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Abstract

The vestibular system is an ancient structure which supports the detection and control of self
motion. The pervasiveness of this sensory system is evidenced by the diversity of its
anatomical projections and the profoumgpact it has on a range of higher level functions,
particularly spatial memory. The aim of this thesis was to better characterise the association
between the vestibular system and human memory; while many studies have explored this
association from a biobgical perspective few have done so from a psychological one. In
Chapter 1, evidence was drawn from 101 neaiodogy patients to show that vestibular
dysfunction can exert a direct negative effect on memory and allied cognitive processes,
independently oAge and comorbid psychiatric and fatigue symptoms. In Chapters 3 and 4,
the separability of these cognitive, psychiatric and fatigue symptoms was further
demonstrated in eight traumatic brain injury patients who, following a programme of daily
vestibularstimulation, showed cognitive improvement and electrophysiological modulation

in the absence of psychiatric or fatigusdated changes. Finally in Chapterabset of

normative experiments indicated that, beyond any generic arousal effect (unspecific to an
particular cognitive process), visual memory can utilise temporally coincident vestibular
activation to help individuate one memory from another. Together these findings help clarify
the range of and manner in which vestibular signals interact withl @lsagtterm memory

and allied cognitive processes. The findings also have clinical implications for the diagnosis

and management of vestibular, neuropsychiatric and amnesic conditions.
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Chapter 1
General Introduction

The Vestibular System

When thinking aboubow sensory systenmaffect our thinking and decision making
one mightbe drawn towardte famous characterisation of the five senses made by Aristotle
(vision, audition touch, smeland taste). Indeed much popular imagination and perceptual
research has been driven bysthharacterisation. However, at least within the scientific
committee, there is now consensus that a vestibular altsaffects our cognitioand is

worthy of further study (Grabherr, Macauda & Lenggenhager, 2015).

Deep within the inner ear and encldseithin dense temporal bone liggetvestibular
systema smallbut complexstructure thaprovides sensory information about the
acceleration and movement of the headpacgHighstein 2009. The vestibular system is
arguably one of the most anciernsory systemdirst appearing around 500 million years
agowithin species such as sea squirts who needed to be able to sense what was up and down
in the ocean (Smith, Darlington & Zhen, 2010). The system quickly evolved to form an
effective structurgéhat was then adopteohd preserved to a striking degeemoss different
vertebragphylogeny (Straka, Zwergal & Cullen, 2018&)estibular signals have subsequently
become invaluable to vertebrat®g enabling the detection and executiors@fmovement
within any environment (Highstei2004. The signals even appear to be important for
human embrygghe ear is among the first sensory oganform and develop (complete by
the eighth week)rom which it has been inferred that vestibular in@llisw the foetuso

orient itself and thus prevent birthsthe breech positdfiliot, 1999).

Within everyday life vestibular receptorsontinuallymonitor the motion of the head
(which houses other vital sensory orgad)elp keep ibalanced andrientatel towards an
object of interest. The signals are also critical for several autonomic reflexes which enable
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gaze (oculomotor) and postufatuscular)stability (Fuchs, 199p Although, vestibular
afferents are constantly active (even when we are statiomiagyensory experience

produced by the vestibulaystem typically goes unnoticed unléise vestibular system
receives an unusual stimul(esg.ajerky boat trip) or is damaged (Fuchs, 1992). A
noticeable vestibular sensation such as vertigo (illusory sensation of spinning or swaying),
visual disturbance and/ or unsteadineshesigenerate@nd the vital role of the vestibular

system becomes apparent (Goldb&@]2).

In addition to the extrenigtroublesome symptoms of dizziness and imbalance,
vestibular disturbances afrequentlyaccompanied by faeaching disabling consequences
including cognitive, psychiatric and autonormgpairmentgGoldberg,2012). Such
pervasive effects are not praeséollowing other sensorglisorderqe.g. visual, olfaary), and
mayreflect the diverse network of vestibular projections which extend to multiple cortical
and subcortical regiortbat are associated with higHewrel functions, includinghe brain
stem thalamus, basal ganglia, hippocampus, cerebellum, and cerebral cortex (Highstein
2004). This distributed network also means thastibular processing far more multimodal
than any other seasy modality. \estibular informatioris continuously beingnitegrated with
other sensory inputs.€. visual joints, skin, and muscleff)roughout theentral nervous
systemas opposed to being processed in a single core vestibular region that uniquely
responds to vestibular inputs (akin to thlees primary sesory corticesAngelaki & Cullen,

2008)

Taken together, the information above highlights the unique and perhaps special role
of the vestibular system in everyday functioning. Although the vestibular sense has often
been overlooked withipsychological enquiry, vestibular contributions to motor, cognitive,
affective and perceptual functions are increasingly being reported, suggesting further study of

this elegant system is likely to be valuable (Grabkeal., 2015).

15



Overview

Building upon this growing appreciation for the vestibular system, this thesis aimed to
explore the role of the vestibular systantognition, particularly visuospatialemory.Four
empirical chapters investigat@der what conditions and hoxsuospaitamemory
processing is affected by vestibular signals. By doing so, this thesis aspires to advance current
understanding of the functional relevance of vestibular signals to memory processing and
provide novel therapeutic insights for vestibular and memory disorbteshort, the findings
unveil novel aspects of cognitive functioning affected by vestibular dysfunction which are not
simply due to moodr fatiguerelateddisturbancs (i). Despite the strong modulatory effects
of vestibular dysfunction on cognitipartificial vestibular stimulation via thermal currents
did not consistently improve cognitive impairment in individuals wigfumatic brain injury
(TBI) (ii). Lastly, visual memory appears to use vestibular signals to help individuate one

spatial bcation from anotheiii().

This chapter will begin by highlighting the basic anatomy and physiology of the
vestibular systeno contextualise thelegance and relevance of vestibggnals before
providing an overview of existing evidence showing that memorial aspects of cognition are
amongst the most affected by vestibular signals. Vestibular contributions to other cognitive
processes and psychiatric symptoms which could impact memory functi@iseibe
reviewed. The chapter will conclude by introducing the specific aims of the thesis and the

experiments that are follow.

Anatomy

The main components of the peripherastibularsystem are illustrated in Figure 1.1
All of these precios structures are embedded within the petrous portion of the dense
temporal bone for protectidiBaloh & Honrubia, 2010 The vestibular system has a bony

labyrinth and a membranous labyrinth (Khan & Chang, 2013). The bony labyrinth comprises
16



the cochleayestibule and semicircular canals which enclose the membranous labyrinth, a
smaller structure which contains the utricle, saccule and the lateral, superior and posterior
semicircular ducts. Both membranes are filled with fluid: perilymph (similar to ceeinal

fluid) through both the bony labyrinth, and endolymph (high in potassium and low in sodium)

through the membranous labyrinth (Tascioglu, 2005).

Bony labyrinth
(contains perilymph)

_ Membranous labyrinth
(contains endolymph)

Anterior
» Ampulla of semicircular canal

Semicircular |
canals | Posterior —

Cocrhlea

Cochlear
e duct

A'mpulla | o
of semicircular Oval

duct window /

Secondary !ympa'mc
membrane in round
window

Figure 1.1 Schematic representation of the main components of the peripheral vestibular
system. Repnted fromVestibular System and IllusiorRetrieved July 28, 2016, from
http://www.skybrary.aero/images/Vest_Fig2.jpg

There are five distinct peripheral end organs related to vestibular function which
combine together to perceive the variety of physitaiions that we experience. These
include the two otolith organs (utricle, and saccule) and the three (lateral, anterior and
posterior) semicircular canals. While the otolith orgaersss linear acceleration®@ving
forward or to the side), the semicitaucanals sense rotatiomabvementst(irning motion)
(Angelaki & Cullen, 2008). Signals from the peripheral vestibular system are transduced into
behaviourally relevant receptor potentials by vestibular hair cells that are comprised of rows
of stereocila and asinglekinocilium immersed in a gelatinous mass (cupula). When the head

undergoes an acceleration, hair cells within the utricle and saccule are bent and transmit
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sensory impulses to primary processing centres in the brainstem through the vestibular nerve
(Figures 1.2 A & B). Similarly when the head is rotated, movement of the endolymph fluid
causes changes in the shape of the cupula which berstetbeciliaandincreases/

decreases the firing rate of the hair cells depending on the direction of movement (Figures 1.2
C & D). Information from the peripheral organssishsequently combined with other sensory
inputs that converge on vestibufarclearsites to pruide a central estimate of the relative

position of the body within space (Highstein, 2004). In turn, these estimates can then be used
for the reflexive control of stance and gait, as wwstompensatory eye rotations which keep

retinal images stable dag head movemenvéstibuleocular reflex VOR; Tascioglu, 2005).

7 Otoliths (c) Head stationary
) #  Sensory axons Otolithic membrane

-

Endolymph in
semicircular canal

Cupula
Hau

cells
Sensory\\ / _ Supporting

nerve fibers ,:;/ ~ cells

\\ o
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stimulating neurons 4 = e \\\

; Movement of
//' endolymph bends
=% cupula

\\@ )

fi-

Supporting cell
(a) Head upright

|2

Otolithic membrane sags

\\%.

Gravitational force

(b) Head bend forward
Figures 1.2AD. Schematic representation of the vestibular hair cells in response to
gravitational linear acceleration (A and B) and rotational head movements (C and D).
Reprinted fronSeng Organs Retrieved September 16, 2016, from
http://humanphysiology2011.wikispaces.com/10.+sense+organs

Vestibulo-Cortical Maps
Theextent to which these vestibuksignals are projected to multiple cortical and

subcorticalareasdemonstratelow the vestibular system has become intimately integrated
into ourcentral nervous systeandlikely contributes to a range of reflexive and higlearel
operations (GurvichMaller, Lithgown, Haghgooie & KulkarnR013. Several key cortical

regions havdeen revealed to be active dursgjective artificial stimulation of the vestibular
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system(wherevisual and proprioceptiviaputs are minimised, further information provided
in later sections) which offergartialneuroanatomical basis for tiezolvement of vestibular
signals in a variety of cognitive processes. These regions include the parietal cortex, the
temporeparieteinsular and retroinsular cortesingulate cortex, frontal cortex, plus multiple
subcortical structures (including the ldraus, basal ganglia, and cerebellum; see Hitier,

Besnard & Smith, 2014 for a review).

Importantly, these projections also sugdhatvestibularareasare widely distributed
ratherthan housed ia single core primary vestibular cort&he parietoinsiar vestibular
cortex(PIVC) has beemlescribedas a potential candidafer a primary vestibular cortex
(especially in norfhuman primates) since it connects watveral other regions involved in
vestibular processingndelectrical stimulation of thposterior insula can elicit vestibular
sensationgHitier et al., 2014Lopez & Blanke, 2011; Mazzola et al., 2014hwever, as the
PIVC also receives other sensory inputs (e.g. proprioceptive inputs are acquired during body
movements when the head iatginary) and vestibular signals converge with other sensory
modalities throughout the central nervous systemPtR€ is unlikely to represent a well
defined primary cortex that is topographigadrganised in a comparable manteethe other

sensorymodalities (Lopez & Blanke, 2011).

Following a variety of research efforts (neurochemical, neuroimaging, brain
stimulation, lesion studies) our knowledge of these vestibular cortical projection areas has
continued to grow, highlighting the probable rofevestibular inputs beyond balane#ects
(see Gurvich et al., 2013; Hitier et al., 2014 fiéi et al., 2007; Binder& Tauke, 2010 for
reviews).Most vestibular signals are projected across the cortex in three relays: (1) from the
vestibular nuclei tehe brain stem nuclergphe nuclei and locus coerulgtisen (2) to
subcortical structures or cortical regions related to movement and vision (i.e. the cerebellum
and occipital lobe); finally (3) there are several other direct (e.g. parabrachialrirB&)s
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and indirect (e.g. hippocampus, prefrontal cortex) vestibular projections (mainly via the
thalamus) to cortical regions that are implicated in cognitive processing, autonomic function
and psychiatric wellbeing (Lope2013. This evidence moves som&y towards explaining

the role of vestibular signals in highlewvel functions but falls short of a complete

explanation. Despite recent advances, deeper theoretical questions about how vestibular
function influences cognition, or what functional rolestfeular inputs have in cognition,

remain unanswered (Hanes & McCollum, 2006).

Nevertheless, this neuroanatomical perspective has played an important role in
evidencing vestibular contributions to cognition. Amongst the strongest anatomical evidence
for vestibularcognitive interactions are vestibular projections to cortical regions that are

important for memoryThe next section will therefore focus on these pathways.

Vestibular-memory pathways Vestibular pathways which transmit (indirectly) to
the hipp@ampus, an area which has long been associated with memory processing, have
been especially important in providing an anatomical substrate for vestibular contributions to
cognition(Hanes & McCollum, 2006), especiabpatial memory (ability to recall preusly
encountered locations and to learn the configuration of environments). Founyprima
pathways have been hypothesizdo show how vestibular signals might be passed to the
hippocampus (see Hitier et al., 2014 for a potential fifth pathway). FiguprdvRles an
illustration of these pathways which include the vestithldamacortical pathway (A),
theta pathway (B), head direction pathway (C), and vestiterebellecortical pathway (D)
(Hufneret al., 2007). Pathway A has been proposed to trasgatitaland sefmotion
information via the parietal, entorhinal and perirhinal cortices to the hippocafgihsvay B
passes through tip®ntine reticular form#on, supramammillary nucleus and medial septum
to the hippocampuand has been suggestedup@ort memory processing. Pathway C is
associated with head orientatiand occurs via thdorsal tegmental nucleughich transmits
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to the lateral mammillary nucleasd anterodorsal thalamic nucleus before reactheg
hippocampusFinally, information revant to spatial learning is thought to be provided by
pathwayD which occurs via the cerebellum, and the ventral lateral nucleus of the thalamus
(Hitier et al., 2014; Hufner et al., 2003mith et al., R05).

Although some aspects of these pathwaysamerypothetical and will require further
experimental investigation (Hitier et al. 2014), these mauleigide a progressive anatomical
account of how vestibular signals might contribute to cognitive functippegicularly those

processes related to spatial memory, orientation and percéptiorder & Taube2010.

Theta-Gener Rout Vestibuo-Cerebello-
I Thalamo-Cortical Route (A) I mw’w.;h" n“..@, _ Cortical Pathway (D)

[Pertin core |-+ Entorincorr |

Figure 1.3.Neuroanatomical model of vestibulaippocampal pathwayreprinted from
Hufneret al., 2007.

Interestingly, several of the neural networks that are activated by vestibular signals
(including the pathways above) also overlap with multiple regions that are implicated in

memory processinfGlikmannJohnston, Saling, Reutens & Stout, 20%§uire,2009.
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Table 1.1 provides a summary of the core anatomical regions engaged during memory
functioning and the subomponents with which they have mainly been associated. Note that
various aspects of memory, particularly spatial memory and navigationygeby lanediated

by temporal areas of the brain (especially the hippocampus) that comprise the vestibular
cortical network GlikmannJohnstoret al.,2015).Although these neuroanatomical models
cannot prove that vestibular signals make a distinct contribtd memory or determintgow

the signalsnight be usedthe overlap between these networks does indicate that vestibular

processing is likely to beelevantto memory function.

Smith et al. (20Q) offered one explanation for how this cortical overnaight relate
to memory processing. The authors suggested that vestibular signals may have become
incorporated within memory representations as an evolutionary response, since movement is
vital for survival and the vestibular system is specifically desigoetect changes in self
motion (i.e. is the head is upright, is it moving, what speed/ direction am | tra?elling
Wilkinson, Morris, Milberg & Sakel2013). However, it could be argued that because
vestibular inputs are so widely distributed acrossctiveex and converge with other sensory
inputs and motor signals, they are unlikely to make an isolated contribution to memory
(Angelaki& Cullen 2008; Hitier et al., 2014). Nevertheless, perhaps they could still make a
unique contribution to memory kproviding baseline information about seibtion which
then acts as a reference for other sensory inputs and enables accurate and synchronised motor

and cognitive actionsncluding memorySmith et al., 2010).
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Table 1.1
Neuroanatomical Overlap betere Key Memory Centres and Vestibular Pathwagsed on
areview by Squire, 2009).

Structure Sub-Components of Memory Pathway

Frontal Cortex Working. Vestibulo-thalamo-cortical. The anterior
cingulate cortex is thought to bridge
vestibular areas (e.g. insula) with prefrontal
regions (Preuss, Hasler & Mast, 2014).

Parietal Episodic, long-term, spatial Vestibulo-thalamo-cortical and potentially

Cortex representation. vestibulo-cerebello-cortical (via the ventral
lateral nucleus of the thalamus; Hitier et al.,
2014).

Hippocampus Declarative, autobiographical, See Figure 1.3.
spatial, navigation, path
integration.

Amygdala Retention of emotional Dopaminergic mesolimbic: limbic regions
experiences, emotional learning.  (e.g. raphe nuclei/ PBN) have reciprocal
connections with vestibular nuclei and
amygdala (Gurvich et al., 2013).

Entorhinal Spatial representation, acts as an ~ Vestibulo-thalamo-cortical and Head-
Cortex interface between hippocampus  direction route (see Figure 1.3).
(encoding new memories) and
neocortex (remote memory).

Thalamus Internal representations of reality, Multiple thalamic nuclei receive vestibular
declarative memory (retrieval). inputs which are then relayed to the cortex
(i.e. the ventroposterior complex, the
ventroanterior—ventrolateral complex, the
intralaminar nuclei and the posterior nuclear
group; Lopez & Blanke, 2011).

Cingulate Early acquisition of memory Vestibulo-thalamo-cortical, connected with

Cortex (anterior) and episodic retrieval the insular cortex (Gurvich et al., 2013).
(posterior).

Cerebellum Procedural and conditioned Vestibular projections to the cerebellum are
learning. numerous but include the relay of otolith

signals from the vestibular nuclei to the
medullary reticular formation, inferior
olive, and lateral reticular nucleus to
cerebellar nuclei (Biittner-Ennevra, 1999).

Basal Ganglia Procedural, conditioned learning, Pathway proposed between the vestibular
decision making. Working —acts  nucleus and striatum, going through
as an inhibitory gate keeper the thalamic nucleus (Hitier et al., 2014).
(Baier et al., 2010).

Note.Working= temporary storage and manipulation of information; Episodic= encoding and
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retrieving daily personal experiences; Declarative= conscious recollectiact®tind events;
Procedural= unconsciously remembering how to perform different tasks/ skills.

The next section will summarise an emerging body of clinical investigations which
have actually measured the association between the vestibular system ang ioyemor
examining the cognitive processing of individuals (and animals) who either have a
dysfunctional vestibular system or have received artificial stimulation of the vestibular
nerves. In short, they appear to evidence a connection between vestibulamput
visuospatial memory, but lack clarity regarding the functional mechanisms which underlie

these interactions and the diversity of the higbeel functions that are impacted.

Vestibular Dysfunction and Memory

Numerous animal experiments dating lb&xthe 1960s (Beritoff, 1965) have
demonstrated thalisturbane to one or both vestibular labyrinths e¢asult in animals being
unable toorientthemselves dlearnnewspatial location®n memory tasks which involve
foraging or navigating to a learnt roeeSmithet al. 2010Smith & Zheng, 2013or
reviews). Data from human patients also appear to echo these findiregef tte first reports
comes from Grimm, Hemenway, Lebray anad(1989) whoshowed thapatients with
perilymph fistula syndrome (tear/ defect in the bony membranes between the mid and inner
ear) had suffered memory loascording to several objective taskaifed associate learning,
auditory recall, while their performance on others remained norm@, digit span, visual
reproduction)However, it should be noted thagrilymph fistula syndromalso induces
audibry dysfunction which could add to any cognitive defibievertheless, a more recent
epidemiologicaktudy into the impact of vestibular loss on-agkated cognitive decline
(which controlled for auditory and visual impairments) also showed that reduced vestibular
function was significantly associated with worsened cognitive performance on tests of
visucspatial function (including visual memoryut not executive function or verbal memory
(Bigelow et al., 2015b).
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Perhapshe most direct tests of memory performance have comeSdrautzer,
Hamilton, Kalla, Strupp and Bran(®?003) and Brandt et al. (200&ho used virtual Morris
Water Mazdask(maze taskarethe gold standard for testing spatial memory in rodelmuts).
these studiesatients with bilateravestibular neurectomiesgnducted five to tegears prior
to the sudy) and healthy controls were trained to navigate to a target platform, later this
target platform was removed and participants had to return to this point from m&vinaley .
healthy controls couldavigate directly to the target from severaltstgrpants (using fixed
spatial cues in the maze environment), patients struggled to remember th&akinge
longerto arrive at the targetnd spendingess time overall in the location where the target
platform would have been locatekhis group differencevas presendnly when the target
platformwasno longer visible, indicating specific impairment tepatialmemory which was
di ssoci at ed f r operceptiak mgboaand cegnmitive dapacitied (iactuding
non-spatial memory) on other standiseet tests (Wienevacher, Hamilton & Wiener, 2013)

Following on from these studidsremmyda et al. (2016) recently demonstrated that
patients with partial rather than complete bilateral vestibular loss alsod&tayed spatial
learningon thevirtual Morris Water Mazéask relative to controls. Additionally, Guidetti,
Monzani, Trebbi and Rovatti (2008) attempted to provide a more ecologically valid test of
spatial memory by comparing the performance of 50-e@tpensatefvithout vertigo)
unilaterallabyrinthinedefective patients with 50 healthy controls on a task which required
navigating three different routes in a physical rather than virtual environment. Patients were
slower to walk along memorised routes during an-ej@sed condition where wisl inputs
were unavailable (placing more reliance on vestibular signals) relative to the controls. The
study also revealeidhpaired visuospatial sheterm memory abilities amongste patients
using the Corsi block test (participants must rememberepsdit & increasingly difficult

sequencéhat is tapped oa number of blockKessels, an ZandvoortPostma, Kappellek
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De Haan2000. Onceagain these findings highlight the importance of vestibular signals in
cognitive processing, particularly those concerning spatial-séont memory. However,
since the navigation task required movemenséehesults may also reflect the contribution
of vestibular reflexes to motor actio(Sohen, 2000Péruch et al., 1999

Taken together, these findings suggest that when the vestibular system is disturbed, at
least some memory functions are impaired. Since most of the patients were tested years after
the initial loss and had retained some hearing function, confounding rguatiid reflex
deficits were unlikely to explain the findings. Normal vestibular function could therefore be
necessary for some memory processes, particularly those relating to visuospatial information
(Bigelow & Agrawal, 2015; Smith et al., 2010).

Recallthat e hippocampus has long been a focus in the study of how spatial
information is represented and stored, and teusoanatomicads well behavioural changes
might be expected to occur response twestibular dysfunction (Smith, 2016). In line with
this idea, the patients recruited by Schautzer et al. (2003) and Brandt et al h@D05)
significanty decrease (16.9%) hippocama volumegelative toa controlsample
Kremmydal et al. (2016) also demonstrated signifieardphy of the miehippocampus and
the posterior parahippocampuspatients with bilateral but not unilaterally reduced
vestibular functionA number of researchers have shown a similar trend, with the greatest
structural changes occurring amongst thaseepts with bilateral loss and more subtle
changes following unilateral/ partial vestibular loss, where sufficient information may still be
passed from the remaining healthy labyrinth to compensate for the deficit (Brandt, Zwergal &
Glasauer, 2017; Helmeh, Ye, Sprenger & Minte, 2014; Hufner et al., 2007; Seo, Kim &

Kim, 2016;zu EulenburgStoeter & Dieterich2010. A parallel stream of research has also
revealed that the hippocampus responds to vestibular input in healthy individuals who

undergo unusuapatial memory experiences. For example, Hiufner et al. (2010) reported
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alterations including smaller anterior volumes and larger posterior volumes of the
hippocampus within professional dancers and slackli@miectively these findings
demonstrate thaalterations to vestibular inputs can influehggpocampal morphology
However, this effect is likely to be complex and may vary across vestibular syndromes and
according tahe recency of the conditibspatial experience (Smith, 2016).

Furtherinsights into the influence of vestibular signals on memory relate to the
cognitive mapsvhich are formed within the hippocamparsdparahippocampal area (i.e.
entorhinal, perirhinal and postrhinal corticeltier et al., 2014).Place cells (activatedhen
a particular place is entered), border caltsréto an environmental boundary), head
direction cells (fire when the head is orientated in a certain direction) and grid cells (provide a
triangular array of the eaoskianwithinspace)@al t o si gna
combine to form an internal representation of the environnhosér,Kropff & Moser,
2008;0'Keefe& Conway,1978. These maps represent relevant spatial features of an event
and thus may form an early step in spatial memory formation and shape later navigational
planning (Hitier et al., 20143quire 2009)

Importantly, vestibular loss has been shown to disrupselextive firing of
hippocampal place cells within rats, both temporarily aftgatympanic injections of
tetrodotoxin(Stackman, Clark & Taug®002) and permanently following surgical bilateral
vestibular damage (Russell et, &@003).Moreoverhippocanpal theta rhythima large
amplitudeelectroencephalogranE EG) oscillationassociated with combining and
coordinatinghe firing of hippocampal placeells during movement and navigatiaas also
disrupted following bilateral vestibular damage in animBlsz6aki, 2005Neo et al., 2012
Smith et al., 203). Additionally, Taube and colleagues demonstratedttmafiring of head
direction cells in the postsubieuwh and the anterior thalars could belegradeddllowing

vestibular damagm rodentqStackman and Taub£997 Stackman et al2002 Yoder and
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Taube,2009. More recently Jacob, Poucet, Liberge, Save and Sargolini, (2014) temporarily
abolished theta oscillations in theedialentorhinalcortex (usingntratympanidnjectiong

and found that this resulted irdesorgansation of grid cell firing Taken togetherhese

animal studies highlight thmajor influence that the vestibular system has over the firing
properties of cells whosetavity strongly supports spatiahcoding andhavigation Jacob et

al., 2014).
Artificial Vestibular Stimulation and Memory

If the selfmotion information produced by the vestibular system is reqéreithe
development of normal spatiaemory,thenoneimportantquestion is whethealteringor
boosting the signals carried by the vestibular syst@ninfluencehumanmemory(Smith et
al., 2010Y Space exploration provides a unique testing environment for the temporary
alteration of vestibular inputsnge thecontribution of the otolithic sensation of gravisy
largely absent (Bigelow & Agrawal, 2015). Although the cogniifiects of micregravity
have been variable, some impairments relating to visuospatial functions which draw on
memory processge.g.pointingto memorised locations with your eyes closed) have been
noted (see Bigelow & Agrawal, 2016rabher & Mast, 2010and Oman, 201tbr reviewsy.
Importantly, these findings support the studies of vestibular dysfunction described above bu
also extend them by demonstrating temporarily reduced memory performantar¢ery.
errors in pointing) amongst healthy individuals during a transition period which parallels that
of patients who have recently underdone vestibular lesioning, thawtisome of the
potentially confounding disturbances (e.g. hearing loss, ongoing vertigo). Nevertheless, other
nonvestibular factors such as stress and sleep deprivaiidd havecontributed to the
cognitive impairments observed within this highly trained populat@nalfheri& Mast,

2010).
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Experimental techniques are also available to enable researchers to study the effects

of increased or unusual (artificial) vestibular stintiolain a more controlled manndrable

1.2 provides a breakdown of the most frequently usethods oftimulationin cognitive

psychologyAlthough these techniques were originally intended to aid clinical diagnosis,

they are now frequently applied irsearch contextsdue to their safe, inexpensive, Ron

invasive and simple application (Fitzpatrick & Day, 20P4|la & Lenggenhager, 2014z,

Dimova, Oppenléander, & Kerkhoff, 2010).

Table 1.2

Methods of Vestibular Stimulation Used in Cognitive Rese@@ased on reviews by Lopez,
Blanke & Mast, 2012 and Palla & Lenggenhager, 2014)

Technique

Mechanism of Action

Predominantly Activated
Vestibular Organ

Caloric Vestibular
Stimulation

Irrigates the external ear
canal with warm or cold
water/ air.

Thermal energy induces endolymphatic
flow within the semicircular canals, thus
increasing the firing rate of afferents
mainly within the horizontal semicircular
canals.

Horizontal semicircular
canals (also a weaker
response in vertical
canals).

Galvanic Vestibular
Stimulation

Weak clectrical currents are
applied, often by placing an
anode and cathode over the
opposite mastoid processes.

Increases the firing rate of vestibular
afferents ipsilateral to the cathode and
decreases those on the side of the anode
(interpreted as an unplanned head
movement in space).

Afferents of the otoliths
and semicircular canals.

Motion Stimulator

Rotatory chairs and linear
motion simulators are
programmed to approximate
natural movement.

Rotational: The head is positioned at
different angles relative to the chair
rotation axis (i.e. tilting, lateral
displacement) to activate different
vestibular organs.

Linear: Enables testing of the 6-degrees-of-
freedom in which a body is able to move
(yaw, pitch, roll, surge, heave, sway).

Rotational: horizontal
semicircular canals.
Linear: otoliths and
horizontal semicircular
canals.

Auditory Stimulation
Presentation of clicks or
short-tone bursts through
headphones.

Sounds induce the flow of inner ear fluid
through movements of the stapes.

Otolith organs (mainly
from the saccular
receptors).

A small literature exists on the effects of vestibular stimulation on meMdrgn

suprathreshold the electrical currents elicited bglganic vestibular stimulatiofGVS) can

29



be used tanduce behaviours analogous to mild vestibdiicits. In line with this idea,

Dilda, MacDougall, Curthoys and Moore (2012) showed that stipeshold stimulation
significantly interfered withh e a | t hy pparformancen ja siswspatial short term

memory (matcko-sample) task compared to stifvesholdGVS (no distracting reflexesand
placebaconditions. However, it remains unclear whether the sspngory GVS worsened
memory indirectly via visual disturbances (i.scitlopsia where objects in the visual field

appear to oscillate, or nystagmus where the eyes make rapid and uncontrollable movements),
or more directly potentially by diverting cognitive resources away from the task and towards
reconciling the mismatchingputs from the vestibular, visual and proprioceptive systems

(Bigelow & Agrawal, 2015).

Of more therapeutic relevanase the finding that visual memory can also be enhanced
by vestibular stimulation. Bachtold et al. (2001) improved healthy participaerf®rmance
usingwaterbaseccaloric vestibular stimulation (C\JSWhen the currents aoenstantly
warm, CVS can be used aativate the ipsilaterddemisphere, while cold currents activate the
contralateral hemisphe(Miller & Ngo, 2007).A first experiment showed that unilateral
(cold water)eft ear stimulation increased spatial memorythar locations thabbject were
presented and a second demonstrated enhanced verbal memory for visually presented
words after right ear stimulatioBachtold et alconcludedin a posthoc mannerjhat CVS
had improved visual memory by facilitaticgrebral blood flow to theontralaterabrain
structures required for these spatial and verbal cognitive processes.

Although these findings are promising, it should be notedih#trbasedCVS can
alsoinduce sideeffects of nausea anisual disturbancenfystagmuywhich can distort the
impact of vestibular inpston cognition. To avoid these limitations, Wilkinsdicholls,
Pattenden, Kilduff and Milber{2008) applied small sukensory GVS currents to

participants whilst they learnt the names of several faces. Participants who had received
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anodal and cathodal stochastic (neesdanced) GVS applied to the left arght vestibular

nerves respectivelyater recalled details about the faces more quickly than those who had
received the opposite configurationnon-noisyor sham stimulationMore recently,

Ghaheri, GhahramadarollahiandJalaie(2014) tested the performance of 60 women on the
Corsi Block testesselset al., 2000) before and after stimulation. Those who received sub
sensory GVS again showed a significant improvement across multiple performance measures

(span, total score, leany score), relative to those who received sham stimulation.

Taken togetherhesefindings suggest thamhemoryprocessesan besffectedby
increaseflunusuakestibular activity sometimes with a beneficial effect. However, the fact
that these technigaestimulate distinct aspects of the vestibular system and have been
differentially applied (e.g. stimulation configuration, intensity, during different phases of the
memory task), means further exploration is still required before conclusions can be made

about the demonstrability and mechanism of effect (Bigelow & Agra2@dly.

Allied Vestibular-Cognitive Effects

Althoughexisting literaturgparticularly biologicalhas tended to focus on vestibular
influences on memory, evidence has shown that other cognitive processes may also be
impacted or reduced by altered vestibular inputs. These findings are important to consider
since they provide further demonstrations @ itmpact thavestibular signals can exert on
cognitive function beyond the reflexive tasks with which they are typically assaciated
Moreover, gven that memory performance is partly determinedtber cognitive processes
(e.g. attentional, perceptyaxecutive function, motivational capacities), these results will
also offer some insight into how vestibular inputs might influence meperfgrmanceThis
section provides an overview of the strongest evidence and discusses the inferences that can
be gained from these studies.

Visuospatial abilities. In line with the spatial memory studies described above,
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othercognitive task which relyon visuospatial abilitiesicluding mental imagery have also
been associated witlestibular loss. These taslend to involve participants viewing similar
sets of stimuli which have been rotated to varying degrees and mentally translating them to
determine whether or not they are the same image (Bigelow & Agrawal, 2015; Smith &
Zheng, 2013)Rotations involving human figuretyo/ threedimensional objects and
familiar and unfamiliar environments have all bediown to bealtered by vestibular
hypofunction Bigelow et al., 2015; Grabher, Cuffel, Guyot & Mast2011; Pérah et al.,
2011; Wallwak, Butler & Moseley,2013). Mental rotation abilitieparticularly those
relating to human figure®@gocentria own bodily reference framghave also been
facilitatedby vestibular stimulatiom healthy participantdHalconer& Mast, 2012 van Elk

& Blanke 2014).Vestibular signals may thus be particularly useful in building internal
spatial representations when our own body becomes the object of epgtigion
(Lenggenhager & Lopez, 2015)

A few studies have indicated that the visuospaiidicits associated with vestibular
dysfunction may also impact numerical cognition (Smith, 2012). The earliest such report
demonstrated that patients with vertigo exhibited a consistent error of displacing decades on a
task which required counting backwlarby two (Risey & Briner, 1990). Later, Yardley et al.
(2002) revealed impaired mental arithmetic performamengspatients with vestibular
dysfunction whilst they continuously monitored their orientation. Following evidence which
suggests that numieal representation is tightly linked to the processing of spatial
information (i.e. smaller numbers tend to be associated with the left side of space and larger
numbers with theight), Hartmann, Grabherr and Mast (2012) later used vestibular
stimulaton (wholebody rotations) to encourage the generation of smaller (with leftward and

downward movements) and larger numbers (with rightward and downward movements).
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These studies provide initial evidence that vestibular contributiovisuospatial abiliesare
likely to extend to other less obvious aspects of cognition which are represented spatially.

Further insights can also be gained from hemispatial neglect, a syndrome
characterised by a visuospatial deficit of failing to acknowledge stamslng spatially
contralateral to the side of a cortical les{étanes & McCollum, 2006). Cognitive deficits
relating to awareness of extrapersonal space (example measures include target cancellation,
figure copying and line bisection) have been templgregmediated using CVS (Cappa
Sterzi,Vallar & Bisiach,1987) and GVS (Wilkinson, Zubko, DeGutis, IbMerg & Potter,
2010; Utz, Keller, Kardinal & Kerkhoff2011). Moreover, Rode and Perin (1994) showed
transient relief from neglect relating to mentalresgentations of space using CVS. The
authors asked participants to mentally evoke a map of France and to name towns on the left
and right side of the vertical axis; representational neglect was evidenced by the worsened
recall for the left relative to theght side. When CVS was delivered to the neglected side
recall for items on the left side was then facilitated. This effect was thought to have occurred
because CVS had produced an ipsilesional stimulus to counteract the contralesional bias
underlyingthgp ar t i ci pant s 0 i.dmpeatantyathesersteigpes shewetatt at i on s
vestibular stimulation can elicit beneficial effectsgurological conditions where mental
representations of space are disturbed by inducing lateralised attentional shifts (vi
asymmetric modulation of theestibulamerves) (Hanes & McCollum, 2006; Karnath &
Dieterich, 2006; Wilkinson et al., 2014urther research is now required to determine
whether these improvements might extend to other cognitive processes or neairolog
conditions involving spatial representations.

Taken together, these findings sugdbatthe vestibular system is likely tnakea
significant and specialisembntribution to how the mind organises and representstwio

three dimensional spacéhus when vestibular inputs are altered by dysfunction or
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stimulation, cognitive processes such as spatial memory and navigation which rely on these
mental representations to determine the position of the self or an external objectin three
dimensional spce might also be affected (Bigelow & Agrawal, 2015). One interpretation of
these effects relates to tbertical networkghat areactivated by the vestibular system, since
several of the brain regions which respond to vestibular input are also impiicated
visuospatial processing (e.g. hippocampus, insula, superior temporal gyrus, inferior parietal
lobule, temporeparietal junction, ventral intraparietal cortex and posterior parietal cortex)
(Bigelow & Agrawal, 2015; Blanke et al., 2005; Lopez et al12®mith, 2012). Thus when

the vestibular system is disturbed, a cascade of neural changes are likely to occur (throughout
the vestibular cortical network) resulting in a rafeénpairmentgo visuospatial apects of
cognitionsuch as navigatiomentalimagery and memory (Smith et al., 2010).

Attentional capacity. Another line of vestibular research has investigated cognitive
function using duatask paradigms where participants are asked to engage in a postural
exercise (e.g. minimise body sway while standing) at the same time as a cognitive task
(Hanes & McCollum2006). Performance is then compared to a baseline level of function
where each task was completed individually (Bigelow & Agrawal, 2015). Studies with
healthy individuals have shown that cognitive functioning declines with increasing postural
demands (se=Bigelow & Agrawal, 2015; Smith & Zheng, 2013 for reviews), suggesting
balance maintenance is a complex process (rather than a simple reflex) that draws on
cognitive resources which when depleted may have a kmoekfect orprocesses such as
memory(Redfern et al., 2002).hesenterference effectaere especially prominent within
elderly participantswho aregenerallymore vulnerable to vestibular dysfunctias well as
cognitive deterioratiofFurman, Muller, Redfern & Jennings, 206&dfern et b, 2002)
Moreover, patients with a range of vestibular disorders have exhibited impaired performance

across several cognitive tasks (including basic tests of processing speed). Importantly, these
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interference effects even occurred when the cognitive taske completed under minimal
postural demands (i.e. when seated); therefore reducing concerns that these cognitive
impairments were driven by anxietglated fears of falling within the more challenging
postural conditions, as opposed to the lack oflalks attentional resources (see Bigelow &
Agrawal, 2015; Hanes & McCollum, 2006; Smith & Zheng, 2013 for reviews).

These duatask effects provide tentative evidence of functional connectivity between
the vestibular and attentional systems by showingltalance maintenance and various
cognitive domains do not operate in isolation, particularly in individuals with vestibular
dysfunction (Hanes & McCollum, 2006). However, the mechanisms underlying these
findings remain unclear. Yardley et al. (2001) ainteedddress this by exploring whether the
reported duatask effects were due to general capacity limitations (i.e. postural instability
reduces the availability of spare attentional resources and this interference induces
widespreadognitive impairmet), or competition for specific spatial processing resources
(i.e. disturbing the spatial reference through vestibular disorder or a postural challenge has a
more direct effect on specific spatial cognitive tasks) (Hanes & McCollum, 2006). In line
with previous researclreaction times (RTyvere greater as the postural demands increased
acrosdasks with low (simple RT) and high (choice RT) mental load and on both spatial and
nonspatial tasks, an effect that was greater in vestibular patiemsontrols. These results
would suggest that postural performance is not particularly affected by the content of the co
occurring mental activity (spatial versus rgpatial), but relates to general capacity
limitations caused by the increased attentional adeimaf the balancing tasks (although see
Maylor, Allison & Wing, 2001 for a contrasting report). If correct, then the aforementioned
reports of vestibular contributions to memory processing may reflect a widespread gain

(vestibular stimulation)/ generdepletion of attentional resources (vestibular dysfunction)
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which extends to multiple cognitive functions (eagention, information processin@s

opposed tmnly being restricted teisuospatial memorfunctions
Connections withPsychiatric Disorders

In addition to the vestibulazognitive connections described above, clinical reports
also highlight a welkstablished association between vestibular dysfunction and psychiatric
symptoms including anxiety, panic and depressier Balaban & Thayer, 2001; Gurvich et
al., 2013; Jacob & Furman, 2001 for reviews). Patients with vestibular dysfunction are more
likely to suffer from anxiety and depressive disorders (Lahman et al., 2014) and individuals
with psychiatric conditions carften complain of feeling dizzy and unsteady (Eagger, Luxon,
Davies, Coelho & Ron, 1992). More generally, the presence of vestibular damage has been
shown to significantly reduce quality of life and present substantial economic burdesd relat
to unproductiity (Sun Ward, Semenov, Carey & Della Santi2@,14). This bidirectional
association must be taken into account when considering vestibular contributions to memory,
since psychiatric symptoms occurring without vestibdismfunctioncan also induce
cogritive impairments (e.g. attention and working memory deficits in schizophrenia or
excessive attention to threatening stimuli in panic disorder; Millan et al., 2012), meaning any
cognitive deficits could potentially be psychologiaald/or vestibular in dgin (Hanes &
McCollum, 2006; Smith & Zheng, 2013; Smith, 2016).

By virtue of its shared neural pathways, vestibular signals can contribute to a variety
of autonomic and higher level functions (Gurvich et al., 2013). Consequently, impairments to
the vestbular system are likely to cause a multitude of changes in cognition, mood and
wellbeing which are often difficult to disentangle from one another (Smith, 2@1f2xt, the
PBN provides a direct link between the vestibular system and limbic netwndksding the
amygdala, locus coeruleus, hypothalamus and prefrontal cortex) that are involved in

emotional processing and implicated in psychiatric illness (Gurvich et al., 2083jbular
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hippocampal interactions could also induce psychiatric sympsams this region is
implicated in both spatial and emotional processing (Smith & Zheng, 2018)e with this
idea, Bremner et al. (20D@reviously demonstrated reduced hippocampal volumes amongst
individuals with depression, and Tillfors, Furmark, méensdottir and Fredrikson (2002)
showed that patients with social phobias had increased cerebral blood flow to the anterior and
middle hippocampal regions during periods of stress and anxiety. These studies raise the
possibility that the reduced hippocpat volumes and associated cognitive effects mentioned
previously (Brandt et al., 2005; Kremmyda et al., 2016; Schautzer et al., 2003) could have
had a psychiatrior avestibular cause.

Despite a number of recent epidemiological investigations intosdeeetion
between vestibular dysfunction and concomitant psychiatric and cognifpagrments
(Bigelow, Semenov, du Lac, Hoffman & Agraw&(Q15 Harun, Bigelow & Agrawal2016),
current research is still unabledefinitively determine whetherestibularcognitive
interactions (including memory processes) occur as a direct response to damaged vestibular
signals, or via indirect mechanisms such as psychiatric distress (Bigelow & Agrawal, 2015).
Continued research is therefore needed to build thmtheoretical underpinnings of
vestibular contributions to cognition and in turn improve clinical practices for vestibular
patients (Bigelow et al., 2025Smith, 2016).
Chapter Summary

The preceding discussion presented clinical and experimentiEnce demonstrating
the relevance of vestibular inputs beyond postural and oculomotor coné&rehriety of
higherlevel functions, especially memory. The ascending vestibular pathways project
diffusely to areas involved in spatial memory and naiegesuch as the hippocampus,
entorhinal cortex and the thalamus (Hitier et al., 2014). Moreover, when the vestibular system

is disturbed spatial memory impairments and structural changes to the hippocampus have
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been observed, suggesting that the-seifion and postural information provided by the
vestibular system is somehow relevant for visuospatial memory. Additionally, a small
number of studies with healthy adults have shown that conditions of microgravity (where
otolith inputs are absent) can inducemuoey-related errors (Oman, 2006; Watt, 1997),
whereas artificially stimulating the vestibular system with thermal or electric currents could
facilitate memory (Béchtold et al., 2001; Wilkins@908.

Although our knowledge of vestibulanemory interattons has continued to develop,
psychological accounts of why or how vestibular signals are incorporated within memory
representations remain very limited (Hanes & McCollum, 2006). That is, we know that the
two systems are connected and interact but {he &and nature of this interaction remains
unexplainedat the psychological level. A growing body of evidence has continued to report
upon the farreaching effects of artificially altered or damaged vestibular signals on
cognition, particularly visuospatiprocesses where there might be a need to internally
reference external space. What is more, balance maintenance appears to be a complex higher
level process which draws upon cognitive resources and thus can impede attention and
concentration. Importantlyhese vestibulacognitive effects do not necessarily appear to be
generalised, with some cognitive procegsesainingunaffected by the presence or absence
of vestibular signals (Hanes & McCollum, 2006). Despite some methodological limitations,
these sidies offer relevant insights into the nature of vestibular interactions with memory.
Both the spatial information produced by the vestibular system and the attentional demands
of maintaining balance appear to be important, but further investigatiot iseired to
better characterise the connection between the vestibular and memory systems and to
understand the theoretical underpinnings of vestibular contributions to memory processing.
The bidirectional association between vestibular dysfunctionpaydhiatric symptoms (as

well as more general wellbeing) has previously complicated these mechanistic inferences,
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since psychiatric morbidity is also associated with cognitive deterioration (see Smith &
Zheng, 2013 for aeview).
Current Research Quesibns

This thesis aims to build upon the current understanding of vestibular contributions to
memory. The extent to which vestibutiysfunctionimpacts memory is still unclear and the
mechanisms underlying these effects are also poorly under3toaxtetically, there are at
least twoways in which one can explore Wbsilar contributions to memonryay looking at
the profile of memoryimpairment(alongside other relevant symptoms) in patievith
vestibular dysfunction (jland by testing whethe@nodulatingthe vesbular system via
artificial vestibular stimulatiomanchange memory performance (ii). The former gives an
indication of which memory (and other-aworbid) processes might be reliant on vestibular
signals, while the latter tells us whet the presence of unusual or increased vestibular inputs
could potentially modify specific aspects of memory processing (Smith et al., 2010). This
thesis incorporated both approaches and the next section will introduce the four experimental
chapters anthe paradigms they each applied.

Chapter2 examines thefiects of vestibular gsfunctionon memory and other
relevant cognitive functions. Pentilar focus is placed on visuospatiaémory but more
general aspects of cognition and wellbeing were etsisidered to better understand the
reach of the system and contextualise any memaaged effects. The chapter also explored
whether vestibulacognitive effects occur due to vestibular dysfunction or as an indirect
consequence of psychiatric/ fatigs\gmptoms, with the aim of moving closer towards a
psychological model of how and why vestibular signals influence memory. A group of neuro
otology outpatients with varying levels of dysfunctiperformeda comprehensive
neuropsychological battery (alondsibalance function testing) from which the prevalence of

impairment wagalculated Structural equation modeling (SBMas then usetb estimate
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whether cognitive deficits were likely to be directly related to vestibular damage or to arise as
asecondargonsequence gfsychiatri¢ fatiguesymptoms These analysdelpedto

determine whether vestibular signals themselves are necessary for memory function, or they
express themselves more indirectly via psychiatric disturbance.

Once Chapter 2 had identified relevant cognitive, psychiatric and fatigue symptoms
which were reliant on vestibular input, Chapters 3 atitedinvestigate whether these
symptoms can be remediated using CV& imeurological samphith memory deficits ath
unmet therapeutic needs. The rationale for this study was based on recent evidence that CVS
can modulate multiple brain regions and neurotransmitters simultaneously, often resulting in
beneficial alterations to cognitive, psychiatric and autonomic psesescross both healthy
and clinical populations (Bottini & Gandola, 2015). Behavioural (Chapter 3) and
electrophysiological (Chapter 4) measures were implemented to further investigate which
specific aspects of cognition (mainly visual memory) and wiglthe/ere affected by
vestibular signals within a novel patient group (TBI). As in Chapter 2, the results also
explored whether any memerglated changes were dependent on concurrent alterations in
psychiatric/ fatigue symptomology albeit using a diffeexperimental approach.

