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Abstract

Tourette Syndrome (TS) is a developmental neurological disorder
characterised by vocal and motor tics and is associated with cortical-
striatal-thalamic-cortical circuit dysfunction and hyper-excitability within
cortical motor areas. TS symptoms often become more controlled
throughout adolescence until the individual is largely tic-free by early
adulthood. It is likely that adaptive changes occur in the development of
brain structure and function throughout the critical developmental period
of adolescence in people with TS, which leads to tic remission in some
individuals. To investigate this [ used multiple brain-imaging approaches
including diffusion tensor imaging to look at white matter microstructure,
T1-weighted anatomical MR imaging to measure cortical grey matter
thickness and MR-Spectroscopy (MRS) to measure neurotransmitters of
interest (GABA and glutamate) in a group of young people with TS and a
typically developing matched control group. Brain function (measures of
excitation and inhibition in M1) was also considered by using transcranial
magnetic stimulation. A significant positive relationship was found
between white matter structural integrity (FA) measured from the body of
the corpus callosum that contained projections to M1 or the SMA and
motor tic severity. The TS group had increased levels of GABA in the SMA,
as measured by MRS, compared to the control group. SMA- GABA levels
had a significant positive relationship with FA from the SMA ROI but a
negative relationship with TMS measures of cortical excitability during
movement preparation. This suggests that those individuals with the least
severe tic symptoms also have reduced callosal white matter from the
SMA (an area implicated in the production and suppression of tics) in
adolescents with TS, which relates to a reduction in task based cortical
excitability and a reduction in SMA-GABA compared to those with more
severe tics. The results from this thesis suggest that tic-suppression may
occur through decreasing excitatory inputs to M1, either through
increasing the inhibition (GABA levels) of the SMA, or by decreasing the

number of excitatory interhemispheric inputs to sensorimotor regions.
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Chapter 1: Thesis Overview and Literature Review

1.1 Thesis overview

Within this thesis [ used different cognitive neuroscience
techniques to explore possible compensatory or adaptive brain alterations
in young people with Tourette syndrome (TS). The background research
leading up to the research thesis is presented in detail in the following
sections of this chapter. Briefly, the majority of people diagnosed with TS
in childhood become largely tic-free by early adulthood (Leckman et al.,
1998), and the neurological mechanism by which tic remission may occur
is explored in this thesis. The following two chapters in the thesis deal
with adaptive alterations in brain structure in young people with TS
(Chapters 2 and 3), following on to functional alterations (Chapter 4), and
neurochemical alterations (Chapter 5). The final chapter combines
structural and functional data with neuro-chemical results to draw
conclusions on a possible mechanism to control tics based on local
inhibition of motor and premotor cortical areas alongside developmental

changes to white-matter pathways (Chapter 6).

In Chapter 2 [ focus on the microstructure of white matter in the
brain, firstly by reviewing the current literature on white matter
alterations in people with TS, then by introducing Diffusion Tensor
Imaging (DTI) as a technique to measure white matter microstructure in
vivo. Following this, a novel DTI experiment is presented that tested a
group of young people with TS and a typically developing matched control
group. The data are analysed in three ways: a traditional tract-based-
spatial statistics analysis, a modern machine-learning approach, and a
region-of-interest probabilistic tractography method. The results of this

experiment revealed that although traditional analysis showed very little
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difference between the TS and the control group, the white matter
microstructure in a large number of tracts are predictive of a diagnosis of
TS. Furthermore, the structural integrity of the white matter that connects
two key areas in tic production (the primary motor area and the
supplementary motor area) across hemispheres through the corpus
callosum, was found to be significantly related to the severity of tic
symptoms. This lead to the conclusion that white matter in key areas of
the corpus callosum may undergo adaptive changes in response to having

TS, in line with past research (e.g. Jackson et al., 2011).

Chapter 3 follows on from Chapter 2, wherein [ examined
structural grey matter alterations in people with TS, focusing on the cortex
rather than sub-cortical structures. The literature on structural changes in
cortical grey matter in people with TS is reviewed, then a cortical
thickness experiment on the same subjects as the DTI experiment in
Chapter 2 is presented. Anatomical images were collected using a 3 Tesla
MRI scanner and the thickness of cortical grey matter was measured using
Freesurfer software. General linear modelling was used to examine the
basic differences and age-related alterations between the control group
and the TS group. Correlations between grey matter cortical thickness and
tics were examined in the TS group. The results of these analyses showed
widespread between-group differences in grey matter thickness, and
many regions that correlate with tic symptom severity. In brief, the TS
group tended to have thinner cortex that was increasing with age in areas
where it was decreasing with age for the control group. Importantly,
regions that were significantly thinner in TS than controls, and had a
negative relationship with tic severity, included the sensorimotor regions

identified in Chapter 2.

In Chapter 4 I addressed the functional or neurochemical
alterations in TS, that may develop as a result of, or alongside, the
structural changes reported in Chapters 2 and 3. Transcranial Magnetic

Stimulation (TMS) was presented as a technique to measure physiological
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changes in the primary motor cortex and motor pathways, and the
literature on findings from TMS experiments with people with TS were
presented. Following this, two separate TMS experiments using young
people with TS and a typically developing matched control group were
described. The first was a single pulse TMS experiment using a go/no go
task in which subjects had to make a manual response (button push with
right index finger) to visual stimuli. A single TMS pulse was delivered to
primary motor cortex (M1) at the hotspot for the first dorsal interosseous
muscle of the right hand in the interval between visual stimulus onset and
button push response. The results of this experiment were that the TS
group did not produce a sharp increase in the amplitude of the muscle
response to TMS as they approached movement onset, whereas the
control group did. Furthermore, those TS subjects with the most severe
tics showed the least modulation of the muscle response preceding
movement onset. This leads to the suggestion that people with TS reduce
the excitability of M1 during a motor task to prevent interference from
tics. Adaptive changes to reduce the excitability of M1 may lead to long-
term reductions in tics. The second experiment used several paired-pulse
TMS paradigms to examine inhibitory and excitatory functioning in M1 at
rest. The results from this experiment were inconclusive due to the wide
amount of variability in the data. However, there was a trend towards the
previously reported effect of a reduced inhibitory response and an
increased excitatory response in the TS group compared to the control
group. Together, these two experiments suggest that there are alterations
in the functioning of excitatory and inhibitory mechanisms in the motor

cortex of young people with TS that may be adaptive.

Following on from the results of Chapter 4, in Chapter 5 |
introduced Magnetic Resonance Spectroscopy (MRS) as a method for
examining the key excitatory (glutamate) and inhibitory (GABA)
neurotransmitters in regions of interest in the brain in vivo. An
experiment was presented that measured neurotransmitters in M1 and

the supplementary motor area (SMA), along with an occipital lobe control
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site (V1), in a group of young people with TS and a matched control group.
The main finding from this study was a significant increase in GABA for
the young people with TS in the SMA region only. This result was explored
in more detail in Chapter 6, in which I showed that the increase in GABA in
the SMA is related to: a smaller muscle response to TMS in the last period
before movement onset in TMS experiment 1, a smaller change in fMRI
BOLD signal in the SMA to finger tapping vs. rest periods, and, finally, less
white matter integrity in the area of the corpus callosum that joins the
SMA across hemispheres. This leads to the final conclusion, presented in
Chapter 7; that adaptive changes in white matter in TS may be developing
to reduce excitability in the motor and premotor cortices, by reducing the
amount of excitable cross-hemispheric inputs. If this reduction in inter-
hemispheric white matter has not yet developed, the SMA compensates for
excess excitatory input by increasing the inhibitory input, by means of
increased GABA concentrations. This can be demonstrated in task-based
physiological experiments (fMRI and TMS) and has the functional
consequence of reducing the responsiveness of a sensorimotor cortical
area, either seen by a reduced task-related change in fMRI BOLD signal or
areduced muscle response to TMS preceding movement onset. It is likely
this mechanism has developed to avoid interference from tics to allow for

successful voluntary movements.

1.2 What is Tourette Syndrome?

Tourette Syndrome (TS) is a movement disorder characterized by
the presence of chronic motor and phonic tics. TS has been reported to
affect between 0.042% - 3.8% of the population (Apter et al., 1993; Kurlan
etal, 2001). An estimate of 1% of the population aged 5-18 years is
considered reasonable (Robertson, 2008). In child populations of TS the
ratio of males to females is estimated at around 5.2:1 but in adult samples

this gender split is closer to equal with a ratio of 3:1 (Freeman, 2000).

13



According to the American Psychiatric Association Diagnostic and
statistical manual of mental disorders (DSM-5), an individual has to have
multiple motor and at least one phonic tic that persists for a minimum of
one year with no more than three consecutive tic-free months, to receive a
diagnosis of TS. Tics must also not be due to tic-provoking substance (e.g.
stimulants). TS is usually diagnosed by clinical observation; assessment,

including interview; and patient history.

Motor and phonic tics can be categorized as either “simple” or
“complex”. Simple tics are brief, meaningless, actions or utterances that
usually involve only one muscle group (Singer, 2005). For example, a
common simple motor tic is eye blinking, and a common simple phonic tic
is throat clearing. Complex motor tics can be slower, and involve a
sequence of coordinated movements or a cluster of simple tic-like
movements (Singer, 2005). Complex phonic tics include words, phases,
uttering obscenities (coprolalia), and repeating someone else’s words
(echolalia) (Singer, 2005). Although commonly portrayed in the media as a
key symptom of TS, coprolalia is rare, only affecting about 10% of people
diagnosed with TS (Goldenberg et al., 1994; Freeman et al., 2009). The
kinds of tics performed are unique to each individual. Tics typically wax
and wane in severity across the time, and become worse with stress
(Robertson, 2000). At the height of severity tics can occur very frequently,
with <0.5 seconds between successive tics (Peterson & Leckman, 1998).
Simple motor tics usually appear first, between the ages of 3-8 years, with
phonic tics typically appearing a few years after (Leckman, 2002). For
most cases, tics reach their peak in severity in the early teen years of
adolescence, and then show a decrease in severity until early adulthood
when only a few mild tics remain. Indeed in a follow-up study, around
50% of children diagnosed with TS become completely tic-free by their
early 20s (Leckman et al., 1998). However, Papert et al. (2003) reported
that tics were still visible, although unnoticed, by 50% of subjects believed
to be tic-free, suggesting that tics rarely completely disappear but become

so mild as to not be noticed by the individual in the majority of cases.
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Around 20% of individuals with a TS diagnosis continue to have
debilitating tics into adulthood, with symptoms becoming more severe in
some cases, resulting in considerable impairment in social functioning and
quality of life (Cath et al., 2011). These individuals are often resistant to

treatments for tics.

Some people with TS report feeling premonitory urges or
sensations just before a tic (Bliss, 1980). Premonitory urges are
uncomfortable bodily or cognitive sensations that require an action to
diminish, for example the urge to sneeze or yawn (Banaschewski, Woerner
& Rothenberger, 2003). People with TS can report feeling a tightness, itch,
tingling, pressure or tension in a particular body part, or a general anxious
or ill-at-ease feeling, that is relieved by performing a tic (Singer, 2005).
The understanding of these premonitory sensations has lead to a new way
of considering tics; tics can be thought of as a behavioural response to
relieve uncomfortable bodily sensations (Capriotti et al., 2014). This
would mean that tics have developed in people with TS through negative
reinforcement; because they relieve uncomfortable sensations or urges

(Capriotti et al., 2014)

However, not all cases report being aware of premonitory urges.
Leckman et al. (2010) reported that children under 10 years of age who
only present with simple tics typically do not report being aware of any
premonitory sensations or urges. In a study of 254 children and
adolescents with TS Banaschewski, Woerner & Rothenberger (2003)
reported the percentage of young people who said they did experience
premonitory sensations steadily rose with age, from 24% in 8-10 year olds
to 57% in 15-19 year olds. This could demonstrate that tic-awareness
increases with age, and that the ability to recognise and articulate
premonitory sensations is a consequence of general cognitive
development. Alternatively, premonitory urges may occur when people
with TS supress a tic, and older children may have more experience of tic-

suppression than younger children. For adult samples, Leckman, Walker
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and Cohen (1993) reported 93% of patient’s experienced premonitory

sensations, and use this knowledge to suppress tics.

However, Banaschewski, Woerner and Rothenberger (2003) also
note that awareness of premonitory sensations is not necessary for the
successful suppression of tics, as 64% of their sample reported they were
able to suppress their tics whereas only 37% reported premonitory
sensations. This suggests that although premonitory urges could be
helpful to suppress tics in adult samples (Leckman, Walker & Cohen,
1993), tic suppression, and tics, can occur without them for the majority of
young people with TS. Indeed, Ganos et al., (2012) studied a sample of
adults with TS, and although all reported experiencing premonitory urges,
this was not related to tic inhibition measured by tic counting on a video of
recording of subjects inhibiting tics using the Modified Rush Video Scale.
Therefore, the evidence suggests that premonitory urges are experienced
by the majority of adults with TS (Leckman, Walker and Cohen, 1993), but
not for all tics (Ganos et al,, 2012), and awareness of premonitory
sensations develops throughout adolescence (Banaschewski, Woerner &
Rothenberger, 2003) but is not necessary for tic inhibition (Ganos et al,

2012; Banaschewski, Woerner & Rothenberger, 2003).

TS is a complex disorder; most people with TS have a diagnosis of
one of more co-morbid disorder (Robertson, 2000, Freeman et al., 2000).
In a large sample of 3,500 subjects with TS, including both adults and
children, from 65 sites in 22 countries, Freeman et al. reported only 12%
of subjects had no co-morbidity, on average for a given site. The most
common co-morbidity was attention-deficit hyperactivity disorder
(ADHD); 60% of the sample had this additional diagnosis. Other common
co-morbid disorders reported by Freeman et al. (2000) were: obsessive
compulsive behaviors (OCB, 32%), obsessive compulsive disorder (OCD,
27%), specific learning difficulties (23%), mood disorder (20%), anxiety
disorder (18%), oppositional defiant disorder (ODD) or conduct disorder
(15% for ODD or CD) and self-injurious behaviors (SIB, 14%). Freeman et
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al. (2000) also reported 20% of the sample had social skills problems, and
TS is more prevalent in samples of young people with autistic spectrum
disorder (ASD) than the general population: 6.5%-11% in the ASD sample
compared to 1% of the general school-aged population (Baron-Cohen et
al,, 1999a; Canitano & Vivanti, 2007). ADHD, CD/0ODD, specific learning
disorders and SIB were all significantly more prevalent in male rather

than female TS samples (Freeman et al., 2000).

1.3 Neurological Basis for Tourette Syndrome

[t is generally agreed that the symptoms in TS stem from a
disinhibition of the cortico-striato-thalamo-cortical circuitry (Albin &
Mink, 2006). More specifically, TS is thought to be caused by a
disinhibition of the striatum that leads to over-active sensorimotor areas

and to the production of tics. This framework is presented below.

There are multiple, parallel but partially overlapping, cortico-
striato-thalmo-cortical circuits including the limbic, associative and
sensorimotor loops (Leckman et al,, 2010). These circuits project
information from the cerebral cortex to subcortical structures, which in
turn send information back up to specific regions of the cortex. Efferent
neurons from the cortex project to the medium spiny neurons in two
distinct compartments of the striatum: striosomes and matrix (Leckman et
al,, 2010). The striosome neurons receive input from the limbic and pre-
limbic areas, including the cingulate and the insula, whereas the matrix
neurons receive input from primary motor and primary somatosensory
cortex (Leckman, 2002). Although the focus in TS has mainly been on the
sensorimotor circuit because of it’s obvious relationship to motor tics, it is
likely that alterations also affect the limbic and associative loops, and can
account for more complex tics and co-morbidities (Ganos, Roessner &
Miinchau, 2013). The response of the medium spiny neurons in both
compartments is dependant on the perceived salience of the stimuli, which

could be aversive or rewarding (Canales & Graybiel 2000). Efferent
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medium spiny neurons from both the striosomes and the matrix project to
the pallidum and the subthalamic nucleus, whereas only striosomal
efferent neurons project to the substantia nigra pars compacta (Ganos,
Roessner & Miinchau, 2013). All areas subsequently project back up to the

cortex via the thalamus.

The output of striatal medium spinal neurons is modulated by
tonically active cholinergic neurons and inhibitory GABA-ergic
interneurons (Leckman et al,, 2010). Post-mortem studies have shown
that people with TS have a reduced number of GABA-ergic interneurons
and tonically active cholinergic neurons in the sensorimotor areas of the
striatum but similar numbers of medium spiny neurons (Kalanithi et al.,
2005; Kataoka et al., 2010). Kalanithi et al. (2005) have also shown that
people with TS have increased GABA-ergic interneurons in the internal
segment of the globus pallidus, which lead them to suggest that TS results
from an imbalance between excitatory and inhibitory mechanisms in the
sensorimotor and limbic cortico-striato-thalamo-cortical loops, possibly
due to interneuron migration errors. Indeed, Albin & Mink (2006)
hypothesise that TS results from striatal medium spiny neurons becoming
active inappropriately, which in turn disinhibit motor pattern generators

in the cortex, resulting in an unwanted movement.

Leckman et al. (2010) describes tics as “routines that link sensory
cues with specific motor actions” and in this way they are similar to habits.
Tics, like habits, can also be thought of as learned responses to
uncomfortable bodily sensations (pre-monitory urges) that are mediated
by dopaminergic activity (Palminteri et al.,, 2009; Palminteri et al., 2011).
Without pre-monitory urges, tics could develop through inappropriate
reinforcement of behaviours by means of normal habit-formation
mechanisms. The response of medium spiny neurons in the striatum can
be dependant on salient perceptual cues (Blazquez et al., 2002). For
example, tonically active neurons in the striatum respond to dopamine

input from the substantial nigra and are involved in the judgement of the
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salience of a stimulus. In TS, sensory stimuli could be inappropriately
regarded as salient, through dysfunctional striatal activity, leading to an

inappropriate response to that stimulus (tic) becoming a habit.

Furthermore, dopamine plays a key role in habit formation, and
there is evidence for disrupted dopamine system in TS. Indeed, dopamine
D2 receptor-blocking drugs are often administered as a pharmacological
treatment for tics (Leckman, 2002). In a study of monozygotic twins with
TS, Wolf et al. (1996) found that the severity of TS symptoms was related
to the density of D2 receptors in the caudate nucleus. Yoon et al. (2007)
reported increased D2 receptors in M1 and premotor cortex in a post-
mortem study of 3 TS patients. Palminteri et al. (2009) reported that
blocking dopamine transmission in young adults with TS increased
punishment avoidance and impaired reward seeking in a reinforcement
motor learning task. The TS subjects who were not medicated tended
towards improved reward based reinforcement learning, demonstrating

that dopamine levels in TS may be reinforcing tics (Palminteri et al., 2011).

Taken together, the evidence leads to a model where tics are
caused by abnormal development of the striatum, leading to inappropriate
actions, through normal habit formation mechanisms, which are
reinforced by enhance dopamine activity. Abnormal development of the
striatum is likely to have a knock on effect on the development of
connected brain structures. Indeed, widespread structural and/or
functional alterations in brain areas that are part of the cortico-striato-
thalamo-cortical circuitry have been reported in people with TS, which I

will discuss in the following sections.
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1.4 Alterations in brain structure in Tourette Syndrome

Basal Ganglia

There is much evidence from volumetric MRI studies that people
with TS have alterations in the structure of the basal ganglia. Alterations
include reduced volume or loss of right-left asymmetry in the lenticular
nuclei (Peterson et al., 1993; Singer et al,, 1993; Swerdlow et al,, 2001),
reduced volume of the globus pallidus and putamen (Peterson et al.,
2003), but also increased grey matter volume in the ventral putamen
(Ludolph et al,, 2006), and finally reduced volume of the caudate nucleus
(Hyde et al., 1995; Peterson et al., 2003; Miiller-Vahl et al,, 2009). In a
follow-up study Bloch et al. (2005) found an inverse relationship between
caudate volume measured in childhood and tic-severity in early
adulthood. There was no relationship between tic scores and caudate
volume at the initial time of testing in childhood (Bloch et al., 2005). This
result can be taken as evidence that caudate volume is involved in the
pathogenesis of TS. Furthermore, in an early fMRI experiment Peterson et
al. (1998) found activation in regions of the prefrontal cortex and caudate
nucleus, and deactivation of the globus pallidus and caudate bilaterally
during voluntary tic-suppression. This demonstrates the basal ganglia’s

role in tic production and suppression.

Thalamus

The thalamus may be important for tic production, and has been
reported as increased in volume in unmedicated boys with TS (Lee et al,,
2006). A more recent study found no differences in thalamic volume in
adults with TS compared to a typically developed control group (Wang et
al,, 2007), so the development of the thalamus may not be abnormal in all
cases of TS. However, neurosurgical treatment of TS involving lesions to
the thalamus or deep brain stimulation have been successful in reducing

tic symptom severity for people with very severe, life-limiting tics (Rauch
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et al, 1995; Vandewalle et al., 1999; Rickards et al., 2008). This is likely to
be because the thalamus is a key structure that relays information from
the striatum to the cortex, and if some of the signals from the over-active
striatum can be interrupted here less tics will be produced. Although the
thalamus itself is unlikely to have developed abnormally in TS, it is an
important structure in the relay of information that leads to the

production of tics.

Cortex

There is now mounting evidence for structural abnormalities in the
cortex of people with TS, as well as the sub-cortical structures. Alterations
in cortical volume are often age-dependant. For example, Peterson et al.,
(2001) reported increased volume of dorsolateral prefrontal regions in
children with TS compared to a matched typically developing group, but
decreased cortical volume in the same area for adults with TS. This study
also reported that increased volume of orbitofrontal and parietal lobe
were associated with fewer tic symptoms (Peterson et al., 2001). Miiller-
Vahl et al. (2009) reported reduced cortical grey matter in the prefrontal,
anterior cingulate, sensorimotor, the primary sensory cortices for adults
with TS. There is also evidence for increased white matter in the right
frontal lobe (Fredericksen et al., 2002; Hong et al., 2002), and decreased

white matter in left frontal lobe (Kates et al., 2002) for children with TS.

There is evidence of cortical thinning in the sensorimotor cortices
in children with TS (Sowell et al., 2008). Sowell et al. (2008) reported that
those with the most severe TS symptoms also had the thinnest cortex in
sensorimotor regions, suggesting that these areas play a key role in the
production of tics. This finding has since been replicated, with the grey
matter thickness in specific regions of the somatosensory and motor strips
relating to not only symptom severity, but also the body part where the
tics are most often located (Fahim et al., 2010; Worbe et al., 2010). This is

evidence that the structure of the sensorimotor cortices can be linked to
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the clinical symptoms that present. However, it is important to bare in
mind the possibility that the cortex develops in this manner because of the

tic, rather than the other way around.

Functional brain-imaging studies demonstrated significant
increases in pre-frontal cortex activation during active tic suppression
(Peterson et al,, 1998, Stern et al., 2000). For tic-production Bohlhalter et
al. (2006) reported increased activation in primary sensorimotor cortices,
the thalamus and cerebellum at tic-onset; areas that are responsible for
motor production. Importantly, activation of the insular, parietal and
cingulate cortices and supplementary motor area were reported 2 seconds
before tic onset. This suggests that these regions may be related to the

pre-monitory sensations or urge to tic (Bolhalter et al., 2006).

White Matter connectivity

Makki et al. (2009) used a probabilistic tractography method to
study anatomical connectivity of fronto-striato-thalamic circuits in
children with TS. They reported a reduction in connectivity for the TS
group between the caudate nucleus and anterior dorsolateral frontal
cortex. This finding has also been replicated in adults with TS (Neuner et
al, 2011). Thomalla et al. (2009) reported widespread increases in FA
(Fractional Anisotropy: a measure of white matter structural integrity) in
the white matter that made up part of the primary sensory and motor
pathways in adults with TS. The average amount of FA taken from these
regions was also found to have a negative correlation with tic severity
(Thomalla et al., 2009). Together these findings reinforced the hypothesis
that alterations in the cortico-striato-thamalic-cortical circuitry are the

root cause of TS.

There is evidence for alterations in the corpus callosum volume
(Peterson et al., 1994; Baumgardner et al., 1996; Moriarty et al,, 1997) and

area (Plessen et al.,, 2004) measured in the mid-sagittal plane. However,
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this finding is inconsistent, with increased (Moriarty et al.,, 1997) and
decreased (Peterson et al., 1994) corpus callosum volume reported in
adults with TS. In children with TS, the corpus callosum volume has been
reported as larger (Baumgardner et al., 1996) and the mid-sagittal area of
the structure had a positive correlation with motor tic severity (Plessen et
al,, 2004). A more recent diffusion tensor imagining (DTI) study reported
reduced fractional anisotropy (FA), a measure of structural integrity of
white matter fibre bundles, in the corpus callosum of children with TS
(Plessen et al., 2006). Corpus callosum alterations and some grey matter
cortical alterations reported in TS have been hypothesised to develop as
an adaption to, rather than cause of, the disorder (Jackson et al., 2011).
The theory of a neurological compensatory mechanism is discussed in the

following section.

1.5 Theories of a Compensatory Mechanism in Tourette Syndrome

Plessen, Bansal & Peterson (2009) argued that the reduction in tic
symptoms that is observed in many people diagnosed with TS in
childhood (Leckman, 2002) might be a consequence of normal
developmental processes. In the typically developing brain, a large amount
of synaptic pruning, cortical thinning and myelination of white matter
occurs during adolescence, alongside improvements in impulse control
(Huttenlocher, 1984; Giedd et al,, 1999). Itis likely that young people with
TS, through the process of synaptic pruning and active tic-suppression, are
able to gain some control over their tics. Indeed, the age-dependant
alterations in frontal lobe volume of people with TS could be indicative
that the continual need to suppress tics may alter the development of the

frontal lobe in adolescence (Marsh et al., 2008).

Support for this theory comes from the observation that
adolescents with TS perform better on tasks of cognitive control than an
age and gender matched typically developing control group (Mueller et al.,
2006; Jackson et al,, 2007; Jackson et al,, 2011; Jung et al,, 2013). Even
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when TS groups do not out-perform typically developing control groups,
better task performance has been related to less severe tic scores,
suggesting that control of tics is related to general improvement in
cognitive control (Baym et al.,, 2008; Jackson et al. 2011; Jung et al., 2012).
This enhanced cognitive control of action has been related to increases in
a measure of structural integrity of white matter fibre bundles (fractional
anisotropy) in the forceps minor, a white matter bundle that projects to
the prefrontal cortex (Jackson et al., 2011). The amount of FA in the
forceps minor positively correlated with motor tic scores, demonstrating
that those subjects with the least FA in the forceps minor, i.e. those who
were furthest away from the typically developing control group, had the
least severe motor tics. This can be taken as evidence that the white
matter development in the frontal lobe may be involved in developing

enhanced cognitive control of action, which in turn, leads to control of tics.

Further support for the role of the pre-frontal cortex in inhibitory
control comes from Marsh et al. (2007), who reported normal age-related
improvement in performance of a Stroop task in people with TS, but the
TS group did not see the same reduction in prefrontal cortex activity (as
assessed via fMRI) with age as the control group. This suggests that young
people with TS engage the prefrontal cortex to a greater extent to allow
them to successfully complete the Stroop task. More recent studies have
reported increased activation in pre-frontal cortex during cognitive
control tasks for the TS group compared to typically developing control
groups (Baym et al,, 2008; Raz et al,, 2009; Jackson et al. 2011; Jung et al,,
2012). Furthermore, a positive relationship between motor tic severity
and task-related BOLD signal has been reported in left inferior prefrontal
regions (Raz et al., 2009), and bilateral premotor cortex, left superior
frontal gyrus, right inferior frontal gyrus and bilateral middle frontal gyrus
(Baym et al., 2008). This leads to the suggestion that the pre-frontal cortex
has to be engaged to a greater extent in people with more severe tics,
perhaps because it already exhibits top down control over dysfunctional

cortico-striato-thalamo-cortical loops to control tics (Baym et al., 2008),
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i.e.is it already engaged in tic-suppression, then works even harder (as
demonstrated by increased blood flow to this region) to allow the subject
to perform the task. Put another way, in order to successfully complete the
cognitive control task, people with more severe tics have to put in more

cognitive effort to avoid a tic interrupting their action.

