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INTRODUCTION

ELOUISE KOOPS






PREFACE

Worldwide, hearing loss is the most prevalent acquired sensory impairment,
affecting a large proportion of the elderly population (Mathers et al., 2000). Both
the accumulation of noise exposure and aging impact the quality of hearing.
With a globally aging population, the current prevalence of 466 million people
with hearing loss is expected to rise to 630 million by 2030 (OMS, 2018). Hearing
loss is not only related to the deterioration of the quality of hearing, but it is
also associated with a decrease in the quality of life (Ciorba et al, 2012), an
increased likelihood of cognitive impairments, and even dementia (Jafari et
al,, 2019). The presence of hearing loss increases the chances of developing
other auditory domain symptoms such as tinnitus and hyperacusis. Tinnitus
is the perception of a phantom sound, a common and potentially devastating
condition. Hyperacusis is characterized by the experience of uncomfortable
loudness for sounds that are not uncomfortably loud to most people (Anari et al.,
1999; Baguley, 2003). Both tinnitus and hyperacusis are debilitating symptoms,
and even though several treatment options are available, there is currently no
cure for either condition. Considering that the population prevalence of hearing
loss is expected to rise from ~6% to ~7.4% in the coming ten years, and we are
aware that hearing loss decreases the quality of life and puts people at risk of
developing other conditions, it is essential to gain more insight in hearing loss
and related symptoms such as tinnitus and hyperacusis.

The theoretical framework of the relationship between hearing loss, tinnitus,
and hyperacusis is built around our brain's incredible capacity to adapt to
environmental needs. In hearing loss, it is well established that adaptations to the
reduction in sensory input occur throughout the auditory pathway. Presumably,
the course of this plasticity process can underlie tinnitus and hyperacusis (Chen
etal,, 2015). The typically valuable trait of plasticity that allows the brain to rewire
and recover from injury and sensory deprivation may give rise to the debilitating
symptoms of tinnitus and hyperacusis. In this light, the sensory consequences
of this plasticity are experienced as a maladaptive process. It has been theorized
that tinnitus is explicitly related to maladaptive cortical reorganization (Shore
et al,, 2016). At present, it is unclear whether excessive reorganization or an
incomplete form of reorganization in response to hearing loss may give rise to
the tinnitus percept.

Moreover, the characteristic changes that occur at the central level of the
auditory system, i.e., the brain, in tinnitus and hyperacusis are still unclear.
Even though it is well established that tinnitus is maintained at the level of the
central auditory system, the exact brain areas and networks involved remain
to be discovered. Due to the high comorbidity of hearing loss, tinnitus, and
hyperacusis, it has proven difficult to tease apart the effects of these different yet
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possibly related conditions on the brain. To that end, it is crucial to gain insight
into the characteristic differences and adaptation of the central auditory system
that accompany hearing loss, tinnitus, and hyperacusis.

This first chapter gives a short overview of the auditory system and the
ramifications if the system is compromised due to hearing loss and associated
symptoms such as tinnitus and hyperacusis. The pathway from sensation to
auditory perception is described, starting at the peripheral auditory system
and progressing to the auditory cortex. Furthermore, I present the current state
of knowledge on subcortical and cortical substrates of hearing loss, tinnitus,
and hyperacusis. Then, I will give a short introduction to magnetic resonance
imaging (MRI), the method used to investigate the auditory system's structural
and functional characteristics in this work. Finally, I will provide an overview of
the subsequent chapters within this thesis.

SOUND PERCEPTION

Sound perception arises from a complex system that translates the variations in
pressure, which form propagating sound waves, into an audible sound. The human
ear has the incredible capacity to detect pressure variations as small as 2 x 10°
Newtons per square meter. This detection threshold has led to the convention of
expressing the level of a sound that travels through the air in sound pressure level
relative to this reference intensity (dB SPL) (Fletcher and Munson, 1933). Decibels
(dB) are commonly used to describe the intensity of a sound on a logarithmic scale.
The practical use of this becomes evident when you consider that the human
auditory system can code for a 10/A3-fold increase in sound intensity from a just
noticeable sound to a sound that is painfully loud: an impressive dynamic range.

The sensitivity of hearing is dependent on the frequency of sound. The frequency
spectrum that the human auditory system can encode ranges from 20 Hz to
20 kHz. The dB Hearing Level scale (dB HL) reflects this frequency-dependent
difference in sensitivity and is expressed relative to standardized or average
thresholds. The dB HL scale is used to describe hearing thresholds that are
depicted with an audiogram. The perceptual correlate of sound intensity is the
loudness of a sound, which is additionally affected by the bandwidth, frequency,
and temporal characteristics of a sound (Fletcher and Munson, 1933; Behler
and Uppenkamp, 2016). The subjective loudness of pure tones can be expressed
with a phon scale, as is illustrated in figure 1.1. This scale equates the loudness
of pure tones of a particular frequency to a reference tone of 1000 Hz at set
intensities and was originally devised in 1933 by Fletcher and Munson. Therefore,
they are often called Fletcher-Munson curves. These equal loudness contours
have since been revised and incorporated into an international standard (ISO).
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In contrast to the perceived loudness of pure tones expressed on the phon
scale, the sounds we perceive and decode in daily life are often composed
of multiple frequencies that all interact to form environmental sounds and
speech. Our auditory system is well up to this task of decomposing a sound
into its component frequencies to facilitate sound processing at the brain level.
This sound decoding relies on a high temporal resolution of processing and
adequate frequency decomposition, necessary ingredients for sound and speech
perception, which provides us with the required information about our auditory
environment. The detection, forwarding, and processing of these environmental
sounds and, ultimately, the interaction with our auditory environment all occur
due to our auditory system's intricate structure and function.

