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COVID-19 Statement
The completion of data collection for Study 3 in this thesis was prevented because of the
nationwide lockdown that started on March 2020 in response to the global pandemic of COVID-
19. The original plan for Study 3 was to recruit 20 participants with Parkinson’s disease (PD) and
20 healthy, age-matched control participants. However, given that both PD and elderly participants
were particularly vulnerable to COVID-19 infection, we decided to cease data collection and report

the data already collected from 10 PD participants in 2019.
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Abstract
A recent study showed that vestibular stimulation can produce long-lasting alleviation of motor
and non-motor features in Parkinson’s disease (PD). The improvements observed in motor
symptoms were of particular note and may provide an indication as to one of the underlying
physiological mechanisms of action for vestibular stimulation. An electrophysiological marker
known to be abnormal in PD is the Bereitschaftpotential (BP) of the movement-related cortical
potentials (MRCPs). One aim of this thesis was to observe the effects of galvanic vestibular
stimulation (GVS) on MRCPs in PD to better understand its underlying physiological mechanisms.
Many studies measuring the electrophysiological response to GVS have employed pre- versus
post-GVS protocols, limiting observations to only after stimulation. The investigation of the
mechanisms during GVS is limited by the large artifacts that contaminate the
electroencephalograph (EEG). Previous studies have described pre-processing strategies to
remove the GVS-related artifact, but these have many limitations. Thus, another aim of this thesis
was to describe an artifact removal strategy using a novel approach of employing Independent
Components Analysis (ICA) to identify, quantify and eliminate the GVS-related artifact from the
EEG data. Study 1 (n = 11) validated this strategy by successfully removing the GVS-related
artifact from MRCP data when manipulating the GVS frequency. Study 2 (n = 9) provided further
validation by showing successful removal of the GVS-related artifact associated with a higher
GVS intensity. Study 3 applied the methodology validated in the first two studies to a PD sample
and found a significant increase in the early BP associated with GVS. This suggests that vestibular
stimulation may improve motor features in PD through modulation of underlying pathological

oscillations associated with motor dysfunction.
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The Electrophysiological Effects of Vestibular Stimulation in Parkinson’s Disease
Overview

Stimulating the vestibular system via caloric or thermal currents has been shown to
alleviate the symptoms of several neurological conditions such as hemi-spatial neglect, episodic
migraine and Parkinson’s disease (PD) (Wilkinson et al., 2014; Wilkinson et al., 2019; Wilkinson,
Kilduff, McGlinchey & Milberg, 2005). The most robust and long-lasting effects have been
observed in PD (Wilkinson et al., 2019). A recent clinical study found that an eight-week treatment
of caloric vestibular stimulation (CVS) delivered to patients diagnosed with PD produced
significant and long-lasting amelioration from motor and non-motor features of PD (Wilkinson et
al., 2019). The motor improvements were especially notable with significant and enduring
reductions being observed in the motor aspects of daily living and motor examination of the
Movement Disorders Society-Unified Parkinson’s Disease Rating Scale (MDS-UPDRS). Other
studies have also demonstrated the therapeutic potential of galvanic vestibular stimulation (GVS)
in PD (Khoshnam et al., 2018; Yamamoto et al., 2005). As of yet, there have been very few formal
investigations into the underlying physiological mechanisms of action during vestibular
stimulation. The reductions in motor symptoms by vestibular stimulation in PD may provide a
useful indication as to one of the underlying mechanisms. An electrophysiological marker known
to be abnormal in PD is the Bereitschaftpotential (BP) component of the movement-related cortical
potentials (MRCPs). The effect of vestibular stimulation on the BP in PD may provide a
preliminary understanding of its underlying mechanisms of action. One recent study showed that
GVS affected MRCPs in healthy participants (Lee, 2015). This study and many of the other studies
on the effects of vestibular stimulation on responses within the electroencephalograph (EEG) have

generally employed a pre- versus post-stimulation paradigm, precluding observations during the
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stimulation period (Lee, Pan & Yoon, 2016; Lee et al., 2014). As of yet, it is unclear if the
therapeutic effects of vestibular stimulation on motor symptoms may partly stem from mechanisms
occurring during stimulation as opposed to afterwards. The investigation of EEG responses during
vestibular stimulation is limited by the large artifacts that contaminate the data during concurrent
recording of EEG and application of electrical stimulation via GVS (Lee, McKeown, Wang &
Chen, 2018). Only five previous studies have measured EEG responses during GVS and employed
different pre-processing strategies to remove the GVS-related artifact from the EEG data. These
studies have several limitations, one of which is failing to report the effects of the processing
strategy itself on the EEG data, which prevents replication. Another is that participants’ data were
only measured at rest, instead of during a specific task. Thus, there is a need to observe MRCPs
elicited by motor tasks during GVS in PD. Investigating this will enable us to begin to understand
the vestibular stimulation mechanisms of action on the motor symptoms in PD observed previously
(Wilkinson et al., 2019).

The overall aims of this thesis are 1) to develop and evaluate a novel methodology to
conduct concurrent GVS-EEG studies to obtain MRCP data and 2) to observe the direct effects of
GVS on MRCPs in a PD and neurologically healthy, age-matched population®. Both aims related
to the wider goal of finding the underlying therapeutic mechanisms of vestibular stimulation.
Achieving the first aim involved evaluating the use of Independent Components Analysis (ICA)
to identify, quantify and ultimately remove the GVS-related artifact from the EEG data. This
facilitated the effective observation of MRCPs during GVS in PD participants and healthy

individuals. Observing the direct effects of MRCPs in PD may help to explain the improvements

! However, due to the COVID-19 pandemic, we were unable to complete data collection for the
healthy, age-matched control group.
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in motor features of PD previously reported (Khoshnam et al., 2018; Wilkinson et al., 2019).
Providing data for a potential mechanism of action may facilitate obtaining regulatory approval
for the use of vestibular stimulation in clinical conditions. Moreover, once a clinically relevant
mechanism of action is known, studies can then manipulate dosage with the aim of maximizing
benefits for patients. This may involve identifying best responders in terms of physiological
responsivity, which in turn can help in determining treatment response.

This thesis begins with a literature review outlining the vestibular system, vestibular
stimulation, and its potential influence on the pathological mechanisms of PD. Next is a section
on methodological development describing the single-case pilot studies conducted to help
determine appropriate GVS parameters used in the subsequent group studies. Next are Studies 1
and 2 which directly addressed the first aim of this thesis. The main aim of Study 1 was to evaluate
the effectiveness of the processing strategy to remove the GVS-related artifact from EEG data in
a group of 11 participants. One objective of Study 1 was to manipulate the GVS frequency applied
during EEG recording. The aim of Study 2 was the same as Study 1, however, the GVS intensity
was manipulated by increasing it from 0.20-0.30 mA to 0.30-0.40 mA to determine whether the
GVS-related artifact could be removed when using a higher GVS magnitude. An additional
objective of Study 2 was to assess the feasibility of implementing a foot tapping task to the
experimental protocol. Study 3 evaluated the feasibility of applying the processing strategy
employed in Studies 1 and 2 to a PD population.

Vestibular system

The vestibular system has traditionally been associated with autonomic functions that lie

largely outside of our conscious control such as balance, postural control and ocular control during

head movements (Grabherr, Macauda & Lenggenhager, 2015; Clark, 1970). The vestibular sensory
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organs within the inner ear consist of the fluid-filled semi-circular canals and the otolith organs
(saccule and utricle), which detect rotational head motion, linear acceleration and gravitational
forces (Fitzpatrick & Day, 2004). Recent research suggests the vestibular system also plays an
important role in higher-order functions involved in cognition, emotion and volitional movement
(Bent, Inglis & McFadyen, 2004; Bigelow & Agrawal, 2015; Cullen, 2012; Smith & Zheng, 2013;
Smith, 2017; Smith, 2018). This finding stems from three lines of enquiry: neuropsychological,
anatomical and neuromodulatory. This growing body of evidence helps explain the growing
number of studies that investigate vestibular stimulation as a potential adjunctive or alternative
therapy for neurological disorders such as PD, prosopagnosia, episodic migraine and hemi-spatial
neglect (Wilkinson et al., 2014; Wilkinson et al., 2017; Wilkinson et al., 2019; Yamamoto et al.,
2005). Harnessing these interactions between the vestibular system and higher-order brain regions
may help alleviate the dysfunction that emerges from damage to these brain regions (Black &
Rogers, 2020).

The role of the vestibular system in cognition and emotion is often highlighted when there
is a loss of vestibular function. For example, it has long been known that there is a strong
relationship between vestibular disturbances and affective disorders (Grabherr et al., 2015). Many
epidemiological studies have reported the high prevalence of anxiety and panic disorders, phobias,
traumatic stress, obsessive disorders and depression in patients presenting with vertigo syndrome,
peripheral vestibular loss (BVL) and postural-perceptual dizziness (PPPD) (Best, Eckhardt-Henn,
Tschan & Dieterich, 2009; Eagger et al., 1992; Staab, 2016). Conversely, individuals suffering
from psychiatric disorders such as depression, anxiety, schizophrenia and phobias frequently
complain of balance problems, dizziness and vertigo — symptoms associated with vestibular

dysfunction (Best, Bense & Dieterich, 2007; Hallpike, Harrison & Slater, 1951; Jacob, Moller,
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Turner & Wall, 1985; Nagaratnam & Bou-Haidar, 2005). These studies suggest a link between the
vestibular system and limbic networks associated with emotional processing (Rajagopalan et al.,
2017). Indeed, many animal studies have provided evidence for indirect pathways linking the
vestibular system to structures within the limbic system such as the hypothalamus and amygdala
(Rajagopalan et al., 2017). Extreme vestibular conditions such as hypo- or hyper-gravity
environments or rapid accelerations of the head have been shown to activate the stress response,
specifically activating the hypothalamo-pituitary-adrenocortical (HPA) axis (Horowitz, Blanchard
& Morin, 2004; Murakami et al., 2002). Markia, Kovacs and Palkovits (2008) found that this stress
response may be underpinned by a pathway from the medial vestibular nucleus to the hypothalamic
paraventricular nucleus (PVN). Other possible indirect pathways between the vestibular system
and the amygdala have also been proposed, with neural tracer viruses injected into vestibular
neurons spreading rapidly to amygdala cells in the Mongolian gerbil (Metts, Kaufman & Perachio,
2006). The role of the amygdala in emotion regulation has been extensively studied, particularly
in terms of its connections to the prefrontal cortex which if compromised can lead to pathological
anxiety (Kim et al., 2011).

Further supporting this link are studies showing that artificial vestibular stimulation can
alter mood states and emotions as well as possibly alleviating the psychiatric disorder mania
(Grabherr et al., 2015; Rajagopalan et al., 2017). Positive mood ratings have been shown to
decrease during left ear caloric vestibular stimulation (CVS) when compared to sham stimulation
in neurologically healthy participants (Preuss, Hasler & Mast, 2014). Moreover, in the nineteenth
century, artificially activating the vestibular system using spinning chairs was a common
therapeutic intervention for mania (Grabherr et al., 2015). A recent study indeed confirmed that

placing healthy participants in a spinning chair can improve mood states with participants reporting
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feeling ‘relaxed’ and ‘calm’ (Winter et al., 2013). A small clinical study also found that manic
delusions in three schizophrenic patients were transiently reduced following CVS of the left ear
(Levine et al., 2012). It is possible that vestibular information modulates emotion via regulation of
thalamocortical circuits, limbic function and/or autonomic responses (Rajagopalan et al., 2017).
There is also much evidence to suggest that the vestibular system modulates cognitive
processes especially those involved in spatial memory (Bigelow & Agrawal, 2015; Dilda,
MacDougall, Curthoys & Moore, 2012). Indeed, some studies have suggested indirect connections
from the vestibular system to brain regions associated with memory, such as the hippocampus
(Hitier, Besnard & Smith, 2014; Smith, 1997). At an anatomical level, the vestibular nerve
projecting from the peripheral vestibular labyrinth — containing the semi-circular canals and otolith
organs — sends sensory information to the vestibular nucleus complex (VNC) in the brainstem and
cerebellum (Stiles & Smith, 2015). The VNC contains two types of vestibular neurons: the
vestibular-ocular reflex (VOR) neurons and the vestibular only (VO) neurons (Cullen, 2012).
Whilst VOR neurons are associated with oculomotor control of eye movements, the VO neurons
project to motor neurons at the cervical and thoracic levels of the spinal cords and to higher-level
level brain regions such as the thalamus and hippocampus (Smith, 1997; Stiles & Smith, 2015).
Indeed, lesioning the vestibular nerve in rats has been shown to produce changes in hippocampal
theta rhythms and eliminating vestibular signals can cause disruption in the firing rate of head
direction cells in the rat hippocampus (Russell et al., 2006; Stackman, Clark & Taube, 2002). These
indirect connections may play a role in the severe spatial memory deficits observed in patients
with bilateral vestibular loss (BVL), as evidenced by their poor performance on the virtual Morris
water maze compared to healthy controls (Brandt, Dieterich & Strupp, 2005). The link between

the vestibular and cognitive systems has also been demonstrated in neurologically intact
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individuals with many studies showing enhancing or disrupting effects of vestibular stimulation
on tasks measuring memory (Wilkinson et al., 2008). In this way, the vestibular system may play
an important role in the representation of the body’s position in space with the abolishment of
vestibular signals leading to spatial memory deficits in both humans and animals (Baek, Zheng,
Darlington & Smith, 2010; Brandt et al., 2005). Maintaining a good representation of one’s
position in space is crucial for navigation in 3-dimensional space which in turn affects motor
function such as gait coordination (Lacour & Borel, 1993). Language and visual attention are other
cognitive processes affected by vestibular stimulation (Dilda et al., 2012; Lenggenhager, Lopez &
Blanke, 2008, Wilkinson, Morris, Milberg & Sakel, 2013).
Vestibular stimulation

The findings outlined above give reason to believe that the vestibular system can be
harnessed as a therapeutic pathway to brain regions damaged by acquired injury or degeneration.
Indeed, investigations of whether vestibular stimulation produces clinical benefits in neurological
conditions have yielded many promising results. Caloric and galvanic vestibular stimulation (CVS
and GVS, respectively) have shown particularly favourable results. CVS involves applying
thermal currents to the external auditory canal, which leads to stimulation of the vestibular nuclei
in the brainstem (Been, Ngo, Miller & Fitzgerald, 2007). This mode of thermal current induction
alters the firing rate of the vestibular nerve by causing density changes in the endolymphatic fluid
in the semi-circular canals, thereby eliciting vestibular-ocular reflexes (VORs) and horizontal
nystagmus (Been et al., 2007). CVS was traditionally used to assess balance and brainstem
function by irrigating the external auditory canal with warm or cold water (or air) (Been et al.,
2007). However, this procedure elicited some unpleasant side effects such as nausea, dizziness and

vomiting and was not amenable for home use by patients (Been et al., 2007; Black et al., 2016).
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This led to the recent development of a solid-state CVS device consisting of a wearable headset
fitted with ear-probes that warm and cool, which has proved more feasible for chronic, therapeutic
use and tolerable for patients (Black et al., 2016). On the other hand, GVS involves the application
of gentle electrical currents to the mastoid processes via transcutaneous electrodes attached to a
stimulation device (Fitzpatrick & Day, 2004). It functions by activating the vestibular nerve via
polarisation effects of the eighth cranial nerve projecting from both the semi-circular canals and
the otolith organs in such a way as to emulate natural head motion (Fitzpatrick & Day, 2004;
Goldberg, Smith & Fernandez, 1984; Utz, Dimova, Oppenlander & Kerkhoft, 2010).

Caloric vestibular stimulation (CVS) has been shown to affect pain, hemi-spatial neglect,
episodic migraine, minimally conscious states, and PD (Moon, Lee & Na, 2006; Ramachandran,
McGeoch & Williams, 2007; Vanzan et al., 2017; Wilkinson, Podlewska & Sakel, 2016; Wilkinson
et al., 2017; Wilkinson et al., 2019). A clinical case study of two patients with post-stroke, thalamic
pain showed that CVS via irrigation produced immediate and sustained reductions in self-reported
pain that lasted for several weeks following the end of treatment (Ramachandran et al., 2007). CVS
has also been shown to transiently alleviate the attentional bias towards the ipsilesional visual field
associated with hemi-spatial neglect resulting from stroke (Moon et al., 2006). This was evidenced
by increased spontaneous exploration of the contralesional side of space as well as improved
performance on tests of visual neglect such as line crossing, in which participants are asked to
cross lines slanted at various angles on a page (Ruben, 1985). Additionally, two recent case studies
employing the solid-state CVS device developed by Black et al. (2016) demonstrated
improvements in post-stroke aphasia (n = 3) and increases in voluntary responses of individuals in
a minimally conscious state (n = 2) (Vanzan et al., 2016; Wilkinson, Morris, Milberg & Sakel,

2013). These findings were followed by two randomised-controlled trails (RCTs) that recruited
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larger sample sizes. Wilkinson et al. (2017) found that migraineurs who received a three-month
treatment using the solid-state CVS showed significant reductions in number of headaches,
migraine medication intake and self-reported pain scores compared to patients receiving placebo
stimulation. Moreover, CVS appears to have a significant and lasting effect on PD symptoms. A
single-case study by Wilkinson, Podlewska and Sakel (2016) found significant and lasting
improvements in standardised neuropsychological evaluations of motor, cognitive, affective and
independent function following a 3-month treatment protocol of CVS for a 70-year-old male
diagnosed with PD. A recent RCT replicated these findings in a larger sample, showing significant
and long-lasting reductions in motor and non-motor symptoms in PD patients receiving active
CVS as opposed to a placebo group receiving sham stimulation (Wilkinson et al., 2019). These
effects were found to last up to five months following the end of the treatment period, and I return
to them later.

Galvanic vestibular stimulation (GVS) has also yielded promising results in terms of its
therapeutic potential in neurological conditions. Preliminary findings for the clinical benefit of this
approach has been demonstrated for prosopagnosia, with a single-case study of a patient left unable
to recognise faces following right hemisphere damage, showing significantly improved
performance in a face matching task during application of GVS (Wilkinson et al., 2005). Moreover,
a recent RCT demonstrated that an active treatment of GVS was associated with significant
reductions in the attentional deficits of patients diagnosed with hemi-spatial neglect following right
hemisphere strokes (Wilkinson et al., 2014). This was demonstrated by significant improvements
in diagnostic outcomes and quality of life (QoL) as measured by the Behavioural Inattention Test
(BIT) and the Barthel Index (BI) from pre-stimulation baseline assessments. As with the PD results

for CVS, GVS was also shown to have a lasting effect on attentional deficit beyond the stimulation
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period in this RCT (Wilkinson et al., 2014). This enduring effect persisted regardless of the number
of GVS sessions (1, 5 or 10) received by participants, suggesting that a single session of vestibular
stimulation is sufficient to produce long-lasting changes.
Putative mechanisms of vestibular stimulation

The investigation into the clinical effects and feasibility of vestibular stimulation has
preceded our understanding of its underlying mechanisms. The few studies that have investigated
mechanisms focus on its effect on central brain activations, employing the use of functional
imaging methods such as PET and fMRI. These studies have revealed the increases and decreases
in activation as measured by the BOLD signal during stimulation of the vestibular system. These
studies demonstrated that signals from the vestibular system can influence a widespread network
of structures. To cite examples, changes produced by vestibular stimulation have been observed in
the putamen, caudate nucleus, insula, temporo-parietal junction, thalamus, hippocampus and
premotor regions of the frontal lobe (Bense et al., 2001; Bottini et al., 1994; Bucher et al., 1998;
Della-Justina et al., 2015; Emri et al., 2003; Lobel et al., 1998; Stephan et al., 2005; Vitte et al.,
1996). Despite this, the functional relevance of these activations remains unclear as these imaging
studies are frequently conducted whilst participants are at rest without engaging in a task and
participants are usually neurologically healthy. To explain the clinical effects of vestibular
stimulation, studies need to employ functionally, and clinically relevant markers elicited by equally
relevant tasks such as reaction time (RT) tasks (Dick et al., 1984) in individuals with a brain
disorder.

The use of EEG may have several advantages over functional imaging methods in the
investigation of the underlying mechanisms of vestibular stimulation. EEG measures the moment-

to-moment voltage fluctuations produced by the synchronous activity of millions of pyramidal
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cortical cells from the scalp (Luck, 2014). In this way, the electrophysiological responses
associated with a specific task can be recorded with a high temporal resolution (Luck, 2014). Thus,
EEG can be employed to observe the effects of vestibular stimulation on the time course of brain
activity associated with a specific task — so-called event-related potentials (ERPs). This is different
to functional imaging methods whose high spatial resolution limits the investigation of the effects
of vestibular stimulation to which brain areas are affected. Due to the time sensitive nature of GVS
and CVS, these imaging methods do not have the temporal power to unpack the temporal
fluctuations in neural activity. Moreover, given that any given brain area is associated with many
different functions (Price & Friston, 2002), it is difficult to interpret the findings of widespread
activations produced by vestibular stimulation in relation to its clinical effects. However, by
employing ERPs, researchers can explore how vestibular stimulation affects the moment-to-
moment brain processing occurring during a functionally and clinically relevant task. Despite these
strengths, the exploration of the effects of vestibular stimulation on electrophysiological markers
has been limited.