In a recent review, Ganos, Roessner and Munchau (2013), posed
the theory that erratic and dysfunctional striato-thalamic firing leads to
tics in the idle brain, but that this erratic activity can be mediated by top-
down inhibitory control from pre-frontal cortex to enable voluntary
movements. Furthermore, cortico-striatal inhibition could be achieved by
enhanced functional connectivity between not only pre-frontal and pre-
motor areas, but also between pre-motor, SMA and primary motor
cortices. Evidence for this comes from TMS studies that have shown a
reduction in gain during voluntary movements (Heise et al., 2010; Jackson
et al., 2012; Draper et al., 2014) and MEG studies that demonstrate
stronger SMA-M1 coupling during voluntary movement in TS

(Franzkowiak et al., 2012).

However, increased M1-SMA connectivity may not always be
helpful. A study by Hampson et al. (2009) trained typically developing
control subjects to mimic tic-like movements, and compared the fMRI
BOLD signal during these minic-tics to genuine tics produced by adults
with TS. Both groups showed a similar pattern of activity across the motor
system during tics or mimic tics. However, the TS group showed
significantly increased cross-correlation between M1 and the SMA during
tics. This suggests that increased connectivity between M1 and SMA could
be partly what is leading to tics. Furthermore, inhibitory rTMS delivered to
SMA has been shown to reduce tics (Mantovani et al., 2007; Kwon et al,,
2011). This demonstrates that over-activity in the SMA plays a key role in
tic production, and reducing the excitability in this area, or reducing it’s

input to M1, may reduce tics (Ganos, Roessner & Munchau, 2013).
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Jung et al. (2013) proposed a novel theory of how a compensatory
mechanism may develop in TS, with the focus on local inhibitory
mechanisms rather than top down control from the prefrontal cortex. This
view is similar to that proposed by Ganos, Roessner and Munchau (2013)
presented previously, but takes it one step further by offering a different
perspective on the role of the prefrontal cortex. The alternative view,
proposed by Jung et al. (2013), is that the prefrontal cortex does not
exhibit inhibitory control over motor output to aid in tic suppression, but
instead plays a facilitatory role to bias response competition in premotor
and sensorimotor regions (Sumner et al., 2007; Munakata et al.,, 2011).
This viewpoint takes the stance that the increased activity in prefrontal
cortex might actually contribute to the occurrence of tics, by enhancing the
activity of an already over-active sensorimotor cortex (Albin & Mink,
2006). A compensatory mechanism to control tics could therefore develop
to isolate sensorimotor cortex from upstream influence of brain regions
such as the prefrontal cortex (Jung et al.,, 2013). Evidence to support this
hypothesis comes from the finding that young people with TS have
decreased white matter in the corpus callosum, including projections from
the prefrontal cortex (forceps minor), which is positively correlated with
tic severity (Jackson et al,, 2011; Plessen et al., 2004). This suggests that
the less cortico-cortico connectivity a young person with TS has, the less

severe their tics are.

Furthermore, Jung et al. (2013) suggest that tics could be controlled
by localised suppression of cortical excitability in motor cortical areas,
perhaps through the modulation of local GABA-ergic interneurons.
Evidence for this theory comes from fMRI experiments of cognitive control
tasks which show that the TS group have a reduced BOLD response in
primary motor cortex compared to a typically developing control group,
despite similar behavioural performance (Jackson et al., 2011; Jung et al.,
2013). Further evidence comes from TMS studies that have shown motor
cortical excitability is significantly reduced prior to movement onset in TS

(Heise et al,, 2010; Jackson et al., 2012), which suggests local inhibition of
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this area takes place to aid in successful voluntary movements. Finally,
reducing the excitability of the SMA through inhibitory rTMS has been
reported to reduce tics (Mantovani et al., 2007; Kwon et al,, 2011). Taken
together, this evidence can support the view that reducing the hyper-
exciatbility of premotor and sensorimotor cortices through the enhanced
activity of local GABA-ergic interneurons may help in the execution of

voluntary actions and reduce tics (Jung et al., 2013).

1.6 Research Aims

Keeping in mind recent theories of compensation via increased
prefrontal-premotor or premotor-sensorimotor connectivity (Ganos,
Roessner & Munchau, 2013) or via local inhibition of sensorimotor cortex
and SMA (Jung et al, 2013), I used multiple techniques to examine possible
adaptations in brain structure or neurochemistry in a cross sectional
study of young people with TS. Importantly, there was a focus on how
brain structure or chemistry related to measures of tic severity. Structural
magnetic resonance imagining and diffusion tensor imaging was used to
examine compensatory structural changes in white matter micro-
structure, particularly the corpus callosum, and the grey matter of the
cortex. Transcranial magnetic stimulation was used to measure the
modulation of cortical excitability during volitional movement, and
excitation and inhibition of the motor pathways at rest. Magnetic
resonance spectroscopy was used to measure neurochemistry in the
primary motor cortex and SMA. Finally, information from these techniques
was combined for a deeper examination of the role of GABA in the

supplementary motor area.
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Chapter 2: Structural Connectivity in Tourette Syndrome

assessed by Diffusion Tensor Imaging

2.1 Introduction

Tourette Syndrome (TS) is generally thought to arise through
dysfunction in the basal ganglia-thalamic-cortical circuits (Albin & Mink,
2006), as discussed extensively in the previous chapter. The many areas
implicated in TS are distinct and are structurally connected through white
matter tracts. Considering structural connectivity is a key step in
understanding the neurological basis of TS. The brain does not have a rigid,
unchanging, structure; plastic changes occur throughout childhood,
adolescence, and even adulthood, which could allow for compensatory
adaptations in brain structure to take place. In this introduction I will
present the current understanding of white matter maturation through
adolescence and evidence for training-based plasticity in typically
developing young people. Following this [ will present evidence for white
matter alterations in young people with TS, which may be related to the

control of tics.

The typical development of white matter from childhood to young adulthood

Kochunov et al. (2012) conducted a DTI study to look at age-related
changed in FA by recruiting a large cross-sectional sample of typically
developing individuals aged 11-85 years. They examined the change in
average FA with age in several of the main white matter fiber bundles:
corpus callosum, cingulum, corona radiate, cortico-spinal, external capsule,
internal capsule, fronto-occipital fasciculi, superior longitudinal fasciculus
and sagittal striatum. They reported that FA stayed stable throughout
adolescence and adulthood for the cortico-spinal tract, but FA steadily
increased with age until it reached a peak in early adulthood for all other
tracts. This increase in FA is thought to mainly reflect myelination of fiber

bundles or increased axon density (Lebel et al.,, 2012). In the corpus
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callosum FA did not reach it’s peak until 29.9 years for the splenium, 31.8 for
the body and 34.2 for the genu, suggesting that sensorimotor regions of the
corpus callosum develop at a faster rate to the fibers from the genu that
project to frontal regions. Furthermore, Lebel et al. (2012) reported a sharp
increase in white matter volume in the whole brain, and FA in specific tracts
including the corpus callosum, between the age of 5 and 25 in a cross
sectional study of 403 healthy subjects. Lebel et al.’s (2012) results
concurred with Kochunov et al.’s (2012) finding that the change in FA for the
body of the corpus callosum reached its peak earlier than for the genu. Lebel
et al. (2012) added that the age-related changes in FA in the body of the

corpus callosum were smaller than those of the genu.

Peters et al. (2012) used DTI to assess white matter development in
adolescents, using a large sample of 8-21 year olds. The aim of this cross-
sectional study was to identify which white matter tracts showed the largest
age-related changes in this key period of development. These tracts were
identified as left superior longitudinal fasciculus, inferior longitudinal
fasciculus, inferior fronto-occipital fasciculus, and anterior thalamic
radiation. This finding was supported by Schmithorst et al. (2002) who
reported a positive correlation between FA values in the internal capsule,
corticospinal tract, left arcuate fasciculus, and right inferior longitudinal
fasciculus with age in a cross-section of 5-18 year olds. This relationship was
the most pronounced in the fibers that descend from M1 and SMA, and the
authors suggest this is due to the development of fine motor skills

(Schmithorst et al., 2002).

Lebel and Beaulieu (2011) collected longitudinal data on a sample of
103 individuals aged 5-29 years, scanned at a minimum of 2 time points.
They showed that white matter volume increased and grey matter volume
decreased over time for the majority of subjects tested, and with age when
looking at the group as a whole. They also reported that FA increased with
age in all major white matter tracts. Callosal tracts tended to have more of

an increase in FA in subjects aged 5-15, with most older subjects showing
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very little change, which supports the notion that the corpus callosum
develops rapidly in childhood and early adolescence (Lebel, Caverhill-
Godkewitsch & Beauliuem 2010).

These age-related changes in white matter occur alongside cognitive
development and learning (Nagy, Westerberg & Klingberg, 2004; Paus,
2005; Zatorre, Fields & Johansen-Berg, 2012). Nagy, Westerberg &
Klingberg reported that working memory capacity had a positive correlation
with the maturation of white matter fibres (FA values) in the frontal lobe,
and reading ability in with the white matter of the temporal lobe in a cross
section of children aged 8-18 years. These findings were, unsurprisingly,
also correlated with age, suggesting that the white matter maturation that
occurs during adolescence and childhood is also closely related to age-
related development of cognitive abilities. This research also demonstrates
that white matter microstructure in specific regions of the brain relate to
specific cognitive skills, in this case working memory in the frontal lobe, and
reading ability in the language centers of the left temporal lobe. However,
from this research it is difficult to determine whether white matter
development leads to improved reading and memory skills, or whether the
environmental pressure of practicing reading and memory skills lead to the
development of white matter. The following section considers changes in
white matter development that are likely to occur because of environmental

pressures, i.e. training in a certain skill.

White matter plasticity in the typically developing population

Research has suggested that structural grey and white matter
changes can result from training in a certain skill, even in adulthood.
Perhaps the most famous example of this is the increased posterior
hippocampal volume found in London taxi drivers, thought to develop
through years of demanding spatial navigation (Maguire et al., 2000). In this
study, years of experience had a positive correlation with hippocampal

volume, suggesting the plastic change in volume was a consequence of the
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work the drivers (Maguire et al.,, 2000). Another common example is that
musicians have been found to have thicker grey matter in the auditory
cortex, which is likely due to their musical training (Bermudez et al., 2009).
Indeed, Bengtsson et al. (2005) examined the impact that piano playing
during critical developmental periods (before 11 years old, 12-16 years old
and adulthood) has on white matter microstructure in adulthood. They
found that hours of piano practiced during childhood had a significant
positive relationship with FA values in the corpus callosum and internal
capsule. The authors conclude that training in playing the piano during
critical periods of white matter development (childhood and adolescence)
leads to plastic changes in white matter development that are apparent in
adulthood. The same positive relationship was also observed in the corpus
callosum when correlated with hours of practice during adolescence,
however childhood practice and adolescent practice where highly correlated
with one another, so it is difficult to determine which period of development
is more critical for white matter plasticity (Bengtsson et al., 2005). However,
this research demonstrates clearly that learning and practicing a complex
skill, such as piano playing, during development has a long-term impact on

white matter microstructure.

Changes in white matter microstructure can also occur during
adulthood after only brief training in a new skill. Tang et al. (2012)
examined the affect of mindfulness meditation on white matter
microstructure. They reported increased FA in the corpus callosum and
corona radiata after just 4 weeks of meditation training, compared to a
control group given relaxation training. The authors suggest that meditation
training either increased axon density or myelination, perhaps as a
consequence of increased neuronal firing in specific white matter pathways.
This research suggests that alterations in the white matter microstructure in
the corpus callosum can occur due to training, even after the critical period
of development (adolescence) and after only a short period of training. This

study did not report any follow-up scans so it cannot be determined
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whether these alterations in FA are long term or if they would revert back to

their original state if the meditation were discontinued.

In summary, white matter microstructure, measured by FA values
from DTI scans, has a positive relationship with age, that is most apparent
from 5-25years, but which can peak in the early 30s. The development of
white matter is highly correlated with the development of cognitive abilities
in a regionally specific way. Furthermore, the development of white matter
can be influenced by training in a particular skill during the critical period of
development, such as playing piano. Some degree of plasticity remains in
adulthood; increases in FA can occur after only short-term intensive

training, but the longevity of these alterations is uncertain.

White matter plasticity in TS

The majority of cases of TS show a large reduction in their symptoms
throughout adolescence, until they have very mild or no tics by the time they
are in their early to mid 20s (Leckman et al., 1998). This may occur because
of plastic changes in white matter connectivity that develops throughout
adolescence as an adaptation to TS (Jackson et al., 2011). Being able to
identify tracts that are related to a reduction in TS symptoms may be critical
to understanding the mechanisms underlying recovery, and to aid in the

successful treatment of tics.

As tics are undesirable in many situations, active tic-suppression,
over time, may lead to the reduction in tics that occurs in 70% of TS cases. It
has been suggested that active tic-suppression leads to an enhanced overall
control over actions. This is because TS groups have been observed to out-
perform groups of typically developing matched controls in tasks thought to
measure cognitive control over action (Mueller et al., 2006; Jackson et al.,
2007; Jackson et al,, 2011; Jung et al,, 2013). Furthermore, task performance
has been related to tic severity such that those with the most severe tics had

the slowest reaction times in a condition that was demanded a large degree
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of cognitive control (Jackson et al,, 2011). This suggests that those
individuals who have less tics have better cognitive control. It is possible
that some subjects have reduced their tics through the practise of active tic
suppression, which has led them to have better cognitive control. This
enhanced cognitive control could then be applied to other tasks, leading to

the improved performance demonstrated by Jackson et al,, (2011).

Interestingly, motor tic scores also correlated positively with FA
measured from the forceps minor, so that the higher the FA, the worse the
tic symptoms, although the TS group show an overall decrease in FA
compared to a control group (Jackson et al., 2011). The forceps minor are
white matter tracts that connects the pre-frontal cortex across the
hemispheres through the genu of the corpus callosum. This means that
adolescents with the least severe tics have white matter structure that is
furthest from that of the typically developing age-matched control subject.
This could mean that practising cognitive control (through active tic
suppression) leads to an altered development of forceps minor, perhaps in a
similar way that piano practise impacted white matter development in the
typical population (Bengtsson et al., 2005). As such, this result has been
interpreted as evidence for an adaptive mechanism that involves the pre-
frontal cortex exhibiting influence over motor areas to control unwanted
movements. The adaptive mechanism has been hypothesised to develop
through plastic changes in white matter connectivity from the pre-frontal
cortex that takes place over adolescence as a result of, or to aid in, tic
suppression and remission (Plessen, Bansal & Peterson, 2009), as discussed

in Chapter 1.

However, the same positive relationship between tic scores and FA
has been observed in the body of the corpus callosum in young people with
TS (Jackson et al., 2011). This suggests that adaptive changes in white
matter microstructure may be more widespread than just connections to
and from the pre-frontal cortex in TS. Furthermore, Thomella et al. (2009)

report a negative relationship between FA in the left mesial sub-central
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white matter tract and tic severity, and an overall increase in FA in white
matter tracts projecting from sensorimotor and pre motor cortices in adults
with TS compared to a control group. This finding could represent the
difference between those individuals that show tic remission by early
adulthood and those who do not. Adolescents with TS have reduced FA in
sensorimotor white matter tracts (Jackson et al., 2011) whereas adults have
increased FA (Thomella et al., 2009), compared to typically developing
control groups. It could be that those adolescents that develop lower FA
projecting from sensorimotor cortices through the body of the corpus
callosum, are more likely to have tic remission and therefore will not be
included in adult samples. This hypothesis is supported by the finding that
those with the least severe tics have the lowest FA values in the corpus

callosum and forceps minor (Jackson et al., 2011).

Although it is likely that tics and tic suppression may alter the
development of white matter through childhood and adolescence, the theory
that control of tics occurs through enhanced connections from prefrontal
cortex to motor areas (Plessen, Bansal & Peterson, 2009) is not necessarily
supported by the current literature. It could be the case that increased
connectivity with the pre-frontal cortex is not beneficial to overcoming tics.
Indeed, it is counter-intuitive that a decrease in FA, observed in the forceps
minor in young people with TS (Jackson et al., 2011), should be indicative of
increased influence (Jung et al., 2013). This is not the case in typically
developing individuals. For example, Lee et al. (2010) found that increased
FA in white matter of the frontal lobe is related to expertise of the game
Baduk. Baduk is a Korean game similar to chess that requires attention,
concentration and control of action; many of the skills required to
successfully suppress a tic (Lee et al,, 2010). The expert subjects in this
particular study started playing the game in childhood, and were in late
adolescence or early adulthood at the time of testing. The authors argue that
plastic changes in white matter structure develop throughout adolescence as
a consequence of Baduk training. This is similar to the previous example of

increased FA in the corpus callosum with piano practice (Bengtsson et al.,
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2005), but is specific to the frontal lobe. Furthermore, in typically
developing children and adolescents, increased FA in the frontal lobe is
related to increased IQ independent of age (Schmithorst et al., 2005). This
suggests that increased cognitive abilities relates to increased axon density
in frontal white matter tracts. It is therefore difficult to comprehend how a
reduction in FA in the forceps minor is evidence of a compensatory top-

down control mechanism in TS.

In the following DTI study I will consider how white matter
microstructure differs in adolescents with TS compared to a typically
developing age- and gender-matched control group, and how these
differences are related to symptom severity. This will be examined in 3
different ways: a tract based spatial statistics approach to compare TS vs.
controls using standard statistical tests, a support vector machine
approach to look for more widespread areas that may be predictive of a
diagnosis of TS, and, finally, a tractography based approach to look at
differences in specific regions of interest defined a-priori. By employing a
combination of techniques, | will be able to identify which white matter
tracts are related to a diagnosis of TS and which are also altered outside
the range of values measured from of a typically developing population.
More importantly, [ will examine how the values in particular tracts of
interest are related to tic symptoms, with the hypothesis that those areas
that are closely related to symptom severity may also be subject to plastic
changes that occur through adolescence as part of a compensatory

mechanism that develops to reduce tics.

2.2 Diffusion Tensor Imaging

Diffusion Tensor Imaging (DTI) was used to measure structural
connectivity by mapping the white-matter tracts in the brains of TS
subjects and healthy control subjects. DTI measures the diffusion of water
molecules in the brain. When water molecules are constrained inside a cell

they move slower than they would in a larger, unconstrained space, (e.g.
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the ventricles). Water molecules will also diffuse much more rapidly
parallel to the orientation of a fibre bundle rather than perpendicular to it.
DTI recruits this property to provide information about the precise
location, and microstructure, of white matter fibre bundles (Jellison et al.,
2004). Basser et al. (1994) introduced the diffusion tensor to describe the
behaviour of anisotrophic water diffusion in biological tissue. The
diffusion tensor is a 3x3x3 matrix that describes the covariance of
diffusion displacements in 3D space (Alexander et al., 2008). The diffusion
tensor can be represented by 3 principle Eigen vectors and their
corresponding Eigen values, which describe the diffusion of water along
the axes (x,y,z) of principle diffusion. A common visualisation of the
diffusion tensor is to imagine water molecules constrained to an ellipsoid,
the axes of the ellipsoid would be represented by the Eigen vectors, and
the radius of the ellipsoid would be represented by the Eigen values
(Alexander et al., 2008). If the ellipsoid was close to spherical the Eigen
values would be very similar and diffusion would be considered isotropic.
If the radius of the ellipsoid was much greater in one direction compared
to the others the diffusion would be considered anisotropic and one Eigen
value would be greater than the others. This is the case in homogenous

white matter tracts in the brain.

Fractional anisotropy (FA) is a measure of the main direction of the
random diffusion of water molecules (Basser et al., 1994). It is effectively a
ratio of the 3 principle Eigen values (A1, A2, A3) the first indicating the main
direction (i.e. the direction in which most of the water molecules diffuse),
and other two being the directions the next largest amount of molecules
are travelling in a given voxel. FA is given by the following equation, and is

expressed as a decimal between 0 and 1:

1 V(AL =222+ (A1 - A3)2+ (A2 = A3)?

FA= \/ 2 V (M2 + 222+ A52)
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FA is thought to be a measure of “structural integrity” of white matter
fibre bundles, and reflects a combination of axon size, diameter, density
and degree of myelination, and also the amount of crossing fibres within a
given voxel (Wahl et al,, 2007). Higher FA values are found in white matter
tracts with higher levels of myelination. This is because the axonal cell
membrane and myelin restrict the diffusion of water molecules, leading it
only able to diffuse along the length of the fibre (Pierpaoli and Basser,
1996). Low FA values are found in areas where water molecules are
largely unconstrained, such as the cerebral spinal fluid in the ventricles.
FA values can also be low if there is more than one fibre bundle crossing in
different directions within a given voxel. This is because diffusion will be
high in more than one of the principle Eigen values, which would lead to a

lower estimation of directional diffusivity.

Mean Diffusivity (MD) is a measure of the overall diffusion,
regardless of direction, in a given voxel and is the mean of the 3 principle
Eigen vectors. MD is likely to be high in areas where FA is low, because
water molecules can move more rapidly when they are not constrained by
cell membranes. Radial Diffusivity (RD) is the mean of the second two
principle eigenvalues, and is a useful measure when considering the
influence of crossing fibres on the FA value. An FA value may be low
because of a reduction in myelination or axon density, but if RD is high FA
is likely to be low because of branching or crossing fibres in the same
voxel, meaning that the diffusion tensor is modelled well in multiple
directions. However, RD can also reflect the degree of myelination of a
fibre bundle. This is because diffusion in the perpendicular direction to the
main Eigen vector relates to the permeability of axon membranes

(Kochunov et al., 2012).
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2.3 Assessing clinical measures

Tourette Syndrome symptoms were measured in each TS subject
on the day of testing using the Yale Global Tic Severity Scale (YGTSS). The
YGTSS involves conducting a semi-structured interview by a person
trained in giving clinical interviews to people with Tourette syndrome.
During this interview the TS subject is asked questions about their tics and
behaviour over the past 2 weeks. Tics are separated into simple motor
(e.g. eye blinking), complex motor (e.g. making a sequence of movements),
simple phonic (e.g. throat clearing), and complex phonic (e.g. specific
words or phrases). Subjects are questioned on each of these areas in turn
and encouraged to describe their tics, including the frequency in which
tics occur and the intensity of tics. Motor and phonic tics are scored by the
researcher for their number, frequency, intensity, and complexity, and
how much they interfere with normal day-to-day functioning. Questions
regarding the overall impact that TS currently has on the individual’s life
(e.g. problems with self esteem, socialising with peers, and school work)
are also asked to produce an impairment rating. The scale produces 3
separate scores: motor tics, phonic tics and impairment level. These can be

summed to give an overall score of symptom severity for the last 2 weeks.

For all experiments described in this thesis, subjects were videoed
during the interview. This meant that tics could be re-counted afterwards
to aid the scoring process. Interviews were conducted either by a trained
research nurse or by myself after training. As the impairment score is
subjective, and can vary not only because of individual differences in
personal experience, but also because of the subject’s willingness to speak
about their personal life, this score was not used in this thesis when
relating the data collected to tic symptoms. Furthermore, most
experiments in this thesis assessed motor functioning or motor areas of
the brain, so the motor tic score was assumed the most appropriate

measure to relate to such data.
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Intelligence was measured using the Wechsler’s Abbreviated Scale
of Intelligence (WASI, Wechsler, 1997). The shortened version of the WASI
was administered including the verbal reasoning and matrix reasoning
sections (2 sub-tests). The verbal reasoning sub-test involved asking
subjects to define a list of words that got increasingly more rare and
scoring their response based on pre-written definitions. The matrix
reasoning sub-test involved a series of pictures with a missing piece, and 5
possible solutions to the problem. Subjects had to indicate which solution
best fitted the picture and there was only one correct answer. IQ scores
were calculated dependant on the age of the subject. The WASI was
administered to each subject (including control subjects) only once, when
the volunteer was first recruited to take part in the experiments presented
in this thesis. Only subjects with an IQ within the normal range (>80) were
used. For each experiment a between-subjects t-test was performed to
make sure the typically developing group did not have significantly higher

or lower IQ scores than the TS group.

2.4 Subjects

16 adolescents with Tourette syndrome (13 males, mean age= 15.1
+ 3.7 years) were recruited from a specialized Tourette clinic based at
Queen’s Medical Centre, Nottingham. Details of TS subjects can be seen in
Table 2.1. A group of typically developing age and gender-matched
adolescents (3 female, mean age= 15.3 * 3.7 years) were used as a control
group. Each control subject was the same gender as, and born within 6
months of, their matched TS subject. On the day of testing the Yale Global
Tic Severity Scale (YGSS) was administered to each TS subject by a trained
clinical research nurse or myself. The Wechler Abbreviated Scale of
Intelligence (WASI) matrix reasoning and verbal reasoning sub-tests were
used to obtain an approximate IQ for TS and controls. A between-groups t-
test confirmed there was no significant difference in 1Q between TS and

controls (TS mean = 108, control mean= 115, t(30)= 1.6, p>0.1)
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Table 2.1: Clinical characteristics of subjects with Tourette Syndrome included in the DTI experiment (ADD = Attention

Deficit Disorder, O0CD= Obsessive Compulsive Disorder, ADHD= Attention Deficit Hyperactivity Disorder)

Age

1Q

Motor tic

Phonic tic

Co-

D (year.month) Gender (WASI) YGSS scores scores morbidity Medication
TS006 19.8 M 84 51 11 20 - Clonidine
TS018 17.2 M 120 34 17 7 ADD Clonidine
TS028 17.3 F 96 71 15 16 0CD -
TS004 18.3 F 95 12 7 0 - Clonidine
TS014 16.2 M 135 No tics last 2 months - -
TS043 11.3 M 123 66 13 13 - Clonidine
TS031 16.3 M 133 56 24 14 - Clonidine,

Aripiprazol

TS048 13.8 M 118 43 13 0 - Clonidine
TS049 20.2 M 116 64 21 13 - Kapra
TS007 19.3 M 95 31 15 6 - Clonidine
TS030 15.0 M 103 61 16 15 - -
TS034 13.6 M 118 20 7 8 - -
TS054 12.4 M 92 23 6 7 ADHD -
TS058 7.8 M 96 39 16 8 - -
TS059 8.5 M 142 34 14 10 ADHD -
TS026 15.0 F 113 49 5 4 0CD Fluoxetine




2.5 Procedure

A 3 Tesla Phillips MRI scanner with a 32-channel SENSE head coil
was used to collect DTI data. DTI images were obtained using an EPI
sequence consisting of 48 slices of 2x2x2mm voxels with a repetition time
(TR) of 7803ms, 32 directions and a diffusion weighting (b-value) of 1000.
This b-value was selected because it is in the ideal range for healthy adult
brains of 800-1200. Lower b-vales risk no diffusion being recorded,
whereas higher a b-value would risk no signal being recorded. Therefore a
b-value of 1000 is thought to be a good compromise between diffusion and
signal. The last volume for each subject has no diffusion weighting (b=0).
This is so there is one clear image of the structure of the brain to align the
diffusion-weighted data to during analysis. The slices were positioned
using an initial survey scan; centred on the midline and angled along the
anterior commissure - posterior commissure (AC-PC) line identified on the

mid-sagittal slice.

A high-resolution T1-weighted anatomical image was collected in
the same scan-session. The MPRAGE (Magnetization Prepared RApid
Gradient Echo) consisted of 160 slices with 1x1x1mm voxel size, and a
field of view of 240x160x224mm centred along the mid-plane of the brain
and angled to follow the AP-PC line. The TR was 8.26ms, with a total scan

time of roughly 4minutes.

Subjects lay flat on their back wearing ear plugs and ear defenders
to protect from scanner noise. Foam pads were placed either side of the
subject’s ears to restrict head movement. Subjects were asked to keep as

still as possible for the duration of each scan.
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2.6 Between-Group Analyses: Data Processing

DTI data was processed using the FDT toolkit in FSL (Behrens et al,,
2003a). Firstly all scans were eddy-current corrected, then the brain was
extracted from the skull using the BET brain extraction tool, with a
fractional intensity threshold of 0.3 (Smith, 2002). Diffusion maps were
computed, including FA, MD, the 3 principle Eigen values (A1, A2, A3) and
the 3 principle Eigen vectors (V1, V2, V3). Diffusion maps were then
transformed using nonlinear registration into 1x1x1mm standard MNI
(Montreal Neurological Institute) space via a standard FA map template. 5
TS subjects and 3 control subjects had to be removed from further analysis
following this stage due to a high level of noise in the data. This was

attributed to head movement during the scan.