THE ASCENDING AUDITORY PATHWAY

The auditory system consists of the peripheral auditory system of the ear and
the central auditory pathway located in the brain. The auditor periphery can be
partitioned into the outer, middle, and inner ear. The central auditory pathway
consists of the auditory brainstem nuclei: the cochlear nuclei, the olivary
complex, and the lateral lemniscal pathway, and the inferior colliculus in the
auditory midbrain, and the medial geniculate body of the thalamus. From there,
the signal reaches the auditory cortical areas via the acoustic radiation tract.

THE AUDITORY PERIPHERY

The outer ear receives sound waves, which are transmitted by the middle ear
to the inner ear, see figure 1.2 for a schematic representation of the auditory
periphery. The outer ear consists of the visible parts of the auditory system: the
auricle, or pinna, and the external auditory canal. The auricle directs sound into
the external auditory canal, where these directed sound waves hit the tympanic
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membrane causing it to vibrate. These vibrations are then relayed to the middle
ear, consisting of the three auditory ossicles: the malleus, incus, and stapes. These
ossicles aid the signal transfer from the outer ear to the inner ear by providing
leverage that offsets the pressure difference between the air-filled ear canal
and the fluid-filled cochlear duct. When the human ear is exposed to a very loud
sound, the stapedius muscle contracts to dampen the energy transmitted to the
inner ear. This contraction, or acoustic reflex, is influenced via complex routes
and various neural systems (Lauer et al, 2017). The acoustic startle reflex is
thought to provide some minimal protection against noise damage (Mgller, 1974).

Auricle
H Tympanic membrane

Vestibule
- Ossicles :
Pons
Round window “Vestibular nerve
Cochlea
: “Cochlear nerve
External auditory canal
Middle ear
L IL IL I
Outer ear Inner ear

Figure 1.2 Schematic representation of the peripheral auditory system. The
peripheral auditory system consists of the outer ear, middle ear, and inner
ear. Sound waves hit the tympanic membrane, which causes it to vibrate.
These vibrations are transmitted via the ossicles of the middle ear to the
cochlea in the inner ear. In the inner ear, the mechanically transduced signal
is transformed into an electrical signal. This electrical signal is forwarded to
the central auditory system via the vestibulocochlear nerve.

The stapes, the smallest bone in the human body, is responsible for transferring
energy from the middle ear to the inner ear. This tiny bone is mobilized by the
smallest human skeletal muscle, just over 1 mm long: the stapedius muscle.
The stapes’ footplate connects to the oval window: the membrane that marks
the transition to the inner ear structures. With a piston-like movement, the
stapes transduces the acoustic vibrations to the fluid-filled inner ear. The round
window moves outward upon the pressure of the stapes on the oval window to
allow for movement of this fluid.



Theinnerearcontainsthe semicircular canals, the cochlea, and the peripheral part
ofthevestibulocochlearnerve. The semicircular canals formthevestibular system.
Their function is to retain balance and assess motion, a task that it accomplishes
due to the three fluid-filled canals positioned in 90° orthogonal angles. The
cochlea is the inner ear structure that is essential for mammalian hearing, and
it consists of three fluid-filled ducts: the scala tympani, scala media, and scala
vestibuli. These structures are illustrated in figure 1.3. The stapes transfers the
sound vibrations to the perilymph-filled scala vestibuli and the scala tympani. The
scala media, or cochlear duct, is filled with endolymph and is situated between
the scala vestibuli and the scala tympani and contains the sensory hair cells.

Figure 1.3 The cochlea consists of three fluid-filled ducts. (A) The coiled human cochlea,
with the plane along which a virtual cut is made to obtain the image in panel B. (B) The
scala tympani and scala vestibuli are filled with endolymph, a fluid very similar to cerebral
spinal fluid with high Na* content. The scala media is filled with endolymph, which is high
in K*. The stria vascularis maintains the ionic composition of the endolymph.

Whereas sodium (Na*) is the predominant positively charged ion in the
perilymph, the endolymph of the scala media has a high potassium (K*) ion
concentration, crucial for the generation of the hair cell receptor potentials.
The stria vascularis is the lateral wall structure within the cochlea maintaining
the ion composition of the endolymph (Hudspeth, 2014). The endolymph-filled
cochlear duct is separated from the scala vestibuli by Reissner's membrane and
from the scala tympani by the basilar membrane. The basilar membrane is a
structural element organized tonotopically, allowing frequency decomposition
of an incoming signal.

An acoustic signal evokes a traveling wave that progresses over the length of the
basilar membrane, as depicted in figure 1.4. Low frequencies within this wave
cause the basilar membrane to vibrate stronger on the apical end, whereas higher
frequencies cause vibrations near the basal end of the basilar membrane. The
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sensory epithelium, or Organ of Corti, is situated on top of the basilar membrane,
illustrated in figure 1.5. The elements of this structure convert the mechanical
movement of the basilar membrane into an electrical signal. Three rows of outer
hair cells and one row of inner hair cells create these nerve impulses.

Scala vestibuli

Oval window .
Helicotrema

Round window

Scala tympani

Scala media

Figure 1.4 The tonotopic organization of the auditory system originates at the basilar
membrane. Displacement of the fluid within the scala vestibuli causes the basilar
membrane to fluctuate in response to sound. Different frequencies incite peak fluctuations
at different areas along its length. The motion of the basilar membrane mimics a traveling
wave that oscillates at the frequency of stimulation. The basilar membrane has been
uncoiled here to depict the displacement over the length of the structure.

The shearing motion of the tectorial membrane relative to the basilar membrane
causes the tips of the inner and outer hair cell stereocilia to be bent. The tallest
stereocilia of the outer hair cells are embedded in the tectorial membrane, and
are connected to the other stereocilia of the same hair cell via tip-links (Pickles
etal, 1984; Verpy et al., 2011). The inner hair cell bundles do not directly contact
the tectorial membrane, but are functionally coupled to it via movement of the
fluid surrounding the inner hair cells (Ghaffari et al., 2007). The bending or
deflecting of the stereocilia mechanically opens the hair cell potassium channels,
allowing ions to enter and depolarise the cell. This event causes the presynaptic
voltage-gated calcium channels at the base of the hair cells to open, allowing
calcium to rush into the cell. The influx of calcium leads to the release of the
neurotransmitter glutamate, which binds to receptors on the postsynaptic cell,
the spiral ganglion cells, which can lead to the firing of an action potential. The
central leading processes, or axons, of the spiral ganglion cells form the cochlear
partition of the vestibulocochlear nerve, which is also called the auditory nerve.