Finally, Chapter Joresents a series of experiments designed to explore one putative
psychological mechanism by which visual memory might make use of vestibular signals.
More specifically, by applying GVS to a sample of healtldniiduals under varying
conditions this chapter attempts to determine whether memory function can be modulated,
and if so igheeffect being driven by the specifelfmotion signakontentbeing
incorporated within individual memory representationgifark one visual event from
another) or a more generaliseshhancement in arousal which leads to-specific cognitive

gains (Wilkinson et al., 2008). These experiments are significant since further knowledge of
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the functional role of vestibular inputsliraid theoretical understanding and help to harness

the potentially therapeutic effects of vestibidamulation

In summary, the current thesis presents three strands of research that investigate
whether specific visual memory processes aretdteby the vestibular system and the
manner in which this happenghe paradigms and research methods utilised will be

introduced in more detail in threlevantupcomingchapters.
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Chapter 2
Neuropsychiatric Outcomes in Individualswith Vestibular Dysfunction.

Chapterl reviewed a number of studies evidencing an association between the
vestibular and cognitive systems whereby cognitive processing, particularly visuospatial
memory, was affected by alterations in vestibular inputs (vestioolgmitive effects). This
chapter aimgo build upon existing knowledge by examining what happens to spesifial
memory processeghen the vestibular system becomes dysfunctidgdidercognitive
functions (attention and information processing) and aspects of wellbeing (psgchiatri
fatigue disturbances) known to affect memory were also monitored to characterise any
relevant effectsPrevalence estimates were produced to highlight which neuropsychiatric
outcomes are likely to be affected by vestibular dysfunction. Structural @guabideling
(SEM) techniques were also employed to investigate the mechanisms behind any potential
vestibularcognitive effects by testing whether cognitive defioitsur as a direct

consequence of vestibular dysfunctionviasecondargo-morbid symptmns.

The following sections will first highlight the importance and pervasiveness of the
vestibular system by describing the disabling neatabogical symptoms associated with
several common vestibular disorders. The relevance of vestibular inputs tibocognil
then be evidenced using studies which link vestibular dysfunction to cognitive impairment,
particularly spatial memory disturbances. The mechanisms underlying these effects will then
be considered and evidence supporting potential direct ¢stibular dysfunction causes
cognitive impairment) and indirect (i.e. vestibular dysfunction affects cognitive functioning
indirectly via comorbid symptoms) pathways will be reviewed, before the experimental

approach is presented.
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Vestibular Dysfunction

To understand the impact of vestibular dysfunction on cognition, one must first
consider what vestibular dysfunction actually entails in terms of the Jotolaygical
symptoms patients present with and the pathophysiology of common vestimdeorses.
This is because the severity of symptoms and extensivlogical changesxperienced by
these patients can offer important insights into why and how cognitive losses might arise

following vestibular dysfunction.

Whenthe vestibular syste is damaged or disturbed the most immediate symptoms
are unsteadiness and vertigo. These terms describe an unpleasant disturbance of spatial
orientation and/ or the illusory perception of movement of the body and/ or tbarsdings
(Brandt & Strupp, 208). Vestibularsymptoms are among the most frequent complaints in
medical settingsBrandt, Zwergak Strupp 2009; Saber et al., 20L3n a survey of over
30,000 adultsaround 17% suffered from dizziness and vertigo, this rose to 39% in elderly
i ndi vi du al see Braadj & Strupf, 2@5). Bélance problems remaiimportant
health concern since they increase with age andss@ciated with a greater falls rigktén
leading to physical injury and mortaljtgemenoyBigelow, Xue, du Lac & AgrawaR016.
Moreover, because the effects of vestibular dysfunction are so pervasive, these problems
often lead tagyeneral functional declinencompassing cognition and Maeing) and pose a

significant burden to society (OghalBdanolidis, Barth, Stewart & Jenkin2000).

There are many different typeswa#stibular maladgovering multiple sensory
experiences with various aetiologies and pathoger@sis distinctiorroutinelymade by
clinicians is whethethe dysfunction concerribe central or peripheral vestibular component
(or both) (Furman & Whitney, 2000Recall thatte peripheral system consists of two
bilateral labyrinths that work in partnership with one aerotEach contains three semi
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circular canals which detect rotational heaovements wellasthe otolith organs (utricle

and sacculeyhich perceiveverticality (Thompson & Amedee, 2009)Vhen stimulated,
vestibular information leaves ealayrinth and is projected to the central vestibular
component (Smith, 1997). The central system is formed of the vestibular nuclear complex
and works to maintain our sense of balance by integratingsifroat the peripheral

vestibular systerwith informaion from other sensory modalities including vision and

somatosensation (Furman & Whitney, 2000).

Overall, patients with central vestibular damage tend to have worse outcomes than
thosewith peripheral disorders (Konrad al., 1992)There are several phlanations as to
why this might befirstly the central vestibal system houses the vestibglerebellum which
can adapt to damage and respond to sensorimotor demands from the visual and
somatosensory centres (Helmchen et20Q9). When these centrafigttures are damaged
this central recalibration cannot take place meaning vestibular compensation is impeded
(Furman Balaban & Pollack, 199'Baier, Muller, Rhode, & Dieterich, 20)5More
generallycentral disorders are not diagnosed as easily gseeal disorderssincethey are
often accompanied by other neurologic symptoms), and thus thesegatiesttoften wait
longer to receive a relevant referral ardch treatment (Furman, Marcus & Balaban, 2013).
Additionally, when central vestibular disbanceoccurs following arBl or stroke, it is
highly likely that other brain structures will have also aumtd damage thus impacting

generabrain function(Shepard, Telian, SmiWheelock & Raj, 1993).
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Table 2.1

Common Syndromes of Vestibularsfunction (based on a review bgompson & Amedee,

2009)

Syndrome

Presentation and Pathophysiology

Benign paroxysmal
positional vertigo
(BPPV)

Calcium carbonate crystals become dislodged leading to brief
spells of vertigo triggered by head movements.

Phobic postural vertigo

Situationally triggered panic attacks, frequently including vertigo
with unsteadiness (Brandt, 1991).

Central vestibular
lesions

Primarily involves damage to the vestibular nuclear complex and
cerebellum (e.g. via brain stem strokes, head trauma, cerebellar
degeneration) resulting in ataxia and disequilibrium.

Vestibular migraine

(VM)

Episodic disequilibrium (e.g. vertigo, unsteadiness, visual
disturbance) accompanied by migraine-related symptoms (e.g.
headache, photophobia, phonophobia).

Pathophysiology remains incomplete but spreading cortical
depression, neurochemical modulation and the reciprocal
connections between central vestibular and trigeminal nuclei are
likely to be implicated (Furman et al., 2013; Neuhauser & Lempert,
2009).

Meniere’s disease (MD)

Malabsorption of fluid in the endolymph sac leads to intermittent
attacks of vertigo alongside fluctuating tinnitus and hearing loss.

Bilateral vestibulopathy

Impaired or lost function of both peripheral labyrinths or of the
eight nerves. Key symptoms are oscillopsia and unsteadiness.

Psychogenic vertigo

Recurring or persistent symptoms of dizziness that are inconsistent
with organic vestibular disease and are likely to have a
psychological origin.

Vestibular paroxysmia

Neurovascular cross-compression of the eight cranial nerve causing
short recurring attacks of vertigo.

Seventy five percerdf all patients presenting with balance problems in a neurological

dizziness unit will fall into one of eight common syndromes ofreéand/ or peripheral

damage showm Table 2.1 (Brandt & Strupp, 20p®amaye to the peripheratructures

routinely leaves patients with nauseearstigo and a sense of fallingh& most frequent

disorders include benign paroxysmal positional vertigo (BPPV), vestibular neuritis and
Meni e r e 6 s(MMD)i(Bsaadh & Keddin, 1993). Conversely, central damage arising from
lesions to the neuronal connections between the vestibular nuclei and cortical structures (e.g.
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the brainstem, cerebellum, and thalamaggn results in disequilibriurand ataxia. Central
disorders most commonly take the form of vestibular migréihd) (although peripheral
causes may also be implicated; Dieterich & Brandt, 1984)¢can also result from a head
trauma, ischemic disease and degenerative disordersfiwtthé cerebellum (Furman &
Whitney, 2000; Thompson & Amedee, 2000)llowing the introdiction of diagnostic

criteria forVM (International Classification of Hdache Disorderg™ edition; Oleser&

Steine, 2004),recent evidencsuggests thatM is the most prevalent vestibular disorder
(Cherchi & Hain, 2011yith approximately 3.2 of the general population estimated to have
the condition (Lempert & Nehauser, 2009). MoreoveregthatVM is considered to be
underrecognigd, this statistids likely to underestimatthe true prevalence (Swaminathan &

Smith, 2015).

Neuropsychiatric Symptoms

Although the most immediately striking effects of vestibular dysfunction are
oscillopsia and ataxia, damage to the system often results in a complex constellation of
symptoms including cognitive impairment (Smith & Zheng, 20C8hicians have long
repored an anecdotal connectibatween vestibular dysfunction and cognitive deterioration
(Hanes & McCollum, 2006), and patients frequently complain of problems with attending to
and remembering information (see patient forums suclaa, mvertigo.orgfor examples).

An increasing number of publications have therefore explored these vestibgiative
effects. One of the first showed thatt @f 102 patients with perilymph fistula syndrome
(vestibular disease caused by mild head trauma), 85%egpelfted mermry loss and 80%
reported confusion (Grimm et al., 198B)ack, Pesznecker and Stallin@004) later found
that 22 out of 33 patients witlepnanent gentamicimduced vestibulotoxicyt seltreported
memory problems. More recently, Bigelow et al. (20I8agaledan eightfold increased

odds ofselfreportingh s er i ous di fficulty concentrating o
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vestibularvertigp and Bi sdorff, Jacobs, délncau and
vestibular patients perceived themselv@saving significantly more memory impairments

than controls across most domains of forgetfulness.

Although these selfeported outcomes can only provide indirect inferences, some
experiments have been able to pdevimore objective evidence wéstibula contributions to
cognition(Hanes & McCollum, 2006 Chapter 1 provided a more detailed review of these
studies but to recap, patients withiaiety of vestibular syndromdmve showrtognitive
deficienciesacross several domaimgluding: orderingnformation (Risey & Briner, 1990);
dual processing (e.g. learning new information while nétgi previous items in memory;
Grimm et al., 989); simple RTs (Redfern, Talkowski, Jennings & Furnzf®4); spatial
memory (Brandt et al., 2005; Kremmydaaét 2016; Schautzer et al., 2003; PreXioueger,
Ross, Roman, & Siege2014); navigation (Guidetti et al., 2008; Péruch et al., 1999); and

mental imagery (Candidi et al., 2013; Grabherr et al., 2011).

Importantly, cognitive deficiencies were not geat across all cognitive tests or
vestibular maladies. While some cognitive functions did not appear to differentiate patients
and controls, others showed a reliable deficit which was pertinent within particular vestibular
syndromes (Hanes & McCollum, 280 These findings suggest that specific cognitive
processes and patient groups may be more vulnerable to vestibular dysfunction. For example,
reduced cognitive performance in activities related to spatial memory and navigation were
more commonly reporteayith vestibular projections to cortical networks involved in
memory and visuospatial cognition (e.g. the insula, hippocampus and tepgp@ial
junction) thought to contribute to the effects (Hitier et al., 2014; Smith & Zheng, 2013).
Distinctions havalso been made between simpler tasks requiring less attentional resources
(e.g. immediate recall and comprehensiamjthose tasks with additional cognitive demands
(e.g. counting backwards, organising multiple sourcesfofmation) which appeara show
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more impairment (Grimm et al., 1989; Redfern et al., 2004; Risey & Briner, 1990). If balance
maintenance requires attention, then the increased competition for attentional resources
following vestibular dysfunctiorould explain why simpler tasksere managed, while

complex cognitive operations (for which attentional resources are lacking) were more often
impaired (Bigelow & Agrawal, 2015; Bisdorff et al., 2015). Thus, while studies do indicate a
vestibularcognitive effect, current understandialgout which specific cognitive processes

are compromised by vestibular dysfunction remains incomplete.

Although the impact of vestibular dysfunction on cognition remains unclear, there is
some consensus that the effects of vestibular inputs on memaogspes are likely to be
among the most pervasive (Gurvich et al., 2013). This study therefore investigated the
cognitive functioning of vestibuladeficient individuals across a broad battery of objective
standardised tests which a@pableof delimiting more specific cognitive impairments,
particularly relating to visuospatielemory. These investigations should help to elucidate the
reach of vestibular impairments to different higher level processes, as well as the specificity
of vestibular signals tparticular cognitive functions (e.g. spatial memory) (Bigelow et al.,
2015b; Hanes & McCollum, 2006). Surprisingly, there has been little effort to do so, with the
focus either being placed on a single cognitive processieggfted outcomes, or small
samples of patients with specific vestibular syndromes which may not generalise to vestibular

patients atarge

Another important question which remaunsanswereds by what mechanism
vestibular dysfunction relatés cognitive impairmers espeilly those associated with
memory? The literature suggests two theoretical pathways (see Figure 2.1). Vestibular
dysfunction either exerts a diregffect on cognitive functioning sug¢hat cognitive
operations are directly reliant on the content of beddir signals, or an indirect effect
through comorbid symptoms/ changes which accompany vestibular dysfunction. Researchers
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need to decide between the alternatives if a psychological model of vestibgtative

effects is to be generated.
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Figure 2.1.lllustration of potential direct (blocked lines) and indirect (dashed lines) pathways
for the mechanism of impairment in those cognitive functions which have been most
commonly studied following vestibular dysfunction (adapted from Bigelow & Agrawal,

2015)

Direct Vestibular-Cognitive Pathway

The basis of the direct link is evidenced by neural pathways which pass vestibular
signals from the brain stem nuclei and thalamus to areas of the cortex that are associated with
various cognitive processes. Multiple regions of the human cerebral catesponsive to
vestibular stimulation (primarily via the thalamus) includinggkilrian fissureinsula,
retroinsular cortex, frontparietal operculugsuperior temporal gyrysindcingulate cortex
(Lopez et al., 2012)These areaare involved in at lest some cognitive operations and thus
provide an anatomical substrate for a direct contribution of vestibular inputs to cognition

(Bigelow & Agrawal, 2015).

Key to the direct vestibulazognitive pathway, are those neural pathways that connect
with thehippocampus (see Figure 1.3, Chaptemthich has been shown to adapt in response

to vestibular signals. More specifically, when partial or complete vestibular loss is sustained,
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humanhippocampal volumes are reduced relative to matched control sa(mpleseral loss,

zu Eulenburg et al., 2010; residual bilateral loss, Kremmyda et al., 2016; bilateral loss, Brandt
et al., 2005 and Schautzer et al., 2003). The hippocampus also undergoes changes within
healthy individuals who regularly partake in unusspatial experiences (e.g. dancers,
slackliners, and taxdrivers), where the sethotion information contained within vestibular
signals is likely to be relevant for referencing their position within the environment (Hufner

et al., 2010Nigmatullina, HellyerNachev,Sharp& Seemungal2013;Woolett & Maguire,

2011). Through the use of animal studies, researchers have also been able to evidence an
association between vestibular damage and disturbances to the firing rates of hippocampal
place cells (Russell et al., 2003; Stackman et al., 2002)ippdcampal theta rhythm
(reducedbower and corrupted waveformRussell et al., 2006), both of which help to produce

a neural representation of physical space, that is, a cognitive map (Bi2déker, 2013;
O06Keef e & Nrakeretdgethertrtese 8indings indicate that therselion

information contained within vestibular signals modulates hippocampal function. This is
significant since the hippocampus is known to play a prominenirrsleveral cognitive
processes, particularly memory and navigation (Maguire & Mullally, 2013). Damage to
vestibular cortical networks (including the hippocampus) could thus provide a direct pathway
for the cognitive impairments, most notably memory, tleaehbeen observed in patients

with vestibular dysfunction (Bigelow & Agrawal, 2015).

Importantly, because vestibular information is projected to multiple areas of the
cerebral cortex, these hippocampal alterations are likely to be part of a complex cascade of
neural changes throughout the neocortex and lisystem(Smith et al., 2010)For example,

Liu et al. (2003) showed that peripheral vestibular lesions reduced the activity of
neurochemical receptors associated witmory and learningithin the entorhinal and

perirhinal cortices. Models have theorised that the projection obuéstiinputs to grid cells
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within the entorhinal cortex may then be used to set the dimensions of place cells in the
hippocampusNIicNaughton Battaglia,JensenMoser& Moser2006. Hanes and McCollum
(2006) suggest that because of the way that the huraami$ likely to compute cognitive
operations, these diverse vestibular projections could impact multiple cognitive functions.
That is, if the human brain carries out cognitive processes within a relational framework that
resembles extrpersonal physicapacethen many cognitive operations are likely to be
directly dependent on the spatial information provided by vestibular inputs for optimal

performance.

As mentioned previously (and continued belaih direct pathwais challenged by
the links that have been demonstrated between vestibular dysfunction and psychiatric
disturbancegSmith et al., 2010While it remains unethical to directly manipulate the
influenceof psychiatic comorbidities on vestibular contributiotescognitionin humans,
thereis some evidence from animals to disentangle these indifiects(Gresty & Golding,
2009; Smith & Zheng, 2013). Across several studies, rats with bilateral vestibular damage
who showed increased anxiety (indicated byaba@dance of brighthjit areas) on the black
and white box test (assesses exploration of light and dark areas) were given artiaggic
to reduce their anxietljke behaviours. While the drug appeared to reduce their anxiety, it
had no effect on theperformance om separate spatial maze task ¢hadoet al., 2012;
Zheng, Cheung & Smith, 20L2At least in animalsvestibularcontributionsto spatial
memory seem to be independent of anxiety, indicating a direct vestdmgaitive pathway.
However the section below indicates that these associations are likely to be more

complicated within humans.

Indirect Vestibular -Cognitive Pathway

Psychiatric and fatigue/ sleep symptomsAs can be seen in Figure 2.1, several other
symptoms can coincide with vestibular dysfunction which could influence cognitive
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processeike memoryindirectly (Bigelow & Agrawal, 2015). Multiple reports have already
establishedilgh but variable rate$30-68.25%)of comorbidpsychiatric symptoms amongst
patients with vestibular dysfunctiosge Table 2). Anxiety, panic and phobic disorders

appear to be particularly prevalent relativéiie general population (Gurvich et al., 2013).
Moreover there is ewdence to suggest these psychiatric symptoms exert a substantial
influence over interactions between the vestibular and cognitive systems. For example,
Bisdorff, et al. (2015) found that anxiety and low general health perceptions were better
predictors oubjective memory complaints than the perceived intensity of vertigo
symptoms. Bigelow et al. (2015a) also showed that combined depression, anxiety and panic
symptoms accounted for a third of the effect of vestibular vertigo omatet! difficulties
remambering or concentrating. However, it should be noted that these studies assessed self
reported cognitive function and thus provide an incomplete account of the connection

between the vestibular and cognitive systems (Bisdorff 2@l5).

Nonethelessthese results suggest that psychiatric disturbances should be taken into
account when considering the cognitive complaints of individuals with vestibular
dysfunction. Especially sincaadse patients with mixed organic vestibular and psychological
symptons were mordikely to havethe highest levels of handicap, a lower quality of life and
be unresponsive ®tandard vestibular treatmeifisardley & Redfern, 2001)Given the
detrimental impact that these symptoms can have orb&glf (and potentially cagfion)
and the associated costs for healthcare systems, it is important to identify and treat these

comorbidities appropriately (Lahmann et al., 2014)
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Table 22

Reported Prevalence ofichiatricand Somatic @nptoms irPatients with ¥stibular

Dysfunction

Citation

Prevalence Rate

Most Common Symptoms

Eagger etal., 1992.

50% of 54 interviewed patients with
peripheral vestibular disorders.

Panic disorder with or
without agoraphobia and
major depression.

Eckhardt-Henn, 68.3% of 189 patients with organic and/  Anxiety, phobic and somatic
Breuer, Thomalske, or psychogenic dizziness. disorders.

Hoffmann & Hopf,

2003.

Eckhardt-Henn et 65.2% of 23 patients with VM; 57.1% of  Anxiety and phobic

al., 2008. 7 patients with MD; 15% of 20 patients disorders.

with BPPV; and 22.2% of 18 patients
with vestibular neuritis.

Gazzola et al., 2009.

55.8% of 120 elderly patients with
chronic vestibular dysfunction.

Only geriatric depressive
symptoms examined.

Best, Eckhardt-
Henn, Tschan &
Dieterich, 2009.

Cumulative overall mcidence over one
year was 67.6% within 68 patients with
vestibular vertigo.

Somatoform and anxiety
disorders.

Lahmann et al.,

48.8% of 547 interviewed neuro-otology

Anxiety/ phobic, somatoform

2014. patients. and affective disorders.
Bigelow et al., Self-reported vestibular vertigo resulted Depression and panic
2015a in a threefold increased odds of disorder.

psychiatric morbidity.

Note.VM= vestibular migraine; MD= Méniere's disease; BPPV= benign paroxysmal

positional vertigo.

Reports of disturbed sleep and fatigue have also continued to emerge on more general

measures of wellbeing and psychological heatrdley, Burgneay, Nazareth and Luxon

(1998) revealed thats87% of the dizzy patienthey assessa@portedfatigue symptoms,

relative to 333% of healthy controls. Mendel, Bergenius and Lan(ig99)also found that

vestibular patientgiewed their sleepealth as significantly impaired relative to a control

groupusing an assessment of selfed functional statugaggeret al.(199) also showed

that these insomnia and fatigue symptoms could even persist years after other psychiatric

symptoms had redved. More recentlySalhofer et al(2010 compared the sleep quality of
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patients with vestibular and nemstibular migraine and found those witM trended

towards having poorealeep. Given thataep irregulaties and lack of sleep alisted

amongst the provoking factors ¥M attacks (Lempert et al., 2012), and have been found to
worsen cemorbid depressive symptoms in patients with chronic vestibular dysfunction
(Gazzola et al., 20Q9addressing these symptoms is likely to be an imporéatdifin

recovery More generally, clinical levels of fatigue and excessive daytime sleepiness have
both been associated with cognitive impairments, particularly on tests which require
concentration and sher@rm memory (Capuron et al., 2006; Neu et20111) and should thus

be considered irhe interpretation of vestibular contributions to cognition

Several interpretations have been proposed to explain the emergence of these
psychiatric comorbiditieand how they might relate to the cognitive impairments observed
within vestibular patient€One possibility is that psychiatrsymptomsare epiphenomenal
andemerge as a reaction to the distress of living with a vestibatatition(Hong et al.,
2013;Jacob, Furman, Durrant & Turndi996. Similarreactive symptoms are also present in
other primary organic conditions such as hdaase or diabetes (Katon, Link&oenke,
2007)andare generally thought to be transient; onceotiganic yestibulaj disease is
resolved psychiatricand other comorbidymptoms will reduceCoelho & Balaban, 2015;
EckhardtHenn et al.2008. Anxioussymptans of panic and a sense of dread are often
considered to be a reactive epiphenomena, such thatpheagant cmplaintsthat
accompany vestibular dysfunction (e.g. nausea and visual disturisanee)as reinforcing
stimuli for the conditioned avoidance of situations that evoke discomfortfagermarkels
the anxiety can also generalise if individua¢ézome hgervigilant (Balaban &Thayer
200]). Attentional Control Theory (ACT) (Eysenck, Derakshan, Sant@al&o, 2007)
suggests that these worrisome thoughts can indirectly impair cognitive functioning by

increasing attention towards threatated stimuli (e.g. supermarket aisles, escalators) and
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decreasing the availability of resources for maintaining ez control (inhibition and
shifting) and goatlirected attention, thumpedingupon memory and other related cognitive

processes

Alternatively, psychiatric comorbidities could be considered as brain disorders in the
same way as the cognitipeocesses discussed above (Gurvich et al., 2013). In line with this
idea, reurotransmitter changese implicated in several vestibular syndromes (e.g. VM and
MD) andare treated by manifating chemical propertig®est et al.2006. Since the
affected serotonergic and dopaminergic systamesalso implicated in anxiety and
depressionthesepsychiatric comorbiditiesould reflect the altered functioning of
neurotransmitter pathways as opposed to a stirdriven secondary reaction (Bestal.,

2006). In addtion to these neurochemical changbe vestibular systealsohas several
neuroanatomical links to bramegions involved in generating and maintaining affective states
(Balaban, Jacob & Furman, 20Gurvich et al., 2013Multiple comorbid symptoms

(including psychiatric, sleep and fatigue disturbances)d therefore arise due to changes to
the vestibular cortical network, rather than an exclusive neural link between cognition and
vestibular dysfunction. For example, asntioned previously vestibular loss has been
associated with higgcampal atrophy. This coulze of relevance here since the hippocampus
contributes to emotion processing as well as spatial memory and navigation (Smith & Zheng,

2013).

Balance and psychiatrsymptomsalsoshare central neural circuits in some of the
most primal areas of the brain which control vestibular processing, autonomic function
(including the flightfight response) anemotional responses. Amastghese is the PBM
the brainstem, hich provides a direct link between the vestibular system and emotion
processingéxpression, particularly anxiety and feBalaban& Thayer,2001). Other brain
stempathway include the anterior cingulate cortex (ACC) and the insular cortehwhic
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connect the vestibular system witte prefrontal cortexPreuss et al2014) Thefrontal
lobes regulate and integrate incoming sensory and affentamenationat the highest level,
andalsoexert inhibitory control forces over the vestibular nusidhe brain stemNegative
stressors triggered through vestibular dysfunatnay therefore diminish the availability of
sharedrontal resourcesleading tadifficulties in maintaining sensorimotor coordinatj@s
well as impeding upon the setffonitoring of affective states and executive functions
(Camona, Holland & Harrison, 200®reusst al.,2014).
Other explanations suggest that psychiatric symptomsresult fronthe defective
integration ofinformation from multiple senses. Maspecifically, vhen the vestibular
system is damaged the signals it sends out are distprtetlicing a misleading frame of
spatial reference which diverges from other senses. This mismatch can givesigehiatric
symptoms including fears of falling€. space phobia amdotar i st 6 s diBalah&i ent at
Honrubia, 2010)as well asunreal perceptions of orientatiamd feelings of detachment from
oneds ment al (derealisation anel depaysonalisati®hyg, JawguiRenaud,
Green, Brong&in & Gresty, 2006)Derealisation and depersonalisation symptoms could
thereforeinfluence cognitive processes relating to-sefiresentation and orientation
indirectybypr ovi di ng i naccurate representations of
envirorment (Gurvich et al2013 JaireguiRenaud, Sang, Gresty, Green & Bronstein, 2008;

Sang et al.20086.

Reflex deficits and hearing bss.The subtle decrements in oculomotor (VOR) and
postural (vestibulks pi n al reflex) control caused by ves
representations of the external world (Hanes & McCollum, 2006). Impaired vestibular
reflexes could indirectly adict cognitive performance if patients are unable to see clearly
(e.g. reading while moving, or viewing quick moving stimuli) or move properly (e.g.

navigating through the environment; Smith et al., 2010, Smith & ZI#1gJ.
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Although patients are uikkly to fully regain normal functioning of their vestibular
reflexes, they may compensate for the acute symptoms. Especially if they have undergone
vestibular rehabilitation (Hillier & McDonnell, 2011) or have long since recovered from the
peripheral vegbular abnormality (e.g. Brandt et @005 Schautzer et al., 2003).

Additionally, several studies tested lesioned rats in light and darkness and showed that
cognitive deficits were indicative of an impairment to spatial orientation as opposed to an
inability to see or move (see Smith et al., 2010 for a review). Taken together, these findings
suggest that cognitive impairments do not arise simply as a secondary consequence of

impaired vision or mobility.

Another important consideration is whether egtoss (following vestibular
dysfunction) also adds to the cognitive impairment. Auditory stimulation has been shown to
affect hippocenpal place cell function (Goble, #ler & Thompson2009; Sakurai, 1990,

1994), thus it is possible that any cochleandge sustained alongside vestibular dysfunction
may also contribute to these cognitive declines (Smith et al., 2010). However, lesion studies
which partially controlled for auditory loss by removing the tympanic membranes (which
stops sound being transreitt to the malleus, incus and stapes) have consistently shown that
animals with vestibular lesions perform significantly worse than those with lesions to the
tympanic membranes (Zheng et al., 2006, 2007, 2009, 2012). This suggests that hearing loss
is not hie primary cause of cognitive impairment (Smith & Zheng, 2013) and at least some
cognitive effects are likely to be driven by vestibular dysfunction. Moreover, studies on
healthy populations under conditions of microgravity (FowlEnnfort & Bock 2000;

Grabherr & Mast, 2010; Gresty & Golding, 2009; Oman, 2006) or during concurrent
vestibular stimulation (see Miller & Ngo, 2007; Utz et al., 2010 for reviews) have also
evidenced an effect of vestibular inputs on cognitibren these reflex and auditory

abnamalities are absent.
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Natural Causes

Several studies have shown thastibular function tends to decline over the lifespan,
with older adultsat greater risk of encountering balance problems (Hansson & Magnusson,
2013). Moreover, older adults are alg®ly to undergo a decline in their cognitive faculties
(Robbins et al., 199%). An emerging body of evidence has therefore begun to explore the
impact of ageelated vestibular deches on cognitive function (Harun, Oh, Bigelow,

Studenski &Agrawal, 2016).

Semenov et al. (20)@nalysed data from a large health survey and found that
vestibular dysfunction mediated 14.3% of the association between age and visuospatial
ability. The group (Bigelow et al., 2015b) also revealed significant stamiassociations
between reduced vestibular function and impaired visuospatial abilities in a large sample of
elderlyadults Previc (2013) also highlighted vestibular loss as a potential contributor to the
onset of Al z AR)iArhgahess thdtiwasewpgoded by the finding that
topographic memory (the ability to locate a place and find your way bacloteeitof the
earliest signs of AD) is significantly related to vestibular functioning (primarily horizontal
canal function) in the &lerly (Previc et a].2014). Taken together, these studies indicate that
cognitive impairments (particularly visuospatial skills) may result from the natural
deterioration of inputs to key regions within the vestibular cortical network (e.g. the
hippocampis, psterior cingulate, and pariet@mporal cortexdueto aging and vestibular

loss (Cyran, Boegle, Stephan, Dieterich & Glasauer, 2016; Previc et al., 2014).

The Current Study

To further elucidate upon interactions between the vestibular and cognitive systems
this study addressed two outstanding issues. Firstly, the study aimed to more accurately
determine the prevalence and nature of meraadyother allied cognitive avdellbeing

impairmentdollowing vestibular dysfunction using a broad battery of standardised
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assessments, recall that previous research has implemented smaller batteries that often rely on
selfreport measures of cognition. Secondly, to try and genepagchological modethe

study explored the mechanisms underlying vestibcognitive interactions by examining

direct and indirect (i.e. psychiatric, fatigue/ sleep disturbances) vestibular influences on
cognitive performance. Patients attending thiest neurcotology appointment were

recruited to perform a battery of cognitive, psychiatric and fatigue/ sleep assessments,
alongside neurophysiological tests of vestibular function and balance questionnaires to probe
the relevanfactors discussed ab@vResponses were analysed to determine the prevalence of
different neuropsychiatric symptoms, relative to normative data and published clinical cut
offs. SEMwas then used to test whether vestibular inputs influenced cognitive processing
directly, or indrectly via psychiatric, fatigue/ sleep, or agdated variable More

specifically, if vestibular signals make an independent contribution to cognitive functioning,
then analyses should reveal a significant path between vestibular function and eognitiv
performance that is independent of any age, psychiatric or fatigue/ sleep mediators.
Alternatively, if vestibular signals influence cognitive function indirectly through age,
psychiatric or fatigue/ sleep mediators, then only those models with a mguh#tedy

should reaclsignificance

To briefly foreshadow the outcomes, psychiatric, fatigue/ sleep and cognitive
(particularly sustained attention and working memory) disturbances were all highly prevalent
within the sample. SEM further revealed thastibular dysfunction (assessed using a balance
platform) had a significant direct influence on cognitive performance, independent of any

age, psychiatric or fatigue/ sleeglated effects.

Method

One hundred and one npneselected grticipants(N= 101) wererecruitedfrom the
Medway Maritime Neureotology outpatient service over a twelv@nth peiod. Sampling
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was opportunisticpatients were offered the chance to participate at their initial re¢atogy
appointment. Only those patients who wereniraative stage of vestibular disorder (last
attack or presentation of symptoms occurred within #g pixmonths) were inited to
participate All assessments took place at the clinic, typically across two sessions. Overall
compliance was high with thmain reason for refusal being time constraints (i.e. work,

travel).

The study was approved bye Cambridge Centr&lHS Research Ethics Committee

(REC)and adhered to standard ethical guidelines.

Exclusion Criteria

Patients were excluded from participatif they had other illnesses which could
produce dizziness symptoms without a vestibular component (e.ghégliedness due to
cardiovascular diseas®r induceneuropsychiatrisymptoms wihin the same timérame as
thepresentation of dizzinessspioms( e . g. Par ki nsondés di s.ease an
Additionally thosewith ahistorichead injury(with loss of consciousnes®r psychiatric
illness(for whichsecondary careas accessed) were also excluded. A broad range of ages
were sampled @ 75), all participants reported noticing a change in their cognitive,
psychiatric orgenerawell-being that coincided with the onset of their vestibular condition
(aside from any ageelated effects)Participants who did not participate in both the
psychological and neurotologic examinations were withdrawn from the anal{Sis 19,

N= 120 19= 10).

All participantsunderwent the same assessment procedure which lasted

approximatelytwo hoursand consisted of two parts, as follows.

Neuro-Otologic Assessment

This was completed by consultant neurotologistwh o was bl i nd to the
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psychological performance. A standastianterviewwas first delivered to establishe

history of the presenting condition as well as any othevaatemedical historyclinical
neurological and neurotological examination@ncludingpositional manoeuvres, stepping
testg then followed. Additional neuphysiological examinations weatsoused to measure
ocular mobility and optokinetioystagmugvideonystagmographyas an indicator of central
vestibular functioning. Bymmetries ilateralsemicircular canal responsassociated with
peripheral vestibular damage were also assessedwidemgHead Impulse Testing (VHIT).
Additionally, generalunassistegbosturewas tested using a computerised balance platform
where participants had to maintain their balanc8@sunder four test conditions which
varied the availability of different sensory inputs (vision, proprioception, vestibular) for
balane maintenance. The most difficult condition (eyes closed, foam surface) exclusively
tests the use of vestibular inputs for balance maintenBitie thevideonystagmographgnd
VHIT werescored categoricallgiccording to normed dafabnormal/ norma) whereas the
bal ance platform tracks shifts in a particip

terms ofvelocity of sway(mm per secong

The interpretation of these neurophysiological tests can be litntétke intermittent
nature of sevel vestibular symptoms (e.g. vertigo attacks) which typically resolve over time
(usually within minutes to hours) or once compensatory strategies are actioned (@ih@mnps
Amedee, 2009; YardleWasson, Verschuur, Haacke & Luxdir§92). Thus it was also
neessary to obtain a general estimate of how
previous months in addition to the day of examination. Threewaétlated questionnaires
were therefore selected and admsohfthest er ed t o

dizzinesssymptoms (see Table 2.3).

Diagnoses wermadeby the neurentoogist according to the patient history,
publisheddiagnostic criterialiternational Classification of Hdache Disorderg™ edition,
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Olesen& Steina, 2004:; hternational Statistical Classification of Diseases and Related

Health Problems 10th RevisiolCD-10, American Academy of Otolaryngologyead and

Neck Foundation1 995 Committee on Hearing and Equilibrium; 199&nd any relevant

neurcotological exaninations/ tests (e.g. DiMallpike manoeuvre).

Table 2.3

Balance Questionnaires

Assessment

Scale

Example Item

Vertigo Symptom Scale-

VSS (Yardley et al., 1992).

Measures organic and
somatic vestibular

symptomology.

22 items form two sub-scales
(vertigo severity-VS and somatic
anxiety- SA). All items are rated on
a five point Likert scale (0= never,
4= very often) indicating the
frequency of symptoms over the
past year.

Unable to stand or walk properly
without support.

Difficulty breathing, short of
breath.

Dizziness Handicap
Inventory- DHI (Jacobson
& Newman, 1990).

Measures functional
impairment.

25 items rated on a three point
Likert scale (yes, sometimes, no ).

Because of your problem have
you been embarrassed in front of
others?

Does your problem significantly
restrict your participation in social
activities?

Visual Vertigo Analogue
Scale- VAS (Longridge et
al., 2002).

Measures visual
disturbance.

Nine items rated on a visual
analogue scale representing the
dizziness felt in a situation. The
scale ranges from 0 (no dizziness)
to 10 (most dizziness).

Walking through a supermarket
aisle.

Going down an escalator.

Psychological Assessment

This began with a short serstructured interviewegardingparticipant® e x per i ence
of their comorbid symptomand their demographic background. Several questionnaires were
administeredsee Bble 2.4 to quantifythe clinical significancegbar t i ci pant s6 con
psychiatric, sleep and fatigue symptoms. dilestionnairebave been welvalidatedand are

recognsed for use with neurological patient groups, including vestibular dysfurfetign

Eagger et al.1992 Huisinga, Fillipi, Schmid & Stergiou, 20ilreland & Walker, 1994;

Langguth et al., 20Q7schan, Wiltink, Adler, Beutel & Michal, 2013mportantly, the

guestionnaires were alsoncise enough for patients to complete within a short space of time.
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Table 2.4

Mood, Sleepand FatigueQuestionnaires

Assessment

Scale

Example Item

Beck Depression
Inventory II- BDI
(Beck, Steer &
Brown, 1993).

21 items rated on a four point
Likert scale (0. 1, 2, 3). Total
scores =21 indicate clinically
relevant depression.

Pick out the one statement in each group that
best describes the way you have been feeling
over the past two weeks (Inc. today):
Sadness.

0 I donot feel sad

1 I feel sad much of the time

2 Tam sad all the time

3 I am so sad or unhappy that I can’t stand it

Beck Anxiety
Inventory- BAI

(Beck & Steer,
1993).

21 items rated on a four point
Likert scale (notat all, mildly,
moderately, and severely). Total
scores >16 indicate clinical levels
of anxiety.

Over the past week (Inc. today) how much
have you been bothered by each symptom:
-Heart pounding or racing.

-Unable to relax.

Cambridge
Depersonalisation
Scale- CDS
(Sierra & Berrios,
2000).

29 items rated on two Likert
scales which sum together to form
a total score:

Frequency (0= never - 4= all the
time).

Duration (1= few seconds - 6=
more than a week). Total scores
=70 suggest abnormal levels of
depersonalisation.

How often have you had these experiences
over the last six months? What was their
approximate duration?

-What I see looks “flat’ or ‘lifeless’. as if I
were looking at a picture.

-Whilst doing something I have the feeling
of being a “detached observer” of myself.

Fatigue Severity
Scale- FSS (Krupp
et al., 1989).

Nine items rated on a seven point
Likert scale (1= strongly disagree
- 7= strongly agree). Excessive
fatigue levels if the average of all
sub-scores is >4.

During the past week, I have found that:
-My motivation is lower when I am fatigued.
-Fatigue interferes with my work, family or
social life.

Epworth
Sleepiness Scale-
ESS (Johns, 1991).

Eight items on a four point Likert
scale (0=no chance of dozing -
3=high change of dozing).

Total scores =10 indicate
excessive daytime sleepiness.

How likely are you to doze off or fall asleep
in the following situations?

-Watching TV

-Sitting inactive in a public place

Pittsburg Sleep
Quality Index-
PSQI (Buysse et
al., 1989).

19 items which form seven
component scores. A combination
of open-ended questions and
Likert scaling is used. A global
score of =5 differentiates poor
sleepers.

During the past month:
-When have you usually gone to bed?

-How often have you had trouble sleeping
because you:

Cannot get to sleep within 30 minutes.

(0= not during past month - 3= three or more
times a week).

Cognitive morbidity wasnvestigated using a custoradsbattery of six computer

interfaced tests from the Cambridge Neuropsychological Test AutorBatesty

(CANTAB®-eclipsg which has been wellalidated forstudyingbrainbehaviour
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relationships (Robbinst al.,19940) andcandifferentiatenormaladuls from various clinical
populations (Saunders & Summers, 2010). Tests were carefully selected to probe a range of
cognitive functions including information processiagiention executive fustioning and

memory (both with and without a spatial emphadigple 2.5 provides a brief breakdown of

the tests and their most relevant outcome measures (for more information see CANSTAB

test administration guide, 2013).

Two different test orders were used to administer the CANTAB assessments. Half the
sample received the tests in order one (PAL, RVP, SWM, RTI, SSP, DMS), the other in order
two (RTI, DMS, SSP, SWM, RVP, PAL). These orders were selected to counterbalance
saial position effects while avoiding placing similar tasks next to each other to reduce the
demands placed on a particular cognitive function. Rest breaks were given after every two
cognitive assessments, one or two questionnaires were usually complatgditese

breaks.
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Table2.5

Cognitive Assessments from the CANTAB

Test

Task Example Trial and Key Outcome Measure

Paired

Associates objectlocation association@articipant

Assesses new spatial learning for multip

Learning completes multiple attempts until each
(PAL) trial display is learnt)Requires the
retention of pattern and spatial
information.
Participants are shown patterns appearil
in boxes, they mu§t_remember the locati Total number of incorrect placements
of each pattern. Difficulty increases from (adjusted for the number of attempts made
one to eight patterns.
Spatial Requires the retention and manipulation
Working  spatial (but not pattern) detaiExecutive
Memory  control is alsgrobed
(SWM)
Using a process of elimination participar
need to find fAblue I
revisiting boxes which have already hee
fqund to contain a foken. The search The number of errors (returning to
display increases from 3, 4, 6 to 8 boxes previously visited box) and the strategy us
(beginning a search at the same box).
Delayed Requires theetention of complex patterns
Match to  (with minimalreliance on spatial memary
Sample
(DMS) Participants are shown a target pattern
which is then covered for a short delay (u
to 12s). Participants must identify which o
four options matches the target from
memory. Percentage of correct responses.
Spatial Assesses memory capacity for a spatial
Span sequencelNo pattern recognition is
(SSP) required.

White boxes briefly change colour in a
variable sequence. Participants must
remember the sequence and touch the bc
in the same order. Sequence length is

i ncreased until the
reached (maximum of 9).

The longest sequeacecalled by the
participant.
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Reaction  Tests information processing spdeda
Time singlesimple target
(RTI)

Participants must react and touch a yello
dot as soon as it appears on the screen.
dot can appear in one or five locations.

Average speed (ms) of target button

presses.
Rapid Assesses sustained attentiBequireghe

Visual detection okeveratargets within a

Processing continuously changing display.

(RVP)

Single digits are rapidly presented for foL
minutes participants need to continue to
detect and respond to multiple target
sequences during this period.

d &ensitivity measure calculated from hit
and false alarms andsponse time (ms)

Results
Statistical Approach

Analyses first attempted to characterise the participant sample in terms of their
demographics andestibulardiagnosesThe prevalence of psychiatric, fgtie and sleep
disturbances as well as specific cognitive impairments were then calculated based on normed
data and established eoftfs. An exploratory factor analysis (EFA) was subsequently
performed to identifgore latengbilities underlying the multip cognitive testsFinally, the
extractedactors wereenterednto SEM designed ttest hypotheses about whether vestibular
function influences cognitive performance directly atiractly via age, psychiatric and

fatigue/ sleep mediators.

Participant Characteristics
In line with previous epidemiology studies, the majority of the sample were middle
aged M= 48 (x14.47), female (77: 24), and suffered from VM (63%) (Lempert & Neuhauser,

2009), further demographics are presented in Table 2.6. The dwationpar t i ci pant s o
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vestibularsymptoms ranged from three months to 23 yadrs .15 years) before they had
attended the specialist clinic. At interview unsteadiness, light headedness,, westigb
disturbancesandnausea were the most commonly reported symptoms. Many patients had a
balance problem that was constantly present (75.2%), intermittent attacks where the

symptoms worsened were also preva(@ao).

Table 2.6
DemographidCharacteristics of the&@nple
Age Gender Constant

Diagnosis N % M SD Male Female Yes No
VM 64 63.4 4385 14.07 13 51 47 17
BPPV 8 7.9 5945 11.35 1 7 5 3
BVF/ hypofunction 3 3 58.74 5.05 1 2 3 0
VM & BPPV 7 6.9 53.63 8.46 0 7 4 3
VM & peripheralloss 6 59 46.45 15.10 3 3 6 0
MD 2 2 54.48 12.16 1 1 1 1
Central (cerebellar 5 5 60.93 7.28 3 2 5 0
dysfunction)

Central & peripheral 1 1 68.30 - 0 1 1 0
hypofunction

Other 5 5 54.40 14.34 2 3 4 1
Total 101 100 48.18 14.30 24 77 76 25

Note.VM= vestibular migraine; BPPV= benign paroxysmal positional ver&yd-=
bilateral vestibular failurdy\D= Méniere'sdisease

Neurophysiological examinationsPerformance on the vestibular function tests
tended to support the diagnoses madehbyconsultantAbnormal scores were obtained for
27% of the sampl on thevideonystagmographgnd 25% on the vHIT, relative to normed
data (age, gender matched) made available by GN Otometfibgdact that most
participants showedormalocular mobility and optokinetioystagmu®n the
videonystagmographyeduced concerns about cognitive impairments occurring as an indirect
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consequence of VOR deficits. Moreover, the vHIT scores suggested that the majority of the

sample were sufferingdm acentral rather than periphenalateddysfunction.

Although these figures may appear low, it should be noted that the majority of the
sample were diagnosed with VM for which there is no diagnostic marker that presents during
neuraphysiologicalexaminationgCherchi & Hain, 2011). Additionally, any participants
who attended the clinic on a Aigood dayo when
may have performed normally whilst holding a diagnosis of a vestibular dysfunction. In light
of the® prevalence rates, furth@nalysis of the neurophysiological detas restricted to the
balance platform, a continuous measure of postural abnormalities, which is sensitive to
ongoing chronic balance problems (Agrawal, Carey, Della Santina, Schubertat, K009;
Lipp & Longridge, 1994).

Prevalence of Neuropsychiatric Comorbidity

Preval ence rates were established by comp

score to established clinical eoffs and aganatched normed data.

Figure 2.2 shows therevalence of each psychiatric and fatigue symptom compared
with established clinical ctdffs. Over half of thesample (59.8%) presented with clinically
significantanxietyscores on the BAat their initial clinic appointment. Depression symptoms
on the BDI were less prevalent but still common, with over a third of the sample (36.64%)
falling above the clinical cedff. Clinical levels of depersonalisation disorder were
infrequent (12.87%)mportantly, the majority of patients (61%) had not experienced
psychiatric symptoms or sought contact with a health professional regarding these psychiatric
symptoms prior to the onset of their vestibular disorder, indicating that the presence of
vestibulr dysfunction can worsen pexisting psychiatric symptoms as well as trigger the

onset of these symptoms.
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The incidence of fatigue within this sample was high with over 70% of the sample

reporting symptoms which met the FSS clinicalefif and 43.56%eporting significant

levels of daytime sleepiness on the ESS. Disrupted sleep was also highly preithlemer

three quarters of the sample (78.35%) falling above the abnorrnatf @t the PSQI (see

Figure2.2).
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Figure 2.2 Relative incidence (%) of psychiatric and fatigakeepmorbiditiesacross the

101 participantas compared with established clinical-offs (indicated by the blue lines)
Note.The maximum scores that can be achieved on the BAI and BDI are 63 aretagea
score is used for the FSS.

Each CANTAB assessment has several outcome measures, the most informative and

widely published measures are presented in Figure 2.3 alongside the percentage of
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participants that fell outside of normative performancetértiie. the participant obtained a

negativez score indicatingower performance than the normatiwear) according to a

databas@rovided byCANTAB®. Wher e possi ble, participantséo
with the normative sample in terms of agel gender. In those instances where matched data

was unavailable (particularly | imited for RT
with the normative sample as a whddortterm memory capacity (SSP) and sustained

attention  ®VP) were partiglarly impaired relative to the normative sample, indicating

that these functions may lespecially vulnerable following vestibular dysfunction.