Further analysis was performed using FSL’s Tract-Based Spatial
Statistic (TBSS) toolbox (Smith et al., 2006). TBSS overcomes the
limitations of a whole brain voxel-based approach by constraining the data
that is used to the centres of main white matter tracts. This ensures that
the FA or MD values used in the final analysis are from white matter of all
the subjects. As such, an average white matter skeleton was created of the
whole group using an intensity threshold of 0.2. The skeleton was used to
extract just voxels of the main white matter tracts from each individual’s
FA and MD maps. This extracted data was analysed in 2 ways: a between
groups voxel-wise permutation test to look at areas of significant
difference between the TS group and the Control group, and a Support
Vector Machine (SVM) analysis to find which voxels are predictors of a

diagnosis of Tourette Syndrome.
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2.7 TBSS results & Discussion

The between group voxel-wise test was calculated using the FSL
function Randomize with 5000 permutations for FA and MD maps
separately. Results were thresholded at p<0.01, corrected for multiple
comparisons (family wise error). A cluster of significantly greater FA for
the TS group compared to the controls was found (see Figure 2.1). This
region was identified as part of the Cingulum (MNI co-ordinates: x=5, y=-2,
z=43) by use of a human white matter atlas (Catani & Thiebaut de
Schotten, 2012). No significant between-group differences in MD or RD

were found.

Figure 2.1: Region of increased FA in the TS group (yellow-red) overlayed on

a standard MNI anatomical image. Green regions represent the average
white matter skeleton. Cross-hairs positioned at MNI x,y,z co-ordinates: 5, -2,

43. This region has been identified as part of the Cingulum.

A region of interest of 5mm3 was centred at the peak difference of
the identified cluster on each TS subject’s standardized FA map. The
average FA for this region of interest was calculated. The relationship
between the average FA value for each subject with TS and their global tic
score (YGSS), motor tic score, and phonic tic score, as measured by the
Yale Global Tic Severity Scale on the day of testing, was then considered by
a Pearson correlation analysis. As can be seen in Figure 2.2, there is a weak
positive relationship between symptom severity and average FA in the

cingulum, but this was not significant at a threshold of p=0.05 (Pearson’s
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R=0.47, p=0.068). No relationship with MD or RD with any measure of

symptom severity was found.
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Figure 2.2: Relationship between FA value at region of interest and Yale
Global Tic Severity Score (YGSS). Pearson’s Correlation Co-efficient = 0.47,
p=0.068.

The only area that was identified as significantly different between
groups is a small section of the cingulum. The cingulum is a complex tract,
made up of a range of fibres that project from and to many widespread
areas, including: thalamus, anterior cingulate, pre-frontal cortex, insula,
amygdala, the parahippocampal cortices, and it also contains multiple
short association fibres (Jones et al., 2013). It is likely that this difference
is a consequence of having TS, as it involves connections between areas in
the basal ganglia-thalamic-cortical circuits previously implicated in TS
(Albin & Mink, 2006). The white matter integrity measured from the
Cingulum did not relate significantly to any measures of symptom
severity, which suggests it does not play an important role in any
compensatory mechanism to control tics, i.e. it is likely to be a result of

having TS rather than an adaption to the disorder.
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The TS group were not found to deviate significantly from that of a
typically developing control group in the majority of white matter tracts.
This does not concur with past research (e.g. Jackson et al., 2011;
Thomalla et al,, 2009), which highlighted different areas as significantly
altered in TS, and found a relationship between white matter and tic
symptoms. However, although white matter integrity is not outside the
range of values in a typically developing population, there may be more
subtle alterations that relate to the occurrence of or control of tics. The
TBSS analysis is a univariate approach in which between group differences
are assessed at each voxel independently, and then are subject to strict
significance testing criteria in order to control for multiple comparisons.
Although this strict threshold of significance provides strong evidence for
between group differences in single voxels, a multivariate approach, such
as machine learning algorithms, looks for patterns of voxel values that
predict group membership. A multivariate approach may provide useful
information about which tracts in the brain (or clusters of voxels) are
related to a diagnosis of TS, without the need for strict significance testing.
Following on from the initial TBSS analysis, a support vector machine
learning approach was conducted to examine if there are more

widespread white matter areas that are related to a diagnosis of TS.

2.8 Support Vector Machine Methods, Results & Discussion

Support Vector Machines (SVM) are learning machines that can
classify sets of data into groups using pattern recognition and statistical
modelling (Scholkopf et al., 1997). SVM achieves this by mapping the
patterns non-linearly into a high dimensional space and searching for a
hyperplane that best separates the data into specified classes (Scholkopf
et al,, 1997). Learning occurs by seeking out the most optimal hyperplane
to classify the data. A very simple classification problem is depicted in
Figure 2.3. In this example the SVM needs to find the most optimal
function to separate the squares from the circles. You can think of the

hyperplane as the boundary (2D line, in this example, but it would be a
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plane in 3 dimensions) between the data points that would most
successfully separate the 2 groups. However, often a straight line is not
appropriate to separate the data based on its features. To get around this
problem kernels are used with SVM. Kernels are similarity functions that
allow the data to be transformed into higher (sometimes infinite)
dimensions. The SVM can then more easily calculate the optimal

separation boundary in this higher dimensional space.
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Figure 2.3: An example of a 2D classification problem: separate the squares

from the circles.

In order to successfully create the optimal separation boundary to
classify the data, the model needs a set of data to train on. This training
data will encompass a set of attributes (i.e. features of the data, in Figure
2.3 these could be how round it is, or if it is filled or not) and each data
point needs to be labelled with at least one target value (i.e. a
classification, in the simple example in Figure 2.3 this would be squares vs.
circles). If the SVM is successful it will produce a model that will correctly
predict the classification of new (test) data, based on the new data’s
attributes, following training (Hsu, Chang & Lin, 2010). So if I were to
enter a new square into the model, it should classify this data as square by

placing it on the “square” side of the boundary.
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Large sets of training data are required in order to create an
optimal model to handle test data. However a “leave one out” method
allows for the successful creation of an optimised model without the need
for a large training set. The method involves classifying each data point
based on training from the entire data set minus the current “test” data
point. This way, the data set you are working with acts as both the training
and the test sample. Because of the lack of a large training data set, this is

the method I used for my research.

The data used were FA values extracted from each subject’s
normalised FA map using the average white matter skeleton as a mask. In
this instance the magnitude of the FA value can be considered the
attribute of the data, much like the roundness of a shape is in the example
above. These values were entered into a 3D data matrix in Matlab (The
Mathsworks). The data were represented in the matrix as such: each
subject’s FA values were entered into a 2D matrix so that the x and y axes
represent the location of a particular white matter voxel. The z dimension
represents the subject number. In essence, the matrix is composed of each
subject’s FA data in 2D space, aligned on top of one another, to produce a
3D matrix. A separate matrix labelled each grid of data as belonging to a
TS or control subject. This “classifier” matrix meant the program could use
the data to train on, as it labelled each data point with a target value of TS
or control (much like the classifier of square or circle used in the example

from Figure 2.3).

An in-house Matlab script using the libsvm toolbox (Chang & Lin,
2011) was used to implement the SVM analysis. A Radial Basis Function

(RBF) kernel was used as follows:

K(X,y): e vlx-vll2

where (x,y) is the training data (inputs). The RBF kernel maps samples

into higher dimensional space non-linearly. This means it can handle non-
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linear relationships between attributes and classes, which may be
appropriate particularly when the training dataset is small (Hsu, Chang &
Lin, 2010). The RBF kernel has 2 parameters y and C (the penalty
parameter of the error term). A grid search was conducted to optimize
parameters y and C of the model. This meant that the model was trained
over and over again using different combinations of y and C, ranging from
-20 to +20 in steps of 1. The values of y and c that produced the model
with the highest classification accuracy (i.e. that classified a data point as
belonging to the correct group the most amount of times) were selected
for the final model. As previously stated, a “leave one out” method was
used. This meant that each voxel of interest for each subject was classified
as belonging to a TS or control subject based on training from n-1 subjects.
Once the same voxel had been classified for every subject the accuracy of
the model to fit the data at that point was calculated. The data were then
finally trained using the optimized model (y>14, C<-7). This showed that a
diagnosis of TS can be predicted from FA data with a maximum accuracy
of 76.9% (see Figure 2.4). This means that at certain points in the data set
(i.e. certain white matter voxels) a new test data point can be correctly
classified as belonging to a control subject or an individual with TS about

77% of the time.

As can be seen in Figure 2.4, not all voxels were predictive (i.e. they
were correctly classified as belonging to a TS or control brain less than
50% of the time). Therefore, this technique highlighted which white
matter tracts are associated with TS to the extent that they are predictive
of the disorder within the current dataset. By this [ mean the FA values
from specific tracts were correctly classified as belonging to the TS or CS
groups on 77% of the time when tested. Identified tracts that
demonstrated a high classification accuracy included: corpus callosum,
anterior commissure, fornix, cortico-spinal tract, cingulum, inferior fronto-
occipital fasciculus, and internal capsule (identified by use of a white-

matter atlas: Catani & Thiebaut de Schotten (2012), see Figure 2.4).
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Figure 2.4: Regions of white matter that are predictive of a diagnosis of TS

(vellow-red). Accuracy of prediction ranges from 57.7%-76.9%. Results are
displayed in the axial plane in slices ranging from z=-9 (top left) to z=45
(bottom right) in MNI co-ordinates. Green regions represent the white

matter voxels that were entered into the model (average skeleton).

The support vector machine learning approach has highlighted
that although a univariate analysis of FA values indicates that FA does not
differ significantly in TS from the FA values measured in a typically
developing population, the multivariate analysis demonstrates that there
are many tracts that may be strongly predictive of the disorder. Some of
these are likely to be predictive because they are part of the cortico-
striato-thalamo-cortical loops, thought to be dysfunctional in TS. The
internal capsule and fornix are examples of this. The cortico-spinal tract
may be reflective of the symptoms themselves; people with tics will make
certain movements a lot more frequently than people without, therefore
alternations in the direct pathways from cortex to muscles are likely to be
affected. However, some tracts may also be predictive of TS because they

are areas of compensatory changes that adapt in response to the disorder.
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The corpus callosum may be an example of this, and was considered as

such in a tractography-based approach.

2.9 Tractography of the Corpus Callosum in the TS group

Following on from the between-group analyses, it is clear that
multiple white matter tracts are related to a diagnosis of TS. The corpus
callosum is of particular interest because its role is to integrate
information across the hemispheres. It achieves this by modulating
excitability of homologous cortical areas, i.e. stimulation of a particular
area of cortex in one hemisphere has an excitatory effect on the
homologous area of the contra-lateral hemisphere (Bloom & Hyde, 2005).
A relationship has previously been reported between motor cortical
excitability, as measured by TMS motor threshold, and FA in the corpus
callosum (Kloppel et al.,, 2008). Higher cortical excitability (i.e. lower
motor thresholds) was related to higher FA values, which demonstrates
further the role of corpus callosum in modulating cortical excitability. This
is important because alterations in cortical excitability have been robustly
demonstrated in TS. For example, there is evidence from Transcranial
Magnetic Stimulation (TMS) studies of increased resting motor threshold
and increased intra-cortical facilitation, suggesting increased excitability
in primary motor cortex (M1) for adults with TS (Orth & Rothwell, 2009;
Hiese et al. 2010). This increased excitability may be exacerbated by
reduced intra-cortical inhibition that has also been observed in TS

(Ziemann et al., 1997; Gilbert et al. 2004; Orth & Rothwell 2009).

There is also evidence for increased functional connectivity
between M1 and the Supplementary Motor Area (SMA) in adults with TS
during movement preparation and execution (Franzkowiak et al., 2012).
The authors suggest that it is this increased input from the SMA that leads
to the increased excitability in M1 that has been observed in subjects with
TS. However, there is evidence from TMS studies of decreased M1

excitability during movement preparation in TS (Draper et al., 2013;
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Jackson et al,, 2013; Heise et al.,, 2010) and at rest (Orth et al., 2008).
Furthermore, reduced fMRI BOLD signal change, and co-activation across
hemispheres, in M1 and SMA has been observed during volitional
movement in TS (Jackson et al., 2012; Thomalla et al., 2013). The decrease
in excitability of M1 and SMA has a negative relationship with tic scores
such that those with the lowest fMRI BOLD signal change have the least
tics (Jackson et al,, 2012). Furthermore, it has been demonstrated that tic
symptoms can be dramatically reduced for up to 3 months following an
inhibitory repetitive TMS paradigm, aimed at reducing cortical excitability,
delivered to the SMA (Mantovani et al., 2007; Kwon et al., 2011). This
suggests that a mechanism may be developing to reduce the excitability of
M1 and SMA during volitional movement, which may be beneficial in
controlling tic symptoms (Jung et al., 2013). For this reason, the regions in
the body of the corpus callosum that connect M1 and SMA across

hemisphere are of particular interest for the current study.

The corpus callosum has been the focus of attention in past
research into structural abnormalities in TS. Although there is substantial
evidence to suggest alterations in the corpus callosum in TS, the way in
which it is altered, and the consequences of changes in connectivity, is
unclear. In terms of the size of the structure, voxel-based morphometry
studies have reported it to be increased in adults with TS (Peterson et al.,
1994; Moriarty et al.,, 1997; Plessen et al., 2004) and both reduced
(Plessen et al., 2004) and increased (Baumgardner et al., 1996) in children
with TS. Diffusion Tensor imaging (DTI) studies have reported increased
FA in the corpus callosum in adults with TS (Neuner et al,, 2011), and
reduced FA in children and adolescents with TS (Plessen et al., 2006;
Jackson et al,, 2011). The contradictory findings in corpus callosum size
appear to be age-dependent and may indicate that those who continue to
have tics into adulthood do not develop the same white matter
microstructure as those who recover. Myelination of white matter of the
corpus callosum continues to develop throughout puberty and into early

adulthood (Keshava et al., 2002). Taken together the evidence suggests
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that adaptive white matter changes in the corpus callosum may be
developing over adolescence as individuals gain control over their tics,

and may be reflected in altered cortical excitability in SMA and M1.

To investigate this, [ considered if inter-hemispheric connectivity
between M1 and SMA differs in adolescents with TS compared to a
typically developing control group. By using a probabilistic tractography
method I identified the regions in the body of the corpus callosum where
the white matter projections from M1 and SMA cross the hemispheres. As
previous research has highlighted the forceps minor as adaptively altered
in TS (Jackson et al,, 2011), the region in the genu of the corpus callosum
that connects the prefrontal cortex (PFC) was also considered as a region
of interest. Finally, the section in the splenium of the corpus callosum that
connects to primary visual cortex was considered as a control site, as it is
unlikely that adaptive alterations will occur in this pathway. A control site
was used to examine if alterations in inter-hemispheric connectivity are
region-specific, rather than apparent in the corpus callosum as a whole. I
also considered how the white matter integrity in these regions is related
to tic symptoms. If the connectivity of these regions is important for the
development of control over tics, by altering levels of cortical excitability,
is it likely that measures of white matter microstructure will relate to tic

symptom severity.

2.10 Tractography: Data processing

Brain Voyager QX 2.3 software was used to process DTI data for
probabilistic tractography. DTI data was co-registered to each subject’s
anatomical image (MP RAGE). Then FA and MD maps were created in
native space, i.e. the data was not transformed into standard space. This
tractography approach was performed entirely in native space because of
white matter tracts being particularly susceptible to transformation errors
when transforming into standard space. Specific tracts can be located and

identified more accurately working in native space. The primary motor
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cortex was identified on each subject’s anatomical scan by finding the
characteristic () shape in the axial plane of the motor hand area bilaterally.
The central sulcus was then followed dorsally in the axial plane and the
pre-central gyrus was marked as a ROI (Figure 2.5A). The fibres were then
tracked from the primary motor cortex in both hemispheres. The area of
the body of the corpus callosum where the fibres from each side crossed
hemispheres was marked and a 6mm?3 ROI was centred on this position
(Figure 2.5B). The fibres projecting from this ROI were then tracked back
to the primary motor strip to check the ROI was correctly positioned

(Figure 2.5C). The mean MD and FA values from just the central 6mm3

ROI were then calculated.

Figure 2.5: A: Highlighted example of an ROI in the primary motor strip in 2
axial slices. B: Fibres tracked from the primary motor strip (purple) and the
location of the 6mm?3 ROI in the body of the corpus callosum where the fibres
cross hemispheres. C: Fibres tracked from the central 6mm?3 ROI terminate in

the primary motor strip.
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The Supplementary Motor Area (SMA) was identified as the medial
section of the gyrus anterior to the pre-central gyrus (the superior frontal
gyrus). The SMA was marked as a ROI and the fibres tracked from this ROI
(Figure 2.6A and B). A 6mm3 ROI was placed in the body of the corpus
callosum where the fibres crossed hemisphere (Figure 2.6B). The fibres
from this central ROI were then tracked back up to the SMA (Figure 2.6C).
The mean MD and FA values from the central 6mm?3 ROI were then

extracted.

Figure 2.6: A: Highlighted example of an ROI in the supplementary motor

area in the axial and sagittal plane. B: Fibres tracked from the SMA (red)
and the location of the 6mm?3 ROI in the body of the corpus callosum where
the fibres cross hemispheres (blue). C: Fibres tracked from the central 6mm?3

ROI terminate in the SMA.
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The forceps minor were identified by highlighting the pre-frontal
cortex and tracking the fibres from this region to the genu of the corpus
callosum. A 6mm cubic ROI was placed in the genu where the fibres
crossed hemisphere and FA and MD values from this region were
extracted. Finally, the area surrounding the calcarine sulcus bilaterally
was identified as the primary visual cortex (V1) to be considered as a
control site. A 6mm ROI was placed in the splenium of the corpus callosum
where the fibres tracked from V1 crossed hemispheres. The mean MD and

FA values for this V1 ROI were extracted for each subject.

2.11 Tractography Results & Discussion

Firstly, a series of between-groups t-tests compared the control
group and the TS group in measures of FA or MD for the PFC, V1, M1 and
SMA ROIs, and found no significant between-group differences (t(22)<1.4,
p>0.1 for all tests). Then, TS subjects’ individual FA and MD score for each
ROI were correlated with measures of tic symptoms from the YGTSS
(motor tic score, phonic tic score and YGSS) and their age, using Pearson’s

R.

One subject (TS014) was removed from the correlation with tic
scores, as they had no reported tics in the past 2 months, meaning the
YGTSS could not be completed. A significant positive relationship between
motor tic scores and FA in SMA (Pearson’s R=0.87, p<0.001) and M1
(Pearson’s R=0.69, p<0.05) was found (see Figure 2.7A and 2.7B). A
negative relationship of the same strength was found between MD and
motor tic scores in SMA (Pearson’s R=-0.85, p<0.005) and M1 (Pearson’s
R=-0.69, p<0.05, see Figure 2.7C and 2.7D). There were no significant
correlations between FA or MD and any other YGTSS measure, or subject
age. There was no significant correlation between any YGTSS measure
and FA or MD measured from the V1 voxel (max R=0.35, p>0.2), or the PFC
voxel (max R= 0.50, p>0.08). See Figure 2.8 for V1 and PFC correlations.
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Figure 2.7: The relationship between motor tic scores and amount of FA (A and B) and MD (C and D) in a 6mm?3 ROI centred in the region of
the body of the corpus callosum that projects to M1 (A and C) or SMA (B and D).
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DTI and probabilistic tractography were used to measure the
integrity of inter-hemispheric connections, across the body of the corpus
callosum, between M1 and SMA in a group of adolescents with TS. It was
found that the stronger the integrity of the white matter fibre bundles
within these areas (i.e. higher FA value), the more severe were the motor
tic symptoms for that subject. The same relationship was not found in
tracts that lead to V1 or PFC, and therefore cannot be accounted for by age
of subject. There was also no significant difference between the TS group
and an age and gender matched control group in FA or MD in the areas of
the corpus callosum that were measured. This means that, although white
matter integrity is not different to a typically developing matched
population, it is nevertheless still predictive of tic symptoms. The lack of a
relationship with V1 projections suggests that only distinct regions of the
corpus callosum, that are involved the production and control of
movement, are related to TS symptoms, rather than the structure as a
whole. Although there is a slight trend between FA measured from the ROI
from the forceps minor and motor tic score, the relationship does not

reach statistical significance.

2.12 Discussion

Diffusion tensor imaging was implemented to measure white
matter structure in a group of adolescents with Tourette syndrome and a
matched group of typically developing controls. A standard tract-based
spatial statistics (TBSS) approach revealed a significant increase in FA for
the TS group compared to control group in a small region of the Cingulum.
However, a support vector machine approach showed that a much wider
set of white matter pathways are predictive of a clinical diagnosis of TS.
This suggests that subtle alterations in white matter structure may be
quite wide spread in TS, but that these differences do not deviate enough
from the typically developing population to produce a significant result in
the TBSS analysis. Finally, by using precise probabilistic tractography

methods, in regions thought to be associated with tics, [ have
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demonstrated that the white matter of the body of the corpus callosum is
highly correlated with symptom severity, suggesting that it might be
important for the control of , or production of tics, even if the white matter
is not significantly different to an aged-matched control group. This
relationship is only apparent in the inter-hemispheric connections of
bilateral SMA and M1, and is not reproduced in inter-hemispheric

connections of pre frontal cortex or primary visual cortex.

One interpretation of the positive relationship between motor tic
scores and white matter integrity is that those with lower tic scores,
through the natural occurrence of white matter development that is on-
going throughout adolescence, do not develop the same amount of white
matter compared to those that continue to have more severe symptoms.
This could be achieved either by a reduction in the amount of fibres
(decreased axon density), or a reduction in myelination, as FA is a
reflection of both of these in the body of the corpus callosum. As the
corpus callosum exhibits an excitatory influence to integrate information
across hemispheres, reducing this cross talk is one way to decrease the
hyper-excitability in motor cortical areas found in subjects with TS (Orth
& Rothwell, 2009; Hiese et al. 2010). Suppressing the activity of the SMA
through inhibitory rTMS has been shown to reduce tic symptoms
(Mantovani et al., 2007; Kwon et al., 2011). It is therefore possible that
reducing the amount of excitatory connections across hemispheres to this
area has the same effect. This is further supported by the observation that
reduced cortical excitability (in this case measured as fMRI BOLD signal
change prior to a volitional movement) in M1 and SMA is also related to a
reduction in tics (Jackson et al., 2012; Thomalla et al., 2013). The same
relationship is also reflected in reduced inter-hemispheric co-activation of
the SMA during a motor task (Thomalla et al., 2013). This supports the
proposal that a reduction in inter-hemispheric connectivity through the
corpus callosum leads to a reduction in excitability in the SMA and M1,

which may be beneficial to reducing tic symptoms. This concurs with the
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theory proposed by Jung et al. (2013) that a reduction in tics may occur

through local changes to the excitability of sensorimotor cortex.

However, the current method of research cannot determine
whether white matter in the corpus callosum is adaptively altered as a
reaction to over-stimulation from a dysfunctional basal ganglia, or if those
who have milder tic symptoms just happen to be genetically predisposed
to develop less white matter connections in these areas. Those who are
genetically pre-disposed to develop a larger corpus callosum, and have
less potential for white-matter plasticity, may struggle to gain control of
their tics as a consequence. This highlights the need for a longitudinal
study to map changes in connectivity, along with symptom severity,

throughout adolescence.

[t is also important to note that FA is not a straightforward
measure; it is assumed to reflect a combination of axon size, density and
degree of myelination, and can be affected by crossing fibres. However, the
ROIs were selected from a region with a high density of uniform, not
crossing, axon fibres. It is likely that FA measured from these regions
mainly reflects fibre density (Wahl et al., 2007). FA measured from the
body of the corpus callosum that projects to M1 has also been found to
directly relate to measures of inter-hemispheric functional connectivity
(Wahl et al., 2007). Therefore I can assume that the relationship found in
the current study is as follows: a reduction in the density of axons
connecting SMA and M1 across hemispheres relates to less severe tic
symptoms, which is likely due to a reduction in excitatory co-activation

(functional connectivity) across hemispheres.

The observation that adults with TS have larger corpus callosum
volumes than children with TS could demonstrate that a reduction FA in
this area is important for tic remission; those who do not develop in this
way are those who do not show a remission in symptoms (Plessen et al,,

2004). Active tic-suppression could lead to plastic alterations in white
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matter development over adolescence in TS, leading to the reduction in
corpus callosum volume. This potential mechanism has been previously
demonstrated in typically developed individuals. For example, FA
measured from the region of the body of the corpus callosum that projects
to the SMA has been found to be related to bimanual motor skill
proficiency in healthy adults (Johansen-Berg et al., 2007). The authors
suggest this relationship may occur through environmental pressures
during key stages of white matter development, e.g. learning a complex
motor skill such as playing piano, may lead to plastic changes in white
matter micro-structure, which in term, lead to better performance in other
bimanual motor tasks (Johansen-Berg et al,, 2007; Schlaug et al., 1995).
Tics and tic suppression can be considered as environmental pressures
that affect the development of the body of the corpus callosum. Indeed, the
enhanced performance in motor control tasks that has been demonstrated
in TS is a key example of motor task performance relating to white matter

structure (Mueller et al., 2006; Jackson et al., 2007; Jackson et al., 2011).

Although the current research did not find any significant between-
group differences in the corpus callosum in a TBSS analysis, this could be a
consequence of the sample used. As it was quite small, and included a
range of ages throughout late childhood and adolescence, it may have not
had a large enough of a sample to observe the alterations that have
previously been shown by traditional TBSS methods (e.g., Jackson et al,,
2011). However, the machine learning approach clearly outlined
predictive tracts, highlighting many tracts that have been previously
related to TS, including most of the corpus callosum. This suggests that the
sample is representative of the disorder in the age range tested. Machine
learning approaches are valuable and should be incorporated in future
research, perhaps alongside traditional statistical tests, to highlight areas
that are related to a certain disorder that might be missed by the strict
thresholds of standard univariate tests, particularly in clinical groups
where sample sizes are usually small. There is also the potential of using

these kinds of techniques to aid in diagnosis of disorders that are difficult
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to diagnose from observing behaviour alone (Ecker et al., 2010). With
longitudinal data models could be developed that can predict clinical
outcome (e.g. who is likely to have a reduction in symptoms in early
adulthood), and responsiveness to certain therapies, based on brain

structure alone.

Previous research has also suggested that tic reduction is largely
mediated through the prefrontal cortex exhibiting greater influence over
motor areas through enhanced connectivity (Plessen, Bansal & Peterson,
2009). However, my current findings suggest that changes in local white
matter microstructure of the SMA and M1 predict tic symptoms, and are
likely to play a key role in tic reduction and modulating cortical
excitability. These regions are structurally and functionally distinct from
the pre-frontal cortex, and the connectivity of these areas has also been
related to motor task performance (Jackson et al., 2011). Although the pre-
frontal cortex undoubtedly plays a key role in control of behaviour, the
current results highlight the importance of considering the role of

development of local, inter-hemispheric connectivity in the control of tics.

To sum up, it was found that the amount of FA and MD, measured
from the body of the corpus callosum where fibres project to the SMA and
M1, are highly correlated to tic symptoms in a group of adolescents with
TS. It is hypothesized that alterations in white matter development of
these key areas contribute to the reduction of tics seen in the majority of
TS cases. This is likely to occur via modulating the cortical excitability in
these areas through reducing inter-hemispheric excitation. To confirm
this, a longitudinal study would allow white matter development to be
followed throughout adolescence and how it relates to tic symptoms in TS
could be evaluated. Machine learning algorithms could be used to assess
more widespread changes in white matter that are related to a disorder
but do not deviate far enough from the normal range to be highlighted in
traditional statistical tests. By using longitudinal data, potential models

could be developed to predict clinical outcome.
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Chapter 3: Grey Matter thickness in Tourette Syndrome

3.1 Introduction

The previous chapter used diffusion tensor imaging to identify
widespread differences in white matter micro-structure for subjects with
TS. It is therefore reasonable to expect that these white-matter alterations
will also be reflected in the cortical grey matter. This issue will be

examined in this chapter.