Most studies investigating the effects of vestibular stimulation on EEG or ERPs employ
GVS, as opposed to CVS, as the stimulation method. Pre- versus post-stimulation studies in normal
controls have shown that GVS can influence ERPs associated with visual processing and decision-
making and EEG power of different frequency ranges (Ko et al., 2020; Lee et al., 2014; Lee et al.,
2016). Lee et al. (2016) found an increased amplitude and earlier latency of both the N100 and
P300 elicited by a visual oddball paradigm following a GVS period of 10 minutes in healthy
participants. These results suggest both an increase in attentional resources but also more efficient
information processing (Luck, 2014) as a result of GVS. Moreover, these changes were mostly

observed over the prefrontal and frontal cortices, suggesting vestibular influences on cognitive
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decision-making (Manes et al., 2002). In a study measuring participants’ memory recall of different
visual stimuli, it was found that following a period of GVS, participants’ error rate significantly
decreased. This improvement in behavioural performance was accompanied by decreases and
increases in alpha and beta frequency bands, respectively associated with the active GVS condition
(Lee et al., 2014). Tasks that require more cognitive control and attention, such as memory recall,
have been associated with alpha inhibition and beta increases (Egner & Gruzelier, 2001; Lee et al.,
2014) which may suggest that GVS can modulate oscillatory activity. A recent study found that
alpha power in the motor cortex was suppressed during walking following GVS in both healthy
participants and patients with bilateral vestibular hypofunction (BVH) (Ko et al., 2020). The
authors speculated that these changes in EEG power during walking were due to neuroplasticity
occurring in the human vestibular cortex (left and right parietal lobes) caused by GVS. Specifically,
these neuroplastic changes may consist of vestibular long-term potentiation (LTP) and long-term
depression (LTD), the former defined as an enhancement and the latter as an inhibition in synaptic
efficiency (Grassi & Pettorossi, 2001).
Putative mechanisms underlying improvement in PD during vestibular stimulation

The GVS effects on EEG frequencies hint that vestibular stimulation may function by
altering oscillatory states within different areas of the brain (Kim et al., 2013; Smith, 2018). This
is particularly meaningful because some of the most robust and enduring therapeutic effects of
vestibular stimulation have been observed in PD (Wilkinson et al., 2016; Wilkinson et al., 2019) —
a condition associated with pathological brain oscillations (Hammond, Bergman & Brown, 2007,
Heinrichs-Graham et al., 2014). Before discussing whether vestibular stimulation may alleviate
certain PD symptoms via modulation of these oscillatory states, I will first describe PD and the

clinical effects that have been seen in PD during vestibular stimulation.
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Parkinson’s disease (PD) is a neurodegenerative condition characterised by the loss of cells
in the substantia nigra which results in motor symptoms such as postural instability, slowness of
movement, motor rigidity and tremor (Davie, 2008). Equally or if not more debilitating, there are
also non-motor symptoms such as sleep disturbances, memory impairments, digestive problems,
chronic pain, depression and anxiety (Wilkinson, 2021). Wilkinson et al. (2019) conducted a
randomised, double-blind and placebo-controlled study which showed that the active treatment
with a solid-state CVS device was associated with clinically significant improvements in both
motor and non-motor symptoms of PD. The study included 33 individuals diagnosed with PD in
accordance with the UK Parkinson’s Disease Society Brain Bank Criteria and who experienced
self-reported difficulties in activities of daily living (ADLs). Following a baseline assessment
period, the participants were randomised to either an active or placebo treatment group. Both
treatments were administered twice daily at home by participants themselves or with the help of a
partner/carer for eight weeks. The active treatment group received CVS as a time-varying, warm,
saw-tooth thermal (37 °C — 42 °C) stimulus to one ear and a cold saw-tooth thermal (37 °C —
17 °C) to the other ear, lasting for approximately 19 minutes. The placebo treatment involved the
same procedure as the active treatment, but no power was delivered to the device. Follow-up
assessments of clinically relevant outcomes were administered at the end of the eight-week active
treatment, then at five and 24 weeks following treatment cessation. Some of the outcome measures
evaluated in this study included the Movement Disorder Society-Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS), the Non-Motor Symptom Scale (NMSS) for PD, the Modified
Schwab and England ADLs Scale, the Timed-Up-and-Go test and the 10-metre self-paced walking
test (Chaudhuri et al., 2007; Goetz et al., 2008; Podsiadlo & Richardson, 1991; Schwab, 1969;

Steffen & Seney, 2008). Compared to baseline evaluation, the motor symptom scores on Part 11
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(motor aspects of daily life) and Part III (motor examination) of the MDS-UPDRS were
significantly greater for the active treatment group compared to the placebo group. Non-motor
features as measured by the NMSS were also significantly reduced for the active treatment group
compared to placebo. Many of these improvements exceeded a previously determined minimal
clinically important difference (MCID) (Horvath et al., 2017) and persisted to the 5- and 24-week
follow-ups. The active treatment arm was also associated with significant improvements on the
Schwab and England ADLs Scale, the 10-metre walking test and the Timed-Up-and-Go test. These
results were unlikely to have resulted from a placebo effect as active participants were unable to
correctly guess whether they had received active or placebo treatment. Moreover, the durability of
the effects supported the likelihood that the results were driven by true underlying mechanisms of
action such as neural entrainment or cerebrovascular coupling (Black et al., 2016). Thus, these
findings suggest that a twice daily treatment with the CV'S device can produce lasting and clinically
relevant improvements in PD symptoms. The robustness of these effects is perhaps the strongest
justification for a thorough investigation into the physiological mechanisms of action of vestibular
stimulation.

Galvanic vestibular stimulation (GVS) has also been shown to improve motor symptoms
in PD. Most of these studies have focused on the motor symptom of postural instability but there
are a few that also show improvements on fine motor tasks, gait, and some non-motor symptoms
such as autonomic responsiveness. The first of these studies found that a 24-hour treatment with
stochastic or noisy GVS improved autonomic responsiveness, rest-to-active transitions and motor
execution in PD as evidenced by increased heart rate frequency fluctuations, trunk activity and
reduced RT in a Go/No-Go task, respectively (Yamamoto et al., 2005). Another study of patients

with akinesia resulting from PD or multiple-system atrophy (MSA) found that noisy GVS was
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associated with greater rates of switching between higher and lower levels of wrist activity,
suggesting a reduction in hand akinesia (Pan, Soma, Kwak & Yamamoto, 2008). Many other
studies have found improvements by GVS on PD postural instability as evidenced by reductions
in sway using centre-of-pressure measures and increased balance maintenance following
perturbation using the pull test of the MDS-UPDRS and/or dynamic balance mats (Kataoka et al.,
2016; Pal, Rosengren & Colebatch, 2009; Samoudi, Jivegard, Mulavara & Bergquist, 2015; Tran
et al., 2018). Some recent studies have targeted more specific features in PD such as the
characteristic stooped posture, visuomotor difficulties as well as gait and fine motor control
disturbances. Okada et al. (2015) found that 20 minutes of direct current (DC) GVS significantly
improved the posture of PD patients with severe camptocormia as shown by a reduction in their
anterior bending angle during standing. Another study found that visuomotor processing in PD
was improved during application of noisy GVS as evidenced by increased accuracy in the tracking
of a visual stimulus using a joystick (Lee et al., 2015). The most recent study on the effects of GVS
in PD found improvements in symptoms associated with both upper and lower limb extremities
(Khoshnam et al., 2018). Slowing of gait and tremor during walking was improved following direct
current GVS as evidenced by faster completion of the Timed-Up-and-Go test of the MDS-Unified
Parkinson’s Disease Ratings Scale and reduction in tremor frequency. Upper limb improvements
were characterised by reductions in tremor and in the duration of manual motor blocks (MMBs)
during a finger tapping task. This body of work supports a positive relationship between the use
of CVS and GVS and behavioural improvements in PD, suggesting that vestibular stimulation in
PD may produce disease modification through genuine physiological mechanisms of action.

To date, many of the putative mechanisms underlying the positive effects of vestibular

stimulation in PD are based on the hypothesis that aberrant oscillations underlie the motor
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symptoms in PD (Black & Rogers, 2020). The proposed theory is that vestibular stimulation can
alter or correct these pathological oscillations, thereby leading to concomitant improvements in
motor function (Black & Rogers, 2020; Smith, 2018). Moreover, the underlying mechanisms
proposed are frequently reported as related to the type of stimulation applied. In many previous
studies, the application of stochastic or noisy GVS to PD assumes that it can lead to stochastic
resonance or facilitation (Cai et al., 2018; Lee et al., 2015; Pal et al., 2009; Samoudi et al., 2005;
Yamamoto et al., 2005). This refers to the ability of a random noise signal (be this vestibular or
otherwise) to amplify the responsiveness of a non-linear biological system, such as the central
nervous system (CNS), to weak, sub-threshold signals (McDonnell & Ward, 2011). The external
random noise signal likely causes depolarization at random intervals which in turn render the weak
signals detectable by the system (Kim et al., 2013). This may be effective in PD, where neural
responsiveness to reafferent signals is dampened (Yamamoto et al., 2005). However, this
mechanism may not explain the dramatic and enduring effects of CVS on PD reported by
Wilkinson et al. (2019). Their findings may be more consistent with mechanisms associated with
neural entrainment (Black et al., 2016; Black & Rogers, 2020).

Neural entrainment refers to the synchronisation of underlying neural oscillations to an
externally applied sinusoidal current (Khatoun, Asamoah & Laughlin, 2019; Krause et al., 2019;
Schutter, 2016). The assumption is that the frequencies of the underlying cortical oscillations will
align with the frequency of the externally applied oscillations. Indeed, neuromodulation using
alternating currents (AC), as in transcranial alternating current stimulation (tACS), has been shown
to alter cortical oscillations (Helfrich et al., 2014). Importantly, tACS has been shown to
temporarily attenuate the excessive beta oscillations observed during EEG and

magnetoencephalography (MEG) of a PD sample (Del Felice et al., 2019; Krause et al., 2014).
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Despite this, the therapeutic gains of tACS in PD have been minimal, with only two studies
showing transient relief from tremor, bradykinesia and mild cognitive impairment following a
treatment of tACS (Brittain, Probert-Smith, Aziz & Brown, 2013; Del Felice et al., 2019). This
may be attributed to the non-endogenous and highly localized method of induction for tACS, with
stimulating electrodes being placed directly on the scalp above the targeted brain areas. Whilst
tACS may certainly alter the activity of the regions underneath the electrodes, it may not
necessarily match the naturally occurring oscillatory patterns intrinsic to those regions. Cortical
entrainment in this way may only partially explain the effects of vestibular stimulation in PD. This
may be because tACS and vestibular stimulation differ in their mode of induction, such that tACS
targets regions of interest on the scalp whereas vestibular stimulation specifically activates the
vestibular end organs, whose widespread ascending pathways reach many areas of the brain in an
endogenous, natural manner (Black & Rogers, 2020; Lopez & Blanke, 2011).

The means by which vestibular stimulation activates central nervous function has been
described as a method of ‘sensory neuromodulation’ which refers to the modulation of cortical
oscillations via the artificial, bottom-up activation of sensory receptors. Other examples include
visual, auditory and somatosensory stimulation (Black & Rogers, 2020). The assumption here is
that although the external signal applied may be artificial, the sensory network processes it in the
same way as a naturally occurring sensory stimulus. Thus, sensory neuromodulation may function
by strengthening endogenous, naturally developed protective oscillations in a manner that is
consistent with innate mechanisms. In pathological networks as in PD, Black and Rogers (2020)
speculated that sensory neuromodulation may bring brain networks closer to a naturally developed
state via neuroplastic change. The vestibular system may be an ideal candidate for this process

because of its widespread influence on many brain regions, including areas pertaining to other
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sensory modalities (Lopez & Blanke, 2011). In support of this model, two recent studies have
shown that vestibular stimulation may entrain cortical structures. Black et al. (2016) showed that
CVS engendered oscillations in cerebral blood flow velocity in a migraine subject in a manner that
may be consistent with entrainment of the pons, a structure known to receive direct projections
from vestibular nuclei in the brainstem (Balaban, Jacob & Furman, 2011). Given that this study
employed the same time-varying CVS method as that used by Wilkinson et al. (2019) on a smaller
scale, it is possible that alterations in oscillatory dynamics may explain the CVS effects on PD.
Furthermore, a recent EEG study found abnormal cortical coupling of theta, alpha and gamma
frequency bands between motor cortex (M1), supplementary motor areas (SMA) and premotor
areas in PD participants compared to a healthy control group (Lee, Liu, Wang & McKeown, 2019).
However, the oscillatory patterns of these frequency bands in PD became more similar to that of
the control participants when sinusoidal GVS was applied. This suggests that GVS may have
‘normalised’ the pathological oscillations associated with PD, consistent with the hypothesis that
sensory neuromodulation strengthens naturally developed protective activity.

This body of work suggests that the mechanisms of action underlying vestibular
stimulation may be related to cortical entrainment, which in turn may modulate the abnormal
oscillations that underpin the motor dysfunction in PD. Thus, investigating the
electrophysiological activity associated with motor function in PD may provide further
clarification of the mechanisms in action during vestibular stimulation.

Movement-Related Cortical Potentials

The aberrant EEG oscillations associated with PD may underpin other abnormalities of

electrophysiological markers previously observed in PD. Specifically, the Bereitschaftpotential

(BP), a component of the broadly defined movement-related cortical potentials (MRCPs), has
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repeatedly been shown to be reduced in PD compared to healthy controls (Cunnington, lansek &
Bradshaw, 1999; Dick et al., 1989; Jahanshahi et al., 1995; Praamstra, Jahanshahi & Rothwell,
2002). Many studies have linked MRCPs with oscillatory patterns, specifically beta event-related
desynchronization (ERD), showing that they share many generator sources (SMA and other
premotor regions) and follow similar time courses (Toro et al., 1994). Beta ERD refers to the
attenuation of beta frequency synchronization that occurs immediately preceding and during
voluntary movements (Pfurtscheller, 1997). In PD, this attenuation is often not present, hence the
excessive beta oscillations previously observed (Hammond et al., 2007; Heinrichs-Graham et al.,
2014). Moreover, the reduced amplitude of the BP in PD is consistent with the difficulties
experienced by patients with movement initiation (Verleger, 2012). Given their association with
movement-related oscillatory activity and abnormalities in PD, MRCPs are appropriate markers
to investigate the electrophysiological mechanisms underlying the effects of vestibular stimulation
in PD.

Movement-related cortical potentials (MRCPs) refer to the cortical activity recorded
around the time course of movement (Colebatch, 2007). The components associated with it reflect
the different phases preceding and during movement. Two core MRCP components are that of the
contingent negative variation (CNV) and the Bereitschaftspotential (BP). The BP and CNV are
functionally different in their association with volitionally generated movements and responses to
external cues, respectively (Jahanshahi & Hallett, 2003). For the purpose of this research, focus
is given to Bereitschaftspotential (BP) or readiness potential (RP) which refers to a slowly rising
negativity starting one to two seconds prior to movement onset (Shibasaki & Hallett, 2006). It has
generally been investigated using simple movements such as finger extensions or ankle

dorsiflexion, self-paced and self-initiated in the absence of external triggers (Colebatch, 2007;
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Jahanshahi & Hallett, 2003). The BP consists of two different phases associated with different
preparatory functions: the early and late BP (Shibasaki & Hallett, 2006). The early BP is the earliest
component initiating one to two seconds prior to movement onset and showing maximal activation
at the vertex (Cz). Its topographical distribution is widespread across the scalp and symmetrical
across hemispheres regardless of movement side. Its generator sources have frequently been
reported as the SMA and premotor regions (Shibasaki & Hallett, 2006) and it was traditionally
said to reflect preconscious readiness for the oncoming movement because it was reported to
precede participants’ reported decision to perform a voluntary movement (Libet, Gleason, Wright
& Pearl, 1983). However, this view has recently been challenged with some authors arguing that
it likely reflects the negative voltage deflections of slow cortical oscillations closely associated
with self-initiated movements (Schmidt, Jo, Wittmann & Hinterberger, 2016). Following the early
BP is the late BP consisting a steep rise in the negativity 400-500 milliseconds prior to movement
onset. The maximal site of the late BP has been observed at Cz but it is also frequently reported as
maximal at sites contralateral (C1, C2, C3 or C4) to movement side, particularly for finger
movements (Shibasaki & Hallett, 2006). The late BP has been reported to reflect the intense
interaction of the SMA and M1 in the selection of appropriate muscles immediately preceding
movement (Neshige, Luder & Shibasaki, 1988). At the highest peak of the rising negativity and
co-occurring with the movement at approximately 100-200 milliseconds is the motor potential
(MP) reflecting the recruitment signals being sent to the peripheral nerves prior to an observable
movement response (Deecke, Eisinger & Kornhuber, 1980; Shibasaki & Hallett, 2006).

The BP is known to be deficient in PD and this is generally interpreted as an impairment
in the preparation for a voluntary movement. Specifically, Dick et al. (1989) first found that the

early BP elicited by finger extensions was significantly diminished in PD compared to healthy,
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age-matched individuals. Given that the BP reflects preparatory activity preceding a movement,
this suggests PD is associated with a specific deficit in movement preparation. This was confirmed
by Cunnington, Iansek, Johnson and Bradshaw (1997) in a study that isolated the movement
preparation and execution processes by comparing the MRCPs from real and imagined movements
performed by PD participants. Imagined movements are said to recruit movement preparation-
related activity more than motor execution processes (Decety, 1996). The results showed that only
the pre-movement component (CNV) was reduced in PD and not the movement-execution activity.
Thus, these findings suggest that PD is associated with a specific deficit in the preparatory activity
preceding movement. Moreover, the BP is also more closely related to the preparation for voluntary,
purposeful movements as opposed to externally cued movements, which are associated with the
CNV (Cunnington et al., 1999). Both PD and control participants have shown a greater BP
preceding self-initiated compared to externally triggered movements (Cunnington et al., 1999).
However, the amplitude of the BP was only significantly smaller in PD compared to control for
the internally generated movements, not for the externally triggered movements. This is consistent
with PD clinical presentation in which more difficulties are experienced when initiating voluntary
compared to externally cued movements (Verleger, 2012).

The findings described above support the measurement of MRCPs, and particularly the BP,
to investigate the underlying mechanisms of vestibular stimulation in PD. To date, there has only
been one study to investigate the effects of vestibular stimulation on MRCPs. Lee (2015) measured
MRCPs elicited by left thumb abductions before and after participants received GVS using a
triangular waveform for 10 minutes. The waveform was triangular shaped in morphology with
decreases in amplitude immediately following increases in amplitude and vice versa continuously.

The main results were a significant increase in the amplitude of the late BP ipsilateral to movement
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(C3) and in the amplitudes of the late BP and MP contralateral to movement (C4) from pre- to
post-GVS. These findings suggest that GVS may affect the late-stage preparation for a forthcoming
movement (late BP) as well as motor execution itself (MP). However, the extent to which these
results reflect GVS effects on volitionally generated movement-related activity is questionable as
MRCPs were elicited in response to images and were not self-initiated by participants as is
conventionally done (Jahanshahi & Hallett, 2003). Moreover, this study and many others that
employed EEG have followed a pre- versus post-stimulation design (Lee et al., 2014; Lee et al.,
2016). However, to progress the understanding of the physiological mechanisms of vestibular
stimulation, an investigation of its ongoing, spontaneous effects on electrophysiological activity is
required. This would build on the imaging findings of widespread activations during vestibular
stimulation (Bottini et al., 1994; Della-Justina et al., 2015; Emri et al., 2003; Vitte et al., 1996) as
electrophysiological markers can be linked to clinically and functionally relevant tasks such as RTs
or movement tasks. Thus, there is a need for a study to observe changes in MRCPs elicited by self-
initiated movements during application of vestibular stimulation in both a healthy and PD
population.
Problem of concurrent GVS-EEG studies

The focus for the remainder of this thesis will be on GVS instead of CVS. This is because
sub-sensory stimulation can be more easily achieved via GVS, as opposed to CVS, therefore
allowing the blinding of participants to the sham and active stimulation conditions (Utz et al.,
2010). Moreover, the solid-state CVS devices employed in the clinical trial conducted by
Wilkinson et al. (2019) were not available for use at the time of data collection for the studies in
this thesis. To date, there have only been five studies that have observed EEG during GVS. The

first of these found an increase in the amplitude of N170 ERP and in the power spectra within the
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delta and theta frequency bands associated with the active, sub-sensory DC GVS condition
compared to the sham (Wilkinson, Ferguson & Worley, 2012). Next, Kim et al. (2013) observed
spectral changes in all frequency bands of interest (theta, alpha, beta and gamma) in participants
at rest receiving zero-mean, linearly detrended noisy GVS. Another study administered
imperceptible GVS using AC to participants whilst they performed an auditory oddball task
(Schmidt-Kassow, Wilkinson, Denby & Ferguson, 2016). They found the amplitude of the P300
ERP elicited by the oddball task was increased by GVS, but only when the stimulation frequency
matched that of the tones played. Recently, Lee et al. (2019) found that pathological cortical
coupling between theta, alpha and gamma frequency bands in PD became more ‘normal’ when
applying AC GVS. This was shown by the oscillatory dynamics in PD participants becoming more
similar to that of the control participants. These findings suggest that many different EEG markers
are affected during GVS, which further supports the focus on investigating its electrophysiological
mechanisms.

The scarcity of studies observing EEG effects during GVS is partly attributed to the large,
stimulation-related artifacts introduced into the continuous EEG during simultaneous EEG-GVS
(Lee et al., 2018). These electrical artifacts associated with the GVS are sufficiently large to
obscure the ‘true’ electrophysiological responses stemming from the brain. The studies described
above employed different strategies to remove the GVS-related artifact that contaminated the EEG
data. Wilkinson et al. (2012) and Schmidt-Kassow et al. (2016) employed the same strategy of
bandwidth filters: 0.3-30 Hz and 0.6 Hz, respectively. This was done despite the application of two
different types of current (DC and AC, respectively). The problem with this strategy is that the
electrical activity associated with the stimulation artifacts frequently overlaps with the underlying

oscillatory activity of the signals of interest (Lee et al., 2018). Thus, it is unlikely that simple
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filtering techniques are sufficient to completely remove the electrical noise from the ERP data.
These studies reported the successful acquisition of the ERPs of interest suggesting that the
filtering technique employed was effective at removing the GVS-related artefact — but no evidence
was presented to demonstrate this. Furthermore, a thorough account of the effect the filtering had
on the EEG data and the GVS-related artefact was not reported so replication is not possible. Thus,
the extent to which the application of the bandwidth filters may have removed underlying activity
associated with the signals of interest is unknown. The study by Kim et al. (2013) also has a similar
limitation with their use of QR decomposition to remove the GVS-related artifact. QR
decomposition is a regression method (g7 function in Matlab) in which a matrix of the concatenated
EEG data is aligned with a matrix of the artifactual stimulus signal (Kim et al., 2013). The row
corresponding to the matrix with the artifactual stimulus is set to zero thereby obtaining the EEG
data with the stimulus regressed out (Kim et al., 2013). This technique has been validated
previously for its artifact extraction ability (Zheng, Qi, Gao & Guan, 2012); however, it does not
provide a quantifiable account of the characteristics of the GVS-related artifact. Knowing this
would enable more effective discrimination between data contaminated by noise from the GVS
and data stemming from genuine brain activity. Moreover, Kim et al. (2013) did not report any
evidence showing that this strategy was effective at removing the GVS-related artifact from the
EEG data. This highlights the need for further studies to present evidence of data before and after
the GVS-removal method is applied.

