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Abstract

Due to the heterogeneity of potential tinnitus causes, a biomarker is needed that would relate
to a ‘final common pathway’ for tinnitus, irrespective of specific contributory mechanisms.
This biomarker should differentiate between tinnitus and other comorbid conditions. Previous
research suggested that Intensity Mismatch Asymmetry may be such a biomarker. The
hypothesis was that downward deviant stimuli sounded more similar in intensity to the default
prediction of tinnitus intensity, so people with tinnitus would show a reduced response to this
change, while the upward deviant was further from the default prediction, thus making the
MMN response larger. The present project aimed to systematically explore design features
that may affect responses to intensity deviants in people with tinnitus, hyperacusis, and
healthy controls. The main factors explored included: having only one or a combination of the
aforementioned conditions, attentional direction, and presence of close or widely spread
frequencies. Several conclusions were reached. Hyperacusis, tinnitus with hyperacusis, and
tinnitus without hyperacusis, potentially all have different underlying mechanisms. Generally,
presence of hyperacusis enhances MMN responses to upward intensity deviants and disrupts
adaptation mechanisms. Tinnitus without hyperacusis showed stronger MMN amplitude in
response to downward deviants at tinnitus-like frequency. Tinnitus generally has normal
adaptation processes, however, interference between close frequencies limits this
adaptation/habituation. A similar pattern was elicited in controls when two nearby frequencies
were involved in a roving paradigm experiment, pointing towards a specific interference

effect, and possibly reflecting contrast gain theory mechanisms.

The effectiveness of a novel covariance-cancelling sound therapy was tested as a potential
treatment for participants with tinnitus. The aim of these sounds was to reduce synchronous
activity between neurons that are responsible for frequencies around the tinnitus frequency of
an individual. These sounds were successful in significantly reducing the perceived loudness
of tinnitus after 6 weeks of daily listening.
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Chapter 1. Introduction

1.1 What is tinnitus?

Tinnitus is a persistent sound heard by an individual without an environmental source, which
may appear as pure tone, ringing, hissing, whistling, static, or cicada-like sounds [1]. There
are two major types of tinnitus: objective and subjective. Objective tinnitus is rare and
appears due to a range of identifiable underlying physical conditions of the ear or nearby
structures. Some examples are audible blood flow abnormalities, e.g. idiopathic intracranial
hypertension, and non-vascular conditions such as middle ear myoclonus [2, 3]. It can be
heard by physicians through audiological tests including tympanometry or otoacoustic
emissions [4]. Subjective tinnitus, on the other hand, is a common condition where the
phantom sound does not occur directly due to an underlying physical source [5]. Due to the
heterogeneity of potential causes of subjective tinnitus, classification of this condition has
been difficult [6]. Some tinnitus dimensions that can be classified include laterality
(bilateral/unilateral), tonal vs noise type of sound, with vs without hyperacusis, somatic,

intermittent vs permanent, acute vs chronic.

Tinnitus can be non-bothersome, but an estimated 20% of people with tinnitus seek treatment
[1]. This can be due to the sound of tinnitus itself, or related symptoms such as depression and

sleep disturbances [7, 8]. This thesis focuses on the study and treatment of subjective tinnitus.

The world tinnitus prevalence is 10-15%, with increasing numbers of the population
experiencing it as they age [9, 10]. Hearing loss has been established as the largest risk factor
of tinnitus [11, 12]. Hyperacusis (disorder in which normal environmental sounds are
experienced as uncomfortably loud) also often co-occurs with tinnitus [13]. Some minor
factors related to tinnitus include ear infections, noise exposure, ototoxicity, head/ear
surgeries, diabetes, history of cardiovascular disease, heavy drinking, arthritis, and non-
steroidal anti-inflammatory drugs (though this association may be present due to
inflammation itself) [7, 12].

1.2 The auditory system

The presence of tinnitus stems at least in part from functional changes to different levels of
the auditory pathway [6, 14]. Therefore, before looking into mechanisms of tinnitus, it may be

helpful to understand the basic structure of the auditory pathway itself.



The human auditory system is able to perceive sound frequencies between 20 Hz and 20 kHz.
‘Low’ frequencies are those below 2 kHz, ‘high” frequencies are 2-8 kHz and ‘extended high’
frequencies are 8-20 kHz [5]. The organ of Corti within the cochlea in the inner ear converts
sound vibrations into impulses that can be transmitted up to the auditory cortex via the
ascending auditory pathway [15]. It is located in the scala media, which is filled with
endolymph liquid. This organ contains basilar and tectorial membranes, which are connected
by hair cells. The basilar membrane stretches along the cochlea and is tonotopically organised
with specific locations responsible for responding to each frequency [16]. High-frequency
sounds produce movements at the base of the basilar membrane, whereas low frequency
sound regions are at its apex. This frequency organisation (tonotopy) is maintained by the
inner hair cells (the main innervating cells of the auditory nerve) and throughout the auditory
pathway [17]. The outer hair cells are responsible for sharp tuning of the frequencies and help
to amplify low-level sound by increasing basilar membrane movements [16]. When the outer
hair cells are damaged, low frequency signals cannot be amplified, whereas inner hair cell
damage disrupts tonotopic mapping [18]. Hair cells do not regenerate in mammals [15]. The
auditory nerve fibres connect to the base of hair cells through the spiral ganglion cells [19].
The spiral ganglion is made up of bipolar cells, which extend to make up the auditory nerve
on one side and connect to the hair cells on the other [20]. There are two types of spiral
ganglion cells. The more common type is Type 1 cells, which are large and myelinated. Each
Type 1 dendrite innervates one inner hair cell, but every inner hair cell can have multiple
afferent dendrites connected to it [21]. This allows each inner hair cell to be well represented
by the fibres carrying information to the brainstem. Type 2 cells are unmyelinated and small,
innervating multiple outer hair cells [22]. Each type 2 dendrite has a single contact from an
afferent dendrite. Both synapse types are excitatory, using glutamate to transmit information

[21]. Ninety-five percent of afferent auditory fibres leave from inner hair cells.

