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Abstract

Tourette Syndrome (TS) is a hyperkinetic neurodevelopmental movement
disorder, characterised by motor and phonic tics, and has been associated with
disruptions to cortical inhibition. y-aminobutyric acid (GABA) is the most abundant
inhibitory neurotransmitter in the cortex. GABA has been linked to both the integrity
of cortical representations and performance in the discrimination of tactile stimuli. In
populations with disruptions to cortical inhibitory functioning, such as Focal Hand
Dystonia (FHD) which involves involuntary repetitive movements of the hand,
abnormalities are evidenced in cortical sensorimotor representations of the fingers
and hand muscles. Additionally, individuals with FHD display abnormalities in the
processing of sensory stimuli. Many individuals with TS also report experiences of
abnormalities in sensory processing, such as premonitory urges (PU) prior to tics and
hypersensitivity to external stimuli such as light, sound and touch. However,
sensitivity to external stimuli has not been widely investigated in TS, despite being a
source of discomfort. Moreover, there is mixed evidence regarding inhibitory
abnormalities within the sensorimotor cortices, and a lack of insight into cortical

representations of movements relating to tics.

This thesis first aimed to examine quantitative tactile sensory thresholds and
magnetic resonance spectroscopy (MRS) measures of GABA and glutamate in
individuals with TS. Chapter 3 demonstrated that quantitative sensory thresholds
show abnormalities in adults with TS in comparison to typically developing (TD)
controls. Moreover, a trend for reduced sensorimotor MRS-GABA was evident in the
TS group. However, MRS-GABA and quantitative sensory thresholds were not

correlated in both TS and TD groups.

In addition to quantitative sensory detection performance and MRS-GABA in
TS, cortical representations were investigated. In Chapter 4 and 5, functional magnetic
resonance imaging (fMRI) was utilised to determine if there are differences between

adults with TS and TD controls in sensorimotor representations of the digits
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(unrelated to tics) and facial movements of common tics (blinking, grimacing and jaw
clenching). Moreover, fMRI responses of vibrotactile stimulation to the three sites of
the face were compared across groups. While digit and vibrotactile facial maps
showed some differences between groups, no differences were apparent between
sensorimotor representations of facial movements. However, a conjunction analysis
revealed the SMA activation was not consistently active across all facial movements
in the TS group, whereas the SMA was consistently activated in the TD control group.
This is in line with previous evidence of individuals with TS showing abnormalities in

SMA activation when performing volitional movements.

Finally, Chapter 6 aimed to assess if manipulating GABAergic inhibition with
intermittent theta-burst stimulation (iTBS) would result in changes to cortical motor
representations of the digits measured with transcranial magnetic stimulation (TMS)
and fMRI. While TMS measures revealed reductions in inhibition in individuals
receiving active iTBS, inconsistent differences were evident in digit maps in both
active and control groups. Coupled with a low number of participants, it was unclear
if any differences in digit maps between groups were a direct result of the stimulation,

or instead due to variability in iTBS after-effects and variability within the data.
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1. Chapter 1 - Tourette Syndrome, somatosensation and functional

representations

Key words: Tourette Syndrome (TS), cortico-striatal-thalamic-cortical (CTSC),
primary motor cortex (M1), primary sensory cortex (S1), y-aminobutyric acid (GABA),

sensorimotor representations

This chapter contains sections from Smith et al. (2023).

1.1 Introduction to Tourette Syndrome

1.1.1 Clinical Presentation

Tourette Syndrome (TS) is a hyperkinetic movement disorder characterised by the
repeated occurrence of both chronic motor and one or more phonic tics. Tics are
involuntary, repetitive and stereotyped motor movements or vocalisations (American
Psychiatric Association, 2013). Although tics are common among up to 20% of school-
aged children, and tic-like movements and stereotypies are prevalent in a range of
conditions, TS is a distinct diagnosis based on the chronic nature of tics, their
characterisation and symptom duration (American Psychiatric Association, 2013;
Martino & Hedderly, 2019; Scahill et al., 2014). Some characteristics that differentiate
TS from other tic disorders are that individual’s tic severity, frequency and
characteristics of movements and vocalisations can vary day-to-day, yet still persist
for over a year (American Psychiatric Association, 2013). This differs from provisional
tic disorder, involving transient tics lasting less than a year, and persistent/chronic
motor or vocal tic disorder, which involves long-term motor or phonic tics, but not
both (Plessen, 2013; Scahill et al., 2014). Additionally, temporarily suppressing or
controlling tics is common in TS but the ability to do this varies within and between
individuals and is sometimes possible in other tic disorders (Greene et al., 2015; Kim
et al.,, 2019; Martino & Hedderly, 2019). However, suppression of movements is
uncommon and more difficult in other movement disorders, such as those involving

tremor (Koller & Biary, 1989). Moreover, some have reported that their tics are
19



accompanied by sensory phenomena, such as premonitory urges (PU), which can also
cause discomfort (American Psychiatric Association, 2013; Cohen et al., 2013;

Leckman et al., 1993).

Tics can be simple or complex. Simple tics can be distinguished by their short
durations — examples may include brief movements, such as shrugging or blinking,
and vocalisations of a simple sound, such as grunting or sniffing (Cohen et al., 2013;
Jackson et al., 2015). On the other hand, complex motor tics are typically of longer
durations and can involve combinations of multiple simple motor tics that are
performed in a stereotyped and coordinated manner. Complex phonic tics can also
involve combinations of multiple simple phonic tics, words or syllables. Both complex
motor and phonic tics may involve the repetition of other individual’s
movements/phrases  (echopraxia/echolalia) or inappropriate gestures or
vocalisations such as swearing (copropraxia/coprolalia) (American Psychiatric
Association, 2013; Cohen et al., 2013). The frequency, severity, duration and location
of tics will also vary across and within individuals, as can the interference of tics on
voluntary and planned movements/vocalisations (Martino & Hedderly, 2019). For
instance, certain contextual situations and emotional states such as stress and anxiety
can exacerbate and increase tics, whereas concentrating on a pleasant or engaging

task can reduce them (Cohen et al., 2013; Conelea & Woods, 2008).

The onset of this neurodevelopmental condition typically occurs in childhood
between the ages of 4-6 and is present in ~1% of children between 5-18 years of age
(Bloch & Leckman, 2009; Robertson, 2008). As a result, a diagnostic requirement for
TS is that tic onset occurs before the age of 18. However, tics can suddenly present in
adulthood, albeit rarely, and are more commonly due to different pathology to TS,
such as infection or trauma (American Psychiatric Association, 2013; Chouinard &
Ford, 2000). TS is more prevalent in males with an estimated male to female ratio of
~5.2 to 1 in child populations. However, this gender disparity is less pronounced in
adulthood, with lower estimated male to female ratios of ~2-3 to 1 (Freeman et al.,

2000; Levine et al., 2019). Upon onset, TS usually presents as simple motor tics in the
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face and eyes, with phonic tics appearing 1-2 years later. With increasing age, these
motor and phonic tics develop into more complex behaviours until ages 10-12, when
tic severity typically peaks (American Psychiatric Association, 2013; Bloch & Leckman,
2009; Leckman et al., 1998). During adolescence, the severity of tics gradually
declines and is evidenced to diminish in many of individuals by early adulthood (Bloch
& Leckman, 2009; James F Leckman et al., 1998). However, in a minority of cases, TS
persists into adulthood and is associated with higher tic severities in childhood and in
females (Ricketts et al., 2022). These adult TS cases are generally more severe and
consist of more extreme tic behaviours, such as self-injurious behaviour and
coprolalia (Leckman, 2002). Moreover, although TS prevalence is higher in males,
females are more likely to experience persistent symptoms and worsening tic severity

into adulthood (Levine et al., 2019; Lichter & Finnegan, 2015).

TS is very rarely present in isolation. It is estimated that around 90% of children
with TS also have comorbid conditions such as Obsessive-Compulsive Disorder (OCD)
and Attention Deficit Hyperactivity Disorder (ADHD) which are generally more
common during adolescence and early adulthood (Bloch & Leckman, 2009; Cavanna
et al., 2009; Cohen et al., 2013). Moreover, the presence of OCD and/or ADHD in TS
populations is associated with an increased prevalence of exhibiting comorbid
symptoms such as rage, conduct disorders, anxiety, sleep disturbances and depressive
symptoms compared to TS alone (Mol Debes, 2013). Tics already have a significantly
negative impact on social, familial, academic and psychological wellbeing and these
comorbid conditions can cause greater impairment and are associated with greater
tic severity (Bloch & Leckman, 2009; Conelea et al., 2011; Sambrani et al., 2016). For
instance, quality of life scores (QolL) are negatively correlated with tic severity and
presence of comorbidities, suggesting that these can have a further significant impact
on wellbeingin TS (Conelea et al., 2011). Furthermore, lower psychosocial functioning
and QoL have been widely associated with depression, ADHD and OCD comorbidities
in mild-moderate TS populations, with QoL scores being lower than the general
population (Bernard et al., 2009; Conelea et al., 2013; Eapen et al., 2016; Evans et al.,

2016; Jalenques et al., 2012). Higher rates of anxiety and depression are also
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prevalent in TS, regardless of comorbidities, resulting in a lower quality of life and may
be linked to the increased incidences of mortality and suicide in TS compared to the
general population (Conelea et al., 2011, 2013; de la Cruz & Mataix-Cols, 2020; de la
Cruz et al.,, 2017; Robertson et al., 1993; Robertson, 2006). Together, this
demonstrates that a large number of individual’s with TS exhibit greatly impaired QoL

and wellbeing, both due to tics alone and in combination with comorbidities.

The volitional nature of tics is a topic of debate (Cavanna et al., 2017). While many
refer to tics as involuntary movements (e.g., Ganos, Asmuss, et al., 2015), others have
argued that tics are instead voluntary responses to urges prior to a tic, or
‘premonitory urges’ (PU) (Leckman et al., 2006). Many individuals with TS report that
their tics are often preceded by PU, which are described as uncomfortable cognitive
or bodily sensations that occur prior to a tic and are experienced as a strong urge for
motor discharge (Cohen et al., 2013; Jackson et al., 2020; Patel et al., 2014). PU are
commonly felt in the shoulders, neck and face and are described by many as like an
inner urge, increased tension and impulse to move, but locations and the
characterisation/feeling evoked by PU generally vary between individuals (Schunke et
al., 2016). For this reason, it has been proposed that PU should be considered as the
driving force behind the occurrence of tics, and that tics are a learnt response to the
experience of PU (Cavanna et al., 2017; Leckman et al., 2006). As a result, there is
mounting evidence that TS may be associated with the altered processing of

somatosensory information, including altered interoception (Tinaz et al., 2015).

1.1.2 Pathophysiology of Tourette Syndrome

1.1.2.1 Cortico-striatal-thalamic-cortical (CSTC) circuitry

Tic generation is theorised to stem from dysfunction within the cortico-striato-
thalamo-cortical (CSTC) circuitry. This neural circuit consists of connections between
subcortical structures, such as the basal ganglia and the thalamus, and cortical
structures. Specifically, impairment is thought to stem from neurons within the
striatum, the main afferent structure within the basal ganglia (Albin et al., 1989). The

specific pathways of the CSTC circuit can be separated into three parallel loops: the
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motor circuit, associative circuit and the limbic circuit (Obeso et al., 2008; see Figure
1.1). Dysfunction in the motor loop is associated with movement disorders, where in
TS, increased gain in CSTC circuits is thought to result in increased motor noise leading
to tics (Ganos, Bongert, et al., 2015). This is supported by animal models, where
disinhibition of sensorimotor functional subdivision of the striatum resulted in tic-like
movements or myoclonic jerks (Bronfeld, Yael, et al., 2013; Worbe et al., 2009, 2013).
Moreover, disinhibition in associative and limbic subdivisions are linked with
hyperactivity and stereotyped behaviours (Bronfeld, Yael, et al., 2013; McCairn et al.,
2009; Worbe et al., 2013). This may account for the high prevalence of co-morbid
ADHD and OCD symptoms present within TS.
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Figure 1.1

lllustration of the basal ganglia loops from Obeso et al. (2008)

Motor Circuit Associative Circuit Limbic Circuit

Note. Figure from Functional organization of the basal ganglia: Therapeutic implications for
Parkinson's disease, Rodriguez, M. et al., 2008, Copyright 2008 Movement Disorder Society,

John Wiley and Sons, Ltd. Figure reproduced with permissions

To produce a voluntary movement (determined by a specific motor pattern
generator within the cortex), there is focal activation of striatal spiny projection
neurons (SPNs), which inhibit basal ganglia output neurons, the global pallidus pars
interna and substantia nigra pars reticulata (Albin & Mink, 2006). These structures
project back via the thalamus to cortical motor pattern generators. Removal of
inhibition from the basal ganglia output neurons facilitate the motor pattern, and
therefore voluntary movement (Albin & Mink, 2006). Simultaneously, the subthalamic
nucleus excites surrounding basal ganglia output neurons, projecting via the thalamus
to competing motor patterns. This increases their inhibitory output and therefore

inhibits competing motor patterns and unwanted movements (Albin & Mink, 2006).
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However, in TS, there is dysfunction stemming from aberrant focal activation of
striatal SPNs, cause unwanted inhibition of the basal ganglia output neurons and
disinhibition of cortical motor pattern generators (Mink, 2001, 2003). While this
mechanism causes facilitation of voluntary movements, this aberrant activity triggers
competing, unwanted motor sequences (Mink, 2003). Repetition of this focal
activation over time produces repeated, stereotyped and unwanted movements (i.e.
tics), with abnormal activation of discrete sets of striatal SPNs corresponding to each
stereotyped motor output (Mink, 2001, 2003). These behaviours may be facilitated
due to the basal ganglia’s role in habit formation and the input of reward signals from
dopamine, resulting in reinforced altered action selection of the basal ganglia
(Graybiel, 2008), and consequently, tics becoming habits which are difficult to

unlearn.

Specific tic presentation has previously been theorised to be due to aberrant
activity within discrete regions of the topographically organised motor areas of the
cortex (see Section 1.2.1.1) and basal ganglia nuclei, which show dorsal-ventral
organisation of the leg, arm and face (Alexander et al., 1986; Obeso et al., 2008). This
is supported by rat models of TS, where discrete striatal injections of y-aminobutyric
acid A receptor (GABAa) antagonists result in tic-like movements relating to the
striatum’s topographical organisation (Bronfeld, Yael, et al., 2013). However, this is
not reliably found across species such as in non-human primates, despite well
documented dorsal-ventral organisation of the hindlimb, forelimb and face (Bronfeld
et al., 2011; Bronfeld, Israelashvili, et al., 2013; Worbe et al., 2009). Instead, tics are
mainly isolated to orofacial muscles, regardless of the topographical site of injection
(Bronfeld et al., 2011; Bronfeld, Israelashvili, et al., 2013; McCairn et al., 2009; Worbe
et al., 2009, 2013), aligning with human evidence of orofacial tics being the first and
most common to appear (Baizabal-Carvallo et al., 2023; Cohen et al., 2013; Martino
et al., 2012). This is proposed to be due to cortical magnification; whereby facial
regions are more strongly represented in the striatum and therefore, preferentially

recruited (Ganos, Bongert, et al., 2015; Miyachi et al., 2006).
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However, there is increasing evidence that alterations in the balance of
inhibition/excitation within the CSTC pathway constitutes a core feature of TS
(Jackson et al., 2015). Specifically, several lines of converging evidence have
implicated dysfunctional signalling within circuits involving GABA (Clarke et al., 2012;
Gittis & Kreitzer, 2012; Ramamoorthi & Lin, 2011). Before discussing GABA in relation
to TS and disordered inhibition, GABA’s role in somatosensory processing and in the

maintenance of cortical representations will be discussed.

1.2 Inhibition in the sensorimotor system

1.2.1 GABA

GABA is the primary inhibitory neurotransmitter within the human brain, acting
through GABAA and GABAg receptors (Schmidt-Wilcke et al., 2018; Zhu et al., 2018) —
GABAA receptors are present in approximately 20-50% of all synapses (Nutt & Malizia,
2001). GABA is synthesised from glutamate, which in turn is derived from glutamine;
all three form part of a metabolic cycle which can be drawn upon for
neurotransmission (Rae, 2014). At any one time only, a proportion of GABA within
the brain will exist as neurotransmitter (Rae, 2014), the rest exists as metabolic pools
which are most likely located within cell bodies and astrocytes (Liu et al., 2022; Rae
et al., 2009). Overall, GABA plays a critical role in maintaining neural excitability within

a functional range and is implicated in the majority of brain functions.

GABA within humans can be measured with magnetic resonance spectroscopy
(MRS) and by using transcranial magnetic stimulation (TMS) to measure the inhibition
of a motor-evoked potential (MEP) after applying a paired-pulse TMS method called
short-interval intracortical inhibition (SICI; see Section 2.3.2.2). It is this SICl effect that
thought to be dependent on GABA, interneurons (Di Lazzaro et al., 2006). However,
when considering the evidence of alterations in GABA function in TS, it is important
to be mindful of the limitations of these different approaches and the complexities
involved in GABA synthesis and transport. Namely, while both approaches provide
insight into cortical GABA, they have repeatedly found to be uncorrelated (Dyke et al.,

2017; Stagg et al., 2011; Tremblay et al., 2013). The general consensus is that while
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SICI largely reflects the synaptic activity of GABAa receptors (phasic inhibition), MRS

reflects the non-synaptic wider pool of GABA as a neuro-metabolite (tonic inhibition).

1.2.1.1 Functional sensorimotor cortical representations

Topographical mapping of the body in the primary motor (M1) and
somatosensory (S1) cortices was first described by Penfield and Boldrey (1937). They
observed that movements and sensations could be evoked across the contralateral
side of the body with electrical stimulation to discrete locations of the human pre
(M1) and postcentral (S1) gyrus. This led to the creation of a topographic map,
pinpointing motor and sensory representations across the body to specific cortical
regions (Schott, 1993). A visual representation of this, the homunculus (Figure 1.2),
was created to reflect the size and sequence of this cortical topography, showing that
the human body is mapped upside-down in the cortex (Penfield & Boldrey, 1937,
Schott, 1993). Furthermore, the size of each body part representation differs and is
dependent on cortical magnification. This is whereby representations are reflective of
the degree of communication between that discrete cortical region and subsequent
body part. Therefore, this cortical magnification mirrors the extent of innervation that
the M1 or S1 region sends or receives from this body region (Catani, 2017). For
example, functional cortical areas relating to body parts are typically larger if they
send/receive more information to the cortex, such as the tongue and hands (Catani,

2017; Schott, 1993).
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Figure 1.2.

lllustration of the sensory (left) and motor (right) homunculus
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Note. Image from Slagter, R., https://anatomytool.org/content/slagter-drawing-cortical-
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The mechanisms that give rise to the stability and dynamic properties
of sensorimotor representations are currently unclear. However, one key mechanism
implicated in the mediation of sensorimotor representations is the inhibitory
neurotransmitter GABA and its role in implementing surround inhibition (Beck &
Hallett, 2011; Jacobs & Donoghue, 1991; Jones, 1993; Kolasinski et al., 2017;
Sigurdsson, Molloy, et al., 2020). Surround inhibition, mediated through GABAa
signalling, is a physiological mechanism that is thought to focus neuronal activity by
exciting the receptive field centre of activation and inhibiting the surrounding areas
to create a greater contrast between the signals (Beck & Hallett, 2011; Sillito, 1975;

Sohn & Hallett, 2004). This concentric organisation is thought to improve the
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discrimination of somatosensory events and aid the efficient selection of movements
(Beck & Hallett, 2011). For instance, upon movement of a digit, the corresponding
motor cortical area is activated while the adjacent muscles are inhibited (Sohn &
Hallett, 2004). Moreover, sensorimotor surround inhibition is evidenced by the
reduced stimulation-induced MEP on the second digit after simultaneous application
of sensory stimulus to the first and third digits (Tamburin et al., 2005). Together, this
supports the involvement of surround inhibition and centre-surround organisation
within the sensorimotor systems, where the centre area of activation is activated and

surround area inhibited.

However, there are questions surrounding the relationship between surround
inhibition and human measures of GABA. As previously stated, MRS measures of
GABA are likely to be reflective of extracellular tonic inhibition, rather than synaptic-
level intracortical inhibition, therefore are unlikely to reflect mechanisms of surround
inhibition (Dyke et al., 2017; Stagg et al., 2011; Tremblay et al., 2013). Moreover, while
evidence suggests that SICI is reflective of GABAa activity (Di Lazzaro et al., 2006),
there is mixed evidence to whether SICl is related to surround inhibition. For instance,
previous TMS research has demonstrated increased SICI in the surrounding muscle
during muscle movement onset, suggesting centre-surround organisation of cortical
neurons within M1 (Stinear & Byblow, 2003). Moreover, recent TMS-
electroencephalography (TMS-EEG) work has revealed that SIClI and TMS-measured
surround inhibition both modulate cortical mechanisms related to early TMS-evoked
cortical potentials, associated with GABAA activity (Leodori et al., 2019; Premoli et al.,
2014). However, this relationship has not yet been replicated (Sohn & Hallett, 2004)
and may only play a role in impaired surround inhibition during movement initiation
(Beck et al., 2008; Molloy et al., 2003). This suggests that there may be some
underlying mechanisms linking SICI and surround inhibition together, however the

specific means are not currently clear.

Although the mechanisms of surround inhibition are not clear, there is clear

support for the role of GABA in the integrity of sensorimotor representations. For

29



instance, in animal research it has been shown that injections of GABAa-antagonist,
bicuculline, within the motor cortex results in the fusion of motor representations
between adjacent muscles and weakens sensory map plasticity and receptive field
tuning (Foeller et al., 2005; Jacobs & Donoghue, 1991; Schneider et al., 2002).
Disturbance of intracortical inhibitory mechanisms in the cat visual cortex using
repetitive TMS (rTMS) has also resulted in disrupted visual cortical maps which are
primed for plasticity (Kozyrev et al., 2014, 2018). Moreover, in human research using
TMS mapping and TMS-SICI, Sigurdsson, Jackson, et al. (2020) demonstrated that SICI
was a significant predictor of the first dorsal interosseous (FDI) muscle somatomotor
representation area, with the full model (including age and RMT) accounting for 61%
of the total variance. Specifically, this suggests that greater GABAA interneuron
activation is predictive of greater excitability of the FDI somatomotor representation.
Additional evidence has also demonstrated that the size of cortical hand
representations are reduced in older adults and is thought to be due to reduced
intracortical inhibition (Kalisch et al., 2008). Together, this strongly supports the role
of GABAa synaptic inhibition in the maintenance of cortical sensorimotor

representations.

Additionally, fMRI activity of cortical sensorimotor representations has recently
been proposed to mediate the relationship between MRS-GABA and sensory
processing. Recent evidence has identified a relationship between digit
somatosensory processing and sensorimotor MRS-GABA, mediated by cortical
activity in digit representations (Kolasinski et al., 2017). Specifically, greater S1 GABA
levels are associated with more selective tuning of S1 cortical activity of digit
representations which in turn, are linked to greater perceptual acuity of the digits
(Kolasinski et al., 2017). Network integration may also have a role, with individuals
with less segregated sensorimotor resting state networks showing reduced
sensorimotor GABA levels and worse sensorimotor performance (Cassady et al.,
2019). Together, this suggests that tonic GABA is implicated in the tuning of cortical
activity within the sensorimotor system and also has a role in the processing of

sensory information.

30



1.2.1.2 Somatosensory processing

MRS-GABA and its relationship to perceptual processing have been greatly
researched across visual, auditory and tactile modailities (Li et al., 2022). In the
sensorimotor system, relationships have been reported between MRS-GABA and
tactile amplitude discrimination, frequency discrimination thresholds and temporal
order judgement task performance (Li et al., 2022). Specifically, the threshold to
detect which tactile stimuli had a greater amplitude, a greater vibration frequency,
and was presented first in time, was lower in individuals with greater sensorimotor
GABA levels (Li et al., 2022). Moreover, there is evidence suggesting that conditions
with disordered GABA show abnormal somatosensory processing, such as Focal Hand
Dystonia (FHD; Antelmi et al., 2017; Molloy, 2003) and Autism Spectrum Disorders
(ASD; Puts et al., 2017).

The mechanism by which greater GABA is thought to contribute to the enhanced
detection of sensory information in the sensorimotor cortices by enhancing surround
inhibitory mechanisms by shaping the responses of cortical neurons, such as
receptive field size and activation thresholds in response to peripheral stimulation
(Hicks & Dykes, 1983; Kaneko & Hicks, 1990). This is evidenced by the malleability of
cortical receptive fields after injections of GABA agonists and antagonists (Chowdhury
& Rasmusson, 2002; Oka et al., 1986). This suggests GABA drives greater acuity of
receptive fields, or enhancing surround inhibition, resulting in greater acuity to
peripheral sensory information. However, as this is driven by synaptic GABA, it is
unlikely to be captured by extracellular MRS-GABA and somatosensory processing
relationships above (Dyke et al., 2017; Stagg et al., 2011; Tremblay et al., 2013).
Instead, as discussed in 1.3.1.1, tonic MRS-GABA levels may be related to enhanced
sensory detection thresholds due to the associated fine-tuning of cortical activity and

efficient integration of networks (Cassady et al., 2019; Kolasinski et al., 2017).
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1.2.2 Disordered GABAergic inhibition

The role of GABA in somatosensation and functional mapping has been
supported by evidence of disordered sensory processing and cortical mapping in
conditions displaying cortical GABAergic dysfunction, such as Focal Hand Dystonia

(FHD).

1.2.2.1  Focal Hand Dystonia (FHD)

Focal Hand Dystonia (FHD) is a neurological condition characterised by the
inappropriate co-contraction of muscles resulting in uncoordinated movements and
abnormal hand postures (Meunier et al., 2003; Schabrun et al., 2009). This is a
movement disorder associated with abnormal cortical inhibition in the sensorimotor
system. For instance, GABA binding, as indexed by the binding potential of [11C]
Flumazenil (a benzodiazepine antagonist that binds to GABAa receptors), was reduced
in the sensorimotor cortex of individuals with FHD contralateral to their affected
hand, compared to healthy controls (Gallea et al., 2018). Previous evidence has also
demonstrated reduced GABAx-mediated SICI and disordered surround inhibition in
individuals with FHD (Beck et al., 2008; Beck & Hallett, 2011; Sohn & Hallett, 2004;
Stinear & Byblow, 2004). Moreover, there is evidence suggesting that GABA inhibition
is associated with somatosensory processing within FHD (Antelmi et al., 2017).
Specifically, reduced GABAergic inhibition is linked with worse performance in

somatosensory acuity tasks.

Further to this, individuals with FHD may present with abnormal cortical
sensorimotor representations of the affected hand. Using TMS techniques to measure
the size and extent of individual cortical muscle representations (see Section 2.3.2.3),
studies have demonstrated that the TMS motor (muscle) maps obtained from FHD
patients differ from those of healthy controls. Specifically, the maps of FHD patients
exhibit larger areas and reduced inter-map distances between hand muscle
representations (Byrnes et al., 1998; Schabrun et al., 2009; Schabrun & Ridding,

2007). Other evidence also indicates altered somatosensory and motor
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representations in individuals with FHD (Bara-Jimenez et al., 1998; Butterworth et al.,
2003; Byl et al., 2000; Byrnes et al., 1998; Elbert et al., 1998; Meunier et al., 2001,
2003).

Taken together the above evidence suggests that cortical sensorimotor maps are
significantly altered in individuals with FHD, and these alterations may be associated
with behavioural impairments in hand sensorimotor function and alterations in
behavioural measures of hand function, which are likely linked to dysfunction in GABA

signalling.

1.3 Inhibition and sensory processing in Tourette Syndrome

1.3.1 Disordered GABAergic inhibition in TS

Evidence of abnormal GABAergic inhibition in TS comes from post-mortem
investigations of the brains of a small number of individuals with TS which
demonstrated a substantial decrease (~50%) in the number of GABAergic
interneurons within the striatum (Kalanithi et al., 2005). A later study also reported
converging evidence for this using positron emission tomography, by demonstrating
widespread alterations in GABAa receptor binding in the brains of individuals with TS,
including decreases in GABA, receptor binding within the ventral striatum, globus
pallidus and the thalamus (Lerner et al., 2012). This is supported by studies that have
investigated the effects of striatal disinhibition in rodents and non-human primates,
which consistently demonstrate that the localised administration of a micro-injection
of GABAx-antagonist can produce tic-like movements (Bronfeld, Israelashvili, et al.,
2013; Bronfeld, Yael, et al., 2013; Matsumura et al., 1991; McCairn et al., 2013;
McCairn & Isoda, 2013). Moreover, the site of these micro-injections determines the
nature of behaviour/tic exhibited. For instance, injection of a GABAA antagonist into
focal somatotopic areas of the striatum is demonstrated to produced tic-like
movements in specific body parts within minutes, lasting for up to 2 hours (Bronfeld,

Yael, et al., 2013).
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Importantly, investigations into striatal disinhibition using GABAa antagonists has
demonstrated the involvement of other neural regions for the generation of tic-like
behaviours. Specifically, after micro-injections of striatal GABAa antagonist were
administered to non-human primates, electrophysiological recordings - local field
potential (LFP) spikes - were recorded at multiple sites including the striatum,
pallidum, cerebellum, and M1 (McCairn et al., 2013). LFP spikes within the striatum
were observed prior to tic-like behaviours but also in the intervals between tics (these
it was suggested might be linked to the experience of PU, McCairn & Isoda, 2013).
Conversely, LFP spikes in the cerebellum and motor cortex were always and only
present immediately prior to tic execution, suggesting these sites may gate the
occurrence of tic execution (McCairn et al., 2013). Together, this evidence strongly
illustrates that GABA abnormalities within the CSTC circuit, resulting from striatal

disinhibition, are inherent in TS.

1.3.1.1 MRS-GABA

Alterations of GABAergic inhibition in TS also do not appear to be limited to
subcortical regions. Studies using measuring MRS-GABA concentrations of cortical
regions in individuals with TS compared to healthy controls have yielded mixed results
across the lifespan. Cortical MRS-GABA in TD individuals show rapid increases during
childhood, followed by stability across early adulthood and a gradual decrease with
ageing in later adulthood (Porges et al., 2021). However, MRS-GABA measured within
the sensorimotor cortex of young children with TS is reportedly reduced compared to
typically developing (TD) controls, suggesting it does not follow this trajectory (Puts
et al., 2015). Moreover, lower MRS-GABA levels were correlated with greater motor
tic severity (Puts et al., 2015). Moreover, premotor cortex MRS-GABA concentrations
were no different between TD children and children with TS. However, using a larger
sample, this group failed to replicate these findings and concluded that MRS-GABA
concentrations in the primary sensorimotor cortex, supplementary motor area
(SMA), and insula were in fact comparable between children with TS and controls (He
et al., 2022). This aligns with evidence suggesting MRS-GABA within the premotor

cortex is no different between children with TS and controls (Mahone et al., 2018).
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Nonetheless, they did report that reduced MRS-GABA levels within the SMA were
associated with more severe and more frequent PU (He et al., 2022). This suggests
that although sensorimotor cortical MRS-GABA concentrations may not differ
between children with/without TS, reduced MRS-GABA may contribute to sensory

experiences of TS, such as PU.

Furthermore, an ultra-high-field (7 Tesla) MRS study had previously reported that
MRS-GABA levels within the SMA region were increased in adolescents with TS
relative to matched controls, and that MRS-GABA levels within the SMA in TS were
associated with alterations in both motor gain function (i.e., the increase in motor
excitability ahead of a voluntary movement) and motor tic severity (Draper et al.,
2014). Asthere may be increased MRS-GABA levels in adolescents with TS compared
to controls, this could suggest that enhanced tonic inhibition in the motor system may
therefore be an adaptive response to reduce the increased excitability found in the
M1in TS (Draper et al., 2014). This may reflect a heightened response to the proposed
developmental increase of GABA between childhood to adolescence demonstrated
in TD populations (Porges et al., 2020). However, no differences have been found
within the sensorimotor cortices of adults with TS (Tinaz et al., 2014). Further
research evaluating factors such as tonic inhibition and tic severity longitudinally is
needed to better determine if MRS-GABA concentrations deviate from the typical

trajectory and whether this is an adaptive response and consequence of TS.

1.3.1.2 TMS-SICI

Finally, TMS studies of physiological inhibition within M1 have demonstrated
reduced GABAAa receptor dependent physiological inhibition in TS, for both SICI (Orth,
2009) and interhemispheric inhibition protocols (Baumer et al., 2010). While SICI may
not necessarily be reduced in children with TS (Batschelett et al., 2023; Moll et al.,
1999), a reduction in SICI has been consistently demonstrated in adults with TS (Heise
et al., 2010; Orth, 2009; Orth et al., 2005, 2008; Ziemann et al., 1997). Moreover, SICI
measurements are correlated with both motor tics and ADHD symptoms in children

and adults with TS, with lower levels of SICI associated with greater tic severity and
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more severe ADHD symptoms (Batschelett et al., 2023; Gilbert et al., 2004, 2005).
Again, this suggests that although motor GABA may not differ between groups, SICI

may contribute to tic severity of TS.

As evidenced above, lower SMA and M1 cortical inhibition may contribute to
increased tic and PU severity, however there is a double dissociation between regions
associated with each (Batschelett et al., 2023; Gilbert et al., 2004, 2005; He et al.,
2022). While tic severity and PU severity are positively correlated (Batschelett et al.,
2023), SMA disinhibition is associated with greater urge severity only and GABAergic
inhibition of M1 is associated with more severe tics. Batschelett et al. (2023) offer a
model of tic generation to explain this. Specifically, increased tic severity may be
driven by GABA disinhibition within the SMA (He et al., 2022) which leads to an
increased downstream tic severity. Moreover, reduced TMS inhibition from SMA to
M1 (Bruce et al., 2021) and reduced TMS-SICI (greater cortical excitability) within M1
is associated with increased tic severity (Batschelett et al., 2023), leading to increased
upstream of urges. This infers that greater tic and urge severity are associated with
top-down reductions in SMA inhibition and reduced modulation of M1 activity due to

this and reduced inhibition within the M1.

1.3.2 Abnormal sensory processing in TS

1.3.2.1 Premonitory sensory phenomena and urges

As noted above, the majority (~¥90%) of individuals with TS report that their tics
are often preceded by PU, which are of particular clinical importance because they
form the core component of behavioural therapies that are currently used in the
treatment of tic disorders (Cohen et al., 2013). Importantly, it has been suggested that
PU arise in part from increased sensitivity to somatic stimulation (Belluscio et al.,
2011; Jackson et al., 2011). However, our understanding of sensory abnormalities in
TS and their relationship to tic phenomenology, such as suppression and tic severity,

is currently limited.
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Reports of urge in cross-sectional and longitudinal suggest that PU experiences
increase with age and are experienced by over 80-90% of those with TS in
adolescence/adulthood (Banaschewski et al., 2003; Cohen & Leckman, 1992; Draper
et al., 2016; Gulisano et al., 2015; Kwak et al., 2003; Leckman et al., 1993; Sutherland
Owens et al., 2011). However, it is unlikely that urges are due to TS symptom
progression, and instead reflect language, cognitive and introspective development.
For instance, when evaluating the global PU measure, Premonitory Urge for Tic Scale
(PUTS), it is evident that PUTS demonstrates lower temporal stability and internal
consistency in children under 10 years old, whereas PUTS in older individuals show
stable and consistent properties (Steinberg et al., 2010; Woods, Piacentini, et al.,
2005). Therefore, this reported increase in PU from the age of 10 is instead likely to
be reflective of cognitive development and the enhanced awareness of urges
(Banaschewski et al., 2003; Li et al., 2019). For instance, PU are associated with higher
intelligence quotient (1Q) scores and therefore may reflect a greater verbal and
expressive ability (Reese et al., 2014; Sambrani et al., 2016). As a result, the increased
reporting of urges may be due to a developmental shift in introspective, cognitive and
linguistic development, which are necessary to recognise and accurately describe
emotional states and behaviours (Lane & Schwartz, 1987; Sutherland Owens et al.,
2011). This development may allow children to recognise their urges and as a result,
can allow for accurate differentiation between types of behaviours. For example, tic
behaviours may become more recognised as compulsive behaviours as a result of
urge awareness, rather than as involuntary behaviours (Kane, 1994). This increase of
urges over ages is therefore likely to reflect cognitive development for the awareness

and expression of urges and their characteristics.

One argument for tics being voluntary responses to PU is that during suppression
of tics, real-time measures of urge intensity demonstrate similarities during free-
ticcing and suppression, namely that urges increase prior to a tic and decrease after
a tic is executed (Brandt et al., 2016; Houlgreave, 2023). However, the urge increase
during suppression increases over a longer period of time and peaks earlier until a tic

is executed — this could suggest that urge intensity accumulates during suppression
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until relieved by tic discharge (Brandt et al., 2016). Moreover, tics are more likely to
be executed when urge intensity is rated as medium or high, compared to low (Specht
et al., 2014). Together, this indicates that urges may act as cues to execute a tic and
that tics may persist in order to provide relief from uncomfortable PU experiences,
underlying the negative reinforcement model of TS (Leckman & Riddle, 2000; Specht
et al., 2013). This evidence corroborates many patient reports describing tics as
voluntary responses to involuntary uncontrollable sensations, which can often feel
more disruptive than the tics themselves (Cohen & Leckman, 1992; Cohen et al.,

2013; Jackson et al., 2020; Kwak et al., 2003; Leckman et al., 1993).

However, the PU and tic suppression relationship is likely far more complex than
simply tic suppression increasing urge. For instance, as previously mentioned, there
are similarities in the pattern of PU sensations preceding and after a tic in both free-
ticcing and suppression conditions (Brandt et al., 2016). Moreover, it has been
demonstrated that although some participants with tic disorders experienced higher
urge ratings during periods of reinforced suppression, other participants show no
clear pattern or even reduced urge ratings (Brabson et al., 2016). Moreover, others
have found little evidence linking PU intensity and tic suppression (Ganos et al., 2012;
Matsuda et al., 2020; Sambrani et al., 2016; Specht et al., 2013). This mixture of
evidence is also evident when examining the relationship between PU and tic severity
measures (Literature showing some support: Ganos, Garrido, et al., 2015; Gu et al.,
2020; Langelage et al., 2022; Li et al., 2019; Matsuda et al., 2020; Reese et al., 2014;
Sambrani et al., 2016. Literature showing no support: Ganos et al., 2012; Gulisano et
al., 2015; Jackson et al., 2020; Mdller-Vahl et al., 2014; Steinberg et al., 2010;
Sutherland Owens et al.,, 2011). This strongly suggests that there may be great
individual differences when assessing the relationships between PU, suppression and
tic severity, especially when using multidimensional measures (e.g. PUTS and Yale
Global Tic Severity Scale, YGTSS; (Leckman et al., 1989) as averaged scores assume
uniformity across individuals and will mask individual differences present in each
dimension of the questionnaire. As a result, we cannot conclusively confirm that

suppression and tic severity are linked to PU through the use of instruments such as

38



PUTS and YGTSS. However, real-time urge measures and the acknowledgement of
individual differences may give more insight into this complex interaction. As a result,
these relationships are far more complex than greater urges being associated with
greater tic severities and tics simply being the relief of urges, i.e. negative

reinforcement.

However, some neuroimaging evidence has supported the notion of urges as
involuntary cues to wvoluntary tic execution. For example, using
magnetoencephalography (MEG), increases in beta power over the motor cortex,
followed by a decrease, have been demonstrated prior to a tic (Niccolai et al., 2019).
This initial increase in beta power is suggested to be reflective of compensatory
inhibitory mechanisms and was found to be linked to motor PU intensity, inferring a
role of PU in inhibitory mechanisms. Furthermore, the decrease in beta power
preceding a tic is a pattern typically evident before voluntary movement, suggesting
there may be a voluntary mechanism behind tics. Moreover, hyperconnectivity in
neural networks linked to voluntary movement have been demonstrated in TS, and
this hyperconnectivity is associated with greater severity of PU, also suggesting a role
for PU in tic generation (Rae et al., 2020). Additionally, enhanced engagement of the
prefrontal cortex was found to be necessary in TS in order to inhibit movements
arising from hyperactivity in the M1 (Rae et al., 2020). Again, this could suggest a
voluntary component to tics due to hyperconnectivity and involvement of networks
underpinning volitional movement, along with a greater need for input from neural

inhibitory mechanisms to control tics.

Further to this, there may be some separation of PU and tic phenomena, as not
all individuals with TS experience PU and children may have tics without awareness
of their urges (Banaschewski et al., 2003; Cohen et al., 2013; Leckman et al., 1993).
For instance, it has been demonstrated that tics can persist during sleep, further
supporting that tics can occur independently of urges (Cohrs et al., 2001; Jiménez-
Jiménez et al., 2020; Kostanecka-Endress et al., 2003). Moreover, neuroimaging

evidence investigating PU and tics in TS have also supported the idea that these are
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independent phenomena. Specifically, the insula and cingulate cortex have been
heavily associated with TS and PU experiences — these areas also align with the
functional regions involved in urges, such as swallowing and yawning, in typically
developing populations (Jackson et al., 2011; O’Neill et al., 2019). Functional imaging
studies have, in fact, demonstrated that the insular and cingulate cortex show
significant increases in activity directly prior to a tic and thus is likely reflective of PU,
whereas at tic onset, different regions (e.g. sensorimotor cortex) show increases in
activity, suggesting separate mechanisms behind PU and tic generation (Bohlhalter et
al., 2006; Neuner et al., 2014). Furthermore, separation is seen discretely within the
insula and cingulate cortices, with anatomical data demonstrating that motor tic
severity and PU scores are separately associated with different anatomical regions in
both of these structures (Jackson et al.; Jackson et al., 2020). As a result, there may
be some separation of urge and tic phenomenology, however this seems to be a
highly complex relationship suggestive of significant individual differences. Overall,
causes of urges are still relatively unknown and despite being a largely reported

source of discomfort in those with TS, research into PU is generally lacking.

1.3.2.2 Interoceptive awareness

Although there is a complex interaction between urges and tic generation, the
detection of urges may be a result of altered interoceptive awareness or
interoception. Interoception reflects an individual’s awareness of their internal bodily
processes, and is reportedly increased in TS, as evidenced by self-reported measures
(Eddy et al., 2014; Ganos, Garrido, et al., 2015; Rae, Larsson, et al., 2019). This may
indicate those with TS are more aware of their internal bodily sensations and thus
have a greater capacity to experience PU as a consequence. Consistent with this
proposal, interoceptive awareness scores have been demonstrated to predict of PU
severity (Ganos et al., 2015; Rae et al., 2019 — although see Eddy et al., 2014; Pile et
al., 2018 for alternative findings). However, although self-reported measures suggest
heightened interoceptive awareness in TS, objective interoceptive detection tasks,
such as heartbeat tracking, have demonstrated, paradoxically, lower detection

accuracy to interoceptive signals compared to controls (Ganos et al., 2015; Rae et al.,

40



2019). This discrepancy, or interoceptive prediction error, might suggest that there is
an increased higher-order sensitivity to bodily signals, but noisier detection of
peripheral afferent signals. In other words, those with TS may be both oversensitive
and yet less precise to internal bodily signals (Rae et al., 2019). Alternatively, reduced
interoceptive detection ability may reflect a compensatory interoception down-
regulation in order to suppress PU, and may be an alternative explanation for why
interoceptive awareness is related to PU (Ganos et al., 2015). Further investigation
into the role of interoceptive prediction error in TS and its relationship with PU is
essential. However, due to the mismatch between self-reported and objective
measures of interoception, it is most likely that this discrepancy arises from abnormal

central processing mechanisms.

1.3.2.3 Exteroceptive awareness

As with detection of internal stimuli, it has been proposed that individuals with
TS may also be hypersensitive to external somatosensory stimuli, i.e., exteroception
(e.g., Belluscio et al., 2011). For instance, hypersensitivity to sensory stimuli, such as
clothing materials, lights, and sounds, has been self-reported in ~70% of individuals
with TS and can cause considerable discomfort (Belluscio et al., 2011; Cohen &
Leckman, 1992; Cohen et al., 2013; Isaacs & Riordan, 2020). Moreover, individuals
with TS are more likely to report over-inclusion/hyper-awareness of, and feeling
‘flooded’ and easily distracted by, external stimuli, all of which are enhanced under
stress and anxiety (Sutherland Owens et al., 2011). This is especially the case with
faint, non-salient and repetitive stimuli which are perceived as more disruptive and
bothersome than intense stimuli in individuals with TS compared to TD individuals
(Belluscio et al., 2011). This suggests sensory gating abnormalities where individuals
cannot filter or suppress redundant sensory input. This is consistent with other
neurodevelopmental disorders thought to show impaired sensorimotor gating (e.g.
ASD and ADHD, although is variable; Schulz et al., 2023), and therefore, those with
comorbidities such as OCD, ADHD and ASD who show more severe alterations in

sensory perception (see Isaacs & Riordan, 2020 for a review).

41



To quantitively measure sensory processing, quantitative sensory thresholds can
be measured by applying tactile vibrating stimuli to the fingertips and asking
participants to distinguish between varying parameters such as the frequency,
amplitude and temporal sequence of vibration. However, objective quantitative
somatosensory testing has demonstrated that afferent detection thresholds to
thermal, tactile and pain stimuli are not significantly different between individuals
with TS and TD controls (Schunke et al., 2016). However, alternative evidence
suggests static tactile detection thresholds are significantly worse in children with TS
(Puts et al., 2015). This indicates that those with TS may detect weak stimuli less
efficiently than TD children. Moreover, while baseline the ability to detect the higher
amplitude of two stimuli (amplitude discrimination) shows no difference between TS
and TD control groups, if one stimulus is preceded by a long (‘adapting’) stimulus, TD
controls amplitude discrimination thresholds become significantly worse, whereas TS
groups show comparable performance (Puts et al., 2015). This supports abnormalities
in quantitative sensory performance, perhaps reflecting abnormalities in sensory

gating and lateral inhibition in TS (Isaacs & Riordan, 2020; Puts et al., 2015).

Overall, this infers that any hypersensitivity to external somatosensory stimuli is
unlikely to reflect an underlying deficit in basic afferent somatosensory processing
mechanisms. Instead, somatosensory abnormalities in TS, whether interoception or
exteroception, may reflect abnormal higher-order sensorimotor processing
mechanisms and sensory gating. Nonetheless, studies involving quantitative testing
of sensory function in TS are lacking and considerable further investigation is

required.

1.4 Functional representations in Tourette Syndrome

As previously shown, TMS motor maps differ in individuals with disordered
inhibitory mechanisms and somatosensation compared to TD populations (Section
1.2.2.1). As a result, it can be hypothesised that individuals with TS, shown to have
altered GABA functioning (Section 1.3.1), would show altered sensorimotor mapping

compared to TD individuals. Cortical thinning is seen in face and hand areas
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(commonly affected by tics) of pre- and post-central gyrus of children with TS and
these are inversely related to tic severity (Sowell et al., 2008). However, it is unclear
whether this cortical thinning is a pathophysiological feature of TS or whether these

features are a result of compensatory adaptation.