Cognitive Assessments

Spatial span (SSFP) 56%
Spatial working memory strategy SWM-S) 53%

Spatial working memory errors (SWM-E) 50%

Delayed match to sample (DMS) 51%
Paired associates learning (PAL) 29%

Rapid visual processing &’ (RVP) 63%

RVP ms 24%

Reaction time ms (RTI) 44%

Figure 2.3. Relative incidence (%) afognitive morbiditycompared with normative data on
the different subtests of the CANTAB battery

Underlying Mechanisms

Core cognitive componentsNext anEFA was conductetb identify which
CANTAB tests appeared fwobeto the same cognitive functions and which cognitive
factorsexplairedthe mostvai ance i n participantsd scores (
The factors identified in this analysis were then used in StoMest hypotheses about the

mechanisms of vestibukaognitive effects.
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Initially, the factorability of the principdCANTAB outcome measures was examined.
Firstly, it was observed that the majority of the measures shared significant moderate
correlations (see Tab®7) suggestinghe data were suitable for EFAlthough two
exceptions were present. The SWM_S measure correlatatively with the othguositively
indicatedaccuracy outcome measures because imprsivategyperformance is associated
with fewer initial search positionSince his is a crucial element of the measure which
cannot be reverseodedand reflectsan importat cognitive dimensiorthe SWM_S was
retained for furtheEFA analysis.In line with previous researcbutcome measures indicated
by response speed (Simple IRihd RVP)alsotended not to associate with thaseasured
by accuracy. Thigould potentiallybe due ta speedaccuracy tradeff or a dissociation
between tasks with higher and lower mental processing dentaifflsvas therefa
completed upon theeven measures that were not tin@sed (including SWM_S) and
excluded the tw&RT measuress(ncea separat&FA could not be completed with justo

outcome measures
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Table 2.7
Zero-Order Correlations among the Principal CANTAB Outcome Measures

Measure 1 2 3 4 5 6 7 8 9
1. Reaction time (acc) o} A2 .24* -.15 .25* 15 -.14 31** 27
2. Reaction time (ms) o} -.12 A2 -.17 - 46%* -.03 -.06 -.10
3. Rapid visual processingd ) o} -.53** .38** 26** -.20* .30** A8**
4. Rapid visual processing (ms) o} -.28** -.35%* .16 -.29%* -.37**
5. Paired associates learning_%C o} 14 -.28** 50** A1x*
6. Delayed match to sample o} -.20* .30** 23*
7. Spatial working memory stratec o} - 73** 23*
8. Spatial working memory_%C o} A4**
9. Spatial span o}

Note.Nonredundant correlations presented 101) The PAL and SWME were both reverse coded to obtain pleecentagef trials that

participants got corre¢®C). Coefficients significant gi<.05 are displayed with a *, those significanp&atO1 are displayed alongside **.
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The EFA used the Maximum Likelihood extraction method and applied Promax
rotation. The KaiseMeyerOlkin coefficient was 0.7 and the Bartlett test of Sphericity was
signifi cant [ 6] p<.0D1 indicatihgdhét.the Broperties of the correlation matrix
were suitable for EFATwo factors emerged with eigenvalues abowe (factor one=2.92,
factor two= 1.07), accounting for 32.17 and 13.45% of the variance respectively.
Examination of the scree plot (see Figure 2.4) demonstrates that factor one appeared to
explain the majority of variance. Further SEM analyses therpfoeeded with a single

factormodel(further interpretation of the extracted factor is provided in the next section).

Eigenvalue
¢ = N
O o1 P o1 N o1 W

o

1 2 3 4 5 6 7
Factor

Figure 2.4 Scree plot displaying one clear cognitive factor.

Structural equation modeling. Once themodel structuréad beerconfirmed (single
cognitive factor plus the two RT measures), a series of mediation models were then
constructed using SEM in AMOS 23. SEM can evaluate multiple causal relationships
between latent and observed variables by combining confirmatory &awbysis with
multiple regression. Unlike more traditional multivaripteceduresSSEM simultaneously
models multiple path outcomes and can correct for measurement error, thereby resulting in
more accurate parameter estimations. Several recent stadieslso adopted the technique

and revealed interesting insights regarding vestibular contributions to cognition using survey
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data (Bigelow et al., 2015a; Bigelowat, 2015b; Semenov et al., 2(Q,1Bighlighting the

utility of the technique.

Following the guidelines of Holmbeqld997), two stages of modeling were
completed to address the key study questions. First the analysis tried to establish the impact
of vestibular influences on cognitive function (direct effect), while taking in to account any
age-related effects. That is, does vestibular function impact cognition over and above any
agerelated changes? To do so, SEM examined whétkeassociatiorbetween age and
cognitiveperformanceavas mediated bthe different measures of balance (dinsestibular
cognitive pathway)The next step tested mediational effects for thi@dance measures
which showed a significant unique contribution to cognitive function. Analyses estimated
how much of this association was mediated by comorbid psychiattitaague/ sleep

symptoms, while adjusting for age (indirect vestibulagnitive pathway).

Where relevant, standardidregression coefficients are reported to explore the
loadings of the observed CANTAB variables on two cognitive factors: processing speed for
the RT measures, and the accurbaged cognitive factor identified by the EFA.

Standardised coefficients are atsported for the mediation pathways to determine the

strength of the associations between the variables of interest.

Prior to estimation, the raw data was checked for outliers and missing values. Of the
101 participants, 96% provided a complete set td.d@ecause there was no discernible
pattern of missing data, listwise deletion was appiN=lg5). All models were estimated
using Maximum likelihoodand bootstrapped (2000 resamples) to account fenoomality
and acquire greater power (while contirgdl for type | error)p values and5%bias
corrected confidence intervalgere used to ascertain significapnkewever no further

corrections for multiple comparisons were applied. Instead, efforts were made to simplify the
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models under investigion teduce the number of statistical comparisons being estimated
Contrainsts were also introduced so thatrtieee complex models were only tested if the

paths of the initial basic model were signific@dblmbeck (1997).

Does vestibular dysfunction contrilia to cognitive impairment over and above
normal agerelated changes? total of eight structural equation models were tested, with
each of the four balance assessments (balance platform and questionnaires: VAS, VSS VS,
DHI) acting as the mediator in septer models for both cognitive factors (accuraeged
and processing spee@®cores from the VSS_SA sislsale were excluded from these
analyses because the secondary autonomic sympibioisthis scale assesses could be
caused by psychiatric and somatisturbances as opposed to vestibular dysfunctinrs
distorting any estimates of vestibulaontributions to cognition (Yardlest al.,1992). The
VSS_SAwasincluded in later analyses where the ieflige of psychiatric mechanismsreve
consideredIf vestibular function makes an independent contribution to cognition, then the
indirect path which adjusts for agelated effects should reach significance in least one of the

four models tested.

Themeasurement modedvealed that all loadings ftine cognitive accuracy factor
were significant and moderate (positively indicated measur@s3@o 0.71 and
SWM_strategy3=-0.37; allps <.01) across all of the balance tests, suggesting that the
CANTAB tests were valid and reliable indicators od factor. The indicators with the
highest loadings required memorising spatial locations, thus this factor was termed
visuospatial memoryl'he indicators for the processing speed factor did not signdicant
factor loadigs (allps>.50) acrosany of the balance assessments, therefore models

concerning this factor are not discussed further.

75



Only postural ability on the balance platform appeared to mediate the relationship
between age and visuospatial memory performéatether indirect pathp>.28 see
AppendixA). Self-rated perceptions of vertigo severity, visual disturbances (indicative of
VOR impairments) and balancelated handicap did not significantly impact agkated

effects on cognition.

A representation of the structural modwelolving the balance platform can be seen in
Figure 2.5 furthermeasurement statistics are provided in AppendixAAmoderate direct
path was observed between age and visuospatial memory performance such that older
participants achieved lower scorestba visuospatial memory factor (8345,p<.001). The
indirect path showed that performance on the balance platform partially mediated this
relationship (3=0.09,p<.05). Specifically, older participants showed increased sway and in
turn worsened perforamce on the visuospatial memory factor, resulting in the larger overall
total effect (3=0.54,p<.001). Importantly, performance on the balance platform mediated
17%' of the association between age and visuospatial memmfirming that vestibular

dysfunction contributes to cognitive impairment over and above ansedgedchanges

RTI (accuracy) |
43%*

c=-0.54**[-0.71,-0.32] RVE D) |
57
SSP |
0,
¢'=-0.45%* [-0.65,-0.18] 7 Pal Qbcorrech |
Age > Visuospatial )
Indirect= -0.09% [-0.25,-0.01] Memory DMS |

0.30**

SWM strategy |

<0.37%*
SWM (%ocorrect) |
0.65%*

Balance
Platform

0.40**

\).91**

| Eyes Open Firm | | Eyes Open Foam | | Eyes Closed Firm | Eyes Closed Foaml

Figure 2.5. Mediation model between age, sway on the balance platform and visuospatial
memory abilities. Latent factors (circles) used $icale of the most conceptually relevant

1The percentage of mediation is calculated as: (A x B)/ (A x B) + C) x Wdtere Ax B is
the indirect effect, C is the direct effect, and (B)x+ C is the total effect.
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observed variable (rectangles) in accordance with the factor loa#imgssfrom the SWM
strategy and SWM (%correct) indicators were allowed to correlate (not drawn here) to
account for method effects. Standiaed coefficients are reported alongside fo@asected
95% confidence intervals and significance values., 05, **p<.01.

Do psychiatric and fatigue/ sleep symptoms mediate the relationship between
balance and visuospatial memory performancéfe next analysis aimed to determine the
fraction of the association between posturography and visuospatial memory that could be
explained by comorbid symptoms. Two combinations of mediators were applied in separate
models (to reduce model complexity). Tirst combination examined the influence of
psychiatric variables including t2DI, BAl and VSS_SAThe VSS_SA was treated as a
mediator because tls®matic anxietgymptomology assessed by this scalerefleca t i ent s 6
psychiatric and somatic resp@&ssto the balance problem (Yardley et al., 19%®)te that
the CDS was excluded from the psychiatric model (to reduce model complexity) because few
participants identified with its items, relative to the other questionnaireslgu&®6 met the
clinical cut-off). The second combination estimated the influence of fatigue and sleep
disturbance using the FSS, ESS and PQI. As these comorbid measures all involved self
reported perceptions of wellbeing, covariance paths were drawn between the three
guestionnae residuals in each model to account for any shared variance not being estimated

(i.e. response tendencies).

Mediational effects for the psychiatric and fatigue variables were tested under two
conditions. Analyses first tested the strength of the indpaitts involving the mediators
(psychiatric or fatigue), to establish whether a significant association was present between
these variables and visuospatial memory (see Figures 2.6A and R $6ond model then
added the direct path to evaluate the gftieiof this indirect relationship, once the direct path
between balance function and visuospatial memory was controlled for (see Figures 2.6B and
2.6D). If cognitive impairments in this cohort arise as a secondary consequence of psychiatric

and fatigue disirbances, then this indirect path should reach and retain significance. Four
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models were fitted and tested, again these models were adjusted (furtge measurement

statistics are provided in Appendix A).

Neither the indirect effect of the psychiatrior the fatigue variables reached
significance, regardless of whether or not the direct path was controlled fés<{@l03 all
ps>.50). Combined depression, anxiety and somatic anxiety slightly supressed the effect of
posturography on visuospatial memory performance therefore reducing the total path (direct
[3=-0.27; total3=-0.24). Similarly, fatigue severity, sleepiness and stpegity somewhat
supressed the association between posturography and visuospatial memory performance
(direct3=-0.23; totall3= -0.22). Importantly, the negative direct path between the balance
platform and performance on the visuospatial memory fact@uated for the majority of
variance within the total path across both mediator models. Additionally, the direct path
remained significant across the psychiatric mediators2¥,p<.05) and just missed

significance for the fatigue mediatdf$=-0.23,p=.05).

Taken together the SEM analyses suggest that lower visuospatial memory
performance was directly associated with unsteadiness on the balance platform (increased

sway), independently of comorbid psychiatric and fatigue symgt(and controlling for

ae).
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Figures2.6AD. Mediation models for the psychiati(BDI, BAI, VSS_SA)and fatigue
variablegFSS, ESS, PSQIwith (B, D) and without (A, C) the direct paths (dashed lines).
Standardisedoefficients are reported alongside btasrected 95% confidence intervals and
significance values,p<.05, **p<.01.Errorsfrom the SWM strategy and SWM (%correct)
indicators were allowed to correlate to account for method effects, as well adrerrotise
selfreport questionnaires. All results were adjusted for age.

In light of this association, a final more focused regression analysis was performed to
determine whether the level of neuropsychiatric funaotiomd predict posturography
performanceTo this end, the neuropsychiatric variables (visuospatial memory factor from
the EFA and the psychiatric and fatigue questionnaires) plus age were regressed against the
Romberg ratio which is common balance parameter (Eyesed/ Eye€pen on a foam
suiface; Tjernstrom, Bjorklund & Malmstréom, 2015). This analysis was also limited to those
patients with preserved peripheral function (i.e. excluding those with peripheral loss or
M®ni ®r eds di sease) since central naicmpfect s of
different sensory signals across multiple brain circuits) are more likely to exertlawop
influence than peripheral sensory transduction (Allen, Ribeiro, Arshad & Seemungal, 2017).
Consequently, this analysis will inform on any central aspeictestibular symptomology

which affect balance beyond a loss of afferent input signal.

Table 2.8 shows that the variables entered into the regression model did not
significantly predict balance using the Romberg Ratio, either individuall<alfL8,
ps>.10) or when combingdF(8,76)= 0.83p= .53]. Thissuggest that the more complex
models presented in Figures 2.5 and 2.6 may better describe the comorbidities found in the

sample(bothcentral and peripheral dysfunction)
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Table2.8
Multiple Linear Regression Analysis of tReuropsychiatrid-actorsPredicting Balance
Using the Romberg Ratio.

Predictor b SE Sig
Age 0.18 .01 .10
Visuospatial memoryactor 0.05 .09 .70
Beck Depression -0.11 .01 44
Beck Anxiety 0.0 .01 .99
VSS_Somatic Anxiety 0.12 .01 45
Epworth Sleepiness -0.10 .02 44
Fatigue Severity 0.16 .07 27
Pittsburg Sleep Quality -0.14 .02 27

Note. N=87 (preserved peripheral function=R0.80.

Discussion

This study aimed to investigate whether specific memory, other memlaited
cognitive operations and comorbid psychiatric/ fatigue symptoms were affected by vestibular
dysfunction Based on previous literature demonstrating the widespread conndictibtie
vestibular system has within the cortex, cognitive impairments (notably those involving
spatial memory) and other neuropsychiatric symptoms were expected to be prevalent
amongst the sample. The mechanisms underlying these vestibglative effets were also
explored using SEM. Several models tested whether cognitive performance was related to
vestibular function via a direct (i.e. due to potential disruptions to key vestibular cortical
networks related to cognition) or indirect pathway (i.eotigh age, psychiatric or fatigue/

sleeprelated effects)
Key Findings

With regards to thérst aim, theresults revealed that psychiatric, fatigue/ sleep and
cognitive disturbances were all prevalent amongst the sample. Clinically significanblievels
anxiety, fatigue and disturbed sleep quality were especially prominent on the questionnaire
responses. Objective cognitive testing also revealed that over 50% of the sample performed

below average, according to agmtched normative data, on the RVBs{ained attention),
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SSP (working memory capacity), SWM (spatial working memory) and the DMS {siiort
memory). Taken together these results show that vestibular dysfunction can induce a complex
constellation of attention, memory and wellbeing deficitsclv extend beyond the

traditionally recognised symptoms of vertigo, unsteadiness and impaired vestibular reflexes
(Bisdorff et al., 2015)A second major finding revealed by the SEM analysis, was that

postural stability on the balance platform accountedafsignificant proportion of the

variance (17%) in visuospatial memory performance, independent of any common causes
related taaging Moreover, this vestibulazognitive effect could not be explained away by
thepresence of psychiatric or fatiguedesp symptomslhe fact that the direct pathway

between balance function and visuospatial memory remained close to significance across the
mediation models (just missed significance in the fatigue model), suggests that vestibular
inputs could make a dicecontribution to cognitive function. Importantly, since the

psychiatric and fatigue/ sleep mediators only accouiatea small amount of variance withi

the total path, direct rather than indirect mechanism could underlie the vestibataritive
effectsreportedn this study A more focused regression anabalso showed that
neuropsychiatrifunctiondid notpredictposturalperformancesuggesting the more complex
pahways predicted within the SEM (i.e. posturographg d#ectpredictor of visuospatial

memory) may provide a better fit to the data

Prevalence of Comorbidity

To my knowledgethere are no studies to date which have simultaneously
investigated such a broad range of symptoms in patients with vestibular dysfunction using
validated tests rather than uncontrolled-seffort measures. The current findings support
existing researctvhich has demonstrated high prevalence rates of anxietyepelfted
cognitive dysfunction, and fatigue symptoms on general health questionnaires. Importantly,
they also extend this literature to show that comorbid symptoms of fatigue and sleep
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disturbance frequently occur in this patient grompen measured using specialised scales
adapted for use with other neurological conditions (Barbanti, Fabbrini, Alvdimacore &

Cruccu, 2007; Herlofson & Larsen, 2002). Moreover, the data show that théegni
impairments which patients have previously complained of on patient forums, subjective
guestionnaires and during clinical interviews (Bigelow et al., 2015a; Bisdorff et al., 2015;
Grimm et al., 1989), were not simply spkrceived but manifested ootaal objective tests

of specific cognitive processes. Participants showed bal@fage performance on a number

of specific cognitive processes, which included spatial memory as well as sustained attention,

visual memoryor object patterns and working mery capacity.

The current data demonstrate the extensive reach of the vestibular system and indicate
that further efforts should now be dedicated to improving the screening and treatment of
cognitive,psychiatric and fatigue symptoms within neatologyclinics. Vestibular testing
could also be provided for individuals with impairments to those cognitive processes that are
known to be vulnerable after vestibular dysfunction (e.g. elderly aditlisspatial memory
deficits: Bigelow et al., 2015pHarun ¢ al, 201®). Both are likely to be important since
vestibular patients with comorbid psychological symptoms have been shown to have worse

outcomes than those who do not (Lahmann et al., 2014; Tschan et al., 2011).

Mechanismrs of Vestibular-Cognitive Effects

Despite growing consensus that vestibular dysfunction can impair memory and other
relevant aspects of cognition and wellbeing, the nature of these interactions has remained
poorly understood. The significant associations that were identifiedbeveen balance
function and those cognitive tests relating to visuospatial memory (independent of age and
comorbid effects) are consistent with an emerging literature evidencing a direct vestibular

cognitive pathway. Although the mechanisms behind tmectipathway fall short of a
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complete explanation, the main premise focuses on neuroanatomical links which show how
vestibular signals could be passed to areas of the cerebral cortex involved in cognition and
memory (Hanes & McCollum, 2006). Moreover, faet that the vestibular cortical network
includes several regions involved in visuospatial processing and memory (e.g. the
hippocampusinsula, superior temporal gyrus and inferior parietal lobule), fits with clinical
data where vestibular signals app& be particularly relevant for spatial memory,

navigation and orientation (Bigelow & Agrawal, 2015; Brandt et al., 2005). In line with this
idea, the current data showed that visuospatial memory processes were affected by balance
function.Moreover the factor analysisevealed that the majority of cognitive variance within
this patient sample was associated with visuospatial memory procassggposed to

attentionor information processingfdditional analysis failed to show thasuo-spatial

memory capacity, of for that matter any other neuropsychiatric function measured here,
predictedbalance contro{as measured by the Rombeatjo) as would be expected if there is

a bidirectonal relationship.

If the direct pathway holds, then vestibuligssfunction could have disturbed regions
within the vestibulo cortical network which are invedl in visuospatial processingsulting
in changes related to the cognitive mapping of the environment within this sample (e.qg.
performing mental transformatierLenggetmager, Lopez &lanke 2008; spatial memory
and navigation: Brandt et al., 2005, Kremmyda et al., 2016, Shautzer et al., 2003; and path
integration: Cohen, 2000). Thus although the effects of vestibular dysfunction appeared to
extend to a rangef gognitive processes and aspects of wellbeing, it could be argued that
visuospatial processes, particularly memory, are especially reliant on vestibular signals. Also
recall that vestibulacognitive effects could actually extend to operations that are no
typically associated with spatial information if the human brain carries out cognitive

functions within a relational framework that resembles physical space (Hanes & McCollum,
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2005. For example, functions which require information about the struofispace and
movement such as orientati(if®arnath & Dieterich, 2006 numerical cognition (Smith,
2012)andbody ownershifgLopez, Halje & Blanke, 200&ould allbe impeded by
disturbances to the satiiotion signals provided by thestibularsystem(Bigelow &

Agrawal,2015.

However it is important to note that the cognitive tests implemented here were all
delivered visually and several required processing of spatial details either as an explicit
instruction (e.g. PALmemory for objectocaion associations), or more implicitly (e.g.

DMS- memory for complex visual patterns where the configuration of the pattern features
was altered). This decision was motivated by the fact that there is already strong clinical
evidence to support a connectioetween vestibular inputs and visuospatial cognitse (
Bigelow & Agrawal, 2015; Hanes & McCollum, 2006; Smith et al., 2005; Smith et al., 2016
for reviewg, meaning the battery was likely to be sensitive to some of the deficits faced by
the sampleMore recently, Bigelow et al. (2015b) also studied a esessional sample of

elderly adults and showed that vestibular function was only associated with specific cognitive
domains, mainly visuospatial abilities but also working memory and attention. Verbal
memory was not associated with vestibular function. Nonetheless further insights might still
be gained from investigatinghether the specialisation of vestibular signals within
visuospatial memory processes holds when compared to a more varied tegibatieis

less focused owmisual cognition

Further, although the SEM analyses indicated that vestibular signals may be
particularly relevant for visuospatial memory processes, prevalence rates from the current and
previous studies suggest that vestibdhgsfunction can induce a wide range of comorbid
symptoms, including sustained attent{®&VP) and fatigue/ sleep disturbances. One
hypothesis for the broad range of disturbances identified here is that patients with vestibular
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dysfunction are having tdlacate additional attentional resources to maintain postural
stability and orient themselves during daily
in less availability for other mental processes (Redfern et al., 2004). These compensatory
meclanisms could in turn lead to impaired performance on a range of cognitive tasks (not

limited to visuospatial memory) which also extract resources from the same limited

attentional capacity.

In line with this hypothesis, dusdsk studies have already damtrated that patients
with vestibular dysfunction perform worse on a variety of spatial anespatial cognitive
tasks when in a posturally challenging environment (see Hanes & McCollum, 2004; Bigelow
& Agrawal, 2015 for reviews)lheseresults sugest that vestibulacognitive effects arise
due to general capacity limitations which reflect the attentional demands of each task, rather
than the specialisation of vestibular signals for visuospatial memory processes. The
attentional hypothesis couldsal explain the more gene@mplaintsthat have been
described by vestibular patients such as feeling confused, fatigued and unable to concentrate
which might reflect mental exhaustion or overload (Bigelow et al., 2015a; Yatiy

1998.

However, some caution should be exercised when interpretingtaslaktudies like
the abovesincethere is no way of determining whether the spatial andspatial tasks being
compared were equally difficult (Hanes & McCollum, 2006). For example, Shui@ealy,
Woollacott, Kerns and Baldwin (1997) previously examined the effects of a sentence
completion and visuospatial task (perceptual matching task) on postural stability amongst
older adults with a history of falls and found that the dasgk effects wer actually stronger
for the sentenceompletion task. Importantly, since the visuospatial task provided
participants with a visual cue which could be used to maintain balance (fixation cross) while
the sentenceompletion task did not, the results seemeftect the effects of visual
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dominance rather than the attentional demands of particuldaskd. A specialisation for
spatial cognition could therefore have been masked by previous research if-dpatiah

task was particularly difficult or the sfpa task easier. Further, several of the paradigms
implemented within duaiask studies have involved cognitive processes which are organised
spatially €.g. counting: Nascimbeni, Gaffuri, Penno & Tav@i10; arithmetic: Yardley et

al., 2002; andeacting to visual stimuli presented inigan location: Andersson, Yardley &
Luxon,1998). Thus, any dudhsk effects might still be explained by the specialised role of

vestibular inputs in visuospatial cognition (Redfern et2€lQ4).

All'in all the literature above underscores the importance of vestibular inputs to
memory. While attentionddased accounts would argue that vestibatgnitive effects are
driven by attentional capacity limits rather than the specialisation of vestibular sigrias wit
visuospatial processes, the methodological concerns associated withsttustludies
alongside existing clinical literature linking vestibular dysfunction to particular cognitive
impairments, indicates that vestibular signals likely have a moredalistile in cognition
perhaps by providing spatial structure in visuospatial processes like spatial memory,
orientation and navigation (Bigelow & Agrawal, 2015; Hanes & McCollum, 2006). Overall,
the current data provide tentative evidence of a specifictedfevestibular dysfunction on
visuospatial processing and suggest that this association should not be downplayed as an
indirect consequence of psychiatric/ fatigue impairments or general disorientation which

draws attention away from the cognitive ta@ikanes & McCollum, 2006).

Limitations

The above conclusions are limited by the cresstional study design, which cannot
provide causal inferences about the mechanisms of vestiimgdaitive effects. Although the

present SEM analyses provide valuableimation about vestibular contributions to
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cognition which will hopefully encourage further exploration of vestibotanitive

pathways, they cannot provide a complete picture. Longitudinal study designs which monitor
participants across the lifespardaassess their cognitive functioning prior to and after the
onset of the balance problem would contribute useful insights into the temporality of effects
(which mediation assumes but cannot t€Semenov et al., 2016). More complex model
designs coul@lso be implemented which adjust for other relevant variables which could
affect cognitive functioning (e.g. education, ongoing medical conditions, hearing loss) and
were notmodelled hereSomecaution shouldiowever be exercised when increasing the
number of model parametedrsavoid false positivegarticularlysince the SEM tested here

were alreadyailry complex and yielded small effects (though these were comparable to
previous studies Bigelow et al., 284, Bigelow et al., 2015b; Semenov et 2016.

Increasing the sample size from the relatively small numbers recruitefdesity SEM

requires 200 cases or five participants per estimated parameter; Klinew2dd Jikely

improve effect sizes anmodel fit Finally, since the SEM showed that older participants

were more unstable (increased sway) and had worsened visuospatial memory performance,
future studies could also examine the influence of vestimalgnitive effects on geriatric
outcomesé.g. falls risk, independence). Such efforts may help to provide more useful
therapeutic strategies (e.g. navigation or spatial orientation tasks) for an increasingly aged

population (Bigelow et al., 2015b; Semenov et al., 2016).

Another limitation relags to the focus on posturography (balance platform) as a
measure of vestibular function. This is a routinely implemented clinical test which assesses
one of the prominent, everyday vestibul ar
balance under vging levels of sensory input; Semenov et al., 2016). This was deemed to be
the most appropriate neurophysiological test since the majority of the sample suffered with

VM (rather than a peripheral dysfunction) which does noessarily manifest on the
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videonystagmographsnd vHIT. Additionally, Agrawal et al. (2009) demonstrated that

postural performance was significantly associated withreplfrted fall risk over a twelve

month period, indicating the potential utility of the test as an indicator of ichron

unsteadiness. This is relevant to the present sample where the most commonly reported
constant symptom was unsteadiness, meaning vestibular impairments were more likely to be

captured by the assessments on the day of testing.

However, it should baoted that postural performance can be affected by other non
vestibular factors such as participant compliance (e.g. anxiety at the higher postural demands)
or ongoing medical conditions (e.g. arthrifisromyalgia) (Semenov et al., 2016). In this
study,the gradual increase in postural demands and engagement with the consultant as well
as the inclusion criteria should have minimised these concerns, but further research may still
benefit from investing whether cognitive impairments are associated wehapibstionnaire
(e.g.Vestibular Migraine Diagnosis Questionnai€elebisoy et al., 2016) or
neurophysiologicale.g. usingsestitular-evoked myogenic potentials to assess the effects of
the saccule; Bigelow et al., 2015b, Furman et al., 20f2)surs of vestibular function

which can probe specific vestibular symptaongnd organs

Vestibular Migraine

Finally as mentioned above, the majority of the sample were diagnosed with VM so
the current findings offer the best new insights into comorbiditidgmthis patient group.
Traditionally vestibulaicognitive effects have been studied in small numbers of patients with
bilateral or unilateral vestibular loss to isolate the specific contribution of the peripheral
vestibular organs (Brandt al., 2005;Hufner et al., 2007Schautzer et al., 2003). Here, a
sample of unselected patients were tested to ensure that the results were representative of

patients attending a tertiary newwtology clinic. Psychiatric, cognitive and fatigue/ sleep
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abnormalities wee prevalent amongst the sample. Tiitensity and unpredictability of VM
attackg(on top of the constant problem that was already present in most of the sample), as
well as disturbances to common neural circuitry including the Rigié¢minal nucleus
caudalisand serotonergic neurotransmissiBest et al.2006 Furman, Balaban & Marcus,
2005 Lahman et al., 2014) could both be relevant in explaining these neuropsychiatric
symptoms. More generally, VM is thought to disturb central vestibular stesctucluding

the vestibular nuclear complex and vestibedoebellum These regions integrate sensory
information and enable sensory recalibration which forms the basis of several vestibular
rehabilitation technique$-(rman, Balaban & Pollack, 199Furman & Whitney, 2000). It is
therefore unsurprising that the current study demonstrated widespread morbidity, with
fatigue/ sleep disturbance being confirmed as particularly relevant comorbidities (Mendel et

al., 1999 Salhofer et al., 2020

Although unsedcted opportunistic sampling helped to ensure that the present sample
was representative of a newtology clinic, it also meant that some vestibular syndromes
were missed (e.gestibular paroxysmiand vestibular neuritis), or were less likely to be
included (e.g. BPPV where the associated symptoms manifested in transient attacks which
were no longer in an active state), thus prohibiting group comparisons. Recruiting from a
tertiary care department relative to oteervices (e.g. general practitionesyr @ose and
throat specialistanay have also reinforced the sampling bias if the most complex patients
were being referred to the tertiary unit. In line with this idea, most of the current sample were
referred to the clinic because they had not responaol theprimary/ secondary catbat they
had already accessed. Both of the above could contribute to a selection bias that might favour
VM, given that the disorder is unde¥cognised and diagnosis is largely basedxatusion
(Furman & Whitney2000). Nevertheless, sampling was mostly in line with previous

epidemiology reports where VM was shown to be more prevalent than other vestibular
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disorders (Lempert & Neuhauser, 2009), and enabled a relatively large sample of patients to

be tested.

Conclusion

The current study supports and extends upon previous findings in demonstrating that
cognitive (particularly visuospatial memory and attention), psychiatric and fatigue/ sleep
disturbances are prevalent in patients with vestibular dysfunctioredver, a significant
proportion of the variance in participants©o
explained by vestibular function (posturography), independent of any age, psychiatric or
fatigue/ sleegrelated (marginal) effects. These findingghtight the need for greater
scientific and clinical attention to be focused on exploring the reach of vestibular dysfunction
beyond balance symptoms, andunderstanding the mechanisms underlyiestibular
contributions to memorwhich should not be denplayed as an indirect consequence of

other comorbidities (Hanes & McColluraQ06).

Future research could apply longitudinal designs to larger samples of patients to
further elucidate the relative contribution of direct and indirect (e.g. age, psychauditory
impairment cemorbid iliness) vestibular effects on cognitive performance (Bigelow et al.,
2015a). These studies could also add to the battery of cognitive assessments used here to
determine whether particular cognitive profiles are pre@entspecialisation for visuospatial
memory processes) across vestibular patients as whole (relative to matched controls), or just

particular vestibulasyndromes
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Chapter 3
Neuropsychiatric Outcomes in Individuals with Traumatic Brain Injury Following
Caloric Vestibular Stimulation.

Chapter Zhowed that vestibular signals exedirect influence over cognition and
memoryprocesses, such that when the vestibular system becomes dysfunttteseal,
processes aliepeded. These ressiltaisean important questionf ownregulating the
vestibular systemia disease or injurieads to cognitig loss then doesip-regulating the
vestibular systertead to cognitive gaih This chapter aimed test this hypothesisy
artificially stimulating thevestibular systerand examining whether there were associated
improvements ithe memory andognitivesymptomology(particularly visuospatial
memory)that were shown to be relevant in patients with vestibular dysfundtimnsame
CANTAB tests and comorfiquestionnaires were implemented to provide further evidence
that the visuospatial memory processes identified in Chapter 2 really are affected by
vestibular inputs, independent of comorbid psychiatric and fatigue symptomology. TBI
patients were sampledvgn that they show neuropsychiatric impairments encompassing
memory and attention as well as psychiatric and fatigue disturbances. Theoretical insights
aside, TBI presents a significant global burden for which effective therapies are still lacking
meaningthe current findings will also be of relevance to neurorehabilitalfiuccessful,
then the results would corroborate fimelings of Chapter2 and move closer towards
understanding whether particular cognitive processes interact with the vestisiéan (i.e.
visuospatial memory) and the functional relevance of vestibular inputs within cognitive

processes

The following subsections will first provide an overview of TBI, including the
disabling cognitive and memory symptoms that typically occuwregst TBI survivors and
the existing treatments used to address these. CVS will then be proposed as a novel solution

and the theoretical insights that can be gained from applying vestibular stimulation will be
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reaffirmed. The introduction will close witmautline of the experimental approach and

hypothesis.

Traumatic Brain Injury

TBI evolves longitudinally after an externailyflicted trauma to thérain (via
contact or inertial forcegand is a field in medicine with great unmet needs (Vaishnavi, Rao &
Fann, 2009). These injuries are a major cause of death and disability across the globe,
especially within younger adults (484 years) (Tagliaferri, Compagnone, Korsic, Servadei
& Kraus,2005) and veterans of modern warfare with exposure to blastesexps (Scherer
& Schubert, 200P TBI places a huge burden on soci€gronado et al. (2012) estimated
the costs within the USA during 2010 to be $11.5 billion for direct medical cab®64n3
billion on indirect costs (e.g. loss of productivity), not to mention the great personal suffering
experienced by survivors and their relatives. Despite this high prevalence and expenditure,
TBI remains challenging to treat effectively (Rao & Lyda@t, 2000) and there are now global

initiatives to improve the outcomes of TBI survivosedhttps://intbir.nih.govy.

The multifaceted nature of TBI is thought to underlie this difficulty (Rao & Lyketsos,
2000). TBI often results in both focal and d&& brain damage (including axonal injury), as
well as disruptioato neurotransmitters involved in regulating cognitive and behavioural
homeostasis (e.g. cholinergic, serotgesystems) (McAllister, 2008As a result survivors
are left with a complegonstellation of symptoms encompassing physical/ sensory
disturbancege.g. headache, paralysis, pamd seizures), mood disorders and cognitive
dysfunction, including memory defici{f®emirtasTatlidede et al., 201 Xinnunen et al.,
2010; Rao & Lyketsq=2000). In the past TBI therapies have oftarusedon observable
physicalsensornd e f i ci t s, while &é6invisibled neuropsyc

unaddressed (Fleminger & Ponsford, 2005; Koponen et al., 2002). However, there is now a

94



growingconsensus that targeting thesgnitive ancemotional problems is essential to TBI

rehabilitation(Flashman & McAllister, 2002

Neuropsychiatric Sequelae

Cognitive deficits are amongst the most common complaints immediately after TBI as
well as longterm (McAllister, 2008). Domains such as skerm memory, attention,
information processing and executive functions are all frequently impaired, and patients
typically present withmultiple deficits (Arciniegas, Held & Wagner, 2002)hen
unaddressedhése cognitive changes can pose a significant barrier to community
reintegration including independent living, vocational activities and social relationships

(Wilson, Wienegardner & Ashworth, 2013).

Of particular relevance to this thesis are memory desst;, which are one of the
cardinal features of cognitive dysfunction following TBI (Granacher, 2015). Immediately
after injury, the duration of retrogra@@emory for events/ information prior to the injury)
and anterograd@bility to create new memorieamnesia can be used to predict eventual
outcome (McCullagh & Feinsig 201]). Later, impairments tthe explicit declarative stores
can also compromise important functions such as working memory at@dnown to
persist(SchmitterEdgecombe &eeley2012) Working memory requires the maintenance
of information in temporary storage while cognitive manipulations are simultaneously
performed on the information, and is implemented in a number of cognitive processes (e.g.
problem solving, active listeningJhus it is easy to conceive how memory deficits can
restrict participation in everyday activities that are necessary for work and study (e.g.
remembering the details of a telephone conversation while taking G@ttestodoulou et al.,
2001).

Attentioral impairmentsparticularly related teapacity limits are also preajent
within TBI and carhave a knoclon effect on other cognitive processasdudingmemory.
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Patients are often unable to ignore irrelevant stimuli which in turn affeatsathlgy to
process relevant inputs (Lavie, 200 pfortunately, hese deficits regularly go unnoticed
during rehabilitation and only surface orthe patient has returned to their daily routines
where additional cognitive demands are preaedttreatrant is less accessibl&ranacher,
2015). Impairments to executive functions which enablededtted behaviours such as
planning, volition, purposive action and selbnitoring are also particularly vulnerable. This
is because the anterior portionsloé train, vinich are associated widxecutive functions,

are generally more affected by TBI than the posterior regions. TBI can seriously handicap
cognitive functions, including memory, by virtue of executive function. For example,
consider prospective menry which involvesremembering to perform a task in the futufe
executive functions arnenpairedthen the individual cannot formulate an earlier plan to

complete the action (Granacher, 2015).

Other neuropsychiatric symptoms are also frequent amondsur@vors which can
interfere with memory functioning. For examplesptraumatic fatigues widely recognisd
as a central nervous system disondbich canimpedecognition by slowing rantal
processing speed (JohansdBerglund& Ronnbéck 2009)and increasing the mental effort
required to attend and memorise information (Belmont, Agar, Hugeron, Gallas & Azouvi,
2006),and thus cafurthercontribute to disability (Juengst et al., 2013). Complaints of sleep
wake disturbances are algrevalentandwhile the mechanisms are thought to differ from
fatigue (here the hypocretin system is implicated,ithpact on quality of life isimilarly
negative(Culebras, 200y

Personality changes, psychotic illness and mood disturbaneesother potential
source of disruption to memofgllowing TBI. These symptoms are thought to be
particularly prevalent amongst TBI survivors because sevaralifuns of social behaviour

areassociated witthe frontal and temporal lob&gich are especially vulnerable Tl
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(Fleminger, 2008). Major depression is a common sequelae, with arot8@926f survivors
becoming depressed during the first year (Jetgd., 1993;Jorge Robinson Moser, Tateno,
CrespeFacorro & Arndt, 2004, andsome reports showing symptomvkich persist for up to

30 years posinjury (Koponen et al., 2002)mportantly, temporal regions including the
hippocampus have been shown to undergo atrophic changes following TBI and there is also
evidence that major depression can reduce hippocaropahes (Bremner et al., 2000).
Consequently, those individuals with both
been shown to have significantly smaller hippocampal volumes than those without mood
disturbance, which may in turn increase their spsbility to memory deficits (Jorge, Acion,
Starkstein & Magnotta, 2007Anxiety disordersarealso prevalent and can be associated

with symptoms opanic and agoraphobia (Fleminger, 2008). When severe, these mood
disorders can disruptcevery, for ekample the social withdrawaksociated with depression
mayreduceengagement irehabilitationactivities while increased anxiety may aggravate

symptoms such as headache or fatigue and lead to avoidance behaviours (McAllister, 2008).

These neuropsychrat symptoms may be wedluited for treatment with vestibular
stimulation because in the previous chapter similar deficits were prevalent amongst patients
with vestibular dysfunction, suggesting some of these symptoms might be influenced by the
presence ofestibular inputs. Another reason is that vestibular sysiiffasely projects to a
variety of cortical and subcortical structuredile TBI causes widespread axonal injury (due
to the shearing and tearing of nervous tissue) as well as more focal daimageserse
cortical network activated by vestibular stimulation may therefore be equipped to alleviate
TBI symptomology. One further implication is that many of the overlapping symptoms seen
within TBI may stem from an undiagnosed balance disorder.ileispecially likely
amongst individuals with blast injuries (which induce global brain damage) who commonly

suffer from vestibular symptoms, indicating that vestibular loss may also be a contributing
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factor to TBI symptomology (Hoffer et al., 2010). Sianihypotheses have already been
suggested foAD (Previc, 2013) and spatial neglese€éKarnath & Dieterich, 2006or a
review) which involve temporaparietal brain areas that are shared with vestibular

processing.

Existing Treatment Options

Despitethe prevalence and persistence of neuropsychiatric deficitlirctirrent
medical conceptuakidions of these symptoms and evidebased guidelines for their
rehabilitation are incomplete (Warden et al., 2006). Patients will often rexmiwétive
neuworehabilitationfocusedon helping them to achieve realistic god#liott & Parente,
2014;Williams, Evans & Fleminger, 2003yor example, errorless learning strategies which
aim to eliminate memory errors during the learning process (e.g. breakingluotask,
correcting errors and gradually remayiprompts; Clare & Jones, 20a&ve improved
memory for specific but not generalised information (Cicerone et al., 28&djever, a
major obstacle to theseetitmend is the lack of insight (anosognosilaat TBI patients have
into their difficulties (Williams et al., 2003), particularly their neuropsychiatric symptoms
(Sherer et al., 1998Thus, aking patients to independgntmplement therapy strategies f
problems of which they are unaware mmat be sufficient as a staralone therapy

(Flashmar& McAllister, 2002).

Bottomup approaches suclk pharmacological treatments aaobe combined with
rehabilitation programand requirdess autonomy (Vaishnavi et al., 2009). Beneficial effects
have ber demonstrated in several pasjury symptoms, such as sleep quality and
depression using selectivers®mnin reuptake inhibitord.arson & Zollman, 2010)
Cholinesterase inhibitors (mainly used to tr&Bf) have also been useful in addressing
memory impaments (Warden et al., 2006jowever, pharmaceutical interventions have
generally struggled to balance the benefits of managing one deficit, whilst not inducing side
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effects which worsen another. For example, anticonvulsants such as phenytoin have
improved mood disturbancesndpostinjury epilepsy, while impairing cognitive function in
TBI (Dikmen, Temkin, Miller, Machamer, & Winn, 199Trimble, 1987. These studies
reflect the complex constellations of symptoms fowttiin TBI and the demand for

treat ments which can ticaisqWiliaessgta. 200 nt so6 mul t i pl

Neurostimulation methods (NSM) are a difoge, bottomup treatmentwhich have
shown potential in promoting recovery after TBI with less-gffects. During the acute
stages posihjury NSM have been used to decrease maladaptive cortical hyperexcitability,
then in later chronic stages NSM have been applied to promote synaptic plasticity and
cortical reorganisation to restore previously damaged neural pathways (Déraiitdsde et
al., 2012; VillamaySantos PortillaFregni, & Zafonte2012). Deep brain stimulation (DBS),
a procedure which implants electrodes into targeted subcortical regions of the brain, has
promotedspatial memory performance in neurological paiemtdergoing surgery when
applied to theentorhinalcortex during learning (Suthana et al., 20¥)other study also
improved spatial working memory deficits in a TBI patjeviien DBS was applied to the
medial septal neucleus which connects to the hipppos (Lee et al., 2013). HowevBBS
is oftenconsidered an unappealing modern treatment fordliBIto its invasiveness (Miller

& Ngo, 2007).

Norrinvasive NSM such as transcranial magnetic stimulation (TMS) and transcranial
direct current stimulatiotDCS), which pass electrical current through electromagnetic coils
placed on the scalp facilitate or inhibit targeted brain structu{@ape, Rosenow & Lewis,
2006) have also shown therapeutic potentbialsteering neural plasticity (Page,
CunninghamPlow & Blazak, 2014)Temporary improvements in peEBI depression have
been demonstrated using TMS (Fitzgerald et al., 2011), as well as reduced attention deficits
following tDCS to the left prefrontal cortex (Kang, Kim & Paik, 201 2pwever, a recent

99



review revealed that only one out of five studies showed a significant effect of tDCS/
repetitive TMS on memory performance in brain injury patients (Spreij, Vidsdy, van
Heugten & Nijober, 2014). The time consumingnditionspecific application othese
NSM to targeted areas of the brairay explain these findings, since specificityin which
they are administered means titas difficult to address thenultifacetedsymptomsof TBI

(Been Miller, Ngo & Fitzgerald,2007; Miller & Ngo, 2007).

Proposed Solution

If, as proposed, the vestibular system directly modifies memory and cognition then
CVS may offer some benefit here. Recall that this procedure involves irrigating the external
ear canal with thermal currents, which alters the densiiyid inside the semcircular
canals and in turn stimulates the peripheral vestibular nerveestidulamuclei(Been et al.,
2007). CVS has been associated with the release of several important neurotransmitters
including acetylcholine (Horii et al., 28), GABA (SamoudiNissbrandt, Dutia & Bergquist,
2012), histamine (Horii et al., 1993) and serotonin (Ma e2807). Functional
neuroimaging has also revealed that CVS activates multiple cortical and subcortical
structures including thACC, temporoparietal cortex, insular cortex and the brain stem
(Lopez et al.2012 see Figure3.1); Suzuki et al., 2001 Taken togethetthese findings
indicate that CVS holds significant potential for ireadscalemodulation of several

sensory and higher order functidnsluding memoryBlack et al., 2016; Miller et al., 2007).

Figure 3.1. Clusters of brain diwvity (red areas) elicited by CVS aentified by a meta
analysisby Lopez et al(2012).
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While CVS has a long history of clinical safety, investigations into its therapeutic
potential are sparse. Research has been limited by the unpleasaftesitielack of dose
control and inconvenient administration procedures associatetheitechniquéBlack et
al., 2016. However despite any discomfort that may have been experieso&| groups of
patients with psychiatric illnesses and acquired braurigghaveshownsignificant
improvements in the symptomology assted with mania (Dodson, 2004nosognosia
(insight into illness) (Cappa et al987; Levine et al., 2012pain (Ramachandran,
McGeoch, Williams & Arcillia,2007),hemispatial neglect (AdaiNa, Schwartz, Heilman &
2003) anchemianesthesia (Bottini et al., 2Q0Beliveringcold water CVS alongside verbal
and spatial stimuli also sped the rate at which these items were later recalled in a sample of

healthy participnts (Bachtold et al2001).

Following the advent of more tolerable and practical ssiede CVS devices (Black
et al., 2016), Wilkinson and colleagues have also managed to apply CVS longitudinally (over
days or weeks). This has resulted in a nunalbéasting beneficial effects which could be
observed offline across several neurological disorders inclagimasia (Wilkinson et al.,
2014) and® a r k i n sasen(WikinsdnPadlewska & SakeR016). Importantly, a
preliminary investigation by the search team also showed that CVS improved levels of
awareness within two minimally conscious patients who had sustained aid Bypoxia
and surgically induced #tamic infarction) (VanzanWilkinson, Ferguson, Pullicino & Sakel,

2016), highlighting theéherapeutic potential of CVS in TBI.

Althoughthe mechanism behind these effects is somewhat unclear, the fact that CVS
induces broagcale changes in blood flow across multiple cortical netw@nksilar cortex,
basal ganglia, posterior thalamus, pariebntal opeculum, superior temporal gyrulsppez
et al., 2012 suggests that CVS could serve as an effective neuromodidatowariety of
clinical conditions Importantly, the core circuits activated by CVS are oftenigatdd in
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TBI and are assodid withmemory, attentional, executive, moadd motor functionsThus
although previous research has focused on acquired brain irglogicanductionis likely to
beparticularly suited to TBI where the diffuse and diverature of the injuriesustained
means that there is often a constellation of symptoms wadthire treatmentCVS could
target these symptoms simultaneously without relying on patients to implstregagies
(Suzuki et al., 2001 The availability of newly developed CVS desgalso means that

stimulation can be delivered comfortably and

Clinical relevance aside, the study could also provide further support for the direct
pathway between vestibular dysfunction and cognitive impaitr(visuospatial memory)
which was evidenced in Chapter 2. More specifically, if this direct vestHoaltgmitive
pathway holds, then any beneficial memory and cognitive changes seen within this TBI
sample should not be confined to simultaneous increéasesnorbid psychiatric or fatigue
symptomology. In other words improvements in memory and cognition could occur in the

absence of mood and fatiguelated changes

The Current Study

An exploratory pilot study was conducted with eight commubéagel TBI patients
who received repeated sessions of CVS for several weeks in their homes. The protocol
consisted of four phasdsaseline, sham stimulatioN£ 6), active CVSK= 8) and follow
up.Changes in memory, attention, information processing, executive functioning, mood,
fatigue and general wellbeing were evaluated using behavioural assessments.
Electrophysiological changes were also measured and are presented in the next chapter to

avoid m&ing this chapter exceptionally long.