The auditory nerve travelling from the cochlea terminates in the cochlear nuclei (CN) of
medulla oblongata in the brainstem [20]. Different auditory nerve fibres have varying levels
of sensitivity to sound. There are three main groups of auditory nerve fibres: low, medium
and high spontaneous firing fibres. The low spontaneous firing group is less likely to become
saturated with impulses from the hair cells, which plays a role in their ability to detect change
in high level sounds, for example, during ongoing background noise [23, 24]. The low

spontaneous firing group is also the most vulnerable both to noise exposure and ageing [24].

The dorsal CN (DCN) sends fibres to the contralateral inferior colliculus (1C). Fibres from the
ventral CN (VCN) innervate the ipsilateral lateral lemniscal nuclei and both sides of the
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superior olivary complex [25]. The olivary complex has ascending and descending branches.
The descending fibre tract is the olivocochlear bundle, which acts as a feedback loop that
relays information back to Type 1 spiral ganglion cells [21]. The synapses between the
olivocochlear bundle and the ganglion cells have receptors for neurotransmitters and
neuromodulators. This may act as a signal that modifies the sound analysis carried out in the
cochlea, decreasing basilar movements and responses of hair cells to the sound signals, and
allowing saturated fibres to once again have the ability to signal changes in the incoming
auditory information at higher levels [18]. The ascending branches of the olivary complex
innervate the lateral lemniscus. Most of the fibres of the lemniscus end in IC, though some
travel directly to the medial geniculate body (MGB) in the thalamic relay system. The fibres
that reach IC then join the other fibres in MGB. From MGB, fibres travel towards the gyri of
Heschl of the primary auditory cortex (Al).

MGB receives input from the auditory cortex, thalamic reticular nucleus (TRN), amygdala
and striatum, thus integrating limbic structures in the processing of auditory information [25].
Basolateral amygdala also receives input from MGB and Al and sends signals to the
hippocampus [26]. Hippocampus also receives input from A1, which has connections to the

prefrontal cortex.

1.3 Tinnitus subtypes

No agreement on a main tinnitus-causing mechanism has been reached, so the nature of
tinnitus subtypes remains a topic of debate [14, 27]. One possible classification scheme
involves 3 tinnitus subtypes in which tinnitus is initiated in the periphery of the auditory
system but is maintained in a number of ways [1, 28]. This, however, is not the only way to
classify tinnitus.

The first subtype is peripheral tinnitus. Here, increased spontaneous activity, before or in the
cochlear nerve, is propagated up through the auditory pathway. Tinnitus is perceived if top-
down modulation cannot suppress the increased activity levels [28]. Peripheral tinnitus may
be initiated by abnormal endocochlear potentials, N-methyl-D-aspartate (NMDA\) receptor
activation due to ototoxic drugs, or increased glutamate release and depolarisation of auditory

nerve fibres due to acoustic trauma [28].

Central tinnitus encompasses two subtypes; 1) peripheral-dependent (reliant on reduced
cochlear input) and 2) peripheral-independent (self-sustaining and independent of reduced

cochlear input) [29]. Instances of these are thought to be much more common than peripheral



tinnitus [28]. Central tinnitus is initiated by decreased cochlear activity through
deafferentation of auditory nerve fibres. The classical explanation is that peripheral damage
induces tinnitus through homeostatic plasticity processes, acting to preserve mean firing rates
in the face of diminished input, which in turn elicit an increase in spontaneous firing, neural
synchrony, or tonotopic map reorganisation. Other possible tinnitus-causing factors are
changes in inhibitory processes in thalamic nuclei, or facilitation of non-auditory input into
the auditory pathway [6, 28].

1.3.1 Neural gain

Homeostasis is the maintenance of a dynamic system with a preferred range of states that
allows it to function [30]. Coordination between excitatory and inhibitory firing allows gain to
adjust by altering intrinsic excitability, receptor expression, neurotransmitter release volume

or probability.

Effects of gain changes can be assessed in spontaneous and evoked activity. Individual neuron
activity can be studied through firing rates or their synchrony with other nearby neurons. On a
larger scale, firing patterns can be studied either invasively through local field potentials in
animals, or with magneto-/electroencephalography (M/EEG) in humans. The caveat with
M/EEG is that it encompasses both firing rates and neural synchrony. Indirectly, functional
imaging techniques such as fMRI can study blood oxygenation changes as a proxy for large-

scale neuronal activity.

While neural gain has been implicated in tinnitus, it is also an important factor in related
conditions such as hearing loss and hyperacusis [31]. | discuss this in more detail in the

“Hyperacusis” part of this chapter.

1.4 Problems with studying tinnitus

While the presence of tinnitus appears to stem from functional changes to the auditory
pathway, it is not clear which mechanisms are required for tinnitus development, or instead
are correlates of closely related conditions such as hearing loss and hyperacusis. Even if these
changes do relate specifically to tinnitus, it then remains to be seen whether they are causes or
consequences of tinnitus. Hearing loss and hyperacusis are associated with large-scale
changes to brain function in most of the processes that have been attributed to tinnitus. Often
these factors are not subject to stringent enough controls in tinnitus research to know which

condition relates to any changes seen.