At the acoustic meatus, where the auditory nerve enters the cranium alongside
the vestibular and the facial nerve, the peripheral pathway ends, and the central
auditory pathway begins.

Scala vestibuli

Reissner's membrane

Organ of Corti

membrane

Spiral ganglion

Basilar membrane

Outer hair cell

Inner hair cell

Scala tympani

Auditory nerve

Figure 1.5 The organ of Corti resides within the scala media of the cochlea and contains
the hair cells. The hair cells are the sensory receptors that can detect sound via the
mechanical shearing of the stereocilia tip links of the hair cells relative to the tectorial
membrane. This shearing occurs due to the movement of the basilar membrane in
response to sound, which causes a displacement of the stereocilia relative to the tectorial
membrane. Three rows of outer hair cells amplify the signal received by the cochlea, and
one row of inner hair cells provide the transduction of the sound signal; via the spiral
ganglion neurons and the cochlear nerve to the brain. Thus, the hair cells convert the
mechanical motility of the peripheral auditory system into an electrical signal that the
brain can process.

THE CENTRAL AUDITORY PATHWAY

The action potentials resulting from auditory stimulation are generated in
the auditory periphery by the first-order auditory neurons, the spiral ganglion
neurons. These action potentials are forwarded via the axons of the spiral
ganglion neurons, that form the auditory nerve, to the brainstem. The auditory
nerve fibers target the ventral and dorsal cochlear nuclei in the medulla at the
brainstem level, as depicted in figure 1.6 A. From the cochlear nuclei, the signal

GlL—1
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is forwarded to the superior olivary complex in the mid-pons. Part of the auditory
pathway's fibers cross over to the contralateral side at this point, passing from
the cochlear nucleus to the contralateral olivary nucleus. The superior olivary
complex is essential for sound localization as it receives input from both ears.
The medial superior olive is essential for detecting interaural time differences,
whereas the lateral part encodes interaural intensity differences. The signal
is then transmitted from the olivary complex to the inferior colliculus via the
white matter tracts of the lateral lemniscus. Some of the fibers terminate in the
nucleus of the lemniscus, whereas the majority of the fibers travel directly to the
inferior colliculus. The inferior colliculus fibers synapse in the medial geniculate
nucleus of the thalamus. From the thalamus, the signal is relayed to the auditory
cortex in the temporal lobe via the acoustic radiation, as illustrated in figure 1.6
B. The auditory cortex connects to several cortical areas, and it projects back to
the auditory pathway.

A B

Figure 1.6 (A) Dorsal view of the brainstem and thalamus with a schematic representation
of the central auditory pathway structures. The ascending auditory signal relayed via the
auditory nerve enters the central auditory pathway at the cochlear nucleus (CN) level. The
signal is then transferred to the superior olivary complex (SOC), and via the white matter
of the lateral lemniscal tract (LL), arrives at the inferior colliculus (IC). From the IC, the
signal is forwarded to the medial geniculate body in the thalamus (MGB), which is the last
subcortical auditory area before the signal reaches the auditory cortex. (B) The auditory
pathway is illustrated on a coronal slice of the brain. The acoustic radiation, depicted in
color, is the white matter fiber bundle that connects the medial geniculate body of the
thalamus to the auditory cortex. The auditory cortex consists of the primary auditory cortex
(BA 41), the secondary auditory cortex (BA 42), and the associate auditory cortex (BA 22).

TONOTOPIC ORGANIZATION

A very striking characteristic of the auditory system is the extent to which it is
organized in a frequency-wise manner. This organization of sound frequencies
is called tonotopy, and it reflects the mechanical properties of the basilar



membrane in the cochlea, depicted in figure 1.7 A. The basilar membrane is
narrower and stiffer near the base, where it resonates with higher frequencies.
It gets progressively broader and more flexible near the apex, where it resonates
with low frequencies. Thus, the tonotopic organization of the auditory system
primarily reflects the mechanical properties of the basilar membrane. These
properties make it selectively sensitive to different frequencies depending on the
location along its length, as illustrated in figure 1.7 B. In this manner, the basilar
membrane can decompose a complex sound into its component frequencies.

A B
16000 4000 1600 800 400 200 100 Hz
9| B N P
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= ole” - \, \
a2 Rl gl N \
E e =N NN
< F= e R R
Base 10 20 30 Ape

Length of Cochlea Uncoiled (mm)

Figure 1.7. (A) The frequency distribution of the cochlea originates due to the differences
in mechanical properties and sensitivity along the basilar membrane's length. The
human basilar membrane is sensitive to frequencies from ~20 Hz at the apex to ~20.000
Hz at the base. (B) The basilar membrane responds to sound stimulation in a frequency-
wise manner. For high frequencies, the peak amplitude of movement can be observed at
the base of the basilar membrane. For progressively lower frequencies, this peak occurs
closer to the apex. The curves reflect the positive deflections of the envelope of a traveling
wave along the basilar membrane.

The tonotopic organization originates in the inner ear and is maintained along
the auditory nerve, in the subcortical auditory structures, and the auditory cortex
(Brugge and Merzenich, 1973; Rauschecker et al., 1995). The tonotopic map of the
humanauditorycortexisillustratedinfigure 1.8. Thehumanauditorycortexistuned
to high frequencies in the posterior area and anterolaterally to low frequencies.