Hypothesis.Blocks of CVS were predicted to trigger improvements in cognitive

performance as assessed by objective behavioural tests (CANTAB), as well as in other
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important symptoms that can impact cognitive perfomoe such as psychiatric and fatigue
disturbances according to sedfportquestionnairesSome variability in responsiveness was

predicted across all the measures given the heterogeneous nature of TBI.

Importantly, these beneficial effects were expetbeohset during blocks of CVS, as
opposed to the baseline or sham assessments. Additionally, if the effects of CVS are
cumulative, then further improvements were anticipated to occur after eight rather than four
weeks of CVS. Some of thefilitatory effects may also be present at folloy if the
changes are carried ovéihe protocol implemented within this study meant that all of these

effects were expected to occur offline as opposed to during concurrent vestinuldation

The following ®ctions will describe the study protocol and any resulting changes that
were shown on the behavioural outcome measures. To give an overview, CVS was well
tolerated by all, but responses on the outcome measures were varied and commonalities were
difficult to come by. Nevertheless, several participants showedréMted improvements on
the visuospatial memory tests according to descriptive statistics, and nearly all participants
improved on least one CANTAB test in response to CVS within the inferentigkasal
Psychiatric and fatigue symptoms were largely unaffected by the stimulation. Taken together
these findings suggest that CVS may exert a modulatory effect on some aspects of TBI
symptomology. Importantly, any vestibuleognitive effects that were ment were not
dependent on concurrent changes in comorbid symptomology, providing further evidence for

a direct rather than indirepathway

Method

Design

This pilot studyemployeda multiple singlecases approach. A @ssover design was

implementedhs opposed tormndomised placeboontrolled trial becausé seemed more
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appropriate to first establish whether any participants actually showed improvement, and for
how long.If a favourable outtmewas achieved a subsequent study could implement a
randomised placebcontrolled designAnother consideration was that the study was fairly
long and compliance might be low within the true placebo arm where little change was
predicted.

To ensure that natural recovery or placaff@cts were estimated, all participants
receivel eight weeks of active CVS, but the majoiatgo complete afour weekblock of
sham stimulation prior to receiving active CVS (cohort@on study registration
participantsvererandomly allocated to one of two cohorts with a ratio of 3:1 (cohort B:
cohort A) While the participants were blinded to this allocation, the researcher was not

(singleblind) so that tolerance and safety could be monitored.

Recruitment

Patients were recruited via physician referral from two Kent based NHS trusts (East
Kent Hospials University NHS Foundation Truskent and Medway NHS and Social Care
Partnership Trust). All participants had sufferad@lerate or severEBI at leasthree
months prior to study enrolment (average time since injury was 2.5 years), and were in
recept of outpatient support from either a neuropsychiatrist or a neurorehabilitation
consultant. AIlIIl TBI diagnoses were document e
made by clinicians on the basistbé&initial Glasgow Comé&cale (GCS) score (des, 1979
neurologicaland/or neuropsychological abnormalities, degree of amnesia for events
surrounding the accident, decreased levels of consciousness and neuroimaging evidence of
neurologic deficit (American Psychiatric Association, 2013; ThugrBaezek, Johnson,

Greenspan& Smith, 1995 Wortzel & Arcinegas, 2014; World Health Organization, 1992).
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Patients who met the criteria in Table 3.1 were invited to participhginclusion
criteriawereintentionally broad t@nsuretat ourfindings would generalesto
heterogeneous TBI populations anddcilitate study recruitmenGiven the exploratory
nature of the study, the exclusion criteria were restricted to the necessary precautions to
demonstree a treatmeneffectby minimising potentialy confoundingnfluences while

ensuring participant safety

Table 3.1
Recruitment Criteria

Inclusion Criteria

*Participants must have received a diagnosis of TBL

*Participants must have sustained their injury >6 weeks prior to study onset (to allow for acute
spontaneous recovery to subside) and within a five year window (capable of treatment gains).
*Participants must have chronic difficulties in one or more of the core symptoms being studied
(psychiatric, cognitive, fatigue/ sleep disturbances) as assessed by the referring clinician.
*Capacity to consent to the study.

*Motivated to comply with the protocol.

*An understanding of English sufficient to comply with the protocol.

*Spouse/ carer willing to support the participant throughout the study.

Exclusion Criteria

*Premorbid history of intellectual disability.

*Pre-existing endocrine or metabolic dysfunction.

*Premorbid or ongoing neurological illness which could also induce neuropsychiatric symptoms.
*Premorbid psychiatric history for which treatment beyond primary care services was sought.
*Premorbid history of diagnosed sleep disorder.

*Premorbid history of neurasthenia (or Chronic Fatigue Syndrome).

*Previous exposure to neurostimulation.

*Diagnosed inner ear pathology

Twelve patients were recruited into the study, eight completeprtitecol(two
females, six malegind four were discontinugdee kgure3.2). Of the patients which were
discontinued, two individuals were offered additional theramigsstudy which could not be
completed alongside another therapeutic intervention, one patient withdrew himself due to
stressful life events, and the final jeat was withdrawn for failure to comprehend and

comply with the protocol.
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(N= 25)

Referrals from clinicians

[ Enrolment

Review of referral documentation
-Did notmeet study criteria (& 5)

A

A

v

-Did not return calls/ letters (N3)
-Briefing meetings arranged €N\L7)

arranged (N 12)

Study briefing and consent
-Declined to participate (& 2)

-Did not meet study criteria N3)
-Consented antaseline assessments

[ Baseline assessments ]

-Completed all &assessments EN\9)
-Completed 1 assessment tivdthdrew (N= 2,
for drug trial, stressful life events)
-Completed 2 assessment then withdrishw (,
for hormonereplacement therapy

[ Randomisation ]

[ Intervention ]

Cohort A
-Completed 8veeks active CVS
(N=2)

Follow-up j

Cohort B

- Discontinuedduring sham CVS (N1, failure
to comply with and comprehend protocol)
-Completed 4 weeksham then 8 weeks activq
CVS (N=6)

Followedup

-All completed (N= 8)

[ Analysis ]

Analysed

-All completed (N 8)

Figure 3.2.Consort statement showing the flow of participants throughout the study.
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Identification numbers were assigneahsecutively following referrakor simplicity,
numbes 0% 08 will be used to describe thatgents who completed the studiydividual
case histories which summarise the key clinical features of each participant that completed

the study can be found in Appendix B.

Ethical Considerations

The following study protocol was approved by the Cambridge Central NRES

Committee

Materials and Measures

Responsiveness to C\Wasmeasured usingehavioural and electrophysiological

measuresthe former areletailed belovand the latter in the next chapter

Behavioural measuresA variety of measures were included in the assessment
battery to capture changes in theedse symptomologgf TBI. The measures fell into one of
three broad categories: cognitive function, psychiatric/ fatigue symptoms, and general health
status. Each category is described further below. All outcomes were selected on the basis of
published esearch examining validity, reliability and applicability to TBI.

To fit within the overall aim of this PhD which was to investigagstibular
contributions tacognition,particularly memorythe majority of the battery was dedicated to
assessingognitive functionsThese wereneasuredising a customed battery of computer
interfaced tests from tHeANTAB (CANTAB®- eclipse;Robbins & Sahakian, 1994Recall
from Chapter 2 thatie CANTAB has been extensively used in research settingteto
brain-behaviour relationships\(ild & Musser, 2013)Many clinical trialswith TBI samples
have also implemented the CANTAB (eSalmond Chatfield, Menon, Pickard & Sahakian,
2005 Silver et al., 20097 orgersen, Héand, Flaatten, & Wester, 20},&ince the publishers

now of f er aandhbbograpy telating specifically to TB(see
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http://lwww.cambridgecognition.com/academic/tai).

Here eight tests were selected to determine whether any of the wide range of cognitive
functions impaired by TBI (including information processing, executive functioning and
memory)respondedo CVSwithin individual participantsSix of these CANTAB testaere
described in Chapter 2 (Delayed Match to SaripMS, Paired Associates LearnHigAL,

Spatial Working MemorySWM, Spatial SpanSSP, Reaction TimdRTl, Rapid Visual
ProcessingRVP); the remaining two tests were added to further address the gdsnpfe

TBI (One Touch Sickings, Affective GeNo-Go) and are described in Table.3.2

Table3.2
Two Additional Cognitive Assessments from the CANTAB
Assessment  Description Example Trial & Key Outcome
Measures
One Touch Examinegheuse ofexecutive functioa
Stockings to mentally solve a problem
(OTS)

Participants are shown two arrays
containing coloured balls. Participants
must work out (in their head) the
minimum number moves required to
achieve the top array by rearranging the

bottom array andelect the correspondin Number of problems solved correctly c
number. first attempt.

Affective Goo  Examines information processing biase
No-Go (AGN) for positive and negativeerbalstimuli.

Words are rapidly presented and
participants must respord a target
category of words (positive or negative)
across several trial blocks.

Peaceful

Response bias and response time (ms

Note The remaining six assessments are described in full within Chafstee Zable 2.5).

The CANTAB was selected for several reas@rs.a theoretical level, the battery had
already been used to uncover cognitive processes which the vestibular system might be likely
to contribute tavithin Chapter 2. On a more practical lewal,tests (excepthe Affective
Go-No-Go) are language independent, meaning the test results are glathdlyevaux et
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al., 2007) Secondly, the instructions and stimufuesentations are all standastisduring

test delivery, therefore reducing irtagasessounreliability between test repetitionSome of

the CANTAB tests also have parallel forms (DMS, PAL) which were implemented to enable
more accurate repeat testing (reduced risk of practice/ learning efféwts)dministration

times of the CANTAB testare dso brief (SSP, SWM and PAL additionatigjust to the

level of performancegnabling reliable assessmennaidltiple cognitive processé€ollie,

Maruff, Darby & McStephen, 2003)astly, no professional bodyembership is required to

administer these tests (unlike some traditionalogsychological assessments

Several of the CANTAB outcome measures also have normative data available which
is matched on age, gender andal€gording tadhe National AdulReading Test (NART)
(Nelson & Willison,1991). The NART consists of 50 words with irregular pronunciation that
participants must read aloud. The number of incorrectly pronounced words are used to
calculate a full scal&/echsler Adult Intelligence Scale (W&revised)IQ score. This score
canbeusedama ndi rect guide to TBI participantso ¢
on the finding tharreading ability is maintainedear its premorbid level in individuals with
dementia (Nelson & McKenna, 197/9heNART was thereforeompleted during
participant$first assessment session.

Two different test aders were used to administae CANTAB assessments, half the
samplereceivedhe tests according to order one (PAL, RVP, SWM, (3%, AGN, DMS,
RTI), the other irorder two (RTI, DMS, AGN, SSP, OTS, SWM, RVP, PAL). These orders
were selected to counterbalance serial position effects while avoiding placing similar tasks
next to each other to prevent the session from becoming too taxing. Restizsaksven
after every two cognitive assessments, one or two questionnaires were usually completed

during these rest breaks.
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To contextualise any changes in cognitive functiong §uestionnaires examining
psychiatric and fatigue symptoms were also austered These included thBeck
Depression Inventory (BDI), the Beck Anxiety Inventory (BAI), a state version of the
Cambridge Depersonalisation ScaDS-S), theEpworth Sleepiness ScalESS andthe
Fatigue Severity &le(FSS). These assessmeats described in Chaptel(@eTable 2.5)
with the exception of the CDBS which monitors daily changes in depersonalisation

symptoms (see Table 3.3) as opposed to over a six month period as in the previous chapter.

Activities of daily livingand health status wealso measured ascondary study
outcome. Hve questionnairewere usedo determine whether CVS had induced any
generalisedhealthbenefits(see Table 3.3)The EQ5D and the Work and Social Adjustment
Scale WSAS) were bothincluded to provide broader insights into functional recovery. The
Dizziness Handicap InventoripHl) wasalsoadministered to monitor any changes in
balance symptoms, which could occur as a result of the TBI but also asedfeadef the
CVS. Lastly, pin was monitored usirgscale that waslready implemented by the

collaborating NHS trust@/erbal Pain Intensity Scal®l1S).

Electrophysiological measuresThesemeasures are detailed in separate sesteee
Chapter 4 to avoid lengthening thishapter In terms of the test schedull participants
completed four EEG recording sessions, two recordings were taken during-©é$re
period and two during active CVS. The recordings during active CVS were taken after four
and eight weeks active\S for both cohorts. The pr€VSrecordings were taken after the
first (week 1) and third baseline (week 7) for cohort A, and after the third baseline (week 7)

and sham stimulation (week 12) for cohort B.
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The behavioural and electrophysiological assessm@rtsadministered during

separateessions, each lasting approximately two and a half hours (depending on the

participantand the amount of rest breaks taken).

Table 3.3

Additional Wellbeing Questionnaires

Assessment Scale Example Item

Cambridge Measures current feelings of -I'm feeling strange, as if I were not real or
Depersonalisation  depersonalisation. 22 items are as if T were cut off from the world.

Scale- State rated on visual analogue scales

version (VAS) ranging from 0% (I'm not

(Sierra & Berrios,
2000).

having it at all) to 100% (it’s as bad
as it can get).
No clinical cut-off available.

-I'm now having the feeling ofbeing a
"detached observer" of myself.

EQ-5D
(Euro-QoL Group,
1990).

Five domains of health status are
measured using a five point Likert
scale describing problems with
completing daily activities (no
problems —unable). A VAS, also
records patients’ perceptions of
their overall health (scored 0=
worst imaginable health state —
100= best imaginable health state).
No clinical cut-offs are available.

Usual activities (e.g. work, study,
housework, family or leisure activities):
I have no problems doing my usual
activities

I have slight problems doing my usual
activities

I have moderate problems doing my usual
activities

I have severe problems doing my usual
activities

I am unable to do my usual activities

Work and Social Five domains of functional Family and relationships (form and
Adjustment Scale  impairment are assessed using an maintain close relationships with others
(Mundt, Marks, eight point Likert scale (0=not at including the people that I live with).
Shear & Greist, all - 8= very severely). Total scores
2002). =20 suggest moderately severe or

worse psychopathology.
Dizziness 25 items are assessed on a three Does your problem significantly restrict
Handicap point Likert scale (yes, sometimes,  your participation in social activities, such
Inventory no). Total scores >36 indicate a as going out to dinner, going to the movies,
(Jacobson & moderate handicap. dancing, or going to parties?
Newman, 1990).
Verbal Pain Likert scale (VAS) with six points  Participants complete the same VAS for

Intensity Scale
(Melzack, 1971).

ranging from no pain to worst
possible pain. No clinical cut-off
available.

each region of the body where they feel
pain (Portenoy & Tanner, 1996).

Test Schedule

All TBI participantscompletel an initial full baseline assessment during the first week
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of enrolment, encompassing all of the behavioasaessmentsas well as ta

electrophysiological measures for cohort A only (Segire 3.3.

The cognitive testarerethenrepeated two weeks later (week thr&eis short retest
interval was includeth response to findings from Collie et al. (2003) who demonstrated that
practiceeffects mostly occurred between the first and second administration of a similar
computerised test battery, with only smaller nonsignificant improvements present between
the £cond, third and fourth administrations. It was anticipated that this retest interval would
helpto reduce the magnitude of practietectspresent within the latter testpetitions All
participantghencompleta a final full baseline assessment during the eighth week of the
study which includeé all of the behavioural anglectrophysiological measures for both cohort

A and B.

Cohort Athen proceeedto receive four weeks of active CVS, while cohort B
received four weeks of sharatimulation(see Figure 3.3)Core symptomologwere
monitored after this stimulation block using behavioural (cognitive, psychiatric and fatigue)
and electrophysiological measures within both cohdttarticipantsthen receivd a
further four weeks of active CVS. The effects of OV&ethenassessed in cohort A by
repeating all of the behaviourahdelectrophysiological measureshile cohort B performed
an intermediate behavioural assessment of the core symptoms (cognition, psychiatric and
fatigue)as well the electrophysiologicaleasuresCohort Bthen completé one final four
week block of active CVS before repeating all of the behaviamdélectrophysiological

measures.

All participantswerefollowed-up four weeks aftetheir active CVStreatment had
ceasedweek 20 cohort A/ week 24 cohort B), and the core cognitive, psychiatric, and fatigue

behavioural measureserere-administered
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Study briefing & nformedconsent

Week 1:Full baseling1) assessment
Cohort A: Behavioural and electrophysiological Cohort B: Behavioural only.

v
Week 3:Baseline (2) assessmdbthavioural cognitive assessments anly

A4

Week 7. Full baseling3) assessmeribehavioural and electrophysiological for all)
Device training completed by all participants and their care team.

v
Weeks8-12:

Cohort A: Active CVS Cohort B: Sham CVS

(2x20min sessions per day). (2x20min sessions per day

y
Week 12All Participants: Intermediatédoehavioural and electrophysiological
assessment on core symptafparallel forms used where available).

v

Weeks12-16 All Participants: Active CVS(2x20min sessions per day).

Week 16 Weeks16-20:
Cohort A: Repeat fulbaseline Cohort B: Intermediate behavioural an
assessmerfbehaviourabnd electrophysiological assessment on co
electrophysiological). symptoms (parallel forms used where
available).
\ 2

Week 20 Weeks 2024
Cohort A: Follow-up behavioual assessment Cohort B: Repeat full baseline
on coresymptomgparallel forms assessmetfbehavioural and
used where available). electrophysiological

\ 4

Week 24

Cohort B: Follow-up behavioural
assessment on cosgmptoms
(parallel forms used where available]

Figure 3.3.Summary of the study protocol for cohorts A and B respectively.
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Stimulation
Intervention. The conventional method of CVS involves irrigating the external ear
canal with icecold water which typically induces nausea and produces a swift habituated

response, making it unsuitable for repeated or therapeutic administration.

To overcome these gotems, CVS was administered via a custouit, experimental
device which modulates the temperature of small, thezi@ctric, solidstate probes inserted
into the external ear canals. The probes are too large to enter the bony portion of the canal,
restirg instead on the outer fleshy portion, thus ensuring that the tympanic nmengoreot
impacted The mode of action is identical to that of conventiaradbric irrigators in that
thermal waves areonducted via the temporal bone, to and from the waliefriner ear, into
which the semcircular canal protrudeg@lack et al., 2016)However, unlike traditional
caloric irrigatorswith this device the laterality, duration, and temperature range of the CVS
waveforms can all be regulated to maximise besdr response and reduce physiological
habituaton. Controlling the timeate-of temperature also mitigates unpleasant-sifiects
and potential adverse events.

The vestibular response elicited by this new devicdbkaademonstrated throughe
analysis of nystagmus inductioAn electronystagmography (segére 3.4 recorded by the
device supplier§cion NeuroStim, LLQ during a stimulation session where temperatures
alternated between 20°and 34€ showed that the solid state device induced the
characteristid/OR just like irrigatiorbased CVS. However, unlike in the traditional
procedure, the nystagmus doed fade away within the first two to foorinutes, but persists
until stimulation terminatesNo other form of cranial nerve stimulation that could have been

evoked by the device is known to induce this characte€dR (Black et al., 2016).
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Figure 3.4. Electronystagmography of a subject undergoing CVS delivered with the solid
state device. Top: around 3.30 minutes into stimulation, ocular movements are similar to
those elicited by traditional CVS. Bottom: unlike with irrigatibased CVS, the nystagmss i
still presentafter11 minutes.

The device equipment consists of the aluminium probes which are mounted within a
headset, as well as a small hdredd unit which powers the device (8aiNeuroStim, LLC)
(see Figure 35 Setup is very simple, the headsei s pl aced on the part.
carefullyensuring the ear pieces are comfortably fiteett then the unit is switched on.
After a brief training session, treatments can therefore be administered independently by
participants in their own homes,siag use and integration into daily routin€ke device is
equipped with patieAbckout protections, so that participants can only activate programmed

waveforms twice daily.

Actual earpiece temperature is monitored by an embedded thermistor (inahthgp
earpiece). The device is programmed to slawn if the temperature falls outside the

selected waveform range. As an additional safety feature, the emitted temperatures are
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recorded onto aecure digital$D) card and a logjle can be downloadea tconfirm correct
functioning Device functioning was checked by the researcher using thefietogeforea
device was given to the participant (as atest) and at each assessment meeting. Moreover,

these filesvereused to monitor participant compliance with the stimulation regime.

Adjustable slide
for headset fit

Headset

Waveform. CVS was applied to both the right and left ear canals. One earpiece
delivered a coldantooth waveform, anthe othera warm sawtooth. Given tltiversity of
injuriesencountered by the sampiewas necessary &nsure balanced hemispheric
activation over the course of the study (warm currents primarily activaiesilateral cortex,
while cold currents pri@rily activatethe contralateral cortex). Therefore, the waveform
assigned to each ear was switched every two tagscount for the bilateral nature of

participantso6 injuries

The temperatures of the cold and warm waveforms were selected with patticip
comfort in mind. Previous research has demonstratedhinaestibular nerves reach
asymptote at5°Candirrigating at temperatures beldhis inducesunpleasanside effects
(Reker, 1977), therefore waveforms were programmed to emit temperatures between 17 and

42°C to allow participants to fully benefit fro@VS while remaining comfortable.
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Although vestibular adaptation to sustained rotational stimulatioelisstudied,
there is less appreciation of adaptation to CVS. A continuousviamygng CVS session
(lasting 20 minutes) was therefore implemented to minimise adaptation. The cold sawtooth
waveform cycled between ear canal temperature (37°C) and 17°Ctweemyinutes, while
the warm sawtooth cycled between ear canal temperature and 42°C evernotiee(see
Figure 3.6). This transition between warm and cool over time makes the procedure easy to
tolerate, while inducing a demonstrable CVS effect (see VYaetzal., 206; Wilkinson et al.,

2013; Wilkinson et al.2016 forprevious examples).

:‘:/\\/\\/\\/ \\./ \\\//\\//\\//\\/’\\\/\\‘/\\/\\/\\‘/‘\\

20

Degrees °C

15

10

Time (minutes)
Cold-Target Cold-Actual ——Warm-Target ‘Warm-Actual

Figure 3.6.Example temperature data from a CVS-ibg during a 20minuteactive
stimulation session. Both target (blue, orange) and actual (grey, green) temperatures are
plotted.The starting temperature is the temperature of the .room

Cohort B began with a block of sham stimulation, followedtight weekf active
CVS. In the sham condition, the unit was operated in exactly the same way, but both
earpieces remained at 34° throughout the session. Participants were infornigtetieat
CVS waveforms would be administered overshely durationand that dhough there may
be times when temperature changes were more noticeabtiu(iregy active CV$ this
should not be taken as evidence that the device was working less effectively. The blinding of
the CVS and sham stimulation blocks was aided by the feattione of the participants knew
how the CVS device was supposed to work or what the stimulation would feel like. As the

sham stimulation was always completed first, the participants did not hapei@ny
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perceptions with whickhe stimulatiorcould be ompared Moreover, during the sham

stimulation a degree of temperature change was likely to have been felt as the cool earpieces
warmed to ear canal temperature. This slow rate of change in temperature means that any
shaminduced CVS effects will be smdlf any) but may help blind participants to the study

protocol.

Throughout active and sham stimulation sessions, participants sat upright or lay
passively supine with their head resting on a westggped pillow angled at 309@ position
which has improve CVS efficiency; StorridBaker et al, 1997)After an initial supervised
period of training, two 20 minute CVS sessions, spaced at least one houwapart,
administered by the participafwith supervision from a carer/ spouse) per d&yendaysa

week for two (cohort A) or three months (cohort B).

This longitudinal dosage plan was selected to maximise the chances of remediating
the multiple, chronic and severe symptoms present within this patient group. Various
intervention studies with TBI sumwors are often conducted over similar periods for the same
reasons (e.g. cognitive rehabilitation &ghtweeks as an inpatierbalazar et al., 2006vo0
x 50 minute slots of neuropsychological therapy delivénegketimes a week foeleven
weels, Tiersky et al., 2005; antlepressants administered daily ftemweeks Ashman et al.,
2009. Because CVS is a safe, portable and-tmst technique with minimal siekffects,
multiple exposures can be used to encourage plastic change in a way that is not possible with
other rehabilitatiotechniquesThe session length of 20 minutes wasdek after previous
research demonstrated significant effects in response to similar duciti@Ns and CVS
(e.g. Rorsman, Magnusson & Johanss®99 Wilkinson et al., 2009Wilkinson et al.,

2013.

Otoscopic inspection was performedbpito the first session of stimulation to check
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for excessive cerumen (which may limit temperature transfer) and to confirm that the external

ear canal and tympanic membrane were normappearance

Results
Statistical Approach

Theprimaryobijective of this pilot study was to assess whether TBI patients
responded to CVSsiven the small sample siza testretest design using a multipééngle
cases approachasemployed Assessments taken after active blocks of @®e predicted
to showimprovemensin symptomology relative to the baseliperiod, while those

assessments taken after sham stimulation were not

Several researchenave questioned whether pilot studa@singto provide
preliminary evidence of the efficacy of an interventstiould be assessed using traditional
hypothesis testing.€. U= .05, 95%confidence intervd] since theyare not formally powered
to do so(Altman & Bland, 1995] ee Whitehead, Jacqué&sJulious,2014) Instead,
descriptive statisticas well as largezonfidence intervals angfrorrates (U =  avebeen
recommendedbr theevaluation of clinical endpoinend feasibility(Lee et al., 201

Stallard, 201

The present analysatempted to address these concernepgrtingdescriptive
statistics alongside an inferential statistical technique from the neuropsyichablibgrature
which has beenlesigned taleal withthe limitations ofcasestudiegCrawford& Howell,
1998) Further informationmegardingthe statistical analgs conducted for the cognitive,

psychiatric and general health outcome meassagrovidedbelow.
Cognitive measures

Descriptive statisticsz-scoreswverefirst plotted to give an idication of each

participantds cognitive tr ajlset womprmaticer oss t h
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data made available by CANTAB® and represent the number of standard deviations that the
par ti ci gcaralids &esn the rosntative group mean (age, NART and genddched
where available). Negativescores indicate performanbelowthe normative mean, and

positive scores suggdsetterperformancahan he normative average.

Since these scores a@ndaréed the differenttess can bedisplayed together. Two
figures argresentedor each participant, the firshowsscores from the memotyased
assessments (PAL, DMS, SSP, SWM) and the sedispthys the attentioal assessments
(RVP, RTI). Unfortunately, no normative datasavailable for the AGN or OTSBix
repetitions of the assessmentsmesentd for cohort A (participants 01 and 04) and seven

for cohort B (participants 02, 03, 05, 06, 07) (&eFigure3.3 for test schedu)e

Inferential statistics.Further analyses then determined whether any statistically
significant changes in cognitive performaraal occurred throughout the stu@®f.particular
relevarceto the hypothesiwaswhetherany changes in performanbadoccurred during
active CVS (four and eight weeks) and whether this upward trend had already begun prior to
the onset of CVS (i.e. during sham stimulation)which case it could not be confidently

interpreted a€VS-related

Repeated assessments are contynmonductedy neuropsychologist® track an
individual p a.¢ forensid eGatuatipnrdeiegioraticsvath a
neurodegenerative diagnagsier to evaluate the effectiveness of an intervention (Duff, 2012).
Several different methods are availatdenalyse the difference between these scores.
Commonly implemented approachasludethereliable change indefRCI; Jacobson &
Traux, 1991)andregressiorbasedequationgMcSweeney, Naugle, Chelune & Luders,
19®8). TheRCI calculates the discrepancy between two test scores, and divides this value by

the standard error of the differen@€ i X1)/ SED. This producesascore which can be
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compared witta normal distribution tablé€onfidence interva canthenbe used taescribe

the spread of the distribution difference scores that would be expected if no change had
actuallyoccurred Although severalersions of th&RCl now offer some controbf test

reliability, the RClis generally limitedy its onesizefits-all approach to assessing change
which does not account for differendestweenndividuals (e.g. baseline performance,
differential practiceeffects).Alternatively,simpleregressiorbasedequations can be built
from published summary data (usually with
performance on a cognitive assessment at retest (Y), from their score at baseline (X)
(McSweeney, Naugle, Chelune & Luders, 3pAn obtained retest score that is markedly
lower than the predicted score suggests cognitive deterioration, whereas a markedly higher

retest score suggests cognitive improveni€nawford & Howell,1998)

Unlike the RCI, the regressidrasedapproactconsides other variables in the
prediction of the retest scoffeor examplepy taking into account baseline performance
regression equations can simultaneously factexireme scores (i.e. if the baselsworeis
very high,retestscores may show little improvement due to ceiling effeats) regression to
the meani(e. extremebaselinescores will likely become less extreme at retalsio low
baseline scores are likely to regress upward and vice;\2ufa 2012). Regression
eqguations also incorporate thgychometric properties of the tgstoviding a more precise
estimate of change by correcting for practice effésiteres are typically higher at retesid
the strength of the testtest corelation (smaller discrepancies expected for more reliable
tests Crawford & Garthwaite, 2007Y.his is especially relevant in this study where serial
assessments are being appted heterogeneous group of individu@#cSweeneyet al.,

1993.
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Computerised softwafevas used tapply the regressiebased approach which
tesedwhet her there was a significant discrepan
predicted retest score by evaluating a norsadlz-score of change ((Y observ&d
predicted)/SEEdgandarderror of the predicted score for a new case)) agairtstligtribution
(Crawford & Garthwaite, 2006 his softwarealso provide a point estimate of abnormality
or rarityfor the discrepancy (i.e. the percentage of the population exhibiting a larger
discrepancy) and accompanyi@g% confidence limits, as an indication of the uncertainty
attached to thestimate
t-tests were used to evaludibe discrepancyz-scores) betweem par ti ci pant 0s
predicted and observesdoresased ortheir performancetbaseline To obtain a more
reliable baseline estimate of cognitive ability and to account for any initial practice effects,
the three baselines wesgeragednto a combined estimate of p@/S performance (Collie
et al., 2003; Weller, 2007). This combined baseline was then used to predict participants
scores aeachretest sessior{sham stimulationcohort B, four weeks CVS, eight weeks
CVS, follow-up). Theexploratory nature of this study meant that a large number statistical
tests were rurthree/ four-tests were completed for each cognitive assessinieeat
measuresyvithin each participanirhet-testresults arssummarised below but a full
breakdowrof eacht-testcan be foundvithin Appendix B t-tests occurring during active
CVS will be focused uporAny notable discrepancies or trends between the three baselines
(e.g. an upward énd that begins between the three baselindsplsobe considered the

interpretation of the data

Two rather than ontiledt-tests were implemented to explore any potential declines
(as well as improvements) cognitive performanctllowing CVS. This is relevant, to

monitor participant tolerance and to accolantrandom performance variatiors g.fatigue,

2 Available from, http://homepages.abdn.ac.uk/j.crawford/pages/dept/regbuild.htm
122



environmental distractions}teststhat weresignificantat the20% or 5% levelare
highlighted since the utility of the traditional 5% levehs been questioned in pilot studies
(Stallard, 2012 Correctons for multiple comparisons were ragipliedto avoid risking type
two errors in the application of this already conservative apbr(s®e paragraph below)
given theexplorarynature ofstudy Insteadthe focus will be on the point estimate of
abnormality(and the95% confidence interval around thjsvhich provides more information
about the range of possililesponseto CVS (Lee et al., 20B). Estimates of abnormality
that werdess than 10% areterpreted, since thisiears that 90% of the healthy population
would beunlikely to exhibit a larger discrepancy than the participant, indicating that the
participanés score is unusual or extremi@bles 3.13 and 3.14 (within the chapter discussion)
provide an overview of the number of participants that showed ar€M&d improvement

on each of the CANTAB tests according to these criteria.

Ideally, the published data used to build the regression equation should retsemnble
of the marticipantin terms of diagnosis, retest interval and the neuropsychological measures
used. The more similar the published data is to thgcyantand study protocol, the better
the inferences of reliable chan@¢eaton et al., 2001 Although some studies have looked at
the testretest properties of the CANTAB in TBI samples, this has been limited to one or two
assessments, does not present the necessary statistics or is contaminated by an intervention
(Salmondet al., 2005Silver et al., 2009; Mehta, Swainson, Ogi&ahakian & Robbins,
2001; Waljaset al.,2014). Therefore, data from healthy participahts £00,M age= 44
made available bEANTAB®, 2008) retested over a similar interval (one to eight weeks
apart) on multiple CANTAB testgncludingseven of theight implemented heyewere
inputted into the equation to provide a closer estimate of reliable change. This equation
thereforeindicates whether the observed changes in performance between testing occasions

in aTBI paticipantdiffer significantly fromthat seen in cognitively healthy persons who
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have not been exposed to an intervention (Crawford & Garthwaite, 2006, 2007; Duff, 2013).
Although this equation will not be able to determine whesimgrchangs that the

participants showirom test to retesdreunusual for patients with TBI, comparisons with
healthy samples can still provide useful inferences. Moreover, it has yet to be determined
whether clinical or healthy participants make itheal comparisons group for these methods,

since the two datsets are likely to complement one another (Duff, 2012).

Here, the raw test scores were analysed to match the metric of the normative
comparisorsample (CANTAB®, 2008). Thus, for those outcome measures which indicate
accuracy or correct responses, a negative discrepancy/ differeocee indicates
performance below the normative mean and a positive score suggests performance above the
normative aerage. The opposite is true tbenegatively indicated measures (PAL,

SWM_E, SWM_ S)andlatendes (RVP_ms, RTI_ms)Note that these raw test scores do not
correspond with the standardisedcores plotted ithe descriptive statistics section of the

analysis. While the descriptive statistics show how participants performed relative to a

different normative sample across the six/ seven assessment sessions, inferential statistics are
comparing raw test scoref®i the available outcome measures) during active CVS sessions

to an average of éhthree baselines and evalutitis discrepancy relative to another

normative sample and thus may not map onto the descriptive plots.

Questionnaire responsesEstablishectlinical cutoffs/ categories we available for
the majority of the implemented questionnaifi@st not theCDS,EQ-5D and PIS, which
enable inferences about how a pa/symptam pant 6s
Importantly, these cubffs alreadyincorporatecalculations ofminimally clinically significant
differences. Any shifts between clinical categoriesaut-offs were therefore reporteglith

particular focus on those that occurred during active CVS.
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Participant so aqredsplayedamtabladihe psychsatioandfatigue
guestionnaires were administered at all sessions (except baseline@l®ihe general
health questionnaires were only administered at basemeeand three and after eight weeks
CVS. To provide broader insight into wellbgirmand functional recovery, several written
testimonials from participants and their relatives are alssepted. These testimonials are

anecdotal and subjective, but netrietess hold corroborative value.
Participant 01

Descriptive statistic€€ ANTAB z-scores for the six sessions (three baselines, four
weeks CVS, eight weeks CVS, foll-up) are presented in Figure 3ParticipanD 1 6 s
performance on the memebased assessments remained above the normative average for
the entirety of the study (with the exception of the DMS at baselinezor@,36), indicating
hervisualmemory was relatively well preserved. Simple information psingsas indexed
by the RTI assessment also remained close to the normadiase across the study (see
Figure 3.7bottom). However, sustained attention on the RVP (RVRvas consistently
performed belowthe normativenean

Cognitive performnce appeared to be facilitated across most of the tests between the
first and second baselindo noticeable changes in memory performance appeared to be
driven by CVSWithin the attentiorbased masures, descriptive statistislsowed that RVP
responseimes wereshortestduring CVS (four weekg= -0.26; eight weekg= 0.19), before
returning to the baseline level at follawp (z= -1.27). However, thd @rime measure for the
RVP (RVP_A) fluctuated across the study and peaked at faljp= -0.9), suggesting any

potential treatment effectaaynot havegeneralisd to RVP taskperformance as a whole.
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Figure 3.7.Descriptive statistics fahe memory (top) and attentirasedbottom)
assessments fparticipant 01. Negative scores indicate performance below the normative
mean.

Inferential statistics Analyses of reliable change revealed unusual changes from the
pre-CVS baselinaluring active CVS across several tests gggeendixB). In line with tre
hypothesis, somienprovementsvere presenbllowing CVS. After eight weeks CVS
processing speazhthe RTI wassignificantly shorter than predicted based on the combined
pre-CVS baselingt(98)=-2.48,p<.05], and the discrepancya® estimated to be usual,

0.74% [0.19, 1.83%However, descriptive statistics showed that RTs were actually shortest
during the second baselinad thus the enhancement may have begun prior to CVS.
Participant 01 also showed an improvement in the number of problems solved on the OTS
after four weeks CV3eglative to the predicted scorg9d8)= 1.95p<.05], with only2.9%

[1.08, 5.24%Df the normative sampleeinglikely to exhibit alarger discrepatry. Working

memory capacity on the SSP was also greater than expected after four weeks CVS and at
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follow-up [botht(98)= 1.39 p= 0.17]. However this improvement was limited by the
considerable uncertaingssociated with this estimate, 8.37%0pD to 20.2%], and the lack

of effects present after eight weeks CVS.

Unexpectedly, RVP_hit detection waeducedafter active CVS relative to the
predicted retest scarafter both fourf(98)=-2.85,p<.05] and eight weeks of CVH$8)=-
1.97,p<.05]. Both estimé&es wereconsidered to babnormalwithin the normative sample:
four weeksCVS= 0.26%[0.02, 1.01%], eight weeks CVS= 2.57% [0.55, 6.74Phe
number of errors made on the SWM (SWM_E) after eight weeks CVS was also greater than
expected giventhear t i ci pant 6t(98)=h&£6ped.10],rgain theidcrepancy
was fairly unusudl5.08%: 2.27, 9.14%]No further changes wepresent during active CVS
and rone of thenegativechanges described above continued at fellpyall estimates of

abnormality 3.3.6 ).

Questionnaire response&ontrary to the hypothesis, no shifts from clinical-ofit
or categories occurred during C\&e Table 3.4). Symptoms of depress@mained above
the BDI clinical cutoff acros the study buivereworst atstudy onsetClinically significant
symptoms of sleepiness (ESS) and functional impairment (WSAS) also persisted across the
study. Fortunately, dizziness and paimgyoms appeared to reduce throughousthdy,

although the onset of this improvement aced prior to CVS.

SummaryDescr i ptive statistics showed that
largely fell within normal limits across the study. The majority of the inferential statistics also
revealed stable performance atest. Performance on the SSP, OTS and RTI were
temporarily facilitated after a block of CVS, however the fact that these improvements began
prior to CVS or were not consistently present across blocks of CVS reduces the likelihood

that they were CV8elated. Conversely scores on SWM_E and RVP_hit werknee,
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indicating CVS did not have a significant generalised impact on cognitmalimically

significantshiftson the questionnairexcurred during CVS

Table 3.4

Questionnaire Responses at Each Session for Participant 01.
Questionnaire Baselinel Baseline3 4 weeks 8 weeks Follow-up
BDI 36* (sev) 23* (mod) 25* (mod) 27* (mod) 33* (sev)
BAI 1 (min) 15 (mild) 14 (mild) 10 (mild) 20* (mod)
CDs 275 165 220 250 100
FSS 6* 3.22 4.11* 3.11 4.67*
ESS 19* 17* 18* 17* 18*
EQ-5D (%) 30 0 10
EQ-5D 43453 43553 43553
WSAS 36* 38* 34*
DHI 66* 12 12
PIS 6 4 4

Note.* indicates a score that falls above the clinicataffit sev= severe, mod= moderate,
min= minimal.Secondary symptoms were not measured after 4 weeks C\iSllamdup
(greyareas).

Participant 02

Descriptive statisticSCCANTAB z-scores for participant 02 are presentedigufe
3.8 Severakcores fell Blow the normative the mean throughthé study. Performance on
the PAL and DMS wreparticularly impaired, simpl®Tson the RTI also remaindzd ow
averageOn a positive note, performangeaked on the PAL, DMS and SWiektsduring a
block of active CVS. These improvements are echoed in the testimonial below from the

participant.

AThere have been nymemory.da@wrenhemipenbésrot irgdormation
that | couldndt before. I am better at day
the next day and then actually doing it.o
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Figure 3.8.Descriptive statisticen the memory (top) and attentibased assessments
(bottom)for participant 02

Inferential statistics.Contrary to the hypothesidé majority of the observed and
predicted retest scoréw participant 02 were similauggestindnis performance had
remained stable across the retest sesg¢saet\ppendix B. Nonethelessseveralunusual
discrepancy scores were observed. In line with the hypothesis, scores on the SYUB)=S |
-1.31,p=.19] and SWM_E{[98)=-1.69,p=.09] were bth better than expected after eight
weeks CVS gi ven -€Msebasqire.rTheingproyementob the SYEVIe
measure was more unusl70%9 with less uncertainty attached to estimat®9, 8.82%],
than the SWM_Score [9.62%5.62, 14.75%].Improvements from the baseline were also
observed on the OTS after eight weeks CVS, such that the number of problems solved was

significantlygreater thanhe predicted scorg98)= 1.95,<.05. Only 2.69%1.08, 5.24%)]
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of the healthy control sample were estimated to exhibit a greater discrepafmyunately,
the improvements that were observed on the DMS and PAL within the descriptive statistics

did not reach significances¢eAppendixB).

Contrary to the hypothesis h e p a r RVIP_dits gcare wad significantigwer
than predictedfter four weeks CV8ivenhis preCVS baselinet(98)=-2.08,p<.05. This
resultsuggests than unusual decline [2.01%:65, 4.39%]n sustained attentiomad
occurredafter fourweeks CVSThis decline did not persist into the latteitest sessions and
no other reliable differences were present during active @W$8stimates of abnormality

>12.72%).

Questionnaire response&ontrary tathe hypothesisno shifts from clinicatut-offs
or categories appeared to occur in response to (&S Bble3.5). Participant 02resented
with clinically significant levels of fatigue (FSS) and sleepin&3S) throughout the study,
while depression (BDI) and anxiety (BAI) symptoms remained minimal during sham and
active CVS. Clinically significant dizziness symptoms were also reported (DHI) at all three

assessments.

Table 3.5
QuestionnaireResponses at Each session fartRipant 02.

Quedionnaire Baselinel Baseline3 Sham 4 weeks 8 weeks  Follow-up

BDI 21* (mod) 20 (mod) 2 (min) 4 (min) 11 (min) 17 (mild)
BAI 5 (min) 11 (mild) 4 (min) 4 (min) 7 (min) 10 (mild)
CDS 50 0 0 0 0 0

FSS 6.22* 5.33* 6.44* 6.33* 6.56* 6.56*
ESS 13* 17* 12* 13* 13* 13*
EQ-5D (%) 85 85 80

EQ-5D 32212 32211 32421

WSAS 22* 22* 14

DHI 74* 70* 68*

PIS 3 3 3

Note.* indicates a score that falls above the clinicataftit

Summary.Inferential statistics revealed significant improvements from the baseline

on the SWM (errors and strategy) and OTS following eight weeks CVS. Yet, no attentional
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improvements were present and the number of hits on the RVP was temporarily declined
after faur weeks CVS. Scores on the questionnaire measures were also unaffected by CVS.
There may have been a selective cognitive improvement on those tasks involving spatial
working memory and problem solving after eight weeks of stimulation which ceased at

follow-up.
Participant 03

Descriptive statisticsAs can be seenindgure 3.9 par t i scorpsgemetally0 3 6 s
fell above orclose to the normative mean, with the exception of the SWM_S which remained

below average throughout the study.
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Figure 3.9.Descriptive statisticen the memory (top) and attentibased assessments

(bottom)for participant 03
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Although@mr t i ci pant 030s performance was vari
four weeks CVS (RVP_A, SWM_E, SWM_S, and SSHjne with a CVSinduced effect.
However, these improvements were not sustained after eight weeks CVS or aufollow

contrasting with the expected pattern of results.

Inferential statistics.Unexpectedly,te maj ori ty of participant
stable acrosse four retest intervals (ség@pendixB). Improvements in response to CVS
were observed on the RTI_ms such that, RTs wkoeterthan expected after fout(98)=-
1.57,p=.12] and eightt{98)=-1.67,p= .10] weeks of CVS, as well as at follayp [t(98)=-
140,p=. 1 7] gi ven t {€¥S bpselindHowevemnphese effeds wpre ssmewhat
limited by the considerable uncertainty associated with these estimates, partidtdafiyua
weeks CVS [5.93%2.9210.19%] and at followup [8.26%: 4.4, 13.32%)] Moreover, he
improvement also appeared to begin before active CVS, during the third baseline and sham

stimulation(see Figure 3.9)

A brief improvement on the RVP_hits score was also observed after four weeks CVS
relative to the predicted sre [t((98)= 1.39p= 0.17] Thisdiscrepancy was considered to be
fairly unusual (8.37%), although again there was some unugrtdtached to the estimate
[4.40, 13.75%)] andhe discrepancy did nersist after eight weeks CVS where performance
fell within the predicted limits (31.13%)inexpectedly, nother reliable differencesere
present during active CV@ll estimates of abnormality >13.02%), including those test scores
that had appeared to peak after four weeks CVS within the descriptivect&8%%M _E,

SWM_S, and SSP).

Questionnaire response&ontrary to the hypothesis, depression (BDI), fatigue (FSS)
and sleepiness (ESS) symptowereunaffected by CVS, and remained above the respective

clinical cutoffs throughout the study (see Table)3 Anxiety symptoms (BAI) were lowest
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after eight weeks CVS and subseqliemmicreased again at followp. However these
symptoms were also minimal after sham stimulation therefore reducing the likelihood that
this reduction was driven by CVS. Clinicallgsificant dizziness symptoms were also
present on the DHI acrosd #iree assessmenishe comments from participant 03 are

consistent with the findings abave

Al havendt noticed any significant benefits
through the nighto.

Table 3.6

Questionnaire Bsponses dach Session fordrticipant 03.

Questionnaire Baselinel Baseline3 Sham 4 weeks 8weeks  Follow-up
BDI 23* (mod) 25* (mod) 24* (mod) 24* (mod) 21* (mod) 23* (mod)
BAI 10 (mild) 8 (mild) 5 (min) 8 (mild) 2 (min) 11 (mild)
CDS 0 0 0 0 0 0

FSS 5.33* 5.22* 6.11* 5* 6.11* 6.11*
ESS 20* 19* 18* 16~ 17* 17*
EQ-5D (%) 70 50 50

EQ-5D 11321 11122 32231

WSAS 19 21* 19

DHI 46* 40* 41*

PIS 3.5 3.5 35

Note.* indicates a score that falls above the clinicataftit

Summary.Descriptive statistics revealed a variable, but generally above average
pattern of performance. Inferential statistics also identified several improvements on the
attentionbases meases (RTI and RVP_hits), although the uncertainty attached to these
estimates limits their robustness. Importantly, no significant decreases from-tD&$pre
baseline were present during CVS suggesting the treatment had not been detrimental.

Responses on tlgpiestionnaire measures did not appear to change in response to CVS.

Participant 04

Descriptive statisticdrigure 3.10 presents tl@&ANTAB z-scores for participant 04
which evidence a persistent attentiemapairment. Although, latency scores thie RVP

(but not the RVP_A}lid appear to improvafter four ¢= -0.98) and eight weeks CV3+(-
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0.44).

Visuospatial memory functions appeared to be better preserved in parti@dpanth
scores omostof thememorybased tests nearing the natme mean (see Figure 3.1p).
Several scores also peaked du@\S (SWM_E, PAL, SSP, DMS)although these
improvements were not maintained (either into the second block of CVS or at-tgijow
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Figure 3.10 Descriptive statisticen the memory (top)ral attention based assessments

(bottom)for participant 04Note The RVP was discontinued at the initial baseline
assessment due to the participantoés infor mat

from the second baseline onwards. The DM abandoned at followp due to participant
disengagement.

Inferential statistics Contrary to the hypothesis, analyses of reliable change revealed
t hat part i c had&agdyenfamhed stabtodomvingeCy¥S. Only the SWM_E
showed anmprovemenivhereby fewer errors than predicted webserved after eight
weeks CVS1{(98)=-1.30,p= 0.19]. Only 9.77%4.63, 15.11%Df the normative sample

wereexpected to exhibit a larger discrepancy between baseline andNetesher
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improvements during CV3iat were noted within the descriptive statistics (PAL, SSP, DMS)

reached significance.