1.4.1 Hearing loss

Hearing loss induces changes in tonotopic mapping, spontaneous firing rate and neural
synchrony in the auditory pathway [32]. When presented with tones of different frequencies,
the cortical BOLD response to an 8 kHz tone was significantly larger in people with high-
frequency sensorineural hearing loss than controls [33]. However, this change was somewhat
reduced in the presence of tinnitus alongside the hearing loss. Further, while the highest
amplitude changes occurred at 8 kHz, tinnitus pitch was not related to the increased
responsiveness, indicating that the changes were not specific to the tinnitus frequency.
Significant functional reorganisation of Al occurred in participants with hearing loss and no
tinnitus compared to controls, but the co-presence of tinnitus seemed to be associated with

reduced reorganisation [33].

1.4.1.1 Overt Hearing Loss

Sensorineural hearing loss stems from damage in the cochlea, whereas conductive hearing
loss happens due to damage to the outer ear [34, 35]. Overt hearing loss results in reduced
ability to hear quiet sounds or follow speech. High frequency sensorineural hearing loss is a
particularly important tinnitus risk factor as the location of high frequency hair cells on the
cochlea makes them more likely to be damaged [34, 36]. Eighty-eight percent of 85
consecutive tinnitus patients who visited a particular otolaryngology clinic and had undergone
extended high-frequency audiometry testing had no hearing loss in low frequencies (<2 kHz),
but did have high or extended high frequency hearing loss (2-16 kHz) [5]. Only 10/85
participants showed no hearing impairment at any of the frequencies tested. However, the
group of patients with normal hearing was significantly younger than other groups.
Alternatively, studies may have used insufficiently detailed hearing tests [37]. For example,
when testing tinnitus patients with normal audiograms, 49% showed hearing impairment at a
specific frequency but not at frequencies at +/- % octave different from the impaired tone.
Most of these “hearing notches” were not in the octave frequencies. However, while some of
the patients with a “hearing notch” in this precision-pure tone audiometry showed potential
impairments in outer hair cell function, others did not, meaning that mechanisms other than
peripheral damage could be related to tinnitus. Otherwise, these participants may have
cochlear damage that does not impair overt hearing ability measured by pure tone audiometry
thresholds.



1.4.1.2 Hidden hearing loss

Noise overexposure can lead to short-term hearing loss due to oversaturation of hair cells
[24]. However, some progressive impairments in auditory nerve fibre function remain after
audiometric thresholds return to normal. For example, young adults with normal audiometric
thresholds for frequencies above 8 kHz but who were considered high risk for ear damage,
needed significantly more hair cell activity to create action potentials sufficient to relay
information to the brainstem despite normal hearing levels, possibly due to cochlear neuron
degeneration [24]. Fibres with low spontaneous activity and high thresholds seem particularly
vulnerable to excitotoxicity, but such damage may go unnoticed as these fibres are
responsible for differentiation of sounds in loud environments [38]. While hair cell function
returns to normal soon after exposure, some of the synapses remain dysfunctional, as has been
shown through auditory brainstem response (ABR) studies [19]. ABR is an evoked potential
that consists of a number of waves. The earliest waves represent activity generated by the
auditory nerves, whereas wave V is generated by synapses between lateral lemniscal tracts
and IC [39]. ABR can therefore be used to study evoked activity in different parts of the
auditory pathway, both in animals and humans. Hidden hearing loss mechanisms may explain
tinnitus presence in seemingly normally hearing humans, the outcome to the auditory pathway
function is similar to that in overt hearing loss because both types are a form of reduced
sensory input that might predispose to tinnitus. Importantly, a recent review suggested that
implementing extended high frequency audiometry testing may be clinically significant as
participants with tinnitus are more likely to have elevated thresholds in these frequencies
compared to controls [40]. Additionally, this testing may help with early detection of

susceptibility to tinnitus and early prevention programmes.

1.4.2 Hyperacusis

Hyperacusis causes normal environmental sounds to be experienced as uncomfortably loud
[9]. Hyperacusis is likely to occur with hearing loss and in the ageing population, though it
also occurs in people with normal audiograms [26, 41]. Some studies have suggested that the
presence of hyperacusis in tinnitus is related to worse reactions to tinnitus (e.g. shown by
higher Tinnitus Handicap Inventory scores) [42]. As with tinnitus, increased central gain has
been proposed as a mechanism for hyperacusis, but possibly through different mechanisms
[43].

One of the theories is based around the loudness growth function, in which intensity is the
input vs perceived loudness is the output (Figure 1.1) [43]. These models include central gain,
6