Finally, the study by Lee et al. (2019) employed quadrature regression-independent vector
analysis (g-IVA) to remove the GVS-related artifact from the EEG data. This technique involves
two fundamental steps of processing, 1) high-amplitude stimulation artifact is removed using a

regression model that factors both the stimulation signal and its quadrature component, and 2)



ELECTROPHYSIOLOGICAL EFFECTS OF GVS IN PD 30

independent vector analysis (IVA), which is similar to that of an ICA, however, is a process of
jointly analysing multiple data sets instead of one as in ICA, therefore overcoming the issue of
permutation (Lee et al., 2019). Although this study evaluated the effects g-IVA had on the EEG
data and characterised the quantifiable measures of the GVS-related artifact, a fundamental
limitation relates to the static nature of this paradigm, where testing was conducted whilst
participants were at rest. No evidence was provided that this approach could be applied to data
collected whilst participants were engaged in a task. There are currently no studies that provide a
thorough report of the effectiveness of an artefact rejection technique at removing the GVS-related
artefact without interfering in the acquisition of ERPs. The findings from these concurrent GVS-
EEG studies are difficult to interpret in terms of the clinical effects of GVS observed previously
(Khoshnam et al., 2018; Wilkinson et al., 2019) because they have not employed functionally or
clinically relevant markers. In this way, they are no different to the functional imaging studies
previously mentioned (Bense et al., 2001; Bottini et al., 1994; Bucher et al., 1998; Della-Justina et
al., 2015; Emri et al., 2003; Lobel et al., 1998; Stephan et al., 2005; Vitte et al., 1996).
Aims

This thesis built on the work of previous concurrent GVS-EEG studies in two ways. First,
the strategy for the removal of the GVS-related artifact employed Independent Components
Analysis (ICA) to identify and quantify the GV S-related artifact. This builds upon the use of only
bandwidth filters (Schmidt-Kassow et al., 2016; Wilkinson et al., 2012) by characterising the
effects both the GVS-related artifact and the strategy for removal of the artifact had on the EEG
data. Second, this strategy was evaluated in terms of its ability to remove the GVS-related artifact
without compromising the acquisition of MRCPs. This builds upon the studies by Lee et al. (2019)

and Kim et al. (2013) who had recorded concurrent GVS-EEG data only from participants at rest.
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The studies reported in this thesis include EEG data recorded whilst participants were performing
simple movements tasks and receiving GVS. The rationale behind these motor tasks was to elicit
MRCPs, which would provide clinically and functionally relevant electrophysiological markers
during GVS. Observing changes in MRCPs during GVS may provide an initial understanding of
the therapeutic mechanisms that improve motor function in the PD sample tested by Wilkinson et
al (2019).

Prior to developing and evaluating the strategy for removal of the GVS-related artifact, it
was imperative to select the appropriate current type to use for the GVS stimulus. GVS can be
applied using current steps (direct current stimulation), sinusoids (alternating current stimulation)
or noise currents (Dlugaiczyk, Gensberger & Straka, 2019). The current type of AC or sinusoids
was selected in this thesis for three reasons. First, sine waves used in AC stimulation and the CVS
waveform (saw-tooth) employed in the PD clinical trial (Wilkinson et al., 2019) share the similar
property of a predictable, time-varying component. Thus, employing a sinusoidal current produces
a closer approximation to the stimulation parameters employed in the PD trial, despite employing
different modes of induction (CVS and GVS). Second, sinusoidal currents, using both GVS and
tACS, have been shown to alter oscillatory dynamics in the brains of both healthy and
neurologically impaired populations (Del Felice et al., 2019; Kim et al., 2013; Krause et al., 2014;
Lee et al., 2019). Lastly, at a physiological level, AC GVS produces nerve signals that mimic
sinusoidal head rotation (Ezure, Cohen & Wilson, 1983; Gensberger et al., 2016; Kim, Minor,
Della Santina & Lasker, 2011). Therefore, it may be more suitable as a mode of sensory
neuromodulation because it can simulate natural vestibular reflexes (Black & Rogers, 2020;

Dlugaiczyk et al., 2019).
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The strategy for removal of the GVS-related artifact from EEG data employed in this thesis
involved two fundamental steps during offline processing: 1) the application of a bandwidth filter
(0.05-50 Hz), and 2) conducting an Infomax ICA on EEG data recorded during active and sham
GVS conditions. The first processing step was to apply high-pass (0.05 Hz) and low-pass (50 Hz)
filters. The high-pass filter of 0.05 Hz was selected based on the findings from previous studies
showing that MRCPs are underpinned by slow-wave oscillations varying between 0.01-2 Hz
(Armstrong, Sale & Cunnington, 2018; Schmidt et al., 2016). The low-pass filter of 50 Hz was
chosen to prevent mains voltage noise from contaminating the data (Luck, 2014). The next
processing step involved conducting ICA on the EEG data from both the active and sham GVS
conditions.

Independent components analysis (ICA) is an artifact correction technique that functions
by generating an ‘unmixing matrix’ from the recorded data which allows for the calculation of the
time course of underlying components (Onton & Makeig, 2011). ICA uses the statistical properties
of the observed data to extract maximally temporally independent components thus it is said to be
a ‘blind’ decomposition technique as no prior knowledge of the nature of ‘true’ brain processes is
required (Onton & Makeig, 2011). This is contrasted with source localization techniques that use
the biophysics of voltage conduction to generate the unmixing matrix (Luck, 2014). When ICA is
applied to observed data, the algorithm finds a set of weighted sums of the component matrix (i.e.,
the unmixing matrix) that can be multiplied with the observed data matrix to produce a matrix of
independent components (ICs), each having a distinct time course, power spectrum and
topographical map. In this way, ICA can ‘learn’ to distinguish between different EEG sources (ICs)
such as brain-generated processes and non-brain signals (artifacts) and provide their relative

amplitude and polarity at any one time point. Statistically, activations from brain and non-brain



ELECTROPHYSIOLOGICAL EFFECTS OF GVS IN PD 33

related sources tend not to be correlated which has resulted in ICA being suitably employed to
identify, characterize and eliminate several known artifacts such as eye blinks, saccadic eye
movements, muscle activation and heart rate (Jung et al., 2000; Klug & Gramann, 2020). As such,
the novelty of the strategy employed in this thesis lies in the employment of ICA for the
identification and quantification of the GVS-related artifact in the same manner as has been
previously done for other known artifacts stemming from ocular movements or muscle activation
(Klug & Gramann, 2020).

One of the advantages of employing ICA for this purpose is that it becomes more than an
artifact correction method. The ICs obtained from the data are the most temporally distinct portions
of the data which means that ICA can clearly separate their features and allow them to be studied
concurrently with brain-related activity as signals of interest in their own right. For example, [CA
has been utilized to concurrently analyse EEG and EMG (a non-brain, biological source of
activation), with EMG-related activations receiving equal weighting in the analysis (Onton &
Makeig, 2011). This is important in the context of characterizing the GV S-related artifact during
concurrent GVS-EEG recording. Another benefit of utilizing ICA in this thesis is its applicability
to different populations and in particular populations whose data is more likely to be dominated
by artifactual signals. For instance, ICA has been successfully applied to EEG data obtained from
children whose data is often heavily contaminated by eye movements (Onton & Makeig, 2011).
This is promising given that recording EEG data from clinical populations can have inherent
challenges such as increased muscle tension which can increase the likelihood of collecting noisy
data.

There are some technical challenges to consider when applying ICA to remove the GVS

artifact from EEG data. Non-brain signal sources such as blinks, saccadic movement, etc. always
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have the same topographic pattern (Onton & Makeig, 2011) that is known and recognized.
However, the patterns of activation for the topographical maps to be generated for the GVS-related
noise is not known which could limit identification and characterization of the GVS artifact. The
contributions of the GVS signal to the EEG depend on the stimulation parameters (frequency and
amplitude). Determining the appropriate stimulation parameters is paramount to prevent the GVS
signal from dominating the EEG and increasing the number of temporally independent ICs related
to the GVS signal. Having a high number of ICs such as these could greatly limit the ability of
ICA to distinguish between distinct EEG processes (artifact or otherwise). Moreover, ICA
generates the same number of ICs as the number of data channels which means that contributions
from sources beyond those relating to the data channels are mixed into some or all the ICs adding
a noise that is dispersed across the decomposition (Onton & Makeig, 2011). Thus, it is possible
that some of the GVS-related noise may remain within the ICs that are not removed following
artifact correction. This highlights the importance of having a sufficiently high number of channels
with ‘clean’ data which can be achieved by taking measures during recording to ensure that the
influence of the GVS on the recording in minimal.

Independent components analysis (ICA) was chosen for this thesis over other methods such
as principal components analysis (PCA) for several reasons. PCA identifies uncorrelated principal
components that account for the most possible variance in the portion of signal data that is not
correlated (Onton & Makeig, 2011). PCA aims to ‘lump’ together the variance from signal sources
into as few principal components as possible whereas ICA ‘splits’ the signal into various
components without considering variances. Whilst PCA can be useful in preserving variance
during signal decomposition it also deletes much of the remaining source activations. It was

imperative to minimize the processing steps to avoid loss or distortion of data which is better
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accomplished by ICA than PCA. Previous strategies used by other studies which used concurrent
GVS and EEG were also not employed for a number of reasons. The band-stop method of applying
filters (0.1-30Hz) utilized by Wilkinson et al. (2012) and Schmidt et al. (2016) was not employed
here as it overlaps with and would therefore remove the underlying oscillatory activity (0.01-2Hz)
of the MRCPs. Other methods such as combining ICA with QR decomposition, and the modified
joint blind source separation (involving quadrature regression and subsequent independent vector
analysis) used by Kim et al. (2013) and Lee et al. (2019), respectively, have only been validated in
participants at rest and not involved in a voluntary movement task. Whereas ICA has been
frequently employed as an artifact rejection technique in experiments that require functionally
relevant tasks such as RT and finger movements (Luck, 2014; Onton & Makeig, 2011; Klug &
Gramann, 2020). Additionally, these methods are computationally complex and frequently require
advanced statistical expertise whereas ICA can be run using EEG analysis software (e.g., Brain
Vision Analyser 2 and EEGLAB) making it relatively accessible.

One challenge of employing this strategy was to ensure both the amplitude and frequency
of the GVS stimulation did not either overlap or swamp the EEG signal making it difficult if not
impossible to evaluate potential neural activity of interest (ERPs). This was particularly important
given that the sinusoidal current applied shares two of the same properties as EEG signals. Both
AC GVS and EEG have the sine wave characteristic of amplitude and frequency. It was therefore
imperative to distinguish the functional significance of these properties in terms of the stimulus
(GVS) and measured outcome (EEG). The frequency of the GVS referred to the number of
complete cycles of the sine wave applied that occurred every second of stimulation. Whereas the
stimulus signal applied contains only a single sine wave, the EEG is a mixed signal composed of

several sine waves of different frequencies (Luck, 2014). The stimulus frequency may overlap with
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one or more of the underlying frequencies of the mixed signal EEG. Thus, the GVS frequencies of
3 Hz and 0.01 Hz were selected because they were unlikely to interact with the underlying
oscillatory patterns of MRCPs (Armstrong et al., 2018; Schmidt et al., 2016). The amplitude of the
AC GVS referred to the intensity of the current applied, which in signal processing refers to the
size of the waveform applied from peak-to-peak. It is frequently denoted as milliamps in the
literature (Dlugaiczyk et al., 2019). Because EEG contains a mixture of several sine waves of
different frequencies, determining its amplitude requires decomposition of the mixed signal into
its component frequencies. The pilots described in the methodological development section of this
thesis utilised the frequency decomposition technique of fast Fourier transform (FFT) to
deconstruct the EEG signals from the active and sham GVS conditions as a means of evaluating

the effect of the offline processing strategy developed and employed within the subsequent studies.

Methodological Development

This section describes the development of a novel methodology designed to collect EEG
data from any population using simultaneous GVS and EEG. The core methodological challenge
within the first studies of this body of work was the development of a robust strategy for the
removal of the GVS-related electrical artifact from the continuous EEG raw data. The first section
describes a series of pilots conducted to characterize the effects of different GVS stimulation
parameters on the continuous EEG data. The results of these pilots then aided in determining the
optimal set of stimulation parameters to employ in the main studies of this thesis. Studies 1 and 2
are then described with the aim of observing the simultaneous effects of GVS on the BP and MP
components of the MRCPs. Specifically, Study 1 assessed the feasibility of utilizing the novel pre-

processing strategy developed during the pilots to eliminate the GVS-related artifact from EEG
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data recorded during a simple finger movement task, without compromising the acquisition of the
MRCPs. After validating the pre-processing strategy in Study 1, Study 2 aimed to evaluate the
logistics of including an additional motor task to the experimental protocol and further refining the
GVS parameters. Conducting two studies instead of one allowed initial validation of the novel
methodology in Study 1 prior to further optimization in Study 2 and reduced the risk of fatiguing
participants (Gandevia, 2001) with a single albeit prolonged session. The results of these studies
conducted on neurologically healthy participants then informed the methodology in the final study
of this thesis, which focused on a PD population.
Single-Subject Pilot Data

Formal ethical approval was obtained to conduct the studies reported below by the School
of Psychology Ethics Committee at the University of Kent in Canterbury, UK and could be
provided upon request. The authors declare that all studies conducted on human participants for
this thesis were in accordance with the Declaration of Helsinki and that all procedures were carried
out with the participants’ adequate understanding and written informed consent.

This section describes the process through which the stimulation parameters employed in
the main studies of this thesis were justified in a series of pilots. The aim of the pilots was to
characterize the effects of different GVS parameters on the continuous EEG raw data. To achieve
this, EEG data was recorded from a single participant during one minute of GVS using three
different intensities (0.30 mA, 0.25 mA and 0.20 mA) as well as sham GVS. Although small, these
intensities were selected because measurable physiological responses such as oculomotor torsion
and body roll-tilt can be observed from intensities as low as 0.1 mA (Cauquil, Faldon, Popov, Day,
& Bronstein, 2003; Day, Séverac Cauquil, Bartolomei, Pastor, & Lyon, 1997; Pal et al., 2009).

Moreover, using lower intensities also facilitates the blinding of participants to stimulation
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conditions. Most healthy individuals and participants with a neurological condition do not report
any skin sensations (itching, tingling) during receipt of sub-sensory currents with intensities
around or below 0.6mA (Utz et al., 2011). The data from the four different conditions were then
graphically represented using the frequency decomposition technique, FFT, and topographical
distribution maps derived from ICA. The use of these techniques in the pilots enabled the first
reported description and characterization of the GVS-related electrical artifact that contaminates
the EEG data recorded with concurrent GVS application. It was imperative to understand the
effects of the GVS-related artifact on the EEG data in a single participant prior to evaluating the
efficacy of a novel pre-processing pipeline designed to remove the GVS-related artifact from
movement-related cortical data, the primary aim of Study 1.
Materials

Galvanic vestibular stimulation (GVS). The stimulation device utilized for all the studies
presented in this thesis consisted of a Neuroconn DC Stimulator (GmbH, Ilmenau, Germany),
delivering a gentle alternating current (AC) to the mastoids via a pair of rubber, self-adhesive,
disposable electrodes (5.1cm x 10.2cm; ComfortEase, Empi Inc.) with the anode electrode over
the right mastoid and the cathode over the left. The stimulation intensity employed varied between
studies from a minimum of 0.20 mA to a maximum of 0.40 mA. GVS frequency also varied
between the pilots and the studies with the former employing 3 Hz and the latter using 0.01 Hz.
This was a point of refinement from the pilots to Study 1 due to the high number of GVS-related
IC labels identified by the ICA when using a GVS frequency of 3 Hz in the pilots. For the studies,
the stimulation duration also varied (10-15 minutes per movement block) depending on the pace

at which participants moved their limbs in the motor tasks.
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EEG acquisition. All electro-cortical and muscle activity outlined in this thesis was
recorded using an eegoTMsports 64 (ANT Neuro, Enschede, Netherlands) amplifier. EEG data
was recorded from a 32-channel electrode cap (Fpl, Fpz, Fp2, F7, F3, Fz, F4, F8, FC1, FC2, FC6,
T7, C3, Cz, C4, T8, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, P8, POz, Ol, Oz, 02), configured
according to the International 10-20 system (Klem, 1999). A DELL tablet connected to the
amplifier allowed for online monitoring of EEG. An online bandwidth filter of 0.01-70 Hz was
applied, and the data were recorded at a sampling rate of 500 Hz, with CPz as the online reference
electrode and AFz as ground. Impedance was kept below 10 kQ throughout EEG recording.
Procedure

All procedures reported in this thesis were conducted in a quiet, temperature-controlled
laboratory. Prior to start, the subject provided written and verbal informed consent to participate.
Four EEG recording conditions, each lasting one minute, were conducted whilst the participant
received sub-sensory, binaural AC to the mastoid processes at three different intensities (0.2 mA,
0.25 mA, 0.3 mA) as well as a sham stimulation period. In keeping with the aim of recording
movement-related data, all GVS currents were delivered at a frequency of 3 Hz in the pilot. During
all stimulation periods, the participant was seated upright in a comfortable chair with eyes open
and gazing at a fixation point on a computer screen to minimize the effect of ocular artifacts during
EEG recording. The participant was instructed to relax and remain at rest for the duration of the
conditions to minimize the effects of muscle artifacts on the EEG. The skin over the mastoid
processes was prepared using alcohol wipes and Nuprep gel prior to placement of the GVS
electrodes. During sham GVS, the stimulating device was switched off and the participant was
falsely informed of receipt of stimulation. The participant did not report any physical sensations

(itching, prickling, etc.) during active GVS conditions as reported by informal questioning. This
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is consistent with previous literature stating that stimulation intensities averaging at 0.30 mA are
mostly reported as sub-sensory (Utz et al., 2011).
Data Offline Processing and Graphical Results

The same offline processing was applied to all studies reported in this thesis to maintain a
consistent approach to the analysis strategy. All offline data processing was conducted using Brain
Vision Analyser 2 (Brain Products, GmbH, Gilching, Germany) software and high (0.05 Hz) and
low pass (50 Hz) digital filters were applied. This bandwidth was selected on the basis that it has
minimal overlap with the underlying oscillatory frequencies of the MRCPs (0.01-2 Hz)
(Armstrong et al., 2018; Schmidt et al., 2016). Channels T7 and T8 were removed from analysis
because their locations (lower temporal position) above the stimulation sites meant that they were
exposed to a high level of GVS-related activity. Previous MRCPs studies have employed linked
earlobes or mastoids as reference electrodes (Dick et al., 1989; Fattapposta et al., 2000; Mota &
Lins, 2017; Patil, Sood, Goyal, & Kochhar, 2017), however, these were not used in the current
study due to their proximity to the stimulation site for GVS. The physical online reference of CPz
was not retained for offline analysis due to its proximity to the maximal site for the BP and MP at
Cz so data was re-referenced to an offline average reference.

FFTs obtained from the EEG data after application of bandwidth filters and re-referencing
to an average showed the presence of a peak in amplitude within the delta frequency range
observable in all channels (see Figure 1). Given that this peak between 2-5 Hz is present during all
active GVS conditions (see Figure 1a for the example of 0.30 mA intensity) but absent in the sham
GVS condition (shown in Figure 1b), it is likely related to the 3 Hz GVS frequency applied.
Moreover, the larger amplitude peaks observed in bilateral C3 and C4 channels compared to Cz

provides further evidence that these artifacts are GVS-related, as bilateral channels are more
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affected by GVS-related noise due to their proximity to the GVS electrodes placed over the
mastoid processes. As can be seen in Figure 1 the application of bandwidth filters alone is not
effective at removing the GVS artifact from the EEG data. The next step in the attempt to
disentangle the effects of the GVS artifact from the EEG was to apply the signal decomposition
technique known as ICA.

Prior to ICA decomposition, the data were segmented into four one-minute intervals, each
corresponding to the different GVS intensities applied (0.20 mA, 0.25 mA, 0.30 mA) and the sham
GVS. ICAs using the Infomax (Gradient) restricted algorithm were then conducted on each
segment separately and each analysis returned 30 maximally independent components. As
illustrated in Figure 2, ICA decomposition enabled successful identification of the independent
components (ICs) associated with the GV S-related artifact. Figure 2a contrasts two examples of
ICs classified as GVS (F00) and ocular (F24) artifacts in the 0.30 mA GVS condition. The number
of ICs associated with the GV S-related artifact exceeded those related to neural activity (28 out of
the 30 components returned). This increase was indicative of the 3 Hz frequency of the GVS
having an impact on the overall signal quality which therefore may obscure the slow-wave
oscillations that underlie the MRCPs (0.01-2Hz) when participants are performing the voluntary
movements in Studies 1 and 2. This increase in artifactual ICs has also been observed in EEG data
recorded during experiments in which participants are more physically active, with the number of
brain ICs diminishing whilst the number of movement-related ICs increasing (Klug & Gramann,
2020). Removing all 28 ICs associated with the GVS-related noise would risk removing a large
portion of underlying neural activity of interest as well as introducing a high degree of bias to the

analysis strategy. This further demonstrated the significant influence the GVS signal has on the
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signal and the difficulty in disentangling noise-related variance from variance derived from ‘true’
neural data.

Figure 2 illustrates the characteristics of the ICs classified as relating to the 0.30 mA GVS
(F00) and those relating to ocular artifacts (F24). The topographical map (F00) depicted in Figure
2b illustrates the characteristic pattern of activation associated with the GVS-related artifact, which
consists of bipolar and temporally lateralized activity. This is consistent with the GVS electrode
placement at the mastoid processes, with temporal channels being most affected by the GVS-
related noise because of their proximity to the mastoids. The GVS IC label (F00) in Figure 2¢
further clarifies the influence of the GVS magnitude applied on the EEG amplitude. The power
spectra range for the GVS artifact (F00) in Figure 2¢ pertains to the 0.30 mA intensity, showing
amplitudes ranging from -272.21 uV to 297.97 uV. Whilst the two other GVS intensities applied
resulted in comparatively lower amplitude ranges, -173.03 uV to 157.96 puV for 0.20 mA and -
211.71 uV to 190.14 pV for 0.25 mA. These characteristics of the topographical distribution (see
Figure 2b) and power spectra (see Figure 2c) pertaining to the GVS-related IC (F00) could be
distinguished from the standardized characteristics of the ocular (F24) IC label. The identification
of these standardized IC labels for ocular artifacts by ICA makes the identification of the GVS-
related IC label more robust. Once these characteristics were identified, the ICs pertaining to the
GVS-related artifact could be excluded from further analyses.

Figure 3 shows the FFT graphs from the EEG data during GVS at an intensity of 0.30 mA
and during sham GVS following exclusion of ICs associated with the GVS-related artifact and
ocular artifacts as per conventions. The FFT graphs obtained for concurrent GVS-EEG data in
Figure 3a no longer show the high amplitude peak within the delta frequency range that was present

in Figure la. Figure 4 shows the example snapshot of an 8000-millisecond segment of data prior



ELECTROPHYSIOLOGICAL EFFECTS OF GVS IN PD 43

to and after removal of the GVS-related artifact using ICA. These figures suggest that ICA signal
decomposition was successful at removing the 2-5 Hz artifactual peak attributed to the influence
of the GVS signal on the EEG data. Therefore, this offline processing pipeline will be carried over
into all subsequent studies. However, it is important to note that given the high number of GVS-
related ICs associated with the GVS-related noise, the GVS parameters would need to be modified
to prevent the variance associated with the GVS noise from dominating the signal decomposition
as it did in the pilot. Moreover, reducing the number of ICs related to the GVS noise by altering
the stimulation parameters may result in the ICA returning fewer noise-related ICs and thus reduce

the likelihood of removing variance associated with the neural activity of interest.
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Figure 1. Row a) shows an example of the FFTs obtained (as a result of all GVS amplitudes tested) from EEG data contaminated by the GVS artifact after
application of bandwidth filters and an average reference. The FFTs for each electrode clearly shows a high amplitude peak in the delta frequency range. Row
b) shows the comparable FFTs obtained from EEG data recorded during sham stimulation.
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Figure 2. Column a) shows three examples of components returned by the ICA that are associated with the GVS artifact (FO0) and blinks (F24). Column b)
shows the characteristic topographical map of the distribution of activation elicited by the GVS (F00) and ocular (F24) artifacts. Column ¢) shows an
example of the range of amplitude associated with the stimulation artifact elicited by the GVS at an intensity of 0.30 mA and that elicited by eye blinks.
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Figure 3. Row a) shows an example of the FFT graphs obtained from EEG data recorded during GVS application following the removal of the ICA components
associated with the GVS artifact. The high-amplitude peak within the delta frequency range observed in Figure 1a) is absent here but some residual activity in
the lower end of the delta frequency range remains. Row b) shows comparable FFT graphs obtained from EEG data recorded during sham GVS following
removal of ICA components associated with blinks and saccadic eye movements as per convention.
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Figure 4. Snapshot (8000 ms) of data before and after ICA. Post data represents the data after both
IC’s associated with the electrooculogram (EOG) and GVS have been removed.