Using neuronavigated TMS, preliminary evidence has shown that some motor
representations are altered in TS compared to typically developing populations
(Sigurdsson, Jackson, et al., 2020). The targeted muscles for cortical maps were all
related to tic occurrence and the experience of PU, specifically the FDI (hand), deltoid
(shoulder), orbicularis oris (lips) and massteter (jaw), (Ganos et al., 2012; Kwak et al.,
2003; Schunke et al., 2016). Statistically significant differences were identified
between the spatial location of the COG for the FDI muscle, which was shifted more
medially in the TS group. The area of the FDI representation was significantly reduced
in TS, although no significant differences were seen between Euclidean Distances and
Dice coefficients, nor were characteristics of other muscle representations between
each group. However, although some motor reorganisation is shown in TS, muscle
representations may be more similar to healthy populations than first thought and
not show alterations that are evident in FHD despite physiological similarities in
inhibitory mechanisms. For instance, where FHD has shown abnormal homuncular
organisation of finger representations (Bara-Jimenez et al., 1998; Byl et al., 2000;
McKenzie et al., 2003; Meunier et al., 2001), the topographical organisation of the
cortical muscle representations in the TS group were comparable to that of the
control group, as both groups’ maps reflected the topography of the sensorimotor

cortex, as described by (Penfield & Boldrey, 1937).

Nevertheless, although few differences were found between groups, features of
muscle maps within the TS group were linked to PU severity in TS (Sigurdsson,
Jackson, et al., 2020). For instance, reduced distances between hand and facial muscle
representations were associated with an increase in PU severity. PU severity was also
significantly negatively related to Euclidean distances between cortical hand and

facial representations in TS. Moreover, although an increase in the FDI area in the TS
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group was associated with greater PU severity, a decrease in the facial muscle cortical
area was associated with greater PU severity. This is consistent with tic presentation
in TS as facial tics are one of the most prevalent motor tics (Baizabal-Carvallo et al.,
2023). However, GABA and SICI’s link to TS sensorimotor representations, PU and
other sensory phenomena evident in TS is unclear, as this was not investigated. As a
result, the extent of PU and heightened sensitivity to internal and external stimuli may
be linked with alterations of sensorimotor representations in the cortex, but the role
of GABA inhibition in this requires further investigation. Moreover, further
guantitative sensory testing evidence in TS is required to determine the extent, or
lack thereof, of external sensory processing in TS (Belluscio et al., 2011; Puts et al.,

2015; Schunke et al., 2016).

1.5 Research aims

Together, this suggests that abnormalities in sensory processing may be related
to a dysfunction in GABAergic inhibition in TS. The relationship to abnormal inhibitory
functions and altered sensory processing of internal and external stimuli would
provide potential targets and great insight into the causes of discomfort and distress
caused by abnormal sensory processing. Moreover, the sensorimotor mapping of

sensory and motor function in TS warrants further investigation.

As a result, the following aims this thesis are:

e Do measures of cortical inhibition and sensory processing differ between TS
and TD controls? Are these measures correlated in both groups? Do tic and
urge severity correlate with these measures?

e Do fine-grained sensorimotor representations of non-tic-related movements
(finger tapping) differ between TS and TD controls?

e Do sensorimotor functional representations of tic-related facial movements
and responses to low-frequency vibration of facial areas differ between TS and
TD controls?

e Can functional representations be manipulated with rTMS?
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2. Chapter 2 - Methodology: Investigation and modulation of the

sensorimotor cortices

Key words: Magnetic resonance imaging (MRI), functional magnetic resonance
imaging (fMRI), magnetic resonance spectroscopy (MRS), y-aminobutyric acid
(GABA), transcranial magnetic stimulation (TMS), short-interval intracortical inhibition

(SICI)

2.1 Functional magnetic resonance imaging

2.1.1 MRI physics

Magnetic resonance imaging (MRI) is a non-invasive method of imaging human
tissue. Water molecules, which make up between 70-90% of human tissue contain
hydrogen nuclei which exhibit nuclear magnetic resonance (MR) (McRobbie et al.,
2017). The hydrogen nucleus is a single, positively charged proton that precesses
around an axis, producing intrinsic magnetisation, or ‘spin’ and possesses a magnetic
moment, as shown in Figure 2.1a. In the absence of a strong magnetic field, the
ensemble of protons in the body point in random orientations resulting in no net

magnetisation (McRobbie et al., 2017).

45



Figure 2.1
Images of (a) a hydrogen hydrogen nucleus with intrinsic spin, and (b) the precession
of a hydrogen nucleus about the axis of the Bomagnetic field at the Larmor frequency

with magnetisation M,,.
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Note. By = magnetic field strength, M, = net magnetisation in the longitudinal plane

In MRI, a range of static magnetic field strengths are used, ranging from 1.5 to 3
to 7 Tesla (T) (Chappell et al., 2020). When placed in an external static magnetic field,
the proton will have a magnetic moment that is either in near alignment (parallel) or
opposed alignment (antiparallel) with the By field. The parallel state of protons is
slightly favoured, as it has the lowest energy level (McRobbie et al., 2017), with the
difference in the distribution of protons between the two directions given by the
Boltzmann distribution (McRobbie et al., 2017). The larger proportion of proton spins
in the parallel state results in a net magnetisation (M) parallel to the By field (see
Figure 2.1a). The magnitude of M is field strength-dependent, underlying the push

for higher magnetic fields for MRI to provide higher signal-to-noise.

When protons are placed in a magnetic field, they will undergo precession about
the axis of the By field at a frequency proportional to its strength (Sharma, 2009),
Figure 2.1b. This precession frequency is called the Larmor (or resonant) frequency
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which falls within the radiofrequency (RF) range, and is given by the Larmor Equation

2.1:

wo = YBy (2.1)

where the Larmor frequency (w,; MHz) is determined by multiplying the main
field strength (Bo; T) with the gyromagnetic ratio (y; 42.58 MHz/T for hydrogen nuclei)
(Chappell et al., 2020; McRobbie et al., 2017). This precessing net magnetisation in
the longitudinal direction (M,) can then be measured by applying a time-varying
current to generate a RF pulse (B; field) using a RF coil to knock the magnetisation
into the transverse plane (M) (Chappell et al., 2020). For instance, delivering a 90°
RF pulse centred at the resonant frequency w, tips the alignment of net
magnetisation away from the M, into the M, plane which then induces a current in

the RF detector coil through electromagnetic induction.

Once the RF pulse is turned off, the protons then relax back to M, (Buxton, 2013;
Chappell et al., 2020; McRobbie et al., 2017). T1 (longitudinal) relaxation describes the
time constant of the exponential return of net the longitudinal magnetisation (M,) to
align along Bo (return to M) whereas the T, or T>* (transverse) relaxation refers to
the rapid exponential decay of transverse magnetisation due to dephasing of the
spins (Chappell et al., 2020). As different tissues take different times to relax back to
M, after excitation, this mechanism can be used to create contrast between different

tissues on MRI images.

After applying a 90° RF pulse and knocking the spins into the transverse plane,
the signal can be spatially encoded to produce an image. Spatial information is
encoded using gradient coils within the scanner in the three orthogonal directions Gy,
Gy and G;. The resultant gradient causes the precession frequency of the spins to vary
linearly in a spatially dependent manner in each of these planes. These gradient coils
can be turned on and off by applying different currents through the coils to create

controlled magnetic fields, called gradient fields, and thus a precession frequency can
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be attributed to a known spatial location (Chappell et al., 2020; McRobbie et al.,
2017).

To restrict the measurement of MR signals to a specific slice, a slice-selective
gradient is applied at the same time as an RF excitation pulse such that a narrow range
of frequencies is excited (McRobbie et al., 2017). The gradient changes the resonant
frequency with spatial location, and this means that a narrow bandwidth RF pulse will
then excite regions of tissue with a matching bandwidth only, thus restricting the
measurement of the MR signal to a 2D plane (McRobbie et al.,, 2017). The other
gradient directions are then used to encode in-plane and define MR signals in the
coordinate system k-space (Song et al., 2006; see Figure 2.2a). From this, a Fourier
transform is implemented to convert signals encoded at spatial frequencies into

image components (Figure 2.2b) (Chappell et al., 2020; McRobbie et al., 2017).

Figure 2.2

Images depicting (a) k-space reconstruction of a slice from (b) Magnetisation

Prepared-Rapid Gradient Echo (MPRAGE) structural image

Note. k, = x-axis of k-space coordinate system, k,, = y-axis of k-space coordinate system.
Structural image from Chapter 5 Study 1 Map03 (slice 102). k-space reconstructed using

https://k-space.app
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In this thesis, two main MR image types are collected: (1) structural images,
which provide high quality detail of the brain, and (2) functional images to study at a
coarser resolution the haemodynamic changes which dynamically occur in the brain.

These will be described below.

2.1.1.1 Structural Images

The structural images used in this thesis are Ti-weighted images, with contrast
created from T1 longitudinal relaxation (Chappell et al., 2020). For example, in Chapter
5 (Study 2), structural images are collected using an inversion recovery sequence,
where protons are inverted with an 180° RF pulse to flip the net magnetisation into
negative M,. The longitudinal magnetisation is allowed to recover, and after a given
time, the inversion time T}, another RF pulse is applied to knock the M, magnetisation
at T; into the transverse plane. This generates contrast between tissue types which
have differing T1 relaxation times within a Ti-weighted image (see Figure 2.2b for an
example of a T1-weighted structural scan). T; relaxation times are also field strength-
dependent with longer T1 values at higher field strengths. At 7T for example, fluids
such as cerebrospinal fluid (CSF) have long T; values (~3000-5000 ms), whilst tissues
such as grey and white matter are shorter at ~ 2000 ms and 1200 ms, respectively

(Rooney et al., 2007).

2.1.1.2 Functional Images

2.1.1.2.1 Blood Oxygenation Level Dependent (BOLD) response

One method of measuring activity in the brain is to use functional MRI (fMRI) to
dynamically measure the Blood Oxygenation Level Dependent (BOLD) contrast over
time. BOLD is an indirect measure of neuronal activity based on the notion that more
active areas of the cortex with increased neuronal signalling require more oxygenated
blood due to greater metabolic demand (Buxton, 2013). Action potentials to trigger
this neuronal signalling require energy from adenosine triphosphate (ATP) generated

through aerobic respiration (Buxton, 2013). Therefore, in areas with increased
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neuronal activity, there is a localised requirement for ATP and oxygenated blood. This
results in a localised haemodynamic response of increased cerebral blood flow (CBF),
cerebral blood volume (CBV) and cerebral metabolic rate of oxygen (CMRO;) (Arthurs
& Boniface, 2002; Buxton, 2013; Chappell et al., 2020; Glover, 2011). The BOLD signal
is generated by the ratio of oxyhaemoglobin (Hb) and deoxyhaemoglobin (dHb), due
to paramagnetic properties of dHb which causes dephasing and signal loss (Logothetis
& Wandell, 2004). In active brain regions the brain overcompensates to increase the
delivery of CBF and CBV to the area. This, counterintuitively, results in increased blood
oxygenation in active brain regions, and the ratio of Hb to dHB decreases leading to
an enhanced BOLD signal, which is of the order of 3% at 3T and increases to of order

of 7% at 7T in response to a finger tap (van der Zwaag et al., 2009).

2.1.1.2.2 T2* Relaxation

Specifically, the BOLD signal relies on T,* relaxation or transverse magnetisation
decay. As previously noted, T,* relaxation refers to the rapid decay of transverse
magnetisation (Chappell et al., 2020). This involves dephasing of the net
magnetisation in the transverse plane. T>* relaxation is dependent on changes in
localised magnetic field inhomogeneity within tissue which means that protons will
precess at different frequencies in different locations depending on the magnetic field
they experience (Plewes & Kucharczyk, 2012). This results in a loss of phase coherence
of protons, causes dephasing and a reduction in the net magnetisation (Chappell et

al., 2020; Logothetis & Wandell, 2004).

Magnetic field inhomogeneities arise from tissues with paramagnetic properties,
meaning T>* relaxation is sensitive to haemodynamic oxygenation variations
(Chavhan et al., 2009). Consequently, T>* relaxation can indirectly measure neural
activity from the change in venous blood oxygenation depending on the ratio of
paramagnetic dHb to diamagnetic Hb within each voxel. Specifically, in regions with a
greater level of dHb to Hb, dephasing occurs due to T>*relaxation being shorter for
deoxygenated blood and a more rapid MR signal decay (Chappell et al., 2020;

McRobbie et al.,, 2017). Conversely, in areas with greater neuronal activity and
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oxygenated blood flow, the ratio of dHb to Hb is reduced. This leads to a slower rate
of dephasing and longer T,* relaxation, thereby increasing the recorded MR signal
(Chappell et al., 2020; Chavhan et al., 2009; McRobbie et al., 2017). Consequently,
voxels in regions with enhanced activity, and a higher proportion of oxygenated
blood, will exhibit a higher BOLD signal. As a result, T>*-weighted gradient echo
images are used to detect the BOLD signal with high spatial resolution and produce a
time-series of this signal for each voxel in response to a task or stimulus (Chappell et
al., 2020; Chen & Glover, 2015). To rapidly sample the T>*changes which occur in brain
activity a gradient echo echo-planar imaging (GE-EPI) sequence is used. A GE-EPI
sequence can collect images rapidly as it samples all of k-space in a single shot, with
GE-EPI slice and k-space recontruction shown in Figure 2.3 (Stehling et al., 1991).
Multiband (or simultaneous multislice) RF pulses can also be used to reduce
acquisition time and provide more spatial coverage. These sequences allow multiple

slices to be excited simulatenously using a shaped RF pulse (Moeller et al., 2010).

Figure 2.3

Images of (a) GE-EPI slice and (b) k-space reconstruction with single-shot trajectory
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Note. k, = x-axis of k-space coordinate system, k,, = y-axis of k-space coordinate system. GE-

EPI slice from Map03 (Chapter 4 Study 1). k-space reconstructed using https://k-space.app



However, there is a possibility of misinterpreted attribution of neuronal activity
to the BOLD signal. For example, the physiological basis behind the localised
haemodynamic response and the specific neural mechanisms underlying this
(neurovascular coupling) are relatively unknown. Although the BOLD signal is well
correlated with neuronal activity, the causal neuronal mechanisms and contributions
to the BOLD signal are unclear (Song et al., 2006). For instance, BOLD signal increases
in response to a stimulus are more likely to reflect extracellular membrane potentials
(e.g. LFP), rather than spiking activity of individual neurons as these are very variably
correlated with both the BOLD signal and LFPs (Buzsaki et al., 2012; Logothetis, 2003;
Logothetis et al., 2001; Logothetis & Wandell, 2004). Moreover, individual factors
impacting cardiovascular functioning, such as ageing and disease can impact the
haemodynamic BOLD signal (D’Esposito et al., 2003; Pineiro et al., 2002; Réther et al.,
2002; Tsvetanov et al., 2021). This means that differences in BOLD signal activations
attributed to differences in neuronal activity may in fact result from abnormal
neurovascular coupling (Hillman, 2014). As a result, attributions of the BOLD signal to

specific neuronal bases should be made with caution.

2.1.1.3 fMRI experimental design

In this thesis, fMRI studies are conducted using block designs involving sensory
stimulation and simple movement tasks, and a digit tapping travelling wave design.
With these tasks, we can gain insight into sensorimotor cortical representations of
the body at high resolution. These maps can successfully be created for different areas
of the body including the foot, lip and digits with high precision, and can even reflect
complexities of movements (Lotze et al., 2000). Moreover, fine-grained maps of
specific anatomy, such as the digits and facial regions, which are more difficult to
achieve using electrical or magnetic stimulation, can be explored using ultra-high field
fMRI. For instance, fMRI alongside vibrotactile stimulation to the digits can be used
to map the topography of the digits at high resolutions, even achieving visualisation
of multiple parts of a single digit (Besle et al., 2013; Da Rocha Amaral et al., 2020;
Kolasinski et al., 2016; O’Neill et al., 2020; Sdnchez-Panchuelo et al., 2014; Sanchez-

Panchuelo et al., 2010; Rosa M. Sanchez-Panchuelo et al., 2012; Stringer et al., 2011).
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The location, size and distances between these maps can therefore be investigated

within and between subjects.

In a block design, a sensory stimulus is presented or motor task performed in a
repeated fashion for a short period before a longer rest period. This period of rest
allows for the BOLD signal timeseries (Figure 2.4a) to return to baseline before the
task is performed again. This task and rest block pattern is repeated for several cycles
to create an fMRI timeseries as shown in Figure 2.4a. The task blocks and rest blocks
can be separately averaged across cycles and compared to determine significant areas

of task-related activation.

For a travelling wave design there is no rest period; instead, a modulated task is
presented. For each digit, tapping is performed for a few seconds sequentially in a
forward direction (thumb-little finger) for several cycles and then repeated in reverse
(little finger-thumb). Forward and reverse travelling wave scans are then combined
and averaged for each digit to isolate task-related activation for each digit. By creating
a travelling wave of activity across adjacent parts of the sensorimotor cortices, there
is a temporal distribution of the haemodynamic response function (HRF).
Consequently, each voxel that responds to a particular location will evoke a sinusoidal
response within a given phase, which allows for direct association between the phase

and the location. (Figure 2.4b; Besle et al., 2013).
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Figure 2.4
Example fMRI task paradigms and predicted fMRI BOLD timeseries in response to (a)

a block design and (b) a travelling wave design
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2.1.2 Conventional fMRI analysis

As shown in Figure 2.5, the measured fMRI time-series contains signals from
BOLD and from variability in the data unrelated to the BOLD signal (noise). Noise can
originate from many sources, for example, structured non-white noise (e.g.
physiological fluctuations, motion, low-frequency drift) and random white noise (e.g.
thermal current fluctuations or scanner instabilities) (Dowdle et al., 2023; Edelstein

et al., 1986; Friston et al., 1995; Poldrack et al., 2011). Before analysis of the fMRI
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signal, the raw data must be pre-processed. Minimising the impact of these unrelated
signals increases the signal-to-noise ratio (SNR) of data, improving the detection of
expected stimulus-induced MR signal changes in statistical analyses (Friston et al.,

1995; Poldrack et al., 2011).

Figure 2.5
Example measured fMRI timeseries with signals from the expected BOLD response

and noise

fMRI timeseries

Time

Expected BOLD response Noise

2.1.2.1 Pre-processing
2.1.2.1.1 Noise correction

2.1.2.1.1.1 Thermal noise correction

One source of white noise introduced into the measured fMRI signal is thermal
noise. This is an unavoidable source of random noise generated from randomly
fluctuating currents in electronics and human tissue (Edelstein et al., 1986; Vizioli et
al., 2021). In pre-processing, we can selectively suppress this noise from the fMRI
signal through methods such as Noise Reduction with Distribution Corrected
(NORDIC) principal component analysis (PCA) (Moeller et al., 2021; Vizioli et al.,
2021). NORDIC denoises fMRI data by removing signal components that cannot be
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distinguished from zero-mean Gaussian thermal noise. This leaves white noise within

the fMRI time-series, including the fMRI signal of interest.

2.1.2.1.1.2 Susceptibility-induced distortion correction

Geometric distortions can occur near tissue boundaries during the acquisition of
echo-planar imaging (EPI) sequences used in fMRI. Geometric distortions arise due to
the different magnetic susceptibilities between different tissue types and the low
bandwidth in the direction of phase-encoding in an EPI acquisition (Andersson et al.,
2003). As a result, fMRI images will not spatially align with structural images, which
do not suffer from geometric distortions and the true spatial location of BOLD signal
may not be accurate (Jezzard, 2012). This geometric distortion can be reduced by
acquiring two spin-echo EPIs (SE-EPI) with the same fMRI acquisition parameters but
opposite phase-encoding directions, resulting in opposite directions of distortion with
equal magnitude. The displacement field (Bo field) can be estimated from these blip-
up and blip-down images (phase-encode reverse pairs). This displacement field is
then applied using a least-squares method to reconstruct the distorted image
(Andersson et al., 2003). This method results in improved spatial selectivity of fMRI

activation due to the enhanced alignment between functional and structural images.

2.1.2.1.1.3 High-pass filtering and pre-whitening

Low-frequency drift is another type of structured noise introduced in fMRI data,
which may arise due to physiological properties and scanner hardware (Poldrack et
al., 2011). To remove this low-frequency signal from the data, high-pass filtering is
applied. However, the resulting fMRI timeseries are temporally autocorrelated, where
correlations increase as the temporal proximity of data points increases. This violates
assumptions of the general linear model (GLM) used to model the fMRI BOLD
response (see Section 2.1.2.2), in which data must not be correlated and variance
should be constant over time (Poldrack et al., 2011). Violating these assumptions can
introduce bias and increases the rate of false positives in the model. An approach to

remove temporal autocorrelation is to pre-whiten the fMRI data prior to the GLM
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analysis. Pre-whitening removes temporal autocorrelation related only to noise
rather than the fMRI signal of interest (Poldrack et al., 2011). This involves estimating
the structure of the correlated noise before running pre-whitening to remove this

from the GLM (Poldrack et al., 2011).

2.1.2.1.1.4 Spatial smoothing

High-frequency signals are also introduced within fMRI data which impacts
the SNR. To improve SNR, spatial smoothing is applied which removes high-frequency
information and blurs the fMRI images (Friston et al., 1995; Poldrack et al., 2011).
Smoothing also reduces the impact of individual variability of spatial locations across
participants at group-level analyses (Poldrack et al., 2011). A common method of
spatial smoothing involves convolution of the three-dimensional (3D) dataset with a
3D Gaussian filter. The amount of smoothing imposed by the filter is determined by
the width of the distribution at half of its maximum (full width at half-maximum;
FWHM). Too much spatial smoothing can lead to decreased detection of small clusters
of activation in analysis and therefore, it is recommended that a smaller level of
spatial smoothing (usually FWHM of twice the voxel dimensions) is applied (Poldrack

et al., 2011).

2.1.2.1.2 Motion correction

Motion correction removes the impact of participant head movement during
fMRI scans. Head movement can be problematic as it can result in a mismatch
between a voxel timeseries and the true voxel location in the brain. Stimulus-
correlated motion is particularly problematic as this may result in artefactual false-

positive activations (Hajnal et al., 1994).

Motion correction reduces the misalignment of voxel timeseries and location by
aligning each dynamic in a fMRI timeseries with a common reference image (usually
the middle time-point) using image registration. To compare the reference and target

image alignment, an affine rigid-body spatial transformation model is required to
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create parameter estimates for each timepoint. The displacement between target and
reference images is calculated using a cost function which measures the linear
relationship between target and reference images. Using this cost function, motion
parameters are estimated based on three translational axes (X, Y, Z), three rotational
axes (yaw, pitch, roll) and the similarity of intensities across images (Poldrack et al.,
2011). These transformations and interpolation are then applied to each voxel of the
original fMRI image to create a realigned timeseries (Poldrack et al., 2011). These
estimates can also be transformed to a temporal derivative of motion parameters,
which infer head displacement from time-point to time-point (Poldrack et al., 2011).
The sum of these results in an estimate of overall motion across time, denoted

Framewise Displacement (FD) (Power et al., 2012).

If there is excessive motion across an fMRI dataset, removal of the data should
be considered due to the impact on SNR and data quality. However, some strategies
may reduce the impact of this motion. For instance, FD can be input into a subsequent
GLM analyses to account for motion-related variance and model motion-related noise
within the data. However, careful assessment of motion regressors is also required as
the presence stimulus-correlated motion may result in the removal of task-related
signals as the model cannot distinguish between experimental and motion sources
(see Figure 2.6) (Poldrack et al., 2011). Finally, specific timepoints of FD over a certain
threshold can be identified and input into the GLM as a nuisance variable. This will
exclude timepoints associated with excessive movements, reducing the impact of

motion confounds in the model and the impact on data quality (Poldrack et al., 2011).
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Figure 2.6
(a) Motion plot with task-related motion peaks and (a) BOLD timeseries after motion

correction with task-related motion
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Note. FSL FEAT (Jenkinson et al., 2012) output for TSO7 blink (Chapter 5, Study 1). Figure 2.6a
shows framewise displacement at specific intervals across the scanning session (purple line),
aligning with the full model fit, based on task timings (green line), and the BOLD timeseries

(red line) in Figure 2.6b

2.1.2.1.3 Registration and spatial normalisation

For comparison or generalisation of fMRI data across subjects, individual fMRI
datasets can be spatially transformed from their native space into the same standard
space, such as the Montreal Neurological Institute (MNI) space. This involves co-
registration of a subject’s fMRI data to their skull-stripped anatomical image (e.g.
MPRAGE) using an affine transformation, which applies four linear transformations
across x-, y- and z-axes (transformations, rotations, zooms and shears) (Poldrack et al.,
2011). Following this, spatial normalisation and volume-based registration is
conducted using an affine linear registration to spatially align each fMRI dataset with
a standard space image (Poldrack et al., 2011). The registration of images to standard
space can then be visually examined to assess the success of the normalisation

process (see Figure 2.7).
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Figure 2.7
Example of an individual subject registration from (a) functional image to structural

image, (b) structural image to standard image, and (c) functional image to standard

image

Note. This output is taken from the registration output of Map03 (Chapter 5, Study 1),
analysed with the FMRIB's Software Library (FSL) FEAT programme (Jenkinson et al., 2012)
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2.1.2.2 General Linear Model (GLM)

Once pre-processed, individual denoised fMRI datasets are statistically analysed
to determine the voxels activated in response to the experimental stimuli. To do this,
the expected BOLD response can be modelled based on stimuli timings and compared
to BOLD time-series data (Smith, 2004). For this, a General Linear Model (GLM) is
commonly used; this models the BOLD signal time-series for a given voxel based on
one or more explanatory variables (Jenkinson et al., 2020; Poldrack et al., 2011) using

Equation 2.2.

Y=XB+ € (2.2)

where Y is the measured BOLD signal from one voxel, X is a regressor (e.g.
stimulus timing), B is the beta coefficient (scaling parameter for the regressor), and €
is the residual error variance (noise). For each voxel, the predicted response is scaled
by B to match the data until it results in minimal residual variance, i.e. the best fit

(Jenkinson et al., 2020).

2.1.2.2.1 Haemodynamic response function (HRF)

When modelling the expected BOLD response to a stimulus, the temporal nature
of the BOLD response must be considered (Glover, 2011). Although there is a localised
haemodynamic response, this is a relatively slow haemodynamic process that limits
the temporal resolution of fMRI (Poldrack et al., 2011). Where the neuronal response
to a stimulus lasts milliseconds, the BOLD signal is detected after a ~6-second lag with
an initial dip (due to initial oxygen consumption before increase in CBF and CBV),
followed by a peak after approximately 6 seconds due to an increase in CBF and CBV
which is greater than the CMRO; consumption (the stimulus response) (McRobbie et
al., 2017; Poldrack et al., 2011). This is followed by an undershoot of 15-20 seconds
before returning to baseline (Poldrack et al., 2011). This expected BOLD signal

response to stimulation is the HRF (see Figure 2.8).
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Figure 2.8

Haemodynamic response function

TP

ID PSU

Note. TP = time to peak, H = response height, W = full width at half maximum, ID = initial dip,

PSU = post-stimulus undershoot. Image based on Poldrack et al. (2011)

To accurately model the HRF, regressors are included in the GLM to reduce error
and improve the goodness-of-fit with the BOLD signal. For instance, the canonical HRF
is modelled with two gamma functions (double-gamma HRF) to more accurately
model characteristics of the BOLD signal: namely, the stimulus response and the
undershoot (Poldrack et al., 2011). Moreover, there are linear time-invariant
properties between the neural response and the BOLD signal. This means that neural
responses and BOLD signals are scaled by the same factor (or additive if stimuli occur
close in time) and are shifted in time by the same factor (Poldrack et al., 2011).
Therefore, the HRF can be convolved depending on stimulus strength, timings of
stimulus onset and duration to improve the fit of the model with the observed BOLD
data (Poldrack et al., 2011; Smith, 2004). This is illustrated in Figure 2.9, where
stimulus timings are used to convolve the HRF. However, there may be some
incidences where there are non-linear properties between the neuronal response and

the BOLD signal, which can be problematic for GLM assumptions of linearity (Poldrack
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et al., 2011). For instance, previous work has shown that a visual stimulus presented
for 1000 ms evokes only twice the BOLD response of a 5 ms stimulus, despite being
200x longer in duration (Yesilyurt et al., 2008). This nonlinearity also differs between
cortical regions (Soltysik et al., 2004). However, this can be controlled with careful
experimental design, for instance, ensuring tasks are at least 7 seconds long to
produce linear BOLD responses within the motor cortex (Soltysik et al., 2004).
Moreover, nuisance variables such as motion regressors can also be input into the
GLM to avoid error variance and artefacts introduced due to head movement
(described in Section 2.1.2.1.2 on motion correction) (Poldrack et al., 2011). These
allow for more accurate modelling of the HRF signal, therefore improving signal

detection.

Figure 2.9

Example estimation of the BOLD signal

v

Time

Note. Orange line depicts the haemodynamic response function convolved based on stimulus

strength, timings and duration (grey line)

2.1.2.3 Cluster-level inference

After pre-processing, first-level analyses are conducted using the GLM and
modelling each fMRI dataset’s BOLD signal change in response to a stimulus. If there
are multiple within-subject fMRI runs, these are averaged during second-level

analyses. From this, individual averaged datasets are assessed at the group level
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during a third-level analysis to assess the average BOLD response to a stimulus across

individuals and between groups. This is completed using a mixed-effects analysis.

Cluster-level inferences allow the identification of activated voxels which co-
occur together within a cluster. While voxel-level inferences are more spatially
selective, they are less sensitive than cluster-level inferences and cannot identify the
spatial extent of activations as brain regions activated during a task are larger than a
single voxel (Friston et al., 1994, 1996; Poldrack et al., 2011; Woo et al., 2014).
Moreover, fMRI data are spatially smoothed and oversampled during spatial
normalization which results in a spread of signal across several voxels. During cluster-
level analysis, clusters are created by first implementing an arbitrary cluster-forming
threshold to identify groups of contiguous voxels within statistical maps created after
first-/second-level analyses. Secondly, the significance of the cluster is determined by
measuring its size and comparing this to a critical cluster-size threshold (Friston et al.,
1994; Poldrack et al., 2011; Woo et al., 2014; Worsley et al., 1996). Familywise error
rates of the thresholded maps are also controlled (Poldrack et al., 2011). This analysis

results in group-level contrast images of significant cluster activation maps.
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2.2 Magnetic Resonance Spectroscopy

MRI can also be used to detect concentrations of chemical compounds in human
tissue. In vivo proton (*H)-MRS utilises NMR properties of protons to non-invasively

guantify levels of neuro-metabolites within a single voxel.

As discussed in Section 2.1.1, when a magnetic field is applied, protons precess
about the Bo axis at the same Larmor frequency depending on the gyromagnetic ratio
and magnetic field strength. However, there are discrete variations in the precession
frequency which are determined by the environment surrounding the proton nucleus
(Juchem & Rothman, 2014; Puts & Edden, 2012). An example of this is chemical shift.
This refers to the change in precession frequency of proton nuclei part of a chemical
compounds due to shielding of the B field by electrons in the surrounding molecular
structure (Juchem & Rothman, 2014). This causes differences in the magnetic field
experienced by a proton and the resultant Lamour frequency (Juchem & Rothman,
2014). This forms the basis of the MRS spectra, as chemical shifts result in an MR
frequency spectrum which relates to different neuro-metabolites, in the order of
parts per million (ppm). The amplitude of spectral peaks corresponding to each
chemical shift are proportional to the number of resonating protons (Juchem &

Rothman, 2014), allowing quantification of neuro-metabolites within a voxel.

Another factor influencing precession frequency is J-coupling. This describes the
influence of adjacent proton spins within the same molecule on the magnetic field
experienced by protons (Puts & Edden, 2012; Tognarelli et al., 2015). This coupling
causes measured signals to split into multiple sub-peaks (multiplets) with a lower
peak intensity and a dispersed profile along the spectrum (Puts & Edden, 2012). This
is the case for glutamate and GABA, which makes them more difficult to detect and
measure (Puts & Edden, 2012). However, this can be mitigated by using higher field
strengths, as the relative width of multiplets scales inversely with field strength,
causing tightening of the peaks (Puts & Edden, 2012). Furthermore, using MRS at 7T
has shown two-fold increases in SNR compared to 4T, with more precise neuro-

metabolite quantification (Tkac et al., 2009). Therefore, MRS at higher field strengths
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have the advantage of more precisely identifying and quantifying metabolites with

lower concentrations/J-coupling, such as GABA.

During an MRS sequence, after exciting protons with a brief RF pulse, relaxation
emits RF signals (Tognarelli et al., 2015). The measured signal (free induction decay)
undergoes Fourier transformation to create an MR spectrum (Figure 2.10), with
neuro-metabolites within a voxel separated according to their chemical shift and
plotted against their signal intensity (spectral peak) (Puts & Edden, 2012; Tognarelli
et al., 2015). Water suppression is also applied, as its presence in 70-85% of brain
tissue means that it holds the greatest signal the spectra and leads to distortions in
the baseline spectra (Tkac et al., 2021). Therefore, suppressing this water peak allows
for more accurate detection and reliable quantification of neuro-metabolites of
interest. The resulting spectra is used for quantification neuro-metabolite levels
within the voxel of interest, which can be normalised using a stable internal reference

metabolite, such as total creatine (Stagg, 2014).

66



Figure 2.10

Example (a) 1H MRS spectra, and (b) individual peaks
(A)
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Note. Figure from Chapter 1.1 - Basis of Magnetic Resonance, by C. Juchem and D. L.

Rothman, 2014, Copyright 2014 Elsevier, Inc. Figure reproduced with permissions
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2.3 Transcranial Magnetic Stimulation

Transcranial Magnetic Stimulation (TMS) is a method of non-invasive brain
stimulation with the capacity to modulate and measure neural processing and activity
(Pascual-Leone et al., 2000). TMS acts through Faraday’s principle of electromagnetic
induction (Maeda & Pascual-Leone, 2003), where passing an electrical current
through a coil of wire generates a magnetic field and can induce a secondary current
in a nearby conductor if this magnetic field is time-varying (Pascual-Leone et al.,
2000). TMS involves using a coil, within which are loops of copper wire. The discharge
of a large current through this copper wire induces a brief, but strong, time-varying
magnetic field perpendicular to the plane of the coil (Figure 2.11a), with a rise time
of ~0.1ms and field strength of ~2T (Maeda & Pascual-Leone, 2003; Rotenberg et al.,
2014). Upon placing this coil tangentially to the scalp and discharging an electrical
current, the resultant magnetic field passes through the scalp and skull to induce a
brief current parallel to the coil in the brain (Maeda & Pascual-Leone, 2003;
Rotenberg et al., 2014). This secondary current results in activation of neurons by
depolarising neuronal membranes to generate action potentials, activating the direct
site of stimulation or spreading to projection neurons which signal to the spinal cord

or other brain regions (Maeda & Pascual-Leone, 2003; Spampinato et al., 2023).

The depth of the TMS-induced current is limited to the first ~1.5-2cm of the
cortex due to an inverse exponential relationship between magnetic field power and
the distance from the original current (Daniela et al., 2018; Rotenberg et al., 2014).
As a result, TMS is used to stimulate cortical targets. Moreover, the strength and
specific localisation of the generated magnetic field, and therefore the focal point of
neuronal activation, is impacted by many characteristics such as coil shape. This can
be mitigated by using figure-eight coils, which combine two circular coils with current
flows in opposite directions (Miniussi & Rossini, 2011), creating two vortices which
merge at centre of the coil (Ueno & Sekino, 2021) (Figure 2.11b). These coils allow for
a stronger, more focal magnetic field than a circular coil alone, with a small figure-
eight coil thought to achieve spatial specificities of around 1-2 cm? (Rotenberg et al.,

2014).
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Figure 2.11
lllustration of (a) TMS coil with opposing current flow directions which cause (b) two

vortices of which merge at the centre of the coil

Note. Red area in 2.11b denotes the location of the peak magnetic field

However, the precise depth and focality of TMS are dependent on the TMS-
generated cortical electrical field (E-field) and influenced by numerous factors such as
coil orientation, pulse intensity, cortical target and individual anatomy, such as cortical
folding (Konakanchi et al., 2020; Numssen et al., 2023; Opitz et al., 2013). Although
this variability may be problematic for TMS targets within deeper regions and cortical
folds, TMS to the M1 is believed to exhibit more reliable specificity. For instance, E-
field modelling indicates that M1 TMS primarily focuses targets on the crown-lip of
the precentral gyrus, where muscle representations are located, at an optimal angle
of 45-degrees to the midline of the head (Janssen et al., 2015; Numssen et al., 2021;
Siebner et al., 2022). This is in line with previous evidence which has shown TMS
mapping can isolate single finger muscle representations (Numssen et al., 2021, 2023;
Ueno et al., 1990). However, E-field estimations are susceptible to orientation of
current, as cortical neurons stimulated in M1 are preferentially activated when the
induced current flows in the posterior-anterior direction (an orientation of 45 degrees

to the medial-sagittal plane of the head) (Di Lazzaro & Rothwell, 2014). As a result,
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M1 TMS to target specific muscle representations can be conducted with a relatively

high degree of spatial selectivity,

2.3.1 Primary motor cortex TMS

TMS to the M1 activates cortical interneurons and induces descending volleys in
pyramidal neurons. These project to the spinal cord and activate spinal motoneurons
(Figure 2.12a). If this activation is strong enough, these corticospinal volleys cause
motoneurons to fire, evoking involuntary muscle contractions (Di Lazzaro & Ziemann,
2013; Klomjai et al., 2015; Spampinato et al., 2023). TMS can induce these muscle
contractions throughout the contralateral side of the body depending on the discrete
cortical site stimulated, relating to the motor homunculus (see Figure 1.2). The
induced muscle contractions can be assessed by measuring the ensuing electrical
potentials called motor-evoked potentials (MEP; shown in Figure 2.12b). MEPs are
recorded with electromyography (EMG) using surface electrodes on the muscle in, for
example, a belly-tendon formation (see set up on hand in Figure 2.12a). Figure 2.12b
displayes the EMG trace of a TMS pulse discharging with a latency period before an
MEP, reflecting the conduction time between the TMS pulse to muscle response
(Spampinato et al., 2023). MEPs amplitudes are commonly measured from peak-to-
peak and are indicative of M1 broad corticospinal excitability encompassing circuitry
within the cortex, brainstem and spinal cord, with greater MEP amplitudes indicative

of greater corticospinal excitability (Polania et al., 2018; Spampinato et al., 2023).
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Figure 2.12

lllustration of (a) example TMS set up and (b) motor-evoked potential
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Note. The TMS coil is positioned over the left hemisphere motor cortex ‘hand area’ and EMG
electrodes (circles) are placed in a belly-tendon montage to target the right hand first dorsal
interosseous muscle (FDI). Active electrode = red, reference electrode = blue, ground

electrode = green. MEP = motor-evoked potential

2.3.2 TMS measures
2.3.2.1 Single-pulse TMS

Single-pulse TMS measures refer to protocols in which TMS pulses are triggered
in isolation and are separated by intervals of a few seconds. These measures are
typically used to measure corticospinal excitability at rest, however it must be noted
that these measures are also impacted by individual variability in neuroanatomical
structure and function, such as grey matter volume, functional connectivity between
premotor and motor cortices, coil to cortex distance and age (Rosso et al., 2017). This

section overviews the single-pulse TMS methods used in this thesis.
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2.3.2.1.1 Resting motor threshold

The resting motor threshold (RMT) is a single-pulse TMS measure used to
determine individual levels of corticospinal excitability. The RMT is described as the
lowest TMS intensity (the percentage of the maximum stimulator output; %MSO)
required to evoke an MEP response in the target muscle at rest, with a minimum peak-
to-peak amplitude of 50uv in ~5 out of 10 stimulation trials — lower RMT values are
indicative of greater excitability (Rossini et al., 2015). The RMT is thought to reflect
the excitability of a central pool of neurons under the focal point of the TMS coil and
their membrane excitability. This is because previous research has evidenced that
thresholds can be altered with administration of drugs that act upon sodium and
calcium channels which are present on cell membranes and regulate axon excitability

(Hallett, 2000; Hodgkin & Huxley, 1952; Ziemann, 2013).

2.3.2.1.2 1mV threshold

An additional marker of corticospinal excitability is the 1mV threshold (SI1mV).
This is the TMS intensity (%MSO) necessary to generate MEPs in the target muscle at
an amplitude of 1mV. This therefore requires a suprathreshold TMS intensity to evoke.
The SIImV is also used to indicate the intensity needed to generate 50% of the
maximum MEP response in an individual, or the midpoint of the input-output (10)
curve, discussed in Section 2.3.2.1.3 and shown in Figure 2.13 (Pitcher et al., 2015).
As higher stimulus intensities are required, SI1mV is believed to reflect wider cortical
excitability within a larger pool of neurons, which have greater activation thresholds

(Hallett, 2007; Siebner et al., 2009).

2.3.2.1.3 Input-output curve

The 10-curve is a measure of corticospinal excitability, using TMS intensities
adjusted in percentages surrounding the RMT (usually 100-150%RMT). By adjusting
stimulus intensities and measuring MEP responses for each intensity from the target
muscle, this results in a sigmoid-shaped curve between stimulus intensity and MEP

amplitude, illustrated in Figure 2.13 (Kemlin et al., 2019). The slope of this curve is
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used as an indication of wider corticospinal excitability of neurons further from the
centre of maximum activation, with steeper slopes reflecting greater levels of
excitability (Stagg et al., 2011). However, the specific mechanisms behind this

measure of corticospinal excitability are unclear (Hallett, 2000).

Figure 2.13
Input-output curve
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Note. MEP = motor-evoked potential, 10 slope = input-output curve slope, Max MEP =
maximum amplitude of the motor-evoked potential, SIImV = 1 mV stimulus intensity, %RMT

= percentage of resting motor threshold

Evidence has suggested that |10 curve slopes are reflective of M1 glutamatergic
activity and widespread glutamate concentration (Di Lazzaro et al.,, 2003). For
example, Di Lazzaro et al. (2003) demonstrated that with increasing ketamine dosage,
a drug that influences glutamatergic activity, individuals displayed increasing MEP
amplitudes. Moreover, a positive relationship has been exhibited between M1
glutamate concentration (measured with MRS) and 10 curve slopes, with individuals
displaying higher concentrations of glutamate demonstrating steeper |0 curves (Stagg

etal., 2011). This indicates that in regions of greater excitability, there are larger stores
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of pre-synaptic glutamate. In response to increasing TMS intensities, this pre-synaptic
glutamate is released and results in steeper |0 curve slopes. However, this has not
been replicated in recent research investigating associations between MRS and TMS
measurements, which failed to find an association between MRS-glutamate and 10
curve slopes with a greater number of participants (12 vs 27) (Dyke et al., 2017).
Despite this outcome, authors acknowledge the physiological complexities that 10
curves must consider; although steeper 10 curve slopes and amplitudes may reflect
greater corticospinal excitability, this does not necessarily signify increased outputs
of glutamate. Instead, it is speculated that 10 curve slopes may reflect the balance of

excitation and inhibition in M1 (Dyke et al., 2017).

2.3.2.2 Paired-pulse TMS

Paired-pulse TMS are used to measure aspects of cortical excitability. These
involve delivering two successive TMS pulses (a conditioning pulse followed by a test
pulse) which either inhibit or facilitate MEPs depending on the interstimulus intervals
(I1SI) and intensity of the conditioning pulse (Klomjai et al., 2015). Although there are
many paired-pulse TMS protocols that can give insight into inhibitory or faciliatory
cortical mechanismes, this thesis only used a SICI protocol in Chapter 6 (Study 1), due
to its ability to provide insight into GABAergic cortical inhibitory mechanisms (Kujirai

et al., 1993).

2.3.2.2.1 Short-interval intracortical inhibition

SICI is assessed using a subthreshold conditioning pulse 1-6 ms prior to a
suprathreshold (SI1mV or 120% RMT) pulse. This causes a reduction in the size of
MEPs and is thought to be induced by the inhibition of excitability in the motor cortex
(see Figure 2.14) (Kujirai et al., 1993; Nakamura et al., 1997). By comparing
unconditioned MEP amplitudes to conditioned MEP amplitudes, we can assess levels
of inhibition which are strongly suggested to reflect GABAa receptor-mediated post-
synaptic inhibition (Kujirai et al., 1993). This is supported with studies evidencing that

after administration of benzodiazepines that enhance GABAA receptor activity, SICl is
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significantly increased (Di Lazzaro et al., 2007; Di Lazzaro, Oliviero, et al., 2005; Di
Lazzaro, Pilato, et al., 2005; Di Lazzaro et al., 2006). However, SICI as a measure of
GABAergic activity is understood to be localized to phasic inhibition and the synaptic
level of neurotransmission, as no relationship has been demonstrated between SICI
and MRS-GABA (Dyke et al., 2017). While SICl is indicative of M1 phasic inhibition,
and MRS-GABA reflects extracellular pools of GABA and the overall inhibitory tone of
a region (Dyke et al., 2017; Stagg et al., 2011).

Figure 2.14

Short-interval intracortical inhibition
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Note. TP = test pulse, CP = conditioning pulse, MEP = motor-evoked potential

2.3.2.3 TMS motor mapping

As discussed in Section 2.3.1, TMS over the M1 can evoke muscle movement
throughout the contralateral side of the body depending on the specific motor
cortical area stimulated corresponding to the M1 homunculus. Representations of
muscles can be outlined and located using neuronavigated TMS and measuring

muscle responses with EMG (van De Ruit et al., 2015; van de Ruit & Grey, 2016;
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Wassermann et al., 1992; Wilson et al., 1993). By measuring the spread of

corticospinal excitability of a muscle we can create a cortical ‘map’ of activation.