internal central noise and central variance playing specific roles in tinnitus and hyperacusis
[31, 43]. Loudness growth models argue that a compression mechanism occurs in the ear and
an expansion mechanism in the brain, which allows the transformation from intensity to
perceived loudness. In normal hearing, there is a linear relationship between the base hearing
threshold and a set uncomfortable loudness level (ULL). In tinnitus, there is additive noise
(can occur at multiple different levels) which possibly compensates for overt hearing loss and
raises the base threshold of intensity. This may create the phantom noise (but does not alter
the slope of loudness by changing ULLS). This central noise may be a part of homeostasis
maintenance within the brain, in part through a bottom-up process of adaptive stochastic
resonance (SR). SR theory states that addition of uncorrelated neural noise allows a particular
narrow range of signals that are weak, for example, due to impaired cochlea neurons, to
increase via SR and reach a threshold in the nonlinear auditory system [44]. If the linear gain
shifts with the new base intensity but keeps its linearity, there will be changes the ULLSs at the
same time along with the additive noise, and then both auditory conditions can be generated.
When no tinnitus is present, and base hearing threshold (intensity) is unchanged (though there
is a possibility of hidden hearing loss), multiplicative non-linear gain is necessary to alter
ULLs which would then cause hyperacusis. Overall, this model argues that tinnitus is related
specifically to the increased additive noise level whereas hyperacusis is related to altered gain
(either linear or non-linear). There is also a more recent proposal of central variance that
affects both central noise and gain [31]. Central variance is a process by which the brain alters
amounts of compensation and neural synchrony that usually occur in response to hearing loss.
Increased central variance reduces the amount of possible central accommodation, especially
during the additive noise process in tinnitus but also in hyperacusis. The total variance of the
central activity increases nonlinearly by the square of central gain, but proportionally with the
increase of central noise. Neither of the resulting variance amounts are optimal for restoring

normal base loudness levels or especially the normal loudness growth.
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Figure 1.1 (Found in Zeng, 2013 [43]). Loudness growth function. Dashed line
represented hearing loss, with lo showing the minimum threshold of intensity (x-axis) and Lo
representing the minimum loudness that can be heard (y-axis). The red lines represent either
tinnitus or hyperacusis effects on loudness growth function. Im shows the maximal intensity
that is acceptable and Lm represents the maximal acceptable loudness. Any values with * at

the end represent altered values due to an auditory condition stated in the title of each graph.

In a study comparing tinnitus and hyperacusis, increased responses in IC and MGB were
more likely to be associated with hyperacusis than tinnitus [45]. On the other hand, increase

in auditory cortical responses was related to both tinnitus and hyperacusis at 70 dB (decibel).
Tinnitus dependence of Al activation became even more prominent at 50 dB and was not
related to hyperacusis. These findings complicate interpretation of much of the tinnitus
literature, as both MGB and IC have been heavily implicated in tinnitus research that did not
control for hyperacusis. As one of a great many examples, enhanced sound-evoked activations
in right CN and left MGB of tinnitus patients were found in a study that controlled for hearing
loss, but not hyperacusis [46]. Due to findings implicating IC and MGB in hyperacusis and
not tinnitus [45], it is possible to argue that findings in the latter study did not really reflect

tinnitus, or only partially reflected tinnitus-related subcortical changes [46].

Perhaps importantly, mild hyperacusis was measured in [45]. They noted that it was difficult
to find participants with tinnitus and normal sound level tolerance, which may be a problem
for hyperacusis questionnaires as most participants in their study did not self-recognise as

having abnormal sound level tolerance. Authors suggested that different activation in A1 may



be due to enhanced auditory selective attention processes, or over-attention, which in turn

allows tinnitus to be heard.

1.4.3 Animal studies

Tinnitus research has been heavily guided by animal auditory research, but there is no
standardised animal model, due to limited correlation between different measures, such as the
acoustic startle reflex and conditioned behaviour [6]. A reliable diagnostic test for tinnitus in
animals, however, is needed to allow tinnitus research in animals and humans to be better

corroborated by findings in the two fields.

Researchers use noise trauma, ototoxic drugs such as salicylate, or conditioning to induce
tinnitus in animals [1, 6]. Salicylate is an anti-inflammatory drug that, when delivered in high
doses, induces temporary hearing loss, tinnitus and hyperacusis-like behaviours by inhibiting
movement of the outer hair cells [41]. Salicylate also acts on spontaneous firing within the
central auditory system. Upon inducing potential tinnitus in animals, behavioural tests are
used to assess its presence. Animals may be trained to stop/display a specific behaviour, e.g.
drinking, while background noise is present. Alternatively, behavioural tests may involve a
startle reflex if a sound is presented to the animals [47]. The acoustic startle reflex is a
brainstem response to a sudden loud noise. This response can be inhibited if there is a silent
gap in a sound played before the startling stimulus; this is called prepulse inhibition [48].
Animals with tinnitus were argued to be less able to detect the silent gap. It is not clear
whether the responses are due to tinnitus, or other factors such as hyperacusis, changes in the
baseline startle response or altered temporal processing [13]. Further, human gap detection
studies showed limited differences in gap detection thresholds between humans with and

without tinnitus, independent of frequency of the stimuli [49].
Four main issues with animal research into tinnitus have been identified [1]:

1) Ototoxic drugs may cause damage beyond the targeted areas. As exposure to
concentrated ototoxic medications in humans is rare, the damage done to the animal may
not be similar to processes in the human brain [6]. Additionally, the tinnitus induced in
animals is acute, whereas much of human tinnitus research is done on chronic tinnitus.
2) While noise trauma is a more accurate model of human tinnitus, results using this
model have been more variable. Furthermore, noise exposure in animals is not
representative of human tinnitus as it tends to be traumatic and acute, whereas noise

damage in humans progresses over the lifespan [6]. Additionally, noise trauma can induce



hearing loss, which may then alter brain networks, rather than tinnitus itself being the
cause of observed brain changes [50].

3) The use of anaesthesia, which alters neuronal spontaneous activity in the central
auditory networks of both animals and humans [51, 52].

4) The inability to characterise perceptual and psychological attributes of tinnitus in
animals. While there are behavioural indications of tinnitus presence, researchers cannot
be certain that the behaviour is due to tinnitus. These difficulties undermine translation of

findings into human research.