Study One

Study 1 was a proof-of-concept investigation to evaluate the feasibility and logistics of
collecting MRCP data from a healthy student population using concurrent EEG and GVS. The
main aim was to successfully remove the GVS-related artifact from the continuous EEG without
compromising the acquisition of the MRCPs. One point of difference in this study from the GVS
parameters in the pilots was the change to a GVS frequency of 0.01 Hz instead of 3 Hz. This
decision was based on the finding in the pilots that a frequency of 3 Hz led to the number of IC
labels associated with the GVS-related artifact to exceed those associated with neural activity (28
out of 30). Thus, 0.01 Hz was selected to determine whether altering the GVS frequency would
reduce the number of GVS IC labels identified by ICA, and because it is unlikely to interact with
the underlying oscillatory frequency of MRCPs (0.01-2 Hz) (Armstrong et al., 2018; Schmidt et
al., 2016). Moreover, there is no evidence or theoretical reason to think that employing this low

frequency may reduce the therapeutic strength of GVS effects. Study 1 also evaluated whether
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removal of the GVS-related artifact by ICA would disrupt the ability to obtain MRCPs from
concurrent GVS-EEG data. An experimental protocol comprising of simple, self-paced, voluntary
finger movements was employed, whilst participants received GVS and EEG was recorded. Self-
initiated finger tapping is an established motor task employed in many previous studies to elicit
MRCPs (Deecke, Grozinger & Kornhuber, 1976; Deecke, Scheid & Kornhuber, 1969) and
crucially is a task identified in the UPDRS to evaluate the diagnosis and pathogenesis of PD (Goetz
et al., 2008).
Participants

Sample Size Justification. The sample size obtained for the three studies was based on
several factors. A power analysis was conducted for studies 1 and 2 using GPower 3.1 (Faul,
Erdfelder, Lang & Buchner, 2007) with power set (1-p err prob) at 0.95 and o = 0.05. To obtain a
large effect size of 0.40 (n,°> = 0.14) as previously reported in the literature (Schmidt-Kassow et
al., 2016; Wilkinson et al., 2012) a sample size of n = 12 was required for studies 1 and 2. A power
analysis for study 3 was also conducted using the same parameters but accounting for two groups
(PD and control group) and yielded a sample size of n = 12 for each group. An optimal sample size
of n =12 was treated as a minimum for Study 3 with the PD and control participants as there was
sufficient justification from the literature to increase this to 20 in each group (Wilkinson et al.,
2019). The target sample sizes were also based on resource constraints and feasibility as they were
influenced by limited access to populations, particularly access to the PD population. Another
factor that made recruitment more difficult was the intensive nature of the experimental protocol
itself. Nevertheless, I note that similar studies that have used GVS, EEG and EMG have also
recruited sample sizes ranging from 10-23 participants (Kim et al.,2013; Lee at al., 2019; Schmidt-

Kassow et al., 2016).
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Study 1 Participants. Eleven students (10 females, Mag. = 18.75, age range = 18-20 years)
from the University of Kent were recruited via the School of Psychology Research Participation
Scheme (RPS). All participants were eligible to participate with none having skin abrasions/lesions
behind the ears; any history of neurological disorder; any metallic objects or electronic implants
in the body/head or currently taking any anti-depressive or anti-anxiety medication. Participants
were compensated for their participation with course credits.

Materials

Galvanic Vestibular Stimulation (GVS). The stimulation device utilized in this study was
the same as for the pilots (see page 36 for more information). The sham stimulation condition was
conducted identically to the active stimulation condition except the device was turned off and
participants were falsely informed that they were receiving stimulation. This blinding procedure
has been routinely used in previous GVS studies (Schmidt-Kassow et al., 2016; Wilkinson et al.,
2012). The stimulation frequency employed in this study was altered from 3 Hz to 0.01 Hz
following the results from the pilots. The amplitude of the sinusoidal current used in Study 1
oscillated between 0.20-0.30 mA. The pilots supported the feasibility of employing these
intensities in terms of the successful removal of the GVS-related artifact using ICA. Moreover,
measurable vestibular responses have been reported from low intensities such as these (Day et al.,
1997; Cauquil et al., 2003; Pal et al., 2009) and this will also facilitate the blinding of participants
to stimulation conditions (Utz et al., 2011).

EEG and EMG Acquisition. EEG data in this study was recorded identically to that of
the pilots (see pages 36 for more information). Surface muscle activity was recorded using self-

adhesive, disposable EMG electrodes (34.93mm, SilveRestTM, Vermed®, Buffalo, New York) via
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a bipolar channel adaptor connected to the amplifier. A bandwidth filter of 20-249Hz and a 50Hz
notch filter was applied to EMG data during recording.
Procedure

Participants provided written and verbal informed consent prior to being seated upright in
a comfortable chair with their right forearm resting on a cushion beside them and facing a black
computer screen. To minimise the effect of blink and saccadic eye movement-related artifact,
participants were asked to fixate on a cross positioned in the centre of the computer screen.

First, the skin over the mastoids and the extensor digitorum communis (ED) muscle of the
right forearm was prepared using sterilizing alcohol wipes and Nuprep® (Weaver and Company,
Colorado, USA) skin prep gel. This muscle is reported to effectively detect and provide
quantification for movement-related activity within the fingers (Leijnse et al., 2008). The GVS
electrodes were then placed over the mastoids behind each ear. The EMG electrodes were placed
over the ED muscle group in a bipolar montage with the ground electrode over the wrist, according
to the European SENIAM (Surface Electromyography for the Non-Invasive Assessment of
Muscles) recommendations (Hermens et al., 1999). EMG and EEG were recorded within the same
software (same sampling rate), enabling time-locking of movement-related EEG activity in
association with EMG phase (movement onset) (Shibasaki & Rothwell, 1999). Here, the first
action of movement, also known as EMG onset, is utilized as a fiducial point to observe MRCPs
during a simple finger tapping movement. This is particularly pertinent for the pre-movement
potentials which need to be closely tied to the earliest physiological indication of movement onset
(Shibasaki & Rothwell, 1999). Finally, an EEG cap was then fitted to the participant’s head and
electroconductive gel was used to maintain impedance below 10 kQ throughout data collection.

EEG and EMG preparation lasted approximately 40 minutes.
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Participants were then provided with verbal instructions for the finger tapping task. They
were instructed to perform voluntary extensions of the right index finger at their own pace without
relying on any external cues. They were provided with five minutes to practice whilst an
experimenter monitored their EMG trace on the tablet screen and provided feedback about the
timing, magnitude and velocity of movements. If movements were occurring too close together in
time (under one to two second intervals), participants were instructed to slow down. Additionally,
only movements that commenced from complete muscle relaxation (steady-state EMG) were
considered acceptable. These measures facilitated the offline assignment of markers that time-
locked EEG epochs to EMG onset and ensured that there was sufficient time between movements
to allow for the successful acquisition of the BP and MP. The negative slope of the BP is said to
commence 1.5 seconds prior to muscle activation onset and the negative deflection associated with
the MP is reported to peak around 200 milliseconds post movement onset (Shibasaki & Hallett,
2006; Colebatch, 2007). Moreover, ensuring a sufficient epoch length of 2-5 seconds also
minimised the impact of potential overlap in the ERP waveforms. Overlap can cause a jittering or
smearing effect on the data that can lead to misinterpretation. As an ERP can last several seconds,
the inter-stimulus interval (ISI) must account for this (Luck, 2014), hence the minimum period of
2-5 seconds for movement. The participants were also instructed to maintain their gaze on the
fixation cross of the computer screen for the duration of the motor task to minimize ocular artifacts.
This was monitored by the experimenters whilst the participants performed the task with
participants being instructed to return their gaze to the fixation cross if their eyes deviated away
from it. Finally, they were instructed to avoid any muscle activation (jaw-clenching, fidgeting,

head and shoulder movements), other than the finger tapping, to minimize muscle-related artifacts.
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EEG data was then recorded in blocks as illustrated in the Figure 5. The order of condition
blocks was as follows: at rest with eyes open during active GVS; participants performing 150
finger taps during active GVS; at rest with eyes open during sham GVS and finally participants
performing 150 finger taps during sham GVS. Experimenters counted movements as participants
executed them. Rest blocks were included as a means of providing a baseline to determine and

optimise characterisation of GVS-related artifact during offline processing.

150 finger

Two minutes Two minutes 150 movements
- movements ! .
rest during . during active . rest during sham ’ during sham

active GVS GVS GVS GVS

Figure 5. Schematic of procedure for Study 1.

Following completion of the last block of movements, participants filled out a perception
of stimulation questionnaire to report any GVS-related physical sensations they may have
experienced during the session (see Appendix A). The participants were then provided with a full
verbal and written debrief of the experiment and were thanked for their participation. This study
lasted approximately two hours.

Data Offline Processing and Analysis

The offline processing strategy employed in Study 1 was the same as that used in the pilot
except that ICA was conducted on concatenated data. For each participant, ICA using the Infomax
(Gradient) restricted algorithm returned 30 maximally independent components. Components that
reflected eye movements (blinks and saccades), muscle activity, and GVS-related noise were
excluded from further analysis.

Each participants’ data was segmented into epochs time-locked to EMG onset. The method

for determining EMG onset was the manual placement of markers upon visual inspection. Markers
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were placed prior to the earliest rise in the trace amplitude beyond the steady state. EMG traces
from trials that did not show an abrupt and clear deviation from the steady state EMG were not
included in the segmented epochs. Visual determination of EMG onset is widely used in studies
evaluating the temporal properties of EMG and its accuracy has been shown to equal that of
statistical methods (Hodges & Bui, 1996). Epoch length was 1000ms following and 1500ms prior
to EMG onset. On average, 2% (n = 37) of trials in the active GVS condition and 3% (n =49) in
the sham GVS condition were excluded because the EMG trace did not show an abrupt and clear
deviation from the steady state EMG to accurately determine movement onset. Data was then
baseline corrected to the first 200ms of the epoch time-window. Grand averages were calculated
using 98% and 97% of trials for the active (n = 1609) and sham GVS (n = 1586) conditions,
respectively. For the EMG results, the peak-to-peak amplitude of the averaged EMG traces were
used to compute the rectified EMG amplitude for the active and sham GVS conditions. A paired-
sample t-test was conducted to compare the rectified EMG amplitudes in the active and sham GVS
conditions, with a p value of <.05 being considered statistically significant. Effect sizes for
pairwise comparisons were measured using Cohen’s d, with magnitudes of d = 0.2, d = 0.5 and d
= 0.8 being considered small, medium and large effects, respectively (Cohen, 2013).

MRCP waveforms were identified using a collapsed localizer average for the active and
sham GVS conditions. Electrode sites over the bilateral and central motor cortex (C3, Cz, C4)
were selected based on the largest voltage deflections identified in the grand collapsed averaged
data and topographical maps and based on maximal sites identified in previous literature
(Shibasaki, Barrett, Halliday & Halliday, 1980). The BP component was divided into the
subcomponents of the early and late BP, as previously established in the literature (Shibasaki &

Hallett, 2006; Colebatch, 2007). The epoch length defined for the early BP was 1500 — 500
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milliseconds prior to EMG onset. The epoch length for the late BP was defined as 500 — 0, with 0
being EMG onset. The epoch for the MP was determined using the waveforms derived from the
grand averaged data, which showed the largest negative voltage deflections between 100 — 250
milliseconds after EMG onset. All analyses were conducted on the mean amplitudes obtained from
these epochs.

All statistical analyses were conducted using the software package Statistical Product and
Service Solutions (SPSS). Mean amplitudes of the early and late BPs and MP were computed with
separate analyses being conducted for each of the ERP components (early BP, late BP and MP)
using 2 (stimulation: active and sham GVS) x 3 (electrode site: C3, Cz, C4) within-subjects
ANOVA, with a p value of < .05 being considered statistically significant. Effect sizes for the
ANOVAs were measured using partial eta squared, with magnitudes of n,> = .01, n,*> = .06 and >
= .14 being considered small, medium and large effects, respectively (Miles & Shevlin, 2001).
Post-hoc comparisons conducted on the electro-cortical data were Bonferroni corrected with a p
value of < .01 being considered statistically significant for when three comparisons were
conducted. Effect sizes for pairwise comparisons were measured using Cohen’s d, with magnitudes
of d =0.2,d = 0.5 and d = 0.8 being considered small, medium and large effects, respectively
(Cohen, 2013).

Study 1 Results

The results from the Perception of Stimulation Questionnaire showed that only one out of
the 12 participants experienced an itching/prickling sensation behind the ears during active GVS.
Independent Component Identification

The IC labels identified in Study 1 (see Figure 6) were consistent with those identified in

the pilots. The use of a 0.01 Hz GVS frequency also proved successful in reducing both the number
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of IC labels associated with the GVS-related artifact (1 out of 30) and the power spectrum
associated with it. This is in comparison to the high number found in the pilots (28 out of 30) when
a higher GVS frequency (3 Hz) was employed. As Figure 5 shows, the GV S-related IC label differs
from other standardized IC labels (eye blink, saccade, and brain). This is evidenced by its
characteristic temporally polarized topographical distribution of activation, which can be
differentiated from the frontal and frontotemporal localised activations during eye blinks and
saccadic eye movements, respectively. Along with its characteristic topographical map, the GVS-
related IC label show a higher power spectrum (-10.20 pV — 8.85 uV) compared to that the brain-

related IC label (-2.5 uV — 1.5 pV).

Eye Blink Saccade Brain
A

-_—__—__ m —

334V 0pV 1373V -385pV 0pV 436V 25V 0pV 15pV -1020 0V OV 885 uv

Figure 6. Four examples of components returned by ICA associated with EOG, brain activity and the new
GVS-related artifact components.

EMG Results
A paired-samples t-test revealed no significant difference between mean EMG amplitude
across active (M = 13.20 pV, SD = 7.85) and sham (M = 13.79 pV, SD = 7.94) GVS conditions (¢
(10)=0.43, p=0.68; d =-0.13).
ERP Results
Early BP. The ANOVA for the early BP yielded a significant main effect of Electrode Site

(F =4.34; p = 0.03; 15> = 0.30) but not Stimulation (F = 0.50; p = 0.50; 1,2 = 0.05), nor was there
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a significant interaction between Electrode Site and Stimulation (F = 1.37; p = 0.28; n,°> = 0.12).
(see Table 1 and Figures 7 and 8). Pairwise comparisons for the main effects of Electrode Site
revealed no significant differences between amplitudes at C3, Cz and C4 following Bonferroni
correction (C3 and Cz: ¢ (10) = 2.61; p = 0.03; d = 1.65; C3 and C4: ¢ (10) = 0.59; p = 0.57; d =
0.37; Cz and C4: ¢ (10) =-2.57; p=0.03; d =-1.63).

Late BP. A significant main effect of Electrode Site was found for the late BP ANOVA (F
=6.91; p = 0.01; np> = 0.41) but not Stimulation (F = 0.00; p = 0.98; n,> = 0.00), nor was there
significant interaction between variables (F = 1.22; p = 0.32; 1,2 = 0.11). Pairwise comparisons
for the main effect of Electrode Site, revealed that the late BP amplitude was significantly greater
at Cz (M =-1.31 pV, SD = 0.82) than at both C3 (M =-0.60 uV, SD =0.79) and C4 (M =-0.55 pV,
SD = 0.58), (¢ (10)=3.35; p=0.01; d=2.12, ¢t (10) =-3.70; p = 0.00; d = -2.34, respectively) and
there was no difference between late BP amplitudes at C3 and C4, (¢ (10)=-0.17; p =0.87;d = -
0.11).

MP. The ANOVA for the MP yielded a significant main effect of Electrode Site (F'=15.67;
p=0.00; n,> = 0.61), but not Stimulation (F=0.10; p = 0.76; n,> = 0.01), nor was there a significant
interaction (F = 1.59; p =0.23; 1,> = 0.14). (see Table 1 and Figures 7 and 8). Pairwise comparisons
of the mean MP amplitudes across C3, Cz and C4 revealed that the MP amplitude was significantly
greater at Cz (M =-3.11 pV, SD = 1.54) than at both C3 (M =-1.45 pV, SD =1.38) and C4 (M = -
1.16 nV, SD = 0.94), (t (10) = 4.93; p = 0.00; d = 3.12, ¢ (10) = -5.68; p = 0.00; d = -3.59,
respectively) and there was no difference between MP amplitudes at C3 and C4, (¢ (10) = -0.66; p
=0.52; d=-0.42).

Table 1

Table of mean amplitude of MRCPs components within both GVS conditions for all electrodes.



Running head: ELECTROPHYSIOLOGICAL EFFECTS OF GVS IN PD

MRCP Component Electrode Site Stimulation Mean Amplitude
Condition uV (SD)
Early BP C3 Active GVS 0.05 (0.39)
Sham GVS -0.15 (0.26)
Cz Active GVS -0.29 (0.42)
Sham GVS -0.33 (0.18)
C4 Active GVS -0.15 (0.20)
Sham GVS -0.07 (0.26)
Late BP — C3 Active GVS -0.47 (1.05)
. Sham GVS -0.72 (0.65)
— Cz Active GVS -1.32 (1.14)
. Sham GVS -1.31 (0.81)
— C4 Active GVS -0.68 (0.66)
Sham GVS -0.43 (0.65)
MP — C3 Active GVS -1.30 (1.55)
. Sham GVS -1.59 (1.31)
— Cz Active GVS -3.19 (1.63)
i Sham GVS -3.04 (1.66)
— C4 Active GVS -1.31 (1.02)
Sham GVS -1.00 (1.01)

Note: * indicates statistical significance at the p <.01 level.
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Figure 7. MRCP waveforms of Study 1 results.
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Figure 8. Topographical maps of Study 1 results.
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Study 1 Discussion

The aim of Study 1 was to develop and evaluate a pre-processing pipeline to remove the
GVS-related artifact introduced during concurrent EEG and GVS from the EEG raw data, without
compromising the acquisition of MRCPs. The results showed no significant difference in the mean
amplitudes of the early BP, late BP and MP components across active and sham GVS conditions
for the three central electrodes. These statistical findings and the consistency of the MRCP
waveforms and topographical distributions across active and sham stimulation conditions provides
validation of the analysis strategy used to remove the GV S-related artifact. Post-hoc analyses of
differences found between electrodes Cz and C4 in the late BP and MP amplitude is also consistent
with previous reports on the progression of activity within Cz during movement preparation and
execution.

In contrast to the findings observed within this study, previous findings report an effect of
GVS on ERPs and EEG power. Specifically, GVS has been reported to increase the amplitudes of
the P3 elicited by the oddball paradigm and the N170 during a visual discrimination task (Schmidt-
Kassow et al., 2016; Wilkinson et al., 2012). Wilkinson et al. (2012) also observed elevated delta
and theta activity during the active stimulation condition compared to sham, whilst Kim et al.
(2013) reported stimulus-dependent changes in all frequency bands related to the GVS intensity
applied. However, the differences in results between this current and previous research may reflect
variances in methodological approach. For example, this study obtained MRCPs as the electro-
cortical activity of interest whereas the previous studies reported on the P3, N170 and frequency
band power. These markers differ in terms of the functions associated with them as well as their
reported location. For example, the P3 in the previous study was associated with auditory

processing using an oddball paradigm task whereas MRCPs were associated with motor function
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in this study through the use of a movement task. Furthermore, P3 location is generally reported
over parietal regions whereas MRCPs are associated with central regions, likely reflecting
activations of the motor cortex (Linden, 2005; Shibasaki & Hallett, 2006). Additionally, it is
suggested that the results in this current study are reflective of a ceiling effect associated with the
participant cohort being from a neurologically healthy sample. Therefore, the effects of GVS may
not have been sufficiently large to induce changes in motor cortical activity. Indeed, there is
evidence to suggest that the corticomotor effects of non-invasive stimulation in healthy individuals
may be small compared to those in neurologically impaired individuals (Bastani & Jaberzadeh,
2012). The authors suggest that the enhanced effects of non-invasive brain stimulation in
individuals with neurological disease may reflect the rapid changes in cortical plasticity following
damage. It is worth noting here that the therapeutic value of the GVS parameters employed in this
study have not yet been assessed. Another potential explanation for the absence of stimulation
effects is that the employment of ICA in the analysis may have removed any meaningful effects of
GVS on MRCPs. Every preprocessing step applied offline inherently adds a level of bias and for
each extraction process such as ICA there is always potential for underlying neural activity of
interest to be removed, hence the need to remove the least number of ICs as possible. If the GVS
effect is small for example, the removal of the GVS-related ICs may in fact reduce the parameters
of the components of interest. Hence, significant effort was made in the processing analysis to
maintain a minimal number of offline steps (only filters and ICA) to mitigate the potential effects
of the analysis on the results (Gramman and Klug, 2020), but such a possibility cannot be dismissed.

Post-hoc comparisons revealed significantly larger activation of the late BP and MP
components at Cz compared to C4. The mean amplitudes becoming increasingly larger from the

late BP to the MP at Cz, whilst remaining relatively stable at C4 (see Table 1), which suggests that
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these results are likely driven by the progression of motor activity that is reported to be maximal
at Cz (Colebatch, 2007). This is consistent with previous literature reporting the negativity
becoming increasingly steeper as the corticomotor phase progresses from preparation (late BP) to
execution (MP) at Cz. The late BP phase likely reflects the interaction between the supplementary
motor area (SMA) and the motor cortex (M1) during selection of the appropriate muscles for
activation, whilst the MP reflects the actual recruitment of these muscles during movement
(Neshige et al., 1988; Deecke et al., 1980).