TMS motor maps are thought to reflect the spatial distribution of pyramidal tract
neurons and represent the corticospinal excitability of the target muscle (Di Lazzaro
et al., 2008). Motor maps are created by evoking single pulses of TMS (above-
threshold) to pseudorandom coordinates of a pre-defined cortical region to induce
MEPs in the target muscle (Hamdy et al., 1998; van De Ruit et al., 2015). When
stimulating the cortex at the target muscle representation site, the target muscle will
show an MEP response, but the distribution of cortical activity will vary dependent
on the spatial location of the stimulation. For instance, MEP amplitudes will be larger
the closer they are to the ‘hotspot’ of muscle representation and are smaller the
further they are from this peak (Wassermann et al., 1992). Therefore, when multiple
sites within the cortical region for the target muscle are stimulated, with their spatial
coordinates and MEP responses recorded, a map of corticospinal excitability for the

muscle can be created (see schematic example in Figure 2.15) (Borghetti et al., 2008).
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Figure 2.15

Schematic example of a TMS map of corticospinal excitability
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Note. MEP = motor-evoked potential, mV = millivolt

Certain aspects of these TMS maps can be quantified for statistical comparison
and visualised on a map toillustrate the area of the muscle representation by showing
the spatial distribution of MEP responses, the ‘hotspot’ of activity and the centre of
gravity (COG) coordinates (Hamdy et al., 1998; Julkunen, 2014). The ‘hotspot’ is the
spatial site evoking the largest MEP response and is therefore likely the optimal
location of the target muscle in the cortex, whereas the COG is the average optimal
area of the muscle representation (Julkunen, 2014; Rossini et al., 2015). When
multiple muscles are evaluated, the Euclidean distances between hotspots or COG
coordinates of different muscles can additionally be calculated to determine the
degree of separation between representations and any spatial overlaps can be
determined using the Dice similarity coefficient (Dice, 1945). This provides a non-

invasive method of mapping motor representations in the M1.
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2.3.3 TMS neuromodulation

2.3.3.1 Repetitive TMS

While single- and paired-pulse TMS methods can evoke brief muscle responses,
repetitive-TMS (rTMS) is a method of neuromodulation with the potential to produce
relatively long-term responses by discharging repetitive TMS pulses at particular
frequencies (Hallett, 2000; Ridding & Rothwell, 2007). rTMS may induce enduring
effects by triggering excitatory or inhibitory-like mechanisms in neural synaptic
transmission; specifically, long-term potentiation (LTP) and long-term depression
(LTD) (Huang et al., 2005, 2011). LTP and LTD influence long-term plasticity through
different means; where LTP enhances, LTD weakens synaptic transmission/strength
(Bliss & Cooke, 2011; Kolb & Whishaw, 1998). It is proposed that these processes
operate through postsynaptic calcium ions (Ca?*). Where LTP is triggered by a
patterned influx of Ca?*, sustained levels of Ca?* slowly induce LTD (Huang et al., 2011;
Yang et al., 1999). While evidence of overall excitatory or inhibitory effects of rTMS
are highly variable (Fitzgerald et al., 2006; Huang et al., 2017), it is generally suggested
that low-frequency rTMS (< 1 Hz) diminishes cortical excitability, whereas high-

frequency rTMS (> 5 Hz) enhances cortical excitability (Klomjai et al., 2015).

2.3.3.2 Theta-burst stimulation

Theta-burst stimulation (TBS) is a patterned type of rTMS where 3-pulse bursts,
at a frequency of 50Hz, are delivered every 200ms. Intermittent TBS (iTBS) involves
delivering 20 cycles of 10 bursts (lasting 2 seconds) every 10 seconds and increases
M1 excitability (Suppa et al., 2016). iTBS is theorised to induce LTP-like facilitation of
excitability due to short bursts of stimulation and its intermittent nature, mimicking
the LTP temporal pattern of postsynaptic Ca?* influx and allowing for a rapid build-up
of excitation (Huang et al., 2011). Conversely, continuous TBS (cTBS) involves 100-200
bursts continuously for 20 seconds or more and decreases M1 excitability (Di Lazzaro
et al., 2008; Huang et al., 2005; Suppa et al., 2016). cTBS is thought to induce LTD-like
inhibition due to its continuous nature, allowing for a slow build-up of inhibition
(Huang et al., 2005). Consequently, iTBS may enhance M1 excitability by increasing
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the effectiveness of excitatory and inhibitory neurotransmission, whereas cTBS

reduces this effectiveness.

GABA and glutamate are proposed to be the main physiological drivers implicated
in the after-effects of TBS. Glutamatergic synaptic neurotransmission is mediated by
N-methyl-D-aspartate (NMDA) receptors and NMDA receptor antagonists have been
evidenced to block TBS after-effects, indicating that TBS acts through NMDA receptors
to enhance or hinder cortical excitability (Huang et al., 2007; Labedi et al., 2014).
Further supporting their role in TBS, NMDA receptors are also greatly implicated in
LTP and LTD processes due to their ability to initiate influxes of Ca?* (Huang et al.,
2007). Additionally, GABAa antagonists are demonstrated to enhance LTP in response
to excitatory stimulation in rat cortical tissue, supporting the notion that GABAergic
mechanisms are involved in TBS after-effects (Grover & Yan, 1999; Hess et al., 1996).
However, the precise physiological mechanisms that TBS acts upon are still unclear,
as after-effects are highly variable between individuals (Hamada et al., 2013; Suppa

et al., 2016).

2.3.3.2.1 iTBS-induced changes in MEP amplitudes

Many studies investigating M1 iTBS have demonstrated MEP amplitude and 10
curve slope increases in response to iTBS compared to sham stimulation, strongly
supporting its excitatory effect in M1 (Brownjohn et al., 2014; Hsieh et al., 2015;
Huang et al., 2005, 2007; Murakami et al., 2012; Nettekoven et al., 2014). Further
support has come from systematic reviews investigating the efficacy and temporal
nature of iTBS after-effects. Reviews have demonstrated that iTBS increases MEP
amplitudes for between 30-60 minutes post-stimulation (Chung et al.,, 2016;
Wischnewski & Schutter, 2015). Moreover, M1 iTBS has been evidenced to improve
recovery post-stroke and enhance motor learning mechanisms, giving it therapeutic
promise (Chen et al., 2019; Platz et al., 2018; Talelli et al., 2007). However, the extent
to which these therapetuic improvements are exclusively attributable to enhanced
iTBS-induced excitation is not clear, as this was not causally assessed. Although more

clarity is required on iTBS after-effects, this strongly indicates that iTBS can induce
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somewhat lasting, albeit short-term, excitation in the M1 and that it may have

therapeutic potential in motor recovery.

However, there is uncertainty about iTBS’s influence on wider cortical areas and
the notion of variability in response across individuals. For example, iTBS after-effects
are not localized to the stimulated region, with one study demonstrating significantly
facilitated MEP amplitudes in an adjacent cortical region relating to an adjacent
muscle after iTBS, with this muscle demonstrating significantly greater increases in
excitation compared to the targeted muscle (Morris et al., 2019). This suggests that
iTBS induces facilitation beyond the target site of stimulation. Moreover, great
variability is commonly observed in the response to iTBS, with many individuals
displaying unchanged, or even diminished, excitability (Hamada et al., 2013; Lépez-
Alonso et al., 2014). However, the influence of iTBS is generally stable within
individuals, with one study demonstrating consistency in iTBS after-effects across two
separate iTBS sessions in ~ 73% participants (Hinder et al., 2014). This indicates that
individual differences may be responsible for the high irregularity in response to iTBS,
however, it is unclear what these individual differences may be. Overall, this evidence
provides some support that iTBS produces a facilitatory effect on M1 cortical
excitability. However, it must be noted that activation is variable between individuals

and may induce changes in corticospinal excitability beyond the site of stimulation.

2.3.3.2.2 iTBS-induced changes in SICI

As discussed in Section 2.3.3.2, GABAAa receptors are understood to have a role in
LTP, as GABA antagonists are evidenced to enhance after-effects of excitatory
stimulation (Grover & Yan, 1999; Hess et al., 1996). This could indicate that GABAergic
mechanisms are diminished or disrupted to allow for increases in cortical excitability
and has been supported by animal research (Kozyrev et al., 2014, 2018). In human
research, this has also been evidenced by significantly reduced SICI inhibition after
excitatory rTMS (Peinemann et al., 2000; Quartarone et al., 2005; Wu et al., 2000).
Moreover, preliminary evidence has also indicated that excitatory rTMS can induce

reductions in MRS-GABA, suggesting tonic inhibition may also be reduced by
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excitatory stimulation (Grohn et al., 2019). However, others have demonstrated that
SICI remains stable following iTBS (Chung et al., 2016; Murakami et al., 2012; Tse et
al., 2018). This indicates that the influence of iTBS on M1 inhibitory circuits and

neurotransmission warrants further investigation.
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3. Chapter 3 - Investigating sensory phenomena and neurometabolites

in Tourette Syndrome

Key words: Tourette Syndrome (TS), typically developing (TD), temporal order
judgement (TOJ), amplitude discrimination (AD), magnetic resonance spectroscopy

(MRS), y-aminobutyric acid (GABA), glutamate (Glu)

3.1 Introduction

As discussed in Section 1.3.2, TS is a disorder associated with alterations in
sensory phenomena, some of which can cause great discomfort (Belluscio et al., 2011;
Cohen & Leckman, 1992; Cohen et al., 2013). These sensory abnormalities are evident
in interoceptive domains, such as urges preceding tics, and the self-reported
enhanced detection of internal stimuli, yet poor interoceptive accuracy in
quantitative testing (Eddy et al., 2014; Ganos, Garrido, et al., 2015; Rae, Larsson, et
al.,, 2019). This altered central processing and interoceptive awareness has been
proposed to underly the reported hypersensitivity to external stimuli (Schunke et al.,
2016). However, exteroceptive sensitivity evidence is limited to self-reported
hypersensitivity to external stimuli without great investigation into quantitative
sensory thresholds. For example, at the time of writing, only three studies have
published quantitative tactile sensory testing in 19, 14 and 23 participants with TS
and have yielded mixed results. Specifically, while one study has evidenced poorer
tactile detection thresholds and less susceptibility to ‘adapting’ amplitude
discrimination stimuli compared to TD controls (Puts et al., 2015), others have found
no evidence of altered quantitative tactile sensory thresholds in TS (Belluscio et al.,
2011; Schunke et al., 2016). As a result, further investigation is necessary to
determine if this reported hypersensitivity is inherent in TS due to central processing

deficits.
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As proposed in Section 1.2.1.2, sensorimotor inhibition (specifically, GABA) is
thought to play a role in fine-tuning activity and enhancing acuity of cortical neurons
and is associated with greater detection of somatosensory stimuli and their features
(Cassady et al., 2019; Hicks & Dykes, 1983; Kaneko & Hicks, 1990; Kolasinski et al.,
2017). This is supported by evidence in TD populations, as greater levels of S1 and
sensorimotor GABA are associated with greater sensorimotor performance.
Specifically, lower thresholds are evidenced for frequency discrimination (Mikkelsen
et al., 2018; Puts et al., 2011, 2015; Puts, Wodka, et al., 2017), static temporal order
judgement (TOJ; Kolasinski et al., 2017) and amplitude discrimination tasks
(Mikkelsen et al., 2018), with less susceptibility to adaptation effects (Puts et al.,
2015). Moreover, this pattern is seen in disorders associated with abnormal
sensorimotor GABA, such as FHD and ASD, with evidence of increased temporal and
spatial detection and discrimination thresholds compared to TD controls (Antelmi et
al., 2017; Bara-Jimenez et al., 2000; Bara—Jimenez et al., 2000; Puts, Wodka, et al.,
2017). Moreover, in ASD, there is also evidence of impairments in amplitude
discrimination and reduced susceptibility to adapting stimuli (Puts et al., 2014). There
is also some evidence to suggest that individuals with ASD seem to be immune from
the detrimental effect of persistent background (carrier) stimuli on TOJ thresholds
(cTOJ). It was demonstrated that while individuals performed significantly worse in
TOJ and cTOJ tasks compared to the TD group, the ASD group showed comparable
thresholds across conditions while TD group had significantly worse thresholds from
TOJ to cTOJ tasks (Tommerdahl et al., 2008). A similar pattern has been demonstrated
in ADHD, a common comorbidity in TS, where TOJ performance is poorer in
comparison with a TD control group, yet cTOJ performance is comparable across
groups, suggesting that the carrier effect may be stronger in TD populations (Puts,
Harris, et al., 2017). This provides strong support for the notion that GABAergic

inhibitory mechanisms have a role in sensory processing of sensory stimuli.

As TS is associated with abnormal inhibitory processes (see Section 1.3.1), it is
proposed that somatosensation will be less efficient, due to reduced fine-tuning of

cortical activity, surround inhibition, receptive field acuity of cortical neurons, and less
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integration across sensorimotor networks (Kolasinski et al., 2017; Cassady et al., 2019;
Kaneko & Hicks, 1990; Hicks & Dykes, 1983). This means that detection of sensory
stimuli and their features will be less precise. However, the notion that abnormalities
in cortical inhibition is an inherent feature of TS is still widely debated. As discussed
in Section 1.3.1.2, while SICl is consistently shown to be reduced in adults with TS
(Heise et al., 2010; Orth, 2009; Orth et al., 2005, 2008; Ziemann et al., 1997), there
has been mixed evidence when assessing MRS-GABA across the SMA, sensorimotor
and premotor cortices (He et al., 2022; Mahone et al., 2018; Puts et al., 2015; Tinaz
et al., 2014). Despite questions into the inherent nature of GABA in TS, lower MRS-
GABA levels in the SMA and sensorimotor cortices of children and adolescents with
TS have shown significant associations with more severe experiences of sensory
phenomena such as premonitory urges and motor tic severity (Draper et al., 2014; He
et al., 2022; Puts et al., 2015). This relationship is also evident with reduced SICl in
adults and adolescents with TS, who demonstrate more severe motor tics and
symptoms of ADHD (Batschelett et al., 2023; Gilbert et al., 2004, 2005). This suggests
that, while quantitative measures of GABA and inhibition within cortical motor
regions are greatly variable and may not differ between TS and TD populations, these

may be related to individual tic phenomenology and sensory experiences in TS.

However, although GABAergic inhibition may be related to symptomology of TS
such as tic severity and premonitory urge severity, its relationship to quantitative
sensory processing in TS are unclear. Despite previous investigations showing that TS
participants exhibit poorer tactile detection thresholds and reduced susceptibility to
adaptation effects compared to TD controls, in tasks associated with GABAergic
inhibition, frequency discrimination and adaptation effects were only significantly
related to TD control group MRS-GABA levels (Puts et al., 2015). However, this may
instead reflect the inability of MRS to reveal the complexities of GABAergic
mechanisms. While these sensory tasks are likely to reflect inhibitory features of
cortical neurons, such as surround inhibition and feedforward inhibition, MRS as a
measurement tool cannot capture these discrete processes, only the ‘bulk’ within a

region (Puts et al., 2015; Tommerdahl et al., 2019). An alternative view is that instead,
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both excitation and inhibition within TS have roles in sensory processing and symptom
phenomenology. For example, glutamate measured with MRS (MRS-Glu) is increased
in TS compared to TD population (Mahone et al., 2018). Moreover, greater MRS-Glu
levels are associated with improved behavioural performance in TS, specifically motor
selective inhibition (the ability to inhibit prepotent movements; Mahone et al., 2018).
Additionally, TMS-measures of M1 cortical excitability (associated with motor tic
severity) were inversely related with MRS-GABA concentrations in the SMA of
adolescents with TS (Draper et al., 2014). As a result, both excitatory and inhibitory
neurometabolites warrant further investigation into their potential role in tactile

sensory functioning and symptomology in TS.

3.1.1 Aims

Study 1 aimed to conduct quantitative sensory testing to identify any significant
differences in quantitative tactile sensory thresholds between TS and TD control
groups. It was hypothesised that measured thresholds would be higher in TS groups
due to the proposed disruption of GABAergic inhibition inherent in TS. Moreover, it
was predicted that adaptation would worsen amplitude discrimination and TO)
thresholds in the TD group only, and the TS group would show reduced susceptibility
to adaptation effects compared to TD controls, as shown in Puts et al. (2015).
Moreover, it was hypothesised that TS participants would also show reduced
susceptibility to the detrimental effect of a carrier stimulus on TOJ thresholds, as
shown in ASD and ADHD populations (Puts, Harris, et al., 2017, Tommerdahl et al.,
2008).

Finally, Study 2 used *H-MRS to investigate neurometabolite levels in a subset of
adults with TS and TD controls with the aim of assessing levels of sensorimotor MRS-
GABA and -Glu between groups. It was predicted that MRS-GABA would be
significantly lower and MRS-Glu significantly higher in the TS group compared to TD
controls. Moreover, self-reported interoceptive and exteroceptive awareness
questionnaires were completed to identify any differences between groups, with the

hypothesis that TS participants would show higher scores, reflecting hypersensitivity
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to internal and external stimuli compared to TD controls. Quantitative sensory
thresholds were also taken to allow for the assessment of any correlations between
somatosensory processing and sensorimotor MRS-GABA and -Glu in each group, with
the addition of tic phenomenology (urge and tic severity scales) in the TS group.
Relationships were assessed between MRS-GABA and -Glu with interoceptive and
exteroceptive sensitivity for each group to identify any relationships with self-
reported measures of sensory processing. For quantitative sensory testing, it was
predicted that, in each group, greater MRS-GABA concentrations would be associated
with lower sensory thresholds (better performance). Additionally, TS participants
were hypothesised to show significant relationships between MRS-GABA, -Glu and tic

phenomenology, such as tic severity and urge severity.
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3.2 Study 1: Quantitative Sensory Testing in TS and TD controls
3.2.1 Methods
3.2.1.1 Participants

Twenty-seven patients with TS and 29 TD control participants completed
guantitative sensory testing. Participants were recruited through convenience
sampling of those taking part in studies outlined in Chapter 3 (Study 2), Chapter 4 and
Chapter 5. Demographics of this group are shown in Table 1. Two-tailed Mann-
Whitney U tests showed no significant differences between age (U = 381, p = 0.870)
and sex (X? (1, N=56)=0.351, p = 0.554) between groups (descriptives shown in Table
3.1).

Table 3.1

Demographics of TD and TS Groups in Study 1

Group N Age Sex
D 27 30.0 (+1.4) 10 male, 17 female
TS 29 30.5 (+1.4) 12 male, 17 female

Note. TD = Typically developing control group, TS = Tourette Syndrome group, N = number of

participants, mean (+standard deviation)

Participants gave informed consent, and ethics were approved by the local ethics
committee (School of Psychology, University of Nottingham: S1500). No participants
in the TD group were taking CNS-active drugs and were free from any mood or
neurological illness during the experimental timeline. All medications and clinical
scores for the TS group are displayed in Appendix A.1. All TD and TS participants were
screened prior to participation to assess MR safety and tic phenomenology, to ensure

low tic severities, especially with head and facial tics, which may impact subsequent
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MR quality. All participants were right-handed, as assessed by the Edinburgh
handedness questionnaire (Oldfield, 1971).

3.2.1.2 Clinical measures in TS participants

3.2.1.2.1 Yale Global Tic Severity Scale

The Yale Global Tic Severity Scale (YGTSS) is a clinician-administered structured
interview which measures tic severity across motor and vocal tics within the last
week. Tic severity is evaluated across subscales which assess multiple domains of tic
phenomenology, specifically the number, frequency, intensity, complexity and
interference of motor and phonic tics separately (Leckman et al., 1989) Each subscale
is scored on a 6-point Likert scale, from O (none) to 5 (severe). This is followed by a
separate item assessing overall impairment (across both motor and phonic tics) and
is scored out of 50. Validation of the YGTSS has shown good internal consistency,
stability and discriminant validity (Haas et al., 2021; Leckman et al., 1989; Storch et
al., 2005). All scores can be summed to create a global severity score, but separating
scores into motor, phonic and impairment subscales show greater insight into tic

symptomology (Haas et al., 2021).

3.2.1.2.2 Premonitory Urge for Tic Disorders Scale — Revised

The Premonitory Urge for Tic Disorders Scale — Revised (PUTS-R) is a 24-item self-
report scale assessing the urge-like feelings that may be experienced by an individual
prior to a tic (Baumung et al., 2021). Items include the statement ‘Right before | do a
tic...” and assess different urge severity and urge qualities that may be experienced,
such as feeling pressure, energy, or sensations similar to an itch prior to a tic. Each
item is marked on a 5-point Likert scale, from 0 (not at all) to 4 (very much) and
summed to create a final score of up to 96 with higher scores reflecting greater
severities of premonitory urge experience. The original PUTS scale has shown to have
good reliability, convergent validity, internal consistency and temporal stability

(Woods, Piacentini, et al., 2005). The revised PUTS-R scale also shows good
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discriminate validity, with greater internal consistency in children than the original
PUTS scale (Baumung et al.,, 2021). Moreover, PUTS scores may give insight into
interoceptive awareness, as greater PUTS scores have shown significant associations
with interoceptive awareness assessed by self-reported internal sensitivity and

heartbeat counting tasks (Ganos, Garrido, et al., 2015; Rae, Larsson, et al., 2019).

3.2.1.3 Tactile quantitative sensory tests

Quantitative sensory testing was conducted using the Brain Gauge 2-point
vibrotactile stimulator (Cortical Metrics, USA; Tommerdahl et al., 2019). The
computer-mouse-shaped device contains two round probes (5mm diameter)
positioned at the top of the device that deliver vibrotactile sinusoidal stimuli.
Participants were instructed to place the tips of their left-hand (non-dominant) index
(D2) and middle (D3) finger on the device. This device is controlled via USB interface
connection to a MacBook Pro (13-inch screen), where instructions were displayed on
the Brain Gauge app for participants to follow for each test battery. Participants were
instructed to use a computer mouse with their right hand (dominant) to navigate the

Brain Gauge interface and select items on the screen.

Each battery involved a practice task with feedback and participants were
instructed to make a best guess if they were unsure of an answer throughout, with
no time limits on responses. The Brain Gauge system is automated via a two-
alternative forced-choice (2AFC) step-wise tracking system which calculates individual
thresholds by varying the task variables (e.g. amplitude, interstimulus interval; ISI)
depending on which task is being presented and the previous participant response.
For instance, if an individual responded to a TOJ trial correctly, the ISI was reduced.
This occurs until the participant can no longer distinguish between stimuli as their

sensory threshold is reached.
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3.2.1.3.1 Amplitude discrimination

Amplitude discrimination involves asking participants to compare two 25Hz
stimuli based on their amplitude (intensity) starting at 400um across 20 trials
(adjusting by 20 um depending on correct/incorrect answer). Stimuli were either
presented sequentially, simultaneously or with a conditioning stimulus presented to
one digit before simultaneous stimuli (single-site adaptation). Thresholds for each
variation were calculated as the smallest difference detected between amplitudes
(measured in um) across trials, with an additional percentage calculated reflecting the
percent change in threshold between simultaneous and SSA conditions. Amplitude
discrimination paradigms are thought to reflect levels of surround inhibition (Puts et

al., 2017).

3.2.1.3.2 Simultaneous amplitude discrimination

Simultaneous amplitude discrimination (simAD) was assessed by presenting two
vibrating stimuli of different amplitudes to D2 and D3 for 500ms at the same time
(Figure 3.1a). Participants were instructed to select which side had a larger/stronger
amplitude. Due to technical problems, three TS participants did not complete the
simAD task and one TD control participant’s threshold was removed from analysis as
these were 1.5x the inter-quartile range (IQR) above the third quartile (TD N = 28, TS
N = 24).

3.2.1.3.3 Sequential amplitude discrimination

Sequential amplitude discrimination (seqAD) was assessed by presenting a
vibrating stimulus to D2 for 500ms with a 500ms ISI, followed by a vibrating stimulus
of a different amplitude to D3 for 500ms (Figure 3.1b). Participants were instructed
to choose which side had a larger/stronger amplitude. Due to technical problems, two
TS participants did not complete the seqAD task and one TS participant’s data was
removed from subsequent analysis as it was 1.5x the IQR above the third quartile (TD

N =29, TS N = 24).
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3.2.1.3.4 Single-site adaptation amplitude discrimination

Single-side adaptation (SSA) involved presenting a conditioning stimulus to one
digit for 1000ms, before immediately presenting two vibrating stimuli of different
amplitudes to D2 and D3 for 500ms at the same time (Figure 3.1c). Participants were
instructed to ignore the conditioning stimulus and to select which side had a
larger/stronger amplitude. The adapting stimulus leads to a decrease in the ability of
a participant to distinguish between the two stimuli, proposed to be due to the
adapting stimulus causing reduced responsivity and tuning of cortical neurons to the
subsequent test stimuli (Kohn & Whitsel, 2002; Tannan et al., 2007). Due to technical
problems, six TS participants and four TD control participants did not complete the
SSA task and one TS participant’s data was removed from subsequent analysis as it

was 1.5x the IQR above the third quartile (TD N = 25, TS N = 20).
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Figure 3.1
Protocol for (a) simultaneous, (b) sequential, (c) single-site adaptation amplitude

discrimination tasks
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Note. IS| = inter-stimulus interval. Left and right refers to each probe — digit 2 of the left hand
is placed over the left probe and digit 3 of the left hand is placed over the right probe. Figure
adapted based on parameters from Brain Gauge User Manual

(https://downloads.corticalmetrics.com/support/Brain_Gauge_MD_User_Manual.pdf)
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3.2.1.3.5 Temporal order judgement

The static TOJ task assesses whether participants can correctly distinguish the
temporal order of two stimuli. Two ‘pulse’ stimuli are delivered to each probe
asynchronously with a varying ISls (starting at 150ms and adjusted by 15% based on
correct/incorrect responses for 20 trials; Figure 3.2a). Participants were instructed to
select whether they felt the first stimulus on the left or the right digit. TOJ is calculated
as the shortest ISI (in ms) needed for both stimuli to be distinguished as separate and
is thought to reflect inhibitory interneuron functioning and their role in sharpening of
temporal processing of stimuli in S1 (Antelmi et al., 2017; Rocchi et al., 2016). Due to
technical problems, one TS participant did not complete the TOJ task and two TS and
four TD control participant’s data was removed from subsequent analysis as these

were 1.5x the IQR above the third quartile (TD N =25, TS N = 24).

3.2.1.3.6 Temporal order judgement with carrier

The cTOJ task is identical to the TOJ task, with the addition of a continuous
vibrating stimulus delivered to both probes during the time that both stimuli are
presented (Figure 3.2b). Like with TOJ, cTOJ is calculated as the shortest ISI (in ms)
necessary for both stimuli to be distinguished as separate. Delivery of this carrier
vibration has previously been shown to significantly increase TOJ thresholds in TD
controls, as individuals find it more difficult to distinguish the temporal order of the
test stimuli (Tommerdahl et al., 2007, 2008). This is thought to be a stimulus-driven
synchronisation effect, where the synchronous conditioning stimulus entrains the
cortical activity relating to D2 and D3, making it more difficult to temporally separate
the input of each digit (Tommerdahl et al., 2008). As a result, stimuli input to each
digit is perceptually harder to separate. For this task, two values are calculate; the
cTOJ threshold and percent change when compared to TOJ thresholds. Due to
technical problems, two TS participants and one TD control participant did not
complete the TOJ task and four TS and three TD control participant’s data was
removed from subsequent analysis as these were 1.5x the IQR above the third

quartile (TD N =25, TSN = 21).
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Figure 3.2

Protocol for (a) static, (b) carrier temporal order judgement task
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Note. IS| = inter-stimulus interval. Left and right refers to each probe — digit 2 of the left hand
is placed over the left probe and digit 3 of the left hand is placed over the right probe. Figure
adapted based on parameters from Brain Gauge User Manual

(https://downloads.corticalmetrics.com/support/Brain_Gauge_MD_User_Manual.pdf)

3.2.1.3.7 Adaptation and carrier effects

Percentage change between simAD and SSA thresholds and TOJ and cTOJ
thresholds were also calculated to assess adaptation and carrier effects. Any datasets
that exceeded 1.5x the IQR above the third quartile were removed from subsequent
analyses, including one TD participant for the adaptation effects (TD N =20, TS N =
25) and three TD participants for carrier effects (TD N =22, TS N = 28).
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3.2.1.3.8 Statistical analysis

To assess TS and TD group differences in amplitude discrimination thresholds
(simAD, seqAD, SSA) and temporal order judgement thresholds (TOJ, cTOJ), one-tailed
independent t-tests were conducted. To assess within-group differences between
simAD and SSA thresholds, and TOJ and cTOJ thresholds, one-tailed paired t-tests
were conducted for the TD group and two-tailed paired t-tests were conducted for
the TS group. One-tailed independent t-tests were also performed to identify
between group differences in the percentage change between adaptation and carrier

effects.

Where normality assumptions were not met, independent t-tests were replaced
by Mann Whitney-U tests and paired t-tests were replaced by Wilcoxon signed-rank
tests. Bayesian statistics were implemented alongside traditional inferential statistics
in order to quantify the strength of support for the null hypothesis (Hp) or alternative
hypothesis (H:). A Bayes factor of 10 (BF10) was used with a Cauchy distribution with
a scale of y = 0.707 used as the prior distribution (Rouder et al., 2009; Schénbrodt &
Wagenmakers, 2018). Interpretation of BFio values is shown in Table 3.2. All statistical

analyses were conducted using jamovi (v 2.3.28; jamovi.org).
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Table 3.2

Interpretation of BFio values

BF,, Interpretation

>100 Extreme evidence for H,

30-100 | Very strong evidence for H,

10-30 Strong evidence for H,

3-10 Moderate evidence for H,

1-3 Anecdotal evidence for H,

1 No evidence

0.33-1 | Anecdotal evidence for H,

0.1-0.33 | Moderate evidence for H,

0.03-0.1 Strong evidence for H,

0.01-0.03 | Very strong evidence for H,

<0.01 Extreme evidence for H,

Note. BF1o= Bayes Factor 10, H; = alternative hypothesis, Hp = null hypothesis. Figure based

on values from Schonbrodt & Wagenmakers (2018)

3.2.2 Results

Means and standard deviations of thresholds for amplitude discrimination and

TOJ tasks are shown in Table 3.3.
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Table 3.3

Means and standard deviations for amplitude discrimination and temporal order judgement tasks for TD and TS groups in Study 1

Amplitude discrimination thresholds (um) Temporal order judgement thresholds (ms)
Group Sequential Simultaneous v Single-site adaptation ] Adaptation effect (%) Static * i Carrier * Carrier effect (%)
TD 48 (+27.8) 48.9 (+23.9) 71.8 (+25.7) 75.5% (+101%) 22.7 (+6.22) 42.6 (1+36.4) 117.2% (+215%)
TS 53.2 (+30) 57.5(+23.2) 95 (+64.2) 87.9% (+146%) 28 (+10.9) 46.1 (+21.3) 92.2% (+123%)

Note. TD = Typically developing control group, TS = Tourette Syndrome group, mean (+standard deviation). * = p < 0.05, 1 = anecdotal evidence for the

alternative hypothesis, 11 = moderate evidence for the alternative hypothesis
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3.2.2.1 Amplitude discrimination

Group means and standard deviations are shown in Table 3.3 and Figure 3.3.
SeqAD thresholds were also not significantly different between groups (U =323, p =
0.331), with Bayesian statistics suggesting anecdotal evidence for the null hypothesis
(BF10=0.476). SimAD thresholds were also not significantly different between TS and
TD groups (t(50) = -1.324, p = 0.096), with Bayesian statistics suggesting anecdotal
evidence for the alternative hypothesis (BFio = 1.01). SSA thresholds were not
significantly different between groups (t(32.9) =-1.649, p = 0.054). However, Bayesian
statistics suggest anecdotal evidence for the alternative hypothesis (BFip = 1.36).
Overall, this suggests that although mean amplitude discrimination thresholds were
greater in TS group compared to TD controls, these differences were not significantly
different, with only anecdotal evidence for the alternative hypothesis in simAD and

SSA thresholds when assessed with Bayesian statistics.
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Figure 3.3
Mean and standard deviations (error bars) of amplitude discrimination thresholds for
sequential, simultaneous and single-site adaptation tasks in TD and TS groups
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Note. um = micrometres, TD = typically developing control group, TS = Tourette Syndrome
group. T = anecdotal evidence for the alternative hypothesis. Group differences are non-

significant (p > 0.05)

3.2.2.2 Temporal order judgement

TOJ thresholds were significantly greater in TS group compared to TD controls,
meaning TD control participants were better at judging the temporal order of stimuli
at smaller timings between stimuli presentation (U = 210, p = 0.036). Bayesian
statistics show moderate evidence for alternative hypothesis (BFio = 3.01). Moreover,
cTOJ thresholds were significantly greater in TS group compared to TD controls (U =
187, p = 0.049), however Bayesian statistics suggest anecdotal evidence for the null

hypothesis (BFip = 0.401). As a result, TOJ thresholds are significantly different for
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both TOJ and cTOJ tasks between TS and TD groups, with TS group showing
significantly greater thresholds (worse performance) compared to TD controls.
However, this is only supported by Bayesian statistics for TOJ alone. Group means and

standard deviations are shown in Table 3.3 and Figure 3.4.

Figure 3.4
Mean and standard deviations (error bars) of temporal order judgement thresholds

for static and carrier tasks in TD and TS groups
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3.2.2.3 Adaptation and carrier effects

In the TD group, one tailed paired t-test identified a significant difference was
found between mean simAD and SSA thresholds; t(19) = -2.44, p = 0.012. Bayesian

statistics showed moderate evidence for the alternative hypothesis (BFip = 4.81). For
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the TS group, a two-tailed paired t-test also revealed a significant difference between
mean simAD and SSA thresholds; t(23) = -2.52, p = 0.019. Bayesian statistics also
provide moderate evidence for the alternative hypothesis (BFio = 5.58). This
demonstrates that thresholds were significantly increased after adaptation amplitude
discrimination tasks for both TD and TS groups. Adaptation effects for each group
were also assessed with a one-tailed Mann-Whitney U test. The difference between
adaptation effects did not significantly differ between TS and TD control groups (U =
246, p = 0.464), suggesting comparable adaptation effects across groups. Bayesian
statistics provide anecdotal evidence for the null hypothesis (BFio = 0.239). Means

and standard deviations shown in Table 3.3 and Figure 3.5.

In the TD group, a one-tailed paired Wilcoxon signed-ranks test demonstrated a
significant difference between mean TOJ and cTOJ thresholds; W = 45.5, p = 0.024.
Bayesian statistics show anecdotal evidence for the alternative hypothesis (BFio =
2.54). For the TS group, a significant difference between TOJ and cTOJ thresholds was
also identified after a two-tailed paired t-test; t(20) = -3.70, p = 0.001. Bayesian
statistics provided very strong evidence for the alternative hypothesis (BFio = 53.18).
This demonstrates that temporal order thresholds were significantly worse in the
carrier condition for both TD and TS groups. To assess any differences in carrier effects
between groups, a one-tailed Mann Whitney-U test was conducted. Carrier effects
did not significantly differ between TS and TD control groups (U = 297, p = 0.588),
suggesting comparable carrier effects were present across groups. Bayesian statistics
provide anecdotal evidence for the null hypothesis (BFi1o = 0.431). Group means and

standard deviations are shown in Table 3.3 and Figure 3.5.
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Figure 3.5
Mean and standard deviations (error bars) of the (a) adaptation effect and (b) carrier

effect in TD and TS groups
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3.2.3 Discussion

Sensory processing abnormalities are thought to be inherent in TS. However,
exteroceptive domains of sensation have not been widely investigated, despite many
reports of abnormalities in the processing of external stimuli (see Section 1.3.2). As
a result, Study 1 aimed to assess tactile quantitative sensory testing in a TD group and
TS group in a larger cohort than previous research, which have provided mixed results
(Puts et al., 2015; Schunke et al., 2016). It was predicted that individuals with TS
would display greater amplitude discrimination and TOJ thresholds, indicating worse
somatosensory performance and reduced ability to detect discrete
amplitude/temporal differences in vibrotactile stimuli. Overall, it was demonstrated
that although mean amplitude discrimination and TOJ thresholds were higher in the
TS group compared to the TD group, only TOJ and cTOJ thresholds were significantly
higher in the TS group compared to the TD group. However, Bayesian inference
provided anecdotal evidence for higher simAD and SSA and TOJ thresholds in the TS
group compared to the TD group, with cTOJ and seqAD showing no support for
differences between groups. This provides some support that there are some
abnormalities in the central processing of external tactile stimuli within TS, pointing

toward abnormalities in inhibitory functioning in TS.

Moreover, it was hypothesised that effects of an adapting stimulus would
increase amplitude discrimination thresholds in both groups, but that the adaptation
effect would be greater in the TD group compared to the TS group. This pattern was
also hypothesised for the TOJ task, where a carrier stimulus would increase TOJ
thresholds in both groups, but the carrier effect would be greater in TD controls.
While it was confirmed that both groups demonstrated significant increases in
amplitude discrimination and TOJ thresholds with adaptation and carrier stimuli,
supported by Bayesian inference, there was no significant difference between
adaptation or carrier effects between groups. This infers that both groups showed
comparable levels change in their thresholds, suggesting those with TS are not any

less susceptible to adaptation and carrier effects.
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Similarities between adaptation and carrier effects could indicate that the cortical
mechanisms that provide the optimal conditions for the induction of adaptation and
carrier effects in TD controls are no different in TS. For example, previous evidence
has attributed abnormalities in adaptation effects to abnormalities in sensory gating,
adaptive modulation of sensory signals and the tuning of cortical neurons (lsaacs &
Riordan, 2020; Puts et al., 2015). Moreover, abnormalities in carrier effects have been
attributed to the disrupted synchronisation of neurons and activity within the
somatosensory system (Tommerdahl et al., 2008). However, as the synchronisation of
cortical activity and tuning of cortical neurons are thought to reflect GABAergic
inhibitory processes, this could suggest that intracortical GABAergic inhibition may

not be disrupted in TS.

Alternatively, adaptation and carrier effects may not be related to inhibitory
processes in TS. For example, previous findings of abnormalities in adaptation effects
in children with TS also demonstrated that adaptation effects were not significantly
related to MRS-GABA, whereas these were significantly correlated in the TD control
group (Puts et al., 2015). Authors suggested that the TS group may instead use
alternative strategies for tactile discrimination and synchronisation of cortical activity
that are not reliant on inhibitory mechanisms. Moreover, while abnormalities in
adaptation were significantly different between children with TS and healthy controls
in Puts et al. (2015), this was not found in the current study in adults for adaptation
of carrier effects. Therefore, this may reflect a compensatory strategy for tactile

discrimination in TS, which becomes more efficient across the lifespan.

Additionally, the absence of adaptation and carrier effects may also be related to
a specific of comorbidities in the TS sample used in this study. For example, sensory
abnormalities have also been demonstrated in samples with ADHD and ASD (Puts et
al., 2017; Tommerdahl et al., 2008), which are common comorbidities in TS. However,
comorbidities were not controlled when assessing adaptation and carrier effects in
this sample, so it is unclear if individuals with ADHD/ASD comorbidities show less

susceptibility to these effects. However, Puts et al. (2015) assessed their sample of
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individuals with TS without comorbidities and found no significant difference in
adaptation scores between individuals with and without ADHD. This suggests that
abnormalities in adaptation effects are similar across children with TS who are

diagnosed with and without ADHD.
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3.3 Study 2: MRS-GABA and MRS-Glu in TS and their relationships with
sensory phenomena

3.3.1 Methods

3.3.1.1 Participants

To determine if there was sufficient power to identify correlations between MRS
neurometabolite concentrations and sensory processing or tic/urge phenomenology,
a power analysis was conducted (G*Power; Faul et al., 2007), using the resulting r
values from correlation analyses conducted in Puts et al. (2015). This research
identified significant relationships between sensorimotor MRS-GABA and tactile
thresholds in a TD control group (sequential frequency discrimination: r = -0.58;
adaptation effect: r = -0.44) and tic severity scores (r = -0.55) in a group of children
with TS. As a result, to detect a large effect sizes (r = 0.5) with a bivariate correlation
analysis, group sample sizes of 24 (one-tailed) or 30 (two-tailed) would be sufficient
to yield statistical power of at least 0.80 with an alpha of 0.05. Ideally, to account for
drop out and poor data quality, an even larger sample size would be required.
However, due to the limited availability and timescale of funding, a target sample size

of 20 participants per group was chosen.

In total, a subset of 20 TD control participants and 16 patients with TS underwent
MRI and MRS, before completing quantitative sensory testing and self-report
guestionnaires assessing interoception and exteroception. Two participants from the
TS group and five participants from the TD control group were removed from MRS
analysis due to quality concerns detailed in Section 3.3.1.5. One TS participant was
also removed from MRS analysis due to MRS data corruption. One TD control was
removed from all analyses due to a diagnosis of OCD. Demographics of the final group
are shown in Table 3.4. There were no significant differences between age (U = 108,

p = 0.406) and sex (X% (1, N = 33) = 0.035, p = 0.085) between groups.
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Table 3.4

Demographics of TD and TS Groups in Study 2

Group N Age Sex
™D 19 27.63 (+6.4) 6 male, 13 female
TS 16 25.88 (+9.6) 3 male, 13 female

Note. TD = Typically developing control group, TS = Tourette Syndrome group, N = number of

participants, mean (+standard deviation)

Participants gave informed consent and ethics were approved by the local ethics
committee (School of Psychology, University of Nottingham: S1500). No participants
in the TD group were taking CNS-active drugs and were free from any mood or
neurological illness during the experimental timeline. All medications and clinical
scores for the TS group are displayed in Appendix A2. All TS participants were
screened prior to participation to assess tic phenomenology, to ensure low tic
severities, especially with head and facial tics, which may impact subsequent MRS
quality. All participants were free from any contraindications for MRI, as assessed by
completion of an MRI safety screening form. All participants were right-handed as

assessed by the Edinburgh handedness questionnaire (Oldfield, 1971).

3.3.1.2 Questionnaires

Clinical questionnaires used in Study 1 (Section 3.2.1.2), were implemented and
both groups also completed questionnaires assessing self-reported interoceptive and

exteroceptive sensitivity.

3.3.1.2.1 Interoceptive Accuracy Scale

The Interoceptive Accuracy Scale (IAS) is a 21-item questionnaire assessing self-
reported accuracy in perceiving interoceptive signals (internal physical sensations or
related to insula activation, associated with interoceptive processing) (Murphy et al.,

2020). The IAS was administered to both TD and TS groups. Participants were
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instructed to rate their interoceptive accuracy for each item on a scale of 1 (Strongly
Disagree) to 5 (Strongly Agree) (See Appendix A.3). Scores range from 21-105, with
higher scores indicating greater self-reported accuracy in the detection of
interoceptive signals. Investigation into the IAS has demonstrated it holds good
internal consistency and test re-test reliability and has shown a moderate relationship
with objective measures of interoceptive accuracy (heartbeat tracing task) (Murphy
et al., 2020). Questionnaires were sent online via Qualtrics (Provo, UT) and were
completed by 12 TS participants and 15 TD controls. Outliers were identified and
removed if they were 1.5x the IQR above the third quartile or below the first quartile.

No dataset fell outside of these thresholds.

3.3.1.2.2 Sensory Processing Sensitivity Questionnaire

The Sensory Processing Sensitivity Questionnaire (SPSQ) is a 16-item
guestionnaire assessing self-reported awareness of sensitivity to external stimuli in
two subscales. The 8-item Sensory Sensitivity Subscale involves sensitivity to external
sensory stimuli such as light, sounds and tactile stimuli, whereas the 8-item Other
Sensitivity Subscale involves sensitivity to external stimuli such as emotions, criticism
and sudden changes. This questionnaire asks participants to indicate the extent to
which they are sensitive to external stimuli compared to other people, where 0 is not
sensitive at all compared to other people, 5 is the same sensitivity as other people
and 10 is much more sensitive compared to other people (Appendix A.4). In this study,
only the Sensory Sensitivity Subscale was used to assess to self-reported sources of
hypersensitivity in TS (Malinakova et al., 2021). On the possible score range of 0-80
for this subscale, lower scores indicate perceived hyposensitivity to external stimuli
compared to others and higher scores indicate perceived hypersensitivity to external
stimuli compared to others (Malinakova et al., 2021). Psychometric investigation into
the SPSQ shows high temporal stability and excellent internal consistency
(Malinakova et al., 2021). Questionnaires were sent online via Qualtrics (Provo, UT)
and were completed by 12 TS participants and 15 TD controls. Outliers were identified

and removed if they were 1.5x the IQR above the third quartile or below the first
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quartile; as a result, one TS and one TD participant’s scores were removed from

subsequent analysis.

3.3.1.3 Tactile quantitative sensory tests

Quantitative sensory testing in Study 2 included amplitude discrimination
(seqAD, simAD and SSA), TOJ and cTOJ. These were identical to those described in
Study 1 (Section 3.2.1.3) and were conducted after MRS to avoid the potential of

neurometabolite modulation with sensory stimulation.

Due to technical errors, two TD participants did not complete the simAD, one TD
and two TS participants did not complete the SSA task, one TD participant did not
complete the TOJ and one TD and one TS participant did not complete the cTOJ task.
Outliers were identified and removed if they were 1.5x the IQR above the third
quartile or below the first quartile for each group. As a result, three TD participants
were removed from the segAD task (TD N = 16, TS N = 16), one TS participant was
removed from simAD task (TD N =17, TS N = 15), two TD and one TS participants were
removed from SSA task (TD N = 16, TS N = 13). For the TOJ task, two TD and one TS
participant’s data was removed (TD N = 16, TS N = 15) and for the cTOJ task, three TD
and two TS participant’s thresholds were removed (TD N = 15, TS N = 13). For
adaptation effects, one TD participant was removed (TD N = 16, TS N = 13) and for

carrier effects, three TD participants were removed (TD N = 15, TS N = 14).

3.3.1.4 MRI

MRI and MRS data were acquired using a Philips 7T Achieva MRI scanner (Philips
Healthcare, Best, The Netherlands) using a 32-channel head coil in the Sir Peter
Mansfield Imaging Centre at the University of Nottingham, Nottingham, UK. The
scanning that took place in this chapter was part of a wider scanning session, which
used fMRI to investigate sensorimotor digit mapping (Chapter 4) and vibrotactile

sensorimotor representations of the face (Chapter 5 Study 2).
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3.3.1.4.1 T1-weighted MRI parameters

Prior to MRS, an anatomical Ti:-weighted 3D gradient echo PSIR (phase-sensitive
inversion-recovery) scan was acquired (matrix size = 320 x 320, FOV = 224 x 224 x 157
mm, 0.7mm isotropic, 224 slices, TR/TE = 6.3/2.8 ms, flip angle = 5°, acquisition time
6.25 minutes) with two turbo field echo (TFE) readouts after each inversion pulse at
TI1 =780 ms and TI2=2380 ms. The two PSIR readouts were converted into Ti-
weighted images using an in-house Python (v.3.9.12) script
(https://github.com/oliviermougin/PSIR). This was to allow identification of

anatomical landmarks for MRS voxel placement.

3.3.1.4.2 MRS parameters

In vivo *H MRS data were acquired from a 20x20x20mm? voxel of interest (VOI) placed
over the sensorimotor hand knob area of the left hemisphere (the hemisphere of the
dominant right hand). See Figure 3.6 for average voxel placements for each group in
MNI space, with example spectra of one participant from each group. A semi-LASER
(sLASER) sequence was used (TR/TE = 5914/30ms, sample size = 2048, spectral
bandwidth = 6000Hz, phase cycles = 8, number of signals averaged = 64, acquisition
time 6.42 minute), with water suppression achieved using variable pulse power and
optimised relaxation decay (VAPOR; Tkdc et al., 1999). Outer volume saturation (OVS)
was also applied to suppress signal components outside of the VOI (Tka¢ & Gruetter,
2005), and Philips second-order projection-based method was used to increase By

homogeneity.
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Figure 3.6
Average voxel placement with example spectra from one participant in the (a) TD

control group and (b) TS group
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3.3.1.5 MRS analysis

In vivo *H raw spectral data (.data/.list format) were processed using an in-house
MATLAB script (MATLAB_R2019a, Mathworks, Natick, MA) to pre-process and fit
spectra and output concentrations of neurometabolites
(https://github.com/aberrington/specReg). First, raw data were visually inspected for
any large water or lipid artefacts. Spectra were then coil-combined and eddy current
corrected, with outliers automatically rejected if the mean square error around the

Choline peak is larger than +/- 3 standard deviations from the mean.