Unexpectedlys ever al comparisons also revealed
during the CVS blockw&/aslowerthan expected given her p@/S baselineThe numbenof
hits on the RVP was significantly reduced after eight weeks @wbat followup, relative to
the score pmricted from the pr&€VS baselingbotht(98)=-2.15,p<.05], and the discrepay
was estimated to be unusual [both 1.729283, 5.41%]Performace on the DMSvas also
lower than predicte(based on the pr€VS baseline) after fout(P8)=-1.38,p=.17] and
eight [t(98)=-2.58,p<.05] weeks CVS. The results indicate that a healthy control participant
would beexpected show a greater improvemamthe DMSat retest, particularly the
discrepancy after eight weeks CVS [0.58%: 0.05, 2.18%0]other changes were present

during active CVSall estimates of abnormality >11.81%)

Questionnaire responsefarticipant 04 did not experience clinically sfigant
psychiatric or fatigue symptoms over thmucse of the study (see Table)3.The high scores
on the EQ5D and the WSAS represent the significant ongoing rehabilitation needs of this
participant (e.g. walking, dressing, occupational tasks), whiolireed in place throughout

thestudy.

Summary.Descriptive statistics suggested thateralmemory tesscoreshadpeaked
duringCVS. However, inferential statistics calculated that only the SWM_E showed an
unusual enhancement from the baseline. Scores on the DMS and RVP_hits were also
temporarily reduced during CVS, contrasting with the hypothesis. Functional impairments
were undfected by CVS according to the questionnaires. Neverthelésstirmonal from

par ti ci pa mdicatéddhatehe faraily fouend the CVS beneficial.

AThe fact that she did achieve improved levels on most of the repeats in the testing cycle does
give us an upwarttend. The CVS process itself, the cooling and heating of the inner ear,
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may be responsible. The conclusion on that point can only be, as we have said all along
Astimulationd i s good and of ¢ o wmother fordhiofr e c t
stimulation and a pretty unusual type of stimulation, one that we are fortunate to have had
the chance of experienciog

Tabe 3.7
Questionnaire Responses at each Sessionddrdipant 04.

Questionnaire Baselinel Baseline3 4 weeks 8 weeks
BDI 8 (min) 6 (min) 0 (min) 5 (min)
BAI 1 (min) 0 (min) 0 (min) 0 (min)
CDS 0 50 0 50

FSS 1.89 2.11 1.22 0.78
ESS 1 2 1 1
EQ-5D (%) 90 90 90
EQ-5D 54421 55211 55511
WSAS 34* 28* 32*

PIS 3 2 0

Note.* indicates a score that falls above the clinicalafiit General health questionnaires
only administered at baseline and after eight weeks @30 participant disengagement

Participant 05

Participant 05 missed sevesalssions o€VS during his fist four weeks of treatment
(sham stimulation), but subsequently maintained the treatment protocol following extra
reminders from the researcher. The participant was also unable to complete the general health

guestionnaires at followp due to his busy selule.

Descriptive statisticSCANTAB z-scores are presented iigére 3.11 Several of the
memory test scos(i.e.PAL, DMS)were extremely abnormahd fell five or more standard
deviations below the normative mean. Perforocgaon the attentiomeasures wagss
unusual, althoughesponsesn the RTI_msvere longer than theormdive average
throughout the study.

Responses to the RVP_A and RTI_ms measures appeared to improve during CVS and
these facilitations were sustained ithe follow-up period PAL and DMS scorealso
peaked during active CV@fter eight and fouweeks of CVS respectivelyalthough these

improvements were nohaintaired (either across blocks of CVS or at follayp).
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Figure 3.11 Descriptive statisticen the memorytop) and attentiofbased assessments
(bottom) for participant 05. Note the use of different scales to account for the extreme
memory scores.

Inferential statistics.Analyses revealed that the observed and predicted scores for the
PAL differed across all fouetestgall ps<.05). The largest discrepancies occurnathdg
CVS (seéAppendixB), such that therror ratewas significantly highethan predictedfter
four weeks CVS{[(98)= 23.40p<.05] indicating an musual [0.27%0.001, 1.80%decline
in performance based on the {¥S baseline. However, in line with the hypothesis, the
observed retest score was significantly improved (less errors) after eight weeksl&wg
to the predicted retest scotéOB)=-24.60,p<.05], with only 0.18%40.001,1.23%]of the
normative sample expected to exhibit a larger discrepancy. This improvement was not
sustained at follovup, where therror ratewas again greater thanpected {(98)= 16.40,

p<.05] and was unlikely to be found within the normative sample [2.7306; 11.5806]. The
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facilitations in attention during CVS that were noted in the previous section (RVP_A,

RTI_ms) did not reach significance here (RVP_hits, RT). ms

Contrary tothe hypothesis, statistically significant declines in performance were also
observed on the DMS after sham stimulation, eight weeks CVS and fofi¢all estimates
of abnormality <2.34%, afts<.05) but not after four weeks CV$=£ 0.84,abnormality=
41.94%) (sedppendixB). The largest discrepancy occurred after eight weeks @98)f -
4.27, p<.001], where the observed score was lowest relative to the predicted score. This
estimate of abnormality was estimated to be highly unusual, with less thEhQ®®.02%]
of the normative sample expected to exhibit a larger discrepdneyxpectedly, ores on
the SWM_E were alseorsenedafter eight weeks CVS given the gt&/S baselinet[98)=
1.79,p=.08],0once agairthe discrepancy wasstimated to be fairly unusual [3.82%:84,
9.83%]. No other changes were present during active @U®stimates ftabnormality

>12.46%)

Questionnaires response€ontrary to the hypothesis, no shifts from clinicalofis
or categories were present during C{g8e Table 3.8Clinically significant symptoms of
fatigue (FSS) and sleepiness (ESS) symptoms conttoumdden the participatiiroughout
the study. Depression (BDI) and anxiety (BAI) symptoms also remained within the moderate
range during CVS and fell above the clinicalk off throughout the studydditionally,
clinical levels of functional impairmerft’SAS) and dizziness symptoms (DHI) were

reported at basele and after eight weeks CVS.

SummaryDescr i ptive statistics showed that
fell outside of normal limits and contained several extreme scores. Somec@
improvements initially appeared to be present on the attentional measures (FRRIR_IAY.

Howe\er, these facilitations were not significant within further inferential analyses
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(RVP_hits, RTI_ms). Inferential statistics also revealed a temporary improvement on the

PAL, alongside worsened performance on the DMS and SWM_E after eight weeks CVS.
Thispa ti ci pantds cognitive performance was hig
PAL) but these changes did not appear to be driven by CVS alor@V&relatedshifts

from clinical cutoffs were preserdn the questionnaires.

Table 3.8

QuestionnaireResponses at Each Session fartigipant 05.
Questionnaire Baselinel Baseline3 Sham 4 weeks 8weeks  Follow-up
BDI 26* (mod) 19 (mild) 27* (mod) 25* (mod) 24* (mod) 20 (mod)
BAI 17* (mod) 27* (sev) 24* (mod) 22* (mod) 20* (mod) 23*(mod)
CDS 300 165 450
FSS T* 6.44* 6.67* 6.22* 6.78* 7*
ESS 17* 18* 19* 16* 16* 17*
EQ-5D (%) 75 75 50
EQ-5D 22233 11233 11333
WSAS 18 26* 21*
DHI 50* 72* 48*
PIS 4 5.5 4

Note.* indicates a score that falls above the clinicataffit The CDS was not completed at
the third baseline, after sham stimulation or at follgwas the participant felt the
guestionnaire did not apply to him.

Participant 06

Participant 06 missed seaCVS treatments throughout the study due to his
cognitive impairments and the availability of support workers to help him maintain the

treatment protocol.

Descriptive statisticsAs can be seenindgure 3.12 parti ci pant 066s s
memory base tests fell below that of the normative sample acrossttity, Performance on
the PAL was particularly impaired and did nopepr to improveScores on the attention
based measures were also below averagshawted somerogressn over the study,
especiallyonthe RVP_A where an upward trend was prefemh the second baseline

onwards
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Figure 3.12 Descriptive statisticen the memory (top) and attentibased assessments
(bottom) for participant 06. Note the use of different scales to accommodate the extreme
memory scores.

Inferential statistics.Analyses revealed significant discrepancies between the
observed and prectied retest scores of several tests fggeendix B. Only the RVP_hits
measure showed statisticatlignificant improvements from the baseline assessments.
Participant 06 responded to significantly more targets than expected after eight weeks of CVS
[t(98)= 2.17,p<.05], this wasalsomaintained at followup [t(98)= 2.75,<.05]. Theseresuls
support the hypothesis and indictitat a member of the healthy control sample would be
unlikely to exhibit this largemprovement between testing occasions [evgbeksl.64%
0.23, 5.1%0; follow-up 0.36% 0.02, 1.446]. However, it should be noted that this

facilitation appeared to begin prior to C(See Figure 3.12 for RVP_A)
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ConverselyRTs for the RVP wersignificantlylonge than expected after sham
stimulation [(98)= 5.95p<.001] and four weeks CV$(98)= 2.61 p<.05], relative tothe
pre-CVS baselineThe point estimates of abnormality for both discrepancies were highly
unusual with less than 1% of the normative sample estimated to achieveralisacgepancy
Fortunately, this slowing did not persist into the latter retest seqsiorspeeeaccuracy
tradeoff with the RVP_A effect described abovBesponses wer@so lengthenedn the
RTI_ms after fourt{98)= 1.40p=.16] and eightt[98)= 175, p=.08] weeks CVS,Ithough
there was some uncertainty attached to these es8rffatir weeks CVS 8.22%: 2.67,

17.42%; eight weeks CVS 4.19%: 1.05, 10.20%)]

Contrary to the hypothesihe number of errors observed on the PAL was
significantlyhigher han predicted across all four retests, including thosefatfie(t(98)=
3.56,p<.001] and eightt[98)= 4.10,p<.001]weeks CVSPerformance on the PAdppeared
to decline over the cowrf the study relative to thpre-CVS baseline, with the largest
discrepancy occurring at followp. Estimates of abnormalishowed thathe normative
sample would be highly unlikely to exhibit this decline in performancedtdbtestimates
<3.64%) . Participant @& also lopes than expetteslativesto on t h e
the preCVS baseline, after sham stimulati@(®8)=-2.0, p<.05]and eight weeks CVS,
where the effect was strongé98)=-3.20,p<.05 and more unusual [0.09%: 0.003, 0.46%]
No other changes were present during active GU®ther estimates of abnormality

>10.72%)

Questionnaire response&ontrary to the hypothesis, no shifts from clinical-otit
or categories were present during C{g8e Table 3.9BDI scores fell within the severe
category across the study amdre highesduring CVS.Clinically significant levels of
anxiety (BAI) were also present throughout the study, although the sexeaiggand was

most extreme at the initial baseline and after sham stimulation. Participant 06 also
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experience@bnormal leels of fatigue (FSSAt the majority of assessment sessions (except
from the first baseline and after eight weeks C\é&hough he did not report feeling overly
sleepy (ESS). Total scores on the DHI also revealed a moderate level of handicap was present

across the three assessments.

Additionally, the EQ5D percentage score declineetween the third baseline and
after eight weeks CVS, indicating the-partic
being had deteriorate@s no clinical cutoffs were available for this measure, the clinical
significance of this decline is difficult teterminelmportantly, he participanttestimonial

does not suggest any negative perceptions of the CVS

AThe stimulation has | efabme feetemgmmeret bp
Table 3.9

Questionnaire Responses at Each Session for Participant 06.

Questionnaire Baselinel Baseline3 Sham 4 weeks 8weeks  Follow-up
BDI 37* (sev) 39* (sev) 37*(sev) 43*(sev) 36*(sev) 34* (sev)
BAI 35* (sev) 15 (mild) 28* (sev) 22* (mod) 23* (mod) 16* (mod)
CDS 69 235 65 65 12 65

FSS 3.56 4.11* 4.44* 4.89* 3.56 5.67*
ESS 3 3 2 5 6 9

EQ-5D (%) 70 70 50

EQ-5D 21123 11133 12223

WSAS 10 20 18

DHI 48* 52* 42*

PIS 3 3 3

Note.* indicates a score that falls above the clinicataftit

SummaryDescr i ptive statistics showed that t
remained below normal performance limits over the course of the study, while the attention
based measures showed some progression. Further, inferential analyses revealedtimt hit
on the RVP were improved after eight weeks CVS (and at fallpyrelative to the pr€VS
baseline. However, RTs on the attention based measures (RVP and RTI) were also longer
during CVS and there were abnormal declines in performance on the PAL andudibts d
CVS relative to the pr€VS baseline, suggesting cognitive performance did not generally
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benefit from the stimulation. Questionnaire responses for the BDI arelCHQb) were
worsened during CVS, but no clinically significant shifts were driven by &8ss any of

the measures.

Participant 07

Descriptive statisticsFigure 3.13 hows t hat the majority of
fell within normal limits across the study, with the exception of the \BiS#?escores were
frequentlybelow average. Prmance on several tests appeared to improve acrossitlye s
(i.e.SSP, DMS, and RVP_A). However, these changes had often commenced prior to the
onset of CVS and did not appear to be driven by the stimulation. Responses on the RTI_ms
(four weeksz= -0.2) and RVP_ms (eight weeks 0.63) were alstonge during CVS

relative to the other sessions

—o—SWM_E SWM_S —e—PAL —e—=DMS ——SSP

1 /.

. - /T/
Baselinel Baseline2 W 4weeks . 8weeks Follow-up

—e—RVP_A —e—RVP_ms RTI ms

Z score

Z score

Ny

Baseli}/ Baseline2 Baseline3 Sham 4vwreeks 8weeks Follow-up

-1
Figure 3.13 Descriptive statisticen the memory (top) and attentibased assessmis
(bottom) for participant Q7
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Inferential statistics.Analyses of reliable change revealed thatinajority of
parti ci pa rhadredainédsstaldedetweensthe baseline and retest intéseals
AppendixB). Contrary to the hypothesis, any unusual discrepancies from Hi®/j3e
baseline occurred aftsham stimulation and at folleup, meaning these cognitivahanges

wereunlikely to bedriven by CVSall estimates of abnormality durirgtive CVS >15.526).

Questionnaire responseét study-onset participant 07 complained oparticular

dizziness symptom of light headedness and unsteadiness when bendifigneraforea

more specific measure of dizziness symptatims Vertigo Symptom Scale (VS8ardley et

al., 1992, wasadministerednstead of the DHIWhich assesses the impacidi#ziness on

daily functioning) ® closely monitor this complaimit baseline and after eight weeks CVS.
Table3.1di spl ays participant 0706s questionna

were minimal (BDI, BAI) or absent (CDS) throughout the studytaedarticipant was not

suffering from abnormal levels of sleepiness (ESS), although clinical levels of fatigue (FSS)

were present on several sessions but nohdiCVS. Vertigo symptoms (V3 $lid not

appear to increase over the course of the study.

Tabe 3.10
Questionnaire Responses at Each Sessiondadidipant 07.
Questionnaire Baselinel Baseline3 Sham 4 weeks 8weeks  Follow-up
BDI 14 (mild) 9 (min) 19 (mild) 19 (mild) 13 (min) 15 (mild)
BAI 7 (min) 4 (min) 7 (min) 9 (mild) 5 (min) 4 (min)
CDSs 110 20 80 68 0 30
FSS 4.22* 3.89 4.44% 3.22 2.11 4*
ESS 4 8 3 5 3 6
EQ-5D (%) 75 85 85
EQ-5D 11221 21221 11221
WSAS 13 16 11
VSS_SA 17 9 7
VSS VS 6 1 4
PIS 2 2.5 2

Note.* indicates a score that falls above the clinicataftit
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Summary.Descriptive statistics showed that the CANTAB was largely performed
within or above normal limits over the course of the study. Inferential statistics also indicated
that cognitive performance was not significantly altered by CVS. Similarlypnses on the
guestionnaire measures were not shifted across clinical categories duringjl@gs.
findings are echoed in the participant testimonial below, which describes some subtle effects

of the CVS alongside some persisting difficulties.

Al t iculsto shy How much of an effect the treatment has had on me. | certainly feel
calmer and more like my ckklf. | enjoyed doing the treatments, they were relaxing. | have
noticed some improvements in being able to concentrate and remember things aisvork
same things have stayed the same like my ability to taste and sinell

Participant 08
——SWM E SWM S —e—PAL —e~DMS —e—S5SSP
2
1
2
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Figure 3.14 Descriptive statisticen the memory (top) and attentibased assessments
(bottom) for participant 08.

Descriptive statisticdrigure 3.14displaysp ar t i ¢ i zscnesbn the EANI AB,

the majority of whicHell within normal limits over the course of the stu@xceptthe SSP
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andSWM.Participant 080s p éaséddestaflaactuatetrossn t h e
assessment sessions, but these changes did not appear to relateAtervsnal
performance was less variable ardponse speeds on the Rippeaedto peak after eight

weeks of CVS

Inferential statistics.Contrary to the hypothesis, the majoritytloé observed and
predicted retest scores were similar during active (3é8AppendixB). Although, &
unusual improvement [4.959%:38, 8.640] was demonstrated on the Oaffer eight weeks
CVSwherebythe number of problems solved was improved relative to th€ Y& baseline,
t(98)= 1.67 p=.09. The improvement on the RTI_ms that was noted in the descriptive
statistics did not reach significance here.

Unexpectedlythe number of erroren the SWM was higher thammedided after four
weeks CVS{(98)= 1.35,p=.18], with 9.02% [4.55, 15.17%f the normative sample
estimated to show a larger discrepancy. Later, after eight weeks CVS fewer items than
expected were remembered on the SEB)=-1.51,p=.14], again this discrepancy was
estimated to be fairlynusual in the normative sample [6.83%: 3.64, 11.1%%]other

changes were present during active Qsllbestimates of abnormality >13.45%)

Questionnaire response3hese scorewerealsounaffected byCVS (see Table
3.11). Severe symptoms of depression (BDI) and clinical levels of anxiety (BAI) persisted
throughout study, although anxiety symptoms were reduced at fajpoBome experiences
of depersonalisation were also reported (D& tunately these symptoms reduced as the

study progressed and were lowest after eight weeks CVS.

Abnormal levels of fatigue (FSS) and sleepiness (ESS) were present during all
sessions and remained stable throughout the study. Clinically significals & functional

impairment(WSAS)and dizziness sympton(®HI) were alsaeported acrosthe three

146

me Ir



assessmeatOn a more positive notgeneral perceptions of health on the-5Q (%) were

improvedafter eight weeks CVS (from 45 to 95), suggestingthepg i ci pant 0s
health status may habeen elevated bgVS.
Table 3.11

Questionnaire Responses at Each Session for Participant 08.

Questionnaire Baselinel Baseline3 Sham 4 weeks 8weeks  Follow-up
BDI 36* (sev) 39* (sev) 41*(sev) 37*(sev) 38*(sev) 41*(sev)
BAI 21* (mod) 23* (mod) 32*(sev) 21*(mod) 29* (sev) 16* (mod)
CDS 690 650 575 560 195 460

FSS 7* 7* 7* T* 7* 7*

ESS 13* 13* 13* 15* 14* 13*

EQ-5D (%) 20 45 95

EQ-5D 43545 33534 32425

WSAS 35* 39* 37*

DHI 82* 80* 80*

PIS 4 3

Note.* indicates a score that falls above the clinicalaftit

SummaryDescri ptive statistics indicated

fell within normal limits, with some variability across the memory measures. Analyses of
reliable change showed that cognitive performance was largely similar following CVS
relative to the preCVS baseline, with the exception of the OTS where performance was
briefly improved and the SSP and SWM_E where performance was temporarily reduced
during CVS. Blocks of CVS may have induced a selective alteration in spatial working
memory angroblem solving performance that emerged after eight weeks stimulation but
ceased at follovup. Clinically significant shifts on the questionnaires were absent during

CVS and thdollowing testimonial from the participaappears to reflect these findings

"| felt that | wasable to concentratbetter andor longer periods as the treatment
progressed. | still feel as tired as | did at the start of the treatment.”

Discussion of Behavioural Outcomes

This chapter described a multidengle caseshamcontrolled study that was

conducted to provide the first investigation into the effects of CVS ondatepsychiatric
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symptoms of TBI. Analyses examined whether any behavioural changes in cognition, mood
and fatigue symptomology, as well as generdlbgeng coincided with blocks of CVS using
regression based statistics and established clinicalffsutDescriptive statistics revealed
variable patterns of performance, with several participants appearing to improve on the
visuospatial memory tests dog active CVS relative to the baseline/ sham period. Moreover,
although the inferential statistics were largely4sagnificant, nearhall participants (except
07)improved on at least one cognitive test during CVS relative t&€pi® baseline period.
These improvements were not accompanied by concurrent changes in genebalimgl|

mood and fatigue symptomology which were largely unaffected by §8dSingle

descriptive (e.g. age, gender) or clinical feature (e.g. TBI severity, vestibular symptoms)
appeared to impact responsiveness to the CVS, though a larger and more tightly controlled
sample would need to be tested before any generalised conclusions could be made. A detailed
review of the findings is provided below and a general discussion wdlifdhe

electrophysiological results presented in the next chapter.

Key Results

Descriptive statistics Taken together these showed that cognitive performance
peaked on at least one test within five participants (02, 03, 04, 05, 08) during active CVS.
These effects were most commonly found on the metbasgd measures, mainly the PAL,
SWM andDMS (all Ns= 3), whichall test shorterm visual memory but differ in their
emphasis on spatial and pattern information (SWM: spatial, DMS: pattern, PAL: both). In
line with these trends, four out of the six participant testimonials made a specific reference to
memoryimprovements or being able to remember information more easily after completing
the CVS treatments. These findings provide some provisional evidence for-ee@8l
improvement on the memohased CANTAB measures and move closer to evidencing a
vestibula contribution to memory function.
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Descriptive statistics also showed that the PAL, an assessment of visuospatial learning
where participants are given multiple attempts to accurately position objects within a display,
was the worst performed test in thref the participants. Anecdotally most of the sample also
tended to report that they found this task challenging. It could be argued that the task of
retaining and combining details of complex visual patterns as well as spatial locations was
especially dficult, in comparison to the other memory tasks which place more reliance on
either spatial (SSP, SWM) or pattern information (DMS). Visuospatial learning may
therefore be a relevant target for future intervention, particularly since there was room for

improvement on the test.

Further trends were difficult to come by given the diversity in cognitive performance
across the sample as well as within individual participants (see Figurgsl3)7Even before
the onset of CVSane individuals performewithin or close tanormal limits(participants
01, 03, 07, 08)while others attained scores several standard deviations below the normative
meanon multiple assessmer(garticipants 02, 04, 05, Q@)escriptive statistics and testing
observations also indicate t hat t he parti ci paiiluctesabdacrasg ni t i v e
sessions due to a combination of poterfiators which were not limited to the CVS (e.g.
fatigug concentration lapses) thus increasing Hmdividual variability and limiting

conclusons about the effectiveness of CVS.

Inferential statistics. Tables3.12 and 3.1®rovide a summary of thaferential
results fronthe retest sessions taken after four and eight waeRY'S, according tohe
significance values found tmaditional <.05) and pilot |f<.20) studiegStallard, 2012
Contrary to the hypothesis, the majority of theerentialt-tests rgealed a nossignificant
result,meaninga generic effect of CV8ould not be evidenced across the sample. These
results indicat¢hatt he di fference in particip@SBtsd scor

baseline and after active CVS would not be unusual in a normative sahplead not
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received treatment. Nearly @larticipants showed improved performance bleast ondest
during CVS relative to their baseline performanget the majority of the comparisonsree
nonsignificant and someests also showed a temporary decliWnere improvements were
present, these mainly occurred after eight weeks CVS, suggesting repeated se€3#$s of

may be important.

Table 3.12
Count of Rarticipants tha Declined, Remained Stable, or Improved Based on Standardised
RegressiorBased Mthodology= 0.. 05)

Four weeks CVS Eight weeks CVS

Decline Stable Improve Decline Stable Improve
PAL 2 6 0 1 6 1
SWM_S 0 8 0 0 8 0
SWM_E 0 8 0 0 8 0
DMS 0 8 0 3 5 0
SSP 0 8 0 0 8 0
oTS 0 8 0 0 6 2
RTI(ms) O 8 0 0 7 1
RVP hits 2 6 0 2 5 1
RVP (ms) 1 7 0 0 8 0
Total 5 67 0 6 61 5

Table 3.13

Count of Rurticipants tha Declined, Remained Stable, or Improved Based on Standardised
RegressioBased MthodologyU= 0. 2)

Four weeks CVS Eight weeks CVS

Decline Stable Improve Decline Stable Improve
PAL 2 6 0 1 6 1
SWM_S 0 8 0 0 7 1
SWM E 1 7 0 2 4 2
DMS 1 7 0 3 5 0
SSP 0 7 1 1 7 0
oTS 0 8 0 0 5 3
RTI(ms) 1 6 1 1 5 2
RVP hits 2 5 1 2 5 1
RVP (ms) 1 7 0 0 8 0
Total 8 61 3 10 52 10

Il nterestingly partici paonmpastiéulardests, mandytheeer e n

SWM_E RTI (ms) and RVPhits. The OTS, a test of executive functioning, yielded the
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largest number of performance improvements after eight weeks CVS (two particigants at
0.05, three participants= 0.2) and none of th@mple declined on this measure after CVS.
Repeated sessions of CVS may therefore have improved problem solving abilities in some

individuals.

In line with this finding, previous research has also shown that vestibular inputs may
be relevant for executiveifictioning.Tangen, Engedal, Bergland, Moger aviéngshoel
(2014) previously tested the association between balance and cognitive function across a
sample of adults with various levels of cognitive impairment (subjective, ATl
Although the authors esl a large battery of assessments, the only test to retain its association
with balance function in a final regression model which adjusted for demographic variables
was executive function (Trail Making TeBt Reitan, 1955). Mirelman et al. (2012) also
showed that poor performance on tests of executive functioning taken five years earlier then
predicted ol der adultsd r tupfiveyedrslategWithithemg when

deterioration of frontal processing resources thought to contribtitese declines.

Altogether the current andngvious findings indicate an association between
vestibular signals and the completioreakcutive functions such as problem solving or set
shifting (tested by the OTS). The vestibtiltalamacortical pathwg, which enables
projections from vestibular areas (e.g. PIVC) to the frontal I(Pe=uss et al., 20)4may
offer an anatomical explanation for these associations. The modulatory effects of CVS within
frontal areas of the brain (e.g. the parftmtal operculum Lopez et al., 2012) could
therefore underlie the cognitive changes that were presenfligealteration to frontal
processing resources could also explain why some participants showed improved working
memory performance (01: SSP; 02: SWMS®/M_E) alongside the OTS. If executive
functions such as planning, volition, purposive action andnseifitoring are facilitated by
CVS, then performance on working memory tasks that draw upon these functions are also
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likely to be improvedFor exampleduring the SWM participants must plan an efficient
search strategy in order to memorise the locations of standlthus any CV-$elated effects

on executive function may also link to memory.

The analyses also revealed tthaiseparticipantsvhose tesscores fell below normal
limits (according to descriptive statistics) tended to show larger discrepancies from their
predicted scorewithin analyses of reliable changeor example, participants 037 and 08
performed close to or above the normative meaoss modiests and had fairly stable retest
scoregduring CVS whereas participantghose performance falelow the normative mean
showedmore variability includingsignificant improvements on one or two measures during
CVS (02: SWM, OTS; 04: PALDS5: PAL; and 06 RVP_hits). It could be argued that the
severity (and location) of the brain injuries sustained by these four patients caused changes in
the brainstem which meant that these individuals were less able to inhibit vestibular signals

and thus wee more susceptible to CVSdj, Honoré & Rousseaux, 2006

Group Effects.

To helpinterpretthe multiple cognitive effects presented above, a group analysis was
alsoperformed Given the small sample size, the Friedman test was adopted as a non
parametric alternative to the emay repeated measures ANOVA. This approach was used to
explore whether a grotipased change in performance was present across the key study
sessiongnered intothe regression analyses above. Since not all participants received sham
stimulation (cohort B only), analyses focused on the remaining four sessions (coprieined
CVS baseline, four weeks CVS, eight weeks CVS, follgpyto avoid reducing theample
size If asignificantmaineffectwas found Friedman testsould thenincorporatehe sham

session to estimate any placebo eff@cthe remaining six participants

Composite scores wefiest computed from the descriptizescores for the eight

CANTAB outcome measures. A Friedman test comparing the four key sed¢io8% (
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reveal ed a si g rB)fileceapx.05. HoweverBonferonf ceredted 6
(p<0.008) Wilcoxonsignedrank posthoc testingevealed no significant differences between
individual sessions (als >2.52; allps> .012). Tcestimate theffect of sham stimulation,
composite scores wetieencompared across the five sessidis 6). A significant albeit
weakergr oup ef fect \(4)s 1208p&.05) bupno poshecrtdstseaohed
significance(all zs> 2.52; alps> .012)according to the Bonferroni criteriop<0.005).
Figure3.15showsan improvement in compositescores from there-CVS baseline

onwards, with performance appearing to peak after four weeks &St notrobustly

Pre-CVS Baseline Sham 4weeks 8weeks Follow-up
0.5
%)
5 0
b4
L
£
é_ -0.5
=]
@]
-1
-1.5

Figure 3.15 Composite group scores across the five key sessions for the CANTAB outcome
measures. Negative scores indicate performance below the normative mean.

To explore whether any grotgased changes were presentifioiividual cognitive
outcoms, group analyses were also completed for edichekey CANTAB measurs
across the four sessions (seabl€ 3.14). Only the RVP_hits measure showed a significant
main effecté®(3) = 12.69 p<.05. Post hogBonferronicorrectedesting(p<.008)was
therefore conducted on the RVP_hits meabutdhisfailed to supporanysignificant
differences between any of the four levels £aill.54; allps>.12). To ensure no significant

effects were missed from the sham session, four additionahpogests were completed on
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the six participants whbadcompleted this session for the RVP_hits megdwtagain these
did not survive Bonferroni correctidiariterion ofp<.005:all z>-2.20; allps>.028). Togther
the results suggest that CVS had not exergaap effecion either the composite or

individual outcomes.

Table 3.14
Group analysis of CANTABeasponses to CVS.
G p

Compositez score 16.65 .001
Paired Associates Learning 1.79 .62
Spatial Working Memory Strategy  0.12 .99
Spatial Working Memory Errors 6.45 .09
Delayed Match to Sample 6.93 .07
Spatial Span 6.86 .08
One Touch Stockings 5.62 13
Reaction Time (ms) 1.05 .79
Rapid Visual Processing hits 12.69 .005
Rapid Visual Processing (ms) 3.75 .29

Note. df 3. Session variable is comprised of four levels: baseline (an average of the three
assessments), four weeks CVS, eight weeks CVS, fallpvl he sham session is excluded
from the tablesince the study design meant that it was not completed by all partisi

Questionnaire responsesContrary to the hypothesis, no shifts from clinical-ofis
or categories appeared to be driven by CVS. Similar to the vestibular cohort tested in Chapter
2, clinically significant symptoms of anxieti€ 3), depressionN= 5), fatigue N= 7) and
sleepinessN= 5) were again prevalent and tended to persist wikidnsample across the
study. Yet both the questionnaire responses and participant testimonials indicated that CVS
had not been effective at targeting psychiand fatigue disturbances, and neither had it
induced a more generalised impact on wellbelig absence of clinical shifts on these
guestionnaires suggests that any potential effects of@M8e cognitive symptoms of TBI
were not dependent on comorlgisinges ipsychatric and fatigue symptomologyhe
results therefore provide further tentative evidence flireat vestibularcognitive pathway,

since the vestibular signals themselves appeared to alter cognitive processing rather than any
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fluctuationsin comorbid symptomology which could influence cognition indirectly (Hanes &

McCollum, 2006)
Limitations

The current study could be critiqued forfibgus on visuospatia@ssessments of
cognition, which meant that other important verbal impairmentdrdguently present
within TBI samples (e.g. aphasia or verbal memory) could have been neglected.
Unfortunately, given the time constraints of this PhD it was not possible to extend the
assessment battery. Moreover, by incorporating the CANTAB the cstreht could
continue to investigate the vesilar-cognitive effects on visuglrocesses that were shown to
be important in Chapter 2. However, since evidence has demonstrated improved verbal
processing in both aphasic patients (word naming; Wilkinsah,e2013) and healthy adults
(word recognition; Bachtold et al., 2001) following right ear CVS, verbal measures may
make a useful addition to future assessment batteries. Nevertheless, the CANTAB did
highlight seeral tests which appeared toswesceptile to CVS (OTS and SWM according to
inferential statistics; PAL and DMS according to descriptive statistics) and might be the very
beginnings of an important CVi®lated effect on cognition. Given these effects, it would
now be interesting to implement maeecific assessments (e.g. Hayling and Brixton Tests,
Burgess & Shallice, 1997rail Making Test, Reitan, 1955; Cotdbck-tapping taskKessels
et al., 200D to investigate whether further improvements could be elicited within these

cognitive domains.

The current assessment battery might also be limited by its reliance -oepsetf
measures as indicators of psychiatric, fatigue and general wellbeing symptomology, since
these could be distorted by various factors (e.g. ongoing litigation statusdestiability,

lack of insight). These questionnaires were selected on the basis of previous research which
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has shown them to be sensitive to alterations in the neuropsychiatric symptomology of TBI,
as well as recommendations from the teferring NHS des where they are routinely
implemented. However, researchers might want to consider implementing objective
measurements (e.g. polysomnographyltiple sleep latency testipgr carer/ clinician

ratings to supplement these questionnaires Kagilton Rating Scale for Depression;
Hamilton, 1967). The current study aimed to overcome some of these limitations by looking
at electrophysiological measures as a neurological indicator of general recovery (see next

Chapter).

Another possible shortcoming was tiee of the regressidmased approach. This
analysis was deemed the most suitable since it allows for individual differences at baseline,
incorporates the psychometric properties of the test and provides an inferiéeti@hde
statistic Crawford & Garthwaite, 2007 all of which are highly relevant to
neuropsychological cassudies (Duff, 2012)However,the approach does not eliminate the
occurance of false positives which could be problematic here where indisgtirather than
collective changes we expectedvithin this diverse pilot sampl&loreover,it could be
argued that by combining the three baselines together to form@Jf8daseline, changes in
natural recovery that occurred prior to CVS may have b@assed. Nonetheless, by
averaging the data in this way initial practice gains during the first and second test repetition
were accounted foQpllie et al, 2003, and a more reliable baseline was obtained by testing

the participants on three separateasions.

It could also be argued that the published data used to build the equation would have
been more informative if it were based on a TBI sample (Heaton et al., 2001). While the data
used to build this equation canrm@termine whethany perfornance changesom test to
retestwereunusual for patients with TBthey did provide useful inferences about
participantsd performance on seven of the
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over a similar retest interval. Overall this wasrded to provide a closer estimate of reliable
change than building the equation from multiple different TBI studies that had only
administered one or two CANTAB tests to smaller sample over a shorter retest interval (e.g.
Salmoncdet al.,2005; Silver et a).2009; Mehteet al.,2001; Waljast al.,2014. If a

registered psychologist was available, then future research could consider administering more
widely-recognised neuropsychological assessments (e.g. Weschler MemorR8¢ialed;
Weschler, 1980r theRivermead Behavioural Memory Test; Wilson, Cockburn, &

Baddeley, 1985), since published data within TBI samples (administered at similar multiple

retest intervals) is likely to be more readily available.

Behavioural Data Summary

The current sample demonstrated considerable heterogeneity in their cognitive
performance both at baseline, as well as in response to CVS. Participants 02 (SWM), 04
(PAL), 05 (PAL) achieved their highest test score during CVS which also corresponded to a
significant improvement from the pi€VS baseline within the analyses of reliable change.
However, the inferential statistics generall
remained stable during CVS relative to the-GMS baselineAt the grouplevel, acomposite
measure o€ognitiveperformancevassignificantly altered across the study sessions
However posthocs did not revealnysignificant changes during active C\d8er
corrections for multiple comparisarSimilarly, shifts from clinical ategories on the
guestionnaires were largely absent during CO%erall the current study was able to
demonstrate isolated CW8lated cognitive improvements which included but were not
limited to memory processes or dependent on concurrent changes in psychiatric or fatigue

symptomology.

The next chapter aimed to egpt the neurological mechanisms that might underpin

the above effects using EEG and ERP (evelated potential) techniques. A discussion
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section will then bring together and interpret the behavioural and electrophysiological results

and consider more gerd limitations of the protocol.
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Chapter 4
Electrophysiological Outcomes in Individuals with Traumatic Brain Injury
Following Caloric Vestibular Stimulation.

This chapter discusses the electrophysiological meathaewere collected with the
behavioural assessments reported in the previous chapter. Recall that behavioural responses
to repeated sessions of CVS varied amongst the TBI sample. Some participants showed short
lived visuospatial memory and problem solvimgprovements, but these were not replicated
across the group and varied from person to person. Electrophysiological techniques were also
included in this study to detect asybtle changes in symptomologiich could potentially

have been missed or disked (i.e. malingering) by the behavioural assessment battery.

Historically, EEGwas the first neuroimaging technique to assess whether brain
functions had been altered by a TBI (Slobounov, Sebastianelli & Hallet, 2012). Since then,
EEG has proved a usétiool for investigating online brain activity which is not phéseked
to a specit event (Luck & Kappenham, 201l 2Previous research indicates that EB&y be
particularlyuseful forprofiling the effects of TBI because it is sensitive to covert
neurobgical abnormalities thathight bemissed bya neurologicalor neuropsychological
examination (Koufen & Dichgans, 1978), as well as subtle physiological effects caused by

cortical atrophy or thinning that may not manifest on an MRI (Rapp et al., 2015).

A number of studies hawwsoevidenced changes in brain activity followiad Bl by
measuringERPs ERPs represent the averaged EEG signathirieed to the onset of a given
stimulus and are defined by their latency, polarity, distribution and relatexperimental
stimuli. The voltage deflections comprising the ERP can be used to study the processing of
incoming sensory information, as well as higher level cognitive processes including attention,
memory, and comprehension (Dockree & Robertson, ;2D@iican et al., 2009 Because

ERPs are noimvasive and offer excellent temporal resolution, the technique has provided
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important insights into cognitive processing in both healthy and TBI samples (Duncan et al.,

2009).

This chapter aims to investigateheherseveral neural substrates (as measured by
EEG and ERP) can be modulated by CVS in a way that they might start to resemble that of
thehealthy population over the course of ftedy As such, it provides the first interrogation
into the neural mechanisms of CVS in TBI patients. The chapter begins by introducing the
measurements and markers of the EEG and ERP techniques employed, and then describes
how the electrophysiological respenypically presents within healthy and TBI samples.
Relevant evidence of electrophysiological modulation in response to NSM, particularly
vestibular stimulation, will then be reviewed and the hypotheses outlined. RestiadcEG
and ERPs are describegparately below, since the former was used to form a profile of
impairment and the latter was used to provide a more direct test of cognitive function. To
give an overview, resting state EEG was altered across the sample during CVS, with four out
of theeight participants showing some effects which were in accordance with a shift towards
a healthy topography. However, there was | it
demonstrated EEG effects which contrasted with the normalisation hypothesis. &iRfels te
to fluctuate across the study and were largely unaffected by CVS, with the exception of one
participant.Overall, everyone showed at least one favourable electrophysiological change
providing suggestive evidence of a beneficial effect of vestibutautsnon the targeted
electrophysiological outcomeshesechanges mainly manifested within the EEG power data
as opposed to the ERPs indicating CVS may have induced broad scale changes in arousal and

wakefulness as opposed to a specific cognitive prociglsmhis TBI sample.
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EEG

Power spectrum.The EEG power spectrum is one of the standard methods used to
quantifythe EEG signal inTBI populationgDressler, Schneider, Stockmanns & Kochs,
2004 Rapp et al., 2015). The spectrum descrthedistribution of signal power over five
different frequency bandseflecting different speeds of neural oscillations (see Figure 4.1)
Del t a ( O4 FBHJ), Alpha (BE2HZ), Bdtad(12B30Hz) and Gamma (>32Hz) (the

precise ranges can differ slighticross studies).

= ~
— _/__“"“- o

0.0 .2 .4 [ o8 1.0

Theta: 4-BH=

A
’r_ﬁ\__,,\//\\/\ ja—a\jﬁf‘r \K H/"'H

/
NS
0.0 0.2 .4 [ X [ 1.0
Alpha: 8 _:sz ."ﬁ"-, |"h"-, /\ .
b Y ) 1 ) X
P [ f I."nk_ h P —
\\_/\\ Y, .IlI II| I', III |III lll. e ,u.- "-.\/ \
WS \ / WS
0.0 0.2 o.4 0.6 o 1.0
Beta: 12- B,CIHZ
" "" " |"l
i Y. A lr'l.l I", ' o hoan A
o AN ."|||| NATLY ||'~' |
L IU'P'.U_,J' |I|||I Illl'._:.-»-n' I'||I I| | IIl I'u",'lllllll |I||,',ll'q'||||"' |||I||I
\ v V W v |
0.0 .2 0.4 0.6 0.8 1.0

Gamma : 3I0+H=E

|
l.!ﬂuil"‘""Jllllllnl.'ﬂllfll ||II|'I“||.JI|II |.'| |'v"'| |.II N | il,| ||*- A ,II|I||| A/ Illll | I '.'l “"‘.l.'*-' m’rIu' 0| l{.’J I.' | | | Hl’l”l lll"' I I||

0.0 .2 o4 s L] 1.0

Figure 4.1 EEG frequency bands plotted across a one second interval. Reprinted from
Electroencephalography (EE@etrieved December 08, 2015, from
http://www.wearablesensing.com/images/EEG.png

Each band has been asstaibwith specificcognitive and regulatorfunctions. Delta
wave activitycan often be found in healthy adults during sleep, thetgity has also been
identified during periods of drowsiness but can alsergeduring some mental tasks

(Westmoreland2009). Alphaactivity is observediuring relaxed periods of wakefulnessd
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forms the predominant background activity within healthy adults, particularly over the
posteriorbrainregion(LeonCarrion, MartinRodriguez, Damakopez, Martin &
DominguezMorales, 2009)Beta activity is also highly prevalent within healthy adults and is
usually most marked within the frortentral regions. Beta activity often responds to alerting
stimuli and during cognitive task&éllaway, 2003). Finally gmma has been observed

during multiple sensory functions and during cognitive processes such as working memory

and attentionJia& Kohn, 2011).

The currensstudymeasuredhe power spectrum of tHidtered EEG signabver the
delta, theta andlpha band (uV?). Beta and gmma powewere excluded from the analysis
since the general functional role, as well as the effects of TBI on these bands are less well
understood e Craig, Tran, Wijesuriya & NguyeR012, further detail is also provided
below). Addtionally, gamma activity can be distdetied by line noise which is difficult to
i sol ate i n pémg.tirontights, danst veashindincaomadsjck, 2014). The
objective was to identify whether CVS could norma(secording to the trends deged
above and the next sectighg pattern oEEG activity within TBI patients Some of the

more common abnormalities among@&l survivorsare outlined below.

Power gpectrum in TBI. Although previous EEG research with TBI samples has
producedvariable findings, mongst the most consistezftects area slowing of the EEG
signal indexed by greater activity in the delta and theta bands (slower waveforms), and a
reduction in thdaster waveforms (particularly alpha) (LeQarrion et al., 2009)ebano et
al. (1988) observed a reduction in faster activity at botlalihleg and betdbandsn a TBI
sample assessed three todaws after their trauma. Alvarez et al. (208Bpodemonstrated
greater delta and theta activity and reduced alphatsiagn patients who hdsustained their

TBI within a longer twoyear window Gosselin et al. (2009nd Tomkins et al. (2011) also
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showed that individuals who had suffetamth mild and severe TBIs respectivaid

significantly more delta activity anéds alpha actiwt relative to matchedontrols

One explanation for these trends is that the structural pathology of TBI causes diffuse
axonal injury involving the white mir tracts (whictpass sensory input between different
areas of the cerebrabrtexand the central nervous sysfemnd a simplification of the
dendritic connections in cortical grey matter (Rapp et al., 2015). This interruption to the
nerve celldhasa knockon effect m the firing rate and synchroaison of neurons causing
inappropriate synaptic plasticity and irregular oscillatory interactions (Pevzadi Lee,
Shahlaie& Gurkoff, 2016). As a result, EEG power spectra can be seen to slow such that
activity is increased at the delta and theta bands and reduced oasténdofinds.

However, it is important to note that no clear EEG markers have yet been identified as
unique to TBlor characteristic of recovefiNuwer, Hovda, Schrader & Vespap05).Rapp
et al. (2015) recently reviewed fifteen relevant studies whicsored spectral power within
TBI samples and found that most had identified statistically significant alterations in at least
one frequency band in TBI patients relative to control groyfysle some generalisations
could be made between the studiex(dased alpha activity and increased delta, theta and
beta activity, heterogeneitieamongsthe populatios sampled (e.gnjury severity, lesion
location and recoverpghase) as well as variations in experimental procedures (e.g. performed
during a taslor at rest, within versus between subjects designrbanld$ both increased the
variability of thereportedeffects and limited the inferences that could be drawn about
spectral power in TB{Arciniegas, 2011Haneef, Levin, Frost izrahi, 2013; Pevzner et

al., 2016).

Of particular relevance to thsgudy is whether the observed abnormalities tend to
resolve after the acute stages, or persist into the chronic stages wheneghtsamplewere
placed Although the majority of aca EEG abnormalities appealto be transient,
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particularly after a mild TBI, residual irregularities have been identified (see Haneef et al.,
2013 for a review)For exampleKorn, Golan, Pascudflarqui andFriedman (2005) revealed

a significant increasm delta dongsidea reduction in alpha power thag¢rsistedor at least

six months in 11 out of 17 participants with posticussion syndrome relative to controls.
Further, Lewine et al. (2007) used magnetoencephalography (MEG) to study 30 patients with
persistent neuropsychiatric symptomsofie year after injujyand identifiechigh levels of
slow-wave activityduring rest witim 63% of thesample Taken together these studies

suggest that residual spectral abnormalities may be present \itltrtentTBI sample,

providing a therapeutic target for modulation by CVS.

Neurostimulation and the power gectrum. At present little is known about the
influence of CVS on spectral power. However, general insights into how CVS affects brain
activity have been gathered from tools such as fMRI and positron emission topography
(PET). A metaanalysis by Lopez et al. (2012) showed that CVS produces widespread
projections to the parietal, temporal, frontal and insular cortices. Amongst these projections is
aconnection with subcortical nuclei that supply the reticular activating systamngialc
el ement o toretadousal dysteani(BeriSsephan, Yousry, Brandt & Dieterich,
2001). If vestibular inputs make a significant contribution to arousal, then power could be
expected to increase in those bands associated with wakefulness and engaged activity during

CVS (Wilkinson, Ferguson & Worley, 2012).

The present study is amongsefirst investigations, to my knowledge, to examine
how CVS influences ongoing restiitiEG activity. It is therefore useful to consider how
research has been conducted using other neurostimulation techniques. For example,
Gri gkova, RuHKgparzaHopprier(30@7yexamined the effects of sham and
reatTMS on spectral power pre and post stimulation. The authors demonstrated an increase
in delta power in response to TMS over the left dorsolateral prefrontal cortex, relative to a
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sham condibn in all 18 healthy subjects that were tested. However, the effects of TMS on

the alpha, beta and theta bands vabedveen participant$siven that this study shared some
similarities with the present research in terms of the aims (elicit changesting EEG

power in response to neurostimulation), design (crossover of active versus sham blocks) and
recording procedures (several minutes of resting activity), the analysis approach employed by
Gr i g &t alwas used to inform the preparation antissizal analysis of the current EEG

data

Two studies have also looked at changes in power spectra during coincident GVS
within healthy participant samples. Wilkinson et al. (2012) measured spectral power during a
face processing task (alongside ER@asures), and demonstrated a stepwise increase in delta
(posterior temporal) and theta (tempewatipital) poweras theamplitudeof stimulation
increasedThe results indicated that GVS had modulated neurological components linked to
face processing as well as inducing potentially broader cortical changes in arousal. Kim et al.
(2013) alsshowed that noisy GVS had a direct impactestingEEG activitywhile
participants kept their eyes open. Spectral power was consistently increased across all bands
(theta, alpha, beta, and gamma) over the frgpaaktal electrodes shortly after the
stimulation had ended. The authors suggested that noisy GVS coupmbtentallyuseful
tool for the neuromodulation of distributed functional brain networks. However, since the
studies above recorded EEG while participants were either receiving stimulation or
immediately after their stimulation had ceased, the lofagdng effects of vestibular
stimulation could not be determined. As this is a key goal of neurorehabilitation, the current
study aimed to advance upon existing research by looking at the offline effects of CVS on

EEG activity (CVS delivered >one hour priortherecording.