An early study of alterations to cortical structure in children and
adults with TS reported widespread changes in dorsal pre-frontal, parieto-
occipital and inferior occipital regions (Peterson et al.,, 2001). More
specifically, Peterson et al. (2001) reported larger dorsal prefrontal
volumes for the children with TS, which was associated with less severe tic
symptoms. The adults with TS tended towards smaller dorsal prefrontal
volumes, although this finding was not significantly different to the control
group. The children also had smaller volumes in premotor regions,
including the SMA, whereas the adults had increased premotor volumes
when compared to control groups. Children and adults with TS had larger
parieto-occipital volumes but only the child group had larger inferior
occipital volumes and smaller subgenual volumes. From these findings the
authors propose a hypothesis that the prefrontal, parieto-occipital and
inferior occipital regions form an action-attention system that is engaged
to successfully suppress tics. Conversely, premotor and subgenu regions
contribute to the motivation, planning and execution of actions, and
alterations in these areas are likely to contribute towards tic production,
or be consequence of long-term tics. Peterson et al. (2001) also comment
that the differences between the adult and the child sample are because
those who continued to have tics into adulthood did not develop the same

compensatory cortical alterations.
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Following on from this, Sowell et al. (2008) looked at cortical
thickness in children with TS and reported widespread thinning in the
frontal and parietal lobes compared to a matched typically developing
control group. This thinning was most apparent in the dorsal regions of
sensorimotor areas that are involved in vocalisations and movements of
the hands, arms, neck and face. These areas are involved in typical tic-
expression and cortical thickness was negatively related to tic severity.
This means that the subjects with more severe tic symptoms had the
thinnest cortex in dorsal regions of sensorimotor areas. This led the
authors to suggest that cortical thinning in specific regions of the
sensorimotor cortices are evidence for the involvement of these regions in
the pathogenesis of Tourette syndrome. A further interesting finding by
Sowell et al. (2008) is that the younger children in the sample showed no
significant difference in terms of cortical thickness in the sensorimotor
regions compared to healthy controls. From this evidence they concluded
that the cortex thickens with age in typically developing individuals and

that this process is somehow impaired in TS.

However, without longitudinal data it is very difficult to support
this hypothesis. Indeed, longitudinal data from typically developing
children has been examined by Giorgio et al.,, (2010) who report
widespread reductions in cortical thickness with age throughout
adolescence, including the postcentral gyrus (Giorgio et al., 2010).
Furthermore, Lebel et al. (2008) report that in typically developing
populations total brain volume stays constant from around the age of 5
years, to at least 30 years. This is because as white matter volume
increases with age (as discussed in Chapter 2), grey matter decreases with
age over adolescence, which keeps total brain volume at a constant.
Kochunov et al. (2011) also report grey matter decreases with age, but
they refer specifically to cortical grey matter thickness, not just whole-
brain grey matter volume. In concurrence with Lebel et al. (2008),
Kochunov et al. (2011) report a steady decrease in grey matter thickness

with age throughout the lifespan. In their large cross-sectional sample, this
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decrease in grey matter thickness occurs alongside increases in white
matter FA reported between the ages of 10 years and early thirties
(Kochunov et al., 2011). This means that maximum grey matter thickness
must occur before the age of 10 years, which sheds doubt on Sowell et al.’s

(2008) conclusion that the TS group is developmentally delayed.

The association between the thickness of specific regions of
sensorimotor cortices and specific tic symptoms has since been reported
in adults (Worbe et al,, 2010) and young people (Fahim et al., 2010) with
TS. Fahim et al. (2010) reported cortical thinning in their TS group vs. a
control group in the left primary motor and somatosensory cortices and
right parietal and orbitofrontal regions. The thickness of the right
orbitofrontal cortex and left somatosensory cortex had a negative
correlation with tic severity. Furthermore, although both groups showed
that cortical thickness reduces with age, the TS group had more cortical
thinning with age compared to the typically developing control group in

the right parietal cortex and right orbitofrontal cortex.

Worbe et al. (2010) split their adult sample into 3 sub-groups: just
simple tics, simple and complex tics, and co-morbid OCD. For the entire
sample, widespread cortical thinning was reported in the frontal lobe,
including motor cortex, superior frontal gyrus, middle frontal gyrus and
the orbito frontal gyrus. For the simple tics group, cortical thinning was
most prominent in premotor cortex, and the section of primary motor
cortex that contains representations for the upper face and upper and
lower limbs. For the complex tics group cortical thinning was observed in
the posterior middle and inferior frontal gyrus, the region of motor and
somatosensory cortex that contain face representation, the anterior and
inferior parietal cortex, and the lateral orbito frontal group. For both
groups there was a negative relationship between tic scores and cortical
thickness. Interestingly, the OCD sub group did not have any significant
alterations in grey matter volume in the same regions as the

uncomplicated TS groups, but a region of interest approached revealed
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that they did have a significant reduction in hippocampal volume not

present in the TS-only groups.

Together, these 4 studies present a somewhat confused picture.
What is clear is that adults and children with TS have reduced cortical
thickness in the primary sensorimotor cortices, and the thickness of these
areas is negatively correlated with tic symptom severity (Worbe et al,,
2010; Fahim et al., 2010; Sowell et al., 2008). This has lead to the
hypothesis that reduced volume in the primary sensorimotor cortices is
part of the pathogenesis of TS, as they form part of the cortico-striatal-
thalamic-cortical circuitry that is dysfunctional, and because the subjects
with less severe tics also had greater grey-matter volumes in these areas.
The volume of the dorsolateral prefrontal cortex has been reported as
increased in children and decreased in adults with TS and it has been
reasoned to develop as part of an inhibitory mechanism to reduce tics
(Peterson et al,, 2001). However, this finding has not been replicated in
more recent studies of cortical grey matter volume of children and young
people with TS (Sowell et al., 2008; Fahim et al., 2010), but Worbe et al.

(2010) have reported reduced pre-frontal volumes in adults with TS.

In this chapter [ will present a cortical thickness analysis that was
used to examine any differences in the grey matter structure in a group of
young people with Tourette syndrome and an age and gender matched
typically developing control group. Based past research on cortical
thickness, it was predicted that there will be widespread alterations in the
frontal, parietal and occipital lobe for the TS group compared to the
control group. It was also expected that grey matter thickness in
sensorimotor cortices would be negatively related to tic scores from the

YGTSS taken on the day of testing.
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3.2 Magnectic Resonance Imaging Procedure

High-resolution T1-weighted anatomical images were taken of the
TS and matched control group. The MPRAGE (Magnetization Prepared
RApid Gradient Echo) was created using a 3Teslsa Phillips MRI scanner.
The MPRAGE consisted of 160 slices with 1x1x1mm voxel size, and a field
of view of 240x160x224mm centered along the mid-plane of the brain and
angled to follow the AP-PC line, using an initial survey scan. TR was
8.26ms. During this 4-minute scan subjects were instructed to remain as
still as possible. This was part of the same scanning session as the DTI
scans described in Chapter 2; subject details can be seen there (see Table

2.1, page 40)

3.3 Data processing

Images were transformed into nifti format and entered into

FreeSurfer software (http://surfer.nmr.mgh.harvard.edu/) for cortical

thickness analysis. This software pre-processes image data by correcting
for motion, extracting brain tissue, transforming into standard MNI space,
and performing intensity normalisation. The normalised images are
segmented into anatomical structures (e.g. amygdala, hippocampus,
caudate, ventricles, putamen). Figure 3.1 shows an example from one
subject’s segmented data. Then, surface deformation is performed by
following intensity gradients to closely estimate the position of the grey
matter-white matter and the grey matter-cerebrospinal fluid boundaries,
which are defined by identifying the location of the greatest shift in
intensity (Fischl, Sereno & Dale, 1999a; Dale, Fischl & Sereno, 1999).
Grey-matter thickness was measured as the closest distance between

these 2 boundaries (Fischl & Dale, 2000).
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Figure 3.1: Segmented and normalized mid-coronal slice from one subject.

Segmented structures include cerebral grey matter (red) and white matter
(white or green), hippocampus (yellow), thalamus (dark green), brain stem
(grey), putamen (pink), pallidum (purple). Grey matter thickness was
calculated at the smallest distance between the grey matter and white

matter boundaries.

3.4 Results: Between-group differences in grey-matter thickness

Once every subject has been pre-processed using FreeSurfer
software a GLM (general linear model) analysis was used to assess
between-group differences. Labels were assigned by entering the MNI co-
ordinates of the centre of each significant cluster into FSL’s Harvard-
Oxford Cortical Structural Atlas (Desikan et al., 2006). Firstly, the control

group was compared with the TS group directly to look for areas of
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significant difference in grey matter volume. The groups were age and
gender-matched so this analysis should show differences that are due to a
diagnosis of TS. See Figure 3.2 and Table 3.1 and 3.2 for clusters of
significant between-group differences in grey matter volume. Secondly,
age was entered into the model as a covariate. This was because, in the
typically developing brain, cortical thickness decreases throughout
adolescence (Giorgio et al., 2010). If changes in cortical grey matter
thickness in TS are a consequence of adaptation to tics, the relationship
between age and grey matter thickness may be different to that of the
typically developing brain. For example, increased volume of the pre-
frontal cortex was reported previously in children with TS (Peterson et al,,
2001), which may be due to a compensatory mechanism that allows
children with TS to gain control over their tics (Marsh et al., 2008; Plessen,
Bansal & Peterson, 2009). Therefore the negative correlation between age
and grey matter thickness in the frontal lobe may be apparent in the
control group but not the TS group. As can be seen in Table 3.4 and Figure
3.3 there were many clusters where the TS group exhibited a significant
positive correlation between grey matter thickness and age, but where the
control group had the typical negative relationship. Table 3.3 indicates
there were also a few clusters where the TS group had a negative
correlation between age and grey matter thickness, but where the control

group has a positive correlation.

Table 3.1 Clusters where TS group has significantly thicker grey matter
volume than the CS group (p<0.005).

Value Cluster MNI coordinates Label
(-log(10)p) size X y z
(mm?)

3.7766 64.94 69.0 -43.3 | -9.8 | right middle temporal gyrus

3.0713 854.8 | -16.7 -105. | -3.4 | left occipital pole

2.8537 79.46 14.9 -92.3 | 19.6 | right occipital pole

2.7821 48.32 50.3 -22.5 6.3 | right planum temporale

2.6723 46.84 38.4 -9.5 6.8 | right insula cortex
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Table 3.2 Clusters where the TS group have significantly thinner grey matter
volume than the CS group (p<0.005).

Value Cluster MNI coordinates Label
(-log(10)p) | size x y z
(mm?)
-2.9858 129.19 28.4 | -23.8 | -32.6 | right posterior temporal fusiform
gyrus
-2.9043 109.74 | -22.7 | -67.6 34.7 | left superior lateral occipital
cortex
-2.8839 159.53 | -29.0 0.9 | -39.3 | left anterior temporal fusiform
cortex

-2.835 135.97 | -42.9 | -81.8 -1.4 | left lateral occipital gyrus

-2.8103 43.33 20.5| -37.6 54.5 | right postcentral gyrus (S1)

-2.7519 58.44 | -32.3 -4.6 47.7 | left precentral gyrus (M1)

-2.7099 64.31 | -16.4 47.6 34.4 | left frontal pole

-2.6522 77.54 | -46.5 -4.8 | -42.1 | left inferior temporal gyrus

-2.6265 33.11 | -41.4 | -71.2 22.1 | left superior lateral occipital
cortex

-2.5608 51.49 -7.2 | -45.1 52.9 | left precuneus cortex

-2.4802 39.23 | -44.3 | -52.7 22.7 | left angular gyrus

-2.4201 33.99 | -51.4| -65.2 9.6 | left inferior lateral occipital
cortex

-2.3918 24.95 21.7 40.1 42.7 | right frontal pole

-2.3173 24.91 | -49.1 | -21.6| -37.7 | left posterior interior temporal
gyrus

Left
Hemisphere

Right

‘ . } Hemisphere
/ﬂ I

e

N

-5.00 -2.50  0.00

Figure 3.2 Clusters where grey matter thickness is significantly different in

the TS group vs. control group (blue= TS>CS, orange = TS<CS).
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Table 3.3 Clusters where grey matter decreases with age in the TS group and

increases with age in the CS group. The between-group interaction effects

between age and grey matter thickness were found to be significant at a

threshold of p<0.005.
Value Cluster MNI coordinates Label
(-log(10)p) | size x y z
(mm?)
-3.6857 129.03 | -27.4 | 27.0 | -12.3 | left frontal orbital cortex
-2.5388 30.55 440 | 17.4 | 17.8 right pars opercularis

Table 3.4 Clusters where grey matter increases with age in the TS group and

decreases with age in the CS group. The between-group interaction effects

between age and grey matter thickness were found to be significant at a

threshold of p<0.005.
Value Cluster MNI coordinates Label
(-log(10)p) size e Y z
(mm?)
3.3572 67.95 | -34.0 - 42.4 | left superior parietal lobule
42.9
2.911 73.56 53.2 - 46.0 | right superior lateral occiptial
56.1 cortex
2.8943 67.57 | -13.4 - 42.5 | left precuneus cortex
69.2
2.7852 57.51 43.0 | 23.0 37.2 | right middle frontal gyrus
2.6336 88.07 | -36.0 | 37.0 8.9 | left frontal pole
2.6148 58.06 22.3 | 25.2 57.7 | right superior frontal gyrus
2.5745 58.83 | -15.2 - 64.1 | left postcentral gyrus (S1)
41.9
2.4828 32.25 50.7 | 39.0 21.1 | right frontal pole
2.4747 59.46 40.4 - 20.0 | right central opercular cortex
12.0
2.4477 35.98 -5.7 | -1.5 41.0 | left anterior cingulate gyrus
2.3179 42.6 | -11.5 - 64.9 | left precuneus cortex
53.7
2.3114 30.49 | -43.7 - 13.9 | left superior lateral occipital
67.8 cortex
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Figure 3.3: Clusters where the age vs. grey matter thickness correlation is

significantly different between TS subjects and control subjects.

3.5 Results: Relationship between grey-matter thickness and tic scores

The relationship between TS symptom severity and grey matter
thickness was then examined, by looking for clusters where there was a
significant positive or negative correlation between thickness and motor
and phonic tic scores. Phonic and motor tic scores were examined
separately because some of the cortical areas used to produce these tics
differ. For example, there may be a correlation between phonic tic scores
and the thickness of grey matter in the language centres of the brain that
may not be apparent when looking at just motor tic scores or a combined
score of motor + phonic tics. As can be seen in Tables 3.5 -3.8 and Figures
3.4 and 3.5, there were widespread regions of grey matter thickness that

correlated significantly with tic scores.
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Table 3.5. Clusters where grey matter thickness has a significant negative

correlation with motor tic scores (p<0.005).

Value Cluster MNI coordinates Label
(-log(10)p) | size x y z
(mm?)
-5.1644 333.32 | -38.6 | -31.6 52.8 | left post central gyrus (S1)
-4.0196 230.6 24.0 0.9 58.5 | right superior frontal gyrus
-3.843 383.79 39.3 15.0 | -46.5 | left temporal pole
-3.7053 70.1 -3.5 41.3 | -31.7 | left frontal medial cortex
-3.4841 287.17 | -46.7 8.6 2.3 | left central opercular cortex
-3.3922 323.07 | -37.7 19.1 30.8 | left middle frontal gyrus
-3.3268 243.07 42.2 | -91.2 0.9 | right occipital pole
-3.3014 239.26 | -43.8 5.5 41.7 | left precentral gyrus (M1)
-3.192 400.14 -5.4 37.5 6.7 | left anterior cingulate gyrus
-3.1187 111.78 60.3 | -59.1 | -15.8 | right inferior temporal gyrus
-3.1038 46.24 -8.5 | -48.5 75.4 | left post central gyrus (S1)
-3.0721 64.38 | -41.2 | -63.2 51.8 | left superior lateral occipital
cortex
-3.0569 65.39 | -45.2 | -66.0 13.7 | left inferior lateral occipital cortex
-3.0255 311.11 47.8 | -69.9 -5.7 | right inferior lateral occipital
cortex
-3.0129 58.29 | -39.2 -9.5 45.1 | left precentral gyrus (M1)
-2.978 101.78 23.1 | -77.6 -6.5 | right occipital fusiform gyrus
-2.9567 55.36 -6.4 | -67.9 35.3 | left precuneus cortex
-2.7639 48.84 22.7 | -56.8 24.2 | right precuneus cortex
-2.7413 75.46 39.7 17.6 | -10.8 | right insular cortex
-2.6797 43.88 43.1 | -66.7 15.2 | right inferior lateral occipital
cortex
-2.6463 81.73 | -29.7 20.6 | -25.2 | right frontal orbital cortex
-2.628 135.27 | -21.4 28.7 45.6 | left superior frontal gyrus
-2.6074 59.93 | -43.3 | -84.1| -11.4 | left inferior lateral occipital cortex
-2.585 42.87 | -48.1 | -28.3 35.8 | left post central gyrus (S1)
-2.5668 61.81 45.1 2.3 43.8 | right precentral gyrus (M1)
-2.5176 48.61 | -63.6 | -31.5 32.0 | left anterior supramarginal gyrus
-2.4573 38.38 | -28.1 10.7 52.8 | left middle frontal gyrus
-2.4301 35.79 58.1 11.7 26.0 | right precentral gyrus (M1)
-2.4214 40.11 51.3 | -48.9 10.6 | right middle temporal gyrus
-2.392 21.82 35.6 | -47.0 57.1 | right superior parietal lobule
-2.3345 35.12 | -30.0 1.7 | -45.6 | left fusiform gyrus
-2.3326 82.03 | -24.6| -61.4 38.1 | left superior lateral occipital
cortex
-2.3251 33.87 | -32.1| -75.2 24.5 | left superior lateral occipital

cortex
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Table 3.6 Clusters where grey matter thickness has a significant positive

correlation with motor tic scores (p<0.005).

Value Cluster MNI coordinates Label
(-log(10)p) | size X y z
(mm?)
2.4504 28.06 7.6 21.5 | -25.4 | left lingual gyrus
2.5537 71.22 | -12.2 | -67.0 3.1 | right subcallosal cortex

Left
Hemisphere

Right
Hemisphere

-~ «,'ﬂ \
? 1 \\:‘

-5.00 -2.50  0.00 2.50 5.00

Figure 3.4: Clusters where grey matter thickness is significantly correlated
with motor tic scores (blue=negative correlation, orange=positive

correlation).
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Table 3.7. Clusters where grey matter thickness has a significant negative

correlation with phonic tic scores (p<0.005).

Value Cluster MNI coordinates Label
(-log(10)p) | size x y z
(mm2)
-3.496 174.14 | -20.5 -0.3 52.3 | left superior frontal gyrus
-3.2289 101.22 | -55.3 | -35.2 30.3 | left anterior supramarginal gyrus
-3.177 176.84 15.0 64.0 15.8 | right frontal pole
-2.8233 5.17 | -21.2 | -20.2 | -30.6 | left anterior parahippocampal
gyrus
-2.72 16.11 | -32.3 | -43.8 43.0 | left superior parietal lobule
-2.5334 38.77 | -24.2 41.2 17.7 | left frontal pole
-2.517 62.14 | -12.1 61.4 19.4 | left frontal pole
-2.5038 52.67 | -59.7 4.7 33.7 | left precentral gyrus (M1)
-2.4943 50.1 44.4 46.4 | -22.1 | right frontal pole

Table 3.8. Clusters where grey matter thickness has a significant positive

correlation with phonic tic scores (p<0.005).

Value Cluster MNI coordinates Label
(-log(10)p) | size x y z
(mm2)
3.8273 254.58 23.0| -69.3 35.4 | right superior lateral occipital
cortex
3.6445 129.92 | -20.4 | -57.9 -1.7 | left lingual gyrus
3.1657 198.92 | -13.7 | -93.7 -5.0 | left occipital pole
2.92 53.85 15.1 | -40.4 80.3 | right postcentral gyrus (S1)
2.7837 53.18 | -64.8 | -45.9 -8.4 | left middle temporal gyrus
2.7714 102.61 42.8 | -53.9 | -21.6 | right temporal occipital fusiform
cortex
2.7391 42.36 30.3 | -39.2 60.2 | right superior parietal lobule
2.6772 89.21 35.0 | -28.5 72.4 | right postcentral gyrus (S1)
2.5632 36.76 | -24.7 | -54.9 -5.1 | left lingual gyrus
2.5042 20.39 | -63.6 -6.1 10.8 | left postcentral gyrus (S1)
2.4804 53.79 | -22.3 | -64.2 11.3 | left intracalcarine cortex
2.4345 33.97 -5.4 28.3 | -33.3 | left frontal medial cortex
2.3786 25.37 37.9 | -56.1 46.3 | right angular gyrus
2.3196 105.81 | -13.9| -76.8 -8.1 | left lingual gyrus
2.3109 35.61 459 | -21.7 64.2 | right postcentral gyrus (S1)
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Figure 3.5: Clusters where grey matter thickness is significantly correlated
with phonic tic scores (blue=negative correlation, orange=positive

correlation).

3.6 Discussion

The results from this assessment of cortical grey matter thickness
showed that there are widespread regions of alterations to the
development of cortical grey matter associated with TS. For clarity, I will
assess the results by splitting them into regions: temporal lobe, cingulate
and insular lobe, occipital lobe, parietal lobe, sensorimotor cortices, and

prefrontal cortex.
Temporal lobe

The TS group has significantly decreased grey matter thickness in
the fusiform cortex and gyrus, and the inferior region of the temporal
gyrus compared to the typically developing control group (Table 3.2).
There is also a significant negative relationship between motor tic scores

and grey matter thickness in the left fusiform gyrus and right inferior
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temporal gyrus (Table 3.5). This means that those individuals furthest
away from the control group, with lower grey matter thickness in the
fusiform cortex and the inferior temporal gyrus have the most motor tic
symptoms. This negative relationship is also reported in the left temporal
pole, although the groups do not differ in grey matter thickness in this

area.

The TS group has significantly increased grey matter thickness in
the right middle temporal gyrus and planum temporale compared to the
control group (Table 3.1). There is also a negative relationship between
grey matter thickness in the right middle temporal gyrus and motor tic
scores, which suggests that increased grey matter in this area is related to
lower motor symptom severity. However, there is a positive relationship
in grey matter thickness of the left middle temporal gyrus and phonic tic
scores, suggesting that in the left hemisphere, increased grey matter of the
middle temporal gyrus is related to more severe phonic tics. This may be
partly related to the left hemisphere’s language dominance (Vigneau et al.,

2006).

Occipital lobe

The results of the cortical thickness analysis revealed many
occipital lobe alterations in young people with TS, and some of these were
related to tic symptom severity. These include reduced grey matter in the
inferior and superior lateral occipital cortex, which increases with age in
the TS group, but not the control group, and has a negative relationship
with motor tic scores. However, it is difficult to determine in this small,
cross-sectional sample whether those older individuals with TS had
thicker occipital cortices to begin with, or if they have failed to decrease
the grey matter thickness in such areas with development, leading to the

positive age-thickness correlation.
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The bilateral occipital poles are significantly increased in the TS
group, and this increase in grey matter thickness has a negative
relationship with motor tic scores on the right and a positive relationship
with phonic tic scores on the left. However, other than abnormal
oculomotor responses, which have been reported to be impaired
(Mostofsky et al.,, 2001; Munoz, LeVasseur & Flanagan, 2002), or enhanced
(Tajik-Parvinchi & Sandor, 2011; Jackson et al., 2007) in people with TS,
there is very little evidence of visual attention deficits or enhanced visual
processing in TS. Indeed, oculomotor responses have been related to
motor areas that control eye movements, not to the visual processing
areas of the occipital lobe. It is therefore unclear of how alterations of the
grey matter structure in the occipital lobe relate to tic production or
control. One possible theory, outlined by Peterson et al. (2001), is that
regions in the lateral occipital lobe involved in attention form part of an
inhibitory control network, along with prefrontal cortex and parietal
regions, that is activated to suppress tics. Having a thicker lateral occipital
cortex did relate to less severe motor tic symptoms, and this area tended
to thicken with age for the TS group, which does suggest its development
has some role in tic reduction. However, this theory would be better
supported by increased grey matter in the lateral occipital cortex for the

TS group, which is not what was observed in the current analysis.

Parietal lobe

Firstly, the TS group have significantly decreased grey matter
thickness in the left precuneus cortex (Table 3.2), and this area increases
with age for the TS group, and decreases with age for the control group
(Table 3.4). There is also a negative relationship between grey matter
thickness in bilateral precuneus cortex and motor tic scores (Table 3.5).
Alterations in this area could be related to its connectivity to the thalamus,
striatum and sensorimotor regions of the SMA, premotor cortex and S1

(Cavanna & Trimble, 2006).
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The TS group also have decreased grey matter in the left angular
gyrus (Table 3.2), although there is no relationship between this region
when age is taken into account, nor is there a relationship with motor tic
scores. There is, however, a positive relationship between the grey matter
thickness of the right angular gyrus and phonic tic score (Table 3.8).
Alterations in the angular gyrus may be because of this area’s associated
role with language processing, which could be why it is related to phonic
but not motor tics (Vigneau et al., 2006). Furthermore, there is a negative
relationship between both motor and phonic tics for another area of the
inferior parietal lobule associated with language processing: the left
anterior supramarginal gyrus, although this area is no different grey
matter thickness to the control group. Both of these regions have
multimodal input from sub-cortical structures and cortex, including the
insula, caudate, prefrontal cortex, parahippocampal gyrus and precuneus.
They are thus thought to integrate multisensory information to aid in
problem solving, orient attention appropriately, and manipulate mental

representations (Seghier, 2013).

The left superior parietal lobe gets thicker with age for the TS
group, and gets thinner with age for the control group (Table 3.4). There is
a negative relationship between phonic tic scores and grey matter

thickness in this area (Table 3.7).

Insular & limbic lobe

Although there were no absolute differences between the TS group
and control group in the insular lobe, there was age-related alterations in
the right central opercular cortex (Table 3.4). Motor tic scores were also
found to have a negative relationship with grey matter thickness in the left
central opercular cortex and the right insula cortex. This could relate to
the insula’s role in the urge-for-action network, which could account for
the premonitory sensations that can occur before a tic (Jackson et al,,

2011b).
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For the limbic lobe, the left anterior cingulate gyrus increases with
age for the TS group, and decreases with age for the CS group (Table 3.7),
and has a negative relationship with motor tic scores (Table 3.5). This
suggests that this region increases (or fails to decrease) in size as young
people with TS go through adolescence, and that those who develop the
largest anterior cingulate gyrus also have the least amount of motor tics.
This area has multiple outputs, including: lateral prefrontal cortex,
anterior insula, premotor cortex, and the amygdala, and is thought to be
involved in working with the dorsolateral prefrontal cortex to resolve
conflict in tasks that require cognitive control (Carter & Van Veen, 2007).
Therefore this area could be increasing in size with TS group with age
because it may be engaged in active tic-suppression, and develops larger
as a consequence of years of tic-supression. Indeed, those subjects with
the least severe tics also had the thickest cortex in the left anterior
cingulate. The cingulate also has been implicated in the urge-for action
network, so alterations in this region may also relate to premonitory urges

(Jackson et al,, 2011b).

Primary motor and somatosensory cortices

The TS group have significantly reduced grey matter thickness
compared to the control group in the left primary motor cortex (M1), and
the right primary somatosensory cortex (S1). There is a negative
relationship between grey matter thickness of bilateral M1 and motor tic
score, and left M1 and phonic tic scores. This suggests that having reduced
grey matter in M1 is related to more severe tics, in agreement with
findings from Sowell et al.,, (2008), Fahim et al,, (2010) and Worbe et al,,
(2010). The findings from S1 are not so easily interpreted. Left S1 has a
positive relationship with age in the TS group, that is the opposite in the
control group. Left S1 also has a negative relationship with motor tic
scores, again in line with previous findings (Sowell et al., 2008; Fahim et

al, 2010; Worbe et al., 2010). However, bilateral S1 has a positive
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relationship with phonic tic scores, meaning that more severe phonic tics
are associated with thicker primary somatosensory cortex. The core
findings from the sensorimotor cortices are in line with past research and
support the theory that cortical thinning in these areas relates to more
severe motor tics (Sowell et al., 2008; Fahim et al., 2010; Worbe et al,,
2010).

Prefrontal cortex

For the prefrontal cortex, not only is bilateral frontal pole
significantly reduced compared to the control group, and this reduction is
related to increased phonic tics, but the TS group also have significant
increases in the grey matter volume of the frontal pole with age, where the
control group have the opposite (Table 3.4). This result concurs with the
hypothesis that prefrontal cortical volume increases, rather than
decreases with age in TS to and is related to a reduction in tics (Marsh et
al,, 2008). However, this is not the full story. If young people with TS
develop increased frontal lobe volumes because of attempted control of
tics, you would expect for this increase to be apparent at the group level,
where what is actually observed is a significant reduction in grey matter
volume in bilateral frontal pole. This suggests that although grey matter
thickness is increasing with age in the TS group, it is not reaching the
volume of the average typically developing control. As past research has
indicated grey matter thickness decreases with age in typically developing
adolescents (Lebel et al., 2008; Giorgio et al., 2010; Kochunov et al,, 2011),
and this sample is cross-sectional, it could be that the older members of
the TS sample have not reduced their grey matter thickness in this area,
whereas the older members of the control group have. Therefore, it is
more likely that this positive relationship between cortical thickness and
age in the TS group represents a failure to decrease grey matter thickness,
rather than an actual increase in grey matter with age. Longitudinal data

could determine whether this is the case.
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Furthermore, the region of the prefrontal cortex known as the
frontal orbital cortex decreases with age for the TS group in the left
hemisphere, but still has a negative relationship with motor tics in the
right hemisphere. However, the TS group has significant increases with
age in the grey matter thickness in sections of 2 other regions of prefrontal
cortex; the superior frontal gyrus and the middle frontal gyrus (Table 3.4).
Increased grey matter thickness in the superior frontal gyrus bilaterally
and the left middle frontal gyrus is related to reduced motor and phonic tic
scores, in line with the pre-frontal control hypothesis (Marsh et al., 2008;

Plessen, Bansal & Peterson, 2009).