Pre-processed spectra were then fit in the LCModel software package
(Provencher, 1993). A 7T sLASER (TE = 30ms) model basis spectra were used to fit the
pre-processed spectra with a spectral range of 0.5 — 4.2ppm. Total creatine (tCr;
creatine + phosphocreatine), GABA and Glutamate (Glu) concentrations were
guantified using the LCModel output, with tCR used as the internal reference for
guantification. Final GABA and Glu concentrations are presented as a ratio relative to

tCr.

The SNR and estimated linewidth of unsuppressed water were identified, with
datasets rejected from subsequent analysis if the estimated linewidth was above
15Hz (0.05 ppm) and SNR deviated +/- 3 standard deviations from the mean. Three
TD and two TS participants were removed from MRS analysis due to linewidths over
15Hz. Absolute Cramér—Rao lower bounds (CRLB) > 100% were also removed from
subsequent analyses, meaning two GABA concentrations were removed from the TD
control group. The resulting N, mean absolute CRLB, SNR and linewidths for GABA and

Glu for each group are shown in Table 3.5.
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Table 3.5
Mean and standard deviations of LW, SNR and CRLB for GABA and Glu in TD and TS

groups
GABA Glu
Group w SNR N CRLB N CRLB
TD 10.99 (+1.62) 264,19 (+£65.12) 14 32.14 (+13.666) 16 6.375 (+2.446)
TS 11.22 (£1.28) 264.88 (+41.97) 13 40.769 (+15.653) 13 6.923 (+1.935)

Note. LW = linewidth, SNR = signal to noise ratio, N = number of participants, CRLB = Absolute
Cramér—Rao lower bounds, TD = Typically developing control group, TS = Tourette Syndrome

group, mean(+standard deviation)

3.3.1.6 Statistical analysis

To assess for any differences between TS and TD groups in MRS-GABA and
MRS-Glu concentrations, self-reported interoceptive/exteroceptive sensitivity scores
(measured with the IAS and SPSQ) and quantitative sensory thresholds (simAD,
segAD, SSA, TOJ and cTOJ), one-tailed independent T-tests were conducted. To assess
within-group differences between simAD and SSA thresholds, and TOJ and cTOJ
thresholds, one-tailed paired t-tests were conducted for the TD group and two-tailed
paired t-tests were conducted for the TS group. One-tailed independent t-tests were
also performed to identify between group differences in the adaptation effects and

carrier effects.

Finally, two-tailed Pearson correlations were conducted to identify any
relationships between MRS-GABA or -Glu concentrations for each group with
individual 1AS and SPSQ scores. Moreover, TS and TD groups underwent one-tailed
Pearson correlation analyses between MRS-GABA and amplitude discrimination, TOJ
thresholds and amplitude/carrier effects. Two-tailed Pearson correlations were also
conducted for each group between MRS-Glu with amplitude discrimination, TO)J

thresholds and amplitude/carrier effects. Additionally, the TS group underwent two-
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tailed correlation analyses between individual neurometabolites and PUTS, YGTSS-
motor, YGTSS-phonic and YGTSS-impairment scores. Where variables showed non-

Gaussian distributions, Spearman correlations were used.

Where normality assumptions were not met, Mann Whitney-U tests were used
instead of independent t-tests and Wilcoxon signed-rank tests instead of paired t-
tests. Bayesians statistics were also implemented with a BFig, prior 0.707 (Table 3.2)
(Rouder et al., 2009). All statistical analysis was conducted using jamovi (v 2.3.28;

jamovi.org).

3.3.2 Results
3.3.2.1 t-tests
3.3.2.1.1 MRS

While TS showed a trend of lower MRS-GABA concentrations, independent one-
tailed t-tests evidenced no significant differences between relative MRS-GABA
concentrations between TS (M = 0.228, SD = 0.052) and TD controls (M = 0.288, SD =
0.135), t(17) = 1.55, p = 0.07. Bayesian statistics supported anecdotal evidence for
alternative hypothesis (BFio = 1.47). Means and standard deviations are shown in

Figure 3.7.

MRS-Glu concentrations also showed no significant differences between TS (M =
1.12, SD =0.215) and TD controls (M = 1.08, SD = 0.149); U = 100, p = 0.440. Bayesian
statistics showed additional anecdotal evidence for the null hypothesis (BFio = 0.502).

Means and standard deviations are shown in Figure 3.7.
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Figure 3.7
Mean and standard deviations (error bars) for MRS-GABA and MRS-Glu

concentrations in TD and TS groups
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3.3.2.1.2 Self-reported interoceptive and exteroceptive sensitivity

Means and standard deviations are shown in Table 3.6. SPSQ scores showed no
significant differences between TS and TD controls; t(23) = -.985, p = 0.167. Bayesian
statistics showed moderate evidence for the null hypothesis (BF1p = 0.309). IAS scores
showed no significant differences between TS and TD controls; t(25) = 0.235, p =
0.592. Bayesian statistics revealed anecdotal evidence for the null hypothesis (BF1o =

0.837).
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Table 3.6
Mean and standard deviations of TD and TS group scores for SPSQ and IAS
Group SPSQ I1AS
D 46.9 (+6.53) 82.7 (+14.7)
TS 49.5 (+6.14) 81.4 (+12.5)
Note. SPSQ = Sensory Processing Sensitivity Questionnaire, IAS = Interoceptive Accuracy
Scale, TD = Typically developing control group, TS = Tourette Syndrome group,

mean(tstandard deviation)

3.3.2.1.3 Quantitative tactile sensory testing

All group means and standard deviations are shown in Table 3.7.
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Table 3.7

Means and standard deviations for amplitude discrimination and temporal order judgement tasks for TD and TS groups in Study 2.

Amplitude discrimination thresholds (um) Temporal order judgement thresholds (ms)
Group Sequential u Simultaneous Single-site adaptation Adaptation effect (%) Static Carrier Carrier effect (%)
1) 42.6 (+16.9) 54.1 (+30.2) 63.9 (£30.4) 43.7% (+63.4%) 23.9 (+7.98) 44.2 (+40.5) 50.0% (+76%)
TS 53.9 (+31.1) 55 (+30.5) 77.2 (+46.6) 101% (+150%) 25 (+8.21) 47.5 (+26.9) 146% (+148%)

Note. TD = Typically developing control group, TS = Tourette Syndrome group, mean (+standard deviation). T = anecdotal evidence for the alternative

hypothesis
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3.3.2.1.3.1 Amplitude discrimination

In this cohort, SimAD thresholds were not significantly different between TS and
TD groups (t(30) = -0.0821, p = 0.468), with Bayesian statistics showing anecdotal
evidence for the null hypothesis (BFip = 0.357). SeqAD thresholds were also not
significantly different between groups (t(23.2) =-1.2796, p = 0.107), though Bayesian
statistics provided anecdotal evidence for the alternative hypothesis (BFip = 1.081).
SSA thresholds were not significantly different between groups (t(27) = -0.9251, p =
0.182), with anecdotal support for the null hypothesis (BFip = 0.757). Overall, this
suggests that although mean amplitude discrimination thresholds were greater in TS

group compared to TD controls, these differences were not statistically significant.

3.3.2.1.3.2 Temporal order judgement

TOJ thresholds were not significantly different between the TS group and TD
controls; t(29) = -0.3585, p = 0.361. Bayesian statistics show anecdotal evidence for
the null hypothesis (BF1o = 0.444). cTOJ thresholds were also not significantly different
between groups; U =75.5, p =0.161), and Bayesian statics suggest anecdotal evidence
for the null hypothesis (BFio = 0.423). Therefore, in the Study 2 sample, there is no

evidence to suggest significant differences between TOJ and cTOJ thresholds.

3.3.2.1.3.3 Adaptation and carrier effects

In the TD group, one-tailed paired t-test identified no significant difference
between mean simAD and SSA thresholds; t(14) = -1.02, p = 0.163, with anecdotal
evidence for the null hypothesis (BF1o = 0.673). For the TS group, a two-tailed paired
t-test also revealed no significant difference between mean simAD and SSA
thresholds; t(12) = -1.41, p = 0.185. Bayesian inference highlighted anecdotal
evidence for the null hypothesis (BFio = 0.621). This demonstrates that thresholds
were comparable after adaptation in amplitude discrimination tasks for both TD and
TS groups in this cohort. Differences between TD and TS groups in adaptation effects

were then assessed, with group mean percentages and standard deviations shown in
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Table 3.7. The difference between amplitude effects did not significantly differ
between TS and TD control groups (t(17) =-1.32, p = 0.898). Bayesian statistics provide

moderate evidence for the null hypothesis (BFio = 0.169).

In the TD group, a one-tailed paired Wilcoxon signed-rank test demonstrated
significant difference between mean TOJ and cTOJ thresholds; W = 19.5, p = 0.037.
Bayesian statistics revealed anecdotal evidence for the alternative hypothesis (BFio =
1.757). For the TS group, a significant difference was also identified after a two-tailed
paired t test; t(11)= -2.94, p = 0.014. Bayesian statistics demonstrate moderate
evidence for the alternative hypothesis (BFio = 4.625). This demonstrates that cTO)
thresholds were significantly worse than TOJ thresholds for both TD and TS groups.
Group means and standard deviations are shown in Table 3.7. The difference between
carrier effects did not significantly differ between TS and TD control groups (t(20.9) =
-2.23, p = 0.981). Bayesian statistics provide moderate evidence for the null

hypothesis (BF10 = 0.129).

3.3.2.2 Correlation analyses

3.3.2.2.1 MRS-GABA, -Glu and quantitative sensory thresholds

In both groups, one-tailed correlation analyses were conducted to identify any
significant correlations between MRS-GABA concentrations and quantitative sensory
thresholds. No significant correlations were identified for either group between MRS-
GABA and simAD, segAD, SSA, TOJ, cTOJ, adaption and carrier effects (p > 0.05). Two-
tailed correlation analyses were also conducted between MRS-Glu and quantitative
sensory thresholds for each group. No significant correlations were identified
between MRS-Glu and simAD, segAD, SSA, TOJ, cTOJ, adaptation and carrier effects

(p > 0.05). Correlation statistics are shown in Appendix A.5.
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3.3.2.2.2 MRS-GABA, -Glu, SPSQ and IAS

In the TD group, two-tailed correlations were conducted to assess any significant
correlations between MRS-GABA and -Glu concentrations with self-report measures
of interoceptive and exteroceptive awareness. No significant correlations were
identified between MRS-GABA concentrations with SPSQ or IAS scores (p > 0.05).
However, a significant correlation was identified between MRS-Glu and SSA scores (r
=-0.58, p = 0.031). This suggests that greater MRS-Glu concentrations are associated
with reduced thresholds in SSA tasks (Figure 3.8). Correlation statistics are shown in

Appendix A.5.

Figure 3.8

Correlation between MRS-Glu concentration and SSA thresholds in the TD control
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These two-tailed correlations were repeated for the TS group. A significant
correlation was identified between MRS-GABA and SPSQ score (r = 0.749, p = 0.013),
where greater concentrations of MRS-GABA were associated with greater

exteroceptive sensitivity as assessed by SPSQ scores (Figure 3.9).

Figure 3.9

Correlation between MRS-GABA concentration and SPSQ scores in the TS group
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3.3.2.2.3 MRS-GABA, -Glu and self-report measures

One-tailed correlation analyses were also conducted for the TS group MRS-GABA
levels with PUTS-R and YGTSS subscales, however no significant correlations were

identified (p > 0.05). Two-tailed correlations between MRS-Glu with YGTSS subscales
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also showed no significant correlations (p > 0.05), but a significant negative
correlation was identified between MRS-Glu and PUTS-R scores (r =-0.597, p = 0.041;
Figure 3.10), suggesting lower MRS-Glu concentrations are associated with greater

premonitory urge severity. Full correlation analyses are shown in Appendix A.5.

Figure 3.10

Correlation between MRS-Glu concentration and PUTS-R scores in the TS group

70

® r=-0.597, p=0.041*
60 °®
50 'y ¢
o . ®
e
@ [ ]
5 40
Q
w
e
B
®
2 30 o
20 o
10
0
0.6 0.8 1 1.2 1.4 1.6 18

MRS-Glu concentration

Note. PUTS-R = Premonitory Urges of Tics Score — Revised. * = p < 0.05

3.3.3 Discussion

MRS-GABA measures have previously been linked with sensory processing of
tactile stimuli in TD populations (Cassady et al., 2019; Kolasinski et al., 2017;
Mikkelsen et al., 2018; Puts et al., 2011, 2015; Puts, Harris, et al., 2017) and in
populations with abnormalities in inhibitory mechanisms, such as ASD (Puts et al.,

2014; Tommerdahl et al., 2008) and FHD (Antelmi et al., 2017c; Bara—Jimenez et al.,
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2000; Bara-Jimenez et al., 2000). However, at the time of writing, only one study has
investigated this relationship in TS (Puts et al., 2015). This study therefore used MRS
to measure MRS-GABA and MRS-Glu in individuals with TS and a TD control group and
correlated these with measures of sensory processing, namely subjective ratings of

exteroception and interoceptive accuracy and quantitative tactile sensory thresholds.

Firstly, differences in MRS concentrations of GABA and Glu were assessed,
however no significant differences were identified between TD control and TS groups
for MRS-Glu concentrations which is inconsistent with previous evidence (Mahone et
al., 2018). However, there was a trend for lower concentrations of MRS-GABA in the
TS group, with Bayesian inference providing anecdotal evidence in support, signifying
abnormalities in inhibitory mechanisms in TS. This trend is in support of previous
evidence, which showed that children with TS display reduced GABA in sensorimotor
cortices (Puts et al., 2015), however this relationship has not been displayed in recent
investigations in children (He et al., 2022), adolescents (Draper et al., 2014) or adults
(Tinaz et al., 2014) with TS.

Additionally, quantitative sensory thresholds and self-reported measures of
exteroception and interoception were assessed and, although sensory thresholds and
SPSQ scores were higher in the TS group, reflecting poorer performance in tactile
discrimination and greater experience of sensitivity to external stimuli, no significant
differences were identified between groups. This suggests that in the Study 2 cohort,
there were no group differences in somatosensory processing. However, this is likely
due to the reduced number of participants and therefore, statistical power in

analyses.

3.3.3.1 Cortical excitability, inhibition and quantitative sensory

thresholds

Correlation analyses revealed no significant correlations between quantitative
sensory thresholds with MRS-Glu and -GABA in both TD and TS groups, suggesting

measures of cortical excitability and inhibition are not related to sensory processing
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of tactile stimuli. For the TS group, this is in line with previous evidence (Puts et al.,
2015), which proposes that in TS, GABA is not involved in tactile discrimination and
alternative strategies are used to process somatosensory information. This is also
supported by evidence of similar adaptation and carrier effects between groups in
Study 1 (see discussion in Section 3.2.3). However, while previous research has
identified relationships between MRS-GABA and individual tactile sensory thresholds
in healthy populations (Cassady et al., 2019; Kolasinski et al., 2017; Puts et al., 2011;
Puts, 2015; Puts et al., 2017; Mikkelsen et al., 2018), this study failed to identify any
relationship between measures of MRS-GABA in the TD control group with amplitude
discrimination, TOJ thresholds or with adaptation and carrier effects. This suggests
that although differences in inhibitory functioning have been proposed to underly
differences in sensory processing (Kolasinski et al., 2017; Cassady et al., 2019; Kaneko
& Hicks, 1990; Hicks & Dykes, 1983), results from the current study suggest that
GABA, measured by MRS, is not implicated in quantitative tactile sensory processing.
However, the proposed mechanisms behind the discrimination of tactile stimuli are
thought to be driven by intracortical inhibitory processes, such as surround inhibition.
These processes cannot be reflected in MRS-GABA concentrations, as MRS is the mere
summation of neurometabolites within a voxel and is unrelated to intracortical
inhibitory measures (Dyke et al., 2017). Instead, measures such as TMS-SICI, which
reflect intracortical GABAergic functioning mechanisms, such as surround inhibition,

should be utilised to further assess this relationship.

Additionally, there may be too much emphasis on role of GABAergic inhibition in
external sensory processing, with other mechanisms proposed to be at play. This is
highlighted by the TD control group, who showed a significant relationship between
MRS-Glu concentrations and SSA scores, suggesting that greater levels of cortical
excitability are associated with better detection of amplitudes after adaptation to a
repetitive stimulus. While enhanced detection of discrete stimuli is thought to be
driven by increased GABA and more efficient surround inhibition, allowing for
enhanced separation of signals, this could instead be attributed to a balance of

excitation and inhibition. Alternatively, this could be caused by an increased signal-
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to-noise ratio in the sensorimotor cortices. Therefore, abnormalities in sensory
processing may instead be influenced by factors such as increased ‘noise’, where
detection of stimulus features may be reduced due to increased noise obscuring the
signal of interest. Recent evidence has proposed that neural noise, an EEG measure,
isincreased in TS and therefore there is a reduced cortical signal-to-noise ratio during
information processing (Adelhéfer et al., 2021; Miinchau et al., 2021). Therefore, this
reduced signal-to-noise ratio may underly differences in behavioural performance,
and has been supported in populations with ADHD, where increases in neural noise
are evident and reduced levels were associated with better behavioural performance
in a response inhibition task (Pertermann et al., 2019). As a result, increased levels of
neural noise with TS may be related to reduced precision when detecting amplitude

and temporal properties of sensory stimuli.

3.3.3.2 Cortical inhibition and self-reported exteroceptive sensitivity

No significant correlations were identified between MRS-GABA or -Glu and IAS
scores in the either group. Interestingly, MRS-GABA was significantly correlated with
SPSQ scores in the TS group only, where greater levels of inhibition were related to
greater scores of self-reported sensitivities to external stimuli (such as tactile stimuli,
light and sound). This relationship has also been demonstrated in ASD, where self-
reported hypersensitivity was positively correlated with MRS-GABA concentrations
(Sapey-Triomphe et al., 2019). If GABA acts by sharpening acuity to sensory signals,
this means that sensitivity to external stimuli would be increased. However, while self-
reported hypersensitivity is associated with increased sensorimotor inhibition, this
does not explain why quantitative sensory thresholds are poorer in the TS group.
Similar mismatching relationships have previously been reported in Belluscio et al.
(2011) and mirrors the relationship between self-reported interoception and
objective interoceptive accuracy scores in TS (discussed in Section 1.3.2.2), where
individuals with TS perceive their interoceptive accuracy as high, yet quantitative
measures of interoception are significantly reduced compared to TD controls (Rae,
Larsson, et al., 2019). A proposed explanation for this is that top-down predictions of

sensory information are abnormal in TS and ASD, with the weight of predictions
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thought to be modulated by GABA (Rosenberg et al., 2015). Therefore, prediction
errors are common due to abnormal GABAergic modulation, which causes external
stimuli to be perceived as unpredicted and leads to perceived hypersensitivity to
external stimuli (Rae, Critchley, et al., 2019; Sapey-Triomphe et al., 2021). This
Bayesian account of perceived hypersensitivity may account for this relationship in
the TS group, were abnormalities in GABA modulation result in prediction errors and
therefore, increased hypersensitivity. However, in this cohort, hypersensitivity scores
are only slightly elevated in the TS group compared to the TD group, so caution must

be taken with further investigation required into this explanation.

3.3.3.3 Cortical excitability and urge severity

Within the TS group, tic and urge severity scores were also input into correlation
analyses with neurometabolite concentrations. A significant correlation was
identified between MRS-Glu scores and urge severity scores, as assessed with total
PUTS-R scores. Specifically, reduced levels of MRS-Glu, reflecting reduced cortical
excitability, were associated with greater PU scores. This paradoxical relationship was
demonstrated in children with TS with single-pulse measures of cortical excitability
and reduced cortical excitability was also modulated by reduced MRS-GABA
concentrations in the SMA (Larsh et al., 2023). Reductions in MRS-GABA in the SMA
have also been associated with urge severity in TS (He et al., 2022), indicating the
presence of abnormalities in connectivity between SMA and M1 in TS. However, He
et al. (2022) did not identify any relationships between PU and MRS-GIx (a measure
of cortical excitability by combining glutamate and glutamine values) in a larger
sample of children with TS (N = 68). However, MRS-GIx was utilised by this group as
glutamate cannot be reliably detected at 3T, and therefore may show differences with

MRS-Glu which can be resolved at 7T.

3.3.3.4 Limitations

This study has several limitations. Firstly, as discussed in Section 3.1, individuals

with ASD and ADHD also show abnormalities in tactile thresholds and MRS-GABA
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(Tommerdahl et al., 2008; Puts et al., 2017). These are common co-morbidities in TS,
however the impact of these co-morbidities on MRS concentrations and tactile
thresholds were not controlled during correlation analyses. Therefore, it is possible
that trends in reduced MRS-GABA and increased tactile thresholds may be associated
with the presence of co-morbidities. Additionally, TS participants were screened prior
to recruitment and were only recruited if they had relatively low tic
frequency/intensities, with the absence of frequent or intense facial and head tics.
This was to ensure comfort during scanning and reduce the likelihood of movement
artefacts impacting data quality, though excludes a subset of the TS population.
Additionally, during participant recruitment, a greater number of females expressed
interest in taking part and, during screening, displayed low tic frequencies/intensities.
As a result, a higher proportion of females were recruited for this study. However, this
resulted in a sample not reflective of the estimated male to female ratio of 2-3:1 in
adult TS populations (Freeman et al., 2000; Levine et al., 2019). Moreover, females
with TS generally display later symptom onset, more complex tics in adulthood and
have a greater prevalence of comorbid OCD (Baizabal-Carvallo & Jankovic, 2023; Dy-
Hollins et al.,, 2023), with these sex differences perhaps reflecting different
aetiologies, as evidenced by differential treatment response to medication, and
evidence of neural dimorphisms in brain structure and functional connectivity
(Baizabal-Carvallo & Jankovic, 2023; Garris & Quigg, 2021). Consequently, these
results could reflect sensory processing and neurometabolite concentrations in an
alternative ‘phenotype’ of TS. Therefore, the TS group used in this study may not
represent that of the general adult population with TS, limiting the generalisability of

these results.

Furthermore, MRS was conducted at rest and participants were instructed to be
still and actively suppress their tics. As a result, it cannot be ruled out that the trend
of reduced GABA in the sensorimotor cortices may be related to suppression of tics
during MRS. For instance, it has been proposed that control over motor outputs and
suppression of tics involves an increase in tonic inhibition within the SMA, influencing

excitability in sensorimotor cortices (Draper et al., 2014; Jackson et al., 2015; Ueda et
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al., 2021). This has also been demonstrated by reduced tic severity scores and
reduced motor cortex excitability after multiple sessions of ‘inhibitory’ rTMS to the
SMA (Kwon et al., 2011; Le et al., 2013; Mantovani et al., 2007). However, this would
not explain the reduction in sensorimotor MRS-GABA identified in this study, as
enhanced SMA MRS-GABA has been linked with reduced excitability in the motor
cortex in TS (Draper et al., 2014). Nevertheless, as the extent of suppression during
MRS was not assessed and SMA MRS was not conducted in this study, the possible

influence of suppression on MRS-GABA in this sample is unclear.

Finally, MRS was measured from the left hemisphere, related to the dominant
right hand. However, quantitative tactile sensory testing was measured in the index
and middle fingers of the non-dominant left hand and selecting responses with the
dominant right hand. This mismatch could also explain the absence of relationships
between MRS-GABA and sensory discrimination thresholds. However, sensorimotor
MRS measures are generally consistent across hemispheres (Puts et al., 2018).
Moreover, previous evidence in TS also demonstrated a lack of relationship when
measuring tactile discrimination in the left hand and MRS-GABA in the right
hemisphere (Puts et al.,, 2015). Additionally, in TD controls, relationships were
discovered between right hand sensorimotor performance and averaged bilateral
MRS-GABA (Cassaday et al., 2019). However, while this suggests that laterality of MRS
and sensory tasks are unlikely to influence subsequent analyses, it cannot be ruled

out.

3.4 Conclusions

Overall, this chapter highlighted the presence of some abnormalities in cortical
inhibitory functioning and in tactile discrimination thresholds in individuals with TS,
compared to TD controls, although these measures were not correlated with each
other in either group. However, it is unlikely that MRS-GABA is reflective of the
intracortical inhibitory mechanisms suggested to reflect the proposed role of
surround inhibition on tactile discrimination. Nonetheless, associations were

identified between urge severity and sensorimotor MRS-Glu, and a positive
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relationship was seen between self-reported exteroceptive sensitivity and MRS-GABA
concentrations in the TS group only, posing questions into the role of inhibitory
functioning on tactile discrimination and self-reported sensory processing. As a
negative relationship was highlighted between SSA and MRS-Glu scores in the TD
control group, other mechanisms may be at play. Alternative explanations for the
abnormalities in central processing of sensory information (such as the contradictory
relationship between self-reported and objective sensitivity to external stimuli),
should be explored further, with insight into the role of neural noise and Bayesian

explanations of hypersensitivity.
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4. Chapter 4 - Sensorimotor mapping of digit representations in

Tourette Syndrome

Key words: Tourette Syndrome (TS), functional magnetic resonance imaging (fMRI),

sensorimotor representations, digits

4.1 Introduction

As reviewed in Chapter 1, cortical sensorimotor representations are thought to
be related to GABAergic inhibitory mechanisms. In Chapter 3 of this thesis, a trend
for reduced sensorimotor MRS-GABA in the group of individuals with TS compared to
the TD control group was shown. Moreover, abnormalities were identified in tactile
discrimination tasks, and MRS-GABA was significantly correlated with self-reported
hypersensitivity scores in the TS group. This suggests that there may be disruptions
to sensory processing, however tactile discrimination thresholds were not associated
with MRS-GABA concentrations in either group. This casts doubt on the role of tonic

inhibition in shaping somatosensory acuity and discrimination.

GABAergic inhibition has previously been associated with the integrity of cortical
representations, as discussed in Section 1.2.1.1, individuals with greater levels of
sensorimotor GABA display greater specificity and acuity of cortical sensorimotor
representations, of the digits in particular. Specifically, individual concentrations of
sensorimotor MRS-GABA have been related to digit activation profiles and the level
of sensorimotor network integration (Cassady et al., 2019; Kolasinski et al., 2017).
Moreover, TMS SICI has been shown to be a significant predictor of the area of the
FDI hand muscle representation, as measured with TMS mapping (Sigurdsson, Molloy,
et al.,, 2020). However, groups with abnormalities in GABAergic inhibition and in

movement of the hand have shown abnormalities in digit representations.
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FHD is characterised by abnormal cortical inhibitory mechanisms (Beck et al.,
2008; Beck & Hallett, 2011; Gallea et al., 2018; Sohn & Hallett, 2004; Stinear & Byblow,
2004) and there is a strong consensus that individuals with FHD show abnormalities
in sensorimotor digit representations (Bara-Jimenez et al., 1998; Butterworth et al.,
2003; Byl et al., 2000; Byrnes et al., 1998; Elbert et al., 1998; Huber et al., 2023;
Meunier et al., 2001; Schabrun et al., 2009). While healthy controls show well defined
areas of the sensorimotor cortex associated with each digit or hand muscle, these are
less well differentiated and are larger in FHD, with reduced distances between the
centres of each representation (Meunier et al.,, 2001; Schabrun et al., 2009).
Additionally, some evidence has demonstrated that digits can be spatially reversed
and located more superiorly and medially in Writer’s cramp compared to TD control
groups (Nelson et al., 2009). This is supported by primate models of FHD, which show
enlarged and overlapping receptive fields across the hand and face representations
compared to a control primate (Blake et al., 2002), with receptive field size thought
to be controlled by GABA and surround inhibition (Beck & Hallett, 2011). As a result,
it is proposed that impaired GABA functioning in FHD results in reduced
differentiation between different cortical representations due to weakened receptive
field tuning and surround inhibition, as seen in animal research after injection of
GABA antagonists (Foeller et al., 2005; Jacobs & Donoghue, 1991; Schneider et al.,
2002). Therefore, it can be argued that in TS, the identified abnormalities in inhibitory

functioning may cause alterations in cortical organisation.

Previous TMS mapping evidence has demonstrated that the FDI hand muscle
representation is shifted more medially and reduced in size in individuals with TS
compared to TD controls (Sigurdsson, Jackson, et al., 2020). However, these maps
were measured with single-pulse TMS at an intensity of 200%RMT. Although this
intensity was kept constant when mapping every muscle for each participant to
reduce discomfort from long periods of keeping still, this may have been problematic
as different sensorimotor areas likely require different stimulation intensities to evoke
the same MEP response in different muscles (Menon et al., 2018). Additionally, while

MEP responses at an individual’s RMT are comparable between populations, above
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threshold intensities may instead produce MEPs that are significantly smaller in TS
than in the general population. This is because evidence consistently suggests that
TMS input-output (10) curves (indicative of motor gain in the cortex) are reduced in
TS (Draper et al., 2014; Orth, 2009; Pépés et al., 2016) and using an intensity for
mapping during pre-activation of the muscle may have been more appropriate as this
produces similar MEP recruitment between TS and control populations (Orth, 2009).
As a result, it is unclear if mapping of the hand and digits truly differ between

populations with TS and TD controls.

Moreover, it is not clear if GABAergic inhibition is directly related to the aberrant
nature of sensorimotor maps in FHD, as these have not been directly correlated with
digit maps in previous research. Additionally, abnormalities in FHD sensorimotor digit
maps are generally only associated with the hemisphere of the affected hand, despite
evidence of both hemispheres displaying abnormalities in sensorimotor GABAergic
inhibition (Ridding et al., 1995; Rona et al., 1998). However, evidence of abnormalities
isolated to one hemisphere are generally mixed, as many studies limit investigation
to the hemisphere associated with the affected hand (Bara-Jimenez et al., 1998;
Butterworth et al., 2003; Elbert et al., 1998; Schabrun et al., 2009), and evidence of
bilateral disruptions in digit mapping are thought to be a result of symptom severity
and in those who have experienced FHD for long periods (Byrnes et al., 1998; Meunier

et al., 2001).

It has been proposed that the abnormalities in digit mapping with FHD are due
to the repetitive unilateral movements associated, which drive sensorimotor
abnormalities within the sensorimotor cortex of the affected hemisphere. Specifically,
while FHD has a genetic component, it is typically developed in those who conduct
highly skilled and repetitive use of the hand, such as musicians (Lin & Hallett, 2009).
As a result, it has been theorised that FHD is associated with abnormalities in sensory
hand representations due to repetitive hand behaviours inducing the creation of
abnormal representations, which in turn affect motor control and strengthen these

sensory abnormalities in a positive feedback loop (Blake et al., 2002; Evinger, 2005).
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This could also explain why abnormalities in digit representations have also been
evidenced in individuals with repetitive hand behaviours, such as writing tremor
(Byrnes et al., 2005) and carpal tunnel syndrome (Napadow et al., 2006). Therefore,
impaired GABA modulation and surround inhibitory mechanisms may provide the
ideal environment to create aberrant sensorimotor representations in the
hemisphere associated with repetitive movements (i.e. the dystonic limb). This also
means that there may be great variability in individual digit maps across individuals
depending on their distinct dystonic symptomology. This has been supported by
animal models of FHD, where digits showing greater dysfunction could be identified
on hand maps (Blake et al., 2002). As a result, although individuals with TS may show
trends in reductions in sensorimotor MRS-GABA and TMS-SICI (see Section 1.3.1), as
hand tics are not widely reported it can be hypothesised that it is unlikely that
differences will be evident in sensorimotor digit representations in TS compared to

TD control populations.

Additionally, in TD populations, a mechanistic relationship has been
demonstrated between tactile TOJ performance and sensorimotor MRS-GABA
concentration, which is mediated by the somatosensory cortical tuning profiles of
activity across D2-D5 (Kolasinski et al., 2017). However, although Chapter 3
demonstrated abnormalities in tactile TOJ performance and MRS-GABA
concentrations within the TS group, no relationships were evident between these in
TD, or TS populations. This lack of association was also demonstrated in children with
TS in Puts et al. (2015). Considering this, it is not expected that sensorimotor
representations of the digits will show differences between TS and TD groups in this

study.

4.2 Aims

This study aimed to investigate the size of fine-grained maps of individual digits
of individuals with TS and TD controls in the left sensorimotor cortex (M1 and S1).
This is the contralateral cortex to the right (dominant) hand. Previous research has

demonstrated that specific digits can be extracted during task fMRI to map the
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somatotopy of the digits at high resolution, some even achieving mapping of different
parts of a single digit (Besle et al., 2013; Da Rocha Amaral et al., 2020; Kolasinski et
al., 2016; O’Neill et al., 2020; Sanchez-Panchuelo et al., 2014; Sdnchez-Panchuelo et
al., 2010; Sanchez-Panchuelo et al., 2012; Stringer et al., 2011). Digits with the most
use are thought to have greater cortical magnification, resulting in D1 and D2 typically
showing larger cortical representations compared to D4 and D5 which have reduced
cortical representations (Janko et al., 2022). As a result, any nuances in the cortical
size of digits can be readily identified across groups. Here, a 7T fMRI phase-encoding
travelling wave design was employed for accurate mapping of the digits (see Section
2.1.1.3). It is hypothesised that the voxels assigned to each digit and distances

between digits in M1 and S1 will not differ between groups.

4.3 Methods

4.3.1 Participants

Due to the practical limitations (funding availability and timescale) and that
this data was collected with sensorimotor MRS (Chapter 3) and fMRI (Chapter 5, Study
2), the target number of participants per group was set at 20 individuals per group
(justification for this sample size can be found in Chapter 3). Twenty TD adults and 16
participants with TS or chronic tic disorder were recruited for this study at 7T using
online recruitment methods (e.g. social media, mailing lists, charity partners).
Participants gave informed consent, and ethics were approved by the local ethics
committee (School of Psychology, University of Nottingham: S1500). No participants
in the TD group were taking CNS-active drugs and were free from any mood or
neurological illness during the experimental timeline. Due to a projector fault and
visual impairments preventing viewing of task from scanner bore, seven participants
from the TD group and seven participants from the TS group did not complete the
digit tapping task. No data was removed due to data quality concerns. Therefore, this

study included 13 TD controls and nine TS participants.

Demographic information is displayed in Table 4.1. Age (t(20) =1.71, p =0.102)

and sex (X? (1, N =22) =2.01, p = 0.157), distributions were not significantly different
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between the groups. Clinical questionnaires, as described in Section 3.2.1.2, were also
administered to individuals with TS, with all medications, YGTSS and PUTS-R scores
for the TS group are displayed in Appendix B.1. All participants were free from any
contraindications for MRI, as assessed by completion of an MRI safety screening form.
All participants were right-handed as assessed by the Edinburgh handedness
questionnaire (Oldfield, 1971).

Table 4.1

Demographic information of TD and TS participants

Group N Age Sex
TD 13 28.46 (+6.5) 5 male, 8 female
TS 9 23.56 (+6.7) 2 male, 7 female

Note. N = number of participants, TD = group of typically developing control participants, TS

= group of participants with Tourette Syndrome, mean (+standard deviation)

4.3.2 MRI Data Acquisition

This MRI data was collected in a scan session that also comprised of
sensorimotor MRS (Chapter 3) and vibrotactile stimulation to three facial regions
(Chapter 5). All MRI data was acquired on a 7T Philips Achieva MRI Scanner with a 32-
channel head coil at the Sir Peter Mansfield Imaging Centre at the University of

Nottingham.

4.3.2.1 fMRI Mapping Paradigm

Two travelling wave fMRI task blocks were acquired with participants visually
instructed to tap their right (dominant) hand digit 2 (index finger) at 2Hz for 4 seconds
(in time with the visual stimuli presented) followed by digit 3, digit 4, and digit 5 in

the “forward” condition resulting in a block length of 16 s, this was repeated for 8
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cycles. A second fMRI run was completed with the same tapping parameters as the
first run, but performed in the “reverse” condition tapping digit 5 first, then digit 4,

digit 3 and digit 2. See Figure 4.1 for a visual depiction of the task.

Figure 4.1

Visual depiction of fMRI travelling wave tapping task

8 seconds @2Hz

—

Forwards

... + 7 cycles

»
.

D2 D3 D4 D5

Reverse
..+ 7cycles
D5 D4 D3 D2

Note. Dx= Digit. Participants were instructed to tap their right-hand digit in time with the

presentation of the digit on the screen (2Hz). Forwards cycle: D2, D3, D4, then D5 and reverse

cycle: D5, D4, D3, then D2. Each forward and reverse run consisted of 8 cycles total

Each travelling wave task block was visually presented using PsychoPy (Open
Science Tools, Ltd.; (Peirce et al., 2019) on a projector screen visible to the participant
with Prism glasses. Participants were trained in tapping prior to scanning. Participants
tapped using a MR-compatible button box (fORP response button box; Cambridge

Research Systems, UK).

The two fMRI runs were conducted using a single-shot 2D T,*-weighted GE-
EPI sequence (voxel 1.5 mm isotropic, matrix size = 128 x 128 x 40, multiband 2, TR/TE
= 2000/22 ms, 2.24 minute acquisition time per run). For the fMRI data acquisition
both magnitude and phase images were collected, along with a final noise scan

dynamic to allow NORDIC PCA image denoising in the analysis pipeline (Moeller et al.,
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2021; Vizioli et al., 2021). After the fMRI runs, two additional spin SE-EPI short scans
(5 dynamics) with the same acquisition parameters, but with opposing fat shift

direction, were collected for EPI distortion correction (see Section 4.3.3.2.1).

4.3.2.2 Tl-weighted MRI parameters

Prior to the fMRI runs, a anatomical T1-weighted 3D gradient echo PSIR scan
was acquired (matrix size = 320 x 320, FOV = 224 x 224 x 157 mm, 0.7mm isotropic,
224 slices, TR/TE = 6.3/2.8 ms, flip angle = 5°, acquisition time 6.25 minutes) with TFE
readouts after each inversion pulse at TI1 =780 ms and TI2=2380 ms. This was
collected for co-registering with the fMRI runs and with standard template space

images to allow for comparison across participants.

4.3.3 Data Analysis
4.3.3.1 Ti-weighted MRI

The two PSIR readouts were converted into Ti-weighted images using an in-
house Python (v.3.9.12) script (https://github.com/oliviermougin/PSIR). All PSIR
images underwent brain surface extraction implemented on the University of
Nottingham’s High-Performance Computer using an in-house BRC structural analysis
pipeline (Mohammadi-Nejad et al., 2019). This employed FreeSurfer functions (Fischl,
2012) and was completed to extract Broadmann areas (BA) for subsequent masking

of fMRI images.

4.3.3.2 BOLD-fMRI analysis

4.3.3.2.1 Pre-processing

fMRI data were distortion corrected using FSL-TOPUP and thermal noise was
removed using NORDIC PCAS denoising (Andersson et al., 2003; Moeller et al., 2021;
Vizioli et al., 2021). Data was then assessed for any motion artefacts and any fMRI
blocks with absolute mean motion displacement above 1.5mm were removed. Due

to the low sample size and to preserve as much data as possible, fMRI images that

137



were contaminated by brief periods of large motion displacement (>1.5mm) for up to
2 cycles had these cycles removed from subsequent analyses using FSL UTILS
(Jenkinson et al., 2012). Only Map09 from the TD group had the last cycle of the
forward travelling wave run and the first cycle of the reverse travelling wave run

removed, resulting in a total of 7 cycles per travelling wave run.

The temporal signal-to-noise ratio (tSNR) of the resulting de-noised fMRI
timeseries (tSNR) were assessed in MATLAB (MATLAB_R2019a, Mathworks, Natick,
MA) using an in-house quality assurance code fMRI_report_app
(https://github.com/nottingham-neuroimaging/qa/tree/master/fMRI_report_app).
The mean tSNR for the TD group was 85 with a standard deviation of 2 and the mean
tSNR for the TS group was 94 with a standard deviation of 26. Any fMRI scans with

tSNR < 30 would have been removed, however none were present in this sample.

The resulting de-noised data were pre-processed using FSL-FEAT (FMRI Expert
Analysis Tool; Jenkinson et al., 2012). Motion correction was conducted using FMRIB’s
linear image registration tool, MCFLIRT, using the middle volume as a reference
volume (Jenkinson, 2002). High-pass temporal filtering of 16 s was applied, and spatial
smoothing was conducted using a Gaussian kernel of 2.25mm FWHM to account for
anatomical differences between participants using the FSL Smallest Univalue Segment
Assimilating Nucleus toolbox (SUSAN; Smith & Brady, 1997). Registration of fMRI
images to anatomical images was performed using FLIRT (FMRI; Jenkinson et al.,
2002; Jenkinson & Smith, 2001) by taking an example volume from the low-resolution
fMRIimage and registering this to an example volume of the participant’s T1-weighted

PSIR high-resolution image.

4.3.3.2.2 fMRI analysis

Data analysis was conducted using the pipeline described in Besle et al.
(2013). The aligned and pre-processed travelling wave fMRI data were analysed using
mrTools (Gardner et al., 2018) in MATLAB (MATLAB_R2019a, Mathworks, Natick, MA).

In-house MATLAB scripts were then used to average the forward and reverse
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travelling wave runs and calculate phase and coherence maps, which were threshold
to 0.3 (corresponding to p = 0.008). To quantitatively characterise each participant’s
individual digit region of interest (ROI), travelling wave outputs were masked over
individual left hemisphere BA 4 (corresponding to the M1), and individual digits were
extracted by dividing phase maps into 4 bins (one for each digit). This employed a
‘winner-takes-all’ approach, in which each voxel is only assigned to one digit. This
process was then repeated for travelling wave outputs masked to individual left
hemisphere BA 1, 2, 3a, 3b (analogous to somatosensory cortices and primarily

activated in digit mapping; Janko et al., 2022).

4.3.3.2.3 Digit ROI metrics

To quantitatively characterise each participant’s digits, voxel counts and 3D
coordinates of the centre of gravity (COG) were extracted for each digit ROI for each
participant in native space, using FSL functions in FSLUTILS (Jenkinson et al., 2012).
3D COG coordinates are defined in three directions; x (left (-) to right (+), L-R), ¥

(posterior (-) to anterior (+), P-A) and z (inferior (-) to superior (+), I-S).

As datasets were threshold at an individual level prior to extraction of digits,
voxel counts will vary between individuals. To account for this, ratios for each digit
ROl were calculated, using Equation 4.1, to quantify the proportion of voxels assigned

to each digit within individuals.

nDx
(nD1+nD2+nD3+nD4+4+nD5)

Dxgatio = (4.2)

where nDx is the number of voxels assigned to the digit in question and nD1+
nD2 +nD3 ... is the total number of voxels for all digits. This gives an insight into the
size of each digit ROl in comparison to other digits within M1 and S1 ROIs for each

individual and allows for comparison across groups.
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Finally, as COG coordinates were extracted in native space, to allow
comparison between the positioning of digits in relation to other digits, COG
coordinates were used to calculate the Euclidean distances (d) between adjacent

digits, expressed in Equation 4.2.

d= J(x2—x1)%+ (y2 — y1)% + (22 — z1)2 (4.2)

where x2, y2, z2 are the 3D COG coordinates for one digit and x1, y1, z1 are

another digit’s 3D COG coordinates.

These were then normalised after outlier removal in Section 4.3.4, using the min-

max scaling method in Equation 4.3.
, x—min(x)

X' = = (4.3)

max(x)—min(x)

where x’ is the normalised value, x is the original value, min(x) is the minimum value

in the group and max(x) is the maximum value in the group.

4.3.4 Statistical analysis

Each digit metric was assessed for extreme outliers. Any datapoint with any
value outside of 1.5x the IQR above the third quartile or 1.5x the IQR below the first
quartile were classed as an outlier and removed from subsequent analyses. For M1,
this resulted in two TD (two from D3) and three TS participants (one from D3, two
from D4) removed from digit ratio analyses, and one TD (one from D3-D4), two TS
(one from D2-D3, one from D4-D5) from Euclidean distance analyses. For S1, this
resulted in three TD (two from D3 and one from D4) and two TS participants (two
from D4) removed from digit ratio analyses, and one TS (one from D3-D4) from

Euclidean distance analyses.
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Independent two-tailed t-tests were then conducted to detect any significant
differences between the TD and TS group in: digit ratio and Euclidean distances
between digit ROIs. Where data was not normally distributed, independent t-tests
were replaced with non-parametric Mann-Whitney U tests. A BFip was used with a
Cauchy distribution with a scale of y = 0.707 used as the prior distribution (Rouder et
al., 2009). Interpretation of BFip values are shown in Table 3.2. These statistical

analyses were conducted using jamovi (v 2.3.28; jamovi.org).

4.4 Results

4.4.1 Motor digit mapping

Here, the results of the motor digit mapping are explored.

4.4.1.1 Digit ratios

To assess whether there were any significant differences in digit ratios
between TD and TS groups, two-tailed independent-samples t-tests were conducted.
A significant difference in D3 voxel ratios was identified between TD and TS groups,
(U=4, p<.001, BFip = 17). This suggests that the proportion of voxels assigned to D3
in comparison to other digits was higher in the TS group compared to the TD group.
No significant differences were identified in D2, D4 or D5 average digit ratios between
each group, however Bayesian inference in D4 digit ratios provided anecdotal support
for the the alternative hypothesis (see Table 4.2 for means, standard deviations and t
and Bayesian statistics). This suggests that the TS group have a larger proportion of
voxels assigned to D3 and D4 in the left hemisphere motor cortex compared to the

TD group.
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Table 4.2

Means, standard deviations and statistics for M1 digit ratios in TD and TS groups

Digit ratios
Group D2 D3 D4 D5
T 0.202 0.048 0.157 0.540
(£0.131) (£0.035) (+0.103) (£0.257)
5 0.167 0.159 0.227 0.396
(£0.119) (£0.088) (+0.044) (£0.209)
N TD =12 TD=10 D =12 TD=12
T5=9 TS=8 T5=9 TS=9
t(19) = 0.64, p = 0.532 U=4,p<.001" t(16.0) = -2.05, p = 0.057 U=31,p=0.111
BF,,=0.454 BF,,=17.02"" BF,,=1.059" BF,=0.757

Note. Dx= Digit, TD = typically developing control group, TS = group of participants with
Tourette Syndrome, N = number of participants, mean (+standard deviation), ** = p < .001,
T = anecdotal evidence for the alternative hypothesis, 111 = strong evidence for the

alternative hypothesis

4.4.1.2 Euclidean distances

Two-tailed independent group t-tests were conducted between TD and TS
group Euclidean distances (D2-D3, D3-D4 and D4-D5). No significant differences were

identified between groups, as shown in Table 4.3.

Table 4.3
Means, standard deviations and statistics for Euclidean distances between M1 digits
in TD and TS groups

Euclidean distances between COG 3D coordinates (min-max normalised)

Group D2-D3 D3-D4 D4-D5
0 0.44 0.38 0.35

(+0.29) (+0.32) (+0.30)
TS 0.36 0.35 0.50

(+0.34) (+£0.32) (+£0.39)

N TD=12 TD=12 TD=13
T5=8 T$=9 TS=8

t(18) = 0.56, p = 0.586 U=50,p=.803 t(19) =-1.02, p=0.321
BF,,=0.449 BF,,=0.403 BF,,=0.572

Note. Dx= Digit, TD = group of typically developing control participants, TS = group of
participants with Tourette Syndrome, N = number of participants, mean (+standard

deviation)
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4.4.2 Somatosensory digit mapping

Here, the results of the somatosensory digit mapping are explored.