Hypothesis (i).In light of the above discussionyé& minutes of resting state EEG
were recordedcrosgour sessionplaced at important stages of the protdseke Figure 3
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in Chagter 3. Based on the research described alvadvieh has identified an impaired neural
profile characterised by slewave dominance following TBI, this study aimed trmalise

the spectral power of TBI patients using CVS. More specifically, the study tested whether the
recordings taken during acéivCVS would begin to reflect the normative topography

whereby slowwave activity in the delta and theta bands would be significantly reduced and
fasterwave activity in the alpha band increased, compared to those recordings takafSpre

(baseline and shastimulation)

ERP

Continuous EEG reflects a wigtange of sensory and cognitive processes and thus
provides a useful index of a patientds over a
reflects multiple caoccurring seHregulation functions it can be difficult to separate the
contribution of these higher and lower processes. By contrast, ERPs reflect brain responses to
specific stimuli or events and can thus provide a clearer window into is@ghuihctioning
(Key, Dove & Maguire, 2005). Here ERPs were captured to determine whether CVS impacts
the way that visuospatial stimuli are evaluated.

The P300ERP component This study measured the classic P300 compaonbkith
has been well charactegi$(relative to other ERP components) in terms of eliciting stimuli,
recording and quantification procedures, and the cognitive processes which it reflects
(Duncan et al., 2009). The P300 is a positive component which typically peaks around 300ms
after the aset of a rar@ovelstimulusandis formed of subcomponentsauding the P3a and
P3b (see Fgure4.2). The P3a originates from fronteentral activity associated with the
processing of infrequent taskelevant stimuli, whexas P3b originates frotampore
parietal activity and is driven bgfrequenttaskrelevant target stimuli (Polich, 2007he
component isitought to indicate the catega@i®n of incoming informatioiiP3anovelty,

P3b target stimulignd has also been linked with updating¢batext of working memory
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(P3b)(Dondin & Coles,1988; Duncarnlohnson & Donchin, 1977; Luck, 201#ere the
P3b was studied (referred to as the P300), given its association with attention and memory

processes.
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Figure 4.2.A waveform and topography elicited by the P3a and P3b subcomponents in
response to targets (P3b) and distractors (FRegjrinted from Ferguson, H. J. (201An
Introduction to ERRPowerPoint slides]Retrievedfrom http://www.moodle.kent.ac.uk/.

P300 in TBI. The P30QP3b)is typically studied in TBI survivors using oddball
paradigms, whereby participants must identify and respond to infrequent target stimuli
amongst more frequent nadargets. In healthy adults, the P300 amplitude tends to increase
when the target presentaii becomes less frequent or more salient, and this response is
thought to indicate greater attentional resources being deployed to stimulus processing.
Finding a reduced P300 amongst TBI samples could therefore indicate that fewer cognitive
resources arevailable forallocation to stimulus categoaison (DuncanKosmidis &

Mirsky, 2005). P300 latencies can also bel&d to infer whethefBI induces slowed
processin@nd categorisatioaf stimuli, and if this slowing occurs at arnticular stage of
processing (i.e when used in conjunction with RTs, stimulus processing can ladaddiom

response productiobew, Gray, & Poole2009.
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Several researchensve investigated whethtre aforementioned®300 abnormalities
are present within TBI sampld3uncan et al. (2005) reviewed 16 experiments which studied
the visual P300 (elicited by visual stimuli) and found that P300 amplitudes were reduced
relative to healthy controls in approximately half of the studies. Moreover, in those studies
where a signitant attenuation was not present, visual P300 amplitudes still appeared to be
reduced when compared with healthy contrAlsditory P300 amplitudegelicited by
auditorystimuli) were more commonly studied, with over half of 80 studies reviewed
showing a significantlattenuated amplitude. However, the authorsdttatthe task
conditions (for botsensory modalitigsneeded to be sufficiently challenging in order to tax
attention processes, and therefore attenuate P300 amgliRelays in P8O0 latencies were
alsoobserved across both sensory modalities. These findings suggest that the availability of
attentional resources reducel following a TB| as a consequence there is a delaghe
categorigtion of stimulj and an impairment to thearking memory comparisons that
ascertain whethear notthe current stimulus is the same as the previous/ target stimulus
(Duncan et al., 2005; Duncan et al., 2009; Polich, 2012).

Similar to the literature on spectral power, there are consistencieslfddsabove)
as well as discrepancies regarding the reported impact of TBI on theAZ3@1h most
research with TBI survivors, differences in the characteristics of the individuals sampled are
likely to contribute tahis variability(Folmer Billings, DedeschRouse, Gallan & Lew
2011). For example, several studies have demonstrated that P300 abnormalities (reduced
P300 amplitudes and longer latenciegyemore apparent amongst individuals with severe
as opposed to mild injuriekdw et al., 2009; Sgman, van der Naalt, van Weerden & van
Zomeren 2004). Abnormalities were also more prevalent during the acute stages of injury
(Keren,BenDror, Stern, Goldberg Groswasserl998; Onofrj et al., 199, but could still

emerge during the latter stageg@fovery (as sampled in this studig@widge & Molfese,

168



2016 Muller et al., 2002). Changes to the experimental parameters have also influenced
findings, with variations in the eliciting stimuli, resmanformat, and task difficulfpuncan
Kosmidis & Mirsky, 2003; Duncan et al., 20pbew et al., 200Rall restricting the

conclusions that can be drawn across studies.

Nevertheless, several researchers have advocated the use of ERPs to assess and
monitorthe progress of TBI patients during recovery andasponse to rehabilitative
interventions Dockree & Robertson, 201Eplmer et al., @11).An experiment was thus
devised wherebizRPswere recordedlongside behavioural measures (accuracyRand
before and after CV.\ working memory task was chostemfurther explore vestibular

contributions to shorterm visuospatiainemory.

N-back tasksand working memory. The P300 has been widely studied across both
healthy and clinical populations using théack taskThe task requires participants to
monitora sequence of stimuli, and to identify a stimulus as a target, if it matches a pre
specified infrequent stimulus presented 6nb
usually between-@). By systematically varying working memory load (withouy ather
task modifications), this experimental paradigm can be used to determine haivehlagk
demands must be for the detection of cognitive impairment. Changes in this threshold can
therefore be recorded during the recovery process, or in respars@tervention.

During the task, information must be continuously registered, updated and stored,
therefore placing substantial demands on information processing resdimsashallenging
task was selectezsince many studies have successfully applied the paradigm to elicit a P300
response in healthy individualBrouwer et al., 2012gnd after previous research conducted

with TBI survivors and healthy controls highlighted that the eliciting task mustffieesutly

difficult for P300 abnormalities to emerge (Bernstein, 1999; Duncan et al., 2005). This was
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also necessary in the current study to prevent participants from reaching ceiling levels of

behavioural performance once the task has been repeatesl s®reml sessions.

In healthy participants,-back paradigms tend to elicit an inverse relationship
between workingnemory load and P300 amplitudss, the load increases (i.e. from 0 {0 3
back) P300 amplitude decreases. This inverse relationship istitougflect duatask
demands between the attentional resources required for the matching of stimuli to a mental
representation of a target, and the increasing memory demands required at the higher load
levels (Gaspar et al., 201@zen, tier, Preston &ernandes, 20}3Given that attention
(particularly divided attention) and working memory problems are prevalent amongst TBI
patients, the 4back task seemed an especially relevant way of eliciting the P300 (Asloun et

al., 2008).

Although several experiemts have studied the performance of TBI survivors on the
n-back using behavioural outcome measures and fMRI (e.g. Asloun et al., 2008; Dettwiler et
al., 2014 Dymowski, Owens, Ponsford & Willmott, 201Bgrlstein et al., 2004few have
used ERP measurda.one study Ozen et al., (2013) looked at the performance of 17 mild
TBI patients (at least one year pagury) on a visualettern-back task. In line with previous
n-back research, both patients and controls showed significantly snizl@mbplitugés in
response toornttargets, and for higher rather than lower working memory loads (the effect
was greatest between the 0 anola@k loads). Moreover, the patieatsohad significantly
smallerP300 peak amplitudes in response to target stimuli compagedontrol sample, at
all n-back loads of working memoxy.e. group control/ TBIdid not interact with Load)

This occurred in the absence of any behavioural performance deficits on the task or any
delaysin P300 latency (Gaspar et al. 2(Hl40 provded a similar demonstration in a
psychiatric sample). The authors concluded that the attenuated P300 amplitudes reflected
long-term inefficiencies in the resources available for target classification, and also in the
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ability to allocate resources (from themary oddball matching task to the working memory

subtask) during attention and memory tasks.

Findings from otheneuroimagingstudies completed witacute mild TBI patients
have provided similar demonstrations of differential brain activipaitients relative to
controlsin the absence of behavioural performance deficits on-theck (McAllister et al.,
1999, 2001). HoweveRerlstein et al. (2004)id evidencea significantgroupdifferencein
accuracybut not RTspntheirvisuatletter nback task between TBInd controsample.
More specifically, whilehe patientswith milder injuries showed normal behavioural
performance on the tagkiose patients witimoderate or severe injurieghibited

behavioural deficits duringhe highetmemoryloads only (2 and 3back.

Taken togethethe evidence above has mostly shown the accompaniytiagh
behavioural responses to be unaffected by TBI, therefore the current analyses focused on
electrophysiological measures but also considbeddvioural responses to characterise any
potential electrophysiological changes in working memory. Moreover, as the present sample
had all sustained moderate to sevEBIs, behavioural changes migii$o beexpectedf

working memory impairments wepgesent at baselinag in Perlstein et al2004).

Vestibular stimulation and the P300.Since vestibulacognitive effects have
reportedly been strongest for visuospatial aspects of perception and nfeiaioeg &
McCollum, 2006; Smith et al2010) a visuospatial Fback task was implementéal exploit
this connection. The task required participaatsespond to a target stimulus that was
presented in the same | ocation as a stimulus
is a spatial locatin). Performancevasmonitored using behavioural and electrophysiological
measuresvhich werecompared prCVS and after blocks of agg CVS with the aim of

i ncr easi n gattegntonat capadityy andin tard facilitating working memory
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Previous research has already demonsttatgdERPS can be modulated by vestibular
stimulation however these studies have feed on nosspatial tasks ariar other ERP
components. For example, Wilkinson et al. (2012) reported an increase in the agdlitud
the N170 component (a marker associated with early visual structural encoding), during
concurrent GVS relative to sham stimulation, while participants completed a face processing
task. Wang et al. (2004)soreported thathe P300was quicker to peakhen participants
were stimulated using chair rotations (constant 10°/s) relative to control and angular
acceleration conditions, while they completed an auditory ggéntask. Perhaps of most
relevance to the present study are the results fdmiitKassow, Wilkinson, Denby and
Ferguson (2016), who studied the effects of concurrent vestigtinamlation on the P300.
Participants completed an auditory oddball task which required them to silently count deviant
tones that appeared within strings of seddonesvhile receiving either subensory active
or sham GVSResults showed that the P300 effect to deviant oddball stimuli was increased
during GVS relative to sham, but only when temporalfrequency of the alternating current
matched that at whicthe tones were played (1HZ)his indicates that vestibular stimulation
can significantly impact cognitive processavolved in stimulus categoason, as indexed

by the P300.

Herethe effects of CVS on the P300 ERP compomare assessed (offling) a TBI
sample The widespread boost Iomain activity elicited by the stimulatidisuzuki et al.,
2001)mearsthat it is particulag suited to remediate TBI where the diffuse damage
sustained tonultiple neural connections from the brain stem to theti@in(Folmer et al.,
2011) may havdiminishedthe contribution of subcortical P300 generators including the
fronto-parietal networks and thH&CC, thus resulting in 800 abnormalities (Linder2005).
Since hese generator regions are amongst the masteckiactivateduringCVS (Lopezet

al.,2012), the P300 may provide a useful rehabilitation target.
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Hypothesis (ii). Based on theesearch abowshich has identified P300 abnormalities
following TBI (reduced amplitudes, slowed latencies), this studyme do rt noa tidééns e 6
P300 of TBI patients using CV#lore specifically, it was anticipated that P300 amplitudes
would increase after active CVS (irresfpee of memory load) as participariecame more
accurate at stimutucategoriation, potentially with the improved availability of attentional
resources. P300 latencies were also expected to reduce as another indication of facilitated
stimulusclassification Similar increases in accuracy and reductions in behavioural RTs were
also anticipated in response to CVS, as it was assumed that the moderate/ severe TBls
sustained by this sample would be likely to result in a behavioural working memory
impairment (that could be remediated by CVS). Participants were also expected to show an
overall effect of load, whereby performance was worsened (reduced amplitude/ accuracy and
increased latencies/ RTs) with increased working memory demands, as observed within
healthy and brain injured individuals. However, specific interactions betweeandadVSs
were not specified after previous research showed that TBI participants respond to different
working memory loads in a similar way to controls, irrespective of any impairment or
intervention (Ozen, et al., 201Begrlstein et al2004 mild TBI, lower load¥. If supported,
the findings would provide the first electrophysiological evidence for improved attentional
and working memory processes followiBY¥ S in TBI and would also help to clarify which

memory processes interact with the vestibwatem.

The following sections will describe the recording and analysis procedures for the
electrophysiological data, along with any resulting changes in response to CVS. Overall CVS
modulated EEG power in at least one band in most participants. Howewergado the
hypothesis, powegenerallytended to decrease across all the bgdelsa: four, theta: three,
alpha: five participantsPata from theeERPmeasure$P300 amplitudes and latengiesd

the accompanyingehavioural responses were largely teaed by CVS.
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Method
ERP Experimental Paradigm

The task included four load conditions (0 tb&ck), with identical encoding and
response demands, but with increasing levels of working memory load. Participants were sat
in front of a 1920 x 1200 pixel laptop screen. The stimuli comprisedadl blacksquare
(175 x 175 pixels) presented in one of four locations within a white box (600 x 600 pixels)
(see kgure4.3). Participants observed the black square stimulus and responded to its location
using the keyboard. In thelfack condition, participantesponded to a single pspecified
target location (the first location to appear during the trial block). In-theck condition, the
target location was any position which was identical to the immediately preceding trial. In the
2-back and dack condions, the target was the location that the square was presented in two

or three trials back, respectivédsee Figure 4.3)

Each trial started with the presentation of a fixation cvdssh acted as thiater-
stimulus interval (ISland lastedetweenl000 and 2000ms (200ms intervals randomly
sampledl. ThelSI length was varietb account for the fact th&®300 amplitudes and
latencies are affected by the interval between two targets within a stimulus array (smaller
P300 amplitude when a targefpieceded by another target; Polich, 20T2js was followed
by the black square stimulus which was showmngdade a central fixation crogscludedto
minimise unnecessary eye movemeifids)2500ms or until participants responded.

Participantsuse a keyboard to respond to each sti

mu |

key was pressed for t-tagaseHrsne sofiwardRsycieologyMdé k ey

Software Tools, IncRittsburgh, PAwas used to present the visual stimuli and record

acairacy andRTs

N-back loads were blocked and completed sequentially (€btacB) for consistency

and to familiarise participants with the task before more difficult loads were attempted. Each
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load condition consisted of 130 triaB practicehen 1@ experimental trials. Half of the

trials contained target stimuli (15 practice, 50 experimental), and the other hadfrgen

stimuli, these were presented in a randomised order. Verbal and computerised instructions
were given at the beginning of eacialtblock and accuracy feedback was provided at the
end of each practice blockhe entire Fback task typically took participan®® minutes to

complete, plus breaks varying in length between load conditions/ practice blocks.

Time

0-back 1-back 2-back 3-back

Figure 4.3.Schematic representation of the differefiiack loads (increased from O to 3
back). The letters N (target) and M (natamget) show the correct button press for each trial.

Electrophysiological Recording

A

All EEGs were carried out iaquiet roomwithin  t he par t jaddeffporisnt 6 s
were made to redugmtential distractions to a minimurRarticipants kept their eyes open
(to minimise drowsiness) and focused on a central fixation cross displayed on a computer
screen for the duration of the recargli Five minutes of restirgtate EEG were first taken
before participants moved onto thdack task, the recording procedures were the same for
both.

TheBrain Products portable BrainAmp amplifier with an EasyCap electrode cap was
used for continuousecording of EEG activity from 19 scalp eiexles. Electrodes were
placed according to the D system, with the ground placed at AFz. HEOG activity
(horizontal eye movements) was recorded from electrodes placed at the outer canthus of the

left and righteyes. VEOG activity (vertical eye movements) was recorded from an electrode
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placed underneatie right eyeDuring EEG recording, all electrodes were sampled at
500Hz and electrode impedances were reduced beldwdhd the start of the session.
Efforts were made to keep impedances below 2@uring the recording. Alkhannels were

referenced online to electrodes placed over the left and right mastoids.

Offline Analysis

Brain Vision Analyzer version 2\as used to prepare the EEG and ERP data prior to

statistical analysis, the procedsifer both are discussed separately below.

EEG power. First the data was filtered using a 0.1Hz high pass and a 40Hz low pass
filter with a notch filter at 50Hzo prevent electrical noise from the environment distorting
the EEG data. Dateontaining blinksor eyemovements was then corrected using ocular
correction Independent Components Analysis (ICA). EEG data from the first four minutes of
the recording waen segmented intmonsecutive 2s epoch&.semirautomatic procedure
identified and rejected any segments that contameéshnceartifacts (e.g. muscle
movements, channel blockage.et€he minimum number of artifadtee segments per
session was 104nd the average was 117. An exception was made for patient 05 where all
recording sessions were limited to 75 segments, due to the patient wanting to discontinue one
of the EEG recording sessions (more detail given beléasgt Fourier Transformation, \ui
10% Hanning window, was applied to thegmentedtEG data, and the resulting power was
averaged across segmentshree brain regions: frontal (Fz, F3, F4), central (Cz, C3, C4),
and pariet | (Pz, P3, P 4 )(2007a RPowdr was &ahabedgnkieefraqueady a |

bands: delta (14Hz),theta (4 8Hz) and alpha BL2Hz).

ERP. Datawere filtered using a 0.1Hz high pass and a 30Hz low pass filter, with a
50Hz notch filter. Eye artifacts (e.g. blinks, ap@vements) weragaincorrected using

ocular correctionCA. EEG data from target trials where participants made a correct response
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was segmented at eactback load ihaximum of 50 trials per load leyedee Table 4.1 for
average number of segmenitsto epochs that began@ts before, and continued 1500ms
poststimulus onset. A serautomatic procedure identified and rejected any segments
containing nuisance artifacts. All segments were then baseline corf&i8do Om$ The
MovingAverage procedure was then usedrtwoth the temporal structure of the daya
averagingeEG activity over a 100ms window thte parietal midline electrode PZhe

MinMax Markers procedure was subsequently used to identify the peak amplitude in each
segment during a specifiedndow betwen 250 and 500ms pestimulus onset (as in

Polich, 2012). Peak amplitude and latency values were then exported for further analysis.
Finally, segments were averaged separately for each load level and session for display

purposes.

Challenges of Patient Resarch

Conductingthese electrophysiological assessments with clinical populations involved
unique challenges above and beyond the general idstesrefaced with healthy research
participants (Kappenman & Luck, 2016pr example, lthough EEGrecording are
generallywell tolerated by patienténore so than PET and fMRI} was still necessary to
modify the recordingroceduregi.e. reduced satp time, recording time/ number of

experimental trialsdo avoid participants becoming uncomfortable, tired or disengaged.

To further ease convenience, al | assessme

meant that these meetings could be fitted
symptoms could bbetter managed during testing. However, this also resuliedsrcontrol
overthe experimental setting&dditionally therewere incidents where the EEG data was
distorted by technical faults€e results fgparticipans 02 and6) which were difficulto

resolve without technical support or bagk equipmentNevertheless,drause of the
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investment made by the research team as well the participants to collect this unique data,
efforts were made totilise as much of the data as possibidessomissionwasunavoidable
(i.e. nuisance artifacta EEG segmenio correct target-back trials the participant could

not be encouraged to continue the test) as a result there are three instances where the

statistical analysis deviates from the approachesleeétaelow.

Statistical Analysis
Four electrophysiological recordings were gathered astages in the protocol
(baseline, second baselirsbAm stimulation, four weeks CV8ight weeks CVE A
multiple-single case analysis approach was again addégtéxbth the EEG and ERP data to
better address the heterogeneity of TBI given the small sample size. The analysis procedures

for the EEG and ERP data are discussed separately below.

EEG power. A repeated measures ANOVA was performed separately for each
participant and frequency band, with total power as the dependent variable. The within
subjects factors wer eCdSyversusatt owe: CHNS) i mdBasts
versussecond ecor ding within each St iversuseattai on bl oc
versugparietal). Although there are multiple ways that these data could have been analysed,
this particular design was selected to address the key question of interest: doesdINédem
spectral powerPower was expected to increase within the higher fremjuband(alpha) and
to decrease within the lower frequency bands (theta, delta) during active CVS, compared to
those recordings taken p@VS. By including the Session varialiee two preCVS
recordings could be combined and compared to the two active CVS recordings, which
increased thaumber of data points, reduced variance, and provided more power to detect an

effect of Stimulation on spectral power
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In keeping with th&ey question, the analystxcused on significant main effects and
interactions involving the Stimulation variable. Therefore, main effects of Region were only
discussed in terms of the standard power topographies mentioned above (see EEG power
spectrum sction). Further, the Session variable was only considered when it interacted with
the Stimulation variable. Where a thheay interaction was present, pdgic analyses then
compared the effects of Stimulation and Session within each Region (i.e. d&&<xlstgnal
change across sessions in response to CVS, within each Region). IFadlgriegeraction
was absentwo-way interactions involving the Stimulation variable were examined and post

hoc tests completed

Figure 4.4allustrates the hypothesed pattern of results for the slower (top) and
faster (bottom) power band&.main effect of Stimulation was predicted whereby the pre
CVS recordings differed from the active CVS recordings (overall across all regions and
sessions). Stimulation and Sessinteractions were also expected to reveal significant
differences between the Stimulation conditions at both Session one (basetngour
weeks CVS) and Session two (baseline two/ sharsuseight weeks CVS). Additionally,
the two preCVSrecordings (baseline, baseline two/ sham) were not expected to differ from
one another, while a cumulative effect of CVS was predicted between the recordings taken
after four and eight weeks\S (whena main effect of Stimulation was presefitis
follows demonstrations of promoted recovery from neurological conditions with repeated,
rather than single sessions of vestibular stimulatiohgnnsen, Ackermann & Karnath,

200 3; Ohn et al . | 200 8; Wil kinson et al
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Figure 4.4 lllustration of hypothesised Stimulation and Session effectSE spectral
power (a) and the ERP outcome measures BYS were to exert a normalising influence

ERP. Thisanalysis adopted a betwesuabjects design tmore effectivelyexamine

the efiects of Session and Load witheéach participant, sinceatlowedfor unequal segment

numbers ireach conditionln contrast, a withirsubjects design would have reduced the

number of segments to the minimum number of comegponses during org&essionor -

backLoad.Table 4.1displays the average and minimum numberegihgents across all

participantdor those sessions and trial blocks which were completed without any technical

or participant difficulties. As can be seen from the tale number of included segments

could be very small for the most difficultback loads and would thus be insufficient for ERP

analysis in a withirsubjects design. Implementing a between subjects desigived

applyinga more conservative approach igngficance, butmeant that thenaximum number

of trials could be retaineth each condition.
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P300 peak amplitude, P300 latency, accusamjcorrectz-scorefiltered® RTswere
submitted to separate thramy ANOVAs withi St i mu;i & & s endabackiLoad
(0, 1, 2, 3) as factorFhis analysis (Stimulation, Session) was similar to the design applied to
the EEGdataand was selected so that the fve-CVS andactive CVS recordingsould be
combined and compared with more powihis was especiallvaluable in participants where
few correct Aback trials were available for the analysis.
Table 4.1

Average and Minimum Number of Corrdd¢sponsesitiuded for Analysis at &h nback
Loadfor Target Tials.

Load Minimum segment number Average segment number
0 14 45
1 25 46
2 13 38
3 6 29

Note. Two recordings (participant 05 eight weeks CVS, participant 06 baseline) and one trial
block (participant 02 sham recording for thedck) have been omitted from this table due to
faults which are described further in the results section.

To address thkey question, the analyses focusedthe presence of significant main
effects and interactions involving the Stimulationiaile. Main effects of Load wegdso
discussed in terms of the inverse trends observed within normative saregileed
amplitudes accuracy and longer latencies/ Rfbs higher nback loads)Lastly, main effects
of Session were only considered withime behavioural data to determine whether any
practice effects had occurred between consecutive testing sessi@nacticeeffects were

expectedvithin the electrophysiological data)

3 Qutliers were removed usingzascore correction whereby a grand mean RT was calculated
(across all sessions completed by the participantjlemsubtracted from every individual

trial RT, before being divided by a grand standard devia#en{—). Any resultingz-scores

thatwere greater than 2.5 (and therefore an outlier of lesgp@001) were removed from
the data.
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Where aStimulation x Load x Sessianteractionwaspresent, poshoc analysethen
comparedhe effects oStimulation and Session within each Load (i.e. does performance
change acrassessions in response to CVS, within eatlack Load)This decisiorwas
made on the basis of previous research which has employed various oddball paradigms
(Duncan et al., 2005) and shown that the widespread cortical and subcortical damage induced
by TBI leads to memory and attention deficits, resulting in a systematically reduced P300
amplitude that takes longer to peak. Therefore, the present analyses examined amplitude/
latency changes (and behavioural responses) within eaabknLoad to determenwhether
the aforementioned abnormities (if present) could be remediate€CWBhThe interaction
was not broken down by Stimulation x Load (within each Session) given that previous
research has often failed to show an interaction between grougn{patisus control) and
working memoryload(Ozen et al., 2013ymowskiet al., 2015). Thus the study focused on
examining the overall P300 (and behavioural responses) to CVS irrespective off lzoad.
threeway interactiorwas absenttwo-way interactions inolving the Stimulation variable
wereexamined and pos$toc testcompletedBonferroni corrections weragainadopted for
all posthoc tests

The analysis design described above was applied to both the ERP and behavioural
data. However, ls@d on the results of previousack studies which have demonstrated
electrophysiological abnormalities in TBI without any behavioural effects and given the word
length constraint of the thesis, the results section focusses on the ERP responses (amplitude
and latency). Short summaries of the most important behavioural effects are provided below
to characterise any P300 effects, while the full repafresy CVSrelated behavioural effects
can befound in Appendix C.

Figure 4.4hllustrates the hypothesidgattern of results for the positively (top:

accuracy and P300 amplitude) and negatively (bottom: RT and P300 latency) indicated
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outcome measureBased on previous research which has demonstrated impaired attention
and memory functioning after TBI (Ozemal., 2013Perlstein et al., 2004amain effect of
Stimulation was predicted whereby the two-@S recordings differed from the active CVS
recordings (overall across all regions and sessidihg) main effect was expected to reveal
anoverallincreae in P300 amplitudes/ accuracy and a decrease in P300 latencies/ RTs
during the active CVS phase of the prota@olline with a normalisation effegtjelative to
the preCVS recordingsStimulation and Session interactions were also expected td revea
significant differences between the Stimulation conditions at both Session one (baseline
versusfour weeks CVS) and Session two (baseline two/ shensuseight weeks CVS)
within each Loadimportantly,P300amplitudes/ accuracy and latencies/ RT Sewest
expected to differ between the two {8¥S recordings (baseline, baseline two/ sham),
however a cumulative effect of C\&Bould result in amcrease in P300 amplitudes/
accuracy and a decrease in P300 lae=hd&RTs between the two acti@d/S recoréhgsat
each Load

Some variability in responsiveness was predicted across all the electrophysiological
measures given the heterogeneous nature of Tl statistical analyses described above
resulted in 24 ANOVAs for the EEG power data (eight participants x three bands) and 28
ANOVAs for the ERP data (seven participants x four dependent variables). Thus in the
interest of brevity, only those analysekexe the underlying effects were driven by
Stimulation (either via a main effect or interaction) are described. For those analyses where
the electrophysiological changes were not driven by Stimulation and hence do not relate to
the key question of intere@loes CVS modulate electrophysiological activity?), the
underlying effects arsummarisedAll post-hoc tests were Bonfemocorrected to account

for multiple comparisonand to try to reduce the occurance of false posit&esrrective
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epsilon vas not apleed to the degrees of freedom siradeANOVA effects remained robust

without this
Results
Participant 01
EEG power.
Table 4.2
Statistical Analysis dEEG power(pV?) in Participant 01.
ANOVA
Frequency Band df F p value dp?
Delta
Stimulation 1,117 104.42 <.001*** A7
Session 1,117 3.92 .05 .03
Region 2,234 9.23 <.001*** .07
Stimulation*Session 1,117 1.31 .26 .01
Stimulation*Region 2,234 19.68 <.001*** 14
Session*Region 2,234 39.62 <.001*** .25
Stimulation*Session*Region 2,234 22.60 <.001*** .16
Theta
Stimulation 1,117 109.25 <.001*** .48
Session 1,117 1.78 19 .02
Region 2,234 117.43 <.001*** .50
Stimulation*Session 1,117 45.09 <.001*** .28
Stimulation*Region 2,234 5.99 .003** .05
Session*Region 2,234 11.55 <.001*** .09
Stimulation*Session*Region 2,234 30.74 <.001*** 21
Alpha
Stimulation 1,117 0.88 .35 .01
Session 1,117 9.62 .002** .08
Region 2,234 90.00 <.001*** 44
Stimulation*Session 1,117 58.68 <.001*** .33
Stimulation*Region 2,234 2.44 .09 .02
Session*Region 2,234 15.37 <.001*** 12
Stimulation*Session*Region 2,234 43.99 <.001*** 27

Note.Significant at*0.05, **0.01, ***0.001

Delta (1- 4Hz). A main effect of Stimulation emerged at the delta band. Contrary to
the hypothesis, activity was significantly increased during active CVS relative to tha/fre
recordings (see Table 4.2). A main effect of Region was also present, such that detiya activi

was highest over the central electrodes and reduced over the parietal electrodes. Since a
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significant Stimulation x Session x Region interaction was also present (see Table 4.2),
planned comparisons were next completed to investigate Stimulation grbesationships

within each Region.

Only the frontal electrodes showed a significant Stimulation x Session interaction
[F(1, 117)=10.42p< . 0 B = .08{(all otheps>.44). Comparisons between the Stimulation
conditions (within each Session) reveadedunexpected increasefiontal delta activity
between the first baselin®(= 5.11uV2) and the recording taken after four weeks OMS (
8.68uV2) (117 -7.93p<.001], as well as between the second baselreq.32uV2) and
the recording taken afteight weeks CVSNM= 7.64uV?) [t(117)=-2.80,p<.05], although to
a lesser extent (see Figure 4.5). Huast tests of Session showed that frontal delta had
already begun to increase between the fivst 5.11uV?2) and second= 6.32uV?)
baselinest(117)=-3.40p<.001. Delta activity then remained stable between the two
stimulation recordinggp€.08). In summary, frontal delta activity was increased during active

CVS relative to the baseline recordings which contrasted with the hypothesis.

Theta (4 8Hz). Analyses showed a significant main effect of Stimulation on theta
wave activity. Contrary to the hypothesis, activity was significantly increased during active
CVS relative to the pr€VS recordings. A main effect of Region also emerged, which
reflectedan increase in theta activity over the frontal electrodes, and a reduction over the
parietal electrodes. A significant Stimulation x Session x Region interaction was also present

(see Table 4.2) and was followed up with separatevtay ANOVAS for each Ragn.

The Stimulation x Session interaction was significant over froR{dl, [L17)= 57.99,
p< . 0 Q2% .33],dentralF(1, 117) 38.98p< . 0 Q2E,.25]dnd parietal electrodes
[F(1,117)= 18.47p< . 0 Q?F.l14]deflecting the same underlyipgtternsComparisons

first examined whether any differences between the Stimulation conditions were present in
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each Session. Contrary to the hypothesis, theta activity was increased between the first
baseline (frontaM= 5.99uV?; centraM= 5.48uV?; pariéal M= 5.16uV?) and after four
weeks CVS (frontaM=12.47uV?; centraM= 11.69uV?; parietaM= 9.45uV?) across all
regions (frontat(117)=-11.30p<.001; centrat(117)=-11.41,p<.001; parietat(117)=-8.89,
p<.001). Theta activity was also increasetingen the second baseline (ceniviak 9.01uV?;
parietalM= 6.66V?) and after eight weeks CVS (ceniviad 10.40uV?; parietaM=

8.31uV?3) over the centrat(fL17)=-2.66,p<.001] and parietal electrode$117)=-4.21,

p<.001] (frontalp=.72). Posthoc tess of Session showed that theta activity was unexpectedly
increased from the first (frontdd= 5.99uV?; centraM= 5.48uV?; parietaM= 5.16V?) to

the second baseline (frontdk 9.33uV?; centraM= 9.01uV?; parietaM= 6.661V?) across

all regions (frontht(117)=-7.24p<.001; centrat(117)=-8.62,p<.001; parietat(117)=-
4.60,p<.001). Theta activity was then decreased between the recordings taken after four
(frontal M=12.47pV?; centraM = 11.69uV?; parietaM= 9.45uV?) and eight weeks CVS
(frontal M= 9.13uV?; centraM = 10.40uV?; parietaM= 8.31uV?) (frontalt(117)= 4.90
p<.001; centrat(117)= 2.02p<.05; parietat(117)= 2.19p<.05). Contrary to the hypothesis,
theta activity was largely increased during active CVS and was greatest afteeéks af

stimulation (see Figure 4.5).

Alpha (8 12Hz). ANOVA testing showed that alpha activity fluctuated over the
course of the study. However, since these changes were not driven by the Stimulation

variable (see Figure 4.5) the analyses will not berttsed further.

186



Delta Theta
35

35
30 30
§>\25 < 25
320 220
%15 %15 ]
& 10 T _ L T = Q10 == T :II T _
(il madl Hs ol | | ] |
0 0
F c P F C P

m Baselinelm Baseline2= 4 weeks CVS 8 weeks CVS m Baselinelm Baseline27 4 weeks CVS 8 weeks CVS

a5 Alpha
30
e« 25
= 20
15

1A%

Power

£
R = =

5 - —
o LmBBD o ||
F C P
m Baselinelm Baseline2® 4 weeks CVS 8 weeks CVS

Figure 4.5 Mean levels of power over the frontal, central and parietal regions during the four
EEG recordings in participant O1.

ERP.
Behavioural data summaryin line with the hypothesis, &timulation xLoad
interactionrevealed that accuracy on the highdyatk loads was improved after active CVS

Response times showed a main effect of Load only, such thav&®®€shorterduring the

lower nback loads.

Peak amplitudeContrary to the hypothesiB300 pak amplitudes were unaffected

by main effecs of Stimulationor Load (see able4.3 and Figure 4)6Since a threavay

interaction was also absent, pbsic analyses interrogated significant fway interactions

involving the Stimulation variable.
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A significant Stimulation x Load interaction was present aohgarisons first
examined whether any significant amplitude differences were present between the
Stimulation conditions. P300 peak amplituslesse significantly increaseduring the active
CVS recordngs M= 16.23uV) relative to the pr€VS recordingsNI= 13.66uV)under the
0-back t(195)=-2.47,p<.05. No other differences were present between the Stimulation
conditions (allps>.19. Effects of Load were then examinedhiit each Stimulation
condition Participants did not shoany effects of Load during the p@VS recordings (all
ps>.05). However during the stimulation recordings, P300 peak amglitueledecreased
during the 2 M= 13.26uV) [(191)= 2.83p<.05] and 3back M= 13.37uV) [(174)= 2.73
p<.05] loads, relative to thelflack conditionMM= 16.23uV)(see Figure 4.6)These effects
suggest that CVS may have normalised the ERP response such that P300 amplitudes were
reduced for higher-back loads (relative to lowerlmack loads) as observadthin healthy

samples.

A significant Stimulation x Session interaction vedso observed?osthoc testing
revealed thaP300 peak amplitudes varied across the study, however since these changes
were not driven by Stimulatierelated effects the interéon will not be described further.

No other significant main effects or interactions were presemgalll).

Peak latencyANOVA testing revealed that3®0 latencies were unaffected tine
Stimulation variable over the course of the study (see TaBJeAlsignificant main effect of
Loadwas presentsuch that latencies were unexpectetigrterfor the 2 M= 371ms)

[t(357)= 2.82p<.05] and 3back (M= 370ms) [t(331)= 3.17p<.05] conditions, relative to the
1-back load 1= 402ms). No other significant main effects or interactions were present (all

ps>.13).
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Table 4.3
Statistical Analysis of the P300@ponentn Participant 01.

ANOVA
df F p value hpe
P300 peak amplitude (1V)
Stimulation 1, 685 0.05 .82 <.01
Session 1, 685 0.72 .40 <.01
Load 3,685 1.30 27 <.01
Stimulation*Session 1, 685 13.45 <.001*** .02
Stimulation*Load 3, 685 3.04 .03* .01
Session*Load 3,685 1.32 27 <.01
Stimulation *Session*Load 3,685 2.00 A1 <.01
P300 peak latency (ms)
Stimulation 1, 685 1.80 .18 <.01
Session 1, 685 0.04 .85 <.01
Load 3,685 4.27 01** .02
Stimulation*Session 1, 685 1.89 A7 <.01
Stimulation*Load 3,685 1.90 13 <.01
Session*Load 3,685 1.03 .38 <.01
Stimulation *Session*Load 3,685 1.20 31 <.01

Note.Significant at*0.05, **0.01, *0.001.
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Figure 4.6.Grand average ERPs at stimulus onset for correctly answered tdrgek trials,
across for the four EEG recordings, at the Pz electrode in participant O1.

Participant 02
EEG power.

Delta (1- 4Hz). Although several comparisons in this analysis reached significance
(see Table 4.4), together these showed that frontal and parietal delta activity were highest at
baseline and began to decline thereafter, rather than in response to CVS (see Figuus 4.7), th

this band will not be described further.

190



Table 44
Statistical Analysis dEEG Power(uV?) in Participant 02.

ANOVA
Frequency Band df F p value dp?
Delta
Stimulation 1,103 10.75 .001*** .09
Session 1,103 7.51 .007* .07
Region 2, 206 54.24 <.001*** .35
Stimulation*Session 1,103 2.89 .09 .03
Stimulation*Region 2,206 3.28 .04* .03
Session*Region 2, 206 11.64 <.001*** .10
Stimulation *Session*Region 2,206 5.18 .006* .05
Theta
Stimulation 1, 103 80.61 <.001*** 44
Session 1, 103 140.10 <.001*** .58
Region 2,206 55.56 <.001*** .35
Stimulation*Session 1,103 53.57 <.001*** .34
Stimulation*Region 2, 206 8.67 <.001*** .08
Session*Region 2,206 9.16 <.001*** .08
Stimulation *Session*Region 2,206 29.25 <.001*** 22
Alpha
Stimulation 1, 103 19.03 <.001*** .16
Session 1, 103 0.21 .89 <.01
Region 2, 206 62.81 <.001*** .38
Stimulation*Session 1, 103 34.24 <.001*** .25
Stimulation*Region 2,206 1.30 .28 .01
Session*Region 2,206 32.63 <.001*** .24
Stimulation *Session*Region 2,206 1.62 .20 .02

Note.Significant at*0.05, **0.01, *0.001.

Theta (4 8Hz). A main effect of Stimulation also emerged at the theta band. In line
with the hypothesis, activity was decreased during active CVS compared to-tDe€Pre
recordings. A main effect of Region was also present such that, activity was highest centrally,
andlowest at the parietal site (see Figure 4.7). Since a significant Stimulation x Session x
Region interaction was present (see Table 4.4);lpmstests were next completed to follow

up these associations.

A significant Stimulation x Session interactiaas revealed over the front&([L,

103)=66.66p< . 0 Q2% .39], dentral (1, 103) 56.34p< . 0 Q2%.35] add parietal regions
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[F(1, 103)= 17.76p< . 0 Q2% .,15], deflecting the same underlying patterns. Comparisons
between the Stimulation conditions revealed that theta wave activity had decreased as
predicted between the baseline (fromsd 5.51uV?; centraM= 5.59uV?; parietaM=

4.41uV?) and after fowveeks CVS (frontaM= 3.08uV?; centraM = 3.17uV?; parietaM=
2.97uV?) (frontalt(103)= 9.59p<.001; centrat(103)=9.91,p<.001; parietat(103)= 7.21,
p<.001). Theta activity remained stable between the recordings taken after sham stimulation
and eight weeks CVS over the frontal and central electrodgss¥$all8), but was decreased
between the sham recording<£ 2.62uV?) and after eight weeks CVI8%£ 2.231V?) over the
parietal electrodeg(L03)= 2.96p<.05]. Contrary to the predictions, pdgic tests between
Sessionshowed that theta activity had already begun to decrease between the baseline
(frontal M= 5.51uV?; centraM= 5.59uV?; parietaM= 4.41u\#) and sham recordings

(frontal M= 2.67uV?; centraM= 2.90uV?; parietaM= 2.62uV?) (frontalt(103)= 11.31,

p<.001; centrat(103)= 10.92p<.001; parietat(103) 9.64,p<.001) (see Figure 4.7yheta
activity was also reduced between recordings taken after four (fidnt8l08uV?; central

M= 3.17uV?; parietaM= 2.97uV?) and eight weeks CVS (frontdk 2.59uV?; centraM=

2.66uV?; parietaM= 2.23uV?) where it was lowest (frontflL03)= 3.11,p<.05; central

t(103)= 3.15p<.05; parietat(103)=4.94,p<.001). In sum, theta activity was highest at
baseline and began to decline thereafter, with the lowest level of activity occurring after eight
weeks CVS. Theta activity at the parietal site wgsiicantly reduced during active CVS
relative to the prCVS recordings across both sessions indicating a Stimulediated

reduction may have occurred over at least some electrodes.
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Alpha (8 12Hz).Similar to the delta band, although several comparisons reached
significance (see Table 4.4), Stimulation did not appear to modulate these effects. Instead,
comparisons appearedghowthat alpha activity was highest at the baseline and was not

surpased during CVS (see Figure 4.fus this band will not be described further.
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Figure 4.7 Mean levels of power over the frontal, central and parietal regions during the four
EEG recordings in participant 02.

ERP.

Behavioural data summaryDatalogging forthe GbackLoad was disrupted during
the sham recordingdue to a technical fault with the keyboavtlich meant that the
participantdéds behaviour al responses were not
behavioural data wemmnducted using a 2 (Stimulation) x 2 (Session) x 3 (1, 2 dvatk

Load) ANOVA to examine the remaining Loads, and a separatevapANOVA for
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responses to thelflack Load across the remaining three sessions (baseline, four weeks CVS,
eight weeks CVS).

Accuracy responses entered into the 2 x 2 x 3 ANOVA revealed a Stimulation x Load
interaction whereby accuracy was lower for the highlback Load levels, irrespective of
whether active CVS was being delivered. Response times were also influenced by a
Stimulation x Load interaction such that RTs were shorter during the active CVS recordings
for the 3back Load. Neither the accuracy nor the RT analyses uponitaekOLoad

appeared to be affected by CVS.

After interrogating the behavioural responses frarticipant 02 it was concluded
that it would be justified to analyse the ERP data for thadk from the sham recording by
assuming that all trials were answered correctly. This is becausétek Q.oad was
performed with consistently high levels afcaracy across the other sessidis=(0.98). The
electrophysiological data was therefore analysed using the 2 (Stimulation) x 2 (Session) x 4

(Load) ANOVA described previously.

Peak amplitudeln line with the hypothesis, P3Gmplitudes showed a sidicant
main effect of Stnulation such that participant 0d significantly higher peak amplitudes
duringtheactive CVS recordingsM= 4.521V), relative to the pr&CVS recordingsNi=
3.384V) (see Table 4.5 and Figure 4.8) main effect of Load was also present, which
reflectedadecline in P300 peak amplitudes betwden0 M= 4.65uV) and Zack M=

2.81uV) loads,t(283)= 3.44p<.001. No othecomparisonseached significanc@ll ps>.05)
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Table 4.5
Statistical Analgis of the P300 @nponentn Participant 02.

ANOVA
df F p value hpe
P300 peak amplitude (uV)
Stimulation 1, 510 8.39 .004** .02
Session 1, 510 33.72 <.0071*** .06
Load 3,510 3.02 .03* .02
Stimulation*Session 1, 510 2.81 .09 <.01
Stimulation*Load 3,510 2.38 .07 .01
Session*Load 3,510 0.83 48 <.01
Stimulation *Session*Load 3,510 0.12 .95 <.01
P300 peakatency (ms)
Stimulation 1, 510 6.11 .01** .01
Session 1, 510 3.64 .06 <.01
Load 3,510 2.16 .09 .01
Stimulation*Session 1, 510 5.10 .02* .01
Stimulation*Load 3,510 0.16 .92 <.01
Session*Load 3,510 0.97 41 <.01
Stimulation *Session*Load 3,510 0.08 97 <.01

Note.Significant at *0.05, **0.01***0.001.

Peak latencyContrary to the hypothesis, a significant main effect of Stimulation
revealed thathe P300took longerto peakduring the active CVS recordings, relative to the
pre-CVS recordingsThe main effect of Loadand the thresvay interaction werabsent from
the latency data. However, a significant Stimulation x Session interaction was observed (

Table4.5).

Comparisos completed tinterrogate this interactidiirst examined differences
between the Stimulation conditionsthin each SessiorP300 latencieremained stable
between the baseline and the recording taken after four weekspS\83)(and were
unexpectedlyncreasedbetween the recordings taken aibam stimulatiofM= 380ms) and
eight weeks CV§M=423ny), t(249)=-3.81,p<.05. Posthoc testalsoexaminedvhether
any Sessionfeectswere present within each Stimulation conditi®300 latencies remained

stable between the baseline and sham recordings as prégxi&t),and were then
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unexpectedly increased between the recordings afte(N6uB86ms)and eight of CV§M=
423ms), t(259)=-3.16,p<.05 Contrary to the hypothesihese effects suggest that P300

latencies took longer to peak after eight wedlsother significant interactions were present

(all ps>.086.
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Figure 4.8 Grand average ERPs at stimulus onset for correctly answered tdogek trials,
across for théour EEG recordings, at the Pz electraa@articipant 02
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Participant 03

EEG power.
Table 4.6
Statistical Analysis dEEG Power(uV?) in Participant 03.
ANOVA
Frequency Band df F p value hp
Delta
Stimulation 1,119 38.66 <.001*** .25
Session 1,119 7.12 <.001*** .06
Region 2,238 47.61 <.001*** .29
Stimulation*Session 1,119 25.49 <.001*** .18
Stimulation*Region 2,238 14.96 <.001*** A1
Session*Region 2,238 17.75 <.001*** 13
Stimulation*Session*Region 2,238 1.57 21 .01
Theta
Stimulation 1,119 0.12 73 <.01
Session 1,119 27.69 <.001*** 19
Region 2,238 11.17 <.001*** .09
Stimulation*Session 1,119 105.00 <.001*** A7
Stimulation*Region 2,238 3.09 .05 .03
Session*Region 2,238 2.15 A2 .02
Stimulation*Session*Region 2,238 8.19 <.001*** .06
Alpha
Stimulation 1,119 37.98 <.001*** 24
Session 1,119 0.92 .34 .01
Region 2,238 31.00 <.001*** 72
Stimulation*Session 1,119 75.5 <.001*** .39
Stimulation*Region 2,238 19.26 <.001*** 14
Session*Region 2,238 1.64 .18 .01
Stimulation*Session*Region 2,238 39.30 <.001*** .25

Note.Significant at*0.05, **0.01, ***<0.001.