In the auditory cortex, frequency specificity is maintained by the tuning of the
auditory neurons. The receptive fields of neurons that are tuned to tonal or
narrow-band sound are shaped according to the preferred frequency and the
range of frequencies to which a neuron is responsive. Tonotopic organization of
the auditory cortexis not solely shaped by the direct ascending flow of information
from the lower level auditory areas; the majority of excitatory synapses in the
auditory cortex originate from cortical areas (Lee and Winer, 2005). Additionally,
inhibitory interneurons shape the frequency tuning of the auditory cortex via
lateral inhibition or surround suppression of activation (Lakunina et al., 2020).

LlL—1
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Fig 1.8 Tonotopic map of the human
auditory cortex. High frequencies are
depictedinred and processed more medial
and posterior than the low frequencies
depicted in blue. The frequency
distribution, or tonotopy, originates in
the cochlea and is maintained along
the auditory pathway. The auditory (i.e.,
cochlear) nerve fibers are arranged
tonotopically, as are the brainstem and
midbrain auditory nuclei, the auditory

thalamus, and the auditory cortex.

Modulation of the signals that are forwarded to the auditory cortex from the
medial geniculate body (MGB) is accomplished via a feedback loop. The cortex
consists of six layers, as depicted in figure 1.9. In the sensory cortices, layer IV
receives thalamocortical projections, and layer VI provides feedback from the
cortex to the thalamus. Layer VI of the auditory cortex projects to the thalamic
reticular nucleus (TRN), a cluster of cells lining the thalamus, which can inhibit
the activity of the MGB (Willis et al., 2015). These different processes all contribute
to the tonotopic organization of the auditory cortex.

Figure 1.9. The medial geniculate
body (MGB) of the thalamus sends
projections to (layer IV) and receives
feedback from the auditory cortex
(layer VI). The thalamocortical and the
corticothalamic connections project to the
thalamic reticular nucleus (TRN), which
sends inhibitory projections to the MGB.

Amygdala

Basal forebrain
Thalamocortical

mmm Excitatory
mm Inhibitory

Prefrontal
Brainstem

The TRN receives additional input from
the amygdala, basal forebrain, prefrontal
area, and brainstem structures (Caspary
and Llano, 2017).

Corticothalamic
mm Excitatory

HEARING LOSS

The most prevalent type of hearing loss is acquired or age-related hearing
loss, referred to as presbycusis (Yang et al., 2015). Presbycusis is sensorineural
hearing loss, likely originating from damage to structures in the inner ear, and
it affects high frequencies to a larger extent than low frequencies. The origin of
presbycusis in humans is the accumulation of damage to the auditory system
related to noise exposure and the degradation of tissues and cells that occur
with the complex process of aging. In humans, the pure tone audiogram is the



commonly used metric to describe hearing loss in terms of detection thresholds
for different frequencies. An increase in hearing thresholds indicates a decrease
in the ability to detect sound, and often sound detection in noise deteriorates
before sound detection in quiet is affected. The auditory thresholds are a good
representation of the loss or compromise of hair cells. Corresponding to the
largest increase in hearing thresholds at high frequencies, the largest decrease
in the number of healthy inner and outer hair cells in age-related hearing loss
is at the basal end of the basilar membrane (Wu et al.,, 2020). However, hair cell
loss is not the only mechanism implicated in hearing impairment, a notion that
was first put forward by Schuknecht (Schuknecht, 1955, 1964; Schuknecht and
Gacek, 1993). In addition to hair cell loss, damage to inner hair cell synapses that
connect to the cochlear nerve (Viana et al,, 2015), atrophy of the stria vascularis
(Wu et al,, 2020), deterioration of auditory nerve fibers (Felix et al., 1990; Wu et al,,
2019), and the loss of spiral ganglion neurons (Makary et al., 2011) are all thought
to contribute to hearing loss.

However, auditory impairments are not restricted to the auditory periphery, i.e.,
the ear, and changes to the central auditory system, i.e., the brain, occur in hearing
impairment (Akeroyd, 2008; Houtgast and Festen, 2008; Humes et al., 2013b;
Fillgrabe et al,, 2014). Peripheral hearing loss instigates neural plasticity of the
central auditory system that results in changes in tonotopic maps, spontaneous
activity, neural synchronicity, and sound-evoked activity (Robertson and Irvine,
1989; Eggermont and Roberts, 2004).

Contrary to the sound-evoked activity, which is driven by sound stimulation,
spontaneous activity is the continuous neuronal activity that is not driven
by a stimulus. In the presence of permanent hearing loss, a reduction in the
spontaneous activity of auditory nerve fibers was reported in cats (Liberman and
Kiang, 1978). Yet, increased spontaneous activity and neural synchrony were
reported for hierarchically higher areas of the auditory system. These alterations
in spontaneous activity were reported in several different animal models for the
ventral cochlear nucleus (Vogler et al, 2011; Martel and Shore, 2020), dorsal
cochlear nucleus (Kaltenbach et al., 1998; Finlayson and Kaltenbach, 2009; Pilati
et al,, 2012), inferior colliculus (Ma et al,, 2006; Bauer et al., 2008; Coomber et al.,
2014; Vogler et al., 2014), and the auditory cortex (Norenia and Eggermont, 2003;
Seki and Eggermont, 2003; Basura et al., 2015). The increase of spontaneous
activity observed in hierarchically higher auditory pathway areas after hearing
lossinduction has been termed central gain (Schaette and Kempter, 2006). Central
gain has also been implicated in hyperacusis (Auerbach et al,, 2014; Diehl and
Schaette, 2015) and tinnitus (Norefia, 2011; Schaette and McAlpine, 2011), where
the framework is extended to include sound-evoked activation. A decrease in
peripheral input is hypothesized to trigger the upregulation of neuronal activity
in central auditory regions to achieve homeostasis (Schaette and Kempter, 2006).
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In addition to changes in spontaneous activity, sound-evoked activation of the
auditory system is altered in hearing loss.