4.4.2.1 Digit ratios

To assess whether there were any significant differences in digit ratios
between TD and TS groups, two-tailed independent-samples t-tests were conducted.
No significant differences were identified in any average digit ratios between each
group, however Bayesian inference provided anecdotal support for the alternative
hypothesis in D2 and D3 ratios (see Table 4.4 for means, standard deviations and t
and Bayesian statistics). This suggests that the TD group have a larger proportion of
voxels assigned to D2 in the sensory cortex of the dominant hand compared to the TS

group and vice versa for D3.

Table 4.4

Means, standard deviations and associated statistics for S1 digit ratios in TD and TS

groups
Digit ratios
Group D2 D3 D4 D5
™ 0.285 0.097 0.154 0.394
(+0.133) (+0.081) (+0.097) (+0.222)
TS 0.178 0.172 0.198 0.398
(+0.098) (+0.098) (+0.052) (+0.188)
\ TD=13 TD=11 TD=12 TD=13
T5=9 TS=9 TS=7 Ts=9
t(20) = 2.04, p = 0.055 t(18) = -1.85, p = 0.080 t(17)=-1.12, p=0.277 t(20) = -0.052, p = 0.959
BF,,=1.581" BF,,=1.254' BF 5= 0.634 BF 5= 0.390

Note. Dx= Digit, TD = group of typically developing control participants, TS = group of
participants with Tourette Syndrome, N = number of participants, mean (+standard

deviation), T = anecdotal evidence for the alternative hypothesis
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4.4.2.2 Euclidean distances

Two-tailed independent group t-tests were conducted between TD and TS
group Euclidean distances (D2-D3, D3-D4 and D4-D5). No significant differences were

identified between groups, as shown in Table 4.5.

Table 4.5
Means, standard deviations and associated statistics for Euclidean distances between
S1 digits in TD and TS groups

Euclidean distances between COG 3D coordinates (min-max normalised)

Group D2-D3 D3-D4 D4-D5
™ 0.40 0.48 0.50

(+0.31) (+0.33) (+£0.31)
s 0.35 0.52 0.62

(+0.34) (+0.34) (+0.38)

N TD=13 TD=13 TD=13
T5=9 TS=8 TS=9

t(20) =0.36, p = 0.723 #(19) =-0.27, p=0.788 t(20) =-0.82, p = 0.406
BF ;5= 0.408 BF o =0.409 BF 5= 0.503

Note. Dx= Digit, TD = group of typically developing control participants, TS = group of
participants with Tourette Syndrome, N = number of participants, mean (+standard

deviation)
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4.5 Discussion

This study aimed to assess digit representations within the primary motor and
somatosensory cortices (M1 and S1) in TD controls and individuals with TS. It was
hypothesised that digit maps in the TS group would show no differences from digit
maps in the TD control group, as hand tics are not common in TS. This hypothesis
was supported in the data as Euclidean distances between adjacent digits did not
significantly differ between groups in M1 and S1, but some differences were evident

in digit ratios between the groups.

Firstly, the proportion of voxels assigned to each digit (digit ratios) in M1 were
significantly larger in D3 for the TS group, with anecdotal evidence for the same
pattern in D4 in the TS group. In S1, there was anecdotal evidence for differences in
D2 and D3 ratios, where the D2 ratio was smaller and D3 ratio was larger in the TS
group compared to the TD control group. This suggests that there are some
differences in the size of digits in the dominant hand in contralateral M1 and S1,
where D3 (in M1 and S1) and D4 (in M1) in the TS group occupy a larger proportion

of M1/S1 and D2 occupies a smaller portion of S1 in comparison to the TD control

group.

The differences in digit ratios between groups suggests that abnormalities in
cortical representations exist in populations who display alterations in inhibitory
functioning and somatosensory processing, such as FHD and TS. Moreover, as hand
tics are uncommon in TS, this suggests that these differences may occur regardless of
motor pathology. This supports previous evidence that shows when GABAergic
inhibition is disrupted after applying a GABAa antagonist to the sensorimotor system,
cortical representations undergo changes in size and location alone (Foeller et al.,
2005; Jacobs & Donoghue, 1991; Schneider et al., 2002), without repetitive
movements as suggested by the positive feedback loop hypothesis in FHD (Blake et
al., 2002; Evinger, 2005). As a result, disruption inhibitory functioning within the
sensorimotor cortices may be sufficient to disrupt cortical mapping, without

repetitive movements.
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4.5.1 Limitations

There are some limitations in this study. Firstly, as noted in Chapter 3, the
generalisability of the TS sample used in this study to the general TS population is
limited due to the greater prevalence of females within the sample and the
recruitment of individuals with low tic frequency and absence of large head and facial
tics to preserve data quality. Consequently, this sample may instead reflect a limited
population of those with TS, namely those with lower tic frequencies, and females
who may evidence differences in brain structure, functional connectivity and
aetiologies (see Section 3.3.4.4). Moreover, suppression of tics during the fMRI task
could have impacted results in the TS group, as control of motor outputs in TS groups
is associated with increased SMA activation, resulting in diminished cortical
excitability (Draper et al., 2014; Ueda et al., 2021). Additionally, the extent to which
the current TS sample experienced hand tics, and if so, the frequency/intensity of
these hand tics, was not measured. Therefore, although generally uncommon in TS,
this study cannot rule out any impact of hand tics on resultant digit maps. Finally,
measures of inhibitory functioning (such as MRS-GABA or TMS-SICI) and
somatosensory functioning were not analysed in relation to digit map properties, and
therefore it cannot be concluded that abnormalities in inhibitory and somatosensory

functioning are related to the differences evident in TS digit maps.

While traditionally D1 and D2 show greater representations in the sensorimotor
cortices (Janko et al., 2022), the number of voxels assigned to D5 in comparison to
other digits was much larger and more variable across both groups in this study. This
is likely because a considerable amount of the literature measured cortical digit
representations by applying vibrotactile stimuli to digits, rather than relying on motor
tapping of the digits. While vibrotactile stimulation is a passive task where stimulation
is applied to each digit separately, digit tapping tasks are unlikely to accurately
separate individual digits, as the movement of one finger inherently causes
movement of other fingers (van den Noort et al., 2016). Moreover, although motor
tasks may be acceptable for digit mapping, the predictability of the task may not be

appropriate. For example, in comparison to a random-order tapping task, 70% more
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activation was observed in a sequential tapping task, which was more widespread.
This activation included non-specific BOLD responses and reduced the ability to
detect separate digits (Olman et al., 2012). As a result, some digits dominated digit
maps, which were more evenly distributed in the random-order task. Similar findings
were demonstrated in Mastria et al. (2023), where the percentage of ROl volume for
each digit was larger in D4 and D5 in a sequential motor tapping task but in a passive
vibrotactile task, percentage ROl volumes were larger in D1 and more evenly
distributed in D2-D5. This may explain why D4 and D5 in this study dominated digit
maps and showed a greater digit ratio in comparison to other digits in each group.
Moreover, the D5 representation is generally more variable in comparison to other
digits, as it has shown low agreeability over time within subjects (O’Neill et al., 2020).
Therefore, to more accurately quantify the ratio of activation in each digit within M1
and S1 and give an insight into the cortical magnification of digits, tasks involving

passive stimulation of the digits should be used.

Additionally, although phase-encoding travelling wave fMRI designs come with
the benefit of faster acquisition, which reduces patient time in the scanner, and rely
on ‘winner-takes-all’ analyses, these designs are insensitive to the overlapping of
representations (Besle et al., 2013). As a result, any overlapping of digit ROls could
not be assessed in this study, and therefore it is still unknown if blurring between
digits is evident in the TS group, as illustrated in animal evidence after application of
GABA antagonists and in FHD animal models (Blake et al., 2002; Foeller et al., 2005;
Jacobs & Donoghue, 1991; Schneider et al., 2002). Overlapping of digits is already
underreported in fMRI digit mapping research in TD populations, and therefore event-
related or block fMRI designs should be employed in order to determine the level of
overlap between digits in both TD control and clinical populations (Janko et al., 2022).
Moreover, in this chapter, each digit map analysis was initially performed in native
space and then averaged across individuals. However, because individual digit maps
vary widely between individuals (Schweizer et al., 2008), group-level analyses have

likely masked individual variations in Euclidean distances and digit ratios. As a result,
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when assessing fine-grained variable cortical representations, individual comparison

to matched controls or to a standard digit map should be considered.

4.6 Conclusions

In conclusion, some differences were identified between TD control and TS group
M1 and S1 digit representations. Specifically, M1 D3 and D4 and S1 D3 digit ratios
were larger and D2 digit ratios in the S1 were smaller in the TS group in comparison
to the TD control group. This suggests that there are differences in the proportion of
M1 and S1 associated with different digits and the precise location of those digits
between those with TS and TD controls. As a result, GABAergic inhibition and
abnormalities in sensory processing may be sufficient to induce abnormalities in
cortical representations of the digits. However, MRS-GABA, sensory processing and
presence of hand tics were not directly assessed in this study, and therefore this
cannot be concluded with certainty. Moreover, methodological limitations of using a
movement paradigm and group-level analyses may explain the differences identified

in digit ratio and topographical variations between groups.
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5. Chapter 5 - Sensorimotor mapping of facial movements and

vibrotactile stimulation to three facial locations in Tourette Syndrome

Key words: Tourette Syndrome (TS), functional magnetic resonance imaging (fMRI),

sensorimotor representations, facial movements, vibrotactile stimulation

5.1 Introduction

As discussed in Chapter 4, disruption within GABAergic inhibitory mechanisms
impact the stability of cortical functional representations (Foeller et al., 2005; Jacobs
& Donoghue, 1991; Schneider et al., 2002). In FHD, a condition characterised by
involuntary movements/spasms in the hand and associated with abnormalities in
sensorimotor inhibition, there is evidence of abnormalities in cortical representations
of the digits (Huber et al.,, 2023). However, in general digit representation
abnormalities have only been associated with the hemisphere contralateral to the
affected hand, despite abnormalities in inhibition being shown across both
hemispheres (Ridding et al., 1995; Rona et al., 1998). Though, some research has
evidenced bilateral abnormalities in digit representations in FHD, which have been
linked with symptom severity and duration of the condition (Byrnes et al., 1998;
Meunier et al.,, 2001). These aberrant representations, usually localised to one
hemisphere, have been proposed to occur due to the abnormalities in cortical
inhibition, paired with repetitive behaviours of the hand (Blake et al., 2002; Evinger,
2005).

In Chapter 3, some evidence of abnormalities in GABAergic inhibition in the
sensorimotor cortices of the TS group were displayed using MRS-GABA measures.
Moreover, despite hand tics being uncommon in TS, alterations in sensorimotor digit
representations were evident in the results shown in Chapter 4. It is therefore
proposed in this chapter that this environment of altered GABAergic inhibitory

processing in TS is sufficient to encourage malleability of cortical representations of
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regions commonly involved in facial tics, the most common tics in TS (Baizabal-
Carvallo et al., 2023). While previous TMS mapping research has demonstrated that
FDI hand muscle representations are smaller in individuals with TS compared to TD
controls, maps of different facial muscles did not significantly differ between groups
(Sigurdsson, Jackson, et al., 2020). However, the reliability of both hand and facial
maps can be questioned, as the TMS intensity used was likely too high. Moreover, this
intensity was based on the FDI muscle, but different M1 areas corresponding to
different muscles will require different stimulation intensities to evoke the same MEP
response (Menon et al., 2018). Moreover, as motor gain excitability is reduced in TS,
these increased threshold intensities may produce smaller MEPs in individuals with
TS compared to TD controls (Draper et al., 2015; Orth, 2009; Pépés et al., 2016).
Additionally, these maps were measured at rest, however individuals with TS have
been reported to show differential activation when performing volitional movements,
such as reduced motor excitability prior to voluntary movements and enhanced
interaction between M1-SMA (Draper et al., 2014; Franzkowiak et al., 2012). As a
result, sensorimotor movement representations of common tics may show nuances

in activation when a volitional movement is performed in comparison to TD controls.

Many individuals with TS also report feeling uncomfortable urges to tic, which
are associated with abnormal sensations, such as tingling or itching. Specifically,
individuals report that urges prior to tics are most commonly felt in the face and head,
corresponding to tic locations (Essing et al., 2022; McGuire et al., 2016). Additionally,
as Chapter 3 demonstrated, sensory processing of tactile stimuli differs between TD
control groups and individuals with TS, where individuals with TS displayed some
abnormalities in TOJ and amplitude discrimination thresholds. Therefore,
sensorimotor activations in response to vibrotactile stimulation to facial regions may
also reveal differences in sensory processing in areas of common tics and urges

compared to TD controls.
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5.2 Aims

This study used fMRI with the aim of investigating the sensorimotor cortical
representations relating to facial regions widely involved in tics in individuals with TS
and TD controls with. It was hypothesised that there would be differences in the
sensorimotor representations of facial movements relating to common tics (blinking,
grimacing and jaw clenching) and representations in response to vibrotactile
stimulation across different facial areas in comparison to TD controls. In this chapter,
Study 1 investigates the sensorimotor representations of facial movements using 3T
fMRI, while Study 2 investigates activations in response to vibrotactile stimulation to

three facial locations using 7T fMRI.
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5.3 Study 1

This study investigates the sensorimotor representations of facial movements

using 3T fMRI.

5.3.1 Methods

5.3.1.1 Participants

Twenty participants per group was set as the recruitment target due to
funding availability of the 3T MRI scanner. As a result, 20 TD control and 20
participants with TS or chronic tic disorder took part in the study. Four TS participants
were excluded from subsequent analysis due to excessive head motion during the
fMRI. Demographic information for the remainder of participants in each group are
displayed in Table 5.1. Age (U =127, p = 0.292) and sex (X% (1, N =36) = 0.00, p = 1.00)

distributions were not significantly different between groups.

Table 5.1

Demographic information of TD and TS participants in Study 1

Group N Age Sex
TD 20 31.20 (+9.8) 10 male, 10 female
TS 16 35.06 (+12.2) 8 male, 8 female

Note. N = number of participants, TD = group of typically developing control participants, TS

= group of participants with Tourette Syndrome, mean (+standard deviation)

Participants gave informed consent, and ethics were approved by the local
ethics committee (School of Psychology, University of Nottingham: S1454). No
participants in the TD group were taking CNS-active drugs and were free from any
mood or neurological illness during the experimental timeline. Clinical

guestionnaires, as described in Section 3.2.1.2, were also administered to individuals
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with TS, with all medications, YGTSS and PUTS-R scores for the TS group displayed in
Appendix C.1. All participants were free from any contraindications for MRI, as
assessed by completion of an MRI safety screening form. All participants were right-

handed, as assessed by the Edinburgh handedness questionnaire (Oldfield, 1971).

5.3.1.2 fMRI Paradigm

Three 4.5 minute fMRI task blocks were acquired with participants visually
instructed to perform a facial movement at 1Hz for 8 seconds, with 24 seconds of rest
(repeated for 8 cycles). Each movement task block was visually presented using
PsychoPy (Open Science Tools, Ltd.; Pierce et al., 2019) on a MR-compatible screen
(BOLDscreen 32, Cambridge Research Systems, UK), which was visible to the
participant by a mirror mounted to the head coil. Each fMRI task block consisted of a
different facial movement in the same order across participants; blinking, grimacing,
then jaw clenching. These facial movements are very common tics experienced by
those with TS (Baizabal-Carvallo et al., 2023). Participants were trained on each facial

movement prior to scanning to ensure conformity across movements.

Video recordings were acquired during scans using a MR compatible camera
with integrated LED light, mounted to the head coil (12M-I, MRC systems GmbH). This
was used to assess compliance with the cued facial movements and to obtain
accurate onset and duration timings of cued movements to enter as a regressor in
subsequent GLM analyses. Video recordings were not available for all blocks from one
TS participant and six TD controls due to technical issues with the MR-compatible

camera or consent. For those not available, the fixed block timings were used.

5.3.1.3 MRI data acquisition

MRI data were acquired on a Philips 3T Ingenia MRI scanner (Philips
Healthcare, Best, The Netherlands) using a 32-channel head coil situated in the Sir

Peter Mansfield Imaging Centre at the University of Nottingham, Nottingham, UK.
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5.3.1.3.1 fMRI parameters

Three BOLD fMRI data sets were acquired using a single-shot 2D T,*-weighted
GE-EPI sequence (voxel 2.5 mm, matrix size = 84 x 83 x 48, multiband 4, TR/TE =
1000/30 ms, 4.32 acquisition time per block). Two additional SE-EPI short scans (5
dynamics) with the same parameters, but with opposing fat shift directions, were

collected for distortion correction (see Section 5.3.1.4.1).

5.3.1.3.2 T;-weighted anatomical parameters

Following acquisition of the fMRI blocks, a T;-weighted 3D MPRAGE scan was
acquired (matrix size = 256 x 256, FOV = 176 x 256 x 256 mm, 1 mm isotropic, 176
slices, TR/TE = 8.1/3.7 ms, flip angle = 8°, acquisition time 3.35 minutes). This was co-
registered with the fMRI data runs and to MNI standard space to allow for comparison

across participants.

5.3.1.4 BOLD-fMRI analysis

5.3.1.4.1 Pre-processing

fMRI data were distortion corrected using FSL-TOPUP and thermal noise was
removed using NORDIC PCAS denoising (Andersson et al., 2003; Vizioli et al., 2021).
Data was then assessed for motion artefacts and any fMRI blocks with absolute mean
motion displacement above 2.5mm were removed. In the TS group especially, many
blocks were contaminated by brief periods of large motion displacement (>2.5 mm).
To preserve as much data as possible, fMRI images that were contaminated by brief
periods of large motion displacement (>2.5 mm) for up to three cycles had these
cycles removed using FSL functions (Jenkinson et al., 2012) from subsequent analyses.
This resulted in the removal of data from three TS in the ‘blink” blocks, one TD and

eight TS from the ‘grimace’ blocks and two TD and six TS from the ‘jaw’ blocks.

154



The tSNR of the resulting de-noised block fMRI timeseries were assessed in
MATLAB (MATLAB_R2019a, Mathworks, Natick, MA) using an in-house quality
assurance code fMRI_report_app (https://github.com/nottingham-
neuroimaging/qa/tree/master/fMRI_report_app). If present, fMRI blocks with tSNR
values <30 would be removed from analyses, however no fMRI blocks had tSNR below
this threshold. Final number of participants and mean tSNR and standard deviations

for each movement block are presented in Table 5.2.

Table 5.2

Number of participants and tSNR in each block in Study 1

Blink Grimace Jaw clench
Group N tSNR N tSNR N tSNR
D 20 134 (+11) 19 115 (+8) 18 113 (+13)
TS 13 98 (+14) 8 99 (+20) 10 96 (+17)

Note. N = number of participants, tSNR = temporal signal-to-noise ratio, TD = group of
typically developing control participants, TS = group of participants with Tourette Syndrome,

mean (+standard deviation)

Motion correction was conducted using FMRIB’s linear image registration
tool, MCFLIRT, using the middle volume as a reference volume (Jenkinson et al., 2002).
Resulting de-noised data were pre-processed using FSL-FEAT (FMRI Expert Analysis
Tool; Jenkinson et al., 2012). High-pass temporal filtering of 32 s was applied, and
spatial smoothing was conducted using SUSAN (FMRIB; Smith & Brady, 1997) using a
Gaussian kernel of 3.75mm FWHM to account for anatomical differences between

participants.

Registration of fMRI images to MNI standard space was also applied using
FLIRT (FMRIB; Jenkinson et al., 2002; Jenkinson & Smith, 2001), by taking an example
volume from the low-resolution fMRI image and registering this to an example
volume of the participant’s T1-weighted anatomical high-resolution image. This high-
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resolution image is also registered to the MNI standard space. Transformations for
both steps are combined and applied so that the low-resolution fMRI images are

registered to standard space for group analysis.

5.3.1.4.2 Standard imaging analysis

First and third-level analyses were conducted using FSL-FEAT. Standard and
extended motion parameters were applied and an additional confound explanatory
variables (EV) was applied to scrub volumes where motion exceeded FD values of over
0.9 mm to avoid motion confounding analysis. Pre-whitening was also applied to

remove temporal autocorrelation from the data.

For each fMRI scan, regressors were entered into the GLM design matrix which
included onset time and duration of the performed facial movement (blink, grimace
or jaw clench) marked from the video recordings (or block timings in absence of video
recordings). Regressors were convolved using a double-gamma HRF. Convolution
applies blurring and delays to the input waveform (i.e. stimulus timings) and output
waveform (i.e. the fMRI haemodynamic response). Double-gamma HRF applies a
positive gamma function at a normal lag and a delayed, brief, negative gamma to the
input waveform in order to model the late undershoot of the HRF. Contrasts were also
set up to identify the movement block for later analyses (‘Blink’, ‘Grimace’, or ‘Jaw

clench’).

Finally, third-level analyses were conducted using a mixed-effects analysis
(FLAME 1+2) to average responses in TS and TD groups for each facial movement
block (blink, grimace, or jaw clench). Results were masked to cover bilateral
supplementary motor areas (SMA), and bilateral pre- and post-central gyri as defined
by the Harvard-Oxford Cortical Structural atlas, before applying cluster correction
determined by a Z-threshold of 2.3 (p = 0.05; (Worsley, 2001). The SMA was included
in this ROl mask due to its involvement in action initiation and control of action and

its reported dysfunction in TS (Jung et al., 2013; Nachev et al., 2008).
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5.3.1.4.3 Conjunction analysis

A conjunction analysis was performed for each group. This identified
overlapping voxels that passed a voxel-wise p-corrected statistical t threshold in all
facial movement block contrasts (blink, grimace and jaw clench). This was conducted
using AFNI (Cox, 1996; Cox & Hyde, 1997) on thresholded contrast images from first-
level FSL-FEAT analyses, creating a conjunction map. With these, t thresholds for each
group-level facial movement block map were used to identify common voxels within
each map that passed the specified threshold of p = 0.05. Unique voxels were
identified by subtracting the resulting conjunction maps from each group-level facial
movement block map. Conjunction maps of common/unique voxels to each facial

movement were compared between groups.

5.3.2 Results

5.3.2.1 Cluster-level inferences

Significant cluster activations were identified across the bilateral sensorimotor
cortices for blink, grimace, and jaw clench blocks in both the TD and TS groups (Figure
5.1; Z = 2.3, p < 0.05). However, these clusters did not significantly differ between
groups suggesting similar activations within the bilateral sensorimotor cortices and
SMA across groups. The number of voxels and COG for each cluster activation are

displayed in Appendix C.2.
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Figure 5.1
Cluster activations in TD (blue) and TS (red) control groups for (a) Blink, (b) Grimace,

and (c) Jaw clench blocks
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TD blink TS blink

TD grimace TS grimace
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TD jaw clench TS jaw clench

Note. Numbers depict slice number, R = right hemisphere, TD = group of typically developing

control participants, TS = group of participants with Tourette Syndrome

5.3.2.2 Conjunction analysis

A conjunction analysis identified unique (Figure 5.2) and common (Figure 5.3)
voxels across all facial movements in both groups. Unique voxels for each movement
showed overlap with the face region of the M1 in both TD and TS groups (Figure 5.2).
Common voxels across all movements in both groups also showed overlap within the
sensorimotor face region and SMA, however, more common voxels were identified
across movements in the TD group. Moreover, common voxels were only identified in

the SMA in the TD group (Figure 5.3).

159



Figure 5.2

Unique voxels identified in a conjunction analysis for TD (blue) and TS (red) groups in (a) blink, (b) grimace, and (c) jaw clench movement blocks

Blink unique voxels Grimace unique voxels Jaw clench unique voxels

Note. Numbers depict slice number, R = right hemisphere, TD = group of typically developing control participants, TS = group of participants with Tourette

Syndrome
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Figure 5.3
Common voxels identified in a conjunction analysis for TD (blue) and TS (red) groups

across movement blocks (blink, grimace and jaw clench)

Common voxels across movements

Note. Numbers depict slice number, R = right hemisphere, TD = group of typically developing

control participants, TS = group of participants with Tourette Syndrome

5.3.3 Discussion

In Study 1, bilateral cortical maps were extracted for different facial
movements relating to common tics (blinking, grimacing and jaw clenching), which
activated across a sensorimotor mask encompassing bilateral S1, M1 and SMA.
However, no significant differences were identified in cluster activations for any
movement between TD and TS groups. This suggests that cued movements mimicking
facial tics show comparable activations within the sensorimotor cortices and SMA
across groups. This is against predictions that individuals with TS would show aberrant

representations due to abnormalities in GABA modulation. However, as MRS-GABA
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or TMS-SICI measures of GABAergic inhibition were not taken, the specific role of

GABAergic inhibition in sensorimotor maps across groups is not clear.

A conjunction analysis was also employed to assess common and unique
activations across all facial movements in each group. Across unique voxels activated
for each movement, similarities in patterns are evident across the sensorimotor
cortices for each group. However, for common voxels activated across all tasks, there
was a greater spread of activation in the TD group compared to the TS group across
sensorimotor cortices. This suggests that TD individuals recruit similar regions of the
sensorimotor cortex across all cued facial movements, whereas this is more aberrant
in TS, evidenced by reduced areas of common voxels activated across movements.
Furthermore, while the SMA was consistently activated across tasks in the TD control
group, this was not the case in the TS group. This aligns with previous evidence of
disordered activity within the SMA during tasks involving cognitive control of
movement (Jung et al., 2013). The SMA is a premotor area involved in action initiation
and volitional control of action and has been linked to tic suppression in TS (Nachev
et al., 2008; Ueda et al., 2021). As the motor tasks in Study 1 required control of
movement, with the possibility for tic suppression to better control motor output, the
SMA is likely to be recruited in each task. However, differences in activations across

tasks could be a result of disordered activity within the SMA.

Upon assessment of cluster activations across each task in the TS group, while
SMA activation is present in blink and jaw clench blocks, this is absent in the grimace
block. Grimacing is a more complex movement which involves more facial muscles,
and therefore requires greater movement coordination. Previous evidence has
illustrated that reduced motor cortical excitability are evident during tasks requiring
greater cognitive control in TS participants, with reduced motor cortical excitability
thought to be a result of increases in SMA MRS-GABA (Heise et al., 2010; Jackson et
al., 2015; Jackson et al., 2011, 2013; Jung et al., 2013; Larsh et al., 2023). In TS, SMA
MRS-GABA has also previously shown an inverse correlation with SMA fMRI BOLD

responses (Draper et al., 2014), suggesting that the absence of activation in the SMA
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during the grimacing task may be a result of greater inhibition within the SMA as a
control mechanism. Consequently, the absence of activation in the SMA during the
grimace task in the TS group may be a result of grimacing requiring more precise
control of motor output and the suppression of tics during movements, increasing

the difficulty and cognitive control.

Additionally, review of video data during motor blocks highlighted that some
facial tics were present during motor blocks, which may also have induced aberrant
activation in the SMA. Previous evidence has examined cross-correlation activations
between tics in individuals with tic disorders and specific volitional ‘tic-like’
movements in age- and sex-matched TD controls (Hampson et al., 2009). Similar
patterns of cross-correlation were identified in activations from the motor cortex to
the rest of the brain, however broader cross-correlations were identified between the
motor cortex to the SMA in the group with tic disorders only. This evidence indicated
the presence of greater SMA activation prior to and after tic execution compared to
volitional movement (Hampson et al., 2009). As a result, the presence of tics is
another possible cause of the aberrant activation in the SMA across tasks in the TS
group, which is consistently activated across tasks in the TD group. However, as the
number of tics and level of suppression during tasks was not quantified, this cannot

be concluded.
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5.4 Study 2

This study investigated activations in response to vibrotactile stimulation to

three facial locations using 7T fMRI.

5.4.1 Methods
5.4.1.1 Participants

Participants were recruited as part of a wider study involving MRS (Chapter 3)
and digit mapping (Chapter 4), with a recruitment target of 20 participants per group
due to funding limitations of the 7T MRI scanning hours. Seventeen TD adults and ten
adults with TS or chronic tic disorder took part in this study. Data from four TS
participants were removed due to excessive motion across all blocks in three
participants and incorrect voxel placement during fMRI blocks in one participant. The
resulting demographic information is displayed in Table 5.3. Age (t(21) = 0.323, p =
0.750) and sex (X? (1, N = 23) = 0.727, p = 0.394) distributions were not significantly

different between groups.

Table 5.3

Demographic information of TD and TS participants in Study 2

Group N Age Sex
D 17 28.06 (16.6) 6 male, 11 female
TS 6 27.00 (+7.8) 1 male, 5 female

Note. N = number of participants, TD = group of typically developing control participants, TS

= group of participants with Tourette Syndrome, mean (+standard deviation)

Participants gave informed consent, and ethics were approved by the local
ethics committee (School of Psychology, University of Nottingham: S1500). No

participants in the TD group were taking CNS-active drugs and were free from any
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mood or neurological illness during the experimental timeline. All medications and
Yale/PUTS-R scores for the TS group are displayed in Appendix C.3. All participants
were free from any contraindications for MRI, as assessed by completion of an MRI
safety screening form. All participants were right-handed as assessed by the

Edinburgh handedness questionnaire (Oldfield, 1971).

5.4.1.2 fMRI paradigm

5.4.1.2.1 Applying somatosensory stimulation using piezo-electric tactors

To study somatosensory stimulation of the face piezo-electric tactors
(PiezoTac Mini Tactors, Engineering Acoustics, Inc., EAI, FL, USA) were used. These
tactors are made of biocompatible acrylonitrile butadiene styrene plastic and wires
were insulated tinsel, however prior to use, the safety of these within the 7T was
assessed by collecting heating tests on an agar phantom with fibre optic temperature
gauges with < 0.05 °C precision (Luxtron Fluoroptic Thermometry Lab Kit, LumaSense
Technologies Inc., CA, USA). This was assessed as there is a risk of interaction between
MRI radiofrequency pulses and conductive devices, which can induce electrical
currents and heating, with the potential to cause burns and injury (Tang & Yamamoto,
2023). Three fibre optic temperature gauges were placed on the phantom under the
piezo-electric tactor plastic, under the wiring and at a control site. Temperatures were
monitored during a 9 minute baseline period, during a 2.5 minute fMRI run, a 4.5
minute fMRI run and a 8.5 minute MRS protocol. Low thermal fluctuations were found
during the scan sequences (< 0.5 °C), with no difference in temperature change for
the test site in comparison to the control site. See Appendix C.4 for average
temperature readings and changes in temperature across scans, and Appendix C.5 for

temperature across time during scans.

For Study 2, the piezo-electric tactors were attached using medical grade tape
to three locations of the left side of the face at the orbicularis oculi (O. oculi), masseter
and orbicularis oris (O. oris) before scanning. Figure 5.4 shows the location of each
piezo-electric tactor on the face. For each somatosensory block, piezo-electric tactor

vibrations were delivered at 35Hz at a constant above-threshold intensity across
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participants. This intensity was the highest intensity for a frequency of 35Hz as
recommended by the manufacturer. To confirm participants could feel vibrations at
this set frequency and intensity, in the scanner vibrations were triggered in each
piezo-electric stimulators using an in-house MATLAB script (MATLAB_R20193,
Mathworks, MA, USA) and participants were asked if they could feel vibrations in all
three tactors. Furthermore, 35Hz was chosen as the optimal stimulation frequency to
trigger Meissner Corpuscles which are responsible for somatosensory discrimination
and acuity and are responsible for the detection of stimuli of frequencies between
30-50 Hz (Piccinin et al., 2018; Purves & Williams, 2001). Moreover, previous research
in has shown greater fMRI activation in S1 in response to 35Hz stimulation, our target
cortical area, in comparison to high frequency stimulation (150 Hz), which activates
Pacinian corpuscles and evoke greater fMRI activation in the secondary sensory

cortices (Harrington & Hunter Downs, 2001).

Figure 5.4
Image of (a) PiezoTac Mini Tactor (EAI, FL, USA) and (b) the location of each piezo

tactor on the face

_b. Orbicularis oculi

Masseter

Orbicularis oris
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Once confirmed that the participant could feel the stimulation, three fMRI
somatosensory blocks were acquired (4.5 minutes each), with participants instructed
before scans to relax and concentrate on the piezo-tactor vibration. 500 ms vibrations
in each block were performed at one location of the face; O. oculi, masseter or O. oris
(see Figure 5.4) at a frequency of 1Hz for 8 seconds, with 24 seconds of rest period,
and this was repeated for 8 cycles. Each somatosensory block was triggered using an

in-house MATLAB script, controlling the Tactor Interface (EAI, FL, USA).

5.4.1.3 MRI parameters

MRI data were collected on a Philips 7T Achieva MRI scanner (Philips
Healthcare, Best, The Netherlands) using a 32-channel head coil situated in the Sir
Peter Mansfield Imaging Centre at the University of Nottingham, Nottingham, UK. The
scanning that took place in this chapter was part of a wider scanning session, which
used fMRI to investigate MRS-GABA and -Glu concentrations (Chapter 3 Study 2) and

sensorimotor digit mapping (Chapter 4).

5.4.1.3.1 fMRI parameters

BOLD fMRI data were acquired using a single-shot 2D T,*-weighted GE-EPI
sequence (voxel 1.5 mm, matrix size = 108 x 118 x 40, multiband 2, TR/TE = 2000/22
ms, 4.32 minute acquisition time per block). Two additional short SE-EPI MRI scans (5
dynamics) with the same acquisition parameters, but with opposing fat shift

directions, were collected for EPI distortion correction (see Section 5.4.1.4.1).

5.4.1.3.2 T1-weighted anatomical parameters

Prior to fMRI blocks, an anatomical Ti-weighted 3D gradient echo PSIR scan
was acquired (matrix size = 320 x 320, FOV =224 x 224 x 156.8 mm, 0.7mm isotropic,
224 slices, TR/TE = 6.3/2.8 ms, flip angle = 5°, acquisition time 6.25 minutes). The two

PSIR readouts were then converted into Ti-weighted images using an in-house Python
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(v.3.9.12) script (https://github.com/oliviermougin/PSIR). This was collected for co-
registering with the fMRI runs and with standard template space images to allow for

comparison across participants.

5.4.1.4 BOLD-fMRI analysis

5.4.1.4.1 Pre-processing

fMRI data were distortion corrected using FSL-TOPUP and thermal noise was
removed using NORDIC PCAS denoising (Andersson et al., 2003; Vizioli et al., 2021).
Data was then assessed for any motion artefacts and any fMRI blocks with absolute
mean motion displacement above 1.5 mm were removed. In the TS group, many
blocks were contaminated by brief periods of large motion displacement (>1.5 mm).
In order to preserve as much data as possible, any blocks that included up to two
cycles of >1.5 mm absolute motion displacement had contaminated cycles removed
from subsequent analyses. If motion displacement was still >1.5 mm after removal of
cycles, these blocks were removed from subsequent analysis. This resulted in the
removal of two TS ‘O. oculi’ blocks, one TD and one TS ‘masseter’ blocks and two TD

and one TS ‘O. oris’ blocks.

The tSNR of the resulting de-noised block fMRI timeseries were assessed were
assessed in MATLAB (MATLAB_R2019a, Mathworks, Natick, MA) using an in-house
quality assurance code fMRI _report_app (https://github.com/nottingham-
neuroimaging/qa/tree/master/fMRI_report_app). If present, fMRI blocks with tSNR
values <30 were removed from analyses. No fMRI blocks were removed due to tSNR
concerns. fMRI blocks with absolute mean motion displacement above 2.5mm were
also removed. Final number of participants and mean tSNR and standard deviations

for each movement block are presented in Table 5.4.
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Table 5.4
Number of participants and tSNR in each block in Study 1

Orbicularis oculi Masseter Orbicularis oris

Group N tSNR N tSNR N tSNR
D 17 97 (+£19) 16 82 (+14) 15 83 (+14)
TS 4 97 (£23) 5 103 (£+38) 5 106 (+38)

Note. N = number of participants, tSNR = temporal signal-to-noise ratio, TD = group of
typically developing control participants, TS = group of participants with Tourette Syndrome,

mean (+standard deviation)

Motion correction was conducted using FMRIB’s linear image registration
tool, MCFLIRT, using the middle volume as a reference volume (Jenkinson, 2002).
Resulting de-noised data were pre-processed using FSL-FEAT (FMRI Expert Analysis
Tool; Jenkinson et al., 2012). High-pass temporal filtering of 32 s was applied and
spatial smoothing using SUSAN (FMRIB; Smith & Brady, 1997) using a Gaussian kernel

of 3.75mm FWHM to account for anatomical differences between participants.

Registration of fMRI images to MNI standard space was also applied using
FLIRT (FMRIB; Jenkinson & Smith, 2001; Jenkinson et al., 2002). This was conducted
by taking an example volume from the low-resolution fMRI image and registering this
to an example volume of the participant’s T1-weighted anatomical high-resolution
image. This high-resolution image is also registered to the MNI standard space.
Transformations for both steps are combined and applied so that the low-resolution

fMRI images are registered to standard space for group analysis.

5.4.1.4.2 Standard imaging analysis

First and third-level analyses were conducted using FSL-FEAT (Woolrich et al.,
2001, 2004). Standard and extended motion parameters were applied and an

additional confound EV was applied to scrub volumes where motion exceeded FD
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values of over 0.9mm to avoid motion confounding analyses. Pre-whitening was also

applied to remove temporal autocorrelation from the data.

For each fMRI scan in first-level analyses, regressors were entered into the
GLM design matrix which included onset time and duration of the vibrations at
different facial locations (O. oculi, masseter or O. oris). Regressors were convolved
using a double-gamma HRF. Convolution applies blurring and delays to the input
waveform (i.e. somatosensory stimulus timings) and output waveform (i.e. the fMRI
haemodynamic response). Double-gamma HRF applies a positive gamma function at
a normal lag and a delayed, brief, negative gamma to the input waveform in order to
model the late undershoot of the HRF. Contrasts were also set up to identify the

somatosensory block for later analyses (‘O. oculi’, ‘masseter’, or ‘O. oris’).

Finally, third-level analyses were conducted using a mixed-effects analysis
(FLAME 1+2) to average responses in TS and TD groups for each somatosensory block
(O. oculi, masseter, or O. oris). Results were masked to cover the right SMA and
bilateral pre- and post-central gyri as defined by the Harvard-Oxford Cortical
Structural atlas, before applying cluster correction determined by a Z-threshold of 2.3

(p =0.05; Worsley, 2001).

5.4.1.4.3 Conjunction analysis

A conjunction analysis was performed for each group to identify overlapping
voxels that pass a voxel-wise p-corrected statistical t threshold for all somatosensory
block contrasts (O. oculi, masseter, and O. oris). This was conducted using AFNI (Cox,
1996; Cox & Hyde, 1997) in thresholded contrast images from first-level FSL-FEAT
analyses. From these, t thresholds for each group-level somatosensory block map
were used to identify common voxels within each map that passed the specified
threshold of p = 0.05, creating a conjunction map. Unique voxels were identified by
subtracting the resulting conjunction maps from each group-level somatosensory
block map. Conjunction maps of common/unique voxels to each somatosensory block

were compared between groups.
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5.4.1.4.4 Voxel counts, 3D coordinates of maximum Z statistics and

Euclidean distances

The number of voxels and 3D coordinates of the maximum Z statistic centre
of gravity (zCOG) were also extracted for each contrast (O. oculi, masseter and O. oris)
for each participant. This involved masking first-level thresholded images (Z=2.3, p <
.05) over the right post-central gyrus and extracting voxel counts and 3D zCOG
coordinates using FSL functions Featquery and FSLUTILS (Jenkinson et al., 2012). 3D
zCOG coordinates are in three directions; x (left (-) to right (+), L-R), y (posterior (-) to

anterior (+), P-A) and z (inferior (-) to superior (+), I-S).

3D zCOG coordinates were also used to calculate Euclidean distances (d)

between each contrast as outlined in the formula 5.1.

d= J(x2—x1)%+ (y2 — y1)% + (22 — z1)2 (5.1)

Where x2, y2, z2 are coordinates from one contrast’s 3D zCOG coordinates and

x1, y1, z1 are coordinates from the second contrast’s 3D zCOG coordinates.

5.4.1.4.4.1 Statistical analysis

For the O. oculi block, there were 17 TD and four TS datasets, for the masseter
block, there were 16 TD and four TS datasets and for the O. oris block, there were 14
TD and four TS datasets. Independent two-tailed t-tests were then conducted to
detect any significant differences between TD and TS group average voxel counts,
zCOG coordinates and Euclidean distances for between 3D zCOG coordinates for
contrast. Where data were not normally distributed, Mann-Whitney U tests replaced
independent t-tests. BFio was also used with a Cauchy distribution with a scale of y =
0.707 used as the prior distribution (Rouder et al., 2009). Interpretation of BFo values
are shown in Table 3.2. These statistical analyses were conducted using jamovi (v

2.3.28; jamovi.org).
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5.4.2 Results

5.4.2.1 Cluster-level inferences

Significant cluster activations were identified in the right sensorimotor cortex
ROI for O. oculi, masseter, and O. oris blocks in the TD control group only (Figure 5.5;
Z=2.3, p<.05). This is likely due to the very small sample size within the TS group,
and therefore insufficient power to detect a group effect. As a result, no comparison

between TD and TS group-level cluster contrasts was conducted.

In the TD group for the O. oculi block, a significant cluster was only present
within the SMA. For the masseter and O. oris blocks, significant clusters were
identified within the face region of the right M1 and in the SMA. The number of voxels
and 3D COG coordinates within each cluster activation for each sensory block are

displayed in Appendix C.6.
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Figure 5.5

Cluster activations in TD group for (a) O. oculi, (b) masseter, and (c) O. oris blocks

a. b. C.

¢ O ¢
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e d

R a s

- Orbicularis oculi Masseter

Note. Numbers depict slice number, R = right hemisphere, TD = group of typically developing control participant
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5.4.2.2 Conjunction analysis

For the TD control group, a conjunction analysis identified unique (Figure 5.6)
and common (Figure 5.7) voxels activated across O. oculi, masseter and O. oris
contrasts. Unique voxels for the O. oculi were located in the SMA, and unique voxels
for the masseter and O. oris were located in the face region of the M1 and the SMA
(Figure 5.6). Common voxels across all movements showed overlap with the SMA only

(Figure 5.7).

Figure 5.6

Unique voxels identified in the TD group in O. oculi, masseter, and O. oris blocks in a

conjunction analysis

- Orbicularis oculi

Masseter

- Orbicularis oris

Note. Numbers depict slice number, R = right hemisphere, TD = group of typically developing

control participants
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Figure 5.7
Common voxels identified in the TD group across sensory blocks (O. oculi, masseter

and O. oris) in a conjunction analysis

Common voxels across facial locations

Note. Numbers depict slice number, R = right hemisphere, TD = group of typically developing

control participants

5.4.2.3 Voxel counts

Independent t-tests were conducted on the number of voxels within
thresholded cluster activations (Z = 2.3, p < .05) for each participant for each contrast.
No significant differences were found in the average number of O. oculi voxels
between TD control (M = 1068.53, SD = 1032.3) and TS group (M = 1445.75, SD =
784.9); U = 20, p = 0.237, with Bayesian inference providing anecdotal evidence for
the null hypothesis (BF10 = 0.529). There were also no significant differences found in
the average number of masseter voxels between TD control (M =916.19, SD = 526.8)
and TS group (M = 439.50, SD = 284.9); t(18); = 1.72, p = 0.102. For the average
number of O. oris voxels, no significant differences were found between the TD
control (M =1014.87, SD =559.9) and TS group (M =494.00, SD = 190.0); t(17); = 1.80,
p = 0.090. However, Bayesian statistics provide anecdotal evidence for the alternative
hypothesis between the number of voxels for masseter (BF:o=1.135) and O. oris (BF1o
= 1.225) blocks. This suggests that voxel counts for the masseter and O. oris are

reduced in the TS group. Means and standard deviations are illustrated in Figure 5.8.
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Figure 5.8
Means and standard deviations (error bars) of number of voxels present activated in

TD (blue) and TS (red) groups for each sensory block
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Note. TD = group of typically developing control participants, TS = group of participants with
Tourette Syndrome, T = anecdotal support for alternative hypothesis. Group differences are

non-significant (p > 0.05)

5.4.2.4 3D zCOG coordinates

Independent t-tests were conducted on the 3D zCOG coordinates identified in
each sensory block between groups (means and standard deviations summarised in
Table 5.5). No significant differences were identified between TD and TS group
coordinates for O. oculi: L-R (t(19) = -.798, p = 0.435, BF1p = 0.558), and A-P (t(19) = -
1.144, p = 0.267, BF1o = 0.688); Masseter: L-R (U = 31, p = 0.962, BF1o = 0.465), P-A (U
=24, p=0.478, BF10=0.509) and I-S (t(18) = 0.139, p = 0.891, BF10=0.461) or O. oris:
L-R (t(16) =-.781, p = 0.446, BF10 = 0.560), P-A (U = 25, p = 0.798, BF10 = 0.462) and I-
S (t(16) = 0.970, p = 0.346, BFip = 0.620). However, Bayesian statistics revealed

anecdotal evidence in support of the alternative hypothesis, signifying that O. oculi |-
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S coordinates were more inferior in the TS group (t(19) = 1.622, p = 0.121, BFip =
1.027).
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Table 5.5

Mean and standard deviations of maximum Z statistic 3D coordinates for each sensory block

Orbicularis oculi Masseter Orbicularis oris
Group L-R P-A I-SJr L-R P-A 1-S L-R P-A 1-S
- 41.8 -26.2 43.1 48.6 -20.1 35.8 51.0 -20.1 40.2
(+17.5) (+11.9) (£17.0) (£17.2) (+13.0) (+19.5) (+14.7) (+14.4) (+15.6)
TS 49.4 -18.9 27.8 50.6 -24.1 34.3 57.2 -19.9 32.2
(+14.71) (+9.67) (+16.54) (+12.87) (+9.73) (£19.87) (+9.57) (+9.59) (+8.62)

Note. L-R = left to right, P-A = posterior to anterior, I-S = inferior to superior, TD = group of typically developing control participants, TS = group of participants

with Tourette Syndrome, mean (+standard deviation), T = anecdotal support for alternative hypothesis
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A scatterplot of individual 2D zCOG coordinates for each block are shown in
Figure 5.9. Visual inspection of Figure 5.9 shows that although right M1, S1, and SMA
were included in the sensorimotor mask, zCOG coordinates across all movements and

groups were located in the right hemisphere S1, clustered into two locations.

