(2).
https://doi.org/10.3390/BIOMIMETICS602003 1

91



Tehan, G., & Turcotte, J. (2002). Word length effects are not due to proactive interference. Memory,
10(2), 139-149. https://doi.org/10.1080/09658210143000272

Teresa, R.P., Laura, A., Jordi, C.F., Montse, P., Corral, M., Dolores, G.R., Carles, E. (2019).
The frequency-following response (FFR) to speech stimuli: A normative dataset in healthy
newborns. Hearing Research, 371, 28-39. https://doi.org/10.1016/j.heares.2018.11.001.

Thakur, J. S., Chauhan, 1., Mohindroo, N. K., Sharma, D. R., Azad, R. K., & Vasanthalakshmi, M. S.
(2013). Otoacoustic Emissions in Otitis Media with Effusion: Do They Carry any Clinical

Significance? Indian Journal of Otolaryngology and Head & Neck Surgery, 65(1), 33.
https://doi.org/10.1007/S12070-012-0587-5

Thomson, S. (2002). Comparison of Word Familiarity: Conversational Words v. NU-6 list Words .
Audiology Online.

Trahiotis, C., & Elliott, D. N. (1970). Behavioral Investigation of Some Possible Effects of
Sectioning the Crossed Olivocochlear Bundle. The Journal of the Acoustical Society of
America, 47(2), 592. https://doi.org/10.1121/1.1911934

Unsal, S., Karatas, H., Kaya, M., Giimiis, N. M., Temiigan, E., Yiiksel, M., & Giindiiz, M. (2016).
Evaluation of Acoustic Reflex and Reflex Decay Tests in Geriatric Group. Turkish Archives of
Otorhinolaryngology, 54(1), 10. https://doi.org/10.5152/TA0O.2016.1556

van der Linden, M. (1998). The relationships between working memory and long-term memory.
Comptes Rendus de [’Académie Des Sciences - Series Il - Sciences de La Vie, 321(2-3), 175—
177. https://doi.org/10.1016/S0764-4469(97)89818-6

Velenovsky, D. S., & Glattke, T. J. (2002). The effect of noise bandwidth on the contralateral
suppression of transient evoked otoacoustic emissions. Hearing Research, 164(1-2), 39-48.
https://doi.org/10.1016/S0378-5955(01)00393-8

Viemeister, N. F. (1988). Intensity coding and the dynamic range problem. Hearing Research, 34(3),
267-274. https://doi.org/10.1016/0378-5955(88)90007-X

Weinberger, N. M. (2007). Auditory associative memory and representational plasticity in the
primary auditory cortex. Hearing Research, 229(1-2), 54-68.
https://doi.org/10.1016/J.HEARES.2007.01.004

Weisz, C., Glowatzki, E., & Fuchs, P. (2009). The Postsynaptic Function of Type II Cochlear
Afferents. Nature, 461(7267), 1129. https://doi.org/10.1038/NATURE08487

Wen, B., Wang, G. L., Dean, 1., & Delgutte, B. (2009). Dynamic Range Adaptation to Sound Level
Statistics in the Auditory Nerve. The Journal of Neuroscience, 29(44), 13808.
https://doi.org/10.1523/INEUROSCI.5610-08.2009

Williams, D. M., & Brown, A. M. (1997). The effect of contralateral broad-band noise on acoustic
distortion products from the human ear. Hearing Research, 104(1-2), 127-146.
https://doi.org/10.1016/S0378-5955(96)00189-X

Wilson, R. H. (2011). Clinical experience with the words-in-noise test on 3430 veterans:
comparisons with pure-tone thresholds and word recognition in quiet. Journal of the American
Academy of Audiology, 22(7), 405-423. https://doi.org/10.3766/JAAA.22.7.3

92



Wilson, R. H., Arcos, J. T., & Jones, H. C. (1984). Word Recognition with Segmented-Alternated
CVC Words. Journal of Speech, Language, and Hearing Research, 27(3), 378-386.
https://doi.org/10.1044/JSHR.2703.378

Winslow, R. L., & Sachs, M. B. (1987). Effect of electrical stimulation of the crossed olivocochlear
bundle on auditory nerve response to tones in noise. Journal of Neurophysiology, 57(4), 1002—
1021. https://doi.org/10.1152/JN.1987.57.4.1002

Wojcik, E. H. (2013). Remembering New Words: Integrating Early Memory Development into
Word Learning. Frontiers in Psychology, 4. https://doi.org/10.3389/FPSY@G.2013.00151

Wolpert, S., Heyd, A., & Wagner, W. (2014). Assessment of the Noise-Protective Action of the
Olivocochlear Efferents in Humans. Audiology and Neurotology, 19(1), 31-40.
https://doi.org/10.1159/000354913

Xu, Y., Cheatham, M. A., & Siegel, J. (2015). Separating medial olivocochlear from acoustic reflex
effects on transient evoked otoacoustic emissions in unanesthetized mice. In D. P. Corey & K.
D. Karavitaki (Eds.), Mechanics of Hearing. AIP Publishing. https://doi.org/10.1063/1.4939424

Yacullo, W. S. (2014). Basic Tests and Procedures: Clinical Masking. In J. Katz, M. Chasin, K.
English, L. J. Hood, & K. L. Tillery (Eds.), Handbook of Clinical Audiology (7th ed., pp. 77—
113). Wolters Kluwers.

Yates, G. K. (1990). Basilar membrane nonlinearity and its influence on auditory nerve rate-intensity
functions. Hearing Research, 50(1), 145—-162. https://doi.org/10.1016/0378-5955(90)90041-M

Yund, E. W., & Woods, D. L. (2010). Content and procedural learning in repeated sentence tests of
speech perception. Ear and Hearing, 31(6), 769-778.
https://doi.org/10.1097/AUD.0BO13E3181 E68E4A

Zendel, B. R., & Alain, C. (2014). Enhanced attention-dependent activity in the auditory cortex of
older musicians. Neurobiology of Aging, 35(1), 55-63.
https://doi.org/10.1016/JNEUROBIOLAGING.2013.06.022

Zwislocki, J. J. (1971). Central Masking and Neural Activity in the Cochlear Nucleus. Audiology,
10(1), 48-59. https://doi.org/10.3109/00206097109072540

93