Delta (1- 4Hz). A significant main effect of Stimulation emerged at the delta band. In
line with the hypothesis, delta activity was greater during the€€pf@recordings. A
significant main effect of Region was also revealed, which reflected decreased delta wave
activity over the parietal region. Since a thvesy interaction was absent (see Table 4.6),

significant tweway interactions involving the Stimulatiamariable were next interrogated.
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A significant Stimulation x Session interaction was revealed. However, comparisons
showed that the interaction was being driven by the elevated levels of delta activity during
the baseline relative to the other recordi(gge Figurel.9) rather than in response to

Stimulation and thus this effect will not be described further.

A Stimulation x Regiorinteraction also emerged at the delta band. Comparisons first
examined whether activity differed between the Stinnutatonditions (within each Region).
As predicted, delta wave activity was consistently lower during the active CVS recordings,
relative to the pr&CV'S recordings (alhs<.001). The effect was greatest at the central region
(preCVS M= 9.05uV?; active CVM= 6.51uV?),t(119)= 7.46p<.001. Poshoc tests also
compared delta activity across the three regions (within each Stimulation condition), all
comparisons were significant (p$<.01). During the pr€VS recordings the largest
discrepancy occurrdaetween the centraM= 9.05uV?) and parietal electroded$
7.37uV?),1(119)= 11.58p<.001. Whereas during active CVS the effect was greatest
between the frontaM= 7.17uV?3) and parietal electroddd=£ 5.88uV?),1(119)= 6.04,
p<.001.Taken together, e interactions suggest that although delta activity was reduced

during active CVS (across all regions), this decline may have begun during sham stimulation.

Theta (4 8Hz). ANOVA testing showed that changes in theta activity were driven by
a decline irpower between the pt€VS recordings rather than a CV8ated effect, thus this

band will not be described further (see Figure 4.9).

Alpha (8 12Hz). ANOVA testing showed a significant main effect of Stimulation
whereby alpha wave activity was increased during active CVS as prediicliee with the
normative topography, a main effect of Region also revealealiptzactivity was greatest

overtheparietalelectrodes. A significant Stimulation x Region x Session interaction was also
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present (see Table 4.6) aposthoc tests weraextcompleted to interrogatgtimulation x

Session effects within each Region.

A significant Stimulation x Session imgetion emerged over the frontal sig1,
119)F 56.15,p<.001,hp=.32 However, comparisons revealed that the interaction was driven
by the reduction in frontal alpha activity during the sham recording rather than in response to

CVS and thus the effeutill not be described further (see Figure 4.9).

Stimulation xSessiorinteractions were also present ottezcentral £(1, 119F
87.29,p<.001, hp= .42 and parietal electrodeB({L, 119¥ 55.85,p<.001,hp= .32 which
appeared to reflect the sammederlying trendPairwise comparisonexamining the effects of
Stimulation failed to reveal any differences in alpha activity between the recordings taken at
baseline and after four weeks of CVS (@b.06). In line with the hypothesis, activity was
increased betwedhe shamrecording(centralM= 4.4QuVZ; parietalM= 10.53uV?)and after
eight weeks of CVScentralM= 12.531V?; parietalM= 29.69uV?) (central(119)=-11.59,
p<.001; parietat(119)=-8.47, p<.001). @mparisondetween the recording sessions
revealed that alpha activity was unexpectedly reduced between the baseline Ntentral
8.98uVz; parietaM=21.83uV?2) and sham recordings (cenivit 4.40uV?; parietaM=
10.53uV?) across both regions (cent(all9)=10.45<.001; parietat(119)= 6.14p<.001),
and then accumulated as predicted between the recordings taken after fourNtentral
8.81uVz?; parietaM= 17.97uV?,) and eightcentralM= 12.53uV?; parietaM= 29.69uV?3)
weeks of CVJcentralt(119)=-4.45,p<.001; parietat(119)=-4.88,p<.001).Importantly,
central and parietal alpha activity was highest once eight weeks of CVS had been delivered

(see Figure 4.9), suggesting alpha power had increased in response to CVS over most sites.
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Figure 4.9 Mean levels of power over thimontal, central and parietal regions during the four
EEG recordings in participant 03.

ERP.

Behavioural datasummary Within the RT data, significant main effects revealed
that responsesereshorterduringtheactive CVS recordings relative to the {£¥'S
recordingsand also during the lowerlmack loads as predictedowever,a Stimulation x
Load interactiorshowed that RTs were not consistently decreased dON®)such that RTs
were longer during active\(S at the Zback Load relative to the p@VS recordings. This
variability on the 2back therefore reduces the likelihood that CVS has induced a beneficial

effect on RTs.

Accuracy responses also revealed a Stimulation x Load interaction, whereby

performane on the dback Load was less accurate relative to the other loads (across both
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Stimulation conditions) and did not improve in response to CVS indicating the participant

found this Load more challenging.

Peak anplitude ANOVA testing showed that althougieak P30 amplitudes were
increased during active CVS (see Table 4.7) this was because of a decline in peak amplitude
during the sham recording relative to the other sessions (Stimulation x Session interaction).
Since CVid not modulate peak amplitudes (see Figure)4th@ analysis will not be

described further.

Peak htency Contrary to the hypothesis, a main effect of Stimulation was absent
from this analysigsee Bble4.7). However, a main effect of Loadas preent such that
P300latencies unexpectedly becasterteras rnback Load increase&ince asignificant
threeway interaction wa®bservedsee HRble4.7), posthocanalyses wereompleted to

follow-up Stimulation x Session interactions within eaebhatklLoad

The Stimulation x Session interaction was only present for-theeck Load F(1,
196)= 11.27p<.05,hy= .05 (all otheps>14). Comparisons first examined Stimulation
effects within each Session. In line with the hypothesis, analyses showed that the P300 was
quicker to pealafter four weeks CVIM= 384ns), relative to the baselindd= 448ns),
t(98)= 4.03p<.001 ConverselyP300 latencies remained stable between the sham recording
and after eight weeks CV$<.32). Posthoc tests between Sessions revealed that P300
latencies had remained stable between the baseline and sham recordings as pedbled (
Latencies for the-®ack then fluctuated between the active CVS recordings and were
unexpectedly increased between the recordings taken aftéMeB84ms)and eight weeks
CVS (M= 464ms)[t(98)=-4.84,p<.00]], contrasting with the accumulative effect that was
predicted. Taken together, these effects suggest a temporaryel@& facilitation whereby

the P300 was quicker to peak after four weeks at-h&c@. However, since this effect was

201



not sustained &t eight weeks CVS and did not extend to the other loads the robustness of

the effect is uncleaNo other significaneffectswere presenta(l ps >.37.

Table 4.7
Statistical Analysis of the P300 Componiararticipant 03.
ANOVA
df F p value hp
P300 peak amplitude (uV)
Stimulation 1, 653 9.94 .002** .02
Session 1, 653 15.86 <.001*** .02
Load 3, 653 2.19 .09 .01
Stimulation*Session 1, 653 24.60 <.001*** .04
Stimulation*Load 3,653 2.08 .10 .01
Session*Load 3, 653 2.00 A1 .01
Stimulation *Session*Load 3, 653 0.58 .63 <.01
P300 peak latency (ms)
Stimulation 1, 653 <0.01 .96 <.01
Session 1, 653 13.38 <.001*** .02
Load 3, 653 8.07 <.001*** .04
Stimulation*Session 1, 653 0.80 37 <.01
Stimulation*Load 3, 653 4.32 .005** .02
Session*Load 3, 653 0.46 71 <.01
Stimulation *Session*Load 3, 653 3.74 01 .02

Note.Significant at *0.05, **0.01***0.001.
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Baseline Sham stimulation
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Figure 4.10.Grand average ERPs at stimulus onset for correctly answered tdogek n

trials, across for the four EEG recordings, at the Pz electrode in participant 03.

Participant 04

The protocol was amended for participant 04 such that only resting EEG was
completed. This was necessary to accommodat e
(stimuli moved quickly on the screen) and mobility (restricted movement of fingers)

impairments.
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EEG power.

Table 4.8
Statistical Analysis dEEG Power(uV?2) in Participant 04.
ANOVA

Frequency Band df F p value dp?

Delta
Stimulation 1,74 58.98 <.001*** 44
Session 1,74 85.35 <.001*** .54
Region 2,148 49.99 <.001*** 40
Stimulation*Session 1,74 58.05 <.001*** 44
Stimulation*Region 2,148 19.99 <.001*** 21
Session*Region 2,148 34.59 <.001*** .32
Stimulation *Session*Region 2,148 31.96 <.001*** .30

Theta
Stimulation 1,74 28.80 <.001*** .28
Session 1,74 42.90 <.001*** 37
Region 2,148 77.40 <.001*** .51
Stimulation*Session 1,74 51.57 <.001*** 41
Stimulation*Region 2,148 49.88 <.001*** 40
Session*Region 2,148 23.91 <.001*** .24
Stimulation *Session*Region 2,148 50.67 <.001*** 41

Alpha
Stimulation 1,74 12.00 001*** A4
Session 1,74 2.55 A2 .03
Region 2,148 130.80 <.001*** .64
Stimulation*Session 1,74 27.67 <.001*** 27
Stimulation*Region 2,148 35.73 <.001*** .33
Session*Region 2,148 15.91 <.001*** .18
Stimulation *Session*Region 2,148 5.75 .004 .07

Note.Significant at*0.05, **0.01, ***0.001.

Delta (1- 4Hz). ANOVA testing revealed a significant main effect of Stimulation (see
Table 4.8) whereby delta activity was unexpectedly increased during active CVS relative to
the preCVS recordings. A significant main effect of Region was also present such that delta
actvity was elevated over the central electrodes, and lowest at the parietal electrodes. Since a
significant Stimulation x Session x Region was present (see Table 4.8hoocshalyses

were completed to followp the effects of Stimulation and Session wittlach Region.
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Significant Stimulation x Session interactions were present over the fre(tal7g4)=
26.11,p< . 0 Q2% .26], dentralff(1, 74)=53.20p< . 0 Q2%.42] arjd parietal region&(1,
74)=75.19p< . 0 Q2% 50], deflecting the same ueidlying patterns. Comparisons first
examined whether any differences between the Stimulation conditions were present in each
SessionContrary to the hypothesis, delta activity remained stable between the first baseline
and after four weeks CVS (gdb>.19), and was increased between the second baseline
(frontal M= 11.86uV?; centraM= 12.20uV?; parietaM= 9.80uV?) and after eight weeks
CVS (frontalM= 19.83uV?; centraM= 23.24uV?; parietaM= 24.33uV?3) across all regions
(frontalt(74)=-1.32,p<.001;centralt(74)=-8.11,p<.001; parietat(74)=-9.22,p<.001).

Posthoc tests examining the effects of Session showed that delta activity remained stable
across the two baselines over the frontal and central electrodes>(@8), and was
increasedetween the first\i= 8.24V?) and second baselin®€ 9.80uV?) over the

parietal electroded([f4)=2.17,p<.05]. Unexpectedly, delta activity was significantly
increased between the recordings taken after four weeks (fidnatal.24uV?; centraM=
11.3uV?; parietalM= 8.16V?) and eight weeks CVS (frontdk 19.83uV?; centraM=
23.24V?; parietaM= 24.33uV?) across all regions (frontéf4)=-7.56,p<.001; central
t(74)=-9.21,p<.001; parietat(74)=-10.81,p<.001). In sum delta activity was highest after
eight weeks CVS across all regions therefore contrasting with the hypothesis (see Figure

4.11).

Theta (4 8Hz). A significant main effect of Stimulation emerged at the theta band
(see Table 4.8). Unexpectgdtheta activity was significantly increased during active CVS
relative to the prCVS recordings. A significant main effect of Region was also present (see
Table 4.8), such that theta activity was highest over the central electrodes and lowest over the

parietal site. Since a significant thremy interaction was also revealed (see Table 4.8); post
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hoc analyses were completed to folloy the effects of Stimulation and Session within each

Region.

A significant Stimulation x Session interaction was presesr the frontalff(1, 74)=
14.37,p< . 0 Q2% .16], dentralfF(1, 74)= 63.48p< . 0 Q2% .46] ahd parietal electrodes
[F(1, 74)=68.02p< . 0 Q2% 48], deflecting the same underlying patterns. Comparisons
between the Stimulation conditions showiedt theta activity was reduced from the first
baseline M= 8.84uV?) to the recording after four weeks C\KB=(7.08uV?2) over the central
electrodest[74)= 2.70p<.05] as anticipated, but remained stable over the frontal and
parietal electrodes (ghs> .10). Theta activity was also significantly increased between the
second baseline (front= 8.20uV?; centraM= 7.78uV?; parietaM= 6.00V?) and after
eight weeks of CVS (frontéd¥i= 10.82uV?; centraM= 14.21uV?; parietaM= 13.71uV?)
across all regionfrontal t(74)=-4.05,p<.001; centrat(74)=-8.09,p<.001; parietat(74)=-
9.45,p<.001). Comparisons between sessions (within each Stimulation condition) revealed
that theta activity had remained stable between the first and second baselees. (&),
and was then significantly increased between the recordings taken after four [frental
6.82uV?; centraM= 7.08uV?; parietalM= 5.56V?) and eight weeks of CVS (frontdE
10.82uV?; centraM= 14.21uV?; parietaM= 13.71uV?) across all regiongg@htal t(74)=-
5.39,p<.001; centrat(74)=-7.60,p<.001; parietat(74)=-9.49,p<.001). Similar to the delta
band, theta activity was highest after eight weeks CVS across all regions (see Figure 4.11),

contrasting with th€VS-relateddecreasgin theta activity thatvere hypothesised.

Alpha (8 12Hz).A significant main effect of Stimulation (see Table 4.8) showed that
alpha activity was increased during active CVS relative to th€i® recordings, as
predicted. A significant main effect 8fegion was also present, in line with the normative

topography activity was elevated over the parietal site. Since a significant Stimulation x
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Session x Region interaction was observed (see Table 4.8))gmottsts were next

completed to followup the ineraction.

ANOVA testing revealed similar Stimulation x Session interactions over the frontal
[F(1, 74)=34.89p< . 0 @4.32{ centralff(1, 74)=24.77p< . 0 Q2% .25] ahd parietal
electrodesf(1, 74)=22.02p< . 0 Q2% .23]. €omparisons betweéme Stimulation
conditions showed that alpha activity was unexpectedly decreased between the first baseline
(M=9.05uV?) and after four weeks CVBI€ 6.47uV?) over the frontal regiom(f4)= 4.0,
p<.001], but remained stable over the central and padkteirodes (alps>.11).Alpha
activity was then increased as predidbetiveen the second baseline (fromtad 6.32uV?;
centralM= 7.62uV?; parietaM= 10.72uV?) and after eight weeks CVS (frontdk 9.18uV?;
centralM= 13.28uV?; parietaM= 17.72uV?) across all regions (frontf74)=-4.71,p<.001;
centralt(74)=-6.04,p<.001; parietat(74)=-6.42,p<.001).Posthoc tests of Session showed
that alpha activity was unexpectedly reduced between the first (fMrtal05uV?2; central
M= 11.06uV?) and second baseline (fros 6.32uV?; centraM= 7.62uuV?) over the
frontal [t(74)=5.73 p<.001] and central electrode$/]4)=4.81,p<.001] (parietap=.06).
Similar to the delta and theta bands, alpha activity was subsequently increassshlibe
recordings taken after four (frontsll= 6.47uV?; centraM= 9.36uV?; parietaM= 10.72uV?)
and eight weeks of CVS (front®l= 9.18uV?; centraM= 13.28uV?; parietaM= 17.72uV?)
across all regions (front#[74)= 3.87 p<.001; centrat(74)=-3.30,p<.05; parietat(74)=-
6.42, p<.001). In line with the hypothesis, alpha activity was highest after eight weeks CVS.
While a clear elevation in alpha activity was present over the central and parietal sites after
eight weeksCVS, the frontaklectrodeseached a similar magnitude at baseline one (see

Figure 4.11).
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four EEG recordings in participant 04
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Participant 05

EEG Power.
Table 4.9
Statistical Analysis dEEG power(puV?) in Participant 05.
ANOVA

Frequency Band df F p value hp

Delta
Stimulation 1,118 119.60 <.001*** .50
Session 1,118 6.19 .014* .05
Region 2,236 94.86 <.001*** 45
Stimulation*Session 1,118 0.11 74 <.01
Stimulation*Region 2,236 6.79 <.001*** .05
Session*Region 2,236 0.96 .35 .01
Stimulation*Session*Region 2,236 0.71 49 .01

Theta
Stimulation 1,118 109.24 <.001*** 48
Session 1,118 25.58 <.001*** .18
Region 2,236 114.84 <.001*** 49
Stimulation*Session 1,118 9.06 .003** .07
Stimulation*Region 2,236 17.00 <.001*** 13
Session*Region 2,236 12.57 <.001*** .10
Stimulation*Session*Region 2,236 17.82 <.001*** 13

Alpha
Stimulation 1,118 16.12 <.001*** A2
Session 1,118 2.70 10 .02
Region 2,236 503.71 <.001*** .81
Stimulation*Session 1,118 1.87 A7 .02
Stimulation*Region 2,236 5.53 .005** .05
Session*Region 2,236 1.59 21 .01
Stimulation*Session*Region 2,236 1.19 31 .01

Note.Significant at*0.05, **0.01, ***<.001.

Delta (1- 4Hz). The ANOVA revealed a significant main effect of Stimulation.

Consistent with the hypothesis, delta activity was significantly lowered during active CVS

relative to the pr&€VS recordings. A significant main effect of Region was also present such

that activty was elevated over the parietal site and decreased over the frontal electrodes.

Since a Stimulation x Region x Session interaction was absent (see Table 4.9), analyses

focused on any significant tweay interactions that concerned the Stimulation vagiabl
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Stimulation did not interact with Session, but was related to Region (see Table 4.9).
Posthoc tests first examined differences between the Stimulation conditions at each Region.
In line with the hypothesis, delta activity was significantly loweredngduactive CVS
(frontal M= 11.46uV?, centraM= 13.11uV?, parietaM= 15.03uV?) relative to the pr€VS
recordings (frontaM= 17.33uV?, centraM= 19.97uV?, parietaM= 23.71uV?). The effect
was similarover the frontalf{118)= 9.78p<.001], centralf{118)= 8.97p<.001] and
parietal regionst(118)= 8.98p<.001]. Comparisons also examined whether delta activity
differed between the three regions within each Stimulation condition. All comparisons were
significant across both Stimulation conditiongth the largest differences occurring between
the frontal (preCVS M= 17.33uV?; active CV3/1= 11.46uV?) and parietal (pf€VS M=
23.71uV?; active CV3= 15.03uV?) regions in both the p@VvS [t(118)=-7.81,p<.00]
and active CVS recording§]18) -7.35,p<.00]]. Overall delta activity was reduced during

the active CVS recordings across all three regions, as predicted (see Figure 4.12).

Theta (4 8Hz). Theta wave activity also showed a significant main effect of
Stimulation (see Table 4.9). In &with the hypothesis, theta activity was significantly
reduced during active CVS relative to the-@éS recordings. A main effect of Region was
also present (see Table 4.9) which reflected elevated activity over the parietal site, and
decreased activitgver the frontal electrodes. Since a significant thwag interaction was
also revealed (see Table 4.9), separate Stimulation x Session ANOVAs were completed for

each Region.

The Stimulation x Session interaction was significant over the ceh{figl 118)=
4.61,p<.05,hp==.04.] and parietal electrodds([L, 118)= 16.85p<.001,hp=.13], reflecting
the same underlying patterns (frontal29). Comparisons first examined differences
between the Stimulation conditions. In line with the hypothesis, theta activity was decreased
between the baseline (centhé: 17.98uV?; parietaM= 20.91uV?2) and after four weeks of
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CVS (centraM= 12.42uV%;,M= 15.62uV?) across both regions (centtél18)= 6.00,

p<.001; parietat(118)= 4.75p<.001). Theta activity was also reduced between the sham
recording (centraM= 23.05uV?; parietaM= 33.47uV?) and after eight weeks of CVS
(centralM= 13.59uV?; parietaM = 17.11uV?), where the effects were greater (central

t(118)= 6.82p<.001; parietat(118)= 7.16p<.001). Poshoc tests examining the effects of
Session showed an unexpected increase in theta activity between the baselindMsentral
17.98uV?; parietaM= 20.91uV?) and sham (centidl= 23.05uV?; parietaM= 33.47uV?3)
recordings (centrd{118)=-3.52,p<.001; parietat(118)=-5.32,p<.001), where theta levels
were highest (see Figure 4.12). Theta activity remained stable between the recordings taken
after four and eight weeks CVS (pht>.25), the only effects not to reach significance in the
analyses. In summary, theta activity appeared to show the predicted decline in response to

CVS over the central and parietal regions (see Figure 4.12).

Alpha (8 12Hz).A significant main effect of Stimulation emerged at the alpha band
(see Table 4.9). Contrary to the hypothesis, alpha was decreased during active CVS relative
to the preCVS recordings. However, it should be noted that alpha activity was very high
prior to CVS, particularly over the parietal electrodes (see Figure.AX2gnificant main
effect of Region was also present, in line with the normative topography alpha levels were
elevated over the parietal site. Since a tlwag interaction was notrpsent between the
variables (see Table 4.9), analyses focused on any significamtawanteractions involving

the Stimulation variable.

Alpha wave activity was influenced by a Stimulation x Region interaction (see Table
4.9). Comparisons between thén8tlation conditions (within each Region) showed that
alpha activity was consistently lower during active CVS relative to th€pi® recordings
across all regions (gtis<.05). The effect was greatest over the central electrode€{{8e
M= 53.58uV?; actre CVSM= 40.91uV?3),t(118)= 5.83p<.001. Poshoc tests examining the
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effects of Region within each Stimulation condition were also all significargalD01).

The largest effects occurred between the frontatQr& M= 28.11uV?; active CVII=
22.87WV?) and central regions (pit@VS M= 53.59uV?; active CV31= 40.91uV?) during

both the preCVS [t(118)=-18.22,p<.001] and active CVS recording$118)=-18.77,
p<.001], comparisons involving tliental andparietal regioswere also strong (all

ts>13.35, allps<.001). Contrary to the hypothesis alpha activity was significantly reduced
during the active CVS recordings relative to the pre CVS recordings (across all regions).
Since the participant displayed high levels of alpha prior to the onset®f{§2¢ Figure
4.12), this reduction may have been beneficial (this issue will be returned to in the

discussion).
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Figure 4.12 Mean levels of power over the frontal, central and parietal regions during the
four EEG recordings in participant 05. Note the different scaling for the alpha band.

212



ERP.

Behavioural dat summary.Accuracy fluctuated across the study but did not appear
to be driven by Stimulation or a potential practice effect (across sessions). A Stimulation x
Region x Session interaction revealed that accuracy onlhelOwas reduced subsequent to
the baselineaccuracy for the-back also steeply declined after eight weeks CVS relative to
the remaining sessions where performance was stable. Within the RT data, a Stimulation x
Load interaction showed that RTs were longer during the lower loads relative tgtke hi
loads across both Stimulation conditions, contrasting with previous research in healthy

samples

The behaviour al data demonstrated that th
inconsistent. Of particular relevance to the ERP analyses was the eyttew level of
accuracy on the-back condition after eight week®/S (i.e. only two trials out of 50
answered correctlysince two segments are insufficient for ERP analysis (Luck, 2005), this
session was removed from statistical analyses. Theref@erophysiological data for this
patient was analysed using a 3 (Session: baseline, sham, four weeks CVS) x 4 (Load: 0, 1, 2,

3) ANOVA.

Peak amplitude and pealatency.Table 4.1Gshows thatno significant main effects

ori nteractions were patagaipsnidf. i n this participa

4 For comparisn, if only two trials were accepted for théback load after eight weeks of
CVS, the 2 x 2 x 4 ANOVA showed a significant Stimulation x Load interack¢h, [303)=
3.07,p<.05,hp=.03]; all otheips>.28.This interaction reflected a reduced P23®dplitude
during the active CVS recordingsl€ 16.26V) relative to the pr€VS recordingsNI=
23.25uV) for the dack only p<.05, all otheps>.054). No differences were present between
Loads within each Stimulation conditions (adt>.16). No significaneffects were revealed
within the P300 latency data using this analysisp&H.18).
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Table 4.10
Statistical Analysis of the P300@ponentn Participant 05.

ANOVA
df F p value hp
P300 pealamplitude (uV)
Session 2,236 1.42 .24 .01
Load 3,236 1.57 .20 .02
Session*Load 6, 236 1.63 14 .04
P300 peak latency (ms)
Session 2,236 0.08 .93 <.01
Load 3, 236 1.47 22 .02
Session*Load 6, 236 0.97 .45 .02

Participant 06
EEG power.

Delta (1- 4Hz). Delta activity was influenced by a significant main effect of
Stimulation (see dble4.11), as predicted delta levels were lower during active CVS relative
to the preCVS recordings. A significant main effect of Region was also present such that
delta wave activity was highest over the frontal site and lowest over the parietal electrodes.
Since a thresvay interaction was also observed (sebl€4.11), separate Stimulation x

Session ANOVAs were next completed for each Region.

The Stimulation x Session interaction was significant over the frdaf@l, [117F
40.18,p<.001,hp-= .26],central F(1, 117)= 33.53p<.001,hp=.22] and parietal electrodes
[F(1, 117)= 20.50p<.001,hp-= .15], reflecting similar trends. Comparisons between the
Stimulation conditions revealed an unexpected increase in delta activity from the baseline
(M= 14.65uV?), to the recording taken after four weeks CW& (19.76uV?) over the frontal
electrodest[117)=-5.04,p<.001]. Conversely, delta activity was reduced from the baseline
(M= 8.66uV?) to the recording after four weeks C\KB=(7.25uV?3) as expected avthe
parietal electroded(fL17)= 2.55p<.05] (centrap=.99). In line with the hypothesis, delta

activity was then decreased between the recordings taken after sham stimulation\frontal
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21.49uV?; centraM= 18.86V?; parietaM= 13.58uV?) and eight aeks CVS (frontal
M=15.91uV?; centraM= 10.83uV?; parietaM= 6.55V?) across all regions (frontél17) =
4.21,p<.001; centrat(117)= 6.42p<.001; parietat(117)= 6.16p<.001). Poshoc tests
examining the effects of Session also revealed a significant increase in delta activity between
the baseline (frontdll= 14.65uV?; centraM= 10.21uV?; parietaM= 8.66V?) and sham
recordings (frontaM= 21.49uV?; centraM= 18.86uV?2 parietalM= 13.58uV?) (frontal

t(117) =-5.09,p<.001; centrat(117)=-6.85,p<.001; parietat(117) =-4.55,p<.001). Delta
activity was then decreased between the recordings taken afteMfowO(76uV2) and eight
weeks CVSM=15.91uV?) over the framl electrodest{117) = 3.62p<.001] (central and
parietal allps>.35). In line with the hypothesis, delta activity was highest during the sham
recording and declined thereafter during active CVS across all regions (see Figure 4.13).
However, since onlthe parietal electrodes showed a reduction which fell below the baseline

magnitude, these effects were unlikely to be driven by CVS alone.

Theta (4 8Hz). A significant main effect of Stimulation also emerged at the theta
band (see able4.11). As predicted, theta activity was lower during active CVS relative to
the preCVS recordings. A significant main effect of Region was also present &de T
4.11) such that, theta power was elevated over the frontal electrodes and lowest &ttie par
site. A Stimulation x Session x Region interaction was not present (see Table 4.11), therefore

the tweway interactions involving the Stimulation variable were next interrogated.

A significant Stimulation x Region interaction was revealed and cosgoer first
examined whether any differences had emerged between the Stimulation conditions within
each Region. In line with the hypothesis, central and parietal theta activity had decreased
between the pr€VS (centraM= 14.13uV?; parietaM= 10.80uV?) ad active CVS
recordings (centrdVl= 12.07uV?; parietaM= 6.93uV?) (centrat(117)= 2.82p<.05; parietal
t(117)= 7.40p<.001; frontalp=.79). Comparisons of Region were then completed for each
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Stimulation condition. All three regions differed signifitlgrfrom each other across both
Stimulation conditions (alps<.05). The largest effects appeared to result from the reduction
in theta activity over the parietalectrodes (pr£VS M= 10.8QV?; active CVSM=

6.93uV?) relative to the frontal electrodes€CVS M= 15.05uV?; active CVSM=

15.224V?) across both the pi@€VS [t(117)= 11.26p<.001] and active CVS recordings
[t(117)= 20.59p<.00]. In line with the hypothesis, theta activity was lowered during active
CVS relative to the pr€VS recordings over the central and parietal electrodes (see Figure
4.13). No other significant main effects or interactions involving the Stimulation variable

were present (apys>.05).

Alpha (8 12Hz). ANOVA testing showed alpha activity at the central and parietal sites
was elevated during the baseline recording and declined thereafter (see Figure 4.13) rather
than increasing in response to Stimula@gspredicted Since CVS did not modulate alpha

activity, this band will not be described further

Table 4.11
Statistical Analysis dEEG Power(uV?2) in Participant 06.
ANOVA

Frequency Band df F p value hpe

Delta
Stimulation 1,117 18.85 <.001*** A4
Session 1,117 17.35 <.001*** A3
Region 2,234 522.37 <.001*** .82
Stimulation*Session 1, 117 38.52 <.001*** .25
Stimulation*Region 2,234 29.60 <.001*** .20
Session*Region 2,234 16.41 <.001*** A2
Stimulation *Session*Region 2,234 10.86 <.001*** .09

Theta
Stimulation 1,117 11.50 .001*** .09
Session 1,117 6.21 .014* .05
Region 2,234 409.16 <.001*** .78
Stimulation*Session 1, 117 3.83 .05 .03
Stimulation*Region 2,234 32.89 <.001*** 22
Session*Region 2,234 22.30 <.001*** .16
2,234 1.82 .16 .02
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Stimulation *Session*Region

Alpha
Stimulation 1,117 1.68 .20 .01
Session 1,117 0.81 37 .01
Region 2,234 139.50 <.001*** .54
Stimulation*Session 1,117 31.83 <.001*** 21
Stimulation*Region 2,234 40.43 <.001*** .26
Session*Region 2,234 18.70 <.001*** 14
Stimulation *Session*Region 2,234 27.71 <.001*** 19

Note.Significant at*0.05, **0.01, ***0.001.
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Figure 4.13 Mean levels of power over the frontal, central and parietal regions during the
four EEG recordings in participant 06.

ERP.

Behavioural data summaryAccuracy responses were influenced by a thvag
interaction; poshoc comparisons revealed that accuracy on tback Load was improved
due to practiceeffects between the baseline and sham recordings and remained stable
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thereafter. Response times atémwed a significant thregay interaction. Podtoc analyses

at each Load revealed that RTs were shorter during one of the active CVS sessions relative to

one of the pr&CVS sessions at the 2 and&ck loads. However, the effect on thb&k
appeared tonset during sham stimulation thus limiting the likelihood of @¥lated

benefit.

During thebaselineEEGrecording there were some technid#ficulties with the

cable that connected the EEG amplifier to therine laptop. This meant that no triggers

were sent to record stimuli and response onset times, though additional random (nuisance)

triggers were sent, thus preventing the offline matching of stiamdlitheir associated

electrophysiological response. To address this technical fault, the ERP data from the baseline

recording was omitted from statistical analysis and@e3sion: shanfiour weeksCVS,

eight weeksCVS) x4 (Load:0, 1, 2, 3) ANOVAwas onducted on the remaining ERP data.

Peak amplitude and pealatency.Table 4.1Zhow thano significant main effects or

interactions were presmnd in this participan
Table 4.12
Statistical Analysis of the P300@ponentn Participant 06.
ANOVA
df F p value hp
P300 peak amplitude (uV)
Session 2,543 2.93 .05 .01
Load 3, 543 1.19 .32 <.01
Session*Load 6, 543 0.97 45 .01
P300peak latency (ms)
Session 2,543 1.42 24 <.01
Load 3,543 2.23 .08 .01
Session*Load 3, 543 0.66 .69 <.01

Note.Significant at *0.05, **0.01***0.001.
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Participant 07
EEG power.
Delta (1- 4Hz). ANOVA testing revealed that central delta activity fluctuated across
the study. However, since these changes were not driven by Stimulation (see Figure 4.14 and

Table 4.13), this band will not be described further.

Table 4.13
Statistical Analysis of Resty EEG Power (uV?) in &ticipant 07.
ANOVA
Frequency Band df F p value hye
Delta
Stimulation 1,118 0.34 .56 <.01
Session 1,118 71.65 <.001*** .38
Region 2,236 98.75 <.001*** 46
Stimulation*Session 1, 236 0.86 .36 <.01
Stimulation*Region 2,236 6.76 <.001*** .05
Session*Region 2,236 7.12 <.001*** .06
Stimulation *Session*Region 2,236 4.41 01** .04
Theta
Stimulation 1,118 1.67 .20 .01
Session 1,118 175.87 <.001*** .60
Region 2,236 55.% <.001*** .32
Stimulation*Session 1,118 0.53 A7 <.01
Stimulation*Region 2,236 16.44 <.001*** 12
Session*Region 2,236 2.37 .10 .02
Stimulation *Session*Region 2,236 7.47 <.001*** .06
Alpha
Stimulation 1,118 45.07 <.001*** .28
Session 1,118 50.48 <.001*** .30
Region 2,236 219.64 <.001*** .65
Stimulation*Session 1,118 6.26 01** .05
Stimulation*Region 2,236 18.61 <.001*** 14
Session*Region 2,236 1.71 .18 .01
Stimulation *Session*Region 2,236 19.36 <.001*** 14

Note.Significant at0.05, **0.01, ***<0.001.
Theta (4 8Hz). Similar to the delta band, ANOVA testing showed that central theta

activity was altered across the study. However, sincelmstomparisons revealed that

219



these changes were not related to the Stimulation variable (see Figure 4.14 and Table 4.13),

these #ects will not be elaborated upon.

Alpha (8 12Hz).Several comparisons within this ANOVA reached significance (see
Table 4.13). However, pasioc testing revealed that these effects were driven by a decrease
in frontal and central alpha activity subseqt to the baseline (Figure 4.14), rather than in

response to Stimulation and thus this band will not be described further.
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Figure 4.14 Mean levels of power over the frontal, central and parietal regions during the
four EEG recordings participant 07.

ERP.

Behavioural data summaryANVOA testing revealed that changes in accuracy were

driven by a significant Stimulation x Session interaction at thack Load, whereby
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accuracy continued to improve due to practice and then stabilised after eight weeks CVS.
Response times showed a significtimulation x Load interactiosuch that RTs were
longer during the higher-back loads across both Stimulation conditions

Peak anplitude.Contraryto the hypothesis, main effects of Stimulation and Load
were absent from thHe300 peak amplitude data (sesble4.14 and Figure 4.)5However,
there was a significatiireeway interaction which was followedp with separate

Stimulation x Session ANOVAs for eackback Load

The Stimulation x Session interaction was only present underlithelOLoad F(1,
195)= 5.18p<.05,hy= 0.3 (all other loadps>.09). However, P300 peak amplitudes did not
differ between Stimulation calitions at either Session for theb@ck targets (alps>.09).
Comparisons between the Sessions showed that P300 amplitudes thatiieiditially
remained stable between the baselMe {5.011V) and shanfM= 15.55.V) recordings
(p=.72),aspredicted. However, P300 amplitudes were then decreased between the recordings
taken after fourNl= 17.261V) and eight 1= 13.09uV) weeks CVS1{98)= 2.63 p<.05].
This result appeared to drive the interaction and contrasted with the cumulative increase in

P300 amplitudes that was predicted to occur in response to CVS.

Peak htency.Significant main effects of StimulatiomndLoad as well as a three
way interactiorwere absent from the P300 latenctesice asignificant Stimulation x
Sessiornteractionwas present (s€kable4.14), posthoc tests were completed to investigate

this interaction.

Comparisons first examined whether any Stimulation effects were present within each
SessionP300 latencies werggnificantlyshorter after four weeks CVME 359ms) relative
to the baseline recordiniylE 382ms){(335)= 1.93p<05.However, o differences were

observed between the recordings taken after sham and eight weekp=C9%) (Posthoc
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tests of Session revealed tR&00 Atenciehadremained stdb between the pr€VS
recordings |§=.57)and were then unexpectedly increabetiveen the active CVS recordsg
taken after fourNlI= 359ms) and eight weeks of CVE£ 398ms),t(355)=-3.89,p<.001.
These effects suggest that although the P300 was gticgerk after four weeks CVS
relative to the baseline as predicted, this facilitation may not be robust since it was not
sustained after eight weeks CVS (see Figure 4N&pther significanéffects or interactions

were present (seeable4.14).

Table 414
Statistical Analysis of the P300@ponentn Participant 07.
ANOVA
df F p value hp
P300 peak amplitude (uV)
Stimulation 1, 675 1.94 .16 <.01
Session 1, 675 30.72 <.001*** .04
Load 3,675 1.82 .14 <.01
Stimulation*Session 1, 675 <0.01 97 <.01
Stimulation*Load 3,675 0.62 .61 <.01
Session*Load 3,675 0.85 A7 <.01
Stimulation *Session*Load 3,675 2.81 .04* .01
P300 peak latency (ms)
Stimulation 1, 675 1.94 .16 <.01
Session 1, 675 9.29 .002** .01
Load 3,675 0.04 .99 <.01
Stimulation*Session 1, 675 4,78 .03* <.01
Stimulation*Load 3,675 1.62 .18 <.01
Session*Load 3,675 1.32 .27 <.01
Stimulation *Session*Load 3,675 2.13 .10 <.01

Note.Significant at *0.05, **0.01***0.001.
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Figure 4.15.Grand average ERPs at stimulus onset for correctly answered tdogek n
trials, across for the four EEG recordings, at the Pz electrode in participant 07.

Participant 08
EEG power.

Delta (1- 4Hz). Contrary to the hypothesis, a significant main eftéc$timulation
showed thatleltaactivity was increased during active CWSative to thgpre CVS
recordingsA significantmain effect of Regiomwas also presensuch that deltactivity was
elevatedbver the frontal electrodesSince a thresvay interaction was also present (see
Table4.15), separate Stimulation x Session ANOVAs were next completed for each Region
to follow-up the interaction.
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Significant Stimulation x Session interactions were revealed over the frB(tal [
118)= 135.18p<.001, /p>=.16] and central electrodes([L, 118)= 4.80p<.05, /p= .04]
(parietal electrodes=.12), which reflected the same underlying trei@smparisons first
examined whether any differences were present between the Stimulation conditions during
each Sesen. Frontal deltaactivity was highestluring the baseline recordinyl€ 24.59uV?)
and was then significantly reduced afieur weeksCVS (M= 18.07uV?)[t(118)= 3.27,
p<.05], while central delta remained stable between the two recorgn@s8)
Unexpectedly, delta levels werereased betweehe shamrecording frontal M= 12.76uV?2
centralM= 8.52uV?) andaftereight week€CVS (frontal M= 16.26uV2 centralM= 14.27uV?)
across both regions (frontifll 18)=-3.17,p<.05; centrat(188)=-6.38,p<.001)
Comparisons between Sessions also showed an unexpected decrease in delta activity (see
Figure 4.16) between the basel{frental M= 24.59uV2 centralM= 14.731V?2) and sham
recordinggfrontal M= 12.76uV2 centralM= 8.52uV2) across both regions ¢{fntalt(118)=
7.56,p<.001; centrat(118)= 5.95p<.001). Frontal and central delta activity remained stable
during the active CVS recordings (p#>.22). Contrary to the hypothesis, frontal and central
delta activity was lowered during the sham recording (see Figure 4.16) and subsequently

increasedluring CVS (where power remained stdble

Theta (4 8Hz). A main effect of Stimulation emerged htttheta band (seelble
4.15). Unexpectedly, theta wave activity was again increased during active CVS relative to
the preCVS recordings. A significant main effect of Region was also revealed, which
reflected elevated theta activity over the frontal. $i@ce a significant Stimulation x Session
X Region interaction was also present, gust tests were next completed to interrogate the

interaction within each Region.

The ANOVA over the frontal electrodesvealeda significant Stimulation x Session

interaction,F(1, 118)= 17.13p<.001,/:?= .13. Comparisonshowedthatthe interaction
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reflected elevatetbvelsof frontal theta activity during the baseline recordiafgtive to the
subsequent recordings (see Figure 4.16). Since the effect was not driven by CVS it will not be

described further.

Central theta activitalso showed a significant Stimulation x Session interack,
118)= 5.33p<.05, /1x>=.04. In contrast with the hypothestentraltheta activity was
significantly increased from the baselidd= 12.83uV?) to the recording taken after four
weeks CVS = 14.481V?), 1(118)=-2.14,p<.05. This trend continued between the
recordings taken aftesham M= 10.241V?) and eight weeks CV3M= 14.281V?), where it
was strongert(118)=-6.00,p<.001. An unexpected decreaseantraltheta activity was
again present between the baselie (12.83uV2) and sham recordingME 10.244V?)
[t(118)= 3.46p<.001], while activity remained stable between the stimulation recordings
(p=.80).Contrary to the hypothesis, central theta activity was elevated during active CVS
relative to the pr&CV'S recordings (see Figure 4.16). The tway interaction was absent

overthe parietal electrodep£.27).

Alpha (8 12Hz).Althoughseveral comparisons within this ANOVA reached
significance (see Table 4.21), ptsic testing revealed that this was because alpha wave
activity was significantly elevated during the baseline recording (across all regions) relative
to the subsequent semss (see Figure 4.16). Since activity within this band was not driven by

the Stimulation variable iwill not be described further.
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Table 4.15

Statistical Analysis of EEG Power (pV?)Rarticipant 08.

ANOVA
Frequency Band df F p value hpe
Delta
Stimulation 1,118 7.14 .009** .06
Session 1,118 36.85 <.001*** 24
Region 2,236 120.11 <.001*** .50
Stimulation*Session 1,118 4.68 .03* .04
Stimulation*Region 2,236 60.54 <.001*** .34
Session*Region 2,236 9.04 <.001*** .07
Stimulation *Session*Region 2,236 49.13 <.001*** .29
Theta
Stimulation 1,118 12.20 .001** .09
Session 1,118 8.24 .005** .07
Region 2,236 464.93 <.001*** .80
Stimulation*Session 1,118 8.66 .004** .07
Stimulation*Region 2,236 108.74 <.001*** A48
Session*Region 2,236 13.23 <.001*** .10
Stimulation *Session*Region 2,236 19.33 <.001*** 14
Alpha
Stimulation 1,118 48.23 <.001*** .29
Session 1,118 37.56 <.001*** 24
Region 2,236 306.10 <.001*** 72
Stimulation*Session 1,118 92.23 <.001*** A4
Stimulation*Region 2,236 222.46 <.001*** .65
Session*Region 2,236 46.10 <.001*** .28
Stimulation *Session*Region 2,236 72.14 <.001*** .38

Note.Significant at*0.05, **0.01, ***<.001.
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Figure 4.16 Mean levels of power over the frontal, central and parietal regions during the
four EEG recordings in participant 08.

ERP.

Behavioural data ammary.Accuracy responses showed a main effect of Load only,
as predicted accuracy was reduced with increadsttk Load. In line with the hypothesis,
response times were affected b$tanulation x Session interactiovhereby RTs were

shorter during the activ@VS recordings across both Sessions.

Peak anplitude P300 peak amplitudes were influenced by a significant main effect
of Stimulation.As predicted P300 peak amplitudegere increaseduring active CVS
relative tothe pre-CVS recordings. A main effect boad was also present, such that

amplitudes werelevatedduring the lower loadeelative to the higher loadss anticipated
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(see Figure 4.175ince a thresvay interaction was absent, analyses focused on the

significantStimulation x Load interactiorséeTable4.16).

Comparisons first examined whether there were differences between the Stimulation
conditions withineachn-backLoad. In line with hypothesis, P300vlitudeswere
significantlyincreased durinthe active CVS recordings{ackM= 11.5uV; 1-backM=
9.78uV) relative to the pr€VS recordings (@ackM= 5.67uV; tbackM= 5.93uV), for the
0 [t(196)=-4.15,p<.05] and 1backloads[t(183)=-3.00,p<.05]. However no differences
were present at the higheiback loadgall ps>.36. P300peak amplitudes welso
compared across the fowalds within each Stimulation conditidburingthe active CVS
recordings P300 peak amplitudes for tHea@k condition ¥1= 11.75uV) weresignificantly
increasedsee Figure 4.D)7relative to the 2Nl= 6.70uV) [t(191)= 3.73p<.05], and 3back
(M= 6.90uV) conditionst[159) 3.07 p<.05] (all otherps>.11) Conversely, mplitude was
unaffected by Load during the p@&VS recordings (albs>.05). These effectsartially
support the increases in P300 amplitutteat were predicted to occur in response to CVS
over the lower fback loads where working memory demands were reduced. The results also
indicate that CVS may have normalised lbinain response elicited liycreased fback loads
whereby P300 amplitudesdce with increased working memory Lo&tb othereffects

reached significanc@ll ps>.05).

Peak htency A significant main effect of Stimulatiofsee Bble4.16) showed that
latencies wershorterduring active CVSNI= 348ms), relative to the pr€VSrecordings
(M= 365ms)as predictedNo other main effects or interactions reached significaate (

ps>.079.
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Table 4.16
Statistical Analysis of the P30@@ponentn Participant 08.

ANOVA
df F p value hp
P300 peak amplitude (uV)
Stimulation 1, 670 18.32 <.0071*** .03
Session 1, 670 9.86 .002** .02
Load 3,670 3.22 .02* .01
Stimulation*Session 1, 670 0.25 .62 <.01
Stimulation*Load 3,670 3.20 .02* .01
Session*Load 3,670 2.65 .05 .01
Stimulation *Session*Load 3,670 1.44 .23 .01
P300 peak latency (ms)
Stimulation 1, 670 4.60 .03* <.01
Session 1, 670 2.82 .09 <.01
Load 3,670 2.02 A1 <.01
Stimulation*Session 1, 670 0.81 .34 <.01
Stimulation*Load 3,670 0.71 .55 <.01
Session*Load 3,670 2.38 .07 .01
Stimulation *Session*Load 3,670 1.03 .38 <.01

Note.Significant at *0.057*0.01, ***0.001.
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Figure 4.17 Grand average ERPs at stimulus onset for correctly answered tdorgek n
trials, across for thieour EEGrecordings, at the Pz electrode in participant 08.

Discussion of Electrophysiological Outcomes
The aim of this chapter was to provide electrophysiological evidence for a modulatory
effect of CVS orbackground brain activit{spectral power) and cognitive function (ERP)
within a sample of TBI patients. Analyses examined whether the absolute pdivedelta,
theta, and alpha bands differed betweerQW& and active CVS recordings taken while
participants rested. A separate experimental task (visuospdizak) also tested whether the

amplitude and latency of the P300 component (as well behalviesponses) were affected
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by CVS. Recall that previous research had identified electrophysiological abnormalities
following TBI including, slow-wave dominancwithin the resting EEG and reduced P300
amplitudes and slowed P300 latencies during oddbals td$ks study aimed to normalise

these responses using CVS. Mqgpedfically, resting slowwave activity (delta and theta

power) was predicted to reduand fastemvave activity(alpha powerjvas expectetb

increasan response tactive CVSrelative tothe preCVS recordingsDuring the

experimental fback task participants were also expected to show increased P300 amplitudes
and shorter latencies following active C\@verall, everyone showed at least one favourable
electrophysiological change providing preliminary evidence that vestibular inputs could have
a beneficial effect by normalising tinestingelectrophysiological profiles of TBI patients.
However, as with thbehavioural dateeportedn the previous chapter, these effects were

isolated and individualised.

This discussion will begin by summarising the effects that were found within the EEG
power and ERP analyses, before moving onto explanations of the Sratidgnore general

suggestions for further study.