Animal studies tend to focus on small numbers of neurons, whereas large neuronal
populations are usually studied in humans [6]. So, while animal studies are useful in
understanding tinnitus at a fine-grained level, it may be difficult to relate them to the systems-

level changes seen in humans, e.g. in EEG recordings.

Overall, animal tinnitus models show inconsistent results; results from different models do
not always correlate with each other, or with human research. Animal models are further
complicated by the difficulty of distinguishing effects of tinnitus from related disorders, e.g.
hyperacusis, or effects of stress from noise trauma [26].

1.5 Tinnitus mechanisms

1.5.1 Spontaneous firing rates and neural synchrony

Both spontaneous firing activity and neural synchrony have been implicated in tinnitus. An
increased spontaneous firing rate allows for more neural synchrony, but the two can be

differentiated, especially in thalamocortical rhythms [6].

1.5.2 Peripheral tinnitus

Peripheral tinnitus stems from increased spontaneous firing rates in the inner ear. A
translabyrinthine section of the cochlear nerve improved tinnitus in some tinnitus sufferers
(though tinnitus was the same or worse in other tinnitus patients from the same sample
groups) [53, 54]. House & Brackman (1981) suggested that this procedure was more
successful in tinnitus caused by a vascular lesion or a tumour, but less successful in other
subjective tinnitus [48]. Other treatments included furosemide, a loop diuretic which
influences the inner ear by reducing the endocochlear potential but does not alter central
auditory activity. The endocochlear potential is related to cochlear spontaneous activity and is

therefore important in tinnitus perception. Oral furosemide suppressed tinnitus in 85/180
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participants [55]. Patients who benefited from furosemide had vestibular schwannomas:
tumours made of Schwann cells in the auditory canal of the inner ear. Notably, patients were
selected on the basis of reacting positively to an injection of furosemide prior to the oral drug

testing, so the data may have been biased towards a more positive outcome of the treatment.

1.5.3 Central tinnitus

Central tinnitus stems from altered activity within the central auditory system. DCN, IC and
MGB have often been implicated in maintaining the neural activity responsible for tinnitus

perception.

DCN has been called the site of tinnitus induction, where hyperactivity is induced by reduced
input from cochlea [6, 56]. DCN hyperactivity may be caused by decreased levels of glycine
and gamma-aminobutyric acid (GABA), as well as an increase in glutamate transporters [57].
The main DCN output neurons are fusiform cells. Immediate tinnitus-related spontaneous
firing rate increases have been noted in fusiform cells within exposed frequency regions,
despite limited response threshold changes, thus suggesting that the change in firing rate was
not hearing loss dependent [58]. Both increased synchronous activity and burst firing were
found in fusiform cells in tonotopic regions related to tinnitus [56]. Additionally, bilateral
DCN ablation prior to noise exposure in rats prevented initiation of tinnitus [59]. As DCN is
earlier in the auditory pathway, its activity may also affect activity in IC and MGB [56].
However, when the animal already displayed tinnitus-related behaviours, DCN lesions did not
reduce tinnitus [60]. As such, DCN hyperactivity may be important in acute tinnitus but
structures higher up in the auditory system become more important in established tinnitus.
Notably, DCN lesions in [60] were not complete, so it is possible that some signals allowed

further transmission of tinnitus [57].

Increased IC spontaneous firing and neural synchrony have been seen in animals with
tinnitus, but this initially may be dependent on the increased input from CN [1, 61]. Further,
studies of IC after noise exposure often did not use behavioural testing for tinnitus, or used
varying methods of tinnitus induction, which may explain some of the varied levels of IC
spontaneous firing changes found [57]. Studies have also shown an increase in spontaneous
firing in MGB caused by excitatory IC inputs, which drive tinnitus-related change in auditory
cortex activity [62]. MGB is involved in gating of sensory information as it receives input
from a variety of structures. Increased spontaneous activity and burst firing were found in

MGB of rats with tinnitus compared to unexposed rats [63].
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Animal models of noise trauma show that spontaneous firing rate increase appears in Al at
the later stages of potential tinnitus development [47]. Conversely, neural synchrony is
enhanced in areas related to the frequencies above the tone of the trauma straight after the
noise exposure. However, despite some studies linking neural synchrony to tinnitus, few

studies sufficiently control for hearing loss to make any definitive conclusions [30].
1.5.3.1 Thalamocortical dysrhythmia

A popular theory states that conditions such as tinnitus, depression and Parkinson’s disease
may share increased theta-frequency synchrony that modifies brain organisation [64]. The
coupling between theta (4-7 Hz) and gamma (35+ Hz) activity in the auditory thalamus and
auditory cortex contralateral to the tinnitus ear was argued to underlie tinnitus [27]. This is
because the theta burst firing allows access to thalamocortical focal information about a
sound, and the sound is brought to consciousness through coupling with gamma activity [65].
This theory suggests that in limited deafferentation (<20 dB), the cortex is responsible for the
tinnitus whereas in more severe hearing loss, parahippocampal memory may be responsible
for retrieval of missing information. However, some studies related to thalamocortical
dysrhythmia did not control well for hearing loss, as well as other potential correlates such as
attention [66]. A tinnitus retraining therapy study showed that reduced gamma activity was
correlated with reduced tinnitus awareness and reaction, rather than the loudness or presence
of tinnitus itself [66]. Additionally, a study showed that gamma oscillations can show either
positive or negative associations with perceived tinnitus loudness under different

circumstances [67].
1.6 Evoked neural synchrony

1.6.1 Auditory steady state response (ASSR)

ASSR is an evoked auditory potential which acts as a marker of the strength of auditory
responses at the level of Al input and initial processing. It is induced by repeated, amplitude
modulated at 40 Hz, stimuli [1]. ASSR amplitudes rise with intensity of the stimulus but
decrease as stimulus frequency increases. Larger ASSR amplitudes were seen in response to
sounds below 2 kHz in people with tinnitus and hearing loss compared to controls [68]. In a
different study, ASSRs in the tinnitus sample were larger than in controls when presented
with 500 Hz sounds, but the opposite was seen for 5 kHz [61]. The inconsistency may have
occurred because participants with tinnitus tested in [68] had sensorineural hearing loss,
which may affect ASSRs differently to tinnitus. ASSR responses to 5 kHz, but not 500 Hz,