Conclusion

Typically developing adolescents go through a period of synaptic
pruning, which results in thinner sensorimotor cortical grey matter
(Huttenlocher, 1984; Giedd et al., 1999; Giorgio et al., 2010). Although it is
unlikely that it is a reduction in synapses per se that reduces grey matter
thickness (Bourgeois & Raki, 1993; Paus, Keshavan & Giedd, 2008).
Instead, a reduction in synapses would lead to a reduction in metabolic
demand, so the reduced grey matter thickness could be due to a reduction
in glial cells, or vascular restrictions (Paus, Keshavan & Giedd, 2008).
Furthermore, increased myelination of the axons of useful connections
would lead to some voxels that were previously classified as grey matter
in a T1 weighted MRI to be classified as white matter, which, in itself,
would decrease measures of grey matter thickness (Paus, 2008). It is
currently unknown what exactly grey cortical matter thinning relates to, it
is likely to be a combination of reduced metabolic demand and increased
myelin, which develop in adolescence to streamline the flow of

information (Paus, 2008).

There are widespread alterations in grey matter thickness in young
people with TS. For the purposes of this thesis the findings in the

sensorimotor and prefrontal cortex are of most interest. The findings from
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the pre-frontal cortex are inconclusive, with both increased and decrease
volume relating to tic symptom severity in different sections. However,
there is no doubt that there are structural changes in this region, but the
role of these alterations is unclear. In the previous chapter I reported
there were no between group differences in the callosal white matter from
the pre-frontal cortex, and no relationship between the structural integrity
of this tract and symptom severity. There was, however, a relationship
between tic scores and the structural integrity of callosal white matter
projecting from bilateral M1, so motor and pre-motor cortex will continue

to be the main focus of this thesis.

In line with past research, the findings presented in this chapter
show that adolescents with TS have reduced grey matter volumes in the
sensorimotor cortices, and that the thinner these areas are, the more
severe the tic symptoms are. Sowell et al. (2008) explained this finding as
evidence for cortical thinning in sensorimotor regions to be part of the
pathogenesis of TS. However, it could also be thought of as a
developmental consequence of long-term tics. If the sensorimotor cortex
were constantly receiving inappropriate stimulation from the striatum it
would be in a state of heightened excitability and require less input to
produce a response. It stands to reason that people with TS would prune
earlier, and to a greater extent than typically developing adolescents,
because of the excess input. They therefore may reduce the number of glial
cells due to decreased metabolic demand, and myelinate these over-
stimulated pathways earlier than their neuro-typical peers. Those
individuals with more tics are likely to have more input to sensorimotor
regions than those with less severe tics, and would hence might prune to a
greater extent, which would explain the negative relationship between
grey matter thickness and tic scores. In the following chapter [ will
consider the functional consequence of cortical thinning in the primary
motor cortex, and explore cortical excitability of M1, using Transcranial

Magnetic Stimulation.
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Chapter 4: Cortical Excitability in Tourette Syndrome

Measured by Transcranial Magnetic Stimulation

4.1 Introduction

The previous chapters have shown structural changes in M1 in
adolescents with TS that relate to clinical symptoms. The DTI probalistic
tractography showed that more inter-hemispheric connectivity through
the corpus callosum of bilateral M1 is related to having more severe motor
tics. The cortical thickness analysis showed that cortical thinning in M1
was related to more severe symptoms. Although these findings may at first
glance, appear contradictory, they concur with normal brain development,
i.e. increased FA occurs alongside decreased cortical grey matter during
aging of typically developing young people (Kochunov et al., 2011). This
means that the subjects with more severe tics would look more like an
older population of typically developing individuals than like their age-
matched peers. This suggests that individuals with severe TS might go
through developmental changes in certain brain structures earlier, and
perhaps to a greater extent, than typically developing individuals. As
changes in white and grey matter occur alongside the development of
cognitive abilities, discussed in detail in Chapter 2, it is likely that
structural changes in people with TS may develop because of striving to
control tics. Changes in brain structure are likely to lead to, or perhaps be
the result of, functional changes in the affected area. In this chapter [ will
investigate functional changes in the excitability of M1 using transcranial

magnetic stimulation.

4.2 Transcranial Magnetic Stimulation

Transcranial Magnetic Stimulation (TMS) is a technique that can be
used to measure the excitability of a region of cortex. TMS involves placing
an electro-magnet (coil) onto the scalp of a subject and delivering a very

brief magnetic pulse. This magnetic pulse, if administered at a high enough
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intensity, will induce a current in the brain tissue directly below the coil. If
TMS is delivered to M1, this current induces axon potentials in cortical
neurons, which, through synaptic transfer, excite pyramidal neurons that
synapse with spinal alpha motoneurons and cause a response in the
muscles of the body. Which muscles respond depends on which section of
M1 was stimulated. The excitability of the motor cortex can be estimated
by the size of the muscle response to the stimulation. This motor evoke
potential (MEP) can be recorded using surface electrodes placed on the

target muscle.

Single and paired-pulse Transcranial Magnet Stimulation (TMS) has
been used on a single site, left hemisphere primary motor cortex, to
measure intracortical excitability in Tourette Syndrome (Ziemann et al.,
1997; Moll et al., 1999; Gilbert et al., 2004; Orth et al.,, 2005; Gilbert et al.,
2005; Gilbert et al., 2007; Orth et al., 2008; Orth & Rothwell, 2009; Hiese et
al,, 2010). Resting and active motor thresholds are the most basic measure
of cortical excitability. Resting motor threshold represents the intensity of
a single pulse of TMS from a coil positioned on a motor “hotspot” (i.e. a
position over M1 that produces the largest response from a particular
target muscle, often the first dorsal interosseous (FDI) hand muscle) to
produce a motor evoked potential (MEP) of a certain amplitude whilst the
muscle is at rest (Rossini et al,, 1999). Intuitively, active motor threshold
represents the same thing but is measured whilst the muscle is in an active
state (e.g. whilst applying constant pressure to a solid object held between
thumb and index finger). It is thought that motor threshold represents the
excitability of the corticospinal projections from M1 to the targeted muscle
through the direct stimulation of corticospinal fibres by TMS and by the
stimulation of cortico-cortical fibres that have glutamatergic synapses
with corticospinal tracts (Ziemann, 2013). Evidence for this theory comes
from the finding that ketamine, an NMDA receptor antagonist that
increases glutamate neurotransmission indirectly, decreases the motor
threshold, i.e. increasing glutamate release increases motor cortical

excitability (Di Lazzaro et al., 2003). As such, the MEP amplitude is a
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measure of the fraction of corticospinal neurons activated by TMS and

increases with increased stimulus intensity (Rossini et al., 1999).

Neuronal excitability can also be estimated using a paired-pulse
TMS paradigm known as intracortical facilitation (ICF). ICF is observed
when a sub-threshold pulse is delivered 7-20ms before a supra-threshold
pulse, and results in an increased in MEP amplitude to the second pulse
compared to an unconditioned supra-threshold pulse of the same
intensity. Although ICF is an excitatory paradigm, it is likely to be
mediated by both glutamatergic and GABA-ergic neurotransmission, as it
is a result of increased facilitation and decreased inhibition (Paulus et al.,
2008). As such, the ICF effect can be reduced by administering
Benzodiazepines, which are positive modulators of GABAa receptors
(Ziemann et al., 1996b), and increased by positive modulators in the

Norepinephrine system (Gilbert et al., 2006).

Short interval intracortical inhibition (SICI) and long interval
intracortical inhibition (LICI) are paired-pulse TMS paradigms that
provide an indirect estimate of GABAa and GABAg activity respectively.
The standard procedure for SICI involves delivering a sub- motor
threshold pulse to the motor hotspot 2-5ms before a supra-threshold
pulse and measuring the MEP response to the second pulse. The target
muscle is kept at rest through the procedure and the average MEP
amplitude to conditioned trials is compared to the average MEP amplitude
to a single (unconditioned) supra-threshold pulse of the same intensity. It
is thought that the conditioning sub-threshold pulse activates a low
threshold inhibitory circuit, probably by stimulating GABA-ergic
interneurons, which inhibits the action potential of some corticospinal
neurons, leading to a smaller response to the second supra-threshold
pulse (Ziemann, 2013). Administering a GABAA receptor agonist can
increase the SICI effect (Paulus et al., 2008). This is evidence that the SICI
effect is largely a reflection of GABAA synaptic activity, and corticospinal

responsiveness to TMS.
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A LICI paradigm is similar to the SICI paradigm but both pulses are
above threshold and delivered with an inter-stimulus interval (ISI) of 100-
150ms. As a LICI effect is observed at such a large range of ISIs it is
thought that it results from slower inhibitory processes mediated by the
GABAg receptor activity, a mechanism distinct from that of SICI (Zieman,
2013). McDonnell et al. (2006) demonstrated that administering a GABAg
receptor agonist to subjects could increase the LICI effect, which supports
the claim that the LICI effect is a reflection of GABAg synaptic activity.
GABA is an inhibitory neurotransmitter, so LICI paradigm typically causes
areduction in MEP size compared to a single (unconditioned) supra-
threshold pulse of the same intensity. As with SICI, the LICI effect is
usually quantified by calculating the percentage change in average MEP
amplitude to a conditioned pulse of TMS compared to the average MEP

amplitude to an unconditioned pulse of the same magnitude.

4.3 Altered Cortical Excitability in TS

TMS has been used to investigate cortical excitability and inhibition
in both adults and children with TS. For example, Orth and Rothwell
(2009) have reported increased active and resting motor thresholds in
adults with TS compared to a neuro-typical control group. This suggests
there may be subtle increases in cortical excitability as a consequence of
TS. However, several other studies have reported no difference in motor
threshold between TS subjects and neuro-typical controls (Ziemann et al.,
1997; Moll et al., 1999; Moll et al,, 2001; Orth et al., 2005). Resting and
active motor thresholds may not be the most sensitive measure of changes
in cortical excitability that may relate to TS. Paired-pulse TMS paradigms
can provide more specific information about the balance between

excitation and inhibition in cortex.
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As such, some studies have reported that subjects with TS have
reduced SICI effects compared to control groups (Orth & Rothwell, 2009;
Orth etal., 2008; Orth et al,, 2005a; Moll et al,, 2001; Ziemann et al., 1997)
and increased ICF effects (Orth & Rothwell, 2009). These findings have
been used as evidence that people with TS have increased excitability in
motor cortical areas because of increased, dysfunctional input from the
striatum, which is exacerbated by a reduction in local inhibition, as
evidenced by the reduced SICI effect. However, other studies have
reported no differences between subjects with TS and control groups in
SICI (Moll et al., 1999). Furthermore, the increased ICF result was only
apparent in a sub group who had a diagnosis of co-morbid ADHD and may
be related to ADHD rather than TS (Orth & Rothwell, 2009). The reduced
SICI effect was also more strongly apparent in subjects with co-morbid
ADHD, and related to ADHD symptom severity (Moll et al., 2001; Gilbert et
al,, 2004; Gilbert et al., 2005; Gilbert et al., 2007).

This highlights a problem in drawing meaningful conclusions about
TS when using samples with co-morbid disorders. Although the reduced
SICI effect in TS has been reproduced using different samples, suggesting
that this effect is robust (even if it is also related to a diagnosis of ADHD),
it is important to take co-morbid disorders into account when interpreting
results. Furthermore, the inconclusive findings in the Tourette’s TMS
literature may also be due to differences in the age of the samples. Some
studies include just children with TS (Moll et al.,, 1999; Moll et al., 2006;
Hiese et al., 2008), some just adults (Baumer et al,, 2010; Heise et al., 2010;
Orth et al,, 2005), and some a mixed sample of adults and children with TS
(Gilbert et al., 2004; Orth et al., 2008). As around 80% of children with TS
become largely tic-free by adulthood (Leckman et al.,, 1998) it is likely that
the neurological profile of those who continue to have debilitating tics into
adulthood is different to children with TS. Therefore it is useful to look at

adult samples and child samples separately.
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Inter-hemispheric influence has been examined in subjects with TS
using dual-site paired-pulse TMS (Baumer et al. 2010; Jackson et al.,
2012). This was measured by delivering a conditioning pulse of TMS to
one hemisphere’s hand area of M1 and a test pulse to the contra-lateral
hemisphere’s hand area of M1 and recording the MEP to the test pulse.
The test-pulse MEP was then compared to MEPs from unconditioned test
pulses and the resulting change in MEP amplitude was taken as a measure
of inter-hemispheric influence. Baumer et al. (2010) reported that adults
with TS have reduced right-to-left inter-hemispheric influence compared
to controls, i.e. their MEP amplitudes did not increase to the same extent
as the controls when a conditioning pulse was delivered to the right
hemisphere ahead of a test pulse to the left hemisphere. They also used
DTI to quantify the connectivity between both M1s through the corpus
callosum. Baumer et al. report a relationship between callosal FA and
inter-hemispheric influence in the control group, that is not present in the
TS group. They suggest the TS group have altered inter-hemispheric
connectivity of M1, which agrees with my DTI findings from Chapter 2.
Jackson et al. (2012) supported this finding by showing the MEP
amplitudes were modulated to a greater extent in the dual site condition
compared to the single site condition for the control group. However, the
difference between groups in the study did not reach statistical
significance. It is important to note that Jackson et al. (2012) used a dual
site paired-pulse paradigm during a manual task where Baumer et al.
(2010) were measuring inter-hemispheric influence at rest. This may
explain why Jackson et al.’s (2012) findings did not reach statistical

significance.

TMS can also be used to measure the change in cortical excitability
whilst the subject is engaged in an active task. Heise et al. (2010)
investigated the modulation of excitability of the motor cortex during the
preparation of a voluntary movement using TMS. Eleven adults with pure
Tourette syndrome and eleven age-matched controls were asked to move

their right index finger as quickly as possible when a ‘GO’ signal appeared.
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The hand area of M1 was stimulated during 6 different time points
between the ‘GO’ signal and the onset of movement. These time points
were set to equal steps between 40% and 100% of each individual’s
reaction time. Single or paired pulse TMS was used. In the paired pulse
condition a conditioning pulse was applied at 80% of motor threshold
with an ISI of 3ms to evaluate short-interval intracortical inhibition (SICI),
and 10ms to evaluate intracortical facilitation (ICF). EMG activity was
recorded from the FDI muscle. In the unconditioned pulse condition
subjects with TS had less of an increase in motor evoked potential (MEP)
amplitude at the third, fourth and fifth time points compared to controls.
In the SICI condition subjects with TS had less inhibition than controls at
the first time point, but followed the same patterned for all other time
points. In the intracortical facilitation condition subjects with TS and
controls were comparable. However, during the late pre-movement phase
modulation of excitability was correlated with reaction time for subjects
with TS but not controls. The authors conclude that subjects with TS have

a more disinhibited and excitable primary motor system.

However, this result could also be interpreted as the TS group
reducing their levels of excitability in the pre-movement period in order to
successfully complete a volitional movement. This is because the TS group
does not have the same increase in MEP amplitude during the last time
periods that the controls show in the single pulse condition, which
suggests they are inhibiting M1 to such an extent that the usual
modulation of (or gain in) excitability does not occur. Furthermore, in the
SICI condition the TS group increase their GABAx levels as they get closer
to movement onset, until they reach a similar level to the controls. This
suggests that GABA-ergic inter neurons are more active in the period
directly preceding movement onset, suggesting that people with TS
increase their inhibitory response in M1 in order to successfully engage in
a voluntary action. This may be an adaptation that allows for the
suppression of tics in order to complete a desired movement. Jackson et

al. (2012) also demonstrated reduced MEP amplitude in subjects with TS
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compared to controls during the pre-movement period, this time in an

inter-manual conflict task.

In this chapter I will give details of two TMS studies I conducted
with subjects with TS and their matched control subjects. The first
experiment used a GO / NO GO task and single pulse TMS to evaluate
cortical excitability in the pre-movement period. The second experiment
used 3 paired pulse TMS paradigms to measure cortical excitability at rest.
The aim of these experiments was to investigate functional differences in
M1 that are related to TS; i.e. if the circuits of excitation & inhibition are
functioning the same as typically developing subjects of the same age, both
atrest and in an active task. Heise et al. (2010) have demonstrated that
there is a reduction in cortical excitability preceding a volitional
movement in adults with TS, I investigated if these mechanisms of task-
related increased local inhibition are already apparent in adolescents with

TS, and importantly, how this relates to symptom severity.

4.4 Experiment 1: Subjects

10 adolescents (aged 11-20 years, mean age 15.3 years) with a
diagnosis of Tourette syndrome took part in this study. 10 age and gender-
matched (1 female, 9 male, mean age 15.3 years) typically developing
adolescents acted as a control group. Controls were matched one-to-one to
a subject with TS of the same gender and within 6 months of the same age.
Tic symptoms were measured on the day of testing using the Yale Global
Tic Severity Scale (Leckman et al., 1989). Two subjects had a diagnosis of
co-morbid Obsessive Compulsive Disorder and one had a diagnosis of

Attention Deficit Disorder. Details of TS subjects can be seen in Table 4.1.
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Table 4.1: Clinical characteristics of subjects with Tourette Syndrome that took part in TMS experiment 1 (note: YGSS = Yale Global Tic

Severity Scale).

ID Age Gender | YGSS | Motor tic scores Phonic tic scores Co-morbitity Medication
TS006 20 M 40 14 16 - Clonidine
TS018 17 M 22 12 0 ADD Clonidine
TS028 17 F 41 10 11 0oCD -

TS071 12 M 33 15 13 0oCD -

TS013 17 M 47 11 6 - -

TS067 17 M 29 14 0 - Clonidine
TS069 11 M 24 14 5 - -

TS074 12 M 33 14 9 - -

TS034 14 M 25 7 8 - -

TS062 16 M 65 24 21 - Citalopram




4.5 Experiment 1: Transcranical Magnetic Stimulation Procedure

A Magstim Rapid 200 TMS monophasic stimulator unit (Magstim
Ltd., UK) with a 70mm figure of 8 coil was used to deliver a single pulse of
TMS to the left motor cortex. The coil was positioned over the motor
hotspot for the first dorsal interosseous (FDI) muscle of the right hand.
The motor hotspot was found by a trial and error process that involved
delivering a single TMS pulse in various likely locations until an optimal
muscle twitch was observed consistently. The coil was held securely in
place by a mechanical arm and the position continuously observed and
corrected for any movement between trials by the experimenter. Resting
motor threshold (RMT) was estimated using an adapted PEST procedure
(T.M.S. Motor Threshold Assessment Tool, as described in Brockardt et al.,
2006) and was defined as the lowest intensity to produce a visually
observable twitch in the FDI muscle while the hand was at rest. The
estimated RMT was checked and accepted if it produced a muscle twitch in
5 out of 10 consecutive trials. TMS pulse intensity was set to 110% of RMT

throughout the experiment.

Single-use ECG electrodes (Covidien™, 2011) with a 5mm diameter
were positioned in a belly-tendon configuration, with the active electrode
positioned on the centre of the FDI muscle and the reference 2cm above it
on the tendon of the right hand. A ground electrode was positioned on the

right wrist.

4.6 Experiment 1: Experimental Procedure

Subjects were seated with their head resting comfortably in a chin
rest positioned 50cm away from a 17inch monitor that displayed the
stimuli.

They completed a standard GO/NO GO motor task. On GO trials subjects
pushed a button with their right index finger in response to a green 4cm

diameter circle on a grey background. A red circle indicated a NO GO trial
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and subjects withheld a response. Trials were presented in a pseudo-

random order, with one NO GO stimulus appearing in a random position in

every block of 6 trials. Each trial was terminated either by a response or

automatically after 2 seconds. During the inter-stimulus interval a grey

background was displayed for 5 seconds. The experiment was coded and

run using the Cogent Graphics toolbox in Matlab (Mathsworks).

Subjects completed an initial block of 36 trials to practice the task

and to obtain an estimate of each individual’s median reaction time.
During the 120 experimental trials this median reaction time was re-
calculated every 6 trials to control for any change in average response
latency. A single TMS pulse was delivered at 25%, 50% or 75% of the
median reaction time after stimulus onset. TMS was triggered
automatically from a laptop running Matlab via a National Instruments
Data Acquisition Device, which also relayed inputs from the button box
back to the computer. Electromyography (EMG) data was recorded on
each trial for 3 seconds following stimulus onset in Matlab via a G-Tech
g.USB Biosignal Amplifier (g-tech, 2009) with a sampling frequency of
1200Hz.

4.7 Experiment 1 Results: Between-group differences in performance

Independent t-tests revealed no significant difference between the

TS group and the control group for accuracy on NO GO trials (TS mean =
18% inaccurate, SD= 15, CS mean = 22% inaccurate, SD=14, t(18)=1.2,
p>0.1) or reaction time on GO trails (TS mean = 0.49sec, SD= 0.18, CS
mean = 0.46sec, SD=0.11, t(18)=1.04, p>0.1). Resting motor thresholds
also did not differ significantly between groups (TS mean = 67.2% of
maximum stimulator output, SD=5.0, CS mean = 66.4% of maximum
stimulator output, SD=8.0, t(18)=0.87, p>0.1). NO GO trials in which an
erroneous response was made were identified and excluded from MEP

amplitude analyses.
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4.8 Experiment 1 Results: Change in MEP amplitude during the pre-

movement period

EMG data was analysed using an in-house built script in Matlab.
MEPs were identified as the signal occurring directly after the
characteristic TMS artefact peak. The peak-to-peak amplitude of the MEP
on each trial was measured. Trials in which the MEP was ambiguous were
excluded. The exact position during the pre-movement period that the
TMS pulse was delivered was calculated for each GO trial and expressed as
a percentage from stimulus onset (0%) to reaction time (100%) for that
particular trial. The data was then binned into 3 categories: TMS delivered
at 0-60%, 61-80% and 81-100% of reaction time. Mean MEP amplitudes
were calculated for each bin and for NO GO trials separately (see Figure

4.1).
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Figure 4.1: Mean MEP Amplitude for each binned condition. Error bars

represent 1 standard deviation.

A 2-way mixed ANOVA (group (TS vs. CS) x period (NO GO, 0-60%,
61-80%, 80-100%)) revealed a significant main effect of period (F(3,
18)=14.8, p<0.0001) and a significant group x period interaction (F(3,
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54)=4.353, p<0.01). Post-hoc within-group t-tests revealed a significant
difference between the NO GO and the 61-80% period (t(9) = -4.501
p<0.05), and between the NO GO and 81-100% period (t(9) =-5.109 p
<0.05) for the control group only. There were no significant differences
between any of the conditions for the TS group. The mean amplitude for

each condition and each group can be seen on Table 4.2.

Table 4.2 Mean and standard deviation of MEP peak-to-peak amplitude for
the Control group (CS) and Tourette group (TS), for each condition.

CS group MEP amp (mV) TS group MEP amp (mV)
Mean SD Mean SD
NO GO 3.3752 2.7877 5.3195 3.8818
0-60% 3.8570 3.6071 5.1389 3.7944
61-80% 5.7848 4.1793 6.2397 3.7933
80-100% 8.2639 45613 6.4866 3.6303

The mean MEP amplitude for NO GO trials was considered as a
baseline measure for each subject. The ratio of baseline amplitude to the
mean MEP amplitude for each period of the GO trials was calculated. This
shows the change in MEP amplitude with time from baseline. As can be
seen in Figure 4.2, the control group shows a greater increase in MEP size
as they approach a movement. A 2-way mixed ANOVA (group (TS vs. CS) x
period (0-60%, 61-80%, 81-100%)) revealed significant main effects of
group (F(1, 18)=5.5, p<0.05) and period (F(2, 18)=16.1, p<0.0001), and a
group x period interaction that approached significance (F(2, 36) =2.9,
p=0.068). Post-hoc between-group t-tests showed the change in MEP
amplitude to be significantly greater for the control group than the TS
group in the 61-80% period (t(18)=-2.77, p<0.05) and the 81-100%
period (t(18)=-1.98, p<0.05). Within-group t-tests showed a significant
difference between all periods: 0-60% vs. 61-80% (t(9) = -4.4, p<0.05), 0-
60% vs. 81-100% (t(9) =-3.5, p <0.05) and 61-80% vs. 81-100% (t(9) = -
2.8 p<0.05) for the control group, but only between 0-60% and 61-80%
for the TS group (t(9) =-3.89, p<0.05).
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Figure 4.2: Change in MEP amplitude from baseline for each binned GO

period. Error bars represent 1 standard deviation.

4.9 Experiment 1 Results: Change in Variability of MEP amplitude in the pre-

movement period

The coefficient of variation was calculated as a measure of
variability in MEP amplitude for each condition that can control for
individual differences in mean MEP amplitude. This was calculated by
taking the standard deviation from the mean MEP amplitude for each
subject and each condition. As shown in Figure 4.3 there was a decrease in
the variability of the MEP amplitude for the periods closest to movement
onset for the control group only. This means that as MEP amplitude was
increasing throughout the pre-movement period, the variability in MEP
amplitude was decreasing for the control but not the TS group (see Figure

4.4).

A 2-way mixed ANOVA (group (TS vs. CS) x period (0-60%, 61-
80%, 81-100%)) revealed a significant main effect of period (F(2, 17)=
4.97, p<0.05) and a significant group x period interaction (F(2, 34)= 3.92,

p<0.05). Within-group t-tests showed a significant difference in variability
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between all conditions: 0-60% vs. 61-80% (t(9) = 2.806 p<0.05), 0-60%
vs. 81-100% (t(9) = 3.241 p < 0.05) and 61-80% vs. 81-100% (t(9) =

2.352 p<0.05) for the control group only. There were no significant

between-group differences or any significant within- group difference

between conditions for the TS group. Mean coefficients of variation for

each condition and each group can be seen in Table 4.3.
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Figure 4.3: Change in the Coefficient of Variation for each period of GO trial.

Error bars represent 1 standard deviation

Table 4.3 Mean and standard deviation of coefficients of variation for each

group and each condition.

CS group coefficient of | TS group coefficient of

variation variation

Mean SD Mean SD
0-60% 0.4709 0.1702 0.3814 0.1703
61-80% 0.3538 0.1775 0.3988 0.2418
80-100% 0.2456 0.1482 0.3560 0.3601

4.10 Experiment 1 Results: Relationship to tic scores

Finally, the relationship between clinical motor tic-scores, as

measured by the YGTSS on the day of testing, and change in excitability
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was investigated. A linear function was fitted to each TS subject’s MEP
amplitude against the position in the pre-movement period that the TMS
pulse was delivered. The slope of this function was taken as a measure of
cortical excitability leading up to movement onset. The steeper the slope,
the larger the increase in MEP amplitude approaching movement. Slope
was plotted against motor tic score. As can be seen in Figure 4.5, the
steeper the slope the lower the motor tic score. This negative relationship

was found to be significant (Pearson’s R=-0.75, p<0.01).
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Figure 4.4: Relationship between motor tic scores from the YGTSS and slope
of linear function of MEP amplitude vs. position in pre-movement period of

TMS pulse delivery for TS Subjects.
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4.11 Summary of Experiment 1

In Experiment 1, the modulation of cortical excitability over the
pre-movement phase was examined in a group of young people with TS
and a matched typically developing control group. This experiment
showed that the TS group as compared to the control group, have
significantly less of an increase in MEP size during the final stage of the
pre-movement phase; the bin containing MEPs to a TMS pulse delivered at
81-100% of reaction time. They also do not show the same pattern of
reduced variability in the MEP response as you approach movement onset
that the control group show. Importantly, task performance and reaction
times did not significantly differ between groups. This suggests that
young people with TS do not increase their cortical excitability before
making a voluntary movement in the same way as the typically developing
population, in line with findings from Heise et al. (2010) and Jackson et al.

(2012).