In sum, the aim of Study 1 was to assess the validity of a novel methodology to remove the
GVS artifact from concurrent GVS and EEG data, without compromising the acquisition of the
MRCPs from finger tapping data. Moreover, the use of a lower GVS frequency to that employed
in the pilots also successfully reduced the number of GVS-related IC labels identified by ICA in
Study 1 compared to the pilots. The findings of Study 1 support the validation of the novel
methodology as the consistency of the early and late BP and the MP across the active and sham
stimulation conditions indicate the successful removal of the GVS artifact without interfering with
underlying neural activity. The methodology validated in Study 1 was then implemented within
Study 2 with the aims of further refining the GVS parameters and observing MRCPs elicited during

a foot movement task.
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Study Two

Study 1 applied a novel methodology of using simultaneous GVS and EEG to a previously
established approach of obtaining MRCPs through simple finger movements. The EEG processing
pipeline successfully eliminated the GVS-related artifact from the continuous EEG without
compromising the BP and MP components acquired from voluntary finger movement. The aims
of Study 2 were to build on the methodology developed in Study 1 by evaluating the feasibility of
adding foot movements to the experimental paradigm and to further optimize the GVS parameters.
To achieve this, Study 2 evaluated the feasibility of obtaining MRCPs derived from foot
movements using a concurrent GVS and EEG experimental protocol. Additionally, Study 2
assessed the efficacy of the EEG processing pipeline in successfully removing the GVS-related
artifact derived from a higher intensity GVS stimulus.

As in finger movements, MRCPs have been reported preceding and during voluntary foot
movements (Brunia & van de Bosch, 1984; Shibasaki, Barrett, Halliday & Halliday, 1981).
However, foot movements have been shown to elicit MRCPs of earlier onset and larger amplitude
than finger movements (Brunia & van de Bosch, 1984). Differences between scalp distribution of
finger and foot movements have also been reported. Finger movements seem to consistently induce
MRCPs of larger amplitudes over the hemisphere contralateral to movements, whereas MRCPs
derived from foot movements show larger amplitudes in the midline or in the hemisphere
ipsilateral to movement (Brunia & van de Bosch, 1984; Shibasaki et al., 1981). These findings
have been explained by the distinct cortical representational areas of each limb within the motor
cortex, with the medial location of the foot area resulting in dipoles orienting to more central or

ipsilateral areas of the scalp (Bocker, Brunia & Cluitmans, 1994).
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The implementation of foot tapping in this study was also justified because of its clinical
relevance to the foot tapping tasks in the MDS-UPDRS used for the diagnosis of PD (Goetz et al.,
2008). Foot tapping as a motor task has also been employed previously for the measurement of
lower limb function in PD with high reliability (Gunzler et al., 2009). Indeed, it is likely that foot
tapping may be a more valid approximate measure of gait disturbances such as freezing of gate
(FOQ) than finger tapping because it may share mechanisms with locomotion (Delval, Defebvre
& Tard, 2017; Gunzler et al., 2009). Moreover, previous studies have reported discrepancies in PD
symptoms between upper and lower limbs in PD. One study showed that whilst upper limb spinal
reflexes (SR) remain relatively intact during locomotion in PD, SR of the lower limbs was
attenuated compared to that of healthy, age-matched participants (Dietz & Michel, 2008). This
abnormality is likely related to reduced activation of the leg extensor muscles required for walking
(Dietz & Colombo, 1998). Another study found subtle discrepancies in the variability and rhythm
of rest tremors between upper and lower limbs, suggesting different underlying mechanisms
(Scanlon et al., 2013). Hence the importance of measuring MRCPs from both upper and lower
limbs.

Refinement of the GVS parameters in this study consisted of increasing the current
intensity from the 0.20-0.30 mA employed in Study 1 to 0.30-0.40 mA. Previous studies have
demonstrated that higher galvanic stimulation intensities produce larger ocular and postural effects
(Coats, 1973). For example, Cauquil, Gervet and Ouaknine (1998) found that larger head
movements and body sway during standing could be elicited by increasing GVS intensity. GVS
intensities between 0.10 mA and 0.70 mA have been shown to produce postural and ocular
responses of similar characteristics, i.e., these low currents produce body sway and torsional slow

phase eye movement towards the anode (Day et al., 1997; Cauquil et al., 2003). Moreover,
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increasing current intensities appear to influence more parts of the peripheral vestibular system.
Zink et al. (1998) showed that whilst lower intensities of GV'S current stimulated the otolith organs,
higher intensities additionally induced semicircular canal responses indicated by an increase in
horizontal-rotatory nystagmus. Based on these findings, it is possible that the therapeutic utility of
GVS may be increased if the stimulation intensity range is widened.

The experimental protocol for Study 2 remained identical to that utilized in Study 1 to
ensure consistency, except for the inclusion of short breaks within movement blocks to reduce the
effects of physical and/or cognitive fatigue (Gandevia, 2001). As in Study 1, finger movements
consisted of self-paced, voluntary right index finger extension. The foot movement blocks that
followed finger movements consisted of self-paced, voluntary ankle dorsiflexion. Participants
were provided with identical instructions for both movement tasks to ensure movements were
standardized.

Participants

Nine students (5 females, M,z = 18.78, age range = 18-20) from the University of Kent
were recruited via the School of Psychology RPS. All participants were eligible to participate with
none having skin abrasions/lesions behind the ears; any history of neurological disorder; any
metallic objects or electronic implants in the body/ head or currently taking any anti-depressive or
anti-anxiety medication. Participants were compensated for their participation with course credits.
Materials

All materials used in Study 2 were identical to those utilized in Study 1 with one exception
in the GVS parameters. A sinusoidal current oscillating between 0.30-0.40mA was applied during
active GVS. All other GVS parameters remained the same as in Study 1.

Procedure
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The experimental procedure for Study 2 was identical to that of Study 1 with two alterations.
First, the foot tapping task was included following the finger tapping task (see Figure 9).
Participants were instructed to perform 150 dorsiflexions with their right foot at their own pace
without any external cues. Surface EMG of the tibialis anterior muscle (TA) was recorded during
foot movements with the ground electrode over the right ankle, according to the European
SENIAM recommendations (Hermens et al., 1999). The TA was chosen based on its use in
previous physiological studies and for the fact that it is identified as one of the two main muscles
(TA and gastrocnemius) that is used to detect contractile-related movement at the onset of
dorsiflexion (Albani et al., 2003). This is pertinent within a PD population, specifically in relation
to the capacity to measure and quantify the different phases of walking (e.g., gait initiation) (Elble,
Moody, Leffler & Sinha, 1994) and leg muscle activity in lower limb movements (den Otter, 2005;
Taniguchi, Peper & Shimokawa, 2018). Second, 30s breaks were introduced within each
movement block after every 50 movements (see Figure 10). Participants also completed the same
perception of stimulation questionnaire as in Study 1 (see Appendix A). Each session lasted

approximately three hours.
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Figure 9. Schematic of procedure for Study 2.
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Figure 10. Schematic of movement blocks in Study 2.
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Data Offline Processing and Analysis

The offline processing strategy employed in Study 2 was identical to that used in Study 1
(see pages 48-51). Segmentation into epochs was conducted using the same method for EMG onset
determination employed in Study 1, with epochs being the same length. On average for finger
movements, 1% (n = 32) of trials in both the active and the sham GVS conditions were excluded
because EMG onset could not be accurately determined. Thus, for finger movements the grand
averages for both stimulation conditions were calculated using 99% (n = 2659) of trials following
baseline correction to the first 200 ms (-1500 - -1300 ms) of the epoch. Fewer than 1% (n = 6) of
foot movement trials in both stimulation conditions were excluded due to inaccurate EMG onset
determination, which meant that over 99% (n = 2671) of foot movement trials were used to
calculate the grand average amplitudes for the foot active and sham GV'S conditions. The rectified
EMG amplitude was used to compare the mean EMG amplitude across the active and sham GVS
conditions. A paired sample t-test was conducted to compare the rectified EMG amplitudes from
the active and sham GVS conditions for the finger EMG data. The same comparison was applied
to the foot EMG data. A p value of <.05 was considered statistically significant for this analysis
and Cohen’s d was also used to determine effect sizes (Cohen, 2013).

MRCP waveforms for both finger and foot movements were defined in the same way as in
Study 1 finger MRCP waveforms (see pages 48-50). Mean amplitudes of the early and late BP and
the MP were computed for each limb (finger and foot), stimulation condition (active and sham
GVS) and electrode site (C3, Cz, C4). The same statistical analysis was applied to data obtained
from finger and foot movements. For finger movement data, three separate, repeated measures 2x3
ANOVAs were conducted for each MRCP component — using 2 (stimulation: active and sham

GVS) x 3 (electrode site: C3, Cz, C4) within-subjects ANOVA, with a p value of < .05 being
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considered statistically significant. The same statistical analysis was applied to the foot movement
data. A second set of analyses was conducted to compare finger and foot movement for each MRCP
using a three-way 2 (limb: finger and foot) x 2 (stimulation: sham and active GVS) x 3 (electrode
site: C3, Cz, C4) within-subjects ANOVA. Adding limb as a variable was to investigate any
differences between finger and foot movements in relation to their activation distribution
(electrode site) and response to stimulation.

As with Study 1, ANOVA effects with a p value of < .05 were considered statistically
significant and partial eta squared was used to measure effect sizes, with magnitudes of > = .01,
1> = .06 and np> = .14 being considered small, medium and large effects, respectively (Miles &
Shevlin, 2001). Post-hoc comparisons were considered statistically significant at a p value of <.01
when conducting three comparisons and p < .05 with one comparison. Cohen’s d was used to
measure effect sizes, with magnitudes of d = 0.2, d = 0.5 and d = 0.8 being considered small,
medium and large effects, respectively (Cohen, 2013).

Study 2 Finger Movement Results

In this study, eight out of the nine participants reported itching/prickling sensations on the

Perception of Stimulation Questionnaire during the active GVS conditions.
Independent Components Identification
As demonstrated in Figure 11, the GVS-related IC labels showed a similar topographical

distribution across finger and foot movements, both separately and when combining their data.
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Figure 11. Three examples of the GVS-related components returned by ICA associated with the combined and
individual finger and foot movement data in Study 2.

EMG Results

A paired-sample t-test comparing the mean EMG amplitudes of the active (M = 17.30 uV,
SD = 12.32) and sham (M = 16.58 uV, SD = 13.54) GVS conditions revealed no significant
differences (¢ (8) =-0.62, p = 0.55; d = 0.21).
ERP Results

Early BP. The ANOVA for the early BP yielded a significant main effect of Electrode Site
(F =4.02; p = 0.04; np> = 0.33), but no significant main effect of Stimulation (F = 1.89; p = 0.21;
1y = 0.19) nor was there an interaction (F = 2.53; p = 0.11; np> = 0.24). (see Table 2 and Figures
12 and 13). Pairwise comparisons for the main effects of Electrode Site revealed no significant
differences between amplitudes at C3, Cz and C4 following Bonferroni correction (C3 and Cz: ¢
¥)=1.71;p=0.13; d=1.21; C3 and C4: ¢ (8) =-1.02; p = 0.34; d =-0.72; Cz and C4: ¢ (8) = -
3.00; p=0.02; d =-2.12).

Late BP. The ANOVA for the late BP yielded a significant main effect of Electrode Site (¥
=5.80; p = 0.01; > = 0.42), but no significant main effect of Stimulation (F = 1.09; p = 0.33; 1>

= 0.12) nor was there an interaction (F = 0.67; p = 0.52; ;,> = 0.08). Pairwise comparisons for the
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main effect of Electrode Site revealed a significant difference between Cz (M = -1.01 pV, SD =
0.82) and C4 (M =-0.16 pV, SD = 0.76) such that the late BP mean amplitude was greater at Cz
compared to C4 (¢ (8) =-3.42; p=0.01; d =-2.42). No significant differences were found between
late BP mean amplitudes at electrodes Cz and C3 (M = -0.94 uV, SD = 0.73), (¢ (8) = 0.22; p =
0.83; d = 0.16). The difference between C3 and C4 trended towards significance following
Bonferroni correction, (¢ (8)=-3.17; p=0.01; d = -2.24) (see Table 2 and Figures 12 and 13). This
suggests an increase in mean amplitude associated with the Electrode Site contralateral to the
finger movement on the right side.

MP. The ANOVA for the MP yielded a significant main effect of Electrode Site (F'=17.09;
p = 0.00; 1,> = 0.68), but no significant main effect of Stimulation (F = 1.12; p = 0.54; 1,> = 0.04)
nor was there an interaction (F = 0.33; p = 0.73; n,°> = 0.05). Pairwise comparisons of the main
effect of Electrode Site revealed significant differences between electrodes C3 (M =-3.25 uV, SD
=1.71) and C4 (M =-0.10 pnV, SD = 1.13) (¢ (8) = -5.55; p = 0.00; d =-3.92), and between Cz (M
=227 uV, SD = 1.41) and C4 (¢ (8) =-4.27; p = 0.00; d = -3.02), but not between Cz and C3, (¢
(8) =-1.70; p = 0.13; d = -1.20). This showed an increase in mean amplitude associated with the
Electrode Site contralateral to the finger movement on the right side (see Table 2 and Figures 12

and 13).
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Table 2

Table of mean amplitude of MRCPs components obtained from finger movements in Study 2.

MRCP Component Electrode Site Stimulation Mean Amplitude

Condition uV (SD)
Early BP C3 Active GVS -0.10 (0.24)
Sham GVS -0.10 (0.40)
Cz Active GVS -0.14 (0.43)
Sham GVS -0.36 (0.35)
Cc4 Active GVS 0.11 (0.29)
Sham GVS -0.12 (0.26)
Late BP C3 Active GVS -0.92 (0.64)
Sham GVS -0.96 (1.10)
— Cz Active GVS -0.82 (0.79)
Sham GVS -1.21 (1.07)

*
— C4 Active GVS -0.04 (0.79)
Sham GVS -0.29 (0.78)
MP — C3 Active GVS -3.15(1.47)
Sham GVS -3.35(2.05)
— Cz Active GVS -2.01 (1.08)
Sham GVS -2.53 (1.80)
*

— —C4 Active GVS 0.12 (1.35)

Sham GVS -0.32 (0.)

Note: * indicates statistical significance at the p < .01 level.
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Figure 12. MRCP waveforms obtained from finger movements in Study 2.
Early BP (-1500 ms — -500 ms) Late BP (-500 ms — 0 ms) MP (+100 ms - +250 ms)
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Figure 13. Topographical distribution of MRCPs obtained from finger movements in Study 2.
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Study 2 Foot Movements Results

EMG Results

A paired-sampled t-test revealed no significantly different mean EMG amplitudes across
the active (M = 52.94 uV, SD = 36.98) and sham (M = 52.27 uV, SD = 26.08) GVS conditions for
foot movements (¢ (8) =-0.13, p = 0.90; d =-0.09).
ERP Results

Early BP. The ANOVA for the early BP yielded a significant main effect of Electrode Site
(F =4.65; p=0.03; 1,> = 0.37), but no significant main effect of Stimulation (F = 1.31; p = 0.29;
1y = 0.14) nor was there an interaction (F = 0.09; p = 0.92; n,> = 0.01). (see Table 3 and Figures
14 and 15). Pairwise comparisons for the main effect of Electrode Site revealed no significant
differences between amplitudes at C3, Cz and C4 following Bonferroni correction (C3 and Cz: ¢
(8) =2.09; p =0.07; d =1.48; C3 and C4: ¢ (8) =-0.36; p = 0.73; d = 0.25; Cz and C4: ¢ (8) = -
2.98; p=10.02; d=-2.11).

Late BP. The ANOVA for the late BP yielded a significant main effect of Electrode Site (F'
= 25.26; p = 0.00; np> = 0.76), but no significant main effect of Stimulation (F = 0.04; p = 0.85;
np> = 0.01) nor was there an interaction (F = 0.25; p = 0.78; > = 0.03). Pairwise comparisons
revealed three significant results. Late BP mean amplitude was significantly greater at Cz (M = -
4.96 nV, SD = 2.85) compared to at C3 (M =-0.17 pV, SD = 0.49) and C4 (M = -1.16 puV, SD =
0.74), (¢(8)=5.18,p=0.00; d=3.66 and ¢ (8) =-4.99, p = 0.00; d=-3.53, respectively). Significant
differences between C3 and C4 mean amplitudes were also found (z (8) =3.39, p =0.01; d = 2.40).
These results showed that the late BP was maximal at Cz for foot movements and that an increase
in mean amplitude was associated with the Electrode Site ipsilateral to foot movements on the

right side (see Table 3 and Figures 14 and 15).
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MP. The ANOVA for the MP yielded a significant main effect of Electrode Site (F = 38.04;
p = 0.00; n,*> = 0.83), but no significant main effect of Stimulation (¥ = 0.00; p = 0.98; ,> = 0.00)
nor was there an interaction (F = 0.63; p = 0.55; n,> = 0.07). Pairwise comparisons revealed three
significant results. MP mean amplitude was significantly greater at Cz (M =-11.90 uV, SD = 5.10)
compared to at C3 (M = 0.24 pV, SD = 1.16) and C4 (M =-2.83 uV, SD = 1.56), (¢ (8) = 6.26, p =
0.00; d=4.43 and ¢ (8) =-6.64, p = 0.00; d = -4.70, respectively). Significant differences between
C3 and C4 mean amplitudes were also found (¢ (8) =3.79, p =0.01; d=2.68). These results showed
that the MP was maximal at Cz for foot movements and that an increase in mean amplitude was
associated with the Electrode Site ipsilateral to foot movements on the right side (see Table 3 and

Figures 14 and 15).
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Table 3

Table of mean amplitude of MRCPs components obtained from foot movements in Study 2.

MRCP Component Electrode Site Stimulation Mean Amplitude
Condition uV (SD)
Early BP C3 Active GVS -0.21 (0.30)
Sham GVS -0.08 (0.28)
Cz Active GVS -0.84 (0.93)
Sham GVS -0.72 (0.91)
C4 Active GVS -0.30 (0.39)
Sham GVS -0.11 (0.39)
Late BP C3 Active GVS -0.27 (0.52)
Sham GVS -0.07 (0.61)
Cz Active GVS -4.88 (3.19)
Sham GVS -5.04 (2.79)
Cc4 Active GVS -1.21 (0.77)
Sham GVS -1.10 (0.92)
MP C3 Active GVS 0.08 (1.06)
Sham GVS 0.39 (1.34)
Cz Active GVS -11.64 (5.54)
Sham GVS -12.17 (5.04)
Cc4 Active GVS -2.92 (1.78)
Sham GVS -2.73 (1.55)

Note: * indicates statistical significance at the p <.01 level.
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Figure 14. MRCP waveforms obtained from foot movements in Study 2.
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Figure 15. Topographical distribution of MRCPs obtained from foot movements in Study 2.
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Study 2 Finger and Foot ERP Results
Early BP

The three-way ANOVA for the early BP yielded a significant main effect of Electrode Site
(F =8.26; p = 0.00; n,> = 0.51) and of Limb (F = 5.31; p = 0.05; n,> = 0.51), however, there was
no main effect of Stimulation (F = 0.00; p = 0.97; 1,> = 0.00). There was no three-way interaction
(F = 0.86; p = 0.44; np,> = 0.10), nor were there any two-way interactions between Limb and
Electrode Site (F = 1.76; p = 0.20; 1,> = 0.18), between Limb and Stimulation (F = 3.59; p = 0.10;
np> = 0.31) or between Electrode Site and Stimulation (F = 0.75; p = 0.49; 1,> = 0.09).

Pairwise comparisons of the main effect of Electrode Site revealed a significant difference
between early BP mean amplitude at Cz (M = -0.51 pV, SD = 0.50) and C4 (M =-0.10 nV, SD =
0.22), (¢ (8) =-3.33, p = 0.01; d = -2.35), but not C3 (M =-0.12 uV, SD = 0.15) and Cz (¢ (8) =
2.93, p=0.02; d = 2.07), nor C3 and C4 (¢ (8) = -0.20, p = 0.85; d = 0.14). This showed that a
greater mean amplitude of the early BP was found at the vertex (Cz) when combining finger and
foot movements. The main effect of Limb showed a greater mean amplitude of the early BP in the
foot (M =-0.38 uV, SD = 0.38) compared to the finger (M =-0.11 uV, SD =0.23).

Late BP

The three-way ANOVA for the late BP found a significant interaction between Limb and
Electrode Site (F = 20.34; p = 0.00; 1, = 0.72), but not between Limb and Stimulation (F = 0.76;
p = 0.41; 1,2 = 0.09), nor between Electrode Site and Stimulation (F = 1.01; p = 0.39; 1, = 0.11).
A three-way interaction was also not found (F = 0.02; p = 0.98; n,*> = 0.00). There were also
significant main effects of Limb (F =21.29; p = 0.00; n,> = 0.73) and Electrode Site (F = 24.90; p

= 0.00; ny*> = 0.76), but not of Stimulation (F = 0.24; p = 0.64; 1,> = 0.03).
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Pairwise comparison of the significant interaction between Limb and Electrode site,
revealed that late BP mean amplitude was significantly larger at Cz during foot movements
compared to finger movements (¢ (8) =4.61, p = 0.00; d = 3.26). Pairwise comparisons of the main
effect of Electrode Site revealed that the mean late BP amplitude at Cz (M =-2.99 uV, SD = 1.69)
was significantly greater than at C3 (M =-0.55 uV, SD = 0.46) and C4 (M =-0.66 uV, SD = 0.63),
(t(8)=5.04, p=0.00; d =3.56 and ¢ (8) = 0.74, p = 0.48; d = 0.52, respectively). No significant
differences were found between C3 and C4 (¢ (8) =0.74, p = 0.48; d = 0.52). These results showed
that the late BP was maximal at the vertex (Cz) irrespective of the limb used. These results were
consistent with the greatest late BP mean amplitude being associated with electrode Cz during foot
movements (M = -4.96 uV, SE = 0.95). The main effect of Limb revealed a significant difference
between finger (M =-0.70 uV, SD = 0.60) and foot (M =-2.10 uV, SD = 1.20) movements in terms
of late BP mean amplitude. This indicated that foot movements were associated with a greater
mean amplitude of the late BP compared to finger movements.

MP

The three-way ANOVA for the MP found a significant two-way interaction between Limb
and Electrode Site (F = 36.73; p = 0.00; 1,> = 0.82), but not between Limb and Stimulation (F =
1.11; p = 0.32; n,> = 0.12), nor between Electrode Site and Stimulation (F = 1.25; p = 0.31; > =
0.14). There was also no significant three-way interaction between the variables (F' = 0.21; p =
0.81; 1> = 0.03). There were also significant main effects of Limb (F =42.16; p = 0.00; 1,> = 0.84)
and Electrode Site (F = 34.10; p = 0.00; 1,> = 0.81), but not of Stimulation (¥ = 0.65; p = 0.45; 1,
=0.08).