Neurons in the auditory pathway are distinctly tuned to different frequencies.
In hearing loss, changes to the tonotopic maps of the auditory cortex have been
described as the shifting of the receptive fields of deafferented high-frequency
neurons towards intact receptive fields at lower frequencies (Rajan and Irvine,
1998; Eggermont and Komiya, 2000; Irvine et al,, 2001; Muhlau et al., 2006). In
contrast, not all animal models of hearing loss have described downward shifts
in frequency selectivity. Instead, increased excitability (Kotak et al. 2005) and a
decrease in inhibition (Rajan, 1998) of auditory cortical neurons were reported.
Previous work collectively indicates that hearing loss is related to plastic
changes that extend from the peripheral auditory system to the central auditory
system. In humans with hearing loss, cortical and subcortical changes related
to acquired hearing loss have not been thoroughly investigated. It may well be
that there is a discrepancy between ototoxic or noise-induced hearing loss in
animals and human acquired hearing loss that is due to the accumulation of
noise exposure and aging processes. Therefore, it is necessary to investigate
the effect of acquired hearing loss in a human population to contribute to our
understanding of the impact of hearing loss on the brain, thereby possibly
expanding treatment options beyond the prescription of hearing aids.

TINNITUS

Tinnitus is the perception of sound in the absence of an external stimulus. It
is a common and debilitating symptom with reported prevalence rates of 12
- 30 % in the general population (McCormack et al., 2016). Severe tinnitus is
related to a profound reduction in the quality of life (Erlandsson and Hallberg,
2000). Tinnitus is present in the majority of people with hearing loss, and the
estimated prevalence of tinnitus increases with increasing age (Tan et al,, 2013).
In a small subset of tinnitus cases, called objective tinnitus, the etiology of the
tinnitus sound can be traced to sound produced by head-related muscle or
joint movements or arterial pressure. However, the majority of tinnitus cases
are idiopathic, so-called subjective tinnitus, and are not accompanied by an
identifiable source of the perceived sound. This thesis is specifically concerned
with subjective tinnitus, and future references to tinnitus are intended to reflect
information on subjective tinnitus only.

Currently, the specific pathophysiology that results in tinnitus is unclear. In
contrast to hearing loss, research focussing on the integrity of peripheral
structures in tinnitus is sparse. One animal model of tinnitus indicated a more
extensive loss of inner hair cell ribbons in mice with hearing loss and behavioral



signs of tinnitus (Ruttiger et al., 2013). Plastic changes in the central auditory
system that relate to tinnitus have been described more extensively. A relation
between hearing loss-induced tonotopic reorganization and tinnitus has been
hypothesized (Robertson and Irvine, 1989; Mithlnickel et al., 1998; Rauschecker,
1999; Eggermont and Roberts, 2004; Norena and Eggermont, 2005; Eggermont,
2006), although this relation has seldom been investigated directly. Previous
experimental studies linked tonotopic map plasticity explicitly to hearing
loss and not to tinnitus (Weisz et al, 2005; Wienbruch et al,, 2006, McMahon
et al,, 2016). There is one study that utilized Magnetoencephalography (MEG)
in humans which reported a positive correlation between the extent of cortical
reorganization and the perceived strength of tinnitus (Mihlnickel et al., 1998).

Conversely, there was no tonotopic plasticity observed in a study investigating
tinnitus in humans (Langers et al,, 2012), nor in two animal studies (Kotak et
al,, 2005; Yang et al,, 2011). Instead, reduced cortical inhibition and enhanced
cortical excitation of the hearing loss affected area were reported in animals with
hearing loss and additional behavioral signs of tinnitus. Generally, tonotopic map
plasticity is not a well-established cortical trait observed in tinnitus. With the
burden of tinnitus leaning heavily on its sufferers, more insight into the neural
correlates of tinnitus in humans will aid the development of specific treatments
and may pave the way for a cure.

HYPERACUSIS

Hyperacusis is an additional symptom that often co-occurs with hearing loss
and is related to altered auditory perception. The perceived loudness of sounds is
enhanced in hyperacusis, with soft to moderate intense sounds being perceived
as uncomfortable or painfully loud (Anari et al.,, 1999; Baguley, 2003). Hyperacusis
often co-occurs with hearing loss: a reported 59.1 % of people with hyperacusis
have hearing loss (Paulin et al., 2016). Tinnitus and hyperacusis also tend to
co-occur within individuals: an estimated prevalence of 55 - 86% of people with
hyperacusis also report tinnitus (Anari et al., 1999; Dauman and Bouscau-Faure,
2005; Schecklmann et al., 2014). A steep increase of the perceived loudness with
sound intensity, measured with a loudness growth function, is characteristic
of hyperacusis. This steeper loudness growth results in a reduction in
the sound intensity thresholds that produce uncomfortable loudness (i.e.,
loudness discomfort levels). With lower intensity sounds already producing an
uncomfortably loud percept, this results in a compression of the loudness range.

In hearing loss, a reduction in dynamic input range results in a steeper increase
in loudness for frequencies affected by hearing loss. This loudness recruitment
is evident as a larger increase in loudness with intensity to progress from a
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‘just audible’ sound to ‘uncomfortably loud’. Since the intensity level at which
someone with hearing loss can perceive a sound is elevated compared to
someone who doesn't have hearing loss, but the highest tolerable sound
intensity hasn't changed, this results in a steeper growth of loudness with
intensity. In hyperacusis, this increase in loudness with intensity is often steeper
than in hearing loss alone and can occur without the presence of hearing loss.
Previous human and animal neuroimaging studies indicate that hyperacusis is
associated with increased cortical and subcortical sound-evoked activity (Gu et
al,, 2010; Knipper et al,, 2013; Ruttiger et al., 2013; Zeng, 2013; Chen et al., 2015).
However, research investigating the neural correlates of hyperacusis is sparse.

To date, the neural correlates of hearing loss, tinnitus, and hyperacusis are still
uncertain. Since these conditions often co-occur, the separation of their effects
on cortical and subcortical structures has proven difficult. Moreover, in human
neuroimaging studies investigating tinnitus and hyperacusis, patients with
additional hearing loss are underrepresented even though tinnitus, hearing loss,
and hyperacusis frequently co-occur.