Klein-Fliigge et al. (2013) investigated the change in the MEP
response in the period preceding the onset of a voluntary action in a group
of typical healthy adults. They report that, as you get closer to movement
onset, the MEP amplitude increases and the coefficient of variability
decreases. The results from the control group in Experiment 1 match this
pattern. Klein-Fliigge et al. suggest that the decrease in variability and
increase in amplitude of the MEP during the later stages of movement
preparation is unlikely to be solely due to changes at the spinal level.
Instead it is likely to be influenced by inputs into M1 from premotor areas
(Klein-Fliigge et al., 2013). Research has shown that inputs to M1 from
other cortical areas have a latency of between 2.4 and 7ms (Di Lazzaro,
Ziemann & Lemon, 2008). Therefore these inputs would be largely

affecting the period closest to movement onset, not the initial response.

If this is the case, the TS group in Experiment 1 may not be showing

the same pattern of results as the control group due to less input from
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premotor areas, such as pre-motor cortex and the SMA, to M1. This could
be because the inhibition in these areas has been increased in order to
interrupt dysfunctional signals from the striatum to control for tics during
the motor task. This model can explain the current results in the following
way: the TS group show the same pattern of results as the control group
during the early stages of movement preparation, then the control group
have inputs from other cortical areas, particularly premotor areas (Klein-
Fliigge et al., 2013), which leads them to show the typical increase in MEP
amplitude and decrease in variability. The TS group, however, could be
receiving much less input from other cortical areas, leading to their MEP
amplitude to remain variable and increase less in the final stages of

movement preparation.

The severity of motor tic symptoms was related to the modulation
of cortical excitability in the pre-movement phase, so that those with the
most severe motor tic symptoms showed the least modulation of their
MEP amplitude. Put another way; those subjects who showed a similar
pattern of cortical excitability as the control group in Experiment 1 tended
to have less severe motor tics. This could be because those individuals
with more severe tic symptoms receive more dysfunctional excitatory
signals from the striatum. They then have to engage in local inhibition of
premotor areas and M1 to a greater extent in order to keep their tics
suppressed so that they can complete the actions that the task required.
This concurs with the idea that increased local inhibition of the
sensorimotor cortex in TS is a reaction to hyper excitability that leads to
tics, which develops to enable voluntary movement (Jung et al., 2013). In
Experiment 2 I investigated cortical excitability in young people with TS at

rest.
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4.12 Experiment 2: Subjects

1 female and 9 male subjects with pure TS aged 12-21 years (mean

age 18.0 £ 3.1 years) took part in this experiment along with 10 age and

gender matched typically developing subjects (mean age 17.8 + 3.4 years).

The YGSS was taken on the TS group on the day of testing. TS subjects with

secondary diagnosis of any disorder, such as ADD, ADHD or OCD were

excluded from this study, due to reported differences in SICI and ICF

effects reported in subjects with such disorders (e.g. Gilbert et al., 2007;
Orth & Rothwell, 2009). Details of TS subjects can be seen on Table 4.4.

Table 4.4 Details of TS subjects that took part in TMS experiment 2.

ID Age | Gender | YGTSS | Motor tic | Phonic Medication
scores tic scores

TS006 | 21.1 | M 45 12 23 -

TS030 | 165 | M 24 12 12 -

TS013 | 17.7 | M 33 16 7 Clonidine

TS069 | 12.0 | M 14 9 5 -

TS002 | 214 | M 8 8 0 -

TS008 | 21.5 | M 19 11 8 -

TS048 | 154 | M 24 12 7 -

TS062 | 17.5 | M 42 21 21 Citalopram

TS085 | 21.2 | F 52 18 19 Citalopram

TS075 | 153 | M 56 18 18 Aripidrazole
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4.13 Experiment 2: Transcranial Magnetic Stimulation Procedure

Paired-pulse TMS was delivered using a Magstim 200 BiStim TMS
system (Magstim Ltd., UK) with a 70mm figure of 8 coil. The coil was
positioned over the motor hotspot for the FDI muscle of the right hand,
angled at 45° from the midline, as in Experiment 1. The coil location was
maintained throughout the experiment via a Brain site neural navigation
system (Rogue Research Inc., Montreal Quebec, Canada). This system
involved using a headband with a tracker attached to the subject’s head,
and a second tracker on the TMS coil. The position of the motor hotspot in
relation to these two trackers was constantly monitored and any
movement of the coil from the optimum position was corrected online by
the experimenter. A mechanical arm was used to hold the TMS coil in
place, and the subjects sat comfortably with their head positioned in a chin

rest. The subjects took regular breaks to stretch to minimise discomfort.

Single-use ECG electrodes (Covidien™, 2011) with a 5mm diameter
were positioned in a belly-tendon configuration as in experiment 1. The
signals were amplified and bandpass filtered (10 Hz- 2kHz, sampling rate
5kHz) and digitalized using Brainamp ExG (Brain Products GmbH,
Gilching, Germany) controlled by Brain Vision Recorder (Brain Products
GmbH, Gilching, Germany). Participants were encouraged to maintain
their hand in a relaxed position on a table directly in front of them. Resting
motor threshold (RMT) was determined as the lowest intensity needed to
yield a MEP response of x50V in the relaxed FDI muscle, in minimum of 5
of 10 trials. RMT was used to set the conditioning pulse. The test pulse was
set to the lowest intensity needed to produce a MEP response of x1mV in 5

out of 10 trials.
Once the motor thresholds had been estimated there were 3 blocks

of trials: a SICI, LICI and ICF paradigm. The order in which these

paradigms were delivered was randomised for each subject to reduce
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order effects. Each paradigm was controlled using an in-house built script
and Matlab software. For SICI the conditioning pulse was set at 50, 60, 70
and 80% of RMT, with 15 trials for each intensity of conditioning pulse,
plus 15 trials of unconditioned test pulses (baseline measure). The inter-
stimulus interval (ISI) was 3ms, after which the test pulse set to the 1mV
threshold was delivered. The paradigm was the same for ICF except the ISI
was 15ms. For LICI there were 15 trials for each conditioning pulse
intensity of 105, 110, 120 and 130% of RMT, with an ISI of 100ms, and 15
unconditioned test pulses. For every paradigm the 75 trials were delivered
in a pseudo-random order. The 15 trials of each conditioning intensity
were split into 3 blocks of 5 trials. The order of the blocks were
randomised. There was a 5 second gap between each trial. If the subject
requested a break the script was paused and then continued when they

were ready.

4.14 Experiment 2: Results

Between-groups t-tests revealed no significant difference between
the TS group and the control group for RMT (TS mean = 45.1 + 6.5% of
stimulator output, CS mean =42.6 * 3.6% of stimulator output, t(18)=1.6,
p>0.1) and 1mV threshold (TS mean = 54.5 *+ 9.6% of stimulator output, CS
mean= 51.6 * 5.4% of stimulator output, t(18)=1.4, p>0.1).

The peak-to-peak MEP amplitude in response to the test pulse was
measured using an in-house built script and Matlab. Each trial was visually
inspected and any trial with evidence of muscle contraction was excluded
from the analysis. On some LICI or SICI trials the MEP to the test pulse was
not evident due to ceiling effects. These trials were also excluded from the
analysis. For each subject the median MEP amplitude was calculated for
each intensity of the conditioning pulse. The median MEP amplitude for
unconditioned trials was also calculated and was considered the baseline.
Each subject’s data was then normalised into a percentage change from

baseline for each conditioning pulse intensity. The mean change in MEP
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amplitude for each conditioning pulse was then calculated for each group.

The results of these can be seen in Figure 4.5 A-C.

As the MEP data was not normally distributed, log transformations were
performed on each individual’'s data before entering it into a 2 (group) x 4
(intensity of conditioning pulse) mixed ANOVA for each paradigm. For the
LICI paradigm, the ANOVA revealed a significant effect of conditioning
intensity (F(2, 17)=6.9, p<0.05), but no significant conditioning intensity x
group interactions (F(2,17)=0.8, p>0.05). Post-hoc pair-wise comparisons
showed a significant difference between percentage change in MEP size to
a 105% RMT conditioning pulse intensity compared to 130% RMT
(p>0.05, Bonferroni corrected for multiple comparisons). This result
shows that the LICI paradigm was successful in reducing MEP amplitude
as the conditioning pulse intensity was increased from 105% to 130%, as

can be seen in Figure 4.5A.

The ANOVA for SICI showed a significant effect of conditioning
intensity (F(2, 35)=8.5, p<0.05) but no significant group x intensity
interaction (F(2, 35)=2.3, p>0.05). Post-hoc pair-wise comparisons
revealed a significant difference between the percentage change in MEP
amplitude to a 50% RMT conditioning pulse compared to 60% and 70%
(p>0.05, Bonferroni corrected for multiple comparisons). This shows that
the SICI paradigm was successful in reducing MEP amplitude as the
conditioning pulse intensity was increase from 50% RMT to 70% RMT, as
can be seen in Figure 4.5B. By looking at Figure 4.5B, we can also see that
the TS group have less inhibition than the control group at the higher
intensities of conditioning pulse, although this difference does not reach

statistical significance.
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Figure 4.5. A-C: Mean percentage change from baseline in MEP amplitude for different intensities of conditioning pulse when the inter-
stimulus interval was: A: 100ms (LICI), B: 3ms (SICI) and C: 15ms (ICF). Error bars represent 1 standard deviation. D: Relationship between

YALE motor tic scores and the slope of ICF function for TS group.



The ANOVA for ICF showed no significant effect of conditioning
pulse intensity (F(2, 39)=0.99, p>0.05) and no significant interaction
effects (F(2, 39)=1.3, p>0.05). However, by looking at Figure 4.5C, we can
see there is a trend towards the TS group having a larger ICF effect.
However, the variability of the data is much too high, as the error bars
show, the standard deviation was high for both groups, so finding

significant between group effects is unlikely in this sample.

Finally, a linear regression of the relationship between conditioning
pulse intensity and the percentage change in MEP size was plotted for
each individual’s SICI, LICI and ICF paradigm. The slopes of each function
were compared between groups using 2-tailed between-group t-tests, and
no significant difference in slope was observed (see Table 4.5). The
relationship between slope for each paradigm and motor tic score was
then examined for the TS group. Figure 4.5 D shows a significant negative
correlation between ICF slope and motor tic score (Pearson’s R=-0.6,
p<0.05). No other relationship was significant. See Table 4.6 for all slope

statistics.

Table 4.5 Between-group comparisons of conditioning pulse intensity vs. %

change in MEP size slope for each paradigm. SD = 1 standard deviation.

Paradigm TS mean * CS mean * t-value p-value
SD SD

LICI -2.07 212 |-2.29+221 |0.23 0.82

SICI -1.60 +3.06 | -3.48+287 | 141 0.18

ICF 6.82+1298 |2.84+3.68 |0.90 0.39
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Table 4.6: Relationship between motor tic score and conditioning pulse

intensity vs. % change in MEP size slope.

Paradigm Pearson’s R p-value
LICI -0.096 0.32
SICI -0.36 0.15
ICF -0.59 0.034

Finally, the percentage change in MEP amplitude from the
conditioning pulse intensity that evoked the maximum median response
for each individual was compared between groups for LICI, SICI and ICF.
There is individual variability in the conditioning pulse intensity that
provokes the strongest response; so looking just at the maximum change
in MEP, at whichever conditioning intensity this may be, may pull out
between-group differences that are not apparent when comparing binned
data. Furthermore, the relationship between MEP amplitude and
conditioning pulse in a SICI paradigm is typically U-shaped (Ziemann,
2013), which means the intensity which produced the largest decrease in
MEP amplitude may not necessarily be the largest, or the same for each

subject.

As can be seen in Figure 4.6, the TS group have a smaller maximum
LICI effect and a larger ICF effect than the control group. A between-
groups 2-tailed t-test revealed this difference is significant for LICI
(t(18)=2.2, p<0.05) but not for ICF (t(18)=1.7, p>0.05). The maximum
change in MEP amplitude for LICI, SICI and ICF was also correlated with
motor tic score. As with the slope, there was a significant negative
relationship between motor tic score and maximum percentage change in
MEP amplitude for the ICF paradigm (Person’s R=-0.73, p<0.01, see
Figure 4.7). No significant correlations were apparent in the SICI (Person’s

R=-0.32, p>0.1) or LICI (Person’s R=- 0.43, p>0.1) paradigms.
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4.15 Discussion

By completing Experiment 2 [ hoped to gain insight into cortical
excitability at rest in young people with TS. Two paradigms that reflect
inhibitory mechanisms (SICI and LICI), and one that reflects excitatory
mechanisms (ICF) were conducted on a group of young people with “pure”
TS and a typically developing matched control group. From the results of
this experiment I cannot confidently conclude that the TS group have
different inhibitory or excitatory responses to the typically developing
population. However, the results do show a trend towards the TS group
having a reduced SICI and LICI and increased ICF effect that has been
previously reported in adults with TS (Orth & Rothwell, 2009).

Indeed, the extent to which the ICF paradigm had a facilitatory
effect, as measured by slope or by maximum percentage change in MEP
amplitude, was related to motor tic scores. This was a negative
relationship in which those with the highest motor tic scores showed the
smallest increase in MEP amplitude to a facilitatory conditioning pulse.
This concurs with the finding from Experiment 1; that TS subjects with
most severe symptoms also show less modulation, i.e. a shallower increase
in MEP amplitude during the period preceding a volitional movement. As
the size of the ICF effect is likely to reflect the balance of glutamate activity
and GABA-ergic tone in the cortex, it is unclear from these results whether
the negative relationship with tic scores is an indicator that those with the
most severe tics have less glutamate activity or more GABA-ergic tone. |
would argue that the latter is more likely, as tics are likely to be produced
by increased glutamatergic input from the striatum via the thalamus
(Albin & Mink, 2006), so those with more severe tics are likely to have
increased glutamate activity. Increased glutamate could be driving up
tonic levels of GABA, which could be influencing the ICF response. This
idea will be explored in more depth using magnetic resonance

spectroscopy as discussed in the following chapters.
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The reason the between-groups results did not reach statistical
significance in Experiment 2 in the ICF and SICI paradigms may be due to
the large amount of variability in the data, which can be seen in the large
standard deviations for both groups. This variability could have been
reduced by increasing the number of trials, particularly in the baseline
measure of MEP amplitude to an unconditioned pulse. A less variable
baseline may have reduced the variability of the percentage change in
amplitude to conditioned pulses. However, increasing the number of trials
would have increased the amount of time the experiment took, which is
unlikely to be well tolerated by all subjects, especially the younger
members of the group. Furthermore, the ISIs that were chosen may not
have been optimum for every subject to produce the largest effect. Testing
a range of ISIs and conditioning pulse intensities would be ideal, however

time constraints made this not reasonable.

Another issue was that there were ceiling effects for five TS and
three control subjects for at least one conditioning pulse intensity in the
LICI paradigm. This means that the LICI effect may not have been
accurately represented in the binned data, as at the higher intensity
conditioning pulses the MEP was inhibited to an extent that it was too
small to measure. This was not the case for the SICI paradigm. Taking the
percentage change in MEP amplitude from the conditioning pulse intensity
that evoked the maximum median response (before ceiling) gets around
this problem. Looking at the data in this way, the results show a significant
decrease in the LICI effect for the TS group compared the control group.
Together, these results imply a trend towards young people with TS
having reduced GABAa and GABAB synaptic activity and increased

glutamatergic activity compared to typically developing young people.

The large amount of individual variability in the data could be
accounted for by the age of the subjects. Walther et al., (2009) reported
that typically developing children and adolescents have higher motor

thresholds and reduced SICI effects compared to their adult sample. LICI
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was not tested in Walther et al.’s (2009) study, and no difference between
children and adults were reported for the ICF paradigm. The authors
suggest that their results reflect that the GABA system goes through a
maturation process with age, and that children have not fully developed
the structure for GABA-ergic intra-cortical inhibition. The glutamatergic
excitatory system, however, is developed earlier, which is how they
explained the intact ICF response. They go on to suggest that the
maturation of synaptic plasticity is also mediated by the GABA-ergic
system. A reduction in GABA-ergic signalling could relate to the enhanced
synaptic plasticity needed for motor learning in childhood (Walther et al,,
2009). They do not offer an explanation for the increased resting motor

thresholds observed in children and adolescents.

The SICI and ICF results from Experiment 2 do not concur with
these conclusions, as I found that a SICI effect was apparent to some extent
in both groups, where the control group showed little evidence of an ICF
effect (see Figure 4.5 B and C). However, Walther et al.’s (2009) SICI
paradigm only tested one intensity of conditioning pulse, 80% of RMT,
which may have not been optimum for all subjects. Furthermore, by
looking at their reported results, I can see they had a larger degree of
variability in MEP amplitude in their child and adolescent groups
compared to their adult group. Considering just their 3ms SICI paradigm,
the SEM was 0.15, with a range of 0.5 for adults, compared to a SEM of
1.27 and range of 3.45 for adolescents and SEM 0.47 of and range of 1.61
for children, with 10 subjects in each group (Walther et al., 2009). This is
in agreement with the large amount of individual variability across my
subjects, which suggests that SICI, LICI and ICF effects are less robust and
MEP amplitudes more likely to be variable in adolescents compared to
adults. Itis likely that the optimum conditioning pulse intensity and ISI to
produce a SICI, LICI or ICF effect differs from person to person, and is

more variable during brain development in childhood and adolescence.
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Taken together, these TMS experiments have shown that young
people with TS do not show the same modulation of cortical excitability of
M1 as a control group during an active task. This could be due to an
increase in the inhibition of premotor areas to control for tics, leading to
less excitatory inputs to M1 during the final period preceding movement
onset. Measures of excitability and inhibition at rest suggest a reduced
inhibitory response and increased facilitatory response in the TS group.
However, the large amount of variability in the at-rest data makes this
finding unreliable. A more direct measure of the main inhibitory &
excitatory neuro-transmitters in cortex may present a clearer picture of
local changes in cortical excitability in the TS group. Magnetic resonance
spectroscopy (MRS) can be used to quantify certain metabolites in brain
tissue, including GABA and glutamate. This method does not rely on the
variable measure of MEP amplitudes, and can be used to measure the
excitability of areas other than M1. This is useful as it is likely that the
task-based alterations in cortical excitability could be a reflection of the
inhibition of connected cortical areas which influence M1 during
movement preparation (Klein-Fliigge et al., 2013). A MRS experiment will

be discussed in the following chapter.
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Chapter 5: y-amino-butyric acid and Glutamate
concentrations in the Supplementary Motor Area and the
Primary Motor Cortex in Tourette Syndrome, as measured

by 7 Tesla Magnetic Resonance Spectroscopy

5.1 Introduction

The TMS experiments presented in the previous chapter showed
that adolescents with TS have reduced gain in excitability of primary
motor cortex in the period preceding movement onset compared to a
typically developing control group. Furthermore, the ability to modulate
cortical excitability, preceding a volitional movement or at rest, was found
to be related to motor tic severity. These functional changes in cortical
excitability may be reflective of the activity and balance between the main
inhibitory neurotransmitter y-Aminobutyric acid (GABA) and the main
excitatory neurotransmitter Glutamate. Magnetic Resonance
Spectroscopy (MRS) is a technique that can be used to quantify
metabolites such as GABA and Glutamate in brain tissue in vivo. In this
chapter, [ will use MRS to quantify certain metabolites of interest in two
cortical areas that have previously been related to TS: primary motor

cortex and the supplementary motor area.

Several research studies have suggested that people with TS have
alterations in GABA-ergic signalling or the number of GABA-ergic
interneurons (Lerner et al., 2012; Kalanithi et al,, 2005; Tian et al., 2011;
Orth etal,, 2009). Lerner et al. (2012) conducted a positron emission
tomography (PET) procedure to investigate pathological changes in GABA-
ergic receptor binding in a group of adults with TS. They found decreased
binding of GABAareceptors in the striatum, thalamus & insula of their TS
group compared to a matched control group. Post-mortem investigation
has also revealed a reduction in GABA-ergic interneurons in the striatum

of individuals with TS (Kalanithi et al., 2005). Furthermore, tic-severity
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has been shown to correlate with an increase in expression of GABA-
related genes in children with TS (Tian et al,, 2011). Taken together, it is
reasonable to suggest from this research that a GABA-ergic dysfunction in

the striatum may play a role in the pathopysiology of TS.

Previous evidence from TMS studies has suggested alterations in
GABA-ergic signalling in M1 in people with TS, as discussed in detail in
Chapter 4 (Orth et al,, 2009; Draper et al.,, 2013; Hiese et al.,, 2010). For
example, Orth et al. (2009) reported a reduction in short interval cortical
inhibition (SICI) effect in adults with TS. SICI is a paired-pulse trancranial
magnetic stimulation paradgm thought to reflect GABAa synaptic activity
in primary motor cortex (M1). This suggests that GABA-ergic dysfunction
in TS is more widespread, affecting cortical as well as basal ganglia
structures. Although I did not replicate this result in Experiment 2 within
the previous chapter, MRS may reveal subtle alterations in GABA
concentrations in young people with TS that were not observed at a level
of statistical significance using TMS due to the variability of the MEP

response.

Research on typically developing subjects has indicated that the
GABA concentration in the primary visual cortex (Edden et al., 2009), the
frontal eye fields (Sumner et al., 2010), the primary somatosensory cortex
(Puts etal,, 2011; Floyer-Lea et al., 2005), the supplementary motor area
(Boy et al.,, 2010) and the primary motor cortex (Puts et al.,, 2011; Stagg et
al,, 2010) is predictive of performance on a specific task that is thought to
recruit that area. These studies have demonstrated that a region-specific
change in GABA concentration can be directly related to performance on a
particular task. For example, GABA levels in the SMA were found to be
predictive of performance on a subconscious motor control measure
known as the negative compatibility effect (Boy et al., 2010). The negative
compatibility effect is thought to measure automatic inhibitory
mechanisms. This may be related to TS because local inhibitory

mechanisms are likely to be involved during tic suppression and it stands
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to reason that those with higher levels of GABA in the SMA would be more

able to engage in successful tic-suppression (Jung et al., 2013).

Indeed, delivering inhibitory repetitive TMS to the supplementary
motor area has been shown to reduce tics (Mantovani et al., 2007; Kwon et
al,, 2011). Therefore it is plausible that increased levels of GABA in this
area may be beneficial in reducing tic symptoms. Furthermore, the results
from the TMS Experiment 1 reported in the previous chapter suggest that
the M1 is receiving less influence from connected cortical regions, such as
the SMA, during movement preparation, perhaps to control for tics. For
this reason the SMA was considered as a region of interest in the MRS
experiment presented in this chapter. GABA concentration in the hand
area of M1, after anodal transcrainial direct current stimulation (tDCS),
has been found to be predictive of motor learning in typically developing
individuals (Stagg et al., 2011). This suggests that the amount of GABA in
the primary motor cortex is important for the control of action in a motor
learning task. If the control of tics is facilitated through local inhibitory
processes in motor cortical areas it is likely that GABA concentrations
measured in M1 will be altered for people with TS, and may also be
important for the control tics. Based on this evidence, M1 was also

considered as a region of interest in this chapter.

The primary visual cortex (V1) was used as a control region. There
are no recorded visual deficits in TS, therefore it was predicted that there
will be no difference between TS subjects and control subjects in this area.
This finding will imply that subjects with TS have region-specific
differences in neurotransmitter concentrations rather than global changes.
As levels of GABA and Glutamate change with age (Hare et al., 1982), and
gender differences in the levels of these chemicals have been observed
(Maffucci & Gore, 2009), the control subjects were age and gender

matched to the TS group.
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5.2 Subjects

15 adolescents (aged 11-20 years, mean age 15.8 + 3.1 years) with
a diagnosis of Tourette syndrome (TS) took part in this study. 14 age and
gender-matched (1 female, 13 male, mean age 16.3 *+ 3.3 years) typically
developing adolescents acted as a control group. Tic symptoms were
measured on the day of testing using the Yale Global Tic Severity Scale
(Leckman et al.,, 1989). Three subjects had a diagnosis of co-morbid
Obsessive Compulsive Disorder (OCD), one had an additional diagnosis of
Attention Deficit Disorder (ADD) and one Attention Deficit Hyperactivity
Disorder (ADHD). Details of TS subjects can be seen in Table 5.1. For both
groups IQ was estimated by use of the Wechsler Abbreviated Scale of
Intelligence (WASI) using just the two subtests of vocabulary and matrix
reasoning. An independent t-test showed there was no significant
difference in IQ between groups (TS mean=113, CS mean= 120, t(29)=1.2,
p>0.1).
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Table 5.1 Clinical characteristics of subjects with TS who took part in the MRS study (note

Wechsler Abbreviated Scale of Intelligence: vocabulary and matrix reasoning subtests).

: YGSS = Yale Global Tic Severity Scale, WASI=

ID (yearA.rii)nth) Gender (WIAQSI) YGSS | Motor tic scores | Phonic tic scores | Co-morbitity Medication
TS006 20.0 M 84 50 14 16 - Clonidine
TS018 18.2 M 120 41 13 5 ADD Clonidine
TS028 17.8 F 96 41 10 15 0OCD -
TS071 12.8 M 118 83 22 11 OCD -
TS013 17.2 M 135 47 11 6 OCD -
TS043 11.5 M 123 67 17 10 - Clonidine
TS069 11.7 M 133 20 10 0 - -
TS034 13.8 M 118 No tics last 2 months - -
TS062 17.0 M 131 65 24 21 - Citalopram
TS048 14.8 M 118 28 12 6 - Clonidine
TS049 20.2 M 116 64 21 13 - Kapra
TS007 19.7 M 95 25 5 0 - Clonidine
TS030 15.0 M 103 61 16 15 - -
TS076 14.2 M 85 40 13 8 ADHD Methylphenidate, Melatonin
TS074 12.4 M 102 30 10 8 - Risperidone




5.3 Magnetic Resonance Data Acquisition

Magnetic resonance data were acquired on a Philips Achieva 7
Tesla magnetic resonance imaging scanner with a 32-channel SENSE
radio-frequency head coil. The subject’s head was placed at the iso-center
of the scanner with two foam pads either side to minimize head
movements. Following an initial survey image, a Magnetisation Prepared
RApid Gradient Echo (MP RAGE) anatomical image of the whole brain
(120 slices, 1x1x1mm? voxel size, TR of 7.3ms) was taken to aid the
placement of ROI’s for spectroscopy, and for segmentation to allow

measurement of voxel tissue content.

After this, subjects were asked to perform a brief fMRI task (EPI
sequence with a repetition time (TR) of 2s, echo time (TE) of 25ms,
2x2x3mm? voxel size and a field of view of 192 x 60 x 192mm). The 20
slices were positioned to capture motor cortex, SMA and visual cortex, but
not the subcortical structures in the brain. Subjects wore prism glasses in
the scanner, which allowed them to see the screen where stimulus was
projected. This stimulus consisted of the word TAP written in red capital
letters for 24 seconds, followed by a white fixation dash (-) on a black
background for 36 seconds. Whilst the word TAP was displayed subjects
completed a bimanual finger-to-thumb opposition task in which they
tapped, for each hand, their thumb to each finger sequentially,
coordinating their movements so that both hands tapped simultaneously.
This sequence was controlled using Presentation software and was
repeated twice. The task was used in order to aid precisely locating the
hand area of the primary motor cortex (M1) and the Supplementary Motor
Ares (SMA). Significant regions of blood oxygenated level dependant
(BOLD) signal activation for tap vs. rest were calculated in real-time using

[ViewBOLD software built in to the Philips MRI system.

MR Spectroscopy data were then sequentially collected from three

different brain regions; primary visual cortex (V1), left hand motor cortex
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(M1) and the supplementary motor area (SMA), using a cubic 2cm x 2cm x
2cm voxel for each area. The V1 voxel was positioned in the primary visual
cortex, in the posterior region of the occipital lobe, centred on the mid-
sagittal plane to cover both hemispheres, and by locating the calcarine
sulcus from the MPRAGE as a landmark (see Figure 5.1A). The left
hemisphere M1 voxel was positioned by identifying the hand area’s
characteristic () shape of the central sulcus on the MPRAGE as an
anatomical landmark (figure 5.1B). This region was confirmed by
consulting the statistical colour map from the fMRI and identifying the
peak BOLD activation in this region. The SMA ROI was positioned on the
mid-sagittal plane anterior to the central sulcus, using the peak BOLD
activation in this region as a guide (Figure 5.1C). See Figure 5.1 for an

example of voxel positions.