The interaction between Limb and Electrode Site revealed a significant difference between

finger (M =-1.87 uV, SD =1.07) and foot (M =-4.83 pV, SD = 1.90) movements in terms of mean
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MP amplitude. This indicated that foot movements were associated with a great mean MP
amplitude compared to finger movements. Pairwise comparisons of the main effects of Electrode
Site revealed that the mean MP amplitude at Cz (M =-7.09 nV, SD = 3.01) was significantly greater
than at C3 (M =-1.51 pV, SD =0.89) and C4 (M =-1.46 nV, SD = 1.19), (¢ (8) = 5.76, p = 0.00; d
=4.07 and ¢ (8) = -6.78, p = 0.00; d = -4.79, respectively). No significant differences were found
between C3 and C4 (¢ (8) = -0.09, p = 0.93; d = -0.06). These results showed that the MP was
maximal at the vertex (Cz) irrespective of the limb used. This is consistent with the greatest mean
MP amplitude being associated with electrode Cz during foot movements (M = -11.90 uV, SE =
1.70).
Study 2 Discussion

The first aim of Study 2 was to assess the feasibility of implementing a foot movement task
into the experimental protocol developed and validated in Study 1. This was achieved by the
successful acquisition of MRCPs from both finger and foot movements that were consistent with
previous reports (Shibasaki et al., 1981). Related to this is the additional finding that the EEG
processing pipeline was effective at removing the GV S-related artifact from both finger and foot
data. The second aim was to evaluate the effectiveness of the EEG processing pipeline at removing
the GVS-related artifact when using a stimulus current of a higher magnitude. Whilst this study
demonstrated the successful removal of the GVS-related artifact associated with a higher GVS
magnitude, the use of a higher intensity of GVS current was sensed by the majority of participants.
This is problematic given the need to use a sub-sensory GVS stimulus to mitigate the influence of
confounding factors within Study 3.

As in Study 1, the statistical and graphical results in Study 2 demonstrated the success of

the methodological design and EEG processing pipeline in measuring MRCPs from both finger
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and foot movements. This was also supported by the finding of no differences in the components
on interest (early BP, late BP and MP) across stimulation conditions (sham compared to active
GVS) for both finger and foot movements. This further validates the methodology because it
demonstrates the potential for its multi-modal application. The mean amplitude data demonstrated
that most of the components of interest were maximal at Cz for both finger and foot movements,
which is consistent with the results from Study 1 and previous literature (Colebatch, 2007;
Shibasaki et al., 1981). The only exception was the maximal MP at C3 for finger movements which
was also larger than the MP at C3 for foot movements. Given that the only difference in logistical
set-up between the finger and foot conditions was the placement of the EMG electrodes on the ED
and TA muscles, respectively, this difference in cortical activation may be attributed to the
recruitment of these different muscles. Indeed, previous literature has reported more lateral
activations for finger compared to foot movements (Shibasaki, et al., 1981). The explanation for
this may be the more lateralized representational area for the fingers compared to the feet,
according to the somatotopic organization of the human sensorimotor cortex (Penfield & Boldrey,
1937). The potential reason this was observed during only Study 2 may be due to the enhanced
magnitude of GVS (0.30-0.40 mA) that was applied in this study compared to Study 1.

The separate analyses for the finger and foot movements further highlighted their
differences in terms of the late-phase movement preparation (late BP) and motor execution (MP).
Although the late BP was maximal at Cz for both finger and foot movements, the mean amplitude
data showed a bilateral inverse effect for the two limbs. For finger movements, the late BP was
larger at C3 compared to C4, although this difference did not reach significant following
corrections. By contrast, the late BP was significantly larger at C4 compared to C3 for foot

movements. This inverse distribution was partially observed for the MP. For finger movements,
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the MP was associated with a larger amplitude contralateral to the right-sided movement. For foot
movements, although the MP was maximal at Cz, it was also a significantly larger at C4 compared
to C3. The use of the right-sided limb may explain the greater contralateral activation at C3 for
finger movements, but not the greater activation at C4 for foot movements. This may be better
explained by the more medial location of the representational area of the foot within the motor
cortex, which results in dipoles that orient to more central or ipsilateral areas of the scalp (Bocker
et al., 1994). These findings corroborate the results of Brunia and van de Bosch (1984), which
showed opposite lateralized distributions prior to and following finger and foot movements,
irrespective of movement side. However, these findings did not persist when directly comparing
the finger and foot movements in the three-way ANOVA. Rather, when combining the data from
the finger and foot movements, the consistent finding was that the mean amplitude for all the
MRCPs were greatest at Cz for foot movements. This finding corroborated previous reports of foot
movements eliciting larger MRCPs (Colebatch, 2007).

The results of this study showed that there was no difference between active and sham GV'S
conditions in terms of mean MRCP amplitude. As in Study 1, this finding confirms the second aim
of this study, which was to evaluate the effectiveness of the EEG processing pipeline in removing
the GVS-related artifact produced by a GVS current of a larger magnitude (0.30-0.40 mA).
However, 8 out of the 9 participants reported cutaneous sensations such as itching/prickling behind
the ears during the active GVS conditions. This may not have directly affected the results of the
current study given the consistency of effects across the sham and active GVS conditions. However,
it is possible that this reflects the participant sample of young adults (age range = 18-20) as studies
have shown that the threshold for sensory perception of transcutaneous electrical stimulation is

significantly lower for younger compared to older adults (de Jesus Guirro et al., 2015).
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Notwithstanding, the blinding of participants to stimulation conditions is imperative in the
theoretical investigation of the clinical effects of a treatment (Davis, Gold, Pascual-Leone &
Bracewell, 2013). Placebo-controlled experiments have been conventionally used to disentangle
the specific effects of a treatment from nonspecific, incidental factors such as environment or
participants’ mental or physical state (Chambless & Hollon, 1998). Furthermore, it is important to
note that the BP specifically has been shown to be affected by psychological factors such as
intention to move, conscious pre-planning of movements as well as learning and skill acquisition
(Lang, 2003). This rationale supported the decision to reduce the GVS current intensity in Study
3 given that the aim was to observe the direct effects of GVS on the brain activity of a clinical
sample.

Study 2 confirmed the feasibility of implementing an additional task of foot tapping to the
experimental protocol and successfully acquired MRCPs from both finger and foot movements.
Moreover, even when applying a higher intensity GVS stimulus, the EEG processing pipeline was
still effective at eliminating the GVS artifact, without compromising the acquisition of the MRCPs.
Despite this, most participants correctly sensed when they were receiving active GVS. The
findings from this study (and Study 1) informed the methodology applied in the main study of this
thesis, with the aim of observing the direct effects of GVS on MRCPs in participants diagnosed
with PD.

Study Three: The Effects of Vestibular Stimulation in Individuals with Parkinson’s
disease

This section outlines Study 3 that applied the novel methodology validated in the studies
of the previous section to a clinical population of individuals diagnosed with PD. The aims of

Study 3 were 1) to observe the direct effects of GVS on MRCPs in PD individuals and 2) to
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evaluate the feasibility of applying the methodological design to a clinical sample. The first aim
was related to the investigation of a potential underlying electrophysiological mechanism for the
effects of vestibular stimulation on motor function in PD. Finding an electrophysiological
mechanism could lead to further optimization of GVS protocols to improve the motor benefits
already observed in PD (Khoshnam et al., 2018; Wilkinson et al., 2016; Wilkinson et al., 2019;
Yamamoto et al., 2005). The methodology employed in Studies 1 and 2 informed the methods in
Study 3 with modifications to accommodate for the needs of the clinical sample. These include
delivering a reduced intensity of GVS (0.25-0.35 mA); dividing the experimental session into two
sessions instead of one and the inclusion of a clinical assessment session.

The GVS intensity of 0.25-0.35 mA was selected because it was between the intensities
used in Studies 1 (0.20-0.30 mA) and 2 (0.30-0.40 mA). Reducing the GVS magnitude applied
from Study 2 ensured that the stimulation remained imperceptible to facilitate the blinding of PD
participants to the GVS condition. However, increasing the intensity from that used in Study 1 was
based on the rationale of strengthening any clinical effects the GVS may have on MRCPs. Also,
of note is that older PD individuals may have higher sensory thresholds for detecting
transcutaneous stimulation compared to a younger student sample (de Jesus Guirro et al., 2015).
The GVS frequency applied in this study remained the same as in Studies 1 and 2 (0.01 Hz).

The decision to divide the study into two experimental sessions was made to 1) mitigate
the potential risk of the effect of fatigue (either supra-spinal or peripheral), particularly for elderly
participants (Gandevia, 2001); 2) to ensure that the PD medication remained efficacious
throughout the experiment. Having two sessions meant that each experimental session was shorter
in duration (two hours each) instead of the three-hour session required for Study 2. This ensured

that the time of day that the sessions were conducted always coincided with participants’ ON
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period of medication and meant that the neural activity recorded accurately reflected participants’
performance of the task during stable medication. Many individuals with PD experience motor
and non-motor fluctuations in their symptoms throughout the day that correlate with their
medication ‘kicking in’ or ‘wearing off’ (Schrag & Quinn, 2000; Jankovic, 2005). Although the
duration of these periods can vary across individuals, most individuals report an ON period of two
hours after taking medication (Hardie, Lees & Stern, 1984). A potential consequence of dividing
the study into two experimental sessions was the potential after-effects of GVS on the second
session. Indeed, a previous experiment conducted by our research group on the effects of GVS on
motor cortical excitability revealed a reduction in TMS-elicited motor-evoked potentials (MEPs)
24 hours following GVS. To prevent any confounding effects related to this 24-hour reduction in
cortical excitability, participants were asked to return for their final experimental session 48 hours
after the first session. Finally, the inclusion of a clinical assessment session prior to the
experimental sessions enabled the characterization of the clinical sample. This was done by
administering a test battery of gold-standard, neuropsychological assessments to all participants.

The original aim for this study was to collect data from both a PD (n = 20) and control (n
= 20) group of elderly, age-matched individuals. However, due to the COVID-19 pandemic, data
collection was halted in March 2020 in response to the nationwide lockdown. For this reason,
Study 3 was based solely on the data collected from the 10 PD subjects who had participated up
until the beginning of the lockdown period.

Methods

Participants

Ten volunteers (six males, Mage = 62, age range = 53-76 years) diagnosed with PD were

recruited either from community-based local organizations around the South East of the UK (e.g.,
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Parkinson’s UK) or from a database of former participants who consented to being contacted again.
All PD participants fulfilled the eligibility criteria with none having co-morbid neurological
conditions, scars or skin abrasions behind the ears, implanted electronic devices (e.g., DBS,
pacemakers, etc.) or in receipt of dopamine or apormorphine infusion therapy. All PD participants
provided documentary evidence of their diagnosis of idiopathic PD according to the UK PD
society brain bank clinical diagnostic criteria, in the form of a letter from their neurologist
confirming their diagnosis. Moreover, PD participants remained on their stable anti-parkinsonian
medication regime for the duration of the study. Examples of anti-parkinsonian medication taken
by participants include rasagiline, co-careldopa, ropinirole, sinemet and madopar. The PD sample
showed a high variability in the years since PD onset (range = 1-11 years) and also in the severity
of their motor symptoms (scores ranging between 16 and 49) as measured by the MDS-UPDRS

Part III (see Table 4).
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Table 4

Table showing clinical characteristics of PD participants in Study 3.

Participant ~ Years since MDS-UPDRS MDS-UPDRS Hoehn & MoCA MiniBest

diagnosis Part 111 Total Yahr
1 4 49 84 2 27 21
2 4 36 64 2 28 20
3 4 37 82 3 19 23
4 8 45 92 2 27 23
5 2 29 57 2 28 26
6 6 27 57 2 28 22
7 5 25 35 1 29 27
8 11 30 63 2 25 25
9 1 16 36 1 26 27
10 7 47 77 2 24 24
Materials

All materials relating to vestibular stimulation and EEG used in the main study were
identical to those used in Studies 1 and 2 with only two alterations. First, the current intensity for
the GVS stimulus was established as oscillating between 0.25-0.35 mA. This intensity was selected
to strike a balance between delivering an intensity that was sufficient to produce large
physiological effects without being too high that it would jeopardise the blinding of participants
to stimulation conditions, as in Study 2. Second, the addition of a test battery of
neuropsychological assessments enabled the clinical characterization of each PD participant’s
disease state. Experimenters gained certification for MDS-UPDRS and MoCA administration in
order to carry out these assessments.

The MDS-Sponsored Unified Parkinson’s Disease Rating Scale (MDS-UPDRS). This

scale (Goetz et al., 2008) was administered to the PD volunteers to characterize their parkinsonian
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symptoms. The MDS-UPDRS has four parts and all items within these are rated on a five-point
scale (0 =normal, 1 = slight, 2 =mild, 3 = moderate, 4 = severe). Parts | and Il measure non-motor
and motor experiences of daily living, respectively. Part [A was administered by the experimenter
in an interview format whilst Part IB and II were self-administered by the participants with or
without the assistance of a spouse. For all interview and questionnaire formats of the scale,
emphasis was placed on responses reflecting a global or average evaluation of the previous week.
Part TA included questions about cognitive impairment, hallucinations, apathy, anxiety and
depression delivered in an interview format by the experimenter. Part IB, the patient questionnaire,
included questions about sleep problems, constipation, fatigue, urinary problems and others.

Part 11T consists of a motor examination in which participants performed a series of tasks
used to assess movement, rigidity, postural stability, gait and tremor. Experimenters rated
performance on these tasks based on observations during that session only (see Appendix B for
example items 3.4 and 3.7 from Part III). Part IV assessed motor complications, dyskinesias and
motor fluctuations associated with the OFF-state and was rated by the experimenter in an interview
format. Example items included questions about time spent in the OFF state, the functional impact
and complexity of fluctuations.

The Montreal Cognitive Assessment (MoCA). The MoCA (Nasreddine et al., 2005) was
administered to measure mild cognitive dysfunction (see Appendix C). A total score was generated
by summing subscores from the different domains and adding one point for individuals who have
had 12 years or fewer years of formal education. A final score of 26 or above was considered
normal, a score of 21-25 indicated mild cognitive impairment (MCI) and below 21 indicated severe
cognitive impairment. This assessment was employed as an outcome measure in Wilkinson et al.’s

(2019) study to observe the effects of CVS on cognitive function.
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The Mini-Balance Evaluation Systems Test (Mini-BESTest). The Mini-BESTest is a 14-
item shortened version of the BESTest (Horak, Wirsley & Frank, 2009) designed to assess balance
control systems for targeted rehabilitation purposes of different balance disorders (Franchignoni
et al., 2010). It was used to assess five different balance domains (vestibular and non-vestibular
balance, functional mobility, gait and vestibular function) in both the PD and the control group.
The 14 items address four of the original six sections of the BESTest (anticipatory postural
adjustments, reactive postural control, sensory orientation, dynamic gait) using a 2-level ordinal
scale (2 = normal, 1 = moderate, 0 = severe) (see Appendix D for example items). The total score
is 28 points and greater scores indicated normal balance functions. This assessment was selected
for use in this study because of its suitability in assessing balance characteristics of PD (King et
al., 2012).

Procedure

This study was conducted over three sessions on three separate days to mitigate the
potential risk of the effect of fatigue (supra-spinal and peripheral) (Gandevia, 2001) and to ensure
PD medication remained efficacious throughout testing. Each session was conducted 30 minutes
to an hour following medication intake and lasted approximately two hours. This ensured that
participants were assessed when their medication was in the same state of effectiveness each time
and their motor symptoms were stable each time.

The clinical assessment session consisted of administration of the neuropsychological test
battery outlined above and always preceded the experimental sessions. During this session,
participants were introduced to the study and provided their informed consent. Demographic
information such as age, occupational, marital and educational status was obtained as well as a list

of parkinsonian and non-parkinsonian medication. Part IA of the MDS-UPDRS was then
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administered by the experimenter followed by Parts IB and II which participants completed on
their own or with a spouse/partner. Part III or the motor examination of the MDS-UPDRS was
then administered by the experimenters followed by the MoCA and the Mini-BESTest. Participants
were then instructed to avoid the consumption of caffeinated or alcoholic beverages at least 24
hours prior to the experimental sessions and avoid the use of hair products that may increase EEG
impedances.

The two experimental sessions were separated by a period of 48 hours. The experimental
part of this study was conducted over two sessions using a randomized and counterbalanced design
(see Table 5). Participants were randomly assigned to conditions in which the order of movement
task (finger or foot) and stimulation condition (active or sham GVS) was counterbalanced. Both
sessions were identical except for the movement task performed by participants in each; one
session was for finger tapping and the other for foot tapping. The affected side was utilized for the
motor tasks as determined by the scores on the motor examination of the MDS-UPDRS and the
participant’s self-report of their subjectively worst side. The procedure within the movement

blocks was identical to that conducted in Study 2.
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Table 5
Table showing an example of the randomized and counterbalanced experimental sessions for four

participants in Study 3.

Session 1 Session 2
Participant 1 Rest sham GVS

150 finger movements sham GVS 150 foot movements sham GVS

Rest active GVS

150 finger movement active GVS 150 foot movements active GVS

Participant 2 Rest sham GVS

150 foot movements sham GVS 150 finger movements sham GVS
Rest active GVS
150 foot movements active GVS 150 finger movements active
GVS
Participant 3 Rest active GVS

150 finger movements active GVS 150 foot movements active GVS

Rest sham GVS

150 finger movements sham GVS 150 foot movements sham GV'S

Participant 4 Rest active GVS
150 foot movements active GVS 150 finger movements active
GVS
Rest sham GVS

150 foot movements sham GVS 150 finger movements sham GVS
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Data Offline Processing and Analysis

The offline processing strategy employed in this study was identical to that used in Studies
1 and 2 (see pages 48-51). Segmentation into epochs was conducted using the same method for
EMG onset determination employed in Studies 1 and 2, with epochs of the same length. On average
for finger movements, fewer than 2% (n = 25) of trials across both active and sham GV'S conditions
were excluded because EMG onset could not be accurately determined. Thus, for finger
movements the grand averages for both stimulation conditions were calculated using over 98% (n
= 2647) of trials following baseline correction to the first 200 ms (-1500 to -1300 ms) of the epoch.
Approximately 2.5% (n = 39) of foot movement trials across both stimulation conditions were
excluded due to inaccurate EMG onset determination, which meant that over 97% (n = 2925) of
foot movement trials were used to calculate the grand average amplitudes for the foot active and
sham GVS conditions. The mean EMG amplitudes of finger and foot movements were determined
by employing the rectified EMG amplitude. A paired sample t-test was conducted to compare the
rectified EMG amplitude across active and sham GVS conditions for each of the types of
movements (finger and foot separately). A p value of <.05 was considered statistically significant
for this analysis and Cohen’s d was also used to determine effect sizes (Cohen, 2013).

The method for defining MRCP waveforms was the same as that employed in the previous
studies (see pages 48-51). The same procedure for statistical analysis as in Study 2 was followed
in this study (see pages 64-65).

Study 3 Finger Movement Results

In this study, none of the participants reported itching/prickling sensations on the

Perception of Stimulation Questionnaire during the active GVS conditions.

Independent Components Identification
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As demonstrated in Figure 16, the GVS-related IC labels showed a similar topographical

distribution across finger and foot movements.

I —— y
-11.30 pV (MY 18.14 pVv  -13.22puV 0pv 11.96 pV

Figure 16. Two examples of the GVS-related components returned by ICA associated with the individual finger (left)
and foot (right) movement data in Study 3.

EMG Results

A paired-sample t-test comparing the mean EMG amplitudes of the active (M = 35.25 uV,
SD = 22.19) and sham (M = 37.33 uV, SD = 20.61) GVS conditions revealed no significant
differences (¢ (8) = 0.64, p = 0.54; d = 0.45) for finger movements.
ERP Results

Early BP. The ANOVA for the early BP yielded no significant main effects of Stimulation
(F=1.76; p=0.22; n,> = .18) or Electrode Site (F = 0.37; p = 0.70; 1,> = 0.04). There was also no
significant interaction between Stimulation and Electrode Site (F =2.52; p = 0.11; > = .24).

Late BP. The ANOVA for the late BP yielded a main effect of electrode (F = 5.94; p =
0.01; n,> = 0.43), but not Stimulation (F = 0.70; p = 0.43; 1,> = 0.08), nor was there a significant
interaction (F = 1.55; p = 0.24; n,> = 0.16). Pairwise comparisons of the main effect of electrode
revealed no significant differences between electrode mean amplitudes following Bonferroni
correction (C3 and Cz: ¢ (8) =2.28; p =0.05; d=1.61; C3 and C4: ¢ (8) =-1.65; p=0.14; d = -

1.17; Cz and C4: ¢ (8) =-2.76; p = 0.03; d = -1.95).
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MP. The ANOVA for the MP yielded a main effect of electrode (F = 9.33; p = 0.00; n,* =
0.54), but not Stimulation (F = 0.71; p = 0.42; > = 0.08), nor was there a significant interaction
between Stimulation and Electrode Site (F = 2.59; p = 0.11; n,> = 0.25). Pairwise comparisons of
the main effect of electrode revealed that there was a significantly greater amplitude at Cz (M = -
3.54 uV, SD=2.15) compared to C4 (M =-1.12 uV, SD =0.99), (¢ (8) =-3.75, p = 0.00; d = -2.65).
There were no significant differences between MP mean amplitude at C3 (M = -1.98 uV, SD =
1.33) compared to Cz or C4 (¢ (8) =2.58, p=0.03; d=1.82 and ¢ (8) =-1.99, p = 0.08; d = -1.41,

respectively).
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Table 6

Table of mean amplitude of MRCPs components obtained from finger movements in Study 3.

MRCP Component Electrode Site Stimulation Mean Amplitude
Condition uV (SD)
Early BP C3 Active GVS -0.04 (0.57)
Sham GVS 0.20 (0.45)
Cz Active GVS -0.19 (0.81)
Sham GVS 0.15 (0.82)
C4 Active GVS 0.12 (0.39)
Sham GVS 0.06 (0.39)
Late BP C3 Active GVS -0.80 (1.06)
Sham GVS -0.40 (0.80)
Cz Active GVS -1.53 (1.64)
Sham GVS -1.04 (1.48)
C4 Active GVS -0.14 (0.93)
Sham GVS -0.25 (0.57)
MP C3 Active GVS -2.21 (1.70)
Sham GVS -1.74 (1.29)
— Cz Active GVS -3.86 (2.20)
Sham GVS -3.22 (2.26)
*
— C4 Active GVS -0.93 (1.33)
Sham GVS -1.31 (0.82)

Note: * indicates statistical significance at the p <.01 level.
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Figure 17. MRCP waveforms obtained from finger movements in Study 3.
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Figure 18. Topographical distribution of MRCPs obtained from finger movements in Study 3.
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Study 3 Foot Movement Results

EMG Results

A paired-sample t-test comparing the mean EMG amplitudes of the active (M = 50.91 uV,
SD = 15.35) and sham (M = 49.64 uV, SD = 15.35) GVS conditions revealed no significant
differences (¢ (9) = -0.29, p = 0.78; d = -0.19) for foot movements.
ERP Results

Early BP. The ANOVA for the early BP yielded no significant main effects of Stimulation
(F=0.05; p=0.82; np,> = .01) or Electrode Site (F = 0.26; p = 0.77; n,> = 0.03). There was also no
significant interaction between Stimulation and Electrode Site (F = 0.12; p = 0.89; n,> = .01).