STRUCTURE AND FUNCTION

A non-invasive method to investigate the brain's plastic changes in the presence
of hearing loss and tinnitus is with magnetic resonance imaging (MRI). MRI-
scanners use a strong magnetic field to obtain an image of biological tissue.
In this thesis, that tissue is the brain. The neuronal cell bodies, their neuropil,
and their support system of glial cells appear gray in color and are therefore
called gray matter. The gray matter of the brain can be examined with an
anatomical MRI-scan that is analyzed with voxel-based or surface-based
morphometry. These analysis techniques can identify differences in the gray
matter volume and differences in the gyrification and thickness of the cortex.
The results presented in chapter 2 rely on this technique. An example of the
image obtained with surface-based morphometry is shown in figure 1.10 A.

The projections that send information from the cell body of a neuron to the next
neuron are called axons. These axons are coated in myelin, a white fatty lipid,
and are therefore called white matter. These axons form the fiber bundles that
relay information from one part of the brain to another. The white matter of the
brain can be imaged with diffusion-weighted imaging (DWI). This technique
investigates the restriction of the movement of hydrogen protons in the brain.
Whereas there is no restriction of water diffusion within the ventricles, which
are cerebrospinal fluid-filled cavities, there is considerable restriction along
myelinated axons, which causes the water to diffuse in one primary direction.
Diffusion-weighted analyses can inform on a decrease in axonal density or



atrophy in a specific pathway in the brain. The results reported in chapter 3
are based on this technique. An example of tracked white matter fibers of the
acoustic radiation is depicted in figure 1.10 B.

A B C

Figure 1.10 Examples of images constructed based on different MRI paradigms. (A)
The surface of the left hemisphere. Differences in surface thickness between groups are
depicted in color. (B) Tracking of white matter fiber tracts from the medial geniculate body
to the auditory cortex. Pictured here are the left (red) and right (blue) acoustic radiation.
(C) Functional analyses provide maps of activation of the brain. The responses to different
frequencies are depicted in color.

The information relay in the brain happens through action potentials, which set
off a cascade of events such as anincrease in blood flow, oxygen, and glucose to the
active brain area, presumably due to an increased demand for energy. Functional
magneticresonanceimaging (fMRI) utilizes thisincrease in blood flow and volume
and the change in the proportion of oxygenated and deoxygenated hemoglobin
to measure the functional activity of the brain (Logothetis, 2003). An example of
an fMRI activation map based on the blood oxygenation dependency level (BOLD)
response is shown in figure 1.10 C. This response relies on the different magnetic
properties of oxygenated hemoglobin, which is diamagnetic, and deoxygenated
hemoglobin, which is paramagnetic (Pauling and Coryell, 1936). An increase in
neural firing will increase the metabolic demand and incite a hemodynamic
response. Therefore, fMRI does not create images of neuronal activity. Instead, it
images the physiological activity related to neuronal activity (Huettel et al., 2008).

This hemodynamic response is triggered by the synaptic release of glutamate,
which causes the calcium levels of near astrocytes to change. These astrocytes
then release nitric oxide to dilate the blood vessel and increase blood flow (Ogawa
and Sung, 2007). The vascular response takes 2 seconds to occur after the onset
of neural events and peaks at around 5 seconds, which is mirrored in the timing
of the hemodynamic response (see figure 1.11). The hemodynamic response
causes an increase in the level of oxygen that is transported to the active area,
and thus the ratio between oxygenated and deoxygenated hemoglobin in that
area will change. With a high proportion of oxygenated blood, the T2 MRI signal
decreases slowly. In this case, the speed of the signal decay, called the transverse
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relaxation time, is decreased. Whereas, with a high level of deoxygenated blood,
the signal decreases much faster (Huettel et al, 2008). The eventual image is
based on the image intensities obtained with magnetic resonance imaging and
the signal decay obtained with the BOLD response. The changes in BOLD signal
are sampled per voxel, or volumetric pixel, and all these voxels together form a
three-dimensional grid of the brain. For each voxel, the MR or BOLD signal is
sampled at a particular frequency or repetition time (TR). The results in chapter
4 and 5 are based on this technique. With the aid of MRI, the changes in the
structure and the function of the human brain relating to hearing loss, tinnitus,
and hyperacusis can be identified with high spatial resolution.
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Figure 1.11 Haemodynamic response function of a voxel
in the auditory cortex in response to two different
frequencies. This specific voxel contains neurons that are,
on average, more sensitive to a high-frequency sound (8
kHz, inred) compared to lower frequency sound (500 Hz, in
blue). The average signal amplitude in percentage signal
change (solid lines) and the corresponding estimated
95% confidence interval (dashed lines) are depicted.

OUTLINE OF THIS THESIS

Perceptionis generally thought to occur when a peripheral sensory site successfully
transfers information to the affiliated cortical area. In auditory perception, a
progressive reduction in the quality of this percept occurs with age or noise-
exposure,i.e.,acquired hearingloss,whichrelatestothedegeneration of the auditory
system. The presence of hearing loss increases the chances of developing tinnitus
and hyperacusis. Strikingly, a characteristic of these auditory symptoms is not the
absence or degradation of a signal, as is the case in hearing loss, but the additional
presenceofaphantomsoundortheenhancementoftheloudnessofexternalsounds.



Even though the origin of acquired hearing loss is peripheral, it affects the central
auditory system and brain areas that modulate modalities beyond hearing.
Similarly, the antecedent of tinnitus and hyperacusis may be peripheral, but the
consolidation and continuation of these symptoms are likely grounded in the
brain. In humans, the brain correlates are yet to be identified that set apart those
that have hearing loss and consequently develop tinnitus and hyperacusis from
those that do not. To understand these symptoms, we have to investigate the
reorganization of structural and functional brain areas involved in hearing. The
challengeistoidentifythechangesthatdemarcate one symptom from anotherand
ultimately extract the neural correlates of hearing loss, tinnitus, and hyperacusis.