Figure 5.1: Example of ROI positions in sagittal, axial and coronal views from
one control subject. A: Primary Visual Cortex, B: Right hand area of the

Primary Motor Cortex, and C: Supplementary Motor Area.
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MRS data were acquired using a Stimulated Echo Acquisition Mode
(STEAM) sequence with echo time TE/TM/TR=16/17/2000ms. The width
of the acquired spectrum was 4,000Hz with 4096 time points. A By field
map and parcellated shimming approach was used to increase the By
homogeneity (Poole and Bowtell, 2008). 288 spectra were individually
collected with Multiply Optimized Insensitive Suppression Train (MOIST)
water suppression (Tarasow et al, 2003) and two spectra were acquired
without water suppression for correction to absolute concentrations using
water referencing. Each MRS voxel took approximately 10 minutes to
acquire. During this time subjects were asked to remain as still as possible.

This means that neurotransmitter concentrations were measured at rest.

5.4 MRS Data processing

For all individual MR spectra, data from each of the 32 coil
elements were collected separately, and were realigned, phase corrected
and averaged before being combined across coils using the theoretically
optimized S/N? weighting, as described by Hall et al. (Hall et al., 2013)

using an in-house Matlab script (Mathworks inc. Natick, USA).

Spectra were then analysed using LCModel (version 2.2-4,
Provencher, 1993), using the unsuppressed water signal as an internal
reference for metabolite quantification and for eddy current correction to
gain concentrations of metabolites of interest (for an example of a spectra
see Figure 5.2). The simulated spectra of 20 metabolites are in the
LCModel basis dataset (Mekle et al., 2009), including: Gamma-
aminobutyric acid (GABA), Glutamine (GIn), Glutamate (Glu), and N-
acetylaspartate (NAA). Previously published chemical shifts and coupling
constants with TE/TM values identical to those used for data acquisition
were used to stimulate spectra for a STEAM sequence (Govindaraju et al.
2000). Any outputs with a standard deviation (S.D.) >30 were excluded

from the analysis.
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Figure 5.2: An example of spectra output from LC Model. This spectra was
taken from one subject’s SMA voxel and the main peaks of interest (Gln, Glu,

GABA & NAA) have each been labelled.

SPM 8 Segment tool was used to create segmented binary maps of
the volumes of white matter, grey matter and cerebral spinal fluid (CSF)
respectively from each individual’s MPRAGE image. The position of each
VOI was then located and the proportions of grey matter, white matter and
CSF within each VOI were calculated for each individual using and an in-

house Matlab script. These were expressed as fractions.
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5.5 Results

For one TS subject’s M1 voxel and a different TS subject’s SMA
voxel the standard deviation of the measured concentrations of
metabolites of interest were outside the normal range (Lin et al., 2012).
Therefore the final analysis contained data from 14 TS subjects and 14
control subjects for M1 and SMA voxels and 15 TS subjects and 14 control
subjects for the V1 voxel. To correct for tissue content, absolute
concentrations of each metabolite were divided by white matter plus grey
matter tissue fractions. This was done because individual differences in
tissue content of the VOIs might affect the results. A between-groups t-test
on tissue fractions was also completed for each VOI to confirm that there
was no significant difference between tissue content for the groups (SMA:

£(25)=0.8, p=0.4, M1: t(25)= 0.8, p=0.4, V1: t(25)=0.7, p=0.5).

Corrected concentrations of the main inhibitory neurotransmitter
GABA were considered in each voxel. The TS group were found to have
significantly more GABA in the SMA voxel compared to the control group
in a between-group 2-tailed t-test (TS mean= 1.16 umol/g, SD=0.47,
control mean= 0.84 umol/g, SD=0.30, t(27)=2.1, p<0.05). This difference
was still apparent when GABA was taken as a ratio to NAA (TS mean= 0.14
umol/g, SD=0.04, control mean = 0.11pumol/g, SD=0.04, t(27)=2.0, p<0.05).
GABA:NAA ratio has been reported previously as standard to take into
account individual differences in tissue content (for example Stagg et al.,
2009). GABA and GABA:NAA concentrations did not significantly differ

between groups in either the M1 or V1 voxel (see Figure 5.3A).
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Figure 5.3: Between-group differences in metabolite concentrations for each ROI: A: GABA, B: Glutamine, C: GABA:Glutamate ratio and D:
Glutamate. Error bars represent 1 standard deviation



Excitatory neurotransmitter metabolites glutamate (Glu) and
glutamine (Gln) were also considered. Although there were no between-
group differences in glutamate (see Figure 5.3D), the TS group were found
to have slightly increased levels of glutamine in the M1 and SMA voxels
(see Figure 5.3B), but this did not reach statistical significance in a 2-tailed
between group t-test. The Glu:Gln ratio was also considered as a reflection
of glutamatergic metabolic activity. As in the Glu results, there were no
between-group differences in the Glu:Gln ratio in any of the voxels. As a
measure of overall excitability in each voxel, the ratio of GABA:Glu was
then calculated for each subject. A significant increase in the GABA:Glu
ratio was observed for the TS group, again in the SMA voxel only (TS
mean= 0.13 pmol/g, SD=0.04, control mean= 0.097 umol/g, SD=0.04,
t(27)=2.2, p<0.05, see Figure 5.3C).

A final analysis looked at the relationship between all metabolites
of interest or ratios previously presented and tic scores by completing
several correlations. The only significant relationship observed was a
positive correlation between Glu:Gln ratio and motor tic scores in the SMA

(Pearson’s R=0.47, p<0.05). See Figure 5.4.
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Figure 5.4: Correlation between Glu:GIn ratio from the SMA and motor tic

scores measured by the YGTSS on the day of testing.
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5.6 Discussion

The main finding from this MRS experiment was that the TS group
has significantly increased GABA concentration in their SMA than a
typically developing matched control group. This result is also reflected in
the GABA:NAA and GABA:Glu ratios. This finding will be explored in more
depth in the following chapter.

The TS group showed a trend towards increased in glutamine in
M1 and SMA. The concentration of glutamine in brain tissue is thought to
reflect the metabolic activity of glutamate. Too much glutamate is neuro-
toxic to brain tissue and can cause seizures; so once it is released it is very
quickly re-absorbed into the cell body or broken down. This is why
Glutamate levels are fairly stable in both groups, as can be seen in Figure
5.3 D; Glutamate levels, on average, are very similar between groups, and
the standard deviation is small. Glutamate is converted to glutamine by
glial cells after it has been released by a glutamatergic neuron. It is then
taken back into the neuron where it is converted back into glutamate
(Ongur et al., 2011). Therefore elevated glutamine levels are thought to
reflect increased glutamatergic neurotransmission (Xu. et al., 2005).
Increased amounts of glutamine in the TS group suggests increased
glumatergic activity in M1 and SMA, which concurs with the finding that
adults with TS have increased cortical excitably in M1 at rest (Orth et al,,
2009). Excessive excitatory inputs from the dysfunctional striatum to the
SMA and M1 could be driving the increase in glutamatergic activity seen in
the TS group. Previous research has shown that reducing the excitability
in the SMA reduces tics symptoms (e.g. through inhibitory rTMS:
Mantovani et al.,, 2007; Kwon et al,, 2011), which suggests that reducing
the excitability of the SMA, either through decreasing glutamate activity or
increasing GABA-ergic release (which would, in effect, reduce Glutamate

synaptic release) could reduce tic symptoms.
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Furthermore, the Glutamate:Glutamine concentration ratio
measured from the SMA had a weak positive relationship with motor tic
scores. A high Glu:Gln ratio means a combination of high levels of
Glutamate and low levels of Glutamine. If Glutamate activity was high you
would expect high Glutamate and high Glutamine concentrations, which
would result in a low Glu:Gln ratio. As already stated, Glutamate levels are
kept stable, if they were not they cause neurotoxic effects, such as
seizures. Therefore the Glu:Gln ratio is largely driven by Glutamine levels,
and a high Glu:Gln would mean low levels of Glutamine, and thus low
Glutamate activity. This means that those subjects with the more severe
motor tic symptoms had the lowest glutamatergic metabolic activity. This
could be a consequence of tic suppression that would occur in the scanner
to remain still, and would require more effort for those subjects with more
severe tics. However, if this were the case [ would expect to see the same
result replicated in the M1 voxel, which is not apparent. It is important to
consider that the strength of the correlation, although significant, is weak
(a correlation coefficient (Pearson’s R) of only 0.47), p<0.05). Increased
number of subjects and a stronger relationship would give more weight to

this finding.

What is clear from this MRS experiment is that young people with
TS have increased glutamatergic activity in the M1 and SMA, and increased
tonic GABA levels in the SMA. I can speculate that these findings are likely
to be confined to specific areas of cortex, particularly those related to the
planning, control and execution of movements, because there are no
significant, or trends towards, differences between groups in the occipital
lobe (V1) cortical control site. However, it is unclear how increased GABA
and increased Glutamatergic activity relate to symptom severity, and
whether these findings are evidence of a adaptation to dysfunctional brain
areas in TS, or evidence of the dysfunction itself. It is likely to be a
reflection of both, i.e. increased Glutamatergic activity is a consequence of

increased excitatory input from the dysfunctional striatum, and increased
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GABA levels are an adaption to this, to reduce cortical excitability to

engage in tic suppression and complete successful volitional movements.

[t is important to point out here that the pool of GABA measured by
MRS is largely thought to represent extra-synaptic, tonic levels of GABA,
rather than GABA phasic synaptic activity (Stagg, Bachtiar & Johnasen-
Berg, 2011). Evidence for this comes from research by Stagg et al. (2011)
who reported no relationship between GABA measured by MRS and GABA
measured by paired-pulse TMS (SICI and LICI paradigms). Stagg et al.
(2011) did, however, report a significant relationship between MRS
measured Glutamate and a TMS measure of cortical excitability (input-
output curve). Therefore MRS measured Glutamate may represent
Glutamatergic activity, whereas MRS measured GABA is unlikely to be
directly related to GABA synaptic activity, but will instead provide
important information about levels of extra-synaptic tonic GABA pools.
The following chapter will explore the relationship between increased
SMA tonic GABA levels and functional and structural alterations reported

in previous chapters.
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Chapter 6: Multi-modal exploration of GABA

concentrations in SMA

6.1 Introduction

The main result from Chapter 5 was that the TS group has
significantly increased concentrations of GABA compared to the typically
developing control group in the supplementary motor area only. This
finding of increased GABA in a premotor cortical area appears contrary to
some previous research into GABA-ergic functioning in TS. For example,
there is post-mortem evidence of a reduction of GABA-ergic interneurons
in the striatum of individuals with TS (Kalanithi et al., 2005).
Furthermore, Orth et al. (2008) found reduced SICI effects in adults with
TS, which suggests reduced GABAAx signalling in M1. In my paired-pulse
TMS SICI paradigm described in Chapter 4 [ found a trend towards
supporting this finding in adolescents with TS, although it did not reach
statistical significance. However, it has recently been demonstrated that
GABA measured by MRS may not reflect GABA-ergic phasic signalling,
which is indirectly measured in SICI and LICI paired-pulse TMS paradigms
(Stagg et al., 2011; Stagg, Bachtiar & Johansen-Berg, 2011). Stagg et al.
(2011) found that the level of intra-cortical inhibition, measured by SICI
and LICI paradigms, were not related to MRS measures of GABA. They
suggest that MRS measured GABA does not reflect GABA-ergic phasic
synaptic activity, but instead is a measure of tonic levels of GABA in the
extra-synaptic pool. This means that the finding from the previous chapter
of increased GABA in the SMA for the TS group need not necessarily
contradict previous findings of reduced SICI effects (Orth et al., 2008).

In this chapter [ will explore how increased tonic levels of GABA in
the SMA are related to cortical excitability and structural connectivity in a
sub-set of subjects with TS. I will use evidence from the experiments

outlined in Chapter 2 (DTI) and Chapter 4, Experiment 1 (TMS), plus new
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evidence from a simple finger-tapping fMRI task completed for localisation
purposes as part of the MRS protocol, described in Chapter 5. The purpose
of this exploration is to better understand the functional consequences of
increased tonic levels in TS in terms of excitability and the control of tics,
and to examine the relationship between white matter structure and
increased GABA. A further purpose of this exploration is to better
understand if increased tonic GABA levels are a helpful adaptation to a

dysfunctional motor system to help control tics.

6.2 Subjects

All 14 TS subjects that took part in the MRS experiment described
in Chapter 5 also took part in at least 1 other relevant experiment within 6
months of the MRS experiment. Details of these subjects and which
experiment they took part in can be seen in Table 6.1 below. 10 subjects
took part in both the DTI and the TMS experiment, an extra 2 subjects
apiece took part in the DTI and TMS experiments independently. All scores

presented in Table 6.1 are taken from the day of the MRS experiment.
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Table 6.1 Details of TS subjects. All subjects took part in MRS and fMRI task, YGTSS scores and age are taken from the day of MRS
experiment. Colours indicate which other experiment the subject took part in: Red= TMS Experiment 1, Blue= DTI, Dark Purple = both TMS &
DTL

ID (yearA.rii)nth) Gender (WISSI) YGSS Msoctoorrezlc Pl;gg;zglc Co-morbitity Medication
TS006 20.0 M 84 50 14 16 - Clonidine
TS018 18.2 M 120 41 13 5 ADD Clonidine
TS028 17.8 F 96 41 10 15 0CD -
TS071 12.8 M 118 83 22 11 0CD -
TS013 17.2 M 135 47 11 6 0CD -
TS043 11.5 M 123 67 17 10 - Clonidine
TS069 11.7 M 133 20 10 0 - -
TS034 13.8 M 118 No tics last 2 months - -
TS062 17.0 M 131 65 24 21 - Citalopram
TS048 14.8 M 118 28 12 6 - Clonidine
TS049 20.2 M 116 64 21 13 - Kapra
TS007 19.7 M 95 25 5 0 - Clonidine
TS030 15.0 M 103 61 16 15 - -
TS074 12.4 M 102 30 10 8 - Risperidone




6.3 Cortical excitability preceding a volitional movement is related to GABA

concentration in SMA.

In Experiment 1 in Chapter 4 the MEP amplitude to a single pulse of
TMS delivered in the period preceding movement onset in a simple go/no
go button push task was measured. It was found that the TS group did not
show the same increase in MEP amplitude and reduction in MEP
variability in the period closest to movement onset (81-100% of reaction
time) that the control group showed. It was also found that the slope of the
relationship between the onset of TMS and MEP amplitude was related to
motor tic scores on the day of testing. This was such that those subjects
with the most severe motor tics also had the least steep slopes; i.e. they
showed the least modulation of their cortical excitability in the period
preceding movement onset. As the SMA influences the response of
neurons within M1, the increased tonic levels of (inhibitory) GABA in this
area reported in Chapter 5 may be, in part, the cause of reduced task-
based modulation of excitability observed particularly in those individuals

with the most severe tics.

To investigate the relationship between cortical excitability before
a volitional movement and MRS measured levels of GABA in the SMA, the
median MEP amplitude in the period closest to movement onset was
calculated for each TS subject. This period was chosen because it is the
period where the TS subjects have significantly smaller MEP amplitudes
compared to the control subjects, at the earlier periods the groups are
similar. This is also the period where the MEP amplitude is thought to be
influenced by the input of premotor cortical areas to M1 (Klien-Fliigge et
al,, 2013). This single measure was then correlated with GABA and
Glutamine concentrations measured from the SMA and M1. As can be seen
in Table 6.2, there was no significant relationship between MEP amplitude
in the period preceding movement onset and M1 GABA nor SMA

Glutamine. There was, however, a significant negative relationship
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between SMA GABA and MEP amplitude, and a significant positive

relationship between M1 Glutamine and MEP amplitude (see Figure 6.1).

MRS-GABA concentration in SMA

o R=-0.7, p<0.05

T T T T T T 1

2 4 6 8 10 12 14
Median MEP amplitude in 81-100% RT period (mV)

MRS-GIn concentration in M1

o R=0.7, p<0.05

T T T T T T 1

2 4 6 8 10 12 14
Median MEP amplitude in 81-100% RT period (mV)

Figure 6.1: Relationship between MEP amplitude to a TMS pulse delivered at

81-100% of reaction time and: A: MRS measured GABA concentrations in the
SMA, and B: MRS measured Glutamine in M1.
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Table 6.2 Correlations between the median MEP amplitude to a TMS pulse
delivered at 81-100% of reaction time and the concentration of GABA or
Glutamine measured by MRS in M1 or SMA.

MEP amp correlated | Pearson’sR p-value
with:

SMA GABA -0.668 0.03

M1 GABA 0.039 0.46
SMA Glutamine 0.079 0.42

M1 Glutamine 0.676 0.03

By combining observations from a TMS experiment and a MRS
experiment [ can speculate that the reduced cortical excitability preceding
movement onset could be related to increased GABA concentrations in
SMA and reduced Glutamine activity in M1. As can be seen in Figure 6.1,
those subjects with the lowest MEP amplitudes, i.e. the least modulation of
cortical excitability, have the highest levels of SMA GABA and lowest levels
of M1 Glutamine. This suggests that increased tonic levels of GABA in SMA
that has been observed in the TS group may have the functional
consequence of reducing cortical excitability of M1 when making
voluntary movements. This is likely to be because if the SMA is inhibited
by elevated GABA levels, it gives less excitatory input into M1, therefore
the MEP amplitude will be smaller in the final period preceding movement
onset compared to subjects with less SMA GABA (Klein-Fliigge et al.,
2013).

Evidence from Chapter 4 showed that those with the most severe
motor tics had the least amount of modulation of cortical excitability
preceding movement onset. These individuals are represented by the
lowest MEP amplitudes in the 81-100% period; those who have the lowest
levels of glutamine in M1 and highest levels of GABA in the SMA (see
Figure 6.1). This finding concurs with the result from Chapter 5, that those
with the lowest glutamatergic activity have the most severe motor tics
(see Figure 5.4, Chapter 5), although this result referred to glutamatergic

activity in the SMA, not M1. It is likely that those individuals with the most
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severe tics have increased GABA levels, which in turn, influence M1 to
reduce excitatory glutamate activity (represented by glutamine levels).
This reduction in excitatory glutatmate activity is then reflected in the
reduced modulation of cortical excitability preceding a volitional
movement apparent in the TS group. This mechanism could develop to aid
in successful tic-suppression, both to complete a motor task (as in TMS

Experiment 1), and to remain still in the scanner.

However, the TMS experiment does not measure the excitability of
SMA directly, which is the area of increased GABA levels for TS, and is a
key area in tic production and suppression. [ can only speculate that
increased tonic GABA levels in the SMA may influence the cortical
excitability of M1. Furthermore, the TMS experiment did not take place on
the same day as the MRS study, so conclusions about the relationship
between the two measures must be taken with caution. Therefore, a
measure of task-related activity that is close in time to the MRS
measurements would be beneficial. In the following section I will discuss
the relationship between task-based activity (measured by fMRI BOLD) in
the SMA and GABA concentrations. fMRI measurements were taken in the

same scanning session as MRS.

6.4 The relationship between % BOLD signal change in a finger tapping task
and GABA concentrations in the SMA.

As discussed in the previous chapter, an fMRI finger-tapping task
was used as part of the MRS scanning protocol to aid in the localisation of
MRS regions of interest. The data collected during this task was used to
assess the level of activation of M1 and SMA whilst the subjects were
making voluntary finger movements; this time bimanual sequential finger
tapping (refer to Chapter 5 for fMRI protocol details). Functional MRI data
was processed using SPM8 (The Welcome Trust Centre for Neuroimaging,
London, UK). Data was realigned and re-sliced and kept in native space. A

t-contrast map of tap vs. rest with a family-wise error corrected threshold
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of p<0.05 was applied to each subject. See Figure 6.2 for an example of
BOLD signal for tap vs. rest. The area of peak blood oxygenated level
dependant (BOLD) signal in left hemisphere M1 and the SMA was
identified. Two region of interest (ROI) 10mm?3 boxes were centred on
each of these peak-activation co-ordinates using the Marsbar toolbox
(version 0.43, Brett et al.,, 2002). Then the estimated average percentage

of BOLD signal change for the tap vs. rest conditions was extracted from

each ROI for each subject.

Figure 6.2: Example of BOLD activation for tap vs. rest condition for single
TS subject. Arrows indicate SMA and M1.

Firstly, the difference between groups in the percentage of BOLD
signal change was compared using a between-groups 2-tailed t-test. No
significant between-group difference in BOLD signal change was found in
M1 or SMA (largest t(24)= 1.8, p>0.08). The relationship between the
amount of BOLD signal change for finger tapping vs. rest in M1 and SMA
and metabolites of interest (GABA and Glutamine) was then considered.

In the SMA a significant negative relationship between GABA
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concentration and BOLD signal change was observed for the TS group
(Pearson’s R=-0.6, p<0.02, see Figure 6.3). No other significant

correlations were observed.

R?=0.35693

(nmol/g)

MRS-GABA concentration in SMA

% BOLD signal change in SMA

Figure 6.3: Negative correlation between % BOLD signal change in the SMA
to finger tapping vs. rest and GABA concentration measured from SMA at

rest in the TS group only.

In agreement with the cortical excitability results of the previous
section, Figure 6.3 shows that percentage of task-related BOLD signal
change has a negative relationship with MRS measured GABA in the SMA.
This suggests that having higher levels of tonic GABA in the SMA may
reduce SMA activity in a motor task. The positive relationship between M1
activity and glutamine seen in the previous section was not replicated. |
can now speculate that a functional consequence of increased extra-
cellular levels of GABA in young people with TS is a reduction in cortical
activity during a task. As the TS group did not differ significantly from the
control group for BOLD signal change, it is likely that the percentage of
BOLD signal change in SMA and M1 ROIs mostly reflects the activity
involved tapping, rather than activity during the rest period (e.g. if the TS

group were using more effort to remain still during the rest period this
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could produce between group differences in the percentage of BOLD signal
change). In the next section [ will examine the structural inter-
hemispheric connectivity of the SMA and it’s relationship to tonic GABA

levels.

6.5 The relationship between GABA concentrations and the structural

connectivity of the SMA.

In Chapter 2 I explored differences between the TS group and
typically developing control group in white matter microstructure using
diffusion tensor imaging (DTI). One of the most intriguing findings was
that the inter-hemispheric connectivity of M1 and SMA was highly
correlated with motor tic scores (see Chapter 2, Figure 2.7). TS subjects
with the most severe motor tic symptoms also had the highest FA in a
section of the corpus callosum that joined the SMA across hemispheres.
The role of the corpus callosum is to integrate information across
hemispheres. It does this by modulating excitability of homologous
cortical areas (Bloom & Hyde, 2005). Indeed, FA measured from the area
of the corpus callosum that projects to M1 has been found to relate to TMS
motor threshold: a measure of cortical excitability (Kloppel et al., 2008).
As findings from the previous two sections have implied that increased
GABA levels in the SMA have the functional consequence of reducing
cortical excitability, it is reasonable to explore how corpus callosum inputs
relate to GABA levels. Mean FA values were extracted from an ROI in the
body of the corpus that projects to SMA bilaterally (refer to Chapter 1 for
methodological details of this process). These were then correlated with

the metabolites of interest, GABA and glutamine.
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Figure 6.4: Relationship between GABA concentrations in SMA and FA
measured from a ROI in the body of the corpus callosum where fibres project

to SMA bilaterally.

As can be seen in Figure 6.4, there was a significant positive
relationship between FA measured from the area in the body of the corpus
callosum that projects to SMA and MRS-GABA concentration in SMA
(Pearson’s R=0.78, p<0.01). No other explored correlation was significant.
In the body of the corpus callosum the fibres are all very uniform, so there
is not a problem of crossing fibres. FA measured from such a uniform area
is thought to mostly reflex axon density (Wahl et al., 2007). Therefore I can
interpret Figure 6.4 as follows: TS subjects with increased inter-
hemispheric connectivity between SMA bilaterally (i.e. higher FA), have
the highest GABA concentrations in SMA, and also the highest motor tic
scores (see Chapter 2, Figure 2.7B for the positive correlation between
motor tic scores and callosal FA). This finding leads to the suggestion that
increased tonic levels of GABA may be, in part, driven by inter-

hemispheric inputs into that area.
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6.7 Discussion

The multi-modal exploration of elevated GABA concentrations in
the SMA in young people with TS has shown that increased SMA-GABA is
related to: smaller MEP amplitude in the period preceding volitional
movement, a reduced fMRI BOLD signal change in a finger-tapping task,
and increased inter-hemispheric structural connectivity of the SMA.
Firstly, [ will consider the relationship between functional measures
(cortical excitability and BOLD signal change) and increased GABA

concentration in the SMA.

As GABA is an inhibitory neurotransmitter it is not surprising that
elevated levels of MRS-GABA are related to reduced excitability, both in
M1 and SMA. The interesting aspect of this result is that it allows me to
speculate on the mechanism underlying the decrease in gain function
reported in TMS studies discussed in Chapter 4 (Heise et al., 2010; Jackson
et al.,, 2012; Draper et al., 2013). These studies show that people with TS
do not show the same increase in cortical excitability as they approach a
volitional movement that typically developing control groups show,
possibly because of an inhibitory mechanism that develops to reduce
hyper-excitability and enable voluntary actions without interference from
tics (Jung et al,, 2013). The findings from this chapter suggest that the
extent to which inhibition of M1 occurs in the pre-movement period is
related to tonic GABA concentrations measured from the SMA. This agrees
with the interpretation of the modulation of the MEP response given by
Klein-Fliigge et al. (2013), that the increase in MEP amplitude and
decrease in MEP variability in the period closest to movement onset seen
in neurotypical populations is largely influenced by input from premotor
cortical areas. My results suggest that people with TS do not show this
pattern of modulation because of decreased input from the SMA to M1 due

to increases in the inhibition of the SMA.
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Indeed, previous research has shown increased functional coupling
of the SMA and M1 during tics (Hampson et al,, 2009), so perhaps reducing
the excitatory input from the SMA to M1, via increased tonic inhibition of
the SMA, may be beneficial when performing voluntary movements
without interference from tics. Furthermore, it was found that performing
inhibitory rTMS to the SMA reduced tic symptoms (Mantovani et al., 2007;
Kwon et al,, 2011) whereas inhibitory rTMS to premotor cortex or M1 did
not reduce tic symptoms (Munchau et al,, 2002; Orth et al., 2005b). This
could be because the SMA receives a lot of input from the striatum, which
is dysfunctional in TS, so increasing the inhibition of the SMA may reduce
the amount of excitatory input sent on to M1. Indeed, Jung et al. (2013)
reported that a reduction in BOLD signal change in both M1 and SMA was
observed for subjects with TS during a cognitive control motor task. The
reduction in BOLD was related to task performance such that those with
the fastest response also had the least BOLD signal change. This suggests
that reducing the excitability of these areas facilitates successful motor
response. In my MRS study I found that elevated levels of GABA are related
to reduced BOLD signal change in a motor task, which suggests that the
task-related BOLD findings reported by Jung et al. (2013) may be partly

driven by increased tonic GABA.

Although it has been demonstrated that people with TS have
alterations in their cortical excitability, and my current data suggests that
local increases in tonic GABA in the SMA may contribute to reducing
hyper-excitability to enable voluntary movement, it is unclear whether
this mechanism is responsible for the ultimate remission in tics that
occurs in late adolescence for the majority of people diagnosed in
childhood (Leckman, 2002). I found no significant relationship between
tic scores and MRS-GABA concentration in M1 or SMA, or with BOLD

signal change in the bimanual finger-tapping task.

There was, however, a significant relationship between motor tic

scores and the slope of the relationship between MEP amplitude and TMS
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onset, such that those with the steepest slope have the least amount of tics.
This suggests that having severe motor tics could be influencing the
modulation of cortical excitability preceding a movement. As tics are likely
to be caused by a hyper-excitability of motor and pre-motor cortical areas,
it is likely that those people with the most severe tics also have the higher
levels of excitatory inputs to the SMA from the basal ganglia than those
with less severe tics. Therefore, an elevated concentration of tonic GABA is
likely to be a functional consequence of, or reaction to, hyper-excitability
of the SMA, which produces tics. This means that although reducing the
activity of M1 and SMA may aid in successful motor responses in subjects
with TS (e.g. successful completion of a button push in a go/no go task), it
may not be a mechanism that leads to a long-term reduction in tics.

Rather, it is a reaction to an over-excitable system.