Figure 5.9
Scatterplot of individual maximum Z statistic 2D coordinates (x,y) in TD (blue) and TS

(red) groups for (a) O. oculi, (b) masseter and (c) O. oris sensory blocks
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Note. Each point reflects individual participant’s maximum Z statistic coordinates (L-R, P-A)
for each sensory block, TD = group of typically developing control participants, TS = group of
participants with Tourette Syndrome. All coordinates fall within the right post-central gyrus
(S1) as assessed using mni2atlas (https://github.com/dmascali/mni2atlas/releases/tag/1.1)
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5.4.2.5 Euclidean distances

Independent t-tests were conducted on the Euclidean distances identified
between groups, based on the 3D coordinates of zCOG for each sensory block within
the right post-central gyrus for each participant. The average Euclidean distance
between the O. oculi and masseter 3D zCOG coordinates were not significantly
different between TD (M = 14.3, SD = 17.8) and TS (M = 10.8, SD = 8.40) groups; U =
23.0, p = 0.955. No significant differences were also found between TD (M = 17.1, SD
=17.3) and TS (M = 29.9, SD = 28.39) groups when assessing Euclidean distances
between the masseter and O. oris (U= 19, p=0.382) and Euclidean distances between
the O. oculi and O. oris (t(15) = 0.241, p = 0.813) in TD (M = 18.0, SD = 17.4) and TS
groups (M = 15.5, SD = 5.74). Bayesian inference provided anecdotal evidence in
support of null hypothesis for O. oculi-masseter (BFio = 0.533), masseter-0. oris (BF1o
= 0.693) and O. oculi-oris (BFio = 0.503). Means and standard deviations are

summarised in Figure 5.10.
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Figure 5.10
Means and standard deviations (error bars) of Euclidean distances between maximum

Z statistic 3D coordinates (x,y,z) of each sensory block in TD (blue) and TS (red) groups
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Note. TD = group of typically developing control participants, TS = group of participants with

Tourette Syndrome. Group differences are non-significant (p > 0.05)

5.4.3 Discussion

In Study 2, right hemisphere sensorimotor representations were extracted in
response to vibrotactile stimulation of different regions of the face, namely, the O.
oculi, masseter and O. oris. However, while significant cluster activations were
identified across the TD control group in each sensory block, no activations were
present in the TS group. This is likely due to the low sample size and thus, insufficient
power to detect a group effect. Similarly, in the TD group, cluster activations for each
sensory block showed activations within the SMA and M1, despite all individuals
showing maximum Z statistic activation coordinates (zCOG) located in the S1.
Moreover, conjunction analysis identified common voxel activations within the SMA

only, which has previously shown to be activated during passive vibrotactile
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stimulation (Nelson et al., 2004). This supports the notion that while cortical
representations are generally stable within individuals, there is great variation in the
shape, position and extent of cortical representations between individuals (Besle et
al., 2013; Kikkert et al., 2023; Kolasinski et al., 2016; Sanchez-Panchuelo et al., 2012;
Stringer et al., 2011). Therefore, although the same area of the face was stimulated
across participants, activations across the S1 show great variation and therefore, are
not likely to pass group-level cluster thresholding or show common activations during

conjunction analysis.

When assessing individual thresholded cluster activations to vibrotactile
stimulation to different areas of the face, it was found that the number of voxels
activated in the right hemisphere sensorimotor mask in response to O. oculi
vibrotactile stimulation was comparable across TD controls and the TS group. In
contrast, for vibrotactile stimulation of the masseter and O. oris, there was anecdotal
evidence for group differences, with reduced number of voxels activated evident in
the TS group. This reflects the notion that motor gain excitability is reduced in TS and
therefore, there may be less activation present in the sensorimotor cortices in
comparison to TD controls (Draper et al., 2015; Orth, 2009; Pépés et al., 2016).
Additionally, this could suggest that tactile detection of vibrotactile stimuli on the
masseter and O. oris are poorer in TS, therefore resulting in a reduction of cortical
responses. This also reinforces reports of abnormal somatosensory processing of
tactile stimuli in TS, as demonstrated by abnormalities in quantitative sensory
thresholds in the TS group within Chapter 3. This could also signify that there are
abnormalities in quantitative sensory thresholds of facial regions, the region of the
body most commonly associated with tics and PU (Baizabal-Carvallo et al., 2023;
Essing et al., 2022; McGuire et al., 2016). However, as evidenced in the absence of
group-level cluster activations, the TS group has a low sample size and power. As a
result, there is reduced reliability of these results reflecting a true effect due to the
enhanced likelihood of Type | and Type Il errors. Additionally, there is large variability
of individual voxel activations demonstrated within each group. Consequently, these

findings should be taken with caution.
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Interestingly, although no significant differences were identified in 3D zCOG
coordinates across groups, except anecdotal evidence of inferior O. oris
representations in the TS group, all individuals showed maximum activations within
the S1. However, these appeared to be clustered into two groups across all
participants. This suggests that there may be two sites of S1 that are activated during

vibrotactile stimulation of the O. oculi, masseter and O. oris.

This mirrors recent evidence presented by Gordon et al. (2023), which proposed
that topography within the M1 is not structured as first proposed by Penfield and
Boldrey (1937; see Figure 1.2), but instead is organised in three distinct concentrically
organised effector-specific regions (face, hand and leg) which are interleaved by
‘body-action’ regions (Gordon et al., 2023). Within the effector-specific regions, fMRI
activation profiles of movements across the body were assessed and showed
differential activations. In the face region, while one-peak gaussian curves better fit
the activation profiles of movement in the tongue, two-peak gaussian curves better
fit activation profiles of movement in areas further from the tongue, such as the jaw,
nostrils and eyelids (Gordon et al., 2023). This was also found in the foot and hand
effector regions, where toes and hand show one-peak activations, the ankle, knee,
hip and wrist, elbow, shoulder evoked two-peak activation profiles. This suggests that
while M1 cortical areas relating to the tongue/toes/hand show one site of activation,
cortical areas of more distal parts of the body show two sites of possible activation
(each surrounding above and below the central activation peak). This indicates that
effector-specific regions are concentrically organised, with proximal-distal
organisation (Gordon et al.,, 2023). Specifically, in the effector-specific region, the
tongue is represented in the centre of effector region and is surrounded by concentric
zones relating to the jaw, nostrils and eyelids. In the data presented in Study 2 within
the S1 (Figure 5.9), the presence of two clustered sites of zCOGs in each sensory block
across participants could suggest that activation profiles of the O. oculi, masseter and
O. oris show two-peak activations. This supports the novel concentric organisation of

effector specific regions proposed by Gordon et al. (2023). However, activation
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profiles of each individual’s response to vibrotactile stimulation to each facial region
must be analysed further to assess their fit with one- and two-peak Gaussian

activation profiles before this can be concluded within this data.

5.5 Limitations

There are several limitations within this chapter. Firstly, it would have been
useful to compare group differences between the intensity of BOLD activations.
However, in Study 1, it is likely that the intensity of movements would have varied
between individuals. If measured with EMG, this could allow for normalisation of
BOLD activation across individuals depending on the strength of EMG output to
provide some insight into BOLD activation intensities across groups. Moreover, in
Study 2, vibrotactile stimulation was not thresholded to individual detection levels.
Instead, to reduce set-up time, a suprathreshold intensity of vibrotactile stimulation
was implemented consistently across individuals and therefore, individuals may have
differential BOLD activation profiles depending on individual detection thresholds.
This could also have accounted for the variability in the number of voxel activations
present within each group. Additionally, different areas of the face have been shown
to have different detection thresholds (Komiyama & De Laat, 2005) and, as
demonstrated in Chapter 3, there are differences in quantitative sensory thresholds
between TS and TD controls. This may explain why group-level cluster activations
were absent in the TS group, as individuals with TS are less responsive to low-intensity
vibrotactile stimuli. Alternatively, this could be explained by suppression of tics during
tasks has been associated with reductions in M1 cortical excitability, however,
suppression was not directly measured (Draper et al., 2014; Jackson et al., 2015). In
future, these EMG and thresholding of vibrotactile stimuli should be implemented to
provide an insight into the strength of BOLD activations within sensorimotor cortices.
Additional measures into the extent of suppression during tasks may also reveal
differences in BOLD activations during fMRI tasks, which could be controlled for

during analyses.
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An additional drawback is the averaging of responses within groups. While the
somatotopic organisation of the digits are well documented within the sensorimotor
cortices (Janko et al., 2022), evidence of the precise somatotopic organisation of the
face is mixed. For instance, while some studies have reported an upright homunculus,
where the mouth is inferior to the eye representation (Krippl et al., 2015; Penfield &
Boldrey, 1937) others have demonstrated the opposite (Servos et al., 1999), or even
where the chin is superior to the lip but inferior to the forehead (Kikkert et al., 2023)
or the nose is represented inferior to the to the jaw or superior to the eye (DaSilva et
al., 2002; Moulton et al., 2009). Consequently, it may be more beneficial to
statistically investigate maps on an individual basis. As a result, assuming
homogeneity of samples and performing group analyses could mask individual
variability as although maps are stable within individuals, they vary greatly across

individuals.

Additionally, in the TS group, differences in sensorimotor activations in each
study may have been influenced by individual GABA functioning and particular
symptom phenomenology, such as tic severity and PU severity. As discussed in Section
5.1, bilateral abnormalities in the digit representations of individuals with FHD were
evident in patients with greater symptom severity and durations of FHD (Byrnes et
al., 1998; Meunier et al., 2001). Additionally, repetitive behaviours of the hand, paired
with abnormalities in cortical inhibition, were proposed to drive the abnormalities
demonstrated in sensorimotor digit representations (Blake et al., 2002; Evinger,
2005). However, in this chapter, levels of cortical inhibition, facial tic severity and PU
severity were not assessed alongside individual features of sensorimotor
representations. Therefore, it cannot be concluded that the presence and individual
severity of facial tics are associated with the differences identified in sensorimotor

representations between each group.

5.6 Conclusions

Overall, this chapter has uncovered some abnormalities in the representations of

facial movements and in processing vibrotactile stimulation across different facial
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locations in individuals with TS compared with a TD control group. Study 1 highlighted
possible differences in the sensorimotor mapping of facial movements, specifically
differential SMA activation during volitional movements in the TS group. This was
suggested to be a result of abnormalities within SMA activations and due to variables,
such as task complexity, tic execution and tic suppression. Study 2 showed that
vibrotactile stimulation to different areas of the face revealed that the number of
sensorimotor voxels activated in response to O. oculi vibrotactile stimulation was
comparable across TD controls and the TS group, but vibrotactile stimulation of the
masseter and O. oris displayed reduced voxel counts in the TS group. This may reflect
reduced motor gain excitability as previously reported in TS (Draper et al., 2015; Orth,

2009; Pépés et al., 2016), or differences in the processing of somatosensory stimuli.

However, it should be noted that there was great variability within voxel counts
for somatosensory representations within each group, therefore it may be more
beneficial to assess somatosensory representations on an individual level with
individually-thresholded vibrotactile stimuli. Moreover, increased sample size within
the TS group is required. Interestingly, across all tasks and groups, participants
displayed zCOG activations within one of two clusters of the S1. This may reflect a
concentric organisation of effector-specific regions in the sensorimotor cortices as
proposed by Gordon et al. (2023). However, further analyses of activation profiles for

each sensory block are required before this can be concluded.
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6. Chapter 6 - The influence of intermittent theta-burst stimulation on

cortical digit representations using TMS and fMRI

Key words: Repetitive transcranial magnetic stimulation (rTMS), intermittent
theta-burst stimulation (iTBS), y-aminobutyric acid (GABA), short-interval intracortical
inhibition (SICl), input-output curve (10 curve), TMS mapping, functional magnetic

resonance imaging (fMRI), primary motor cortex (M1)

Note: Data collection was part of my undergraduate project and was completed during this PhD

6.1 Introduction

The inhibitory neurotransmitter GABA is heavily implicated in the shaping and
maintenance of cortical motor representations (Jacobs & Donoghue, 1991; James
Kolasinski et al., 2017). So far, this thesis has demonstrated that within TS, there is a
trend of reduced MRS-GABA inhibition, reflecting a reduction of neuro-metabolite
tonic inhibition, (Chapter 3) and some alterations in cortical digit and facial
representations in the sensorimotor cortices (Chapters 4 and Chapter 5) in
comparison to TD control groups. Therefore, tonic inhibition may play a role in the
maintenance of cortical representations, as in groups where inhibition is disrupted,
cortical representations are disrupted. However, MRS-GABA was not assessed in all
individuals and were not correlated with features of sensorimotor maps, so this
cannot be concluded. Moreover, MRS-GABA is not correlated with SICI, a TMS
protocol proposed to reflect mechanisms of phasic inhibition and thought to shape
cortical representations; surround inhibition and receptive field tuning (Dyke et al.,

2017; Foeller et al., 2005; Jacobs & Donoghue, 1991; Schneider et al., 2002).

One way we can assess the role of phasic inhibition on cortical representations
is by directly manipulating GABAergic mechanisms using rTMS. Much evidence
heavily implicates GABA and glutamate as the main physiological drivers responsible
for the induction of rTMS after-effects. For instance, glutamatergic synaptic
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neurotransmission act through NMDA receptors. As discussed in Section 2.3.3.2,
NMDA receptor antagonists have been found to block TBS after-effects (Huang et al.,
2007; Labedi et al., 2014). NMDA receptors are also implicated in the LTP and LTD
processes TBS is thought to initiate, due to their abilities to trigger influxes of Ca?*
(Huang et al., 2007). Also, as previously discussed in Section 2.3.3.2, GABAA receptors
are understood to have a role in LTP plasticity. We may, therefore, expect that
GABAergic function is disrupted to allow for this enhanced cortical excitability. For
example, GABA, receptor antagonists have been demonstrated to enhance LTP-like
responses after excitatory rTMS in rat hippocampal tissue and M1, implicating
GABAergic mechanisms are involved in the after-effects of rTMS (Grover & Yan, 1999;
Hess et al., 1996). GABAa antagonists have also resulted in the alteration of cortical
motor representations (Foeller et al., 2005; Jacobs & Donoghue, 1991; Schneider et
al., 2002), with recent evidence suggesting that SICl is a predictor of the FDI muscle
motor representation area (Sigurdsson, Molloy, et al., 2020). As a result, if rTMS
protocol truly influences SICI, this technique may have the ability to alter functional

representations within the motor system.

The notion that rTMS-induced weakened inhibition may be a driver for
increased excitability and LTP-like facilitation, driving malleability of cortical
representations, has been supported in recent animal research. 10Hz rTMS to the
visual cortex of a cat resulted in the weakening of intracortical inhibitory mechanisms
which, in turn, weakened cortical map integrity, enhanced spontaneous activity and
increased cortical excitability and plasticity (Kozyrev et al., 2014, 2018). Moreover,
this 10Hz rTMS disrupted visual cortical maps, which became more malleable and
biased to visual input. Specifically, after stimulation, passive viewing of visual stimuli
of a specific orientation led to map reorganization, with greater representation and
preference for the viewed orientation lasting around six hours (Kozyrev et al., 2018).
Moreover, limb stimulation paired with 10Hz rTMS of the rat sensory cortex has
previously resulted in short-term plasticity after a single session, and long-term
changes when this protocol was repeated for five days (Zhong et al., 2021). This

plasticity was shown by an increase in the number of activated fMRI voxels after
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cortical sensory mapping of the forepaw after 10Hz rTMS. Additionally, long-term
changes were not present with limb sensory stimulation alone but were with 10Hz
rTMS. This further suggests that high-frequency rTMS can enhance excitability and
cortical representations of the stimulated region, especially when combined with

sensory stimulation (Zhong et al., 2021)

Furthermore, one human study has used 20Hz excitatory rTMS over the M1
hand area which significantly expanded somatosensory hand representations (Houzé
et al., 2013). Moreover, two human studies have used 5Hz excitatory rTMS to the left
primary somatosensory cortex (S1) index finger representation, which resulted in a
transient increase of the associated cortical fMRI S1 digit map compared to sham
rTMS (Pleger et al.,, 2006; Tegenthoff et al., 2005). While cortical inhibitory
mechanisms were not assessed, one group previously found that this 5Hz rTMS
protocol resulted in a sustained reduction of paired-pulse inhibition (Ragert et al.,
2004), which may suggest that changes in cortical representations may be a result of
disturbance to inhibition. As a result, this suggests that excitatory rTMS may induce
plasticity mechanisms in cortical maps by acting on intracortical inhibition, allowing

maps to become malleable and biased to training and learning input.

If excitatory rTMS does, in fact, reduce GABA-related inhibition, it may hold
therapeutic promise. For example, in a post-stroke animal model where motor
function was affected, increased inhibition was evident (Clarkson et al., 2010). By
disrupting GABA mechanisms responsible for this tonic inhibition, recovery of motor
function was promoted (Clarkson et al., 2010). Similarly in human research, decreases
in MRS-GABA are associated with greater improvements in motor function post-
stroke (Blicher et al., 2015). As preliminary data has suggested, excitatory-rTMS may
be able to reduce MRS-GABA, indicating its potential therapeutic potential (Grohn et
al., 2019). However, while animal evidence strongly supports that excitatory rTMS
acts through the weakening of intracortical inhibition to manipulate cortical
representations, the impact of rTMS on inhibitory mechanisms in human evidence is

mixed. For instance, while some show reduced SICI after excitatory rTMS application
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(Peinemann et al., 2000; Quartarone et al., 2005; Wu et al., 2000), other studies have
demonstrated that SICI remains relatively unchanged (Chung et al., 2016; Murakami
et al., 2012; Tse et al., 2018). Therefore, while glutamate and GABA are implicated in
excitatory rTMS after-effects, the precise physiological mechanisms in which rTMS
acts upon are still unclear, especially as after-effects are highly variable across

individuals (Hamada et al., 2013; Suppa et al., 2016).

6.2 Aims

This study aimed to investigate the influence of excitatory rTMS to the M1
hand area, or the vertex as a control site, on cortical motor representations of the
hand in TD populations across two studies. While there is some evidence to suggest
that iTBS is inferior to 20Hz rTMS on cortical mapping (Houzé et al., 2013), iTBS was
specifically chosen as rat models have previously determined that cortical inhibitory
cells are most sensitive to iTBS protocols (Funke & Benali, 2011). To expand on
previous research, multiple hand muscles and digit representations were explored
with TMS and fMRI, as iTBS effects have been shown to extend beyond the initial site
of stimulation (Morris et al., 2019). As these representations are close to the FDI M1
target of stimulation, it is expected that these maps would also show some

differences after active stimulation.

In Study 1, the ability of active M1 iTBS to modulate TMS measures of cortical
excitability (10 curve slopes) and inhibition (TMS-SICI) was investigated and compared
to control vertex iTBS. Stimulating the vertex in rTMS paradigms has been shown not
to influence activity within the motor system, making it an ideal control site for
stimulation (Jung et al., 2016). Further to cortical excitability and inhibitory measures,
TMS corticospinal excitability maps of three hand muscles were collected before and
after active or control iTBS to detect any changes in the area, 3D COG coordinates and
Euclidean distances in relation to other representations for each muscle. TMS
mapping is described in Section 2.3.2.3 and has previously been shown to be sensitive
to changes in cortical mapping between clinical populations such as in patients who

have experienced a stroke (Freundlieb et al., 2015), Tourette Syndrome (Sigurdsson,

190



Jackson, et al., 2020), or after amputation (Gunduz et al., 2020) and immobilization
of limbs (Liepert et al., 1995; Zanette et al., 2004). It was hypothesised that active
iTBS would increase 10 curve slopes and SICI values (indicating reduced inhibition)
whereas the control group would show no change. For TMS maps, it was
hypothesised that cortical representations will show a larger magnitude of change
after active compared to control stimulation in line with previous evidence (Houzé et

al., 2013; Pleger et al., 2006; Tegenthoff et al., 2005).

In Study 2, fMRI was employed to measure digit maps before and after active or
control iTBS; specifically, the ratio of voxels assigned to each digit ROI (digit ratios),
and the Euclidean distances between digit COGs before and after iTBS. Again, it was
hypothesised that cortical representations will show a larger magnitude of change

after active iTBS compared to control iTBS.
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6.3 Study 1

This study assessed the effect of active and control iTBS on M1 cortical

excitability, inhibition and TMS map measures of three hand muscles.

6.3.1 Methods
6.3.1.1 Participants

Twenty-six participants took part in this study. An initial recruitment target of
ten participants per condition was chosen due to a limited undergraduate project
timescale, subsequent COVID-19 restrictions and Study 2 funding limitations (see
Section 6.4.1.1). Recruitment was increased after COVID-19 restrictions were lifted to
account for any instances of poor data quality and to strengthen reliability of results,
but was paused to prioritise other projects in this thesis due to delays in testing
human participants after COVID-19. For this preliminary dataset, data from one
participant from the control group was removed due to a diagnosis of ADHD.
Participants gave informed consent and ethics were approved by the local ethics
committee (School of Psychology, University of Nottingham: F1095). No participants
were taking CNS-active drugs and were free from any mood or neurological illness
during the experimental timeline. In the final dataset, there were 14 participants in
the active condition and 11 participants in the control condition. A subset of eight
participants from the active group and seven participants from the control group took

part in TMS mapping measures.

Demographic information is displayed in Table 6.1. for active and control
groups. Age (U=74.5,p=0.913) and sex (X? (1, N=25) =0.070, p = 0.792) distributions
were not significantly different between groups. All participants were free from any
contraindications for MRI and TMS, as assessed by completion of MRI and TMS safety
screening forms. All participants were right-handed as assessed by the Edinburgh

handedness questionnaire (Oldfield, 1971).
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Table 6.1

Demographics of participants in active and control groups in Study 1

Group N Age Sex
Active 14 22.52 (£3.2) 2 male, 12 female
Control 11 23.01 (+4.2) 2 male, 9 female

Note. N = number of participants, mean (Zstandard deviation)

6.3.1.2 Electromyography

Subjects were seated in a chair with their right arm and elbow placed in a
comfortable position on the desk in front of them and disposable Ag-AgCl surface
electromyography (EMG) electrodes for MEP recording were attached. Electrodes
were placed securely on the right hand in a belly-tendon montage targeting the FDI
hand muscle, with the ground electrode placed on the right ulna (Figure 6.1).
Participants were asked to keep their hand in a relaxed position, palm facing down,
throughout the experiment and were given breaks throughout if needed. For TMS
motor mapping, two further sets of electrodes were attached to the right hand,
targeting the abductor pollicis brevis (APB) and abductor digiti minimi (ADM) muscles
in a belly tendon montage (Figure 6.1). Three hand muscles were chosen as iTBS
effects have been shown to extend beyond the initial FDI site of stimulation (Morris
et al.,, 2019). These electrodes were only attached during TMS mapping and
participants were asked to keep their hand in a relaxed position with their palm facing
up and supported by a pillow. EMG signals were amplified and bandpass filtered
(10Hz-2kHz, with a sampling rate of 2kHz) and then digitized using Brain Amp ExG
(Brain Products, GmbH, Gilching, Germany), controlled by Brain Vision Recorder

(Brain Products, GmbH, Gilching, Germany).
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Figure 6.1

EMG set up over the FDI, APB and ADM in a belly-tendon montage

‘ Active electrode
. Reference electrode

’ Ground electrode

Note. FDI = first dorsal interosseous, ADM = abductor digiti minimi, APB = abductor pollicis

brevis
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6.3.1.3 TMS protocol
6.3.1.3.1 Hotspotting and thresholding

TMS hotspotting, thresholding, TMS cortical mapping, SIClI and IO curve
measures were performed using a Magstim-Bistim operating system (Magstim,
Whiteland, Dyfed, UK) using a 50mm figure-of-eight coil and neuronavigation was
conducted using BrainSight software (Rogue Research Inc., Montreal, Quebec,

Canada).

Neuronavigation was conducted using BrainSight software (Rogue Research
Inc., Montreal, Quebec, Canada). Neuronavigation was based on each participant’s
individual T1-weighted anatomical MRI scans (for acquisition parameters, see Section
6.4.1.2.2) to allow for accurate coil orientation and location over the left M1. Within
BrainSight, scans underwent skin reconstruction and the precentral gyrus ‘hand knob’
anatomical landmark in the left motor cortex was targeted (Yousry et al., 1997).
Around this hand knob target, a square 5 x 5 cm grid (consisting of four target corners)
was superimposed on the skull above the ‘hand’ area of the motor cortex on
BrainSight. This grid allows us to conduct mapping within set bounds for each

participant.

Before delivering pulses to the scalp, a neuronavigation tracking headband
was securely and comfortably attached to participant’s heads. Participants also had
the opportunity to ask questions and feel a test pulse of TMS on the palm of their
hand once the procedure (Figure 6.2) was explained to them. Once participants were
ready to begin, suprathreshold pulses were delivered to the left M1 hand area
‘hotspot’, defined as the location that consistently evoked the largest MEPs in the
right FDI muscle. Coil orientation was maintained at 45 degrees from the midline with
current flowing in a posterior-anterior direction, which has been shown to evoke
optimal MEP responses in the FDI muscle (Adank et al., 2018). Pulses were recorded
on BrainSight and once the hotspot was found, this area was landmarked to ensure
this hotspot area was consistently targeted at the correct orientation throughout the

experiment and allowed participants to take breaks if they requested one. If this
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hotspot was outside or near to the boundaries of the superimposed grid, the grid

would be moved, and the new ‘hotspot’ hand target would become the centre target

for the grid.

All trials had an interval of 5 seconds between them and were operated using

anin-house program written with MATLAB (MATLAB_R2019a, Mathworks, MA, USA).

Following hotspotting, RMT and SI1mV thresholds were determined for each

participant based on EMG responses from the FDI muscle. The full procedure is

illustrated in Figure 6.2. Following the study, participants were requested to fill in a

guestionnaire the day after their participation, allowing them to report any

experienced side-effects in the 24 hours following TMS.

Figure 6.2
Study 1 procedure

Hotspotting and thresholding

l

10 curve

SICI

TMS mapping

Active Control
iTBS iTBS

10 curve
SICI
TMS mapping

Note. 10 curve = input-output curve, SICI = short-interval intracortical inhibition, TMS =

transcranial magnetic stimulation, iTBS = intermittent theta burst stimulation
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6.3.1.3.2 RMT and SITmV

RMT is defined as the TMS stimulation intensity as a percentage of maximum
stimulator output (%MSO) needed to evoke a peak-to-peak MEP amplitude of
between 50-100 pv in the FDI muscle in ~5 out of 10 trials (Rossini et al., 2015). 1mV
thresholds (SI1mV) were also determined; this is the optimal TMS stimulation
intensity (%MSQO) to consistently evoke a peak-to-peak amplitude of 1mV, on

average, in the FDI muscle.

6.3.1.3.3 Input-output curves

IO curve measures were conducted using RMT intensities of 100, 110, 120,
130, 140 and 150%. 15 trials per intensity were conducted in a randomized order
using a bespoke MATLAB script, giving a total of 90 pulses with 5 seconds between
trials. Both of these measures have been shown to have moderate-excellent

reliability (Dyke et al., 2018).

6.3.1.3.4 Short-interval intracortical inhibition

3 ms short-interval intracortical inhibition (SICl) was determined using a
paired-pulse TMS protocol. The test stimulus (TS) was set at SI1mV and conditioned
stimulus (CS) intensities were set at 65%, 70% and 75% of each participant’s RMT. 15
trials at each TS-CS intensity pairing with an inter-stimulus interval (ISl) of 3 ms and
30 unconditioned trials were conducted in a randomized order using a bespoke

MATLAB script, giving a total of 75 paired-pulses with 5 seconds between trials.

6.3.1.3.5 TMS motor mapping

TMS cortical motor maps were acquired using a rapid acquisition method
where MEPs are sampled pseudorandomly over the cortex, within the bounds of the
5x 5 cmgrid superimposed over each participant’s ‘hand’ area within BrainSight. TMS
maps were acquired with stimulus intensity of 120% of RMT with 120 pulses recorded

in total, with 6 second gaps between pulses.
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6.3.1.4 iTBS parameters

iTBS was performed using a Magstim Rapid2 system (Magstim, Whiteland,
Dyfed, UK) and 70mm figure-of-eight coil. Prior to repetitive stimulation, each
participant underwent hotspotting again to determine the optimal site of stimulation
targeting the FDI muscle and RMT was defined as the TMS stimulation intensity (as
%MSO) needed to evoke a visible twitch in the FDI muscle in ~ 5 out of 10 of trials.
These preliminary measures were conducted again due to the use of a different coil

and operating system.

iTBS was either applied at the optimal left M1 site with an intensity of 70%
RMT (active condition) or to the vertex control site (control condition) with an
intensity of 30% RMT (control condition). The vertex site was measured prior to
stimulation by measuring between the midpoint the participant’s nasion and inion
and left and right pre-auricular and marking this location with a pen. Fourteen
participants were assigned to the active condition and 11 participants were assigned
to the control condition. The pattern of iTBS performed involved 3 pulses every 200
ms at a frequency of 50Hz, repeated 20 times with a 10 second ISI, giving a total of

600 pulses (~ 3.5 minutes).

Following iTBS, TMS mapping, 10 curve and SICI protocols were repeated, and
MEP responses were recorded. Timings were recorded at the start of each protocol
after iTBS to assess for any differences in timings between groups. The time to start
TMS mapping after iTBS did not significantly differ between the active (M = 3.21
minutes, SD = 2.89) and control groups (M = 3.18 minutes, SD = 1.40); U = 66, p =
0.525. Moreover, the time to start 10 curves after iTBS did not significantly differ
between active (M = 20.46 minutes, SD = 7.23) and control groups (M = 19.90
minutes, SD =6.33); U =57.5, p = 0.662. Finally, the time to start SICI after iTBS in the
active (M = 26.08 minutes, SD = 4.39) and control group (M = 27.27 minutes, SD =
5.18) did not significantly differ; U = 54, p = 0.322.
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6.3.1.5 Data analysis

6.3.1.5.1 Electromyography

EMG data from each participant and trial was visually inspected within
inhouse software (written in MATLAB_R2019a); if FDI pre-contraction or noise was
present 500 ms before an MEP, that trial was excluded from analysis. Peak-to-peak
MEP amplitudes were measured within this software. For each TMS intensity
(%MS0), median MEP amplitude values were collected from each participant and the

mean of these medians were collated across participants.

6.3.1.5.2 RMT and SITmV

Independent t-tests indicated that RMT values (%MSO) were not significantly
different between the active (M =51.43, SD = 7.39) and control group (M =53.73, SD
= 8.30); t(23) = -0.73, p = 0.472. SI1mV values (%MSO) were also not significantly
different between active (M = 63.36, SD = 9.16) and control group (M = 66.09, SD =
9.78); t(23) =-0.72, p = 0.479.

6.3.1.5.3 Input-output curve

IO curves were calculated by computing each participant’s median MEP
amplitude for each TMS intensity (100-150%RMT); group data involved averaging
these median MEP amplitudes for each intensity. In line with previous research, MEP
amplitudes increased in response to increasing TMS intensities — group |0 curve data
can be seen in Figure 3 (Ridding & Rothwell, 1997). Although 10 curves are typically
sigmoidal in shape due to a steep increase in MEP amplitudes with a plateau at higher
intensities (Kemlin et al., 2019), this range of TMS intensities used in this study (100-
150%RMT) are not sufficient to capture this sigmoid shape. Therefore, linear
functions were fit to the curves and the 10 curve slope was calculated from the
resulting gradient. Percentage change between before and after iTBS IO curve slopes

were also calculated.
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Due to noise contaminating >50% of trials, one dataset was removed from
before iTBS measures in the control group and two datasets were removed from after
iTBS measures (one from the active group and one from the control group). For
remaining data, any datapoint outside 1.5x the IQR above the third quartile or 1.5x
the IQR below the first quartile were removed from further analyses. Across all
before/after/percentage change measures, this included one dataset from the
before iTBS timepoint in the active group and one dataset from the percentage
change in slope in the active group, which were subsequently removed. Pre-analysis
checks using independent t-tests showed that before iTBS 10 curve slopes between
the active group (M =58.1, SD = 32.9) and control group (M = 67.6, SD = 47.4) were
not significantly different; t(21) =-0.57, p = 0.576.

6.3.1.5.4 Short-interval intracortical inhibition

SICl ratios, i.e. the ratio of unconditioned MEP amplitudes to conditioned MEP
amplitudes, were calculated using each participant’s median MEP amplitude for the
given CS intensities (65- 75%RMT). Each CS intensity median MEP amplitude was then
divided by the participant's median MEP amplitude for TS trials, creating a SICI ratio
for each intensity. The median of the resulting three ratios was then selected for each
participant and group SICI ratios were calculated as the mean of median ratios. Ratios
closer to O indicate greater inhibition, whereas ratios closer to 1.0 indicate less
inhibition. Absolute percentage change between before and after iTBS median

inhibition were also calculated.

Due to noise contaminating >50% of trials, two datasets were removed from
before iTBS measures in the active group. For remaining data, any datapoint outside
1.5x the IQR above the third quartile or 1.5x the IQR below the first quartile were
removed from subsequent analyses. Across all before/after/percentage change
measures, this included one dataset from active group in the pre timepoint and three
datasets from the percentage change measure (one from the active group and two
from the control group), which were subsequently removed. Pre-analysis checks

confirmed no significant difference in the before iTBS SICl ratios between the active
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group (M =0.23, SD = 0.16) and control group (M =0.43, SD = 0.33); t(4) =-1.87,p =
0.082.

6.3.1.5.5 TMS mapping

TMS motor mapping and calculation of each TMS map metric was determined
using a bespoke in-house MATLAB (MATLAB_R2019a, Mathworks, MA, USA) script in
MNI standard space, as described in Sigurdsson et al. (2020). Firstly, MEPs from the
FDI, ADM and APB muscles were time-locked and linked to BrainSight
neuronavigation 3D coordinates, before standardising using a z-transformation. 3D
coordinates were then projected to a 2D plane and re-sampled to a grid (see example
map in Figure 6.3). Each pixel in the grid is appointed an approximated MEP based on

the nearest MEP datapoint, using a triangular interpolation.

Figure 6.3
TMS map of the FDI muscle in PO1 (active group) within 2D grid of coordinates

FDI

* Coordinates
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== 90th percentile
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- 1000
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POSTERIOR <--> ANTERIOR

LATERAL <--> MEDIAL

Note. FDI = first dorsal interosseous, COG = centre of gravity, Peak aMEP = peak amplitude of

motor-evoked potential. Scale denotes amplitude of motor-evoked potentials
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The TMS map metrics calculated for FDI, APB and ADM TMS maps in this study
were the 2D COG coordinates, the area and the Euclidean distances (described in
Sigurdsson et al., 2020). The 2D (x: - to +, L-R; y: - to +, P-A) COG coordinates were
calculated as the mean position of the map, based on MEP amplitude-weighted mean
intensity of each pixel within the superimposed grid (van de Ruit et al.,, 2015).
Euclidean distances were calculated with Equation 6.1 for pairs of 2D COG coordinates

(FDI-ADM, APB-FDI and ADM-APB) before and after control or active iTBS.

d=(x2—x1)2+ (y2 — y1)? (6.1)

where x2, y2 are coordinates from 2D COG coordinates of one TMS map and x1, y1
are coordinates from the 2D COG coordinates of another TMS map. Finally, the area
of each TMS map was calculated as the number of pixels in each map, normalised by

dividing the total number of pixels in the grid.

Due to noise contaminating >50% of trials, one dataset was removed from
after iTBS FDI TMS mapping measures in the control group. For remaining data, any
datapoint outside 1.5x the IQR above the third quartile or 1.5x the IQR below the first
quartile were removed from subsequent analyses. These are specified in Appendix
D.1. Pre-analysis checks confirmed no significant difference in baseline L-R COG, P-A
COG, Euclidean distances and areas between active and control groups in the FDI (all

p >0.16), APB (all p > 0.15) and ADM maps (all p > 0.21).

6.3.1.6  Statistical analysis

Parametric paired-groups t-tests were conducted to assess within-group
differences in 10 curve, SICI and TMS mapping measures before and after iTBS in
active and control groups. Firstly, for 10 curve and SICI measures, one-tailed paired-
group t-tests were performed on the active group and two-tailed for the control
group, as only the active group was predicted to show an increase in |0 slopes and
SICI inhibition in response to iTBS. Additionally, two-tailed paired t-tests were

conducted on 2D COG coordinates, area and Euclidean distances before and after iTBS
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in each group for each muscle, as while the active group are expected to show
differences in TMS map properties before and after iTBS, the direction of this change

is not clear.

To assess between-group differences, one-tailed independent t-tests were
also performed to establish if there was a significant difference in the percentage
change between before and after iTBS measures of SICl and 10 curve slopes between
the active and control groups. This would provide insight as to whether active-iTBS
and control-iTBS show differences in the average direction of change in inhibition and

excitability within each group.

To assess between-group differences in TMS map measures, the absolute
change between L-R COG coordinates, P-A COG coordinates and Euclidean distances
before and after iTBS were calculated. The absolute percentage change between TMS
map areas before and after iTBS were also calculated. For TMS map properties, each
change was converted into absolute values to assess the magnitude of change in TMS
map properties between each group, rather than the direction of change. One-tailed
independent t-tests were conducted for absolute changes in map properties between
active and control groups, as it is expected that the active group will show a greater

change in map properties than the control group.

Where data did not pass normality checks, independent t-tests were replaced
with non-parametric Mann-Whitney U tests and paired t-tests were replaced with
non-parametric Wilcoxon signed-rank test. BFip was used with a Cauchy distribution
with a scale of y = 0.707 used as the prior distribution. Interpretation of BF;o values
are shown in Table 3.2 (Rouder et al., 2009). All statistical analyses were conducted

using jamovi (v 2.3.28; jamovi.org).
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6.3.2 Results

No side effects in response to TMS were reported.

6.3.2.1 Input-output curve slopes

6.3.2.1.1 Within-group differences

A one-tailed paired t-test revealed no significant difference between 10 curve
slopes before (M = 54.3, SD = 31.3) and after (M = 81.4, SD = 43.6) iTBS in the active
group; W =20, p = 0.076. However, Bayesian inference revealed anecdotal evidence
in support of the alternative hypothesis, suggesting that IO curve slopes showed
some evidence of increasing after active iTBS (BFio = 1.37). In the control group, a
two-tailed paired t-test revealed no significant differences between IO curve slopes
before (M =72.3, SD = 47.8) and after (M = 67.6, SD = 65.6) control iTBS; t(8) = 0.45,
p = 0.664, BFip = 0.351. This provides evidence to suggest that control iTBS has no

effect on 10 curve slopes.

6.3.2.1.2 Between-group differences

A one-tailed independent t-test revealed in percentage change in 10 curve
slopes were significantly greater after iTBS in the active group (M = 48.4%, SD =
81.3%) compared to the control group (M =-15.7%, SD = 56.5%); U = 31.0, p = 0.029,
BF10 = 2.925. The active group showed an average percentage change of 48.4% in 10
curve slopes after active iTBS, whereas the control group showed an average
percentage change of 15% in 10 curve slopes. Means and standard deviations are

shown in Figure 6.4.
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Figure 6.4
Means and standard deviations (error bars) of percentage change in IO curve slopes

before and after iTBS in active and control groups
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-100% -
Active Control

Note. 10 curve = input output curve, * = p < 0.05, T = anecdotal support for the alternative

hypothesis

6.3.2.2 Short-interval intracortical inhibition

6.3.2.2.1 Within-group differences

A one-tailed paired t-test revealed a significant difference between SICI
before (M =0.23, SD = 0.16) and after (M =0.35, SD = 0.21) iTBS in the active group;
t(11) = -4.44, p < 0.001. Bayesian inference revealed very strong evidence in support
of the alternative hypothesis (BFio= 79.82), suggesting that active iTBS significantly
reduces inhibition (where numbers closer to 1 = less inhibition). In the control group,
a two-tailed paired t-test revealed no significant differences between SICI before (M
= 0.43, SD = 0.33) and after (M = 0.45, SD = 0.26) iTBS; t(10) = -0.36, p = 0.724.
Bayesian inference evidenced moderate support for the null hypothesis (BFip =

0.315). This provides evidence to suggest that control iTBS has no effect on SICI.
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6.3.2.2.2 Between-group differences

A one-tailed independent t-test highlighted that percentage change in SICI
were not significantly larger before and after iTBS in the active group (M =38.3%, SD
=51.2%) compared to the control group (M = 18.6%, SD = 84.9%); U = 33.0, p = 0.074,

BF10 = 0.649. Means and standard deviations are shown in Figure 6.5

Figure 6.5
Means and standard deviations (error bars) of percentage change in SICI before and

after iTBS in active and control groups
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Note. SICI = short-interval intracortical inhibition. Group differences are non-significant (one-

tailed, p > 0.05)
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6.3.2.3 TMS mapping
6.3.2.3.1 2D COG coordinates: Within-group differences
6.3.2.3.1.1 FDI

Means and standard deviations for FDI 2D COG coordinates before and after
iTBS are shown in Table 6.2, with an additional scatterplot including individual 2D

COG coordinates in Figure 6.6.

In the active group, two-tailed paired t-tests revealed no significant
differences between before and after iTBS L-R COG locations (t(4) =-2.04, p = 0.111).
However, Bayesian statistics revealed anecdotal support for the alternative
hypothesis, suggesting that the FDI COG shifted towards the right after active iTBS
(BF10 = 1.27). There was no significant difference or Bayesian support for the
alternative hypothesis between P-A COG locations before and after active-iTBS (t(6)
= -0.06, p = 0.957, BFip = 0.354). Overall, there is a small amount of evidence to

suggest that the FDI COGx coordinate shifted towards the right after active iTBS.

In the control group, two tailed paired t-tests showed no significant
differences in the position of L-R COG coordinates (W = 10, p = 1.00) or P-A COG
coordinates (t(3) = 1.67, p = 0.193). Bayesian evidence revealed anecdotal support
for the null hypothesis (L-R COG BFip = 0.526; P-A COG BF;p = 0.956). This suggests

that control iTBS had no influence on the location of FDI 2D COG coordinates.
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Table 6.2
Means and standard deviations of TMS FDI map 2D COG coordinates in active and

control groups
FDI 2D COG coordinates
Active Control
Group LR P-A L-R P-A
Pre -0.97 8.69 -2.65 4,63
(+1.37) (+3.17) (+3.48) (+6.49)
Post 2.76 8.77 -1.21 1.28
os (+2.96) (+2.23) (+6.21) (+2.54)
N = Pre 5 7 6 4
N = Post 5 7 6 4

Note. FDI = first dorsal interosseous, COG = centre of gravity, N = number of participants,
mean (+standard deviation). T = anecdotal support for the alternative hypothesis.
Differences before and after iTBS for all coordinates and groups are non-significant (two-

tailed, p > 0.05)

Figure 6.6
Scatterplot of individual and mean FDI map 2D COG coordinates before and after iTBS

in the (a) active and (b) control group
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Note. See Table 6.2 for statistical results
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6.3.2.3.1.2 APB

Means and standard deviations for APB 2D COG coordinates before and after
iTBS are shown in Table 6.3, with an additional scatterplot including individual 2D

COG coordinates in Figure 6.7.

In the active group, no significant differences were identified in two-tailed
paired t-tests in the location of L-R COG coordinates (t(6) = -0.43, p = 0.68) or P-A
coordinates (t(6) = 0.06, p = 0.951) of the APB map before and after active iTBS.
Bayesian inference also provided anecdotal support for the null hypothesis (L-R COG
BF10 = 0.382; P-A COG BFip = 0.354). This suggests that active iTBS has no influence

on APB map COG locations.

In the control group, two-tailed paired t-tests revealed no significant
differences before and after control iTBS in the location of L-R COG coordinates (t(6)
=-0.50, p = 0.636) or P-A COG coordinates (W =9, p = 0.844). This was supported by
Bayesian anecdotal evidence for the null hypothesis (L-R COG BFip = 0.391; P-A COG
BF10=0.447). This suggests that control iTBS has no influence on COG locations of the
APB map.
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Table 6.3

Means and standard deviations of TMS APB map 2D COG coordinates in active and

control groups
APB 2D COG coordinates
Active
Group L-R P-A P-A
or -0.39 7.27 4.56
€ (+3.52) (+2.86) (45.70)
Post 0.42 7.19 3.35
0s (+3.93) (+2.15) (+4.17)
N = Pre 7 7 6
N = Post 7 7 6

Note. APB = abductor pollicis brevis, COG = centre of gravity, N = number of participants,

mean (+standard deviation). Differences before and after iTBS for all coordinates and groups

are non-significant (two-tailed, p > 0.05)

Figure 6.7

Scatterplot of individual and mean APB map 2D COG coordinates before and after iTBS

in the (a) active and (b) control group
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6.3.2.3.1.3 ADM

Means and standard deviations for ADM 2D COG coordinates before and after
iTBS are shown in Table 6.4, with an additional scatterplot including individual 2D

COG coordinates in Figure 6.8.

The active group showed no significant differences before and after active
iTBS in the location of ADM L-R COG coordinates (t(4) =-0.41, p = 0.705) or P-A COG
coordinates (t(6) = 0.004, p = 0.996). This was supported with anecdotal evidence for
the null hypothesis assessed with Bayesian statistics (L-R COG BF1o = 0.426; P-A COG
BFi0 = 0.353). This suggests that active iTBS has no influence on ADM map COG

coordinates.

The control group also showed no significant differences before and after
control iTBS, with Bayesian anecdotal support for the null hypothesis, in the location
of ADM L-R COG coordinates (t(6) = -0.84, p = 0.435, BF;p = 0.467) and P-A COG
coordinates (t(4) = 1.16, p = 0.309, BF3p = 0.645). This suggests that L-R COG and P-A

COG coordinates of the ADM map did not change in response to control iTBS.
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Table 6.4

Means and standard deviations of TMS ADM map 2D COG coordinates in active and

control groups
ADM 2D COG coordinates
Active Control
Group L-R P-A P-A
P 0.12 7.83 4.13
re (+£1.33) (+4.00) (+6.02)
Post 0.67 7.82 1.67
0s (+1.80) (+2.57) (+2.39)
N =Pre 5 7 5
N = Post 5 7 5

Note. ADM = abductor digiti minimi, COG = centre of gravity, N = number of participants,

mean (+standard deviation). Differences before and after iTBS for all coordinates and groups

are non-significant (two-tailed, p > 0.05)

Figure 6.8

Scatterplot of individual and mean ADM map 2D COG coordinates before and after

iTBS in the (a) active and (b) control group
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6.3.2.3.2 2D COG coordinates: Between-group differences

One-tailed independent t-tests were conducted between active and control
groups on the absolute change in L-R COG and P-A COG coordinates before and after

iTBS. Mean and standard deviation of absolute changes are reflected in Figure 6.9.
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Figure 6.9.
Means and standard deviations (error bars) of absolute change in (a) L-R COG and (b)

P-A COG coordinates before and after iTBS in active and control groups
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Note. FDI = first dorsal interosseous, APB = abductor pollicis brevis, ADM = abductor digiti
minimi, COG = centre of gravity. T = anecdotal support for the alternative hypothesis. Group

differences are non-significant (one-tailed, p > 0.05)
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6.3.2.3.2.1 FDI

One-tailed independent t-tests revealed that the active group (M =3.21, SD =
1.93) did not show significantly greater absolute change in FDI L-R COG coordinates
in comparison to the control group (M = 2.65, SD = 2.83); t(11) = 0.421, p = 0.341.
Bayesian evidence revealed anecdotal support for the null hypothesis (BF1o = 0.608).
For the absolute change in FDI P-A COG coordinates, the active group (M = 3.35, SD
=2.00) did not show greater absolute change in comparison to the control group (M
=3.84, SD = 2.80), with anecdotal support for the null hypothesis; t(12) = -0.386, p =
0.647, BF10 = 0.359. This indicates that there are active iTBS does not influence the

position of L-R COG or P-A COG coordinates of FDI maps more than control iTBS.