To investigate the specific effect of hearing loss and the additional impact of
tinnitus in this thesis, we ensured that the hearing thresholds of the two hearing-
impaired groups were well matched. To disentangle the central characteristics
of hearing loss, tinnitus, and hyperacusis, we included two groups with hearing
loss, one with and one without tinnitus, and a control group. The hearing loss with
tinnitus group was further divided in those with and without scores indicative
of hyperacusis to separate brain activity related to tinnitus and hyperacusis.
Taken together, this thesis aims to contribute to our knowledge of structural and
functional changes of the central auditory system in hearing loss and related
symptoms such as tinnitus and hyperacusis.

In chapter 2, we investigate the impact of hearing loss, tinnitus, and age on
the gray matter of the brain. Volume-based and surface-based methods are
employed to examine their impact on the brain. Of specific interest is the effect
on the auditory cortex since this is the location where the transition from
sensation to perception is thought to occur. Therefore, the auditory cortex may be
a crucial translation point involved in the formation of a phantom sound percept.

In chapter 3, we examine the impact of hearing loss and tinnitus on the largest
white matter fiber bundle of the auditory system: the acoustic radiation. We
investigate if axonal degeneration or atrophy of the acoustic radiation fibers is
a characteristic of hearing loss or tinnitus. We employ a novel technique called
fixel-based analysis that has not previously been used to investigate the white
matter of the auditory pathway. This method allows for a biological interpretation
of the results regarding axonal loss or degeneration of the nerve fiber bundle. An
additional important feat of this method is that it can adequately resolve crossing
fiberswithinavoxeland thusreliably track asingle fiber tract throughout the brain.

In chapter 4, we study the frequency responses of the auditory cortex in hearing
loss and tinnitus. The frequency maps, or tonotopic maps, are derived with a
principal component analysis. Furthermore, the frequency responsiveness
is determined by the amplitude of responses to different frequencies. In this
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chapter, we identify differences in the responsiveness and the tonotopic maps of
people who have hearing loss with and without tinnitus.

Inchapter b,we explore the subcortical and cortical activation thatis characteristic
of hyperacusis. In a subset of hearing loss participants with tinnitus, we contrast
the sound-evoked activation of those with and without hyperacusis. We describe
the amplitude and extent of the response to sound stimulation of the brainstem
and midbrain auditory nuclei, the auditory thalamus, and the auditory cortex.
Additionally, we discuss the frequency specificity of these effects.

Chapter 6 provides a general discussion of the work presented in this thesis and
places the different chapters within a general framework. Finally, implications
for future research, based on the work presented in this thesis, are discussed.



1— 27






GRAY MATTER
DECLINES WITH AGE
AND HEARING LOSS,

BUT IS PARTIALLY

MAINTAINED IN

TINNITUS

THIS CHAPTER HAS BEEN PUBLISHED AS
KOOPS, E.A., DE KLEINE, E. & VAN DIJK, P. (2020).
SCIENTIFIC REPORTS 10, 21801.



2—30

ABSTRACT

The impact of age-related hearing loss extends beyond the auditory
pathway and impacts brain areas related to cognitive impairment
and even dementia. The presence of tinnitus, a sensation of sound
that frequently co-occurs with hearing loss, is additionally linked
to cognitive decline. Interestingly, structural neuroimaging studies
have reported that hearing loss may precede or modulate the onset
of cognitive impairment. In this study, we aimed to disentangle the
effects of age, hearing loss, and tinnitus on gray matter structure.
In total, 39 participants with hearing loss and tinnitus, 21 with
hearing loss but without tinnitus, and 39 controls were included in
this voxel- and surface-based morphometry MRI study. Whole brain
volume and surface thickness measures were compared between the
groups. Age-related gray matter volume decline was observed in all
groups. Several brain areas showed smaller gray matter volume and
cortical surface thickness in hearing loss without tinnitus, relative to
controls. This reduction was observed both within and outside of the
auditory pathway. Interestingly, these reductions were not observed
in participants with tinnitus who had similar hearing loss and were
of similar age. Since we have tools to improve hearing loss, hearing
screening may aid in the battle against cognitive decline.



INTRODUCTION

Hearing lossis the most prevalent acquired sensory impairment, affecting a large
proportion of the ageing population worldwide (Mathers et al., 2000). Hearing
loss not only has an impact on the quality of hearing, but it is also associated
with an increased likelihood of cognitive impairments and even dementia.
Presently, with a globally ageing population, the prevalence of hearing loss is
rising (OMS, 2018), together with interest in the impact of age-related hearing
loss on the brain. In light of this, it has become clear that sensory impairments
are not restricted to the peripheral sensory organs, i.e. the ear, and changes to
the brain are involved too (Akeroyd, 2008; Houtgast and Festen, 2008; Humes
et al,, 2013b; Fiillgrabe et al., 2014). Correspondingly, hearing loss-related brain
changes appear to affect other faculties than hearing. Several studies have
reported a relation between age-related hearing loss, or presbycusis, and poorer
cognitive functioning and even dementia (Uhlmann et al,, 1989; Lin and Albert,
2014; Panzaetal, 2015,2018; Heywood et al,, 2017; Livingston et al,, 2017; Uchida
et al., 2019). For instance, longitudinal data showed that hearing impairment
is associated with a larger likelihood of developing cognitive impairment
(Heywood et al., 2017). Furthermore, a recent study identified hearing loss as
an independent modifiable risk factor for cognitive decline (Uchida et al., 2019).
For a comprehensive overview, see Jafari et al, 2019 (Jafari et al,, 2019). It thus
appears that hearing loss and cognitive decline do not only appear in the same
population, but hearing loss may precede or modulate the onset of cognitive
impairment. Therefore, the effect of hearing loss on the brain is a potential
window to understand cortical changes related to ageing.