12



sounds were also affected by residual inhibition, which occurs when a sound similar to
tinnitus frequency (5kHz in this study) temporarily suppresses tinnitus [69]. Interestingly, the
tinnitus groups had increased ASSR amplitude at the tinnitus frequency. In controls, masking
increased ASSR responses to 500 Hz but had no effect on responses to 5 kHz. As such,
authors argued that residual inhibition modulates aberrant neural activity at tinnitus

frequencies.

Successful residual inhibition was related to larger ASSR increases across frequencies
compared to poor residual inhibition in participants with tinnitus, a finding that was not seen
in controls [69]. A pilot study found that higher amount of stress caused by tinnitus, as
assessed by THI (tinnitus handicap inventory), was associated with lower ASSR amplitudes
in response to 4 kHz stimuli [70]. So, residual inhibition potentially eased the stress caused by
tinnitus and the alteration in ASSR amplitudes was due to the mental state of tinnitus sufferers
rather than the percept itself. However, as there were only three participants in each group,
more research is needed to understand these findings.

1.6.2 Auditory brainstem response

ABR represents synchronous neural activation in response to a stimulus [71]. Elevated wave
V:I amplitude represents increase of central gain [30]. A computational model based on
simulated and human data linked ABR responses to tinnitus perception [11]. One study
showed a significant reduction in ABR wave | in the tinnitus group, but no differences in
wave V between tinnitus and control groups. Researchers argued that between the auditory
nerve and IC, excitatory gain was increased, and inhibitory gain was reduced in order to
enhance spontaneous activity to bring activity back to the expected levels by increasing their
own responsiveness. However, as a side effect of the hyperactivity in non-damaged neurons, a
percept of tinnitus was generated [24]. All participants in this study had normal audiograms,
arguably confirming that the high-threshold, low spontaneous activity auditory nerve fibres
were damaged. However, only women were studied, thus excluding half the population.
Furthermore, findings have not always been replicated in numerous similar studies that have
followed, and the majority did not rule out hyperacusis as a potential factor in the findings
[72] [13, 73]. Interestingly, another study found that there was a significant difference in
latencies of waves 111 and V between participants with single feature versus multiple feature
tinnitus [74]. Contrary to the previous research, a study with rat and human data showed that
tinnitus was related to a failure to increase neural gain sufficiently to compensate for reduced

signal to noise ratio of the input [13]. Authors suggested that reduced neural gain may lead to
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lack of contextualisation of the auditory information by attentional and stress-regulating
networks. Despite the disparity, longer latency and reduced amplitude of wave | in tinnitus
with normal hearing has been a consistent finding in past research, though this may indicate
presence of hidden hearing loss in tinnitus participants [71]. Human studies described above
are cross-sectional. On the other hand, a longitudinal study with a large cohort indicated that,
once confounding factors such age sex, age, hearing and hyperacusis are controlled for, only
increased wave V latency in the left ear is associated with the presence of constant tinnitus,
whereas wave | results were very affected by transducer systems [75]. The increase in wave V
latency was very small, and may have occurred due to some residual differences in hearing

loss not fully corrected for by the analysis.

In mice, noise trauma could predict (accelerated) loss of spiral ganglion cells in the future
[76]. As animal studies are carried out on a microscopic level cochlear damage may not yet be
noticeable in younger human groups but may have had the tinnitus-inducing effect from the
temporary peripheral damage and potential ongoing progression of the impairments.

1.7 Neurochemistry

Balance between excitatory and inhibitory neurotransmission is implicated in tinnitus [56].

Some of the main neurotransmitters involved in tinnitus are glutamate and GABA.

1.7.1 Glutamate

NMDA receptors are glutamate receptors that have been implicated in higher cochlear
spontaneous firing rates, especially in animal studies using the salicylate model of tinnitus. A
biochemical model of peripheral tinnitus has been proposed, in which glutamate is released
either spontaneously or in response to a stimulus and binds to NMDA receptors [77]. Opioid
peptides are released during physical or emotional stress from efferent terminals of the olivary
complex and potentiate the excitatory abilities of glutamate at NMDA receptors. This
excitation may then travel up through the auditory pathway, affecting central firing rates as
well. This enhances neural responses to stimuli or increases spontaneous firing rates.
Redistribution of NMDA receptors in fusiform cells in MGB has also been implicated in

reduced inhibition of their spontaneous firing [56].

1.7.2 GABA

Two theories of GABA-related abnormalities have been associated with tinnitus. The more

widely accepted is the gain control theory, in which tinnitus is associated with reduced
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thalamic inhibition [62]. Reduced inhibition enhances thalamocortical synchrony, potentially
altering the functionality of TRN gating. Decreased GABA and glutamic acid concentrations
were found in MGB in rats with tinnitus [59]. As extrasynaptic GABA receptors in the
sensory thalamus contribute to the tonic inhibitory postsynaptic activity in the thalamic
neurons, the reduced concentrations of GABA in MGB may allow tinnitus signals to travel up
the auditory system [62, 65]. However, enhanced tonic inhibition caused by an increased
concentration of extrasynaptic GABA receptors in MGB was found 2 months post-noise
exposure, leading researchers to argue that increased tonic inhibition leads to abnormal burst

firing rates as shown in the thalamocortical dysrhythmia theory [78].