Further evidence that elevated levels of tonic GABA may be a
reaction to hyper-excitability comes from the relationship between inter-
hemispheric structural connectivity of the SMA, GABA levels, and motor tic
scores. In this chapter I reported that increased FA from the body of the
corpus callosum that contains fibres projecting to bilateral SMA relate to
increased MRS-GABA in the SMA. In Chapter 2 I also reported that FA from
this region has a positive relationship with motor tic scores, such that
those with the most severe motor tics also have the most FA. FA, in such a
uniform area as the body of the corpus callosum, is thought to mostly
reflect axon density because there are a low number of crossing fibres
(Wahl et al., 2007). Inter-hemispheric connectivity through the corpus
callosum is largely excitatory (Bloom & Hyde, 2005). This leads to the
interpretation that elevated tonic GABA levels in the SMA may be driven
by increased excitatory input through the corpus callosum. Put another
way, reducing the inter-hemispheric excitatory input to the SMA may lead
to a reduction in tics by reducing the excitability of this area. If this occurs,
there is less excitatory input driving up the glutamatergic activity of the
SMA, and less need for reactive increases in tonic GABA to compensate for

the over-activity.
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Using this framework, a compensatory mechanism may develop
throughout adolescence in people with TS that involves plastic changes to
brain structure to reduce the number of excitatory inputs to the SMA,
premotor cortex, and M1. Those individuals who continue to have a typical
amount of excitatory input to M1 and SMA from other cortical areas have
reactive inhibitory processes that enable them to control this excess
activity to produce volitional actions, as demonstrated by reduced MEP
amplitude and reduced BOLD signal change during motor tasks (Heise et
al, 2010; Jung et al,, 2013). Indeed, in my TMS study I found that those
subjects with TS that showed a modulation of cortical excitability similar
to the control group in the pre-movement period had the least severe tics.
This framework can also explain the finding reported by Jackson et al.
(2011) that increased FA in the prefrontal cortex is related to increased
motor tics. This is because those individuals with lower FA (i.e. less
connectivity) in the tracts leading from prefrontal cortex would be
receiving less excitatory input to premotor and sensorimotor cortex from

the prefrontal cortex, leading to fewer tics.

This does not mean that increased tonic levels of GABA in the SMA
are not helpful in reducing tic symptoms. Indeed, inhibitory rTMS to the
SMA has been shown to reduce tics, but this result can also be applied to
the same framework. By increasing the inhibition of the SMA, SMA
neurons are less likely to send signals to connected regions, i.e. to M1.
Therefore, increased the inhibition of this region has the same functional
effect as reducing the structural connectivity between M1 and SMA. Thus,
it seems that isolating the sensorimotor cortex from the influence of other
cortical areas may be beneficial in reducing tics. As SMA receives many
inputs from the striatum, which is dysfunctional in TS, it is in an ideal
location to interrupt these dysfunctional excitatory signals before they can
be transferred to M1 and become a movement. By increasing the
inhibition in the SMA only the strongest signals would result in enough

Glutamate released to produce an axon potential that sends the signal on.
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This would mean voluntary actions would still be coded, whereas the
probability that weaker signals that might result in a tic would be sent on

could be reduced.

Furthermore, Shima & Tanji (1998) showed that injecting a GABA
agonist directly into the SMA of monkeys impaired their ability to produce
previously learnt motor sequence. Self-initiated, voluntary movements,
however, were still intact. This suggests that increased GABA in the SMA
may specifically reduce the likelihood of learnt motor responses being
produced, where controlled, voluntary movements would still be
successfully processed. As tics can be thought of as learnt, automatic,
responses to internal and environmental cues (Leckman, 2002), increasing
the levels of tonic GABA in the SMA is likely to specifically inhibit tics,

leaving voluntary movements intact.

To sum up, there are increased tonic levels of GABA in the SMA in
young people with TS compared to an age and gender matched typically
developing control group. GABA measured from the SMA is related to task-
based cortical excitability in M1 and the SMA such that a higher GABA
concentration is related to a lower change in BOLD signal or MEP
amplitude. This suggests that increased tonic GABA is having an inhibitory
effect on M1 via decreased input from the SMA, and may be part of a
mechanism to reduce the hyper-excitability of M1 to perform a voluntary
action without interference from tics. Finally, the amount of GABA in the
SMA is related to the structural inter-hemispheric connectivity of the SMA
such that a higher FA value is related to higher GABA levels. This suggests
that increased GABA might be, in part, driven by inter-hemispheric

excitatory inputs to the SMA.
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Chapter 7: Discussion

Within this thesis [ have used multiple cognitive neuroscience
techniques to explore structural and functional alterations in specific
areas of cortex in a group of young people with Tourette Syndrome. The
results of the experiments presented in this thesis have both supported
existing research into TS and provided new evidence that supports the
theory of tic suppression via increased local inhibition (Jung et al.,, 2013)
or decreased functional connectivity of motor and premotor cortical areas.
The core findings from each research chapter will be summarised in this
discussion, and will be put in the context of previous relevant research
into TS and theories of a compensatory mechanism. For clarity, I will first
present findings from my study of brain structure, and then of brain
function (excitation and inhibition), and how the two might relate to one
another. Finally, | will present a theory of adaptive changes that might be
developing in young people with TS to isolate M1 from excess input, which

may lead to eventual tic remission.

7.1 Tic-related alterations in brain structure in Tourette Syndrome

The defining symptoms in TS are chronic, repetitive motor and
phonic tics, which can be either simple (brief, meaningless utterances or
movements, such as coughing or eye blinking), or complex (slower and
more purposeful, such as repeating a phrase or sequentially tapping
objects) (Singer, 2005). The underlying neurological mechanism that
produces a motor tic is thought to be the same as typical habit-related
actions (Palminteri et al., 2011). That is to say through the functioning of
cortio-striatal-thalamic-cortico loops. Sensory information is sent from the
cortex to the striatum, which depending on the salience of the sensory
stimuli, will send signals back to sensorimotor areas of the cortex, via the
thalamus, to result in an appropriate action. In TS tics are thought to result
from striatal medium spiny neurons becoming active inappropriately,

which in turn disinhibit motor pattern generators in the cortex, resulting
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in an unwanted movement, which is reinforced by faulty dopamine
activity to become a habit or tic (Albin and Mink, 2006). This theory is
supported by a wealth of evidence of abnormal volume of basal-ganglia
structures in both adults and children with TS (Peterson et al., 1993;
Singer et al,, 1993; Hyde et al., 1995; Swerdlow et al., 2001; Peterson et al,,
2003; Muller-Vahl et al., 2009) which suggests that the basal ganglia
develops abnormally, leading to dysfunction (or hyper-excitability) in

connected brain regions (Albin & Mink, 2006).

The majority of people diagnosed with TS in childhood are largely
tic-free by early adulthood (Leckman et al,, 2010). This suggests that
throughout adolescence the brain develops in such a way that it
compensates for the dysfunctional, or inappropriate, signalling from the
basal ganglia, resulting in the majority of tics being controlled or
eliminated. Typically, the brain goes through drastic changes in white and
grey matter volume between late childhood and early adulthood, although
these changes continue throughout adulthood, the rate of change reduces
past the mid twenties (Lebel, Caverhill-Godkewitsch & Beauliuem 2010;
Kochunov et al., 2012; Lebel et al,, 2012). There are large reductions in
cortical grey matter volume, and large increases in white matter volume,
which is also reflected in increases in FA values in the major white matter
tracts (Lebel et al., 2008; Kochunov et al., 2011; Lebel et al,, 2012). These
typical developmental changes can be influenced by environmental factors
such as training (Bengtsson et al,, 2005). Indeed, training-induced changes
in cortical brain structure can even occur in adulthood (Tang et al.,, 2012).
As tics can cause distress, particularly in social situations, and can
interfere with normal functioning, young people with TS have a high
incentive to supress and control tics. This is something they can do for
certain periods of time, depending on the severity of their symptoms
(Banaschewski, Woerner & Rothenberger, 2003). Tic-suppression can be
thought of as training that is specific to people with TS, and as such, it is
likely to influence the development of cortical grey matter and white

matter cortical projections that are changing throughout adolescence.
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The findings from the DTI experiment [ presented in Chapter 2
demonstrated that the white matter in the section of the corpus callosum
that projected to M1 or the SMA was highly correlated with motor tic
symptom severity. This result concurs with previous findings from
Jackson et al. (2011) and Plessen et al. (2004), who both report a positive
correlation between motor tics and corpus callosum FA and area
respectively. The corpus callosum is a structure that goes through changes
in volume and myelination throughout adolescence and early adulthood
(Kochunov et al., 2012). The relationship between motor tics and FA from
the corpus callosum reported in Chapter 2 suggests that the development
of the corpus callosum is strongly linked to, or influenced by, the severity
of motor tics. As we know that white matter development can be affected
by training, and the corpus callosum is not a structure that is directly part
of the cortio-striatal-thalamic-cortico pathway, I can speculate that the
relationship between tics and FA is likely to be a reaction to the tics
themselves. The finding that there was no relationship between tic
severity and sections of the corpus callosum that project to the prefrontal
cortex and occipital lobe, areas that are not related to motor tic
production, further supports the hypothesis that the development of the

corpus callosum in sensorimotor regions is largely influenced by tics in TS.

The specific relationship reported in Chapter 2 was that those
individuals with the most severe motor tics had the highest FA value in the
section of the body of the corpus callosum that projected to the SMA or M1
bilaterally. As the sample was a cross section of young people with TS, it is
unclear from this study whether those with the least severe tics had
developed mechanisms that compensated for striatal dysfunction, and the
relationship between callosal FA and tics is evidence of this compensation,
or if those people who happened to develop more interhemispheric
connections end up with more severe tics, perhaps partly contributed to
by this increased excitatory input. It is also important to note that the

corpus callosum is unlikely to be the only area that changes with
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development in young people with TS. Indeed, the machine learning (SVM)
analysis reported in Chapter 2 revealed that many, widespread white
matter tracts are predictive of a diagnosis of TS. Future research should
focus on collecting longitudinal DTI data on young people with TS and
mapping the development of white and grey matter and how it relates to
tic severity and remission. Such a longitudinal study could help to
determine how the development of white matter microstructure relates to

tic remission.

Cortical grey matter goes through developmental changes in
volume throughout adolescence alongside white matter. Unsurprisingly,
there is evidence of training-induced changes in grey matter volume, as
well as white matter volume, suggesting that the development of the grey
matter of the cortex can be influenced by the environment (Maguire et al.,
2000). Past research has indicated that people with TS have thinner grey
matter in sensorimotor regions of the cortex, and that the thickness of the
cortex has a negative relationship with tic severity (Sowell et al., 2008;
Fahim et al., 2010; Worbe et al., 2010). I have replicated this finding in
young people with TS in my cortical thickness analysis reported in Chapter

3.

[t is important here to consider what grey matter thickness,
measured from T1 weighted MRI actually reflects. A cortical thickness or
VBM analysis typically classifies tissue as white matter or grey matter
based on MRI intensity gradients. The signal that is classified as grey
matter is made up of axons, dendrites, dendritic spines, glia, cell bodies
and blood vessels. However, we cannot determine what proportion of
different cell types make up the MR signal classified as grey matter. There
is evidence from post-mortem studies that show a reduction in the
number of dendritic spines in human adolescents, and a study that shows
dramatic decrease in the number of synapses in the cortex during puberty
in non-human primates (Huttenlocher, 1984; Bourgeois & Rakic, 1993).

These studies form the basis for the theory that synaptic pruning occurs
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during adolescence to reduce the number of redundant connections and

streamline the flow of information.

Synaptic pruning has previously been given as the reason for
cortical grey matter thinning during adolescence (Plessen, Bansal &
Peterson, 2009). However, Bourgeois and Raki, (1993) reported that the
density of synapses did not relate to cortical grey matter volume in their
non-human primate study, which suggests that it is not the reduction in
synapses per se that produces a decrease in measures of grey matter
thickness or volume (Bourgeois & Raki, 1993; Paus, Keshavan & Giedd,
2008). However, it is likely that a reduction in synapses would lead to a
reduction in metabolic demand, so the reduced grey matter thickness
could be due to a reduction in glial cells, or vascular restrictions (Paus,

Keshavan & Giedd, 2008).

Furthermore, white matter volume is increasing at the same rate as
grey matter decreases in typically developing adolescents, so that total
brain volume remains largely constant (Lebel et al., 2008). The increase in
white matter volume is likely to be partly due to increased myelination of
useful connections. This could lead to some tissue that was previously
classified as grey matter in a T1-weighted anatomical MRI to be classified
as white matter. Hence measured grey matter thickness could decrease
because of increased axon myelination: voxels on the grey matter / white
matter boundary that were previously classified as grey matter during an
analysis now contain more myelin, and become classified as white matter,
leading to reduction in grey matter thickness and increases in white
matter volume (Paus, 2005). Although it is still widely debated what a
decrease in grey matter thickness with age actually represents (Paus,
2005; Paus, Keshavan & Giedd, 2008), it is likely to be a combination of
reduced glia and vascular restrictions due to synaptic pruning leading to

lower metabolic demand, and increased myelination of axons.
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Thus far the explanation for the finding that people with TS have
thinner sensorimotor cortex is that less grey matter in these regions is
part of the underlying cause of tics (Worbe et al., 2010), or that young
people with TS are “developmentally delayed” in the development of
cortical grey matter (Sowell et al., 2008). While there is no doubt that tic
severity is related to grey matter thickness in the sensorimotor cortices, it
could be another example of tics shaping the development of brain
structure, rather than brain structure causing tics. As previous models
suggest (e.g. Albin and Mink, 2006), the underlying deficit in TS is
abnormal basal-ganglia function. Much like the white matter development,
it is likely that the sensorimotor regions of the cortex develop to be
thinner because of dysfunctional input they receive from the striatum, as

part of the cortio-striatal-thalamic-cortio circuit.

Take M1 as an example. To produce a motor tic, M1 needs to be
stimulated to such an extent that it sends information down the cortical
spinal tract to simulate the muscles into response (Bolhalter et al., 2006).
In TS the striatum is sending signals inappropriately, in some cases very
often. If those signals get through to M1, M1 will be in a heightened state
of excitability, which has been demonstrated in adults with TS using TMS
(Orth et al., 2008). Throughout adolescent development connections are
streamlined, so that unnecessary synapses are pruned and useful
connections are reinforced through increased myelination (Lebel et al.,

2008).

If M1 is being over-stimulated throughout this period is it likely
that many of the synapses there will become unnecessary, because M1 is
in a heightened state of excitability it would only need a small amount of
input to produce a response. This reduction in synapses could lead to a
reduction in metabolic demand, and a reduction in glial cells. It stands to
reason that those people with the most severe tics would have the most
over-stimulated M1, which would lead them to reduce the number of

synapses in this region to a greater extent, leading to the negative
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relationship between tics and M1 grey matter thickness reported in
Chapter 3 and in past research (Sowell et al., 2008; Fahim et al., 2010;
Worbe et al., 2010). As the sensorimotor cortices are part of the cortio-
striatal-thalamic-cortio circuitary, it is likely that the thinning of these
regions is a reaction to over-stimulation from the striatum. However, as
the relationship between tic severity and grey matter thickness is
negative, and has been reported in adults with TS (Worbe et al., 2010), it is

unlikely that reducing grey matter thickness is helpful for tic remission.

The findings from the grey matter thickness are also likely to be
linked to the relationship between white matter and tics. If reducing the
number of inputs to M1 is helpful in reducing tics, those people with the
less white matter to M1 will also have thicker grey matter thickness
because these inputs will not be there to be myelinated. This is reflected in
the data I have collected: the people with the least severe tics have less
interhemispheric connectivity between bilaterally M1 (fewer inputs), and
also have thicker grey matter in sensorimotor regions. However, as stated
previously, it is impossible from the current data to establish whether
thinner grey matter and more white matter interhemispheric connectivity
is the cause of more severe tics, or the cortex developed in this way in

response to severe tics.

7.2 Functional alterations in mechanisms of excitation and inhibition

M1 is pretty much the end of the line when it comes to signals from
the striatum resulting in a motor response. If these signals can be
interrupted before they reach M1, this is likely to reduce tics. The
supplementary motor area (SMA) is an ideal structure to interrupt these
signals and reduce tics. This is because the SMA contains many
connections from the basal ganglia and has reciprocal connections with
M1. Indeed, unlike other motor cortical areas, the SMA has 3-4 times more
connections from the basal ganglia than it does from the cerebellum

(Akkal, Dum & Strick, 2007). The SMA also has a hyper-direct connection
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to the subthalamic nucleus, a property that is thought to allow this area to
act as a brake on striatal-thalamic-cortico circuitary (Nachev, Kennard, &
Husain, 2008). Evidence for this theory comes from fMRI experiments that
have reported increased SMA activity on trials when participants had to
make a change to their usual actions, either through an unexpected change
of plan or unexpected stop (Nachev et al., 2005; Curtis et al., 2005; Li et al,,
2006; Aron & Poldrack, 2006). Furthermore, another role of the SMA is to
link environmental and internal cues to particular actions during motor
learning (Nachev, Kennard, & Husain, 2008). Evidence for this role comes
from an animal study where monkeys were injected with a GABA agonist
directly into the SMA. These monkeys had previously been trained in
movement sequences, and after the GABA agonist had been administered
they were impaired in performing these movement sequences from
memory, but could successful perform self-initiated or externally cued
actions (Shima & Tanji, 1998). This suggests that if the SMA is inhibited
through increased GABA learned motor patterns (or perhaps automatic
motor habits) are not executed, whereas self-initiated actions are intact. If
we think about tics as learned habits to environmental or internal (i.e. pre-
monitory urges) cues, then increasing GABA in this area might well have

the effect of reducing tics but keeping voluntary actions intact.

In a recent review Ganos, Roessner and Munchau (2013) suggest
that, in the active brain, tics could be reduced by enhanced functional
connectivity between pre-motor, SMA and primary motor cortices.
However, it has been reported that inhibitory rTMS delivered to the SMA,
but not pre-motor cortex or M1, reduces tic symptoms (Munchau et al,,
2002; Orth et al., 2005b; Mantovani et al., 2007; Kwon et al,, 2011).
Furthermore, Hampson et al. (2009) reported increased SMA-M1
functional coupling during tics for adults with TS compared to mimic-tics
performed by a control group. Taken together this evidence suggests that
increasing the inhibition of the SMA reduces tics by inhibiting
dysfunctional signals from the basal-ganglia and by decreasing the amount

of excitatory signals sent on to M1. This suggests that reducing, rather
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than enhancing, the connectivity between the SMA and M1 is likely to be
beneficial in reducing tics, contrary to Ganos, Roessner and Munchau’s

(2013) view.

Indeed, in the MRS experiment reported in Chapter 5, I found
elevated GABA levels for the TS group compared to the control group in
the SMA only. Elevated SMA-GABA also had a negative relationship with
task-related percentage change in fMRI BOLD signal, so that those with the
highest concentration of SMA GABA had the lowest BOLD response in a
motor task. This suggests that the functional consequence of elevated
GABA in young people with TS is to reduce the excitability, or
responsiveness, of the SMA. A possible explanation of why this might
occur, in line with the reasoning of the previous paragraphs, is that people
with TS are increasing the inhibition of the SMA to interrupt excessive
signals from the striatum. This means that fewer signals will be passed on

to M1, leaving the levels of GABA and Glutamate in M1 relatively normal.

Two, independent review papers (Ganos, Roessner and Munchau
2013, and Jung et al., 2013) called on evidence from TMS studies (e.g.
Heise et al,, 2010; Jackson et al., 2012) to suggest that in the active state,
people with TS have an inhibitory mechanism that occurs to allow them to
produce voluntary movements without interference from tics. In Chapter
4 ] have replicated the previous finding that people with TS do not show
the same dramatic increase in cortical excitability in the period preceding
volitional movement that typically developing young people show. I also
found that the extent to which cortical excitability of M1 was modulated
preceding movement onset was negatively related to tic severity, so that
those with the most severe tics had the least amount of modulation. This
could be because those with the most severe tics have the most
dysfunctional firing from the striatum, which needs to be reduced in order
to successfully perform a voluntary movement without interruption from
tics. Effectively, tic suppression has to occur at the same time as preparing

to engage in a voluntary action.
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Furthermore, in Chapter 6, [ reported that the MEP amplitude to a
TMS pulse delivered in the final period before movement onset was
negatively correlated with GABA levels in the SMA. This suggests that
those individuals with the smallest MEP amplitudes, and thus those who
did not have an increased in the excitability of M1 preceding movement
onset, also have the most elevated GABA levels in the SMA. This result
suggests that the MEP response in the last period before movement onset
is largely influenced by inputs from the SMA, and by increasing the
inhibition of the SMA it has reduced influence on the excitability of M1.
Task performance, however, is not impaired, as evidenced by the similar
performance between groups on the go/no go task used in Chapter 4
Experiment one. This is further evidence that reducing the input M1 has
from the SMA may be beneficial in controlling tics and producing

successful voluntary actions in young people with severe tics.

7.3 A local inhibition mechanism to control tics

My research so far leads to a situation where the brain is adapting
to dysfunctional striatal activity through reducing the number of
excitatory inputs to M1. The isolation of M1 from excessive excitatory
signals would allow only the strongest signals to be passed on to become
motor responses. This system is likely to favour voluntary movements,
rather than tics. Reducing the excitatory input to M1 could, in the long run,
lead to the tic remission that is reported in the majority of young adults
with TS. The research in this thesis has pointed towards two possible
mechanisms by which the amount of excitatory signals to M1 could be
reduced. The first is by reducing the number of inter-hemispheric
connecting fibres, as demonstrated by the positive relationship between
motor tics and FA measured from the section in the body of the corpus
callosum that contains projections to M1 or the SMA. By reducing this
inter-hemispheric excitatory signalling, the overall level of excitation of

M1 or the SMA would be reduced. The second mechanism is by increasing
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the level of inhibitory neurotransmitter GABA in the SMA, as a means of

controlling excess signalling before it reaches M1.

In Chapter 5 [ demonstrated that FA from the section of the corpus
callosum that contains projections to the SMA is positively correlated with
GABA concentration from the SMA ROLI. This suggests that increased levels
of GABA are a reaction to excitatory input; those individuals with the most
inter-hemispheric connectivity (i.e. excitatory inter-hemispheric input)
also have the highest levels of GABA. It is therefore likely that elevated
tonic GABA levels, and reduced modulation of cortical excitability in M1,
are immediate reactions to an over-excitable system, which could have
developed to keep levels of excitation under control as part of a natural
homeostatic mechanism that typically keeps the balance of excitation and
inhibition in check. These reactive adaptations are more apparent in those
people with the most severe tics, perhaps because these people have the
highest levels of dysfunctional striatal signalling. As such, they would have
the most excitatory signals to M1, which need to be inhibited or

interrupted in order to produce successful voluntary movements.

The development of white matter and grey matter during the
critical period of adolescence is likely to be greatly influenced both by tics
themselves, and by the conscious suppression and control of tics that
many young people with TS attempt. Much like the musicians training in
piano playing (Bengtsson et al., 2005), individuals with TS spend many
hours attempting to suppress tics. It is likely that the eventual remission in
tic symptoms that happens to the majority of young people diagnosed with
TS happens because of how the development of white and grey matter is
affected by this tic suppression, which concurs with Plessen, Bansal &
Peterson’s (2009) view. However, Plessen, Bansal & Peterson (2009)
suggested a model where increased input from the dorsolateral prefrontal
cortex to motor and premotor cortical areas would lead to greater

cognitive control over tics. In my thesis I have presented an alternative
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suggestion, where the eventual control of tics occurs through local

inhibitory processes to reduce the amount of excitatory signalling to M1.

Evidence for this theory comes from fMRI experiments of cognitive
control tasks which show that subjects with TS have a reduced BOLD
response in primary motor cortex compared to a typically developing
control group, despite similar behavioural performance (Jackson et al,,
2011; Jung et al,, 2013). This research suggests that having a less active
M1 leads to successful task performance in people with TS. Using my view,
increased influence from the dorsolateral prefrontal cortex to M1 would
actually be detrimental in controlling tics, as it would introduce more
excitatory input. This could explain why a positive relationship between
white matter projecting from the prefrontal cortex and the severity of
motor tic symptoms has been previous reported (Jackson et al., 2011).
Those with more inputs from the prefrontal cortex have worse tics
because they have more excitatory inputs, much like the increased
interhemispheric connections. However, I did not find any relationship
between white matter projecting from the prefrontal cortex and tic

severity, so [ cannot support this line of reasoning using my current data.

7.4 Limitations and considerations for future research

[t is important to consider that TS is a very complex disorder. Many
people with TS have at least one co-morbid disorder, including OCD and
ADHD, and the samples used in this thesis were representative of the
adolescent TS population in this respect. The focus of this research has
been mainly on the motor system, and as such, has only focused on motor
tics. I understand that in the majority of people with TS motor tics are not
their only symptom, and that developmental changes in brain structure
are likely to relate to a whole range of behaviours. A more extensive study
of the range of symptoms and co-morbidities associated with TS, and their
impact on brain development was beyond the scope of this thesis. For this

reason, a region of interest approach was adopted, with a focus on M1 and
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the SMA because of these areas involvement in tic production and
suppression. Future research would benefit from a broader scope to better

account for individual differences in symptoms and brain development.

In Chapter 2 [ demonstrated the usefulness of adopting a
multivariate analysis technique (SVM). Such multivariate analyses could
be a good tool in future research to combine information from different
clinical, psychological and neuroscience measures to create models that
may be able to predict not just group ownership, but with a large
longitudinal dataset, clinical outcome. The complexity of disorders such as
TS would benefit from such statistical modelling, as it is likely that some
findings are better predicted by a combination of traits rather than a
single measure (e.g. motor tic score). For example the severity of ADHD
traits alongside the severity of tics may be a better predictor of white
matter development than just tics or ADHD traits alone. Classifying a
range of behavioural traits and using a range of complementary
techniques with a large sample size would likely lead to better models of

the progress of and neuronal adaptation to developmental disorders.

The research presented in this thesis was based on a cross-
sectional sample of adolescents with TS. This means that the conclusions I
have drawn are based on correlations between tic severity at the time of
testing, and the data collected. This snapshot approach, although useful,
means I cannot confidently determine whether the adaptive changes |
have highlighted are indeed what lead to tic remission. A longitudinal data
set that followed children from diagnosis to early adulthood, and included
the classification of a range of behaviours including tics, would provide
clearer answers to how the brain develops to compensate for tics. This
approach should also take into account medication and psychological

therapies that may be influencing brain development.

Without the use of a longitudinal data set, a smaller-scale study

could look at brain structure and measures of excitation and inhibition in a
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group of adults who were diagnosed with TS in childhood but now are
largely tic-free. This group could be compared to a neuro-typical aged
matched control group, and an aged-match group of adults who continue
to have noticeable tics. This approach is likely to shed some light on the
eventual white matter structure that needs to develop for successful tic

remission.

If increases in tonic levels of GABA in the SMA are beneficial in
reducing tics, at least in the short term, there is potential for the use of
brain stimulation therapies to increase GABA release in the SMA.
Transcranial direct current stimuluation (tDCS) has been shown to
influence levels of GABA and glutamate in the cortex (Stagg et al., 2009,
Kim et al,, 2014). Cathodal tDCS could be used to increased GABA levels in
the SMA of people with TS, which may be beneficial in reducing tic
symptoms. However, the effects of tDCS are variable, and more research
into the effects of tDCS on the SMA of non neuro-typical people is needed

before a clinical trial of this kind should be attempted.

7.5 Conclusions

In this thesis I used complementary cognitive neuroscience
research techniques to explore possible developmental adaptations in a
group of young people with Tourette syndrome. This investigation
revealed that young people with TS tend to have thinner grey matter in
the sensorimotor areas of the cortex, reduced gain in cortical excitability
of M1 leading up to a movement, and increased levels of tonic GABA in the
supplementary motor area. Young people with TS also have a significant
relationship between the severity of motor tics and the white matter in the
body of the corpus callosum, the thickness of cortical grey matter in
sensorimotor regions, and the modulation of cortical excitability of M1
preceding a volitional movement. Elevated levels of GABA in the SMA of
young people with TS was reported as related to: FA values from the SMA

region of the corpus callosum, the percentage of BOLD signal change in the
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SMA in an fMRI finger-tapping task, and MEP amplitude in the period
directly preceding movement onset. Taken together, in the context of the
primary deficit in TS being dysfunctional striatal firing leading to hyper-
excitability of the sensorimotor cortex, the results suggest that in TS the
adolescent brain is developing in such a way to isolate M1 from excessive
expiatory input. This could be achieved by alterations to the white matter
structure to reduce excitatory interhemispheric input, as shown by the
relationship between callosal FA and tics, or by functional alterations to
increase SMA GABA levels to prevent some dysfunctional signals being
passed on to M1. These effects may be short-term reactions to enable the
successful completion of voluntary movements without interference from
tics, or may be part of the developmental process that leads to tic
remission. A longitudinal study is needed in order to substantiate this. It
is likely, however, to be a combination of both; that altered balance
between excitation and inhibition, along with active tic-suppression, over
time, lead to permanent alterations in white matter and cortical grey

matter structure.
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