Tinnitus is a symptom that often co-occurs with hearing loss and is characterized
by the perception of sound in the absence of an external acoustic stimulus.
Since there is a strong link between hearing loss and neural plasticity and a
strong association between hearing loss and tinnitus, it has been hypothesized
that tinnitus is linked to neuroplasticity as well (Robertson and Irvine, 1989;
Mihlnickel et al, 1998; Rauschecker, 1999; Eggermont and Roberts, 2004,
Norena and Eggermont, 2005; Eggermont, 2006). Furthermore, similar to
hearing loss, tinnitus has been linked to an increased risk of cognitive deficits
(Wang et al., 2018). Several studies indicate that the presence of tinnitus has
a negative impact on memory, executive functioning, and quality of life (Tegg-
Quinn et al.,, 2016). Interestingly, one study noted that the extent of the cognitive
deficits is linked to the perceived severity of the tinnitus (Wang et al,, 2018). Thus,
in addition to the strong link between tinnitus and hearing loss, it has been
reported that tinnitus by itself has a negative impact on cognitive functioning.
Therefore, the factor of tinnitus has to be considered when investigating cortical
changes in a population with hearing loss.
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To date, neuroimaging studies identified several changes in gray-matter brain
volume related to presbycusis (i.e. age-related hearing loss), either with Voxel-
Based-Morphometry (VBM), Surface-Based-Morphometry (SBM), or other types of
automated morphometry. The reported affected areas extend beyond the auditory
pathway and correspond to areas related to cognitive impairment and dementia.
In both unilateral and bilateral hearing loss, the decrease in brain volume in the
auditory cortex, anterior cingulate, and prefrontal cortex correlated with the loss
in hearing sensitivity (Wong et al, 2010; Husain et al, 2011; Peelle et al,, 2011;
Eckert et al,, 2012; Wang et al.,, 2016). Furthermore, VBM studies that investigated
cognitive decline and presbycusis reported accelerated cortical volume decline
in the presence of presbycusis (Peelle et al,, 2011; Eckert et al, 2012; Lin et al,,
2014; Profant et al,, 2014). In line with this, the results of SBM studies indicated
a relationship between cognitive impairment and presbycusis. These surface-
based studies identified gray matter atrophy in the primary auditory cortex, the
cingulate cortex, the precuneus, the insula, and the parietal cortex in the presence
of presbycusis (Profant et al, 2014; Ren et al,, 2018). Surprisingly, one study
reported an association between hearing loss and an increase in the gray matter of
the right angular gyrus (Alfandari et al.,, 2018). Nevertheless, pervasive decreases
in gray matter volume and surface thickness, which are generally associated
with cognitive decline, may additionally be linked to age-related hearing loss.

Furthermore, recent neuroimaging studies have tried to identify the central
correlate of tinnitus. These studies identified changes in gray matter volume
in auditory, prefrontal, and limbic areas that were associated with the presence
of tinnitus or its characteristics. More specifically, reductions in gray matter
were reported for the prefrontal cortex (Leaver et al,, 2011, 2012; Aldhafeeri et
al,, 2012; Schecklmann et al., 2012a; Boyen et al,, 2013; Allan et al,, 2016), the
subcallosal area (Muhlau et al,, 2006; Leaver et al, 2011), precuneus (Allan et al.,
2016), supramarginal gyrus (Leaver et al., 2012), orbitofrontal cortices (Mahoney
et al, 2011), cingulate (Schecklmann et al., 2012a), insular cortex (Schecklmann
et al, 2012a), and the pre- and postcentral gyrus (Schecklmann et al, 2012a).
However, the manifestation of this effect in the temporal and thalamic areas is
variable in these previously published studies. For the temporal area, it has been
reported that an increase in auditory cortex gray matter related to the presence
of tinnitus (Mahoney et al,, 2011; Boyen et al, 2013), whereas tinnitus distress
related to a decrease in auditory cortex gray matter (Schecklmann et al., 2012a).
Similarly, for the thalamus, both increases and decreases in volume were
reported (Muhlau et al,, 2006; Schecklmann et al,, 2012a). Overall, the reported
changes in cortical structure that are associated with tinnitus vary between
studies and are in some instances contradictory. The heterogeneity of the tinnitus
population, the confound of hearing loss, differences in age as well as non-
corresponding techniques, and lenient statistical thresholds have been named as
contributing factors to this discrepancy (Vanneste et al., 2015; Allan et al.,, 2016).



Since emerging evidence indicates that acquired hearing loss and tinnitus
are associated with age-related cognitive impairment, identifying differences
in brain structure specific to each of these conditions may help us develop
appropriate treatments that not only aid hearing or improve tinnitus but may
additionally prevent cognitive decline. A current challenge is to determine if the
structural characteristics that might contribute to cognitive impairment should
be attributed to hearing loss, tinnitus, or related factors such as age. Hence, the
aim of this study was to disentangle the effects of age, acquired hearing loss, and
tinnitus on the gray matter of the brain.

METHODS

PARTICIPANTS

One hundred and thirteen participants were included in a larger MRI study at
the University Medical Center Groningen, the Netherlands. Three people did not
complete all aspects of the research, one data file was corrupted in the transfer
process, and in an additional nine scans either the contrast between white and
grey matter was insufficient for the segmentation algorithm to work reliably, or
movement during anatomical scanning rendered the data with artefacts. This
resulted in complete and sufficient data for a total of 99 participants, of which
39 had tinnitus and hearing loss, 21 participants with hearing loss but without
tinnitus, and 39 healthy controls with no tinnitus and no or minimal hearing loss.
The study was approved by the Medical Ethical Committee of the University of
Groningen, performed in accordance with all relevant regulations, and informed
consent was obtained from all participants.

AUDITORY THRESHOLDS

The hearing levels of all participants were assessed with pure tone audiometry.
Thresholds were determined in a sound-attenuating booth for octave
freq