1.8 Noise cancelling mechanisms

As not everyone with cochlear damage experiences tinnitus, and some people with tinnitus
have clinically normal hearing, non-auditory regions may be involved. Underactive gain
control via the TRN may allow the tinnitus signal to become consciously perceived [79]. In
this model, the subcallosal area (including nucleus accumbens (NAc) and ventromedial
prefrontal cortex (vmPFC)) is involved in cancellation of the tinnitus percept signal at the
thalamic level by linking limbic systems with thalamocortical perceptual systems through
gain control. NAc and its ability to modulate limbic systems through serotonergic neurons aid
in evaluation of emotional significance and relevance of stimuli, thus potentially being able to
filter out irrelevant signals such as tinnitus [6]. NAc and vmPFC are interconnected and have
been related to inhibitory control. VmPFC exerts modulatory influence on NAc and the
auditory system, which is reduced if vmPFC becomes dysfunctional [80]. Subcallosal
serotonergic neurons innervate TRN, telling it when to inhibit thalamic relay neurons. TRN
controls the firing modes of relay neurons of MGB, which transmit signal from IC to the
auditory cortex. Furthermore, TRN can act on very specific modalities and topographical
areas, thus allowing it to accurately control gain for only specific sound frequencies. So, if
these brain regions are well functioning, subcallosal regions can use TRN to reduce the gain
in the tinnitus-related frequencies. Limbic region failure after cochlear damage, however,

allows tinnitus to be perceived.

P50 is an evoked potential that indicates responses to redundant stimuli. Noise cancellation
has been studied through a p50 paired stimulus paradigm, where the first response indicates
initial responsiveness, and the ratio between the first and second tones indicates sensory
gating ability. Notably, in a study on participants with tinnitus and normal hearing, p50

component recordings suggested that reduced inhibition of sensory gating compared to
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controls was related to tinnitus severity [81]. P50 responses in mild tinnitus were comparable
to controls. Therefore, it is possible that underactive gating may be related to more severe
tinnitus, rather than tinnitus in general. A different interpretation of the results has been
suggested, where participants with tinnitus have persistently active gating even after the first

stimulus, unlike controls who dynamically activate gating after the first stimulus [30].

1.9 Predictive coding

Predictive coding may unite the different mechanisms that potentially lead to subjective
tinnitus, or at least help explain why some but not other individuals develop tinnitus under
seemingly equivalent predisposing conditions such as hearing loss [82]. Predictive coding
explains perception as a hierarchy of inferences about environmental states. From the lower
levels, the auditory system receives sensory input. Higher level predictions about the sensory
input are based on prior beliefs and expectations. The bottom-up sensory information ascends
through the auditory pathway via excitatory neurons, and top-down predictions are relayed
down by inhibitory neurons [83]. At each level, the expected state and the incoming sensory
information are compared by error units (Figure 1.2), with discrepancies between the two
generating a prediction error signal. Prediction error is precision-weighted; precision reflects
how confident the system is in the prior belief. Precision is the postsynaptic gain that results
from the interaction between ascending and descending neurons. Postsynaptic gain is
modulated by involved networks, such as attention, memory or emotion [30, 79, 84]. The
more synchronous the signalling of other networks is, the higher the effect of precision is as
such activity would be more likely to reach a threshold of a prediction error signal. If the
expected and the incoming sensory information are not fully matched, a prediction error is
generated. The error signal allows the higher levels to adjust their predictions, forming a new
(posterior) expectation that is better matched to the sensory information. This updating of
generative models based on comparing their predictions to incoming sensory signals is
perception. This way, the next comparison has more precision, through the newly formed
expectation that is better matched to the sensory information. There has been much empirical
support for predictive coding. Just one example of the plethora of possible examples was a
study on single neurons in an auditory oddball paradigm showed a hierarchical organisation
of prediction error signals that ascend up the auditory pathway [85]. Increase in prediction
error values occurred as the signal travelled from IC to MGB and to the auditory cortex.
These prediction errors were responsible for generating large-scale responses to auditory

stimuli.
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sensory
input

Figure 1.2 (Found in Hullfish et al, 2019 [82]). Sensory input is presented as

evidence to be compared to the prior belief. If there is a mismatch between the two signals, a
prediction error is created, which updates the estimate information. Estimate information is

relayed to the next level in the hierarchy as the evidence, where the same process will occur.
The new estimate at the current level also becomes the new prior for the next time such

sensory input is presented at this level.

The Sensory Precision Integrative Model of Tinnitus is based on predictive coding [83].
Spontaneous activity is always present in the auditory system; however, its signal tends to be
incoherent and weaker than most externally-generated sensory input [86]. According to this
model, “tinnitus precursors” are prediction errors generated by spontaneous activity in the
auditory pathway. As the tinnitus precursors are not correlated with any sensory signals from
the external environment, and have no intrinsic behavioural relevance, they have low
precision. As such, when compared against top-down sensory predictions, the tinnitus
precursor is usually inhibited, i.e. explained away as noise. However, a tinnitus precursor may
become too intense or be given too much precision, leading to a false rejection of the default
null hypothesis of silence. A number of reasons for increased intensity of a tinnitus precursor
could be accounted for by this model, for example increased firing rates and central gain due

to cochlear damage, or reduced TRN inhibition due to affective and gating influences.
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Precision-weighted prediction errors are reflected by gamma oscillations [65]. As such, there

is an inverse relationship between gamma amplitude and tinnitus precursor loudness.