6.3.2.3.2.2 APB

The active group (M = 3.49, SD = 1.28) did not show significantly greater
absolute change in APB L-R COG coordinates compared to the control group (M =
2.36, SD = 1.95); t(12) = 1.28, p = 0.112. However, Bayesian statistics revealed
anecdotal support for the alternative hypothesis (BFi1o = 1.261). For absolute changes
in P-A COG coordinates between active (M = 2.84, SD = 1.98) and control groups (M
=1.36, SD = 1.74), no significantly greater absolute change was identified in the active
group; t(12) = 1.45, p = 0.086. However, Bayesian statistics revealed anecdotal
support for the alternative hypothesis (BFio = 1.499). This provides some evidence to
suggest that absolute changes in L-R COG and P-A COG positions were influenced by

active iTBS more in comparison to control iTBS.

6.3.2.3.2.3 ADM

No significantly greater absolute changes in ADM L-R COG coordinates were
identified in the active group (M =2.95, SD = 2.19) compared to the control group (M
=2.95,SD =1.53); t(12) = -0.001, p = 0.500. Absolute change in P-A COG coordinates
in the active group (M =3.73, SD = 2.75) were also not significantly greater compared

to the control group (M =3.84, SD =3.27); t(13) =-0.07, p = 0.528. This was supported
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with Bayesian inference, which provided anecdotal support for the null hypothesis
(L-R COG BF310 =0.448; P-A COG BF;p = 0.418). This suggests that active iTBS does not
evoke a larger effect than control iTBS on L-R COG and P-A COG coordinates of ADM

maps.

6.3.2.3.3 Euclidean distances: Within-group differences

The Euclidean distances of each TMS map COG coordinates in relation to
other TMS map COG coordinates were assessed before and after active or control
iTBS with two-tailed independent t-tests and Bayesian statistics. Means and standard

deviations for each COG coordinate are shown in Table 6.5.
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Table 6.5

Means and standard deviations of Euclidean distances between TMS map 2D COG coordinates in active and control groups

Euclidean distances between 2D COG coordinates

FDI-ADM APB-FDI ADM-APB
Timepoint Active " f Control Active Control * i Active Control
Pre 1.48 1.70 2.85 3.13 2.82 2.82
(£0.69) (£1.01) (+£1.29) (£1.27) (£1.14) (+£1.60)
Post 2.16 1.94 3.20 1.22 2.64 1.65
0s (+1.16) (+0.83) (+1.95) (+0.33) (+1.66) (+0.66)
N =Pre 7 5 8 5 8 6
N = Post 7 5 8 5 8 6

Note. FDI = first dorsal interosseous, APB = abductor pollicis brevis, ADM = abductor digiti minimi, COG = centre of gravity, N = number of participants, mean

(+standard deviation). * = p < 0.05, T = anecdotal evidence for the alternative hypothesis, T+ = moderate evidence for the alternative hypothesis
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6.3.2.3.3.1 FDI-ADM

In the active group, a two-tailed paired t-test revealed a significant difference
in FDI Euclidean distances before and after iTBS with anecdotal evidence in support
from Bayesian statistics (W = 2.00, p = 0.047, BFip = 1.214). This suggests that the

distances between FDI COG and ADM COG coordinates increased after active iTBS.

In the control group, no significant differences were identified between FDI
Euclidean distances before and after control iTBS and Bayesian inference revealed
anecdotal support for the null hypothesis (t(4) = -0.30, p = 0.781; BF10 = 0.412). This
suggests that Euclidean distances between FDI and ADM COG coordinates did not

change in response to control iTBS.

6.3.2.3.3.2 APB-FDI

In the active group, no significant differences were revealed between APB
Euclidean distances before and after active iTBS (t(7) = -0.41, p = 0.693). This was
supported by anecdotal evidence in Bayesian statistics for the null hypothesis (BFio =
361). This provides evidence to suggest that the Euclidean distance between APB and

FDI maps is comparable before and after active iTBS.

In the control group, a significant difference was revealed between APB-FDI
Euclidean distances before and after control iTBS (t(4) = 3.52, p = 0.024). This was
supported by moderate evidence in Bayesian statistics for the alternative hypothesis
(BF10=3.704). This provides evidence to suggest that the Euclidean distance between

APB and FDI muscles is reduced after control iTBS.

6.3.2.3.3.3 ADM-APB

In the active group, no significant differences were identified between ADM
Euclidean distances before and after active iTBS, with anecdotal support for the null

hypothesis from Bayesian statistics; t(7) = 0.26, p = 0.806, BF1o = 0.346. This suggests
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that active iTBS does not alter Euclidean distances between ADM and APB COG

coordinates.

Likewise, the control group showed no significant differences between ADM
Euclidean distances before and after control iTBS, with Bayesian statistics providing
anecdotal support for the null hypothesis; t(5) = 1.56, p = 0.179, BF1o = 0.852. This
infers that control iTBS does not influence the Euclidean distances between ADM and

APB COG coordinates.

6.3.2.3.4 Euclidean distances: Between-group differences

Absolute change in Euclidean distances between each TMS map pair were
assessed between groups using one-tailed independent t-tests. Means and standard

deviations are depicted in Figure 6.10.

Figure 6.10
Means and standard deviations (error bars) of absolute change in Euclidean distances

before and after iTBS in active and control groups
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Note. FDI = first dorsal interosseous, APB = abductor pollicis brevis, ADM = abductor digiti

minimi. Differences between groups are non-significant (one-tailed, p > 0.05)
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6.3.2.3.4.1 FDI-ADM

No significantly larger absolute change in Euclidean distances between FDI
and ADM maps in the active group were identified after a one-tailed independent t-
test between the active (M =0.40, SD = 0.27) and control group (M =1.71, SD = 1.32);
t(5.36) =-2.39, p = 0.970. Bayesian inference revealed moderate support for the null
hypothesis (BFip = 0.187). This suggests that the absolute change between Euclidean
distances of FDI maps in relation to ADM maps were not significantly larger in the

active iTBS group compared to the control group.

6.3.2.3.4.2 APB-FDI

The active group (M = 1.18, SD = 1.08) did not show significantly greater
absolute change of Euclidean distances between APB and FDI maps when compared
to the control group (M = 1.65, SD = 1.26) in the; t(11) = -0.722, p = 0.757. This was
supported by Bayesian inference, which provided moderate evidence for the null
hypothesis (BFipo = 0.312). This suggests that the absolute change between Euclidean
distances of APB maps in relation to FDI maps were not significantly larger in the

active iTBS group compared to the control group.

6.3.2.3.4.3 ADM-APB

The active group (M = 1.35, SD = 1.25) did not show significantly greater
absolute change of Euclidean distances between ADM and APB maps compared to
the control group (M = 1.54, SD = 1.48); U = 21, p = 0.669. This is supported by
Bayesian inference which provided anecdotal support for the null hypothesis (BF1o =
0.385). As a result, this indicated that the absolute change between Euclidean
distances of ADM maps in relation to APB maps were not significantly larger in the

active iTBS group compared to the control group.
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6.3.2.3.5 Area: Within-group differences

Two-tailed paired t-tests and Bayesian statistics were performed to assess the
difference in the area of TMS maps before and after active or control iTBS. All means

and standard deviations are shown in Table 6.6.
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Table 6.6

Means and standard deviations of TMS map areas in active and control groups

Area
FDI APB ADM

Timepoint Active Control Active f Control Active Control
Pre 283.9 294.3 307.3 307.8 312.9 297.1
(£31.4) (+28.8) (+23.6) (+£14.0) (£23.7) (+20.8)
Post 296.4 297.8 312.6 307.0 315.00 300.4
os (£20.4) (+33.1) (+£29.0) (+11.6) (+22.2) (£21.1)

N = Pre 8 6 8 6 7 7

N = Post 8 6 8 6 7 7

Note. FDI = first dorsal interosseous, APB = abductor pollicis brevis, ADM = abductor digiti minimi, N = number of participants, mean (+standard deviation).

= anecdotal evidence for the alternative hypothesis. Differences before and after iTBS for all coordinates and groups are non-significant (two-tailed, p > 0.05)
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6.3.2.3.5.1 FDI

In the active group, no significant differences were identified between the
area of the FDI map before and after iTBS, with Bayesian anecdotal support for the
null hypothesis; t(7) = -1.12, p = 0.298, BF10 = 0.551. This suggests that active iTBS

does not influence the area of FDI maps.

In the control group, no significant differences were identified between the
area of the FDI map before and after iTBS, with Bayesian anecdotal support for the
null hypothesis; t(5) = -0.422, p = 0.690, BF1o = 0.402. This indicates that control iTBS

does not influence the area of FDI maps.

6.3.2.3.5.2 APB

For the area of the APB, no significant differences were identified before and
after active iTBS; t(7) = -2.35, p = 0.051. However, Bayesian inference revealed
anecdotal evidence in support of the alternative hypothesis (BFio = 1.875), providing

some evidence that the area of the APB map increased in response to active iTBS.

In the control group, no significant differences were revealed before and after
control iTBS; t(5) = 0.12, p = 0.912. Bayesian statistics also supported the null
hypothesis with anecdotal evidence (BF1o = 0.375). This suggests that the area of the

APB in the control group were comparable before and after control iTBS.

6.3.2.3.5.3 ADM

The area of the ADM did not significantly differ before and after active iTBS;
t(6) =-0.27, p = 0.795. Bayesian inference also supported this notion, with anecdotal
evidence for the null hypothesis (BFio = 0.364). This suggests that active iTBS does

not influence the area of ADM maps.

For the control group, no significant differences were found between ADM

maps before and after control iTBS, supported with anecdotal evidence for the null
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hypothesis by Bayesian inference; t(6) = -0.41, p = 0.696, BF1o = 0.379. This provides

evidence to suggest that control iTBS does not influence the area of ADM maps.

6.3.2.3.6 Area: Between-group differences

The absolute percentage change in the area in each TMS map were assessed
between groups with one-tailed independent t-tests. Means and standard deviations

are illustrated in Figure 6.11.

Figure 6.11
Means and standard deviations (error bars) of absolute percentage change in the area

of TMS maps before and after iTBS in active and control groups

12% -
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0,
6% m Active

4% m Control
0
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0%

Absolute percentage change in area (%)

-2% 4

Note. FDI = first dorsal interosseous, APB = abductor pollicis brevis, ADM = abductor digiti

minimi. ** = p <0.01, t11 = strong evidence for alternative hypothesis
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6.3.2.3.6.1 FDI

The absolute percentage change in the area of the FDI map was not
significantly greater in the active group (M = 3.5%, SD = 1.5%) compared to the
control group (M = 5.5%, SD = 4.41%); t(10) = -1.06, p = 0.843. Bayesian evidence
provided moderate support for the null hypothesis (BFio = 0.280). This suggests that

active iTBS did not influence on FDI maps more than control iTBS.

6.3.2.3.6.2 APB

Absolute percentage changes in APB map areas were not significantly greater
in the active group (M = 4.7%, SD = 5.8%) in comparison to the control group (M =
3.5%, SD = 3.4%), with Bayesian evidence providing anecdotal support for the null
hypothesis (BFio = 0.615). This suggests that active iTBS did not influence APB map

areas more than control iTBS.

6.3.2.3.6.3 ADM

A significant difference was identified in the absolute percentage changes of
ADM map areas between active (M = 6.6%, SD = 1.5%) and control group (M = 3.0%,
SD = 2.1%); t(10) = 3.47, p = 0.003. Bayesian inference supported this with strong
support for the alternative hypothesis; BFio = 14.806. This strongly suggests that

active iTBS has a larger effect on ADM map areas in comparison to control iTBS.

6.3.3 Discussion

Study 1 aimed to assess the influence of active and control iTBS on TMS
measures of cortical excitability and inhibition, namely IO curve slopes and SICI, and

cortical mapping of hand muscles after active or control stimulation.
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6.3.3.1 Effect of iTBS on IO curve slopes

This study demonstrated that although IO curve slopes were generally steeper
in response to active iTBS, this increase was not significant. This is likely due to the
high variability seen within the data. However, Bayesian inference provided
anecdotal support in the increase of 10 curve slopes after active iTBS, providing some
support for the notion that iTBS facilitates cortical excitability. In the control group,
there was no significant change in 10 curve slopes for the control group. Despite this,
a significant difference was seen between the magnitude of change in slopes for
active and control groups, suggesting that active iTBS has some facilitatory influence
on cortical excitability (evidenced by an average 48.4% increase in 10 curve slopes)
compared to control iTBS (with an average 15.7% decrease in |0 curve slopes). This
result supports previous findings that iTBS may generally enhance M1 cortical
excitability, but high interindividual variability in after-effects are evident (Chung et
al., 2016; Huang et al., 2017; Lépez-Alonso et al., 2018; Wischnewski & Schutter,
2015).

6.3.3.2 Effect of iTBS on SICI

In the active group, a significant increase in SICl values was demonstrated in
response to active iTBS, indicative of a reduction in cortical inhibition. Bayesian
statistics supported this effect with very strong evidence for the alternative
hypothesis, providing support for the notion that active iTBS results in the reduction
of cortical inhibitory functioning. This effect was not shown in the control iTBS group.
This aligns with previous research who have demonstrated that ‘excitatory’ effects of
high frequency rTMS (such as iTBS) are driven by a disruption in GABAergic inhibitory
processing (Kozyrev et al., 2014, 2018; Ragert et al., 2004). This indicates that iTBS
may be sufficient to induce changes in cortical motor mapping by altering cortical
inhibitory processes involved in the maintenance of functional representations
(Foeller et al., 2005; Jacobs & Donoghue, 1991; Kozyrev et al., 2014, 2018; Schneider
et al., 2002; Sigurdsson, Molloy, et al., 2020; Zhong et al., 2021)
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However, the differences in the percentage change in SICI values were not
significantly greater in the active group (38.3%) compared to the control group
(18.6%), though there was a trend towards significance. Again, it is possible that a
difference was not evident due to the high variability within the data, as standard
deviations in the active group were 51.2% and in the control group, 84.9%. On the
other hand, methodology could explain changes observed in SICI after iTBS. After
iTBS, SI1mV and RMT thresholds were not recalibrated to account for iTBS-induced
changes, due to time constraints and the prioritisation of TMS mapping after iTBS.
However, previous research has heavily stressed the dependence of SICI on the
intensity of the TMS test pulse (Garry & Thomson, 2009; Roshan et al., 2003).
Therefore, altering test pulses is essential as RMT/SI1mV thresholds may change after
iTBS and subsequent post-iTBS SICI measures may not be accurate or comparable to
pre-iTBS SICI measures. For instance, researchers have demonstrated that test pulse
TMS intensities less than 110%RMT do not induce the inhibitory SICI response (Garry
& Thomson, 2009). In the current study, test pulses were based on SI1mV thresholds,
which are usually larger than 110%RMT. However, if these thresholds changed after
iTBS, or even over time, then baseline SI1mV thresholds may no longer be sufficient
to evoke the same extent of MEP inhibition. To provide confidence that the level of
SICI induced inhibition of MEP amplitudes are consistent between groups, further
investigation into the |0 curve data is required to determine if SIImV thresholds were

above 110%RMT post-stimulation.

6.3.3.3 Effect of iTBS on TMS mapping

In the active group, some anecdotal support was evident for changed in the
position of COG coordinates in the FDI only, however absolute changes in COG
coordinates for FDI TMS maps were not significantly larger in the active group
compared to the control group. However, additional anecdotal evidence was found
supporting that absolute changes in COG coordinates of the APB TMS map was larger
for the active group. This provides some evidence that active iTBS may influence the
locations of COG coordinates for FDI and APB TMS maps after active iTBS, both close

to the initial FDI site of stimulation.
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For Euclidean distances between FDI and ADM TMS maps, two-tailed
investigations revealed that distances differed before and after active iTBS, indicating
an increase in distances. However, for APB-FDI maps in the control group, Euclidean
distances significantly reduced after control iTBS. Moreover, the absolute change in
Euclidean distances were not significant larger in the active group. This suggests that
active iTBS likely has no influence on the distance between hand muscle

representations.

For TMS map areas, there was Bayesian anecdotal evidence supporting an
increase in APB map areas after active iTBS, suggesting that active iTBS may increase
the corticospinal excitability of the APB hand muscle. However, the absolute
percentage change in APB map areas was not significantly larger in the active group
when compared to the control group. However, a significantly larger absolute
percentage change was demonstrated in ADM TMS maps after active iTBS (6.6%)
compared to control iTBS (3.0%), with strong Bayesian support. This demonstrates
that while active iTBS may not show a larger influence on FDI or APB map areas, it has

shown a significantly larger effect on ADM maps.

However, the changes evoked in TMS maps may be unreliable, due to the low
sample size of each group and the known variability in response to rTMS protocols
(Chung et al., 2016; Huang et al., 2017; Lopez-Alonso et al., 2018; Wischnewski &
Schutter, 2015). Moreover, the methods in collecting TMS maps, although chosen to
prioritise the fast collection of TMS maps after iTBS, may have been problematic.
Specifically, the TMS coil was consistently angled 45 degrees from the midline (current
flowing posterior-anterior direction) during mapping protocols. However, while this
angle is optimal for evoking MEPs in the FDI and APB hand muscles (Adank et al.,
2018), this may not be optimal for the ADM muscle which has previously been shown
to evoke optimal MEP responses between 0 and 45 degrees from the midline (Bashir
etal., 2013). Nevertheless, as angles were kept consistent in mapping before and after

iTBS, nuances in cortical maps should be comparable before and after iTBS.
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Moreover, as hand maps were restricted to a 5 x 5 cm grid surrounding the FDI
hotspot, this was not always sufficient to record the extent of APB and ADM muscle
map, with some maps showing activation at edges of the grid. Additionally, the
intensity used during mapping was based on 120%RMT of the FDI hand muscle, and
while RMTs have previously been found to be similar across FDI, APB and ADM
muscles (Kaelin-Lang et al., 2002; Ziemann, 2004), RMTs were not measured for each
muscle. This could have amplified or diminished differences the spread of
corticospinal excitability in APB/ADM maps if RMT for these muscles are different, as
this will produce MEP responses of different sizes. However, although it may be more
consistent to collect TMS maps from one muscle at a time at specific angles and use
individual RMTs for each map RMTs, this could be problematic due to the transient
nature of iTBS and therefore any iTBS-induced effects could disappear before each
TMS map is collected. However, rTMS-induced effects to cortical mapping, though
transient, may last as long as two hours (Pleger et al., 2006; Tegenthoff et al., 2005).
As a result, for this study, where rapid collection of TMS maps was prioritised, results

should be taken with caution.

Overall, Study 1 has provided strong evidence that active iTBS can induce
reductions in GABAergic intracortical inhibitory processes, as measured with SICI.
Moreover, there is some evidence to suggest that 10 curve slopes become steeper
after active iTBS. However, there is only anecdotal evidence to suggest that active
iTBS induces changes in cortical mapping of hand muscles, including those beyond
the target FDI site. As this evidence is not consistent across within- and between-
group statistics, it cannot be concluded that active iTBS can alter cortical
representations, despite altering GABAergic mechanisms. A larger cohort of
participants is also required in order to account for the vast variability in iTBS-induced
responses. This will also allow for investigation into relationships between iTBS-

induced disruptions in inhibition with alterations in TMS maps.
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6.4 Study 2

This study aimed to assess the influence of active and control iTBS on fMRI-

measured cortical representations of the digits.

6.4.1 Methods
6.4.1.1 Participants

Twenty-one healthy right-handed participants took part in Study 2, with an
initial recruitment aim of ten participants per condition. This could not be extended
due to COVID-19 restrictions and 7T MRI funding limitations. One participant was
removed from the control group due to a diagnosis of ADHD. Participants gave
informed consent and ethics were approved by the local ethics committee (School of
Psychology, University of Nottingham: F1095). No remaining participants were taking
CNS-active drugs and were free from any mood or neurological illness during the
experimental timeline. Ten participants were assigned to the active condition and ten

participants were assigned to the control condition.

Demographic information is displayed in Table 6.7 for active and control
groups. Age (U=45.5,p=0.762) and sex (X? (1, N=20) =0.392, p =0.531) distributions
were not significantly different between groups. All participants were free from any
contraindications for MRl and TMS, as assessed by completion of MRI and TMS safety
screening forms. All participants were right-handed as assessed by the Edinburgh

handedness questionnaire (Oldfield, 1971).

Table 6.7

Demographic information of active and control groups in Study 2

Group N Age Sex
Active 10 23.26 (£3.4) 1 male, 9 female
Control 10 23.19 (+4.4) 2 male, 8 female

Note. N = number of participants, mean (+standard deviation)
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6.4.1.2 MRI Data Acquisition

All MRI data was acquired on a 7T Philips Achieva MRI Scanner with a 32-
channel head coil at the Sir Peter Mansfield Imaging Centre at the University of

Nottingham.

6.4.1.2.1 fMRI mapping paradigm

Two travelling wave fMRI task blocks were acquired with participants visually
instructed to tap their right (dominant) hand digit 1 (D1; thumb) at 2Hz for 4 seconds
in time with visual presentation (shown in Figure 6.12b). This was followed by digit 2
(D2), digit 3 (D3), digit 4 (D4), and digit 5 (D5) in the “forward” condition resulting in
a block length of 20 s, this was repeated for 8 cycles. The second fMRI run was
completed with the same tapping timings, but performed in reverse (tapping D5 first,
then D4, D3, D2 and D1). All digits were assessed as iTBS effects have been shown to

extend beyond the initial FDI (D1) site of stimulation (Morris et al., 2019).

Each travelling wave task block was visually presented using Presentation
software (Neurobehavioral Systems, Inc.) on a projector screen visible to the
participant with Prism glasses. Participants were trained in tapping prior to scanning.

Participants were instructed to tap with their right hand rested on their right leg.

The two fMRI runs were conducted using a single-shot 2D T2*-weighted
gradient-echo echo-planar-imaging (EPI) sequence (voxel 1.5 mm isotropic, matrix
size = 128 x 128 x 26, TR/TE = 2000/25 ms, 2.52 minute acquisition time per run).
After fMRI runs, two additional short scans (5 dynamics) with the same acquisition
parameters, but opposing fat shift direction, were collected for EPI distortion

correction.
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6.4.1.2.2 T1-weighted MRI parameters

Prior to the fMRI runs, an anatomical T1-weighted 3D gradient echo PSIR scan
was acquired conducted on a 7T Philips Achieva MRI Scanner with a 32-channel head
coil (matrix size = 320 x 320, FOV = 224 x 224 x 157 mm, 0.7mm isotropic, 224 slices,
TR/TE = 6.3/2.7 ms, flip angle = 5°, acquisition time = 6.15 minutes), with two turbo
field echo (TFE) readouts after each inversion pulse at TI1 =780 ms and TI2 =2380
ms. This was collected for co-registering with the fMRI runs and with standard

template space images to allow for comparison across participants.

6.4.1.3 iTBS Parameters

iTBS was conducted using a Magstim Rapid2 system (Dyfed, UK), with a 70mm
figure-of-eight coil. iTBS parameters for active and control groups are identical to

those shown in Section 6.3.1.4.

Before delivering pulses to the scalp, participants had the opportunity to ask
questions and feel a test pulse of TMS on the palm of their hand once the procedure
was explained to them. Once participants were ready to begin, suprathreshold pulses
were delivered to the left M1 hand area ‘hotspot’, defined as the location that
consistently evoked the largest MEPs in the right FDI muscle. Coil orientation was
maintained at 45 degrees from the midline with current flowing in a posterior-
anterior direction, which has been shown to evoke optimal MEP responses in the FDI
muscle (Adank et al., 2018). RMT was also measured and was defined as the TMS
stimulation intensity (%MSO) needed to evoke a visible twitch in the FDI muscle in ~

5 out of 10 trials.

6.4.1.4 Procedure

The experimental procedure for this study is illustrated in Figure 6.12. The

time between iTBS application and the start of the after iTBS fMRI travelling wave run
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were not significantly different between active (M = 8.21, SD = 1.41) and control (M =
8.19, SD = 1.05) groups; t(17) = 0.032, p = 0.974.

Figure 6.12

(a) Procedure for Study 2 with (b) travelling wave tapping task paradigm

Outside of scanner
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Note. TMS = transcranial magnetic stimulation, fMRI = functional magnetic resonance
imaging, iTBS = intermittent theta burst stimulation, Dx= Digit. Active and control iTBS

parameters are listed in Section 6.3.1.4

6.4.1.5 Data analysis

Data analysis of Tl-weighted images and fMRI runs were the same as
described in Chapter 4 (Section 4.3.3), with an additional digit (D1) measured in this
study. This means that in pre-processing, high-pass temporal filtering was set to 20 s
and all travelling wave runs before and after iTBS were aligned to the same native

space in each individual to allow comparison across the same individual. Individual
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digits were extracted by dividing phase maps into 5 bins, one for each digit. Results

were masked over the left M1 (BA 4).

Due to the low sample size and to preserve as much data as possible, fMRI
images that were contaminated by brief periods of large motion displacement
(>1.5mm) for up to 2 cycles had these cycles removed using FSL UTILS functions
(Jenkinson et al., 2012). At the before iTBS timepoint in the active group, P08 had the
seventh cycle of each travelling wave run removed, P12 had the second cycle of each
travelling wave run and at the after iTBS timepoint in the control group, P16 had the
third cycle removed from each travelling wave run. Each of these participants had a

resulting total of 7 cycles per travelling wave run.

6.4.1.5.1 Digit ROl metrics

To quantitatively characterise each participant’s digits, voxel counts and 3D
coordinates of the COG were extracted for each digit ROl for each participant before
and after iTBS, using FSL functions in FSLUTILS (Jenkinson et al., 2012). 3D COG
coordinates are defined in three directions; x (left (-) to right (+), L-R), ¥ (posterior (-)

to anterior (+), P-A) and z (inferior (-) to superior (+), I-S).

As datasets were thresholded at an individual level prior to extraction of digits,
voxel counts will vary between individuals. To account for this, ratios for each digit
ROI were calculated, using Equation 6.2, to quantify the proportion of voxels assigned

to each digit within individuals.

nDx
(nD14+nD2+nD3+nD4+nD5)

Dxpatio = (6.2)

where nDx is the number of voxels assigned to the digit in question and nD1+
nD2 +nD3 ... is the total number of voxels for all digits. This gives an insight into the
size of each digit ROl in comparison to other digits within M1 for each individual and

allows for comparison across groups.
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To determine any alterations in the COG of each digit ROl from baseline after
active- and control-iTBS, the Euclidean distances (d) were calculated. 3D COG
coordinates are used to calculate Euclidean distances between each digit ROI before

and after iTBS, expressed in Equation 6.3.

d= J(x2—x1)%+ (y2 — y1)% + (22 — z1)2 (6.3)

where x2, y2, z2 are coordinates from the before iTBS 3D COG coordinates of
one digit and x1, y1, z1 are coordinates from the after iTBS 3D COG coordinates of

the same digit.

Any datapoint outside 1.5x the IQR above the third quartile or 1.5x the IQR
below the first quartile were classed as an outlier and removed from further analyses.

These are specified in Appendix D.2.

Pre-analysis independent t-tests were conducted to highlight any significant
differences between groups in average digit ratios before iTBS. A significant difference
was apparent in D2 digit ratios between groups (t(13.2) =-2.37, p = 0.034). Therefore,
before and after iTBS digit ratios and Euclidean distances for each group were
normalised using the min-max scaling method, outlined in Equation 6.3:

x—min(x)

x'= —— (6.3)

max(x)—min(x)

where x' is the normalised value, x is the original value, min(x) is the minimum value

in the group and max(x) is the maximum value in the group.

6.4.1.6 Statistical analysis

To assess within-group differences, two-tailed paired t-tests were then
conducted to detect any significant differences in digit ratios between pre-stimulation

and post-stimulation in active-iTBS and control-iTBS groups. Two-tailed tests were

235



implemented as the direction of change in each digit ratio before and after iTBS in

each group is not clear.

To assess between-group differences, absolute percentage change was
calculated between raw digit ratios before and after iTBS for each digit for each group.
Digit ratio change was converted into absolute values to assess the magnitude of
change in digit map properties between each group, rather than the direction of
change. With these, one-tailed independent t-tests were conducted to determine any
significant differences in the absolute percentage change in digit ratios between
active and control groups. One-tailed tests were conducted as it is hypothesised that
the active group will display a larger change in response to iTBS compared to the
control group. Min-max scaled Euclidean distances between before and after iTBS
digit ROIs were also input into two-tailed independent t-tests to compare between
active and control groups (i.e. before iTBS D1 and after iTBS D1, before iTBS D2 and
after iTBS D2, etc.). Two-tailed tests were implemented as the direction of change in

digit ROl COG coordinates before and after iTBS is not clear.

Where data did not pass normality checks, independent t-tests were replaced
with non-parametric Mann-Whitney U tests and paired t-tests were replaced with
non-parametric Wilcoxon signed-rank test. BFip was used with a Cauchy distribution
with a scale of y = 0.707 used as the prior distribution. Interpretation of BF;o values
are shown in Table 3.2 (Rouder et al., 2009). All statistical analyses were conducted

using jamovi (v 2.3.28; jamovi.org).
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6.4.2 Results

No side effects in response to TMS were reported.

6.4.2.1 Digit ratios: Within-group differences

Two-tailed paired t-tests were conducted between min-max normalized digit
ratios before and after iTBS in each group. Means, standard deviations and associated

statistics are presented in Table 6.8.

In the active group, no significant differences were identified before and after
active iTBS, suggesting active iTBS did not influence digit ratios for any digit. However,
Bayesian inference detected anecdotal evidence for the alternative hypothesis in the
active group between before and after iTBS D3 ratios (BFio = 1.163). This provides
some evidence to suggest that the proportion of voxels assigned to D3 was greater

after active iTBS.
In the control group, no significant differences were identified before and after

control iTBS, suggesting that the proportion of voxels assigned to each digit does not

change after control iTBS.
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Table 6.8

Means, standard deviations and statistics of min-max normalised digit ratios before and after iTBS in active and control groups

Digit ratios (min-max normalised)

Active Control
Timepoint D1 D2 D3 D4 D5 D1 D2 D3 D4 D5
Pre 0.43 0.60 0.51 0.48 0.46 0.35 0.50 0.44 0.42 0.52
(£0.33) (£0.35) (£0.31) (£0.35) (£0.32) (£0.36) (£0.35) (£0.39) (£0.34) (£0.35)
Post 0.31 0.36 0.25 0.43 0.61 0.30 0.37 0.29 0.47 0.38
(£0.31) (£0.31) (£0.32) (£0.35) (£0.33) (£0.29) (£0.34) (£0.34) (£0.35) (£0.36)
N = Pre 9 7 8 9 8 9 10 10 10 10
N = Post 9 7 8 9 8 9 10 10 10 10
t(8)=0.91 t(6) = 1.49 t(7)=1.91 t(8) =0.37 t(7)=-1.23 t(8)=0.32 t(9)=0.95 W=26.0 t(9) =-0.42 t(9)=0.83
p=0.388 p=0.187 p=0.098 p=0.723 p=0.259 p=0.755 p=0.365 p=0.722 p=0.684 p=0.43
BF,,=0.452 BF;,=0.780 BF;,=1.163" BF,,=0.341 BF o= 0.600 BF,,=0.336 BF,=0.449 BF,,=0.505 BF;,=333 BF,,=0.410

Note. Dx= Digit, N = number of participants. T = anecdotal evidence for alternative hypothesis, mean (+standard deviation). Differences before and after iTBS

for all digit ratios and groups are non-significant (two-tailed, p > 0.05)
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6.4.2.2 Digit ratios: Between-group differences

One-tailed independent t-tests were conducted between active and control

groups to assess the absolute percentage change in digit ratios before and after iTBS.

One-tailed independent t-tests demonstrated significant differences between
groups in the percentage change in digit ratios (p > 0.07). However, Bayesian statistics
provided anecdotal evidence for the alternative hypothesis in the absolute
percentage change in D1 ratios and in D5 ratios. This provides some evidence to
suggest that the change in digit ratios before and after iTBS is greater in the active
group than the control group. Means and standard deviations and all statistics are

displayed in Table 6.9. Means and standard deviations are illustrated in Figure 6.13.
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Table 6.9
Means, standard deviations and associated statistics of absolute percentage change in raw digit ratios before and after iTBS in active and control

groups
Absolute percentage change in digit ratios
Group D1 D2 D3 D4 D5
Acti 61.6% 54.1% 45.0% 52.4% 63.2%
ve (£21.8%) (+40.7%) (£25.4%) (+35.7%) (£40.7%)
Control 42.3% 52.9% 85.0% 37.1% 39.1%
(£27.9%) (£27.6%) (£75.2%) (£34.9%) (£36.1%)
N = Active 8 8 8 8 10
N = Control 9 8 9 9 9
t(15)=1.57 t(14) = 0.07 u=25 t(15) = 0.89 t(17)=1.36
p=0.068 p=0471 p=0.862 p=0.193 p=0.097
BFj,=1.678 " BF,,=0.448 BFy,=0.214 BF,=0.839 BFj,=1.303 "

Note. Dx= Digit, N = number of participants. T = anecdotal evidence for alternative hypothesis, mean (+standard deviation). Differences before and after iTBS

for all digit ratios and groups are non-significant (one-tailed, p > 0.05)

240



Figure 6.13
Mean and standard deviations (error bars) of absolute percentage change in digit

ratios before and after iTBS in active and control groups
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Note. Dx= Digit. T = anecdotal evidence for alternative hypothesis. Group differences are non-

significant (one-tailed, p > 0.05)

6.4.2.3 Euclidean distances: Between-group differences

Two-tailed independent t-tests were conducted between active and control
groups to assess Euclidean distances between 3D COG coordinates before and after

iTBS.

No significant differences were identified in Euclidean distances between 3D
COG coordinates before and after active or control iTBS in D1, D2, D3 or D4 digit ROls
(all p > 0.47). This was supported with Bayesian statistics, which provided anecdotal
evidence for the null hypothesis across all groups. However, significant differences
were identified between active and control group in Euclidean distances between D5
3D COG coordinates. This was supported by Bayesian inference of anecdotal support
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for the alternative hypothesis. This suggests that Euclidean distances between D5 3D
COG coordinates are further from baseline after control iTBS compared to active iTBS.

Means and standard deviations are illustrated in Figure 6.14 and all statistics are

displayed in Table 6.10.
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Table 6.10
Means, standard deviations and associated statistics of Euclidean distances between digit 3D COG coordinates before and after iTBS in active and

control groups
Euclidean distances between 3D COG coordinates before and after iTBS (mix-max normalised)

Group D1-D1 D2-D2 D3-D3 D4-DA D5-D5
Acti 0.43 0.41 0.36 0.31 0.36
ve (£0.32) (£0.38) (£0.37) (£0.33) (£0.33)
Control 0.51 0.42 0.35 0.52 0.65
ontro (£0.32) (£0.39) (£0.31) (£0.41) (£0.36)
N = Active 10 9 9 9 9
N = Control 9 10 10 9 7
t{17) = -0.54 t17) = -0.10 U=43 U=29 t(14) = -1.68
p=0.596 p=0921 p=0.902 p=0.331 p=0114
BF,,= 0.448 BF , = 0.406 BF,, = 0.405 BF,, = 0.690 BF,,=1.058 '

Note. Dx= Digit, N = number of participants, COG = centre of gravity, mean (+standard deviation). T = anecdotal evidence for alternative hypothesis. Group

differences are non-significant (two-tailed, p > 0.05)
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Figure 6.14
Mean and standard deviations (error bars) of Euclidean distances between digit ROls

before and after iTBS in active and control groups

1.2 -

0.8 A
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04 | m Control

Euclidean distance (min-max normalised)

-0.2 -

Note. Dx= Digit. T = anecdotal evidence for alternative hypothesis. Group differences are non-

significant (two-tailed, p > 0.05)
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6.4.3 Discussion

Study 2 aimed to assess the influence of active and control iTBS on the cortical
representations of digits as assessed with fMRI, with metrics including digit ratios and

Euclidean distances between digits before and after iTBS.

For digit ratios, the active group displayed anecdotal evidence for a reduction in
voxels associated to D3 after iTBS, suggesting that the D3 representation reduced in
relation to other digits. However, this was not evident in between-group analyses,
suggesting that any changes in D3 representations due to active iTBS were not larger
than that of control iTBS. Moreover, there was anecdotal evidence for a greater
absolute percentage change in D1 digit ratios after active iTBS (61.6%) compared to
control iTBS (42.3%), and in D5 digit ratios between active (63.2%) and control groups
(39.1%). However, while changes may be larger for these digits in the active group,
changes in digit ratios after control iTBS are still evident and there was large variability
within each group. This suggests that the digit ratios are not an ideal measure of
assessing the size of each digit representation in relation to other digits, as these may

be highly variable measures over time.

In the control group, there was evidence of greater Euclidean distances between
D5 COG coordinates before and after control iTBS in comparison to active iTBS. This
indicates that control iTBS may induce a shift in D5 digit representations while digit
representations after active iTBS are generally stable. However, previous research has
indicated little agreement in individual D5 representations over time, and therefore
the differences identified in Euclidean distances may reflect the individual variability

of the D5 representation (O’Neill et al., 2020)

Limitations of the methods in Study 2 are evident and similar to those described
in Chapter 4. A travelling wave design was chosen as it is a fast acquisition fMRI
method which would therefore allow for the rapid measurement of digit
representations after iTBS, which has transient after-effects. However, as discussed in

Chapter 4, phase-encoding travelling wave fMRI designs are insensitive to the
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overlapping of representations due to the ‘winner-takes-all’ analyses (Besle et al.,
2013). As a result, any blurring of digit ROls that may have been induced by iTBS could
not be assessed in this study. Additionally, the digit ratio metric is a highly variable
measure within individuals over time and was initially calculated as the number of
voxels extracted for each digit was not comparable across individuals. This is because
thresholding of digit maps was completed individually for each participant. However,
as the number of voxels assigned to each digit was calculated using the ‘winner-takes-
all’ measure of phase-encoded travelling wave analyses (see Section 4.3.3.2.2), there
is likely some level of variation in the exact number of voxels assigned to each digit at
each timepoint. The digit ratio metric could also have been influenced by the
predictive, sequential nature of the tapping task, which shows greater and more
widespread activation in the sensorimotor cortices compared to a random-order
tapping task and vibrotactile task (Olman et al., 2013; Mastria et al., 2023). This made
it difficult to separate digits in analysis and resulted in some digits dominating digit
maps, which were more evenly spread in the random-order and vibrotactile tasks
(Mastria et al., 2023; Olman et al., 2012). Consequently, future research should use
block or event-related vibrotactile tasks in order to more accurately quantify the size
of digit representations in M1 within each individual, and give insight to the blurring

of maps, as ‘winner-takes-all’ analyses would be redundant.

Overall, this study suggests that there are great variations in fMRI digit maps
across time in both active and control groups when measured using a phase-encoded
travelling wave design. Coupled with the known variability in response to iTBS (Chung
et al., 2016; Huang et al., 2017; Lépez-Alonso et al., 2018; Wischnewski & Schutter,
2015), it is unclear if the differences detected in digit maps iTBS are a result of active
iTBS itself, or the variability in digit maps over time. Future research should employ
block or event-related fMRI tasks in order to more accurately detect any differences
in digit representations after iTBS. Although these fMRI tasks would take longer to
require, rTMS-induced changes in somatosensory representations have previously
lasted up to two hours after rTMS application (Pleger et al., 2006; Tegenthoff et al.,

2005) and these fMRI tasks would offer greater confidence in any differences
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detected after active iTBS, with additional metrics, such as overlap and size of

representations.

6.5 Conclusions

Overall, this chapter demonstrates that in comparison to control iTBS, active iTBS
increases cortical excitability as measured by 10 curve slopes, and reduces GABAergic
inhibitory mechanisms as measured with TMS-SICI, though responses are variable.
However, while inhibitory mechanisms thought to play a role in the maintenance of
cortical representations are disrupted (Foeller et al., 2005; Jacobs & Donoghue, 1991;
Schneider et al., 2002; Sigurdsson, Molloy, et al., 2020), the extent to which active
iTBS influences the integrity of cortical mapping can be questioned. While some
differences in cortical TMS and fMRI maps of different hand muscles and digits were
detected after active iTBS, there is great variation and inconsistencies between active
and control groups. Overall, due to the low number of participants per group
indicating low statistical power, coupled with variability within and between groups
and methodological limitations of travelling wave designs, it cannot be concluded

with confidence that active iTBS can reliably disrupt cortical representations.

Additionally, iTBS as a method of rTMS may not be sufficient to disrupt cortical
representations. As previous human and animal research has indicated, 5-20Hz rTMS
can interrupt cortical map integrity (Houzé et al., 2013; Kozyrev et al., 2014, 2018;
Pleger et al., 2006; Tegenthoff et al., 2005; Zhong et al., 2021). However, one study
has indicated that 20Hz rTMS may more effectively disrupt cortical representations in
comparison to iTBS, as 20Hz matches intrinsic M1 frequencies, which oscillate around
20Hz (Houzé et al., 2013). Subsequently, this questions the mechanisms involved in
the stability and maintenance of cortical representations. While disruptive of
GABAergic mechanisms, iTBS may not disrupt the specific mechanisms pertaining to
the integrity of cortical representations. However, as individual GABA/SICI levels were
not measured across both studies or directly correlated in relation to changes in
cortical representations, the relationship between individual GABA and cortical

mapping after-effects cannot be determined.
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7. Chapter 7 - General discussion

This thesis has explored inhibitory functioning and its relationship to
somatosensory processing in adults with TS and TD controls. Cortical sensorimotor
representations of the digits and face have also been examined in adults with TS, in
comparison to TD controls, utilising the multimodal neuroimaging methods MRS,
fMRI and TMS. Finally, the impact of rTMS on TMS and fMRI cortical motor

representations were also explored.

This chapter will summarise the findings of this thesis to answer research aims
indicated in Section 1.5, in three sections, with limitations and considerations for

future research:

Section 7.1 - Inhibitory functioning and somatosensory processing in TS
e Do measures of cortical inhibition and sensory processing differ between
TS and TD controls? Are these measures correlated in both groups? Do tic

and urge features correlate with these measures?

Section 7.2 - Sensorimotor representations of the digits and face in TS

e Do fine-grained sensorimotor representations of non-tic-related
movements (finger tapping) differ between TS and TD controls?

e Do sensorimotor functional representations of tic-related facial
movements and responses to low-frequency vibration of facial areas

differ between TS and TD controls?

Section 7.3 - Disrupting cortical representations with iTBS.

e Can functional representations be manipulated with rTMS?
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7.1 Inhibitory functioning and somatosensory processing in Tourette

Syndrome

Abnormalities in sensory processing are commonly experienced in TS (lsaacs &
Riordan, 2020). However, while research has addressed interoceptive PU domains of
sensory processing, exteroceptive alterations have been greatly neglected despite
being the self-reported cause of considerable discomfort for individuals with TS

(Isaacs & Riordan, 2020).

One physiological mechanism thought to be disrupted in TS, which is theorised
to be responsible for abnormalities in sensory processing, is that of cortical inhibition
and GABA. Differences in sensory processing and performance in quantitative tactile
tasks are thought to depend on individual levels of GABA and surround inhibition;
with greater levels thought to shape cortical neuron responses by enhancing
receptive field size and activation thresholds in response to peripheral stimulation
(Chowdhury & Rasmusson, 2002; Hicks & Dykes, 1983; Kaneko & Hicks, 1990; Oka et
al.,, 1986). Enhanced tonic GABAergic inhibition has also been linked to sensory
processing by enhancing sensorimotor network integration and tuning cortical

activity (Cassady et al., 2019; Kolasinski et al., 2017).

In TS, MRS-GABA in the SMA and sensorimotor cortices has been linked to PU
and tic severity scores (Draper et al., 2014; Puts et al., 2015; He et al., 2022). Coupled
with reports of enhanced external hypersensitivity (Issacs & Riordan, 2020),
guantitative sensory thresholds are hypothesised to show abnormalities in TS.
However, only three studies have measured quantitative tactile sensory thresholds in
TS, which have provided mixed results (Belluscio et al.,, 2011; Puts et al., 2015;
Schunke et al., 2016). Moreover, while evidence of disruptions to phasic TMS-SICI
inhibition are generally consistent across the literature (Heise et al., 2010; Orth, 2009;
Orth etal., 2005, 2008; Ziemann et al., 1997), evidence of abnormalities in tonic MRS-
GABA inhibitory functioning across premotor, SMA and sensorimotor cortices are

largely contradictory (He et al., 2022; Mahone et al., 2018; Puts et al., 2015; Tinaz et
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al., 2014). A recent study has investigated the relationship between tic
phenomenology, MRS-GABA and quantitative sensory thresholds in children with TS
and TD controls (Puts et al., 2015). However, while sensorimotor GABA was reduced
and impaired performance was evident in tactile detection and adaptation tasks in
the TS group, only the TD group showed significant correlations between GABA and
tactile performance (Puts et al., 2015). Therefore, in TS, sensory thresholds may rely
on other means such as cortical excitability measured with MRS-Glu, evidenced to be
increased and associated with behavioural performance in TS (Mahone et al., 2018).
Overall, the specific processes underlying abnormalities in sensory processing in TS

are unclear.

As a result, Chapter 3 aimed to address if, in Study 1, quantitative tactile sensory
thresholds differed between adults with TS and TD control participants. In Study 2,
levels of MRS-GABA and MRS-Glu within the sensorimotor cortex and quantitative
and self-reported measures of sensory processing were assessed between groups.
These were also input into correlation analyses in each group to uncover any
relationships with somatosensory processing. Additionally, PU and tic severity scores

were also correlated with MRS-GABA and MRS-Glu in the TS group.

Study 1 demonstrated that there are some abnormalities in the somatosensory
system in TS, as evidenced by increased tactile discrimination thresholds. Specifically,
TOJ and cTOJ thresholds are significantly greater in TS compared to TD controls.
Moreover, there is some anecdotal evidence supporting differences in simAD and SSA
thresholds, with higher thresholds present in the TS group. This supports that tactile
discrimination, thought to be reflected by intracortical inhibitory mechanisms, are
disrupted in TS. However, while it was predicted that the percentage change in
response to adaptation and carrier stimuli would be reduced in the TS group, as
evidenced in previous research in TS (Puts et al., 2015) and in common comorbidities
ADHD (Puts, Harris, et al., 2017) and ASD (Puts et al., 2014; Tommerdahl et al., 2008),

these did not differ between TD and TS groups. Therefore, mechanisms involved in
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adaptation and carrier effects, such as the synchronisation of sensory activity, may

not be disrupted in TS.