Summary of Findings

EEG power. Eight participants completed the resting EEG protocol which was
intended to form a neural profile on a cdisecase basis. Table 4.presents a overall
summary othe CVSrelated effects. Although the results were varied soonsistencies
emergedEEGactivity generally tendetb reduce rather than increase in response to CVS
(eight CVSrelated increases in power, eleven Ctated decreases in powdn).line with
the hypothesiseveral participants showadeduction irthe sloweswave activity which has
been shown to characterise the EEG of p&ients (Nuwer et al., 20DDelta activity was
decreased during CVS within four participants, although the effect appeared to onset during
sham stimulation in two of these individuals (the remainder of the sample showed increased
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deltaN= 2, or no effects of CV8Il= 2). Theta activit was also reduced in three participants
(here the effects appeared to relate more closely to the onset of CVS), despite several other
participants = 3) showing an increase in theta activity during CVS. The remainder of the
sample showed no CV&fects wthin the theta band\= 2). Importantly, three of the

participants (02, 05, 06) showestluceddelta and theta power during active CVS, indicating
that these effects were driven by a Ckéated decreases in slemave activity as opposed to

unconnected v&bility between recording sessions.

Table 4.17
Summary o€VSRelated EEGEffects within each Power Band
Participant Delta Theta Alpha

01 Frontal activity increased Increased during CVS. No effects driven by CVS.

during CVS.

02 Frontal and parietal activity ~Reduced during CVS Reduced during CVS

reduced during CVS (began at sham). (began at sham).
(began at sham).
03 Reduced during CVS No effects drivenby CVS.  Increased after 8 weeks
(began at sham). CVS over the central and
parietal electrodes.

04 Increased after 8 weeks Increased after 8 weeks Increased after 8 weeks

CVS. CVS. CVS over the central and
parietal electrodes.

05 Reduced during CVS. Reduced during CVS. Reduced during CVS.

06 Reduced during CVS Reduced during CVS over  Reduced during CVS

(activity greatest at sham).  the central and parietal (highest during baseline).
electrodes.

07 No effects drivenby CVS.  No effects drivenby CVS.  Reduced during CVS over
the frontal and central
electrodes (highest at
baseline).

08 No effects driven by CVS Increased during CVS over Reduced during CVS

(lowest after sham the central and parietal (began at sham).
stimulation). electrodes.

Note.Blue (decrease) and red (increase) fonts are used to highlight results where the
hypothesised trends in spectral power were present. Effects refer to a diffuse change unless
specific sessions or regions are specified.

Contrary to the hypothesifgsterwave activity within the alpha band also tended to

decrease during the active CVS recordings relative to th€p&recordings. This effect
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was fairly consistent occurring in five out of the eight participants. Although these findings
challenge théypothesis, they may offer some interesting insights about the participants and

their recovery process which will be reviewed in the next EEG section.

ERP. Seven patrticipants completed the ERP protocol which was included as a more
direct test of cognitig functioning (particularly attention and working memory). Table 4.18
summarises the effects present in each participant across the four dependent variables and
shows that the results were varied with no obvious consistencies. Unexpectedly, the
hypothesisé electrophysiological and behavioural improvements were largely absent. There
was modest evidence to suggest that processing speed may have been facilitated in response
to CVS, with P300s becoming quicker to peak within three participants (the remaaréer w
longerN= 1, or showed no effedt= 3) and RTs becoming shorter within four participants
(the remainder were longBk= 2, or showed no effett= 1). Unfortunately, only two
participants showed improvements on both outcome measures which suggests that a
generalised improvement in processing speed was unlikely. Overall these
electrophysiological data indicate that specific cognitive processessuattention and

stimulus categorisation were unaffected by CVS.

Only participant 08 demonstrated results which were consistent with the hypothesis.
In this individual, P300 amplitudes were increased during active CVS relative to {6& Sre
recordings ér the lower Fback loads. P300 amplitudes also began to responttackload
during CVS, reflecting a shift towards the inverse trends observed within normative samples
whereby P300 amplitudes decrease with increadstk Load. The P300 was also qack
to peak and was accompanied by shorter RTs during CVS. However, as with the CANTAB
measures of attention and memor-gackrgmaimed i ci pan
stable during CVS. The high level of performadceingthe baseline period ay have
' i mited this part rraated ehavicusl inpovermants.i al f or CVS
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Table 4.18

Summarnyf CVSRelated ERP Effects withireEh Dependent Variable.

Participant  P300 amplitude P300 latency Accuracy RT (ms)
(nV) (ms)
01 Load effects Main effect of Improved during ~ Main effect of
introduced during  Load (shorter for active CVS on the Load (longer for
CVS. Highest higher loads). 2 and 3-back. higher loads).
amplitude during
baseline 2.
02 Overall amplitudes Longer to peak  Accuracy Shorter on the 3-
were larger during  at the recording  declined with back during active
CVS. Amplitudes  taken after 8 increasing Load CVS.
were decreased weeks CVS. in both
between the 0 and Stimulation
2-back. conditions.
03 Highest during Shortest to peak  Poor performance  Shorter for 1 and
baseline recording.  after 4 weeks on 3-back 3-back during
CVSs. throughout the CVS, but slower
study, particularly  for 2-back during
after CVS (else CVS.
stable).
05 No effectsdriven ~ No effects Fluctuated across  Longer RTs for
by CVS. driven by CVS. study, not driven  lower n-back
by CVS. loads.
06 No effectsdriven ~ No effects No effects driven  Shorter during
by CVS. driven by CVS. by CVS. CVS for the 2-
back (3-back
began at sham).
07 Reduced Shortest to peak  No effectsdriven  Longer RTs for
amplitudes on the  after 4 weeks by CVS. higher n-back
0-back after eight  CVS. loads.
weeks CVS.
08 Larger amplitudes  Overall shorter =~ Main effect of Shorter during

for 0 and 1-back during active Load (less active CVS
during active CVS. CVS. accurate for during both
Load effects higher loads) sessions.

present during
active CVS only.

Note.Blue (decrease) and red (increase) fonts are used to highlight results where the
hypothesised trends were present. Effects refer to a generalised change unless particular loads
or sessions are specified.
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Group Effects.

To furtherassimilateand simplifythe multipleelectrophysiologicatesultspresented
above group effects were again briefly explored using the FriedestnAnalyses focused
on explaing whether a group based change badurred across the four sessidescribed
above(baseline one, baseline tidhamstimulation, four weeks CVS, eigimeeks CVS).
Five tests were run to explore each power band as well as the amplitude and latency of the
P300 (see Tabk.19. To attempt to reduce some of the variability amopgsticipants
(while preserving the nature of the data), segmeete normaked before being entered into
the analysis. A grand mean and standard deviation were first produced for each participant

for each ofthe five dependent variabléscross all four sessionahdeach segment waksen

normalised ging the formul&Z=—, Friedman tests were then computed using these
scores.
Table4.19
Group analysis of electrophysiological responses to CVS.
Electrophysiological N G2 p
Measure
Delta (1V?) 8 2.55 A7
Theta (1V?) 8 0.6 .90
Alpha (uVv?) 8 9.0 .03
P300Amplitude (V) 6 0.6 .90
P300Latency (ms) 6 5.0 17

Note. df 3. Participants 04 and 06 are excluded from the ERP analyses since they did not
provide data for every session.

Table 4.1%hows that only the alpha band appeared to change in response to the
protocol across the groug’(3) = 9.0,p<.05.Descriptive statistics suggest that the decline in
alpha power from the baseline onwards may have driven the @féecEigure 4.18)

However, poshoc testing with Bonferroni correctep<0.008) Wilcoxon signedank tests
revealed no signifient differences between individual sessionsz&a#2.52; allps> .012).

In line with theindividualised analysegbove these grougffectssuggest thathe alpha band
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may be most susceptible @ectrophysiologicamodulation following CVS, whilehe P300
ERP measurder the nbackappeaedto be unaffected by CVS at tivedividual andgroup

level.

m Delta = Theta = Alpha
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Figure 4.18 Group averages for each power band based uparsitwre filtered segments
from each participant.

Explanation of Effects and Future Directions

EEG power. Although individualised, laof the participants showed statistically
significant alterations in dast one power band in response to CA80ss more than one
region Overall these changes in spectral power aggeastiveof broadscalemodulation
(Wilkinson et al., 2012) and fit with the idea that CVS can elicit widespread changes in blood
flow to a range of cortical and subcortical structures (Lopez et al., 2012). Importantly, four
participans showed a reduction in eithéelta or théa powerduring active CVS which could
reflect an emergence from the slewave dominance that has been found to characterise the
EEG of TBFsurvivors.These fndings may have resulted from a GwSatedincrease in
brain activity atthe subcortical nucleéhat supply the reticular activating systenhichhelps
to regulate arousé@Bense, 2001; Vanzan et al., B)1lt could be argued thasgarticipants

potentially becene more aroused/ wakefinl response to CV,EEEG power within the delta
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and theta bandsypically associated with sleep and drowsinegas in turn decrease8uch

an effect is likely to be beneficial since elevated levels of delta and theta power have been
associated witimore severe neurological injurjediminished levels of awarenessgroorer
functionaloutcomegLeon-Carrion, MartinRodriguez, Damatopez, Martin & Dominguez

Morales, 2008; LeoiCarrion et al., 2009).

Similar to previous literature the results were however variable and support for the
hypothesis tended to ariseifn isolated effects as opposed to consistent trends within an
individual or across the groupor exampleRapp et al. (2015) reviewed 25 studids
spectral power in TBI samples and found that although differential powetnoaglg
indicated followingTBI, the effects were inconsisteiithese discrepancies have been
attributed to the heterogeneity of TBhplying thatthe diversity of the small sample
recruited herecombined with thexploratory nature of the study and thember of
statigical testghat were rupcould have limited the identification of electrophysiological

commonalitiegand potentially increased the risk of false posijives

Activity within the alpha band was patrticularly variable during visual inspection of
the online recording and following offline analysis where it reached much greater magnitudes
than the other bands in several participants (see Figures 4.9, 4.12, 4L.Rdcallthat in
the healthy brain alpha activity has been associated with wakefulness and cognitive
processing, while in TBsurvivors alpha power is often reduced (Rapp et al., Z0i&icher,
Walker, Gerson &eisler, 1989). It was therefore predicted that CVS would boost-faster
wave alpha activity, which contrasts with the decreases that were observed forfover ha
the sample (see Table 4)1Unexpectedly, large amounts of alpha activity were lvewe
already present within founf the participants (03, 05, 06, 07) during the-@kéS recordings
which could have reduced the relevance of this normalishyipathesis Alternative
explanations for the observed decreases in alpha power will thus be cahsidere
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Fluctuations in alpha power have previously been related to increased fatigue
(Boksem, Meijman, & Lorist, 2005; Mathewson et al., 2088)\eral studies have examined
spectral changes agalthyparticipants move from an alertfiatigued state, eeview of 17
suchstudies showed that alpha wave activity was significantly increased (in 15 studies) as a
persortired (Craig et al., 2012Alpha activity has also beesuggestdto represent a cortical
idling rhythm which results in a slowing bfain activty andreduced cognitive capacity
(Craig et al., 2012Simon et al., 2011)Consequently, if the current sample showed
abnormally high levels of alpha activity (relative to the healthy topography) at baseline, then
one could explainhe current findings breducedalphapower following CVS as a reflection
of improved alertnes3.he severe levels of fatigue and sleepiness that wereepelfted by
participants (throughout the studsgpport the idea that alpha activity may have been

elevated and that a dew could reflect a beneficial shift from alphelated drowsiness.

Changes in alpha power calso be associated withoodand affective processing
particularlywhen they occuover the frontal electrodeMathewson et al., 2015;hornton,
2003).Resting alpha activitin patients withactive depression (Knott, Mahoney, Kennedy &
Evans 2001) as well as anxietystrders (Cho et al., 2011) has often bkeightenedvhen
compared with healthy controlEhis has led seseral authorgo suggesthatwhile alpha
activity is typically associated witlarelaxed comfortable staté activity becoms elevated
amongst psychiatric samples it can refletiypervigilant state witremotional instability
(Enoch et al., 19955ince nearly all of the participansuffered from psychiatric symptoms,
alpha activity may have been increased relative to normative topographies during the pre
CVS recordings (as opposed to the sloave dominance that wasedicted, meaning the
observed declines in alpha power cooddpositive.

To test these predictions it would now

of their psychiatric, fatigue and sleepiness symptoms on the day of the EEG recording as well
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as at the behavioural assessment meetings (&8st routinely completed in this study due
to time constraints). In the present study, scores on these questionnaires did not appear to
respond to CVS, however further changes might be revealed once the electrophysiological
and behavioural outcomes arema closely linked. Future research could also conduct more
specific investigations into these symptoms by adopting alternative-aaatysis methods

(e.g. Asymmetry Analyses for moo@heeler, Davidson & Tomarken, 198pwer Ratio
Indexto assess stis fromalert tofatigued statesNagata,TagawaHiroi, Shishido&

Uemura,1989.

ERP. Only participant 08 showed a consistent pattern of results which could support
the hypothesis (increased P300 amplitudes and reduced P300 latencies following CVS). For
the remainder of the sample, significant effects tended to be limited (e.g. to one session,

n-back load) and commonalties were therefore hard to come by.

The modality of the ERPs studied and the choice of eliciting task couldddvesd
the presence of C\(&lated effectsBecause the vestibular system is known to contribute to
visuospatiamemory and navigation (Hitier et al., 2014), this study focused on visual ERPs
and assessed working memory using drack task.However, otheERP paradigms are
available where the effects of TBI have been better charactelselirée & Robertson,
2011]). For example, auditory ERPs sgemore often studied amdnsistentlyfound to be
abnormal than visual ERPS (potentially because the auditory sense is more vulnerable to
trauma) there isalsoa paucity of lback EEG studies relative to other oddibaslks(e.qg.
words and pseudo words, standard and deviant todaagén et al., 20Q5Since the current
paradigm is relatively novel and the robustness of the associated ERP effects in TBI samples
remain unknown, this coulkeixplain why few rback responsewere normalised by CVS in

this study.
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Assumptionsof Normality

Given the aforementioned variability and deviance from the hypotheses, it is plausible
that some of the participants sampled here could have displayed patterns of EEG and ERP
activity at baseline that either resembled the healthy topography or diverged from the
abnormalities commonly found within TBI samples (e.g. sleave dominance, reduced
P300 amplitudes, increased P300 latencies). If their baseline pattern of brain activity tended
to reflect that of healthy samples or did not contain the predicted abnormalities, then this
could potentially explain why the hypothesised effects were largely absent from this study
(i.e. the abnormalities were not there to be normalised). In linethvithidea, those,
participants who had sustained a severe TBI (02, 04, 05, 08) tended to show more changes in
spectral power than those with a moderately severe TBI (0D,/pF articipants 02 and 08
(severe TBI) also showed more alterations orBR® measures (two and three outcome
measures respectively) than the remainder of the sapgiemtially because there were more

anomalies to be normalised.

Research has also shown that spectral po@ndef et al., 2B) and ERP (Keren et
al., 1998; Onbj et al., 1991) abnormalities are more likely to occur closer to the time of
injury. As most of the current sample were in a chronic rather than acute stage of recovery
(average time since injury was 2.5 years), normalisation could have already begun.
Nonetheless, several researchers have demonstrated atypical electrophysiological activity that
persist years after the injury (Kouf&Dichgans,1987 Ledwidge & Molfese2016),
particularly when the TBI was moderate or severe, indicating that abneeshabuld still

have been prevalent within the samplaigeefet al., 2013).

To gain a better understanding of whether the anticipated electrophysiological
abnormalities are present at baseline (and thus could potentially be modified), future studies

would benefit from including a closelypatched control (e.g. gender, age, 1Q, medical
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history, ongoing medications) for each participant to ascertain what a healthy topography/
ERP response might look like. If the TBI participant shows the predicted pattern of
abnormalities relative to the control, then this would provide substantial precedents to
investigate the hypothesised effects. Conversely, if the abnormalities were absent (e.g. no
reduced P300 amplitudes or extended P300 latencies), then this migatandic

examination of the hypotheses amalild also help to explain the lack of Cv&8atedeffects

in the currenstudy.

However, some researchers have advised caution regarding the utility of healthy
control samples in EEG research (Boutrous, 20IBis is because EEG abnormalities (e.g.
positive spikessmall sharp spikes) are also prevalent within healthy adult populations
Jaban et al ., 2000) and can hamper inferences
EEGO6 ( St r Thuswhile theSe8ratrhedontrol studies would be worthwhile, clear
rigorous inclusion criteria would be needed to ensure meaningful compaisomsr, 2005;

Boutrous, 2013).

Chapters 3 & 4 Discussion
Overview

Key outcomes.Thesechaptes aimed toinvestigate vestibular contributions to higher
level functions, particularly memory, Iaytificially stimulating the vestibular syster
cohort of TBI participants with neuropsychiatric deficits were selected to determine whether
the cognitive, psychiatiand fatigue impairments that were observed in vestibular patients
during Chapter 2 could be remediated in this symptomatic group using CVS. Convergent
groupbasedrendswere not present within this heterogeneous sample. However, several
individualised &ects emerged which could offer some tentative support for the hypothesis.
The following sections will review these effects and explore the potential influences that

CVS might have on neuropsychiatric deficit.
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Secondaryoutcomes The safety and toleraity of CVS was evidenced by the lack
of sideeffects or adverse events reported by participants, as well as the absence of any
negative changes in mood, headache or fatigue. Treatment compliance was also very good in
six of the eight participants who cpheted stimulation sessions as instructed and enjoyed
foll owing the schedule. Based on the researc
studies should consider excluding patients whose litigation status is orfgeemgppendix
B) since there may be conflict between engaging in a treatment which could potentially
improve their symptoms, while wanting to maintain their current profile of impairment before
reaching a financial settlement (Feinstein et al., 20D¢¢rall the findings suggest that giv
adequateupport patients with severe neurological damage could complete a lengthy CVS

protacol with reasonable compliance.

Explanation of Effects

Table 4.2Qprovides a profile of change for each participant by listing any behavioural
and/ or electrophysiological measures which showed a beneficial response to CVS after four

or eight weeks of stimulation.

Table4.20
Summanpof Key Outcome Measures with GR8hted Benefits.
Participant ~ Behavioural EEG ERP
01 SSP, OTS and RTI None Accuracy
02 SWM_E, SWM_S, OTS Delta, theta P300 amplitude, RTs
03 RTI, RVP_hits Delta, alpha P300 latency
04 SWM_E Alpha N/A
05 PAL Delta, theta  None
06 RVP_hits Delta,theta RTs
07 None None P300 latency
08 OTS, EQ5D (%) None P300 amplitude, P300 latency, RT

Note.Behavioural improvements on the CANTAB as identified by inferential statistics. No
ERP data was gathered for participant 04.

Participant 02 displayeglerhaps the most consistent response to the stimulation
whereby hébecame more efficient on the SWM test (both strategy and errors) after eight
weeks CVS and also showed increased P300 amplitudes during the active CVS recordings
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relative to the pCVS reordings. Together these data suggest a potentiah@Mgd
improvement invorking memory Delta and theta activity were also reduced indicating his
overall neural profile may have been enhanced. Participants 04 and 05 likewise showed
evidence of a CV8elated memory improvement, however these effects were only present on
asingleoutcome measure (04: SWM_E; 05: PAL) so were less robust. Nevertheless, both
participants demonstrated a beneficial change in EEG power which could indicate a return

towards the background activity that characterises the healthy adult EEG.

Other cognitive benefits were seen in participants 03 and 06 where CVS appeared to
selectively improve attention and information processing. Both participants were able to
identify more tagets on the RVP following CVS (RVP_hits) and each showed shorter RTs
on a single outcome measure (03: RTI; 0®ack).These individuals also displayed a
reduction in slowewave EEG activitysuggestingCVS may have boosted arousal and in

turn facilitated attention and information processing.

CVS appeared to have a more diverse effect within participant 01. Although any
CVS-related improvements appeared to be restricted to the behavioural measuregithese
not limited to a single cognitive process and included information processing, working
memory and problem solving abilities. Participant 08 also showed enhanced memory,
attention and problem solving performance following CVS according to the ERRne®as
and the OTS. CVS did not appear to influence the cognitive performance of participant 07

who had sustained his TBI most recently

Taken together, thedmdingsoffer some preliminary evidence of cognitive
modulation in response to CVS. The eftectcluded, but were not limited to memory
processes, as several participants displayed altered attention, information processing and

problem solving abilities on the CANTAB. In line with the findings from Chapter 2, where
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CVS had elicited memorgelated mprovements these were more likely to relate to tests with

a spatial focus (i.e. PAISWM) than those with a more pattdoased focus (i.e. DMS),

therefore emphasising the relevance of vestibular signals for spatial representations of
external space (lter et al., 2014). Beneficial changes in spectral power also accompanied
the behavioural effects of five participants, indicating CVS induction might exert a broader
influence on participantsd neurological stat
favourable functional outcomé&don-Carrionet al., 2009). The fact that concurrent ERP
changes on the-back working memory task were absent suggests that anyr€lstsd

effects on brain activity were likely to have been diffuse rather than restriatetitorks
associated with the particular cognitive processes elicited bybhektask. Nevertheless,

the behavioural effects above suggest that specific visuospatial memory processes could still

benefit from a potential broad scale effects of CVS.

Unfortunately, theexperimental design that was needed to testia study
hypotheseslid not makat easyto alsoinvestigate whether the changes in spectral power and
cognitive performance reped above were associatathe grougdevel This is because
additional behavioural assessments (three baselines plus three or four further assessments)
were completed which did not overlap with BEG assessments (four complgteéd
addition,not all participants completed the sham phase of the protesalting in an uneven
number of data pointRegardlesssince none of thBonferroni correctegosthoc tests
showed a significargroupeffect of CVS(i.e. a posthoc test where active CVS sessions
were significantly different from others) thebehaviourabr the electrophysiological data,

investigations oiny underlyingassociatiordid not seem justified

All of the above occurred in the absence of concurrent alterations in mood, fatigue or
sleep suggesting vestibular signals are able to exerta difect on cognition that is not
dependent on comorbid symptomology (Hanes & McCollum, 2006). However, since
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convergent support for the hypothesis was not present within an individual participant (i.e.
across most dobome measures/ all sessiorsspartcular outcome domain (i.earticular
assessments in multiple participgnts within group analyseshese effects of CVS are

clearly dependant on a number of uncontrollable factors. Subsequent sections will explore

why some of the hypothesised effects might have been absent from the current study.

Vestibular stimulation. As beneficial effects of CVSave previously been observed
within theacquiredbrain injury population (see intdoction sections of Chapters 3 atid
some improvements in TBI symptomology were expected. Importamatiigtions in terms of
the stimulation parameters as well as theigipant sample renders the direct comparison of
the aforementioned vestibular stimulation studies with the current findings difficult (Lopez et
al., 2012). This is because the various stimulation modalities (CVS, GVS, motion simulators)
differ in terms ofthe vestibular receptors that they stimulate, the activation patterns they
produce and the corresponding sensations experienced by participants, all of which could
contribute to the variability between studi€alla & Lenggenhager, 20L4erhaps further
beneficial changes could be elicited (in experimental rather than-basegl settings) by
stimulatingall vestibular afferentwith GVS (rather than just the segircular canals)
(Fitzparick & Day, 2004), or providing a better approximation of naturalement and

vestibular sensationsith chair rotations (Aw, Haslwanter, Fetter & Dichga?@00.

The diffuse axonal injuries that characterise TBI could also attenuate the effects of
vestibular stimulation due to subtle changes in the neural mechanisms requiestvery
(e.g. inappropriate synaptic plasticity, reduced firing rate of neuR®mzner et al., 2016
Moreover, if the TBI had induced a vestibular dysfunction (that was not detected by the
researcher or referring clinicians during screening), then the signals elicited by CVS may not
have been properly conveyeslthough, it could alsde argued that the abnormal metabolic
activity induced by TBI is inherently more unstable than healthy brawitgddue to
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cortical reorganiation) and might thus be more susceptible to external modulators such as
vestibular stimulatiorfYouRong, Veravagu & Grant, 2016). Accordingly, a growing body
of literature has shown that the behavioural effects of CVS are often larger in clinical than
normative samples (Gurvich et al., 2013; Mast, Merfeld & Kosslyn, 2006; Miller & Ngo,

2007;Preuss et 312014).

Variability within TB I. Another factor which is likely to influence responsiveness to
CVS is the heterogeneity of TBI. Variations in demographicgxisting treatments, injury
profile, stage of recovery, ongoing litigation and symptomologye all been shown to
impact responsiveness to TBI interventions (Belanger, Curtiss, Demery, Lebowitz &
Vanderploeg, 2008Boutros, 2014)This study sought to provide preliminary evidence that
CVS could improve the neuropsychiatric symptoms of TBthédigh some inconsistencies
were expected, the compensatory responses to brain trauma that have been described across
multiple clinical conditions were thought to equip CVS to tackle the diversity of TBI

(Wilkinson et al., 2013).

While the widespread awttions elicited by CVS lends itself to address the
heterogeneity of TBI, the current protocol may have been less effective at addressing this
variability and hence could have prevented further beneficial effects of CVS from being
uncovered. Previous regeh has shown that although several psychological interventions
have relieved TBI symptomology over and above no treatment, this evidence is often limited
to particular patient sugroups (Snell, Surgenor, Jean, Hayith & Siegert, 20095nellet
al. (2009) suggest that research with larger TBI samples should first establish the factors that
are associated with responsiveness to an intervention. Targetgcsiyis who match this
criteria could then be selected for more efficient use of différeatnent resources.
Alternatively, patients could also be selected on the basis of specific symptoms (e-g. short
term memory impairment according to Weschler Memory S¥dschley1987) to ensure
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that ahomogenousleficitis present and sufficient enoughtie targete@nd treated

(Saatman et al., 2008h contrast, this study applied a broad set of inclusion criteria to a
small sample. On the one hand this may have contributed to the variable behavioural and
electrophysiological findings, potentially masffirelevant treatmerdffects. However, the
criteria also eased recruitment over a short period of time and helped to ensure that the

findings would generalise to a variety of Tjgrticipants

Conclusion

The study outcomes tentatively support the idea that CVS can modulate memory,
cognition and resting background brain activity following TBI. Several scores on the
CANTAB (particularly visuospatial memory tests) were highest during active CVS, and
nearly al participants showedn improvement on at least one cognitive test during CVS
according to inferential statistics.ddt participants showed a decrease in power in at least
one band during blocks of active CVS (delta: four, theta: three, alpha: fiveparts) but
ERP measures were largely unaffected. The above changes occurred in the absence of
concurrent alterations to psychiatric and fatigue/ sleep symptomology on the questionnaire
measures, providing further evidence that vestibular signals codideotly relevant for

cognitive functioning.

CVSwaswelt ol erated by the sample and was
homes. Howevesince the current results were varialblather research is still required
before it can be recommended dseatment for TBI. Both largescale controlled trials and
smaller casestudies would be informative in determining the utility of CVS in the
management of TBI symptomology. The former cdudtter asses the effectiveness of the
intervention by assigning larger sample of participants to an active or sham treatment, and
then dentifyingthe factors that are associated with responsiveness to the intervention (e.g.
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injury profile, chronicity) The latter could examine specific symptoms (e:grking memory
impairment) in welcharacterised patient groups to establish worthwhile treatment targets.
Given that TBI is prevalent and induces widaging, longlasting consequences, for which
effective treanents are still lacking (Comper, Bisschop, Carnide & @005, further

investigations into alternative treatments such as CVS certainly seem worthwhile.
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Chapter 5
Vestibular-Memory Interactions in Neuro-Typical Individuals.

The previoushaptergrovided evidencef an interactionbetween vestibular function
and shorterm visual memory imdividuals with neurological abnormalitieShapter 2
showeda significant negative association betwgestibulardysunction (neasured using a
balance platformandvisucspatial memory performanoehile chapters three and four
demonstrated alteredsualmemoryfollowing repeted sessions of CV$ someindividuals
with TBI. Importantly, roneof thesefindingsweredirectly dependent on comorbid
psychiatric and fatigusymptomsHaving now identified aspects of memory affected by
vestibular input, the question now arises of how in psychological terms, this occurs? One
possibility is that vestibutaactivations lead to a generic arousal that affects many cognitive
processes, including visual memory. Another possibility is that visual memory is configured
to make unique and specific use of the vestibular signal. This chapter will explore these two
paossibilities

This introduction will first review parts of the multisensory literature which show
visual memory enhancement, with the aim of identifying suitable paradigms to explore how
vestibular signals affect memory. Next it will recap findingstie¢pto the impact of artificial
vestibular stimulation on memory and will consider what knowledge gaps remain about the
psychological mechanisms that might account for these effects. Finally, the experimental
paradigm implemented in the current experimeititbe introduced and the hypotheses

presented.

Crossmodallinteractions in Visual Memory

Human brains form a complete perception of the environment by integrating
informationfrom multiple sensory modalities (Meylan & Murray, 200Fxperiencing an

event in a multisensory context is thought to enrich the ongoing sensory experience, as well
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as influence how subsequent incoming sensory stimuli are later processddgurée.1A &

B). More specfically, whenstimuli are encoded within a multisensory context, associations
are produced between the different modalities so that the sensory brain regions involved
during the encoding of a multisensory experience are latmgaged at retrieval, even when

recalledthrough a single sensory modalitgdttfried, Smith, Rugg, & Dolan, 2004pwn

Kriegstein & Giraud, 2006Nyberg, Habib, Mcintosh, & Tulving, 2000

@ — (b)

Current Biology

Figure5.1. Schematic representation of multisensory interactions, taken frorarlnd
Spence (200). Figure @) illustrates how information from different sensory modalities such
as audition (Ax) and vision (Vx) might converge to provide information about the same
external property (x) and in turn generate a multiahodpresentation (Mx). Figure)(
depictsthe idea that multimodal representations may feedback to influence unimodal
representations (vertical arrowshé horizontal arrows show thabssmodal conrations
concerning one stimulus property (x) could also affieet incomingunimodalinformationis
encodedy or z).

Some researchers have suggested that these neurophysiological chayngapport
the theory of Or ei hwhilysuggesis that & wholednraemory candoa |,
reinstated by a partial constituent of the formecoded representation (Blomberg, 2013;
Shams & Seitz, 2008; Thelen & Murray, 201I8) line with this idea,&cent evidence has
demonstrated tharossnodalcortical changes can be triggered in response to the recall of a
unisensory stimulus even after very brief multisensory experiences (see Murray & Sperdin,
2010; Shams, Wozny, Kim, & Seitz, 2011 for revigv@3f most relevance to this thesis
several behavioural studies have shown that the retrieval s#nsurywisual memorms can

be enhanced if enced in acrossmodatontexf relative to stimuli learnt in a visuahly
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context (Goolkasian & Foos, 2006uo0 & Guo, 2005Lehmann & Murray, 20055hams &

Seitz, 2008Thompson & Pavioi, 1994).

Investigations into the reintegration of memories in humans have tended to explore
interactions between the visual, auditory and tactile senses using experimental paradigms
which briefly presentomputerisedtimuli such as object drawings, pure tones, and
somatosensory vibrationSor example, Murray and colleaguyéghmann & Murray, 2005;
Murray et al., 2004Murray & Sperdin, 2010Thelen & Murray, 2013Thelen, Matusz &
Murray, 2014 Thelen, Talsma & Murray, 20)previouslyused a continuous recognition
task to present visual stimdither unimodallyor alongside auditory or tactile stimuli.
Participants then had to recall whether a visual stimulusewl@srnovel or had previously
been seen during the triallock. Across several experiments the authors identified improved
memory performance for stimuli encoded iorassmodapairing especially when these
stimuli were semantically congruent. These effects continued to echespee theéact that
the crossmodadairing was only presewiuring a singlerial andwas irrelevant to the task
(Thelen et al., 2004Moreover these singldrial crossmodaimemoriesactivated differential
brain networks which were associated with improved unisensory (€balen &Murray,

2013) indicating even brief exposures terassmodatontext can have a robust impact on

later unisensory processifighelen et al., 2015)

The Case for a VestibularVisual Memory Interaction

Multisensory interactions between visual inputsandiisi xt h vesti bul ar
(Golberg., 2012) have not yet been studied in relation to memory. This is surprising since
vestibular signals in the central nervous system immediately become multimodal and
continuously converge with other sens@mnainly visud, proprioceptive) and motor inputs
(Angelaki & Cullen, 2008)Moreover anatomical and physiological evidence already gives
usgood reason to believe thatstibular signals may make a significant contribution to
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memory. Recall that several of the kesdibulo-cortical pathways that have been
hypothesised involve the transmission of spatial information for orienting and remembering
environments (Hitier et al., 2014). In line with these proposed networks, numerous studies
have demonstrated impaired spatredmory and navigation abilities amongst humans and
animals with vestibular dysfunction (see Braatlal.,2017; Smith et al., 2010; Smith &

Zheng, 2013; Smith, 2016 for review$paken togethethese findingsoupled with those
reported in previous chaptemsgicate that investigations into theossmodal interactions
betweervisual and vestibular sensesghtalso beworthwhile This chapter aimed to

examine the influence of@ossmodavisualvestibular enoding context on successive

visual memory recall in healthy participants using a sinaipggroachio the multisensory

literature discussed above.

Artificial Vestibular Stimulation and Memory

Vestibular stimulation perrs targeted activation of the vestibular receptors (albeit in
adifferentmanner from natural vestibular stimulatidmpezet al.,2012) which enables
vestibularcognitive effectso beexperimentallystudied under conditiortat approximate
thecrossmodaparadigmslescribed abovf-itzpatrick & Day, 2004; Utz et a2010.
Althoughthese paradigms have yet to include vestibular stimbindful of studies have
alreadyprovided suggestive evidence that artificially stimulatingubstibular systersan
facilitate memory within healthgarticipantgsee als@shahramaret al, 2016 foranimal

evidence)

Bachtold efal. (2001 )first found thatthe locations of objectsere recalled more
quickly afterunilateral left ear stimulationsing cold water, whila second experiment
facilitatedverbal memoryecallfor visually presented words after right ear stimulatiime
authors concluded thahilateralCVS hadenhanced th&unctioning ofthe contralateral

cerebral structuresnd the specific cognitive processassociated witthem Wilkinson et al.
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(2008)laterapplied small susensory GVS currents (below the threshold of inducing
distracting reflexes) to participants whilst they learnt the names of several@acesagain
RTswere facilitated, but theffects were dependent on the stimulation configuration.
Participants whoeceived anodal and cathodal stochastic (rerdenced) GVS applied to

the left and right vestibular nerves respectively later recalled details about the faces more
quickly than those who had receiveitherthe opposite configuratioor shamstimulation.

More recentlyGhaheri et al(2014)provided further evidence @kstibularinducedmemory
enhanceméds when theinntervention group showddprovedre-testperformance on the
Corsi block taskKesselset al., 2000pfter receivingsubthresholdbipolarGVS, relative to

a control groupvho received sham stimulation

Psychological Mechanisms

Thepreceding discussicalong with other data presented in this thesis sty
vestibular signalare implicated irmemory However the psychological mechanisms which
underpin these effectemainpoorly understoodExisting researchas not yet explored
whether vestibulasignalsaid memoryby way ofgenericenhancemenperhapsy
increasing arouskhttentional focusia awidespread boost in metabolic activias proposed
by Wilkinson et al., 2008, 2014); or if the effects of vestibular stimulation are instead more
specific and direct (Bottini & Gandola, 2015), such thatial memory isensitive to the
nature of thevestibular inputith the brain tilising its variabilityto help differentiate one

visual memory from another.

In support othe firstexplanationwidespreadncreases in spectral power have been
observed in response to GMBiich could potentially reflect vestibular inducetanges in
cortical arousal (Kim et al., 2013; Wilkinson et al., 2012). Further neuroimagidgnce has
alsorevealed thamultiple cortical and subcortical regioimgluding the retroinsular cortex,
cingulate cortexsylvian fissure, temporgparietal cortex and the lateral and medial premotor
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cortexareactivated byartificial vestibular stimulatiorisee Lopez et al., 2012 and zu

Eulenburg, Caspers, Roski & Eickhoff, 2012 for reviewshongst these regions is the
reticular activation f or malkingsonetal.t20812). br ai no6 s
Vestibular stimulation has been shown to boost activity within this structure (Bense et al.,
2001) and teelicit beneficial effects in disorders characterised by reduced awareness (Vanzan
et al., 2016). More generallthefact that theeprojectionareas are so widely distributed

means that nsingle cognitive process likely to beuniquely affected byhevestibular

afference Insteadthese activations could indeibeneficial metabolic changes which

facilitate memory nosspecifically through a generalised increase in cognéregisal and
efficiency. In line with this idea, duaiask studies have evidenced a vestibatagnitive
connectionwhereby postural instabtly worsenedcognitive performance by reducing the
availability of attentionalcapacitylimits (see Bigelow & Agrawal, 2015; Hanes &

McCollum, 2006; Smith & Zheng, 2013 for reviewbhportantly, these effects were not
dependent othe content of theo-occurring mental activityspatial versus neapatial)and
extendedo multiplecognitiveprocessesnce attentional resourckad been depleted by

unsteadinesfrardley et al., 2001)

On the other hanctlinical evdence from patients with bilateral vestibular
dysfunctiontends tadisputethesegeneralised effectsr at least point out thalistincteffects
exist too These individuals have shown a specific impairment to spatial memory that
accompanied by hippampalatrophy andlissociats from other aspects of memoand
general intelligencevhich remain intact (Bandt et al., 2009<remmyda et al., 2016;
Shautzer et al., 2003Jhus at leastwvithin somevestibular syndromeshe impact of
disturbed or reduced vestibular signalling appears telbgvelylimited to specificmemory
processesf a spatial naturéSmith et al., 2010)One explanatiofor these findingss that

theeverchangingsel-motioninformationcontained within vestibular signatsparticularly
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important for spatial memorsince ithelps updaterepresentatiogiof the individual within2-
D (stationary egocentric mode: up/ down and right/ left) &denvironmers (mobile
allocentric mode: position relative to other obje¢Bandt et al., 2008Brandt & Dieterich,

2016;Smith et al., 2010).

In keeping with thisecondexplanation evidence from the multisensory literature
alsosuggests that when multiple senses combureng the encoding of a visual stimulus, the
content from these sensory signals is incorporated into the unimodal visual memory
representation (Laurienti, Kraft, Maldjian, Burdette & Wallace, 2004). For example, Lehman
& Murray (2005) demonstrated thata@ding object images (e.g. image of a dog) with
sounds only improvedisual recall when the crossmodal input was semantically congruent
(e.g. dog bark), relative to purely episodic (auditory tone), and semantically incongruent
sounds (e.g. bell chimes)his suggests that the effect was being driven by the particular

content of the auditory signal rather thgameralise@rousainduced by hearing the sound

It could be argued thalhé contenof vestibularinputsis likely to be especially
relevantto visual memory processsmcevestibular input@refia | w a y (§e. then 0
vestibular labyrinths constantly fire even when the head is not mowag)& Fitzpatrick,
2005; Highstein2004). Thesevestibular signals provalvaluable selmotioninformation
about the constant changes in body, head and eye position whiclbeaantdgrated with
other sensory inputs anded as daselineaeferenceo enable accurate and synchronised
motor and cognitive actior{&ngelaki & Cullen, 2008; Goldberg, 2013mith etal., 2010.
More specifically, the selFmotioncontent of these vestibular signatsuldbeincorporated
into visual memory representatioteshelpindividuateone memory from anotheand in turn
enhancainimodalvisual processingThis idea is based on the fact ttted encoding of each
visual event is invariably associated with a unique vestibular siginahy one moment in
time, the movement and position of the head is slightly different from the last. One possibility
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is that the visual system uses this unique, coincident information to help individuate one
visual memory from the nexf. shown to beéhe case, then the results will provide one

theoreti@al account of how memory exploits vestibular signals.

The experiments reported in this chapter aitoatharacterise the relationship
betweerthevisual and vestibular modalitiésy examiningwhether visual stimuli encodexd
the same time agestibular signalsvere recalledaster or more accurately thatimuli
encoded only visuallyTo be clearthis research attengib advanceiponthe findings of
Bachtold et al. (2001pilda et al.(2012, Ghaheriet al.(2014 and Wilkinson et al. (2008)
which gppeaedto argue against a generalised enhancement effect on codpyitstrowing
that vestibulaeffectson memorywere depeneht onthe side of stimulatioi.e. activation of
a particular hemisphere/ specific brain structures involved in cognitive processdg)
particular types of vestibular activi{ie. integration of different afferent signatsing
delivered(Bottini & Gandola, 2015)However sincethese studies weret designed to
providemechanistiénferencesand do not dissociate hemispheric arousal from a process
specific accountfurther investigations would now be usetoilexplore whethevestibular
signals affect visual memory via a nspecific enhancement or througimilar crossmodal
mechanisrato the other sensory modalities whegmporally coincidenauditory and tactile
inputshaveenhancd visual memory performanc&xamining the influencef vestibular
stimulation on visual memory is relevant since it coulg(@vide a mechanistic accauf
therole of thevestibular systerm human memory(ii) improve understandingbout the
experimental conditionsecessarjor visual memory enhancemeantd(iii) inform

therapeutic techniques patients with amnesia.

The following sections will descriltbe methods and resultsfolur experiments
which paired the onset of tberemembered visual stimuli with a temporally coincident GVS
signal The resultgrovide preliminary evidence thpairing asinglevisual stimuluswith a
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uniqueGVS signal enfacilitate its recall and therefore support a more specific versus

generic arousabased account of vestibuaremoryinteractions

Experiment 1: Is Recall Improved for Visual Stimuli Paired With a GVS Signal?
Experiment ladapted the spatial mery task that was applied by t8ktold et al.

(2001)to attempt to reproducnd extendhe finding of improvedisualrecallduring
vestibular stimulationParticipantswere requiredo learn the identity and location (left or
right side of the screen) of a set of objatusing an encoding phase (whilst receiving
vestibular stimulation)andthento recall these objects and locations when they were
presented only visually (recall phase).ddvance upothis studyandaddresshiow
coincident vestibulasignals might influence memory recdrief pulses of susensoryGVS
were paired with the onset ofb@remembered visual stimuobject images)Crucially, the
mappingbetween visual and vestibular stimwasaltered across three experimental
conditionsso thatavestibular signal accompanied either one object location (unilateral); two
object locations (bilateral); or no vestibular current was dischalpegual memory
incorporate variations in vestibular content tiedividuate memorieghenrecallshouldbe
highest inthe unilateral condition where the G\¢§nalis only ever discharged when stimuli
appear at a unique-tzerememberedbcation,compared tahe bilateral condition where the
GVS signal is notiniqueandis discharged wherever a visual stimulus appears regardless of
its location and the nestimulation condition where no vestibulaarkeris available. If
however, vestibular inpsexerta generic impact on memaomyenperformance ooththe

unilateral and bilateral conditions wdimilarly exceed the netimulation condition.

Theparadigm was designed produce a perceptual mapping between the visual and
vestibular inputs by ensuring that they were delivered close together in time. Although there
are several ways to ensure that multisensory inputs are integrated into single representation,
temporal praimity seemed a sensible starting pdietause (iit is a simple and effective
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manipulation of crossmodal integration to implement (Spence, 201 1{ij)anidual
processing has previously been facilitated by temporally coincident vestibular stimulation

(Wilkinsonet al.,2012.

One further element was added to plagadigmto accommodate theualprocess
framework of recognition memaorwhichcomprissstagesofa mi | i ar i t ynd( 6 k nowi |
recol |l ect i on(Mpllson& Gerrarh 2012] vangPétien, Senkfor & Newberg,
2000).Thustherecall phase contained an object recognition judgement where participants
determined whether a stimulus had been studied previously (familiarity), and as in Bachtold
et al . 6s ( 2 0goektion regprdgithie lachtiont tratsthe pbjeet was presented in
(recollectior). Both elements of recognition wareludedto coordinate with previous
research where cras®dal facilitationsof objectfamiliarity have been demonstrated
(Lehmann & Murray, 2005 while alsorecognisinghe visuospatial role of the vestibular
system(Brandtet al., 2003 Theparadigm will also offer further insights into the memory
processes that are most likely to be affected by vestibular inputs (i.e. familiarity or

recollection).

Method (1)
Participants

Participants in this chapter (Experiemeri$) vere recruited fromhe University of
Kentd @UoK) Research Participation Scheme (RR8ich enables students to sign up to
research studies for course credilie cohort ignostlycomprised ofight-handed females

aged 1830 (68%), 16%of the sample were righitanded males whin the same age category.

Forty eight adults from thRPS cohortook part inthis hour longexperiment
Twenty-four individualswere recruited foa pilot phaseof testingwhich monitored task
difficulty and 24participated irthe finalised studprotocol Sample size was determined by

the resources allocated to the stadygl resembled that @¥ilkinson et al.(2008) To
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minimise any potential sideffects, only participants without a history of vestibular,
neurological or hearing disorders wergolled The study was approved bythekKb s Et hi c s

Committee.

Stimuli and Apparatus

Two hundred and forty six greyscale photographs depicting everyday objects were
obtained frontwo standardised setd Pool of Pairs oRelated Objects; Kovalenko,
Lyudmyla, Chauran & Busch, 2012ndthe Bank of Standardized Stimulirodeur,
DionneDostie, Montreuil & Lepage, 20)0All images wereesized t®2652pixelsand were

displayed against a white background.

The experiment wasritten with E-Primeandpresented on A5inch computer screen
positioned inparticipan sn@sagittal plane at eye levdlo limit natural vestibular
stimulation(the otolithsfire even when motionlesssthey detect gravitational pulyhich
could reduce the uniqueness of the GVS sigmaldded chin rest was used to keep
part i deagpasitidn gahstant. Free movement was permitigihg several allocated

breaks to mininge discomfort.

Task difficulty was titratedluring several preliminary pilaests(where no GVS was
administeredjo produce a stimulus setich couldeasilybelearnt but would avoid reacig
ceiling levels Difficulty was increased by producing three image sathdepictinga single
object category (musical instruments, tools, and fruit/ vegetalplessented in greyscale.
Each objecfrom the encoding phase was also matched with a semantically and perceptually
similar distractor image in the recall phase
Design

A within-subjects design was used wherebgteparticipant completed three

experimentablocks, eacltonsising of an encoding phase wheasbjects and their associated
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locationswere learnwvhile GVS was administeredand a recall phase whegparticipanté
memory for the stimuli was testedthout stimulation Each block was assigned a different
GVS parametefunilateral, bilateral, nstimulation)and a different geof images. A Latin
Square was used to counterbalance the order in whidbidbkswere completeas well as
the stimulationconditionandvisual objecttategoryassignedo each blockParticipants were
informed that they would receiwtimulation during some parts of the experiment, but not

others.

Procedure

Upon arrival, participants completed a practice trial containing a shoréeweding
and recalphasgno GVS administeredpefore completinghreeexperimentablocks.
Breaks were offered at the end of each phase of the experiment. Rests after the encoding
phase were set to twoinutes to reduce variability in memory processes related to forgetting
and rehearsal. Breaks after each recall phase were not timed, participants could rest for as

long as they needed.

Encoding phaseEach trial began with a centfatation cross displayed for 89ms;
the dject image was then displayed to the left or right of the fixation cros®fmn§see
Figure5.2). Forty different objects were shown during eaakoding phas@n a randomised
order)and each wasepeateddur times To encourage the formation of visual memories,
participans wereinstructed to pay attention (no responses wegeired to the identity of

the objects and their position on the screen in preparation for a later memory test.

Recall phase Participants werg@resented with the 40 objects that they had just
studied during thencoding phaseandomlyintermixed with 40 new object photographs. A
central fixation cross was first displayed for 2000ms, followed byltiect image which

was also presented centrally fad@ns. A blank screen then appeared and remained until
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participans respondedsee Figuré.2). Responses were collected using three keys on the

bottom row of a standd UK keyboard. Théhree biton press indicated whether the image

was new to the study (6z06), or had been prev
side d the screen during thencoding phasdParticipants were asked to use the index, middle

and ring finger otheir dominant handndwere encouraged t@spondjuickly and

accuratelyThe blank screen permitted longer deliberation without altering the maximum

exposure to the test image.

Encoding Phase Recall Phase
ISI
ISI 2000ms
+ 3500ms +
»

3 + Target presentation | Target recall

My 800ms max 80ms

+ +

ISI Additional
3500mMs response

window
(unlimited
duration)

Figure 5.2. Schematic drawingf the enoding and recall phases of thederimentl