Once the tinnitus precursor is perceived, eventually, the repeating rejection of silence may
create a new default prediction of tinnitus. One potential explanation for this is that the
tinnitus precursor gains enough precision to be perceived (or enough for the consequent
tinnitus prior to be perceived). In that view, silence is simply the absence of any auditory
percepts. Alternatively, the more precision is given to the tinnitus precursor, then less weight

is assigned to bottom-up influences that attempt to relay the silence in the environment.

Learning, such as associative plasticity (e.g. via connections with parahippocampal cortex) at
higher levels, may allow the perception of tinnitus to continue even after the factors that
increased the intensity, and/or precision, of the precursor are removed, and are argued to be
particularly important in cases of severe or profound hearing impairment [65]. Notably,
computationally the model requires the tinnitus-inducing factors to only be temporarily
present while learning takes place. This therefore would account for people with tinnitus who
do not have a history of lasting cochlear damage, or reorganised tonotopic maps [73, 86].
Although these changes in the tinnitus precursor (which may manifest as altered spontaneous
neural activity in the forms of firing rates, neural synchrony, large-scale oscillations, and
metabolic or blood flow changes), may be temporary, and therefore may not be detectable
with conventional neuroimaging methods, the skewed default predictions may be detectable
as altered prediction error responses to specific auditory stimuli around the tinnitus frequency.
One such commonly used measure of prediction violation is mismatch negativity (MMN),

which is widely used in neuroscience research, and is detectable with EEG.

1.9.1 Mismatch Negativity

MMN is an evoked potential that indicates sensory change detection based on recent sensory
context, irrespective of whether attention is aimed away or towards the stimulus [87-89]. It is
most often elicited using auditory stimuli. It is represented in EEG data as a negative
waveform component, which for auditory responses is located over the vertex. MMN is
usually studied using oddball paradigms. In the oddball paradigms, a number of standard
stimuli are repeated, with an unexpected deviant stimulus embedded in between repetitions. It
is calculated by subtracting the responses to standard auditory events from the response to a
deviant auditory event, around 150-250 ms after the onset of the deviant [87, 90]. However,
small perceptual changes, as well as different types of deviants (frequency, intensity, duration,
location and silent gap), can create delayed and prolonged MMN curves, so the time frames in
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which MMN is studied may differ depending on the paradigm [91]. Echoic memory may
underlie MMN, as it allows comparison between the incoming information and recent events
and appears as a result of changes in extrinsic and intrinsic connectivity in bilateral primary

auditory cortices, superior temporal gyri and the right inferior frontal gyrus [92].

Predictive coding encompasses two theories of MMN [87]. The first is the Model Adjustment
Hypothesis. MMN is commonly considered to be a neural correlate of error detection as it
indicates a break of regularity of the stimuli (so the two signals are mismatched). In this
hypothesis, the fronto-temporal network allows top-down modulation (predictions) to interact
with sensory inputs and create a prediction error that results in an MMN response. Second is
the Adaptation Hypothesis, in which the neurons of the auditory cortex adapt and attenuate
N1 responses during repetitions of the standard stimuli, thus appearing as a separate response.
However, MMN appears even in the absence of an N1 response and has a different scalp
distribution to N1 [87]. According to predictive coding, the prediction error from the model

adjustment hypothesis is created by synaptic plasticity changes in the adaptation model.

Auditory event-related potentials, including MMN, may differ in chronic tinnitus participants
from normal hearing, age and gender matched controls (with similar hearing threshold on a
group level, but not individually matched) across all deviant types [91]. However, differences
in peak MMN response latencies were not consistent across deviant types. For example, in the
study cited above where participants used frequencies around 1 kHz, MMN amplitudes were
found to be smaller for frequency, duration and silent gap deviants in tinnitus participants
compared to controls. Authors suggested that the differences between groups revealed
abnormal central auditory processing and impaired pre-attentive sensory memory. These
results have been supported by studies with similar MMN paradigms, which elaborated that
people with bothersome tinnitus had smaller MMN amplitudes than either non-tinnitus
controls or people with non-bothersome tinnitus [93]. However, not all studies found
differences between tinnitus and non-tinnitus groups using MMN. For example, in a
frequency deviant paradigm with normal hearing participants within the non-extended
audiometry testing range, where the standard was 1 kHz tone and the deviant was a 1.1 kHz
tone, no statistically significant differences in MMN amplitude were found [94]. This may be
because the tone frequency was much lower than usual tinnitus frequencies, so the processing

of this particular sound was unaffected.
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1.10  PhD project background research

To understand the inconsistencies between previous MMN studies, and in light of the
development the principled hypothesis about intensity deviants based in the Sensory Precision
Integrative Model of Tinnitus, an experiment was developed to investigate a potential
biomarker that could be used to bridge human and animal research. A roving paradigm was
used to explore MMN in people with chronic tinnitus compared to age and hearing matched
controls [95]. The roving paradigm is a type of oddball paradigm, but with two types of
standard stimuli, and where deviants are defined as pseudo-random transitions between one
standard type and the other (Figure 1.3). The high intensity (loud) standard was interrupted by
a quieter (downward) deviant, while a low intensity (quiet) standard was interrupted by a
louder (upward) deviant. The stimuli were further divided into centre frequency of tinnitus of
each participant