Late BP. The ANOVA for the late BP revealed a significant main effect of electrode (¥ =
4.57; p = 0.03; np> = 0.34), but not Stimulation (F = 0.00; p = 0.97; > = 0.00) or interaction
between Stimulation and Electrode Site (F = 0.14; p = 0.87; n,> = 0.02) (see Table 7 and Figures
19 and 20). To further unpack the main effect of electrode pairwise comparisons were conducted,
however, following Bonferroni correction, no significant differences were found between the mean
amplitudes at the three electrode sites (C3 and Cz: # (9) = 2.52; p = 0.03; d = 1.68; C3 and C4: ¢
(9)=-0.30; p=0.77;d=-0.2; Czand C4: ¢ (9) =-2.37; p = 0.04; d = -1.58).

MP. The ANOVA yielded a significant main effect of electrode (F = 14.78; p = 0.00; 1> =
0.62), but not Stimulation (F = 2.25; p = 0.17; 1,> = 0.20) or interaction (F = 0.82; p = 0.46; 1> =
0.08) (see Table 7 and Figures 19 and 20). Pairwise comparisons of the mean effect of Electrode
Site showed that the amplitude of the MP was significantly greater than at Cz (M = -4.00 uV, SD
= 3.04) compared to C3 (M =-1.20 pV, SD = 1.94) and C4 (M = -0.47 nV, SD = 0.86), (¢ (9) =
4.86,p=.00; d=3.24 and 1 (9) =-4.10, p = 0.00; d = -2.73, respectively). No significant difference

between C3 and C4 were found (z (9) =-1.27, p =0.24; d = -0.85).
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Table 7

Table of mean amplitude of MRCPs components obtained from foot movements in Study 3.

MRCP Component Electrode Site Stimulation Mean Amplitude
Condition uV (SD)
Early BP C3 Active GVS 0.11 (0.47)
Sham GVS 0.12 (0.43)
Cz Active GVS 0.17 (1.07)
Sham GVS 0.24 (0.93)
C4 Active GVS 0.07 (0.55)
Sham GVS 0.06 (0.55)
Late BP C3 Active GVS -0.23 (1.05)
Sham GVS -0.19 (1.20)
Cz Active GVS -1.23 (2.00)
Sham GVS -1.19 (1.89)
Cc4 Active GVS -0.05 (0.84)
Sham GVS -0.16 (1.07)
MP — C3 Active GVS -1.11 (2.04)
. Sham GVS -1.29 (1.94)
— Cz Active GVS -3.74 (3.15)
Sham GVS -4.25(2.97)
*
— C4 Active GVS -0.40 (0.95)
Sham GVS -0.53 (0.98)

Note: * indicates statistical significance at the p <.01 level.
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Figure 19. MRCP waveforms obtained from foot movements in Study 3.
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Figure 20. Topographical distribution of MRCPs obtained from foot movements in Study 3.
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Study 3 Finger and Foot ERP Results
Early BP

The three-way ANOVA for the early BP yielded a significant main effect of Stimulation (¥
=5.11; p = 0.05; n,> = 0.39), but not of Electrode (F = 0.03; p = 0.97; n,> = 0.00) or Limb (F =
0.29; p = 0.60; 1,2 = 0.04). There was also no significant three-way interaction (F = 0.91; p = 0.42;
np> = 0.10), nor were there any two-way interactions between Limb and Electrode Site (F = 1.06;
p=0.37; 1,2 = 0.12), Limb and Stimulation (F = 0.29; p = 0.61; n,> = 0.04) or between Electrode
Site and Stimulation (F = 1.74; p = 0.21; n,> = 0.18).

The main effect of Stimulation revealed a significant difference between early BP mean
amplitude during the active GVS (M = 0.00 uV, SD = 0.70) and the sham GVS (M = 0.24 uV, SD
=0.82) conditions. This result showed a significant increase in negativity associated with the active
GVS condition compared to the sham of a magnitude of 0.24 pV.

Late BP

The three-way ANOVA for the late BP found a significant main effect of Electrode Site (F
= 6.11; p = 0.01; 1> = 0.43) but not of Stimulation (F = 1.26; p = 0.29; 1,> = 0.14) or Limb (F =
0.34; p=0.57; 11,> = 0.04). There was no significant three-way interaction (F = 0.58; p = 0.57; 1>
= 0.07), nor were there any two-way interactions between Limb and Electrode Site (F'= 0.20; p =
0.82; np> = 0.02), Limb and Stimulation (F = 0.21; p = 0.66; 1,2 = 0.03), or between Electrode Site
and Stimulation (F = 1.25; p = 0.31; 1, = 0.14).

Pairwise comparisons of the main effect of electrode site revealed no significant differences
between electrodes following Bonferroni correction (C3 and Cz: ¢ (8) =2.70; p = 0.13; d = 1.91;
C3and C4: ¢ (8)=-1.07; p=0.32; d=-0.76; Cz and C4: ¢ (8) =-2.78; p=0.20; d =-1.97).

MP
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The three-way ANOVA for the MP yielded a two-way interaction between Limb and
Electrode Site that trended towards significance (F = 3.08; p = 0.07; 1> = 0.28). There were no
other significant two-way interactions between Limb and Stimulation (F = 1.98; p = 0.20; n,> =
0.20) or Electrode Site and Stimulation (F = 0.80; p = 0.47; 11,> = 0.09). Nor was there a three-way
interaction between all variables (F = 1.10; p = 0.15; n,> = 0.07). A significant main effect of
Electrode Site was also found (F = 18.79; p = 0.00; n,> = 0.70), but not of Stimulation (F = 0.00;
p =0.96; 1,> = 0.00) or Limb (F = 0.05; p = 0.83; n,> = 0.01).

The main interaction between Limb and Electrode Site revealed no significant difference
between finger (M =-2.21 uV, SD =1.22) and foot (M =-2.13 uV, SD = 1.66) movements in terms
of the mean MP amplitude. Pairwise comparisons of the main effect of Electrode Site revealed that
the mean MP amplitude at Cz (M =-3.99 uV, SD = 2.22) was significantly greater than at C3 (M
=-1.70 uV, SD =1.50) and C4 M =-0.82 uV, SD =0.84), (¢ (8) =4.71, p=0.00; d = 3.33 and 7 (8)
=-4.89, p=0.00; d =-3.46, respectively). These results showed that whilst Cz was associated with
a maximal mean amplitude of the MP, this did not differ significantly between finger (M = -3.54
uV, SE = 0.72) and foot (M = -4.45 nV, SE = 0.95) movements for PD participants.

Study 3 Discussion

The core aim of Study 3 was to observe the effects of GVS on MRCPs obtained from a PD
population. Due to limitations relating to a small sample size, the results obtained in this study
may be underpowered. The findings revealed a small increase in the negativity of the early BP at
Cz associated with the active GVS condition compared to the sham, but only when the finger and
foot movement data were combined. This suggests that given a larger sample size to increase power,
vestibular stimulation may have an enhancing effect on the motor preparatory activity of

individuals with PD. A secondary aim of this study was to evaluate the applicability of the novel
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concurrent GVS-EEG methodology and processing pipeline to a clinical sample. The consistency
of the MRCPs obtained in this study with those acquired in Study 1 and 2 validates the applicability
of the methodology and processing pipeline to a PD population.

The results of the three-way ANOVA revealed that the active GVS condition was associated
with a significant increase in the early BP at Cz compared to the sham GVS condition. This finding
may begin to explain the improvements in the MDS-UPDRS scores observed previously following
vestibular stimulation in PD (Wilkinson et al., 2016; Wilkinson et al., 2019). Previous studies have
reported the early BP as reduced in PD whilst other components (late BP, MP) remained largely
unaffected, suggesting a deficit in motor preparatory activity. Indeed, the early BP is associated
with facilitation of motor pathways in ‘readiness’ for an upcoming movement, which is consistent
with the movement initiation difficulties experienced by PD individuals (Colebatch, 2007;
Shibasaki & Hallett, 2006; Verleger, 2012). Whereas the late BP and MP are related to SMA and
M1 interaction in selection of appropriate muscles and recruitment of these during movement,
respectively (Neshige et al., 1988; Deecke et al., 1980). The findings from this study combined
with previous literature suggest that vestibular stimulation may boost deficient early-phase
preparatory activity in PD. However, it is still unclear whether this enhancement of preparatory
activity by GVS leads to improvements in motor function at a behavioural level, such as
improvements of gait disturbances or motor blocks during upper limb movement as has been
observed previously (Khoshnam et al., 2018). The current study found no differences in muscle
activation (EMG) between the active and sham GVS conditions. It is likely that the limited duration
of the stimulation period in this study may not have been sufficient to produce observable,
behavioural effects. Previous studies showing the clinical effects of vestibular stimulation have

usually employed multiple, repeated sessions (Wilkinson et al., 2014; Wilkinson et al., 2016;
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Wilkinson et al., 2019). Furthermore, absence of a behavioural effect may in part be due to the
study being underpowered due to a small sample size.

It is likely to that the findings of the current study were influenced by limitations relating
to low power due to a small sample size. No significant differences between the active and sham
GVS conditions were observed when the finger and foot movement data were analysed
independently. These analyses due to the small sample size may have lacked the power with which
to detect a meaningful difference. Indeed, a significant main effect of condition only emerged when
the number of data points were increased in the omnibus three-way analysis of the combined finger
and foot data. The original aim for this study was to collect data from both a PD (n = 20) and
control (n = 20) group of elderly, age-matched individuals and this was consistent with the power
calculation of a minimum sample size of 12 per group. Thus, increasing the power of the study by
having a larger sample size may prove promising in terms of unveiling significant differences
between active and sham GVS that are truly present but were not sufficiently demonstrated in the
current study. A second limitation was the lack of a matched, neurologically healthy control group
to compare to the PD sample. Recruitment of a control group was halted due to the nationwide
lockdown in response to the COVID-19 pandemic. Therefore, there was no clear baseline from
which to determine that the early BP in PD was in fact deficient. Although, previous studies
investigating the BP in PD have all demonstrated that it was diminished in relation to the BP of a
normal, healthy control group (Cunnington et al., 1999; Dick et al., 1989; Jahanshahi et al., 1995).
Thus, it is unclear whether this increase in the early BP associated with the active GVS reflects a
boosting of the deficient early preparatory activity in PD to ‘normal’ levels or if GVS affects the

early BP in similar ways in PD and neurologically healthy individuals.
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Study 3 supported the successful application of the concurrent GVS-EEG methodology
and processing pipeline used to remove the GVS-related artifact to a clinical population. This was
achieved by the successful acquisition of MRCPs that are consistent with previous literature and
parallel the results from Studies 1 and 2. The descriptive and graphical results demonstrated the
BP and MP to be maximal at Cz as reported previously in the literature (Shibasaki & Hallett, 2006;
Colebatch, 2007). Additionally, the post-hoc comparisons revealed a significantly larger amplitude
of the MP associated with Cz compared to C3 and C4, which is consistent with the MP results of
Studies 1 and 2. The results for the late BP followed the same trend of maximal amplitude at Cz
with main effects of electrode in the two-way ANOVAs despite not reaching significance after
correction in the post-hoc comparisons. These findings further validate the effectiveness of the
processing pipeline in removal of the GVS-related artifact without compromising the components
of interest. Moreover, this study extends the applicability of this novel methodology to EEG data
acquired from individuals with neurological conditions.

Study 3 aimed to observe the direct effects of GVS on MRCPs obtained from a PD
population. The findings revealed an enhancing effect on early pre-movement preparatory activity
associated with active GVS when combining data from finger and foot movements. It remains to
be investigated whether this effect would persist in the individual analysis of finger and foot data
from a larger sample. Nevertheless, this study provides the first step to understanding the effect of
vestibular stimulation on functionally relevant electrophysiological markers in PD. Finally, this
study also provided further validation for the novel methodology enabling the successful
acquisition of MRCPs using concurrent GVS-EEG in a PD population. This suggests the
applications of this novel methodology can be extended to other clinical populations to investigate

the underlying electrophysiological mechanisms of vestibular stimulation.
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General Discussion

The overall aim of this thesis was to develop and evaluate a novel methodology in the
investigation of the direct effects of GVS on the electrophysiological activity associated with
movement in PD and neurologically healthy individuals. Studies 1 and 2 provided validation for
this novel methodology by demonstrating its effectiveness in removing the GVS-related artifact
and successfully obtaining MRCPs. Specifically, Study 1 demonstrated the successful retrieval of
MRCPs from finger movements performed by neurologically healthy young adults following the
successful removal of the GVS-related artifact. Study 2 further validated the methodology by
demonstrating the extension of its applicability to foot movements and to higher GVS intensities.
Study 3 demonstrated that GVS demonstrated a small therapeutic effect on the preparatory cortical
activity preceding movement in PD which may potentially be amplified if explored in larger
sample sizes. The core methodological challenge when attempting to observe electrophysiological
activity acquired during concurrent GVS-EEG is the presence of a GVS-related artifact that
contaminates the continuous EEG. Thus, the first two studies reported in this thesis assessed the
effectiveness of a strategy using ICA to extract the GVS artifact from EEG data. The novelty of
this strategy was the identification and characterization of the independent components associated
with the GVS-related artifact.

The pilots outlined in methodological development section of this thesis enabled the
identification and characterization of the component associated with the GV S-related artifact as
well as demonstrating the influence of the different GVS parameters had on the continuous EEG
data. This, in turn, informed the GVS parameters used in Studies 1 and 2 to ensure the successful
removal of the GVS artifact. The aim of Study 1 was to evaluate the feasibility of successfully

obtaining MRCPs from finger movement data following removal of the GVS-relate artifact using
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ICA as an artifact rejection technique. MRCPs were the electro-cortical activity of interest because
of the strong relationship between vestibular and motor functions (Lacour & Borel, 1993; Stiles &
Smith, 2015). They were also selected because the BP component of the MRCPs is deficient in
individuals with PD (Cunnington et al., 1999; Dick et al., 1989; Jahanshahi et al., 1995; Praamstra
et al., 2002). Thus, they were an appropriate electrophysiological marker to investigate the
underlying mechanisms of GV'S on motor function in PD as done in Study 3. The results of Study
1 revealed that there were no statistically significant differences between MRCPs obtained in the
active GVS condition compared to the sham. The consistency of the graphical and statistical results
across the active and sham stimulation conditions confirmed the successful removal of the GVS-
related artifact. Additionally, the significant differences observed between electrodes Cz and C4
were consistent with previous reports of the contralateral movement-related activity progressing
from pre-movement preparation to motor execution (Colebatch, 2007). This consistency with
previous literature further indicated that the strategy employed to remove the GVS-related artifact
did not influence the acquisition of MRCPs. Thus, Study 1 validated the employment of this novel
strategy to remove the GV S-related artifact without compromising the identification of MRCPs.
Study 1 also manipulated the GVS frequency, altering it from 3 Hz employed in the pilots to 0.01
Hz. This manipulation led to the reduction in the number of IC labels associated with the GVS-
related artifact from 28 identified in the pilots down to 1 identified in Study 1.

Study 2 aimed to 1) assess the feasibility and logistics of implementing a foot movement
task to the experimental paradigm outlined in Study 1 and 2) evaluate the effectiveness of the GVS
artifact removal strategy at extracting a GVS-related component associated with a higher
amplitude (0.30-0.40 mA) compared to that used in Study 1. The first aim was achieved with the

successful acquisition of MRCPs from both finger and foot movements. This demonstrates the
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multi-modal applicability of the methodological paradigm and EEG processing pipeline to obtain
MRCPs from different limb movements. This is important because it implies the future potential
of applying this methodology when studying motor function in PD using more ecologically valid
tasks such as walking. Moreover, there were differences in distributions of activation across the
electrode sites for finger and foot movements that remained consistent with previous reports
(Bocker et al., 1994; Brunia & van de Bosch, 1984). Specifically, finger movements elicited larger
activations in the contralateral hemisphere whereas foot movements were associated with larger
activations in the ipsilateral hemisphere. The second aim of Study 2 was achieved with the result
of no significant differences between the active and sham GVS conditions. Parallel to Study 1, this
finding confirmed the effectiveness of the processing pipeline at extracting the GVS-related
artifact, even when applying a GVS current of a higher magnitude than that employed in Study 1.
However, this higher current intensity also produced supra-threshold cutaneous sensations for most
of the participants in Study 2. Given the importance of blinding clinical participants to intervention
conditions, the decision to reduce the GVS intensity in Study 3 was informed by this result.
Nevertheless, knowing that the processing strategy was effective at removing GVS-related
artifacts associated with higher stimulation intensities is valuable. Future clinical studies applying
higher intensities may prove to be more therapeutic, despite being above sensory threshold.

The aims of Study 3 were 1) to observe the direct effects of GVS on MRCPs in PD and 2)
assess the feasibility of applying the methodological design and EEG processing pipeline to a
clinical population. The ultimate goal of this study was to provide a potential electrophysiological
marker of change during GVS in PD which may explain the therapeutic effects of vestibular
stimulation in PD observed previously. This study provided a preliminary understanding of the

mechanisms of action underlying GVS in PD which may lead to further dose optimization with
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the aim of maximizing benefits for patients. The findings for the individual analyses of the finger
and foot movement data yielded no significant differences between active and sham GVS
conditions. However, there was a main effect of condition that emerged only in the combined
analysis of the finger and foot data which may suggest that this study was significantly affected by
low power due to a small sample size. This effect was characterized by a significant increase in
the negativity of the early BP at Cz that was associated with the active GVS condition compared
to the sham. Given that the early BP is reported to be diminished in PD, it suggests a potential
therapeutic effect of GVS on early movement preparation. One limitation of Study 3 that constrains
the interpretation of this finding was that the sample size was not sufficiently large to produce this
effect in the individual analyses of the finger and foot data. The successful acquisition of MRCPs
following the application of the EEG processing pipeline further confirms the validity of the novel
methodology and supports its applicability in clinical as well as neurologically healthy populations.

This body of work is the first to employ ICA to successfully identify, quantify and extract
the GVS-related artifact from the EEG data. Previous strategies involving bandwidth filters, QR
decomposition and regression independent vector analysis (¢g-IVA) have been reported to remove
the GVS-related artifact from EEG data (Kim et al., 2013; Lee et al., 2018; Schmidt-Kassow et al.,
2016; Wilkinson et al., 2012). Schmidt-Kassow et al. (2016) and Wilkinson et al. (2012) employed
bandwidth filters to remove the GVS-related artifact from concurrent GVS-EEG data. However,
their findings of the effects of GVS on the P300 and N 170 were reported without providing a clear
account of the artifact extraction method and its effect on the EEG data. The processing strategy
described here allowed for the thorough investigation of the effect different cleaning techniques
had on the EEG data. Indeed, the FFT plots conducted in the pilot revealed that the sole application

of bandwidth filters was insufficient at completely removing the GVS artifact from the EEG data.
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The additional employment of ICA as a decomposition technique in Study 1 was required to
achieve ‘clean’ EEG data following the extraction of ICs associated with the GV S-related artifact.
These ICs were identified by their characteristics of bipolar and temporally lateralized
topographical distributions. As such, one advantage of the strategy developed in this thesis over
those employed in previous studies (Schmidt-Kassow et al., 2016; Wilkinson et al., 2012) is that
it provides a replicable account of the quantifiable characteristics of the GVS-related artifact as
has been previously done for other known artifactual sources (blinks, saccades, muscle activity
and heart rate (Klug & Gramann, 2020). Another advantage of identifying the characteristics of
the GVS-related artifact is the effective distinction that can be made between the signals of interest
stemming from genuine brain activity and the artifactual signals introduced by the GVS stimulus.
The processing strategy reported in this thesis also employed an accessible tool (ICA) that has
been validated and extensively used in a broad range of research from stationary to dynamic
paradigms and is available in a range of software (Brain Vision Analyser and EEGLAB) (Klug &
Gramann, 2020). A few previous studies have provided step-by-step accounts of their artifact
rejection techniques as well as providing characteristics of the stimulation artifacts (Lee et al.,
2018; Lee et al., 2019). However, these present with limitations that were overcome in the current
body of work.

First, previous studies either employed only one set of stimulation parameters or varied
only the frequency of the AC GVS delivered (Lee et al., 2018; Lee et al., 2019). This thesis varied
the GVS intensity applied (0.20-0.30 mA, 0.30-0.40 mA and 0.25-0.35 mA in Studies 1, 2 and 3,
respectively) enabling the observation of how different stimulation parameters affect the ability of
the processing strategy in effectively removing the GVS-related artifact. Only one other study has

investigated the effects different GVS intensities (Kim et al., 2013). However, their findings may
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not be applicable to the current body of work because of their employment of a random noise
current for GVS. AC GVS refers to the application of a sinusoidal waveform whereas the
frequency and amplitude of a noise waveform varies randomly (Dlugaiczyk et al., 2019). Second,
the strategies employed in these previous studies only demonstrate that the GVS artifact can be
removed from at-rest EEG data. The processing strategy developed in this thesis demonstrates not
only that the GV S-related artifact can be successfully removed from continuous EEG data but also
that it does not interfere with the acquisition of ERPs. The lack of significant differences between
MRCPs during active and sham GVS conditions for both finger and foot movements confirmed
this. An advantage of this is that it validates this strategy to be employed when observing the direct
effects of GVS on functionally and clinically relevant electrophysiological markers, i.e., the BP in
a PD population.

Another important finding from this body of work was the significant but small increase in
the negativity of the early BP at Cz associated with the active GVS condition in Study 3. This is a
clinically relevant finding because previous studies have reported the early BP to be diminished in
PD populations (Cunnington et al., 1999; Dick et al., 1989; Jahanshahi et al., 1995; Praamstra et
al., 2002). The early BP is usually reflective of early-phase and nonspecific activations in
preparation for a voluntary movement (Shibasaki & Hallett, 2006; Colebatch, 2007). This is
consistent with a cardinal symptom of PD: bradykinesia, defined as a slowness in the initiation of
a voluntary movement (Davie, 2008; Jankovic, 2008). An increase in the activation of the early
BP therefore suggests a therapeutic effect of GVS on the mechanisms related to early-stage
readiness for voluntary movement. Many studies have reported significant improvements in motor
function following vestibular stimulation (Lee et al., 2015; Khoshnam et al., 2018; Pan et al., 2008;

Samoudi et al., 2015; Wilkinson et al., 2016; Wilkinson et al., 2019; Yamamoto et al., 2005).
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Therefore, this body of work may be the first to provide an initial understanding of the mechanisms
underlying the clinical benefits of vestibular stimulation in PD motor deficits observed previously.