In Study 2, there was some support for the initial hypothesis of abnormalities in
sensorimotor inhibition, with a trend for reduced sensorimotor MRS-GABA in the TS
group, however MRS-Glu concentrations were comparable across TS and TD groups,
contradicting previous evidence (Mahone et al, 2018). Moreover, GABA
concentrations were not related to quantitative tactile sensory thresholds which are
seen in other conditions with disruptions in GABA such as FHD (Antelmi et al., 2017)
and ASD (Puts et al., 2014). In contrast with previous evidence, MRS-GABA was also
not related to quantitative tactile sensory thresholds in the TD control group (Cassady
et al.,, 2019; Kolasinski et al., 2017). This suggests that measures reflecting
intracortical inhibitory mechanisms implicated in sensory discrimination performance
(i.e. surround inhibition and receptive field tuning) such as TMS-SICI, should be
utilised instead. Alternatively, MRS-Glu was negatively correlated with SSA
performance in the TD group, indicating that other mechanisms may be involved in
sensory discrimination abilities. One mechanism proposed is that of increased neural
noise, reflecting the signal-to-noise ratio in the sensorimotor system and the ability
to separate incoming sensory signals. This has recently been evidenced to be

disrupted in TS (Adelhofer et al., 2021; Miinchau et al., 2021).

Interestingly, a positive relationship was identified between MRS-GABA and SPSQ
scores in the TS group only. This relationship has also been demonstrated in ASD
(Sapey-Triomphe et al.,, 2019) and is reminiscent of the paradoxical relationship
between self-reported interoception and objective interoceptive acuity (Rae, Larsson,
et al., 2019). This provides support for the Bayesian account of TS, which proposes
that top-down predictions, modulated by GABA, of sensory information are abnormal
(Rae, Critchley, et al., 2019; Rosenberg et al., 2015). As a result, abnormalities in
sensorimotor GABA modulation may result in increased prediction errors and
therefore, enhanced perceived hypersensitivity. However, SPSQ scores did not

significantly differ between TS and TD groups, so the extent to which hypersensitivity
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is increased in TS is unclear. Additionally, a significant relationship was demonstrated
between MRS-Glu and urge severity, where reduced MRS-Glu was associated with
greater urge severity. This has previously been demonstrated in TMS evidence and
suggests that sensorimotor excitability has a role in the pathology of PU (Larsh et al.,

2023).

Overall, Chapter 3 identified some evidence reflecting the presence of reductions
in sensorimotor inhibition and poorer tactile discrimination thresholds in TS in
comparison to TD controls. However, these measures were not significantly related in

either group.

7.1.1 Limitations and future considerations

While this absence of relationships between MRS-GABA and tactile processing in
TS and TD control groups could suggest that GABA is not involved in tactile processing,
it could also reflect the notion that tonic inhibition is not an accurate reflection of the
GABAergic phasic mechanisms implicated in sensory processing, such as surround
inhibition (Dyke et al., 2017). As a result, future work should investigate sensory
processing in relation to TMS-SICI measures, which has shown some relationship with
surround inhibition during movement initiation (Beck et al., 2008; Leodori et al., 2019;
Molloy et al., 2003; Premoli et al., 2014; Stinear & Byblow, 2003). Additionally, as
relationships have not been demonstrated between MRS-GABA and tactile
discrimination in children, and now adults, with TS, the role of inhibitory mechanisms
in sensory processing may be overstated (Puts et al., 2015). Instead, the reduced
ability to separate of sensory signals (previously attributed to poor surround
inhibitory mechanisms) could be a result of decreased signal-to-noise (increased
neural noise) in the sensorimotor system. As neural noise is thought to be increased
in TS (Adelhoéfer et al., 2021; Minchau et al., 2021), this could result in a poorer
precision during tactile discrimination due to the reduced ability to separate signals
within the sensorimotor cortices. Future work should aim to investigate the role of

neural noise with EEG and TMS-SICI in sensory processing in TS and TD controls to
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further clarify the role of inhibition and noise in tactile discrimination and sensory

processing.

Co-morbidities were also not controlled in these studies, which could explain the
differences identified in tactile discrimination and MRS-GABA, as individuals with ASD
and ADHD also show abnormalities in tactile thresholds and MRS-GABA (Puts, Wodka,
et al.,, 2017; Tommerdahl et al.,, 2008). These are common co-morbidities in TS,
however the impact of these co-morbidities on MRS concentrations and tactile
thresholds are not clear. Future work with larger samples should aim to clarify if
abnormalities are demonstrated in TS alone or are a result of co-morbidities.
Moreover, TS participants were screened prior to recruitment and were only recruited
if they had relatively low tic frequency/intensities, with the absence of frequent or
intense facial and head tics. This was to ensure comfort during MRS scanning and
reduce the likelihood of movement artefacts impacting data quality. However, this
means that this sample is not likely to be representative of the general adult
population with TS. Additionally, reduced tic frequencies and greater response to
online recruitment resulted in more females participating in these studies. As a result,
the resultant TS group did not reflect the estimated 2-3:1 male to female ratio in adult
TS populations (Freeman et al., 2000; Levine et al., 2019). This data may therefore
reflect female populations with TS, who are thought to display differences in
aetiology, tic phenomenology, comorbidities and neural structure and function
(Baizabal-Carvallo & Jankovic, 2023; Dy-Hollins et al., 2023; Garris & Quigg, 2021). As

a result, this limits the generalisability of these results to the overall TS population.

Suppression of tics during MRS collection could also have impacted measures of
sensorimotor MRS-GABA. This is because control of motor outputs in TS has been
linked to increases in SMA MRS-GABA (Draper et al., 2014; Jackson et al., 2015).
However, increases in SMA MRS-GABA have previously been linked with a reduction
in motor cortical excitability in TS, and therefore this is unlikely to explain the reduced
level of MRS-GABA evident in TS (Draper et al., 2014). Moreover, laterality of sensory

tasks and MRS voxel placement may have impacted subsequent analyses, though
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previous investigations have found that sensorimotor MRS are significantly correlated
across hemispheres (Puts et al., 2018). Nevertheless, the impact of suppression and
laterality cannot be ruled out, and to minimise the potential impact, future research
should measure the extent to which individuals with TS suppress during MRS scans

and aim to keep laterality of sensory measures and MRS voxels consistent.

7.2 Sensorimotor representations of the digits and face in Tourette

Syndrome

As indicated in Chapter 3, there is some evidence to suggest that sensorimotor
inhibition is disrupted in TS. Sensorimotor GABA has also been associated with the
cortical representations of digit profiles and the hand muscle of TD individuals
(Cassady et al., 2019; Kolasinski et al., 2017; Sigurdsson, Molloy, et al., 2020). In
disorders with alterations in GABAergic inhibition such as FHD (Beck et al., 2008; Beck
& Hallett, 2011; Gallea et al., 2018; Sohn & Hallett, 2004; Stinear & Byblow, 2004),
abnormalities in digit representations are evident (Bara-Jimenez et al.,, 1998;
Butterworth et al., 2003; Byl et al., 2000; Byrnes et al., 1998; Elbert et al., 1998; Huber
etal., 2023; Meunier et al., 2001; Schabrun et al., 2009). However, there are questions
as to whether these disruptions in cortical representations are evident across both
hemispheres. For example, while disordered inhibition is displayed bilaterally (Ridding
et al., 1995; Rona et al., 1998), investigations into cortical hand mapping are usually
limited to the hemisphere of the affected hand (Bara-Jimenez et al.,, 1998;
Butterworth et al., 2003; Elbert et al., 1998; Schabrun et al., 2009), and evidence of
bilateral abnormalities in hand representations are suspected to relate with duration
of FHD and severity of symptoms (Byrnes et al., 1998; Meunier et al., 2001). As a
result, it is proposed that while inhibitory mechanisms involved in the maintenance
of cortical representations are impaired bilaterally, repetitive movements of the
dystonic limb are unilateral. This results in abnormalities to one hemisphere only, with
variability depending on distinct dystonic symptoms (Blake et al., 2002). However,
despite abnormalities in cortical inhibition and the presence of repetitive movements,

cortical sensorimotor representations have not been investigated in TS.
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It was therefore hypothesised in Chapter 4 that while there are disruptions in
sensorimotor GABA associated with TS, as hand tics are not widely reported then
sensorimotor digit representations would be comparable to TD control participants.
Alternatively, in Chapter 5, it was hypothesised that differences would be apparent in
sensorimotor representations in areas of the body associated with tics, such as facial

areas (Baizabal-Carvallo et al., 2023).

Chapter 4 used a phase-encoded travelling wave fMRI paradigm at 7T to
investigate the fine-grained M1 and S1 representations of digits 2-4 in the dominant
hand of individuals with TS and TD controls. The proportion of voxels assigned to each
digit representation (digit ratios) and Euclidean distances between adjacent digits
were determined for each individual and compared across groups. However, while
Euclidean distances did not differ between the TS group and TD control group,
significant differences were identified in digit ratios. Specifically, D3 (in M1 and S1)
and D4 (in M1) occupy a greater proportion of M1/S1 and D2 (in S1) occupies a
smaller proportion of S1 in the TS group, compared to the control group. Against the
initial hypothesis, this suggests that abnormalities in digit representations exist in TS
populations, despite hand tics being uncommon in TS. As a result, disrupted inhibitory
functioning within sensorimotor cortices may be sufficient to disrupt cortical

representations.

In Chapter 5, Study 1 measured sensorimotor representations of three volitional
facial tic-like movements in individuals with TS and TD controls with 3T fMRI; this
included blinking, grimacing and jaw clenching. Each fMRI movement map was
compared across groups, however no significant differences were identified. This
suggests that movements associated with common tics activate similar areas across
bilateral sensorimotor cortices and SMA in individuals with TS and TD controls.
Further analyses input each movement map into conjunction analyses in each group
to identify common voxels activated across all movements and voxels that were
unique to each movement. Patterns of unique voxels identified for each movement

were similar across groups, showing activations within the sensorimotor cortices.
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However, for common voxel maps, the TD group displayed a greater spread of
activation across sensorimotor cortices, whereas the TS group displayed reduced
areas of common voxels across movements. This indicates that the TD group recruit
similar regions of the sensorimotor cortex across movements, whereas this may be
more aberrant in the TS group. Moreover, while the SMA was consistently activated
across movements and included in the common voxel map for the TD group, this was
absent in the TS group. Upon inspection of cluster maps for each movement, SMA
activation is absent in the grimace task which involves greater coordination of facial
muscles. This results in greater cognitive control of movement and perhaps, greater
suppression of tics, which are thought to be associated with greater levels of MRS-
GABA in the SMA as a form of control over motor cortical hyperexcitability (Heise et
al., 2010; Jackson et al., 2015; Jackson et al., 2011, 2013; Jung et al., 2013; Larsh et
al., 2023). As SMA MRS-GABA has shown a significant inverse relationship with SMA
BOLD activation (Draper et al., 2014), the absence of SMA activation in the grimace
task may reflect compensatory strategies over motor control. Consequently, while
sensorimotor representations of facial movements may not show overt differences
between individuals with TS and TD controls, the execution and control of volitional

movements may result in differential patterns of activation within the SMA.

Finally, in Chapter 5 Study 2, right hemisphere sensorimotor representations
were extracted in response to vibrotactile stimulation to different regions of the face,
specifically, the O. oculi, masseter and O. oris. While group cluster activations were
not present for the TS group, likely due to insufficient statistical power, these were
evident for the TD control group. Moreover, conjunction analyses in the TD control
group for each sensory block identified common voxels in the SMA, in line with
previous evidence which displayed SMA activation during passive vibrotactile
stimulation (Nelson et al., 2004). However, despite all participants showing maximum
activation coordinates within S1, unique voxels across each movement were only
evident in the SMA and M1. This may indicate and support the notion that
sensorimotor representations display great inter-individual variability in the

sensorimotor cortices (Besle et al., 2013; Kikkert et al., 2023; Kolasinski et al., 2016;
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Sanchez-Panchuelo et al., 2012; Stringer et al., 2011), and therefore do not pass
group-level cluster thresholding. As a result, it may be more appropriate to assess

sensorimotor representations individually.

When assessing individual thresholded cluster activations, the number of voxels
activated within the right hemisphere sensorimotor mask were comparable across
groups for O. oculi block, but anecdotal evidence was evident for a reduction in
masseter and O. oris block activated voxels in the TS group compared to TD controls.
This could reflect the notion that the gain in excitability is reduced in the M1 in TS in
comparison to TD controls (Draper et al., 2015; Orth, 2009; Pépés et al., 2016).
Alternatively, this could reflect differences in tactile quantitative sensory thresholds
between groups, as a consistent suprathreshold vibrotactile stimulus was used across
participants. However, more evidence is required to increase the statistical power in
the TS group in order to more accurately compare responses across groups and

confidently state that results reflect a true effect.

An interesting outcome of this study was that the locations of maximum voxel
activation coordinates appeared to be split into two clustered locations of the S1 in
both groups across all sensory blocks. This could indicate that there are two S1 sites
that are activated during facial regions such as the O. oculi, masseter and O. oris, and
which may provide support that the S1 is organised in a similar manner to that as
described in the novel proposal the M1 is organised into concentric effector-specific
regions, interleaved by body-action zones (Gordon et al., 2023). For the face effector
region, this means that the tongue is in the centre of the effector region (a one peak
activation site) and is surrounded by the jaw, nostrils and eyelids (two peak activation
sites). However, further investigation is required before determining if this data
supports this organisation in the S1. This will be investigated by assessing activation
profiles for each sensory block and determining if each profile better fits a one-peak
or two-peak gaussian curve. As the O. oculi, masseter and O. oris are beyond the
activation peak (tongue), it is hypothesised that two-peak gaussian curves will better

fit these activation profiles.
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Overall, it has been shown that some differences were present in sensorimotor
digit and vibrotactile facial representations between individuals with TS and TD
controls. However, while no differences were identified across groups in volitional
facial movements that relate to facial tics, differences may be evident in the SMA
between groups. Specifically, the absence of SMA activation within the TS group is
proposed to be a result of task complexity, suppression and cognitive control of

action.

7.2.1 Limitations and future considerations

Some limitations are associated with the methods discussed in Chapter 4.
Namely, the predictability of the travelling wave tapping task is associated with
greater activation in the sensorimotor cortices compared to random-order tapping
tasks or passive vibrotactile stimulation. This resulted in the reduced ability to
separate digits, and the overrepresentation of specific digits in subsequent analyses
(Mastria et al., 2023; Olman et al., 2012). This could explain the finding that D4 and
D5 had greater digit ratios in both groups, rather than D1/D2 as demonstrated in
previous research (Janko et al., 2022). Additionally, while rapid acquisition is
beneficial in reducing patient time in the MRI scanner, travelling wave task analyses
are insensitive to overlapping of digit representations due to ‘winner-takes-all’
analyses (Besle et al., 2013). This means that blurring of digit representations (as
demonstrated after application of inhibitory GABA antagonists and in FHD animal
models; Blake et al., 2002; Foeller et al., 2005; Jacobs & Donoghue, 1991; Schneider
et al., 2002) could not be assessed. As a result, future research should utilise event-
related or block fMRI with vibrotactile tasks to more reliably quantify the size of digit
representations and to assess overlapping representations in patient groups.
Additionally, due to the great inter-individual variability across sensorimotor
representations, it may be more appropriate to assess representations on an
individual level, as assuming homogeneity across samples and performing group

analyses has likely masked individual differences within groups.
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As in Section 7.1.1., co-morbidities were not controlled for so the impact of these
on sensorimotor representations and movement activations are unknown. Also, in
both Chapter 4 and Chapter 5, the extent to which individuals in the TS group
experienced hand tics and facial tics was not measured. As a result, it cannot be
determined if digit map and facial maps showed abnormalities despite the presence
of hand tics and due to the presence of facial tics in the sample. Finally, it was
assumed that disruptions in sensorimotor inhibition were present in samples from
Chapter 4 and Chapter 5, however these were not assessed in all individuals or
correlated with individual sensorimotor maps. Future work assessing digit and facial
representations should assess the frequency and intensity of hand/facial tics and
sensorimotor inhibition to determine if features of representations are related to

individual tic profiles and GABA concentrations.

Strength of fMRI BOLD activations could also not be compared across groups as
the intensity of finger tapping/facial movements likely varied across individuals.
Moreover, findings in Chapter 3 suggest that individual thresholds of facial vibrotactile
stimulation are likely to vary between groups, however these were set at a consistent
intensity across all participants. When conducting similar tasks in the future, EMG
should be used in movement tasks to allow for normalisation of BOLD activations
across individuals depending on EMG-informed strength of movements. Moreover,
BOLD activations in vibrotactile stimulation blocks should be controlled for by
measuring individual facial thresholds to vibrotactile stimulation and basing block
stimulation on a consistent percentage above this threshold across participants.
Additionally, further investigation is needed into the impact of tic suppression, as any
impact of suppression during fMRI tasks on sensorimotor excitability and BOLD

responses is unclear (Draper et al., 2014)

Additionally, the extent to which results from Chapter 4 and Chapter 5 can be
generalised is limited. This is because of the limited recruitment of TS participants to
those who experience low tic frequencies/intensities, especially of facial and head

tics. This was because large head and facial tics may result in fMRI motion artefacts
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and data quality concerns. Moreover, the male to female ratio within our TS sample
are unlikely to reflect that of the general TS population and may reflect an alternative
TS phenotype due to possible sex differences in aetiology, clinical presentation, neural
structure and function (Baizabal-Carvallo & Jankovic, 2023; Garris & Quigg, 2021). To
detect differences in sensorimotor maps in a more representative TS population,
imaging techniques that are less susceptible to motion artefacts should be utilised,
such as TMS and optically pumped magnetometer magnetoencephalography (OPM-
MEG). This would also reduce the impact of movement on data quality and sample
size, as evidenced in Chapter 5, with removal of seven TS datasets in Study 1 and six

TS datasets in Study 2.

Finally, practical limitations of studies (funding timescales and limitations, and
equipment failures), and data quality concerns (such as movement artefacts) resulted
in low sample sizes throughout studies within this thesis. This has greatly limited the
statistical power and enhanced susceptibility to Type I/Il errors, reducing the
likelihood that findings are reflective of a true effect. Using a sensitivity power analysis
(G*Power; Faul et al., 2007), the target sample size of 20 participants per group within
this thesis in studies conducting t-tests only holds sufficient power (0.8; alpha of 0.05)
for detecting large effects (Cohen’s d > 0.8). However, the effect size in psychological
research is estimated to be an average of d = 0.4 (small-medium; Brysbaert, 2019). As
aresult, this data does not have sufficient power to detect smaller effects with t-tests,
which would requiring group sizes of 79 (one-tailed) or 100 (two-tailed) to detect
effect sizes above d = 0.4 with comparable power (0.8). While smaller effects and their
practical relevance can be questioned, the valid detection of these effects requires
more data to increase the statistical power and thus, the confidence that a statistical
result reflects a true effect. This will allow greater reliability and confidence in the

results and subsequent conclusions that are drawn.
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7.3 Disrupting cortical motor representations with iTBS

Previous evidence has indicated that rTMS may operate through NMDA and
GABAergic mechanisms in order to drive LTP and LTD-like after-effects (Grover & Yan,
1999; Hess et al., 1996; Huang et al., 2007; Labedi et al., 2014). For example, GABAa
receptor antagonists have been shown to enhance LTP-like after-effects of excitatory
stimulation (Grover & Yan, 1999; Hess et al., 1996). Additionally, cortical motor
representations have also shown alterations after application of GABAA antagonists
(Foeller et al., 2005; Jacobs & Donoghue, 1991; Schneider et al., 2002). Consequently,
previous animal and human research have demonstrated that excitatory rTMS
protocols can alter cortical representations in the S1 and the visual cortex by
weakening intracortical inhibitory mechanisms, driving cortical map variability (Houzé
et al., 2013; Kozyrev et al., 2014, 2018; Pleger et al., 2006; Tegenthoff et al., 2005;
Zhong et al., 2021). However, the extent to which rTMS can reliably weaken inhibitory
mechanisms is unclear, with human evidence showing either reductions or no change
in TMS-SICI after excitatory rTMS (Murakami et al., 2012; Peinemann et al., 2000;
Quartarone et al., 2005; Tse et al., 2018; Wu et al., 2000).

As a result, Chapter 6 aimed to assess the impact of iTBS, an ‘excitatory’ rTMS
protocol, on intracortical inhibitory mechanisms (measured with TMS-SICI) and TMS
mapping of three hand muscles and fMRI digit mapping. iTBS was either delivered at
70% RMT to the M1 hand area (active group) or at 30% RMT to the vertex (control
group). iTBS was chosen as animal research has previously shown that cortical
inhibitory cells are most sensitive to iTBS protocols (Funke & Benali, 2011). Study 1
investigated the impact of active and control iTBS on measures of cortical excitability
(10 curve slopes), cortical inhibition (TMS-SICI) and on the TMS corticospinal
excitability mapping of three hand muscles. Study 2 investigated the impact of active
and control iTBS on fMRI maps of digits 1-5, measured with a phase-encoded
travelling wave tapping task. Expanding on previous research, multiple muscles were
investigated, beyond the target site of M1 stimulation (FDI/D1-D2), as iTBS effects
have been shown to extend beyond the initial stimulation site (Morris et al., 2019). It

was hypothesised that 10 curve slopes and SICI values would show significant
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increases after active-iTBS (reflecting greater excitability and reduced inhibition). It
was also proposed that TMS maps would show greater absolute changes in the active

group compared to the control group.

Study 1 evidenced that while 10 curve slopes were generally steeper after active
iTBS, this was not a significant increase. However, there was some anecdotal support
for this effect in Bayesian inference. The control group also showed no significant
change in 10 curve slopes after control iTBS. However, a significant difference was
evident between the absolute percentage change in IO curve slopes between groups,
indicating that active iTBS had a facilitatory influence on cortical excitability.
Moreover, the active group evidenced a significant increase in SICI values with very
strong Bayesian support, indicating a reduction in cortical inhibition. However, while
this effect was absent in the control group, a one-tailed independent t-test revealed
that the percentage change in SIClI values before and after active iTBS were not
significantly larger than that of the control group. It is proposed that this may be a
result of the known variability in after-effects to rTMS, paired with variability in SICI
values in both the active and control group (Chung et al., 2016; Hamada et al., 2013;
Lépez-Alonso et al., 2018; Wischnewski & Schutter, 2015).

While there some evidence of increases in 10 curve slopes and increases in
SICI values (indicating reduced intracortical inhibition) after active iTBS, there was no
clear influence of active iTBS on TMS maps. For instance, some Bayesian support was
evidenced for active iTBS inducing a larger effect on positions of L-R COG and P-A COG
coordinates compared to the control group. However, while the distance between
FDI-ADM TMS maps increased after active iTBS, the control group showed a decrease
in Euclidean distances between APB-FDI maps. Moreover, absolute changes in
Euclidean distances were not significantly larger in the active group compared to the
control group. This suggests that active iTBS has no influence on Euclidean distances
between different maps. Finally, the absolute percentage change in map areas were
only significantly larger after active iTBS compared to control iTBS for ADM maps.

Overall, Study 1 has indicated that there may be some influence of active iTBS on
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cortical mapping of the hand and digits. However, the direction of this change and
precise influence of iTBS on mapping is unclear due to low sample sizes, variability in

iTBS after-effects and the variability in TMS maps across groups.

In Study 2, the control group showed some evidence of larger changes
compared to the active group in D5 Euclidean distances before and after iTBS.
However, the reliability of this result can be questioned, as the D5 representation has
previously shown to be variable over time (O’Neill et al., 2020). Moreover, while D1
and D5 digit ratios showed a greater percentage change in the active group compared
to the control group, changes in the control group were still evident when these were
hypothesised to remain stable after iTBS. Great variability in digit ratios were also
demonstrated across both groups, suggesting that the digit ratio metric may not be

an accurate measure of the size of each digit relative to other digits.

Nevertheless, Study 1 demonstrated that SICI values are significantly
increased after iTBS in the active group, indicating that iTBS can induce a reduction in
inhibition in the M1. However, while previous evidence has demonstrated that
weakened intracortical inhibition may be the driver of disruptions in cortical mapping,
no decisive evidence of changes to TMS or fMRI mapping in response to active iTBS
were evident in this study. However, the extent to which individual SICI values are
related to changes in cortical mapping is unclear, as the sample size is insufficient to
reliably determine this in correlation or regression analyses. Consequently, with the
low statistical power, coupled with variability within and between groups, it cannot

be decisively concluded that active iTBS can disrupt cortical representations.

7.3.1 Limitations and future considerations

Recalibrating RMT/SI1mV thresholds may be essential when measuring SICI after
an intervention, as the inhibitory effect of SICl is dependent on the test pulse intensity
(Garry & Thomson, 2009; Roshan et al., 2003). This is because SI1mV thresholds may
change after active iTBS, and subsequent post-iTBS SICI values could no longer be

sufficient to evoke the same extent of inhibition in MEP amplitudes. As rapid
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measurement of TMS maps was a priority in Chapter 6, the SI1mV threshold was not
recalibrated. As a result, future research should control for this by assessing SI1mV
after iTBS. Differences in RMT between each muscle representation may have also
impacted TMS maps, as the 120% FDI RMT TMS mapping pulses may result in
larger/smaller MEP amplitudes in other muscles if they have lower/greater RMTs.
Additionally, individually collecting muscle maps while using the optimal angle to
evoke MEPs in each muscle may produce more accurate representations (Bashir et
al., 2013). However, despite the time cost of measuring each threshold and collecting
individual maps, previous literature has reported that rTMS after-effects have
persisted in TMS maps for up to two hours (Pleger et al., 2006; Tegenthoff et al., 2005).
Therefore, future investigations should consider thresholding individual muscle
representation RMTs and recalibrating SI1mV thresholds to ensure reliable measures
of TMS maps and SICI. With these limitations in mind, and the additional issues of
variability in response to rTMS and low sample sizes, these results should be taken

with caution.

Asin Section 7.2.1, while travelling wave fMRI tasks allow for the rapid acquisition
of digit maps after iTBS, phase-encoded fMRI tasks may be limiting as ‘winner-takes-
all’ analyses are insensitive to overlapping of digits (Besle et al., 2013) and the
sequential tapping tasks are more likely to misrepresent the size of digits than
random-order tapping or passive vibrotactile stimulation (Mastria et al., 2023; Olman
et al., 2012). Consequently, future research assessing the influence of iTBS on fMRI
digit mapping should utilise block or event-related vibrotactile tasks to more
accurately quantify the size of each digit in the cortex and give insight to any changes

in the overlapping of digit representations.

Finally, while excitatory 5Hz-20Hz rTMS has previously been evidenced to alter
cortical representations within the human and animal S1 and visual cortices, iTBS may
not disrupt the specific mechanisms involved in the maintenance of cortical
representations (Houzé et al., 2013; Kozyrev et al., 2014, 2018; Pleger et al., 2006;
Tegenthoff et al., 2005; Zhong et al., 2021). Specifically, one study demonstrated that
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iTBS was less effective at disrupting cortical representations in comparison to 20Hz
rTMS (Houzé et al., 2013). As a result, while active iTBS can weaken M1 GABAergic
inhibition, it is unlikely that these inhibitory mechanisms are the only mechanism

involved in maintenance of cortical representations.

7.4 Overall conclusions

In conclusion, this thesis has demonstrated that quantitative tactile sensory
thresholds are altered in adults with TS. However, while there is some evidence to
suggest sensorimotor inhibition is reduced in adults with TS in comparison to TD
controls, this is not related to quantitative sensory thresholds in TS or TD groups. This
indicates that quantitative sensory discrimination thresholds may be instead more
likely to correlate with measures reflecting surround inhibitory mechanisms, such as
TMS-SICI. Alternatively, other mechanisms that may allow for the discrimination of
sensory input, such as sensorimotor signal-to-noise ratios, should be explored.
Moreover, GABA concentrations were significantly associated with self-reported
levels of hypersensitivity in the TS group, suggesting top-down predictions of sensory
information are abnormal in TS. There is also some evidence to indicate that
sensorimotor representations of the digits are disrupted in TS, despite hand tics being
relatively uncommon. This indicates that disordered inhibition may be sufficient to
alter sensorimotor representations. However, the extent to which differences in
representations are due to disruption of cortical inhibition is unclear, as this was not
measured. Additionally, while the representation of facial movements relating to
common tics do not significantly differ between TS and TD control groups, there is
some evidence of differences in SMA activation during more complex volitional
movements. Additionally, while sample sizes and variability of cortical facial
representations prevented the accurate comparison of different sensorimotor
representations of the face in response to vibrotactile stimulation, peak activation
coordinates for each facial location were dispersed into two clustered locations of S1.
This warrants further investigation into whether this reflects a concentric organisation
of the face region in S1. Finally, while M1 iTBS may evoke an increase in cortical

excitability and decrease in GABAergic inhibition, due to the low sample sizes,
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variability within and between groups, and methodological limitations, there is no
decisive evidence to suggest that iTBS can reliably influence M1 cortical

representations of hand muscles and digits.
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Appendix A

Appendix A.1

Appendices

Diagnoses, medication and clinical scores of TS participants in Chapter 3 (Study 1)

YGTSS
D Age | Sex | Diagnoses (incl. Medication PUTS-R | Motor Phonic Impairment Global
self-diagnoses)
TS01 23 2 | T5CTD None 44 10 10 5 25
TS02 36 2 TS, ADHD Clonidine HC1 150 mcg 26 19 13 10 42
TS03 33 2 TS, ADHD, ASD None 36 18 12 20 50
S04 51 1 | Ts,0CD Clonidine 25 meg, Mirtazapine 30 mg, muscle relaxants| 62 22 10 35 67
TS05 23 1 TS5, GAD Sertraline 61 14 8 25 25
TS06 54 2 CTD None EL] 12 0 20 32
TS07 19 1 CTD None 46 16 ] 15 31
TS08 19 1 | TS, ADHD Concerta Xl 45 mg 72 21 20 44 81
TS09 54 2 |75 0CD None 5
1510 50 2 |75 None 36 14 13 10 37
TS11 29 2 15 None 11 18 10 10 38
512 18 1 T5 None 20 13 12 20 45
513 32 2 TS, ADHD None 70 20 13 40 73
Ts1a4 | 38 | 1 |TS None 45 18 13 10 a1
1515 30 2 | TS, ADHD Clonidine 300 mcg, Escitalopram 10 mg a4 21 18 35 74
516 31 2 T5 None 54 22 5 20 47
517 38 1 1:;:_?;%3:5; i None 50 19 0 30 49
1518 37 1 |75 None 55 20 8 30 58
519 33 2 | T5, ADHD Clonidine 1 mg 42 11 12 20 43
1520 34 2 TS, ADHD, ASD None 19 10 0 4 14
TS, GAD,

29 1 | Depression, None 38 15 14 25 54
TS21 Fibromyalgia
1522 21 1 |75 None 60 18 17 40 75
Ts23 21 1 ;ff;l{iii[a)‘ ADHD, | sortraline 75 mg 47 11 12 10 33
1524 19 1 15 None 59 20 18 38 30
1525 32 1 TS, GAD, ASD None 45 15 20 43 78

2 1 B-El";i::i';z‘ Elvanse 50 mg, Propranolol 80 mg, Lamotrigine 25 64 23 17 15 75
1526 PD me
1827 19 1 CTD None 42 16 13 25 54
1528 22 1 TS, ASD None 11 15 10 36
1529 17 1 TS, OCD, ASD None 31 11 13 15 39
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Appendix A.2

Diagnoses, medication and clinical scores of TS participants in Chapter 3 (Study 2)

YGTSS
o] Age | Sex 2::::::::;::', Medication PUTS-R Motor Phonic Impairment Global
T501 23 2 TS, CTD None 44 10 10 5 25
T502 37 2 TS, ADHD Clonidine HCl 225 mcg 29 16 24 30 70
TS04 | 52 1 | Ts,0cD :‘::"’::i':;:;;g:’s% i‘:;"’fe” 10 mg, Clonidine 25 50 16 1 10 37
TS05 23 1 TS, GAD Sertraline 100 mg 61 14 8 25 a7
T507 15 1 CTD None 51 16 0 15 32
T512 18 1 Ts None 20 13 12 20 45
T513 32 2 TS, ADHD None 48 18 15 30 45
T514 39 1 TS None 41 10 0 11 21
TS, GAD,
TS21 29 1 Depression, Amitriptyline 10 mg 38 15 14 25 54
Fibromyalgia
T522 21 1 TS None 60 18 17 40 75
1523 21 1 ;:‘Sl(i:l[;‘ ADHD, Sertraline 75 mg 47 11 12 10 33
1524 19 1 TS None 58 20 18 38 30
T526 22 1 TS, AD[!D' Elvanse 50 mg, Propranolel 80 mg, Lamotrigine 25 mg 64 23 17 35 75
Borderline PD
1827 20 1 CTD None 42 16 13 25 54
T528 22 1 TS, ASD None 11 15 10 36
TS29 17 1 TS, OCD, ASD None 31 11 13 15 39
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Appendix A.3
Interoceptive Accuracy Scale (IAS), from Murphy et al. (2020)

Below are several statements regarding how accurately you can perceive
specific bodily sensations. Please rate on the scale how well you believe you can
perceive each specific signal. For example, if you often feel you need to urinate and
then realise you do not need to when you go to the toilet you would rate your

accuracy perceiving this bodily signal as low.

Please only rate how well you can perceive these signals without using
external cues, for example, if you can only perceive how fast your heart is beating
when you measure it by taking your pulse this would not count as accurate internal

perception.

Scale: 5 = strongly agree, 4 = agree, 3 = neither agree nor disagree, 2 = disagree, 1 =

disagree strongly

=

| can always accurately perceive when my heart is beating fast

| can always accurately perceive when | am hungry

| can always accurately perceive when | am breathing fast

| can always accurately perceive when | am thirsty

| can always accurately perceive when | need to urinate

| can always accurately perceive when | need to defecate

| can always accurately perceive when | encounter different tastes

| can always accurately perceive when | am going to vomit

o ®©® N o v B W N

| can always accurately perceive when | am going to sneeze

=
o

. | can always accurately perceive when | am going to cough

=
[EEN

. | can always accurately perceive when | am hot/cold

=
N

. | can always accurately perceive when | am sexually aroused

=
w

. | can always accurately perceive when | am going to pass wind

[EY
S

. | can always accurately perceive when | am going to burp
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15.
16.
17.
18.
19.

| can always accurately perceive when my muscles are tired/sore

| can always accurately perceive when | am going to get a bruise

| can always accurately perceive when | am in pain

| can always accurately perceive when my blood sugar is low

| can always accurately perceive when someone is touching me affectionately

rather than nonaffectionatel

20. | can always accurately perceive when something is going to be ticklish
21. | can always accurately perceive when something is going to be itchy
Appendix A.4

Sensory Processing Sensitivity Questionnaire (SPSQ), Sensory Sensitivity subscale

(items 1-8) from Malinakova et al. (2021)

Please indicate to what extent you think that compared to other people you are

sensitive to the following stimuli, conditions or experiences.

Scale:

0 = compared to others, | am not sensitive to them at all
5 = about the same as the people around me

10 = much more sensitive than the people around me
1. Light

2. Sound

3. Smells

4. Taste

5. Tactile stimuli —touch, clothing, etc.

6. Hunger

7. Heat

8. Cold
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Appendix A.5
Correlation analyses in Chapter 3 (Study 2).

™ TS
MRS-GABA MRS-Glu MRS-GABA MRS-Glu
Task df r p df r [} df r p df r p

seqAD (um) 5 005 0.882 10 005 0873 11 022 0464 12 008 0785
sImAD (um) 11 011 0720 12 014 0626 10 024 0451 11 049 0091
55A (um) 11 027 0367 12 058 0.031° ] 017 0620 10 005 0877
M”"“::}“ effect 007 0835 12 048 0085 10 025 0443 11 0,59  0.032*
01 (ms) 11 013 0678 12 017 0567 10 017 0608 11 026 0390
cTO! (ms) ] 026 0451 10 024 0463 g 015 0680 ] 006 0872
Carrier effect (%) 9 006 0881 10 013 0.683 10 045 0147 11 0.047 0879
spsq g 040 0255 g 012 0752 g 0.75  0.013* 3 012 0723

IAS 9 026 0451 9 0004 0991 3 024 0485 10 0205 0523
PUTS-R 10 015 0649 10 0.60  0.041*
YGTSS (motar) 11 027 0369 11 014 0648
YGTSS (phonic) 11 032 0288 11 035 0246
“mmsem} 11 005  0.867 11 012 0705
YGTSS (total) 11 0325 0418 11 011 0721

Note. In the TD group, all MRS-GABA correlations and MRS-Glu correlations for SSA, cTOJ and Carrier effect (%) did not pass normality checks and are

reported with Spearman’s rho
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Appendix B

Appendix B.1

Diagnoses, medication and clinical scores of TS participants in Chapter 4

YGTSS
ID Age | Sex | Diagnoses (incl. Medication PUTS-R Motor Phonic Impairment Global
self-diagnoses)
TS01 23 M | Ts, CTD None 44 10 10 5 25
TS05 23 F TS, GAD Sertraline 100 mg 61 14 8 25 47
TS07 19 F | CTD None 51 16 0 15 32
T514 39 F T5 None 41 10 1] 11 21
TS, GAD,
TS21 | 29 F | Depression, Amitriptyline 10 mg 38 15 14 25 54
Fibromyalgia
T522 21 F |Ts None 60 18 17 40 75
TS24 18 F 5 None 59 20 18 38 30
T528 22 F TS, ASD None 11 15 10 36
T529 17 F | TS, OCD, ASD None 31 11 13 15 39
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Appendix C

Appendix C.1

Diagnoses, medication and clinical scores of TS participants in Chapter 5 (Study 1)

YGTSS
D Age | Sex | Diagnoses (incl. Medication PUTS-R | Motor Phonic Impairment Global
self-diagnoses)
TS04 51 F | Ts,0cD Clonidine 25 mcg, Mirtazapine 30 mg, 62 2 10 15 &7
muscle relaxants

TS05 23 F TS, GAD Sertraline 100 mg 61 14 8 25 47
TS06 54 M | CTD None 39 12 0 20 32
TS07 19 F cTD None 46 16 0 15 31
TS08 19 F TS, ADHD Concerta Xl 45 mg 72 21 20 44 81
TS09 54 M | TS5, OCD None 5

TS10 50 M | TS no change 36 14 13 10 37
TS12 18 F T5 None 20 13 12 20 45
T513 32 M | TS, ADHD None 70 20 13 40 73
T514 38 F T5 None 45 18 13 10 41
T515 30 TS, ADHD Clonidine 300 mcg, Escitalopram 10 mg 44 21 18 35 74
T516 31 T5 None 54 22 5 20 47
T517 38 F 1;::?5!3]&?:’::&:3 None 50 19 0 30 49
TS18 | 37 | F |TsS None 55 20 8 30 58
T519 33 TS, ADHD Clonidine 1 mg 42 11 12 20 43
TS20 34 TS, ADHD, ASD None 19 10 0 4 14
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Appendix C.2

Significant cluster activations in Chapter 5 (Study 1) for (a) blink, (b) grimace, and (c)

jaw clench blocks

d.
Blink
MNI coordinates
Group Cluster = Z-score X y z Location
(voxels)
3 2815 5.34 -48 6 58 Pre-central gyrus
D
2 2605 7.08 48 4 38 Pre-central gyrus
1 1440 6.01 0 4 62  Supplementary motor area
3 2410 6.89 60 16 16 Inferior Frontal Gyrus
TS 2 1930 7.66 -58 0 42 Pre-central gyrus
1 839 8.31 -4 2 62 Supplementary motor area
Grimace
MNI coordinates
Group Cluster I Z-score X y z Location
(voxels)
3 6320 6.49 -4 2 56 Supplementary motor area
TD 2 4300 5.67 -58 4 32 Pre-central gyrus
1 257 4.18 14 -34 48 Pre-central gyrus
3 1623 9.3 50 -8 56 Pre-central gyrus
Ts -
2 948 637 46 12 44 Pre-central gyrus
C.
Jaw clench
MNI coordinates
Cluster size .
Group Cluster Z-score X Yy z Location
(voxels)
3 4099 6.28 -62 8 18 Pre-central gyrus
™ 2 4051 11.7 68 6 16 Post-central gyrus
1 2022 7.02 4 12 56 Superior Frontal Gyrus
3 2752 8.07 -60 -14 18 Post-central gyrus
TS 2 2722 6.8 64 0 6 Planum Polare
1 762 5.21 -6 4 62 Supplementary motor area

325



Appendix C.3

Diagnoses, medication and clinical scores of TS participants in Chapter 5 (Study 2)

dyslexia

YGTSS
D Age | Sex | Diagnoses (incl. self- Medication PUTS-R Motor Phonic Impairment Global
diagnosis)
TS05 23 F TS, GAD Sertraline 100 mg 61 14 8 25 47
TS12 18 F T5 None 20 13 12 20 45
T513 32 M | TS, ADHD None 48 18 15 30 45
T514 39 F T5 None 41 10 0 11 21
TS, GAD, Depression, . "
TS21 | 29 F Fibromyalgia Amitriptyline 10 mg 38 15 14 25 54
TS, GAD, ADHD and .
1523 | 21 | F 3% | Sertraline 75 mg a7 1 12 10 33
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Appendix C.4

Graphs and tables showing average and standard deviations of (a) temperature across scans, and (b) change in temperature across scans

(a) Average temperature across scans
Average Temp across scans
178 Ch_2_cable
. 176 BeforefMRIMRS 17.5618985 17.03795113 16.83774436
:.:" 17.4 fMRI2.5min 17.47066667 17.08624242 16.89121212
© 172 fMRI4.5min 1752219355 17.14535484 16.97658065
.3 17 MRS8.5min 17.64867521 17.26051282 17.15602564
5 16.8 SD of average temp across scans
g Ch_2_sD
g 166 I I BeforefMRIMRS = 0.08189128 0.064706592 0.068805975
164 fMRI2.5min 0.058769219 0.059973078 0.053962361
16.2 fMRI4.5min 0.067409496 0.068419772 0.0844126
BeforefMRIMRS fMRI2.5min fMRM.5min MRS8.5min MRS8.5min 0.070491979 0.083032422 0.084706417
Sequence
BCh_1_piezo ®Ch_2_cable mCh_3_control
Average temperature change across scans
(b) 0.3
Average temperature change across scans
0.25 Ch_2_cable
0.2 fMRI_2.5min -0.050897  -0.01533 -0.03003663
<= 0.15 fMRI_4.5min 0.081 0.091 0.2335
!?,_T 01 MRS_8.5min 0.158095 0.160952 0.166190476
‘E SD of temperature change across scans
g 005 I - h Ch_2_5SD _
E 0 I fMRI_2.5min 0.007372 -0.011972 -0.055104127
005 .‘SSW fMRI_4.5min MRS_8.5min fMRI_4.5min 0.003661 -0.02678 -0.006016161
01 MRS_8.5min 0.038471 0.003047 0.013371329
-0.15

mCh_1_piezo mCh_2_cable mCh_3_control
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Appendix C.5

tes)

(a) baseline (9 minutes), (b) fMRI (2.5 minutes), (c) fMRI (4.5 minutes) and (d) MRS (8.5 minu

Raw temperature across time for
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Before fMRIMRS Smins
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Temp
Min

16.67
17.07

16.87
17.19

17.39

17.77
17.561898 17.037951 16.83774436
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fMRI 2.5 mins
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17.24

17.32
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17.470667 17.086242 16.89121212

Temp
Min
Max

M

17.4
17.2

(24) auniesedway

Average
sD

16.4

0.0587692 0.0599731 0.053962361

16.2
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fMRI 4.5 min

fMRI 4.5 mins

178

Temp

Min
Max

176

16.79
17.2

0.0844126

17.34
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Appendix C.6

Significant cluster activations in Chapter 5 (Study 2)

MNI coordinates

Group Cluster R Z-score X Y z Location
(voxels)

0. oculi 1 122 37 2 10 54 Paracingulate gyrus

3 378 4.46 44 8 34 Pre-central gyrus
Masseter 2 91 3.57 8 6 62 Supplementary motor area

1 79 4.18 58 -18 28 Post-central gyrus
2 348 4,18 48 4 46 Pre-central gyrus

0. oris
1 111 3.53 4 -4 60 Supplementary motor area
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Appendix D

Appendix D.1.

Outlier removals from TMS mapping in Chapter 6.

3D COG coordinate measures for FDI maps in the active group, two L-R COG,
one P-A COG datapoints were removed from the before iTBS timepoint and one L-R
COG, one P-A COG datapoints were removed from the after iTBS timepoint. In the
control group, two P-A COG datapoints were removed from the after iTBS timepoint.
In Euclidean distances for FDI maps one datapoint in the active group and one
datapoint in the control group were removed from the before iTBS timepoint. In
absolute change in L-R COG 3D coordinates, one datapoint was removed from the
active group. For absolute change in Euclidean distances, one datapoint was removed
from the active group. For absolute percentage change in area of FDI maps, two

datapoints were removed from the active group.

For ADM maps in the active group, two L-R COG datapoints were removed
from the before iTBS datapoint, with two L-R COG and one P-A COG datapoints
removed from the after iTBS timepoint. For the control group, two P-A COG
datapoints were removed from the after iTBS timepoint. For Euclidean distances, one
datapoint was removed from the before iTBS timepoint in the control group. For the
ADM map areas, one datapoint was removed from the before iTBS timepoint in the
active group. For absolute change in COG coordinates, one datapoint was removed
from the L-R COG coordinates in the control group. one datapoint was also removed
from the control group in the absolute change in Euclidean distances. For absolute
percentage change in ADM area, two datapoints were removed from the active group

and one datapoint was removed from the control group.

For APB maps in the active group, one L-R COG, one P-A COG datapoints were
removed from the before iTBS timepoint and one P-A COG was removed from the

after iTBS timepoint. In the control group, one P-A COG datapoint was removed from
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the after iTBS timepoint. For Euclidean distances, one datapoint from the before iTBS
timepoint and one datapoint from the after iTBS timepoint were removed from the
control group. For APB map areas, one datapoint was removed from the after iTBS
timepoint in the control group. For absolute change in COG coordinates, one
datapoint was removed from L-R COG coordinates in the active group and one
datapoint was removed from P-A COG coordinates in the control group. For absolute
change in Euclidean distances, one datapoint was removed from the active group,

and one was removed from the control group.

Appendix D.2

Outlier removal for fMRI digit maps — Chapter 6

For digit ratios in the active group in the before iTBS timepoint, this resulted
in the removal of two D2, two D3 and one D1 digit ratio datapoints. For the control
group, one D1 digit ratio datapoint was removed. In the after iTBS timepoint in the
active group, this resulted in the removal of one D1 and one D5 datapoints. For the

control group, this resulted in the removal of one D2 and two D3 datapoints.

For Euclidean distances between before and after iTBS D1 3D COG coordinates

in the active group, one D3, one D5 datapoints were removed. In the control group,

one D1, one D4 and three D5 datapoints were removed.
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