Vestibular stimulation may modulate motor function via vestibular-basal ganglia
connections (Stiles & Smith, 2015). This is of particular relevance to PD given the important
implications of the basal ganglia in the motor dysfunction observed in the disease (Davie, 2008;
Jankovic, 2008). Animal studies have revealed several potentials pathways between the vestibular
system and the basal ganglia (Hitier et al., 2014; Horowits et al., 2005; Lai et al., 2000). The most
widely researched of which suggests there are projections from the vestibular nucleus to the
thalamus which in turn directly project to the dorsolateral putamen of the striatum (Lai et al., 2000).
Other potential, indirect pathways to the striatum have been proposed via other structures such as
the pedunculopontine tegmental nucleus (PPN) and hippocampus (Hitier et al., 2014; Horowits et
al., 2005). Human imaging studies support these potential vestibular-basal ganglia connections
with PET and fMRI studies showing increased activations in the putamen and caudate nucleus in
response to either caloric or galvanic vestibular stimulation (Bottini et al., 1994; Della-Justina et
al., 2015; Emri et al., 2003; Vitte et al., 1996). One recent study showed that GVS increased the
connectivity of the PPN to other brain areas associated with somatosensory and motor function in
PD (Cai et al., 2018), in which PPN connectivity is known to be reduced (Fling et al., 2014;
Vercruysse et al., 2015). The basal ganglia are known to influence motor function through direct
and indirect cortico-subcortical projections to the motor cortex (Herrero, Barcia & Navarro, 2002).
These findings are consistent with the role of the vestibular system in motor functions such as
balance, gait coordination, motor navigation and oculomotor stabilization of eye movements
(Fitzpatrick & Day, 2004; Lacour & Borel, 1993; Clark, 1970). It is possible that vestibular

stimulation may indirectly modulate activity in the motor cortex associated with movement
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preparation via the connections the vestibular system shares with the basal ganglia. However,
whilst these connections describe the pathways through which GVS may be influencing motor
dysfunction in PD, they do not provide a functional explanation of its effects on neuronal activity.

One aim of this thesis was to investigate a putative electrophysiological mechanism for the
effects of vestibular stimulation in PD using markers that were functionally and clinically relevant
to PD (MRCPs). Most previous research on the effects of vestibular stimulation on PD have
proposed stochastic resonance (SR) as an electrophysiological mechanism (Cai et al., 2018; Lee
et al., 2015; Pal et al., 2009; Samoudi et al., 2005; Yamamoto et al., 2005). Stochastic resonance
refers to the facilitation of responsiveness to weak subthreshold signals in a non-linear system such
as the CNS via the introduction of an external random noise signal (McDonnell & Ward, 2011).
Support for this putative mechanism comes from a concurrent GVS-EEG study showing that GVS
modulates multiple EEG oscillations during rest in neurologically healthy individuals (Kim et al.,
2013). This effect was attributed to the specific employment of a zero-mean, linearly detrended,
noisy current with a 1/f~type power spectrum (pink noise), which may switch fixed oscillatory
states to more dynamic ones, therefore making the brain more malleable to change (Buzsaki, 2006).
However, widespread power spectra changes in various frequency bands have also been observed
during DC GVS (Wilkinson et al., 2012), suggesting that SR may not be the only putative
mechanism to explain the widespread changes in EEG oscillations produced by GVS.

Another putative mechanism that may better explain the results of Study 3 is neural
entrainment, which refers to the synchronization of endogenous cortical oscillations to an
externally applied sinusoidal current (Khatoun et al., 2019; Krause et al., 2019; Schutter, 2016).
This is consistent with the employment of an alternating current in the studies of this thesis as

applying AC has been shown to modulate cortical oscillations (Helfrich et al., 2014). A recent
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study has also shown that vestibular stimulation using an alternating current normalizes the
pathologically altered cortical coupling in M1, SMA and the premotor area (PMA) of theta, alpha
and gamma frequency bands in PD participants (Lee et al., 2019). Thus, it is possible that vestibular
stimulation may have a ‘resetting’ effect on brain oscillations, disrupting pathological rhythms
(Smith, 2018). Relating this to the findings of Study 3, it is possible that the application of GVS at
a frequency of 0.01 Hz entrained the slow-wave oscillations underlying the BP (Armstrong et al.,
2018; Jo et al., 2013; Schmidt et al., 2016), thus producing an increase in the early BP amplitude.
This finding taken together with the previous studies on the effects of GVS on brain oscillations is
promising because it suggests a therapeutic effect on the abnormal cortical and subcortical
oscillations previously reported in PD (Hammond et al., 2007; Heinrichs-Graham et al., 2014) with
neural entrainment as the putative mechanism.

Neural entrainment has been proposed as the putative mechanism for other types of brain
stimulation techniques such as tACS (Helfrich et al., 2014). This is relevant because tACS involves
the application of external sinusoidal electrical currents - similar to the AC GVS employed here -
via electrodes placed on the scalp above targeted brain regions (Antal & Paulus, 2013). Unlike
vestibular stimulation, only two studies have demonstrated the potential clinical benefit of tACS
in PD. One study showed significant reductions in tremor during tACS and a randomized cross-
over trial demonstrated improvements of bradykinesia and mild cognitive impairment following
tACS when accompanied by physical therapy (Brittain et al., 2013; Del Felice et al., 2019). EEG
and MEG recordings of PD participants following tACS have showed attenuation of exaggerated
beta band oscillations, suggesting tACS functions by modulating abnormal oscillations (Del Felice
et al., 2019; Krause et al., 2014). It is likely that the clinical effects of tACS in PD have not been

as robust as with vestibular stimulation because each technique harnesses a different neural
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pathway. tACS involves applying an exogenous stimulus to a target brain area under the electrodes
whereas GVS harnesses the endogenous, pre-existing, sensory network of the vestibular system
(Black & Rogers, 2020). Although tACS may certainly affect the areas under the electrodes, it
does not necessarily reflect endogenous neural patterns of those areas. Moreover, even
neuromodulation techniques that directly target damaged brain areas, such as DBS of the
subthalamic nucleus in PD (Brown et al., 2001; Levy et al., 2002; Wichmann & Dostrovsky, 2011),
may not reflect the regional dynamics of those areas (Black & Rogers, 2020). This may hinder the
ability of these neuromodulation techniques to produce long-term neuroplastic changes in
oscillatory patterns. However, by using the vestibular system as the ‘highway’ to other brain areas,
the modulatory signal sent by GVS can be transformed to match the naturally developed oscillatory
patterns of these brain regions (Black & Rogers, 2020). These signals may be used to promote
naturally developed oscillations that protect the brain from abnormal oscillations, through
neuroplastic change (Black & Rogers, 2020). In this way, stimulating the vestibular system may
be a more viable way of accessing and modulating damaged brain areas, than applying an external
stimulus to the head or invasively inserting electrodes within damaged regions as other techniques
have done (Antal & Paulus, 2013; Nitsche, Cohen & Wasserman, 2008; Wassermann, 1998).

It is perhaps surprising that a positive effect of GVS did not also translate to the measures
of muscle activation (EMG). The results showed no differences between EMG amplitudes in the
active or sham GVS conditions. However, measurement of EMG reflects the muscle output in the
motor execution phase (MP) and the results of Study 3 suggests that the effects of GVS are specific
to the early stages of movement preparation (early BP). Moreover, EMG measurement in this
thesis was primarily employed as a marker of muscle activation onset to determine epochs for the

MRCPs. Future research should measure behavioural outcomes specifically associated with
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movement initiation to observe whether they parallel the GVS effects on the early BP. For example,
simple RT tasks versus cued choice RT tasks that dissociate between motor preparation and
execution may be suitable to measure the effects of GVS on movement initiation (Dick et al., 1984).
Limitations and Future Research

The main limitation affecting the studies in this thesis relate to a lack of power due to small
sizes. The optimal sample size for all studies was calculated at n = 12 using a G*Power Calculation
and this was generally treated as a minimum given that previous literature used sample sizes
ranging between 10-23 participants (Kim et al., 2013; Lee et al., 2019; Schmidt-Kassow et al.,
2016). However, several other factors influenced the recruitment of a minimum of 12 participants
for each study. The eleven and nine participants recruited for studies 1 and 2 respectively were
based on limited access to a student population. Thus, the effect of being under the minimum of »
= 12 may have resulted in the lack of a significant difference between active and sham GVS which
was contrary to what previous literature had demonstrated in healthy populations (Wilkinson et al.,
2012; Schmidt-Kassow et al., 2016). Being underpowered was particularly problematic for study
3 as the significant positive effect of GVS on the early BP was only observed when the finger and
foot data were combined to increase the number of data points. Importantly, this effect was not
observed in the separate finger and foot analyses which suggests insufficient power to detect a
significant difference between active and sham conditions. Nevertheless, the results of study 3
suggest that given a sufficiently large sample size, an effect may emerge separately in the finger
and foot data. Studying a larger clinical sample may also enable distinctions in GVS effects on
MRCPs between different PD sub-types. For example, PD patients with FOG have recently been
shown to have MRCPs with higher amplitude and more variable latency than PD patients without

FOG (Karimi, Niu, Almeida & Jiang, 2020). Future research could investigate how PD participants
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with or without FOG may respond differently to GVS. Future applications of the novel
methodology validated in Studies 1 and 2 should also evaluate its efficacy in larger sample sizes.
This may permit differences between the active and sham GVS conditions to emerge in the
neurologically healthy population as has previously been reported (Schmidt-Kassow et al., 2016;
Wilkinson et al., 2012).

Another limitation relating to sample is the lack of a control group of neurologically
healthy and age-matched older adults to compare to the PD participants. Recruitment of a control
group for this study was prevented by the lockdown established in March 2020 to respond to the
COVID-19 pandemic. Previous studies have reported the early BP to be reduced in PD populations,
however, this was in comparison to the MRCPs obtained from age-matched control participants
(Cunnington et al., 1999; Dick et al., 1989; Jahanshahi et al., 1995; Praamstra et al., 2002). Without
a control group to compare baseline MRCPs to, it is uncertain whether the early BP of the PD
participants in Study 3 is truly deficient. Therefore, it is unclear whether the effect GVS had on
the early BP reflects a compensatory boost or ‘normalisation’ of early pre-movement preparation.
Moreover, the inclusion of a control group within a similar age range as the PD participants would
determine whether the GVS effect is age-related or PD-specific. Future studies should include an
age-matched control group to clarify the nature of the effect of GVS on the early BP in PD.

The GVS protocol implemented in this thesis may have been insufficient to produce
stronger effects on MRCPs. The amplitude range of 0.20 to 0.40 mA employed in this thesis may
have been too small in terms of intensity. Future studies should apply the methodology used here
to other sub-sensory amplitudes above 0.40 mA or supra-threshold amplitudes. For example, some
studies have shown behavioural responses such as changes in perceptions of trajectory and EMG

activation in response to GVS applied using >1 mA amplitudes (Britton et al., 1993; Fitzpatrick et
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al., 1999). Indeed, in strictly clinical terms, it may not be important whether a stimulation treatment
is perceptible as long as it is effective. Nevertheless, the decision to employ an imperceptible
stimulus in this thesis was justified by the importance of a placebo in the theoretical investigation
of the underlying mechanisms of a novel, potential therapy (Chambless & Hollon, 1998). Similarly,
the GVS frequency of 0.01 Hz may have been too low to produce noticeable effects. The previous
concurrent GVS-EEG study by Schmidt-Kassow et al. (2016) employed AC GVS at frequencies
of 0.8 Hz and 1 Hz to observe their effects of auditory oddball task performance. Future
applications of the methodology in this thesis should investigate whether higher frequencies affect
ERPs with different underlying oscillatory frequencies to MRCPs. Additionally, the duration of
the stimulation period in this thesis was limited to 10-15 minutes per participants. To understand
the long-term effects of GVS on MRCPs, longer or repeated GVS sessions should be investigated
as has been done previously in clinical studies (Wilkinson et al., 2014; Wilkinson et al., 2016;
Wilkinson et al., 2019). Finally, the strongest clinical effects of vestibular stimulation on PD were
observed when employing CVS (Wilkinson et al., 2016; Wilkinson et al., 2019). Future research
should investigate the electrophysiological responses to CVS in the same way as was done in this
body of work to determine whether there are differences between the two techniques in terms of
their underlying frequency.

The clinical characteristics of the PD sample employed in Study 3 may have affected the
extent to which participants were responsive to GVS. The PD sample showed a high heterogeneity
in the severity of motor symptoms as measured by the motor examination of the MDS-UPDRS
(see Table 4). There was also a high variability in the number of years since diagnosis across
participants ranging from one to eleven years of living with PD. This may have led to variations

in the MRCP response to GVS. Thus, future studies should address the issue of variable motor
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abilities more directly, potentially by comparing PD participants based on the severity of their
motor symptoms. This may be particularly useful in identifying best responders to vestibular
treatment. The PD sample in Study 3 also scored relatively high on the MiniBEST assessment,
suggesting all participants showed largely intact balance functions. Given that vestibular system
is crucial in balance function, PD individuals with balance problems may be particularly
responsive to vestibular stimulation. Indeed, there is evidence to suggest that PD with postural
instability represents a discrete sub-type of PD (Factor, Steenland & Payami, 2011). Future studies
should investigate the GVS effects on the MRCPs from these PD individuals with the postural
instability sub-types.

Finally, the statistical logic of employing difference in mean amplitudes to determine the
successful removal of the GVS-related noise by ICA can be problematic. ERP data that is
contaminated by noise does not necessarily cause a significant difference in mean amplitudes, but
noise may cause the variability to increase in the active GVS condition versus the sham GVS
condition. The low samples size of the three studies also compounds this issue in the analyses as
they may be too underpowered to detect significantly different means. Future studies should
employ statistical analyses that assess the difference/equivalence of variability between GVS and
non-GVS conditions as a stronger evaluation of whether ICA removes GVS-related noise. For
example, Bayesian statistics could be employed to determine whether variance in the active GVS
condition matched that in the sham GVS condition. Although a visual evaluation of the data pre-
versus post-ICA was conducted for this thesis, future studies should aim to assess this change
statistically to ascertain whether ICA reduces variability in the active GVS conditions.

Future research should apply the methodology developed in this thesis to more ecologically

valid movement tasks. The simple finger extensions and ankle dorsiflexion tasks employed in this
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thesis were justified by previous literature using similar, self-paced movement tasks and the
clinical relevance to PD diagnosis (Goetz et al., 2008). This was sufficient in terms of validating
the experimental design and the EEG processing strategy. However, more recent research has
focused on the MRCPs derived from more complex movements such as grasping, reaching and
lifting which are more prevalent in everyday life (Di Russo et al., 2017). These studies have
revealed the presence of prominent BPs in the parietal lobe preceding these praxic actions
(Bozzacchi et al., 2015; Wheaton, Shibasaki & Hallet, 2005). The involvement of the parietal lobe
is perhaps related to the goal-oriented nature of these more complex actions (Wheaton, Yakota &
Hallett, 2005). Utilizing these more complex, goal-oriented movements may be directly relevant
to the difficulties individuals with PD face during activities of daily living (ADLSs) such as eating,
drinking, dressing etc. (Hariz & Forsgren, 2011). Moreover, given the effect of GVS on the early
BP observed in Study 3, future research should also investigate the effects of GVS on MRCPs
elicited by walking in PD with specific interest on gait initiation. Many previous studies confirm
the vestibular contributions to locomotion (Bent et al., 2000; do Nascimento, Nielsen & Voigt,
2005; Fitzpatrick, et al., 1999), and one has even reported improvements in the gait of healthy
participants and patients with bilateral vestibulopathy during vestibular stimulation (Iwasaki et al.,
2018). To observe potential GVS effects on gait-related cortical activity would be invaluable to
our understanding of the underlying mechanisms of vestibular stimulation in PD. It would provide
further validation for the methodology developed in this thesis to apply it to locomotion in line
with the growing field of mobile EEG (De Sanctis et al., 2014; Ehinger et al., 2014; Gramann et
al., 2010). Certainly, the successful implementation of a foot movement task in Study 2 hint at the

potential multi-modality of this approach and its application to more active movement tasks.
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In summary, this thesis reported the development of a novel methodology to study the
simultaneous effects of GVS during the recording of EEG. Specifically, the studies described here
provide validation for using ICA to identify, quantify and effectively remove the GVS-related
artifact without compromising the acquisition of MRCPs. This strategy was validated when
employing finger and foot movement tasks to elicit MRCPs as well as for the application to a
clinical population. Investigating what happens to the brain during GVS in this way can elucidate
its mechanisms of action in producing the therapeutic benefits previously reported (Grabherr et al.,
2015). Indeed, the results of Study 3 may indicate that GVS ameliorates PD by modulating motor
processes related to voluntary movement preparation. The findings from this thesis may also prove
applicable to other clinical conditions in which MRCPs are abnormal, such as dystonia and stroke.
Dystonia has been associated with an attenuated BP whereas increases and decreases in the
amplitudes of the BP and MP have been observed in stroke, depending on location and size of
lesions (Ceballos-Baumann et al., 1995; Colebatch, 2007; Jankelowitz & Colebatch, 2005).
Furthermore, future research could apply the processing strategy employed in this thesis to brain
stimulation techniques other than GVS, such as tACS, to investigate whether the electrical artifacts
associated with such techniques can also be successfully identified and removed. Finally, by
investigating a potential mechanism of action during movements in PD, this thesis has progressed

the application of vestibular stimulation for regulatory approval and widespread clinical adoption.
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Appendix A

Perception of Stimulation Questionnaire
Did you notice the stimulation (please circle): Yes/No
If NO, you may give this questionnaire back to the experimenter.
If YES, please answer the following:

Did you feel any physical sensations (select more than one if needed)?
Itching (behind ears)

Prickling (behind ears)

Warming sensation (behind ears)
Tingling (behind ears)

Other:

Did it feel like you were moving?

L] Swaying

L] Vibration

L] Rotation

L] Other:

Which way were you moving?

[J Through the head and feet (=Yaw)

oOooOond
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L] Through the nose and occiput (=Roll)
L] Through both ears (Pitch)
[J Other:
5) Was it just your head or your whole body that felt like it was moving?
] Your whole body
L1 Only your head
6) Did you feel anything else (please describe in the box below)?

149

Appendix B

24 FINCGFR TAPPING

3.7 TOE TAPPING

'Instructions to examiner: Have the patient sit in a straight-backed chair with arms, both feet on the floor.

Test each foot separately. Demonstrate the task, but do not continue to perform the task while the
patient is being tested. Instruct the patient to place the heel on the ground in a comfortable position and
then tap the toes 10 times as big and as fast as possible. Rate each side separately, evaluating speed,
amplitude, hesitations, halts and decrementing amplitude.

0:

1:

MNormal:

Slight:

- Mild:

: Moderate:

I Severe:

No problem.

Any of the following: a) the regular rhythm is broken with one or two interruptions
or hesitations of the tapping movement; b) slight slowing; c) amplitude
decrements near the end of the ten taps.

Any of the following: a) 3 to 5 interruptions during the tapping movements; b) mild
slowing; c) amplitude decrements midway in the task.

Any of the following: a) more than 5 interruptions during the tapping movements
or at least one longer arrest (freeze) in ongoing movement; b) moderate slowing;
c) amplitude decrements after the first tap.

Cannot or can only barely perform the task because of slowing, interruptions or
decrements.
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Appendix C
NAME :
MONTREAL COGNITIVE ASSESSMENT (MOCA) Educuggﬂ : Date Dlnljlbir]gg :
X .

VISUOSPATIAL f EXECUTIVE / Copy Draw CLOCK (Ten past eleven) @

cube (3 points )

End

o =
& ®

Begin

® ®

/

[ ] [ ] [ 1]/

Contour Mumbers Hands

N

m read Hst of words, subject FACE WELVET CHURCH DAJISY RED
must repeat tham. Do z trials. -
Do a recall after 5 mimutes. st trial N[?
2nd trial points
ATTENTION Read Hst of digits (1 digits sec).  subject has torepeat them intheforwardorder [ ] 218 5 4
subject has to repeat them in the backwardorder [ ] 7 4 2 _ 2

Read Hst of lettars. The subject must tap with his hand at each letter A. No potnts if 2 2 errors
[ ] FEACMNAAJKLBEAFAKDEAAAJAMOFAAB N

Serfal 7 subtraction starting at oo [ ]es3 []se [ 179 [ 172 [ 18s
401 5 comrect subtractions: 3 pts, 2 or 3 comredt: 2 pts, 1 comrect: 1 pt, o comect: 0 pt _};3

m Repeat: | only know that Johmn is the one to help today. [ ] /9

The cat always hid under the couch when dogs were in the room. [ ]

Fluency / Name maximum number of words in one minute that begin with the letter F [ ] (N = 11 words) _ M

Nl eyl B similarity between e.g. banana - orange=frutt [ ] tram—bicycle | ] watch - ruler _ /2
DELAYED RECALL Has to recall words FACE VELVET | CHURCH | DAISY RED Potnts far /s
UNCUED —
WITH MO CUE [ ] [ ] [ ] [ ] [ ] recall only
Onti Category cue
I Multiple choice cus
OR! ATIO [ ]pate [ ]month [ ]vear [ ]pay [ ]rlace [ city _le

@ Z Nasreddine MD Version Movember 7, 2004 Normalz 26/ 30 TOTAL _,I"30
www.mocatest.org Add 1 point ¥ 12 yr edu J
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Appendix D

ANTICIPATORY SUB SCORE: /6
1. SIT TO STAND

Instruction: “Cross your arms across your chest. Try not to use your hands unless you must. Do not let your legs lean
against the back of the chair when you stand. Please stand up now.”

(2) Normal: Comes to stand without use of hands and stabilizes independently.

(1) Moderate: Comes to stand WITH use of hands on first attempt.

(0) Severe: Unable to stand up from chair without assistance, OR needs several attempts with use of hands.

2. RISETO TOES

Instruction: “Place your feet shoulder width apart. Place your hands on your hips. Try to rise as high as you can onto your
toes. | will count out loud to 3 seconds. Try to hold this pose for at least 3 seconds. [ ook siraight ahead. Rise now.”

(2) Normal: Stable for 3 s with maximum height.

(1) Moderate: Heels up, but not full range (smaller than when holding hands), OR noticeable instability for 3 s.

(0) Severe: < 3s.

3. STAND ON ONE LEG

Instruction: “Look straight ahead. Keep your hands on your hips. Lift your leg off of the ground behind you without touching or
resting your raised leg upon your ather standing leg. Stay standing on one leg as long as you can. Look straight ahead. Lift
now.”

Left: Time in Seconds Trial 1: Trial 2: Right: Time in Seconds Trial 1: Trial 2:
(2) Normal: 20 s. (2) Normal: 20 s.

(1) Moderate: < 20 s. (1) Moderate: < 20 s.

(0) Severe: Unable. (0) Severe: Unable

To score each side separately use the trial with the longest time.
To calculate the sub-score and total score use the side [left or right] with the lowest numerical score [i.e. the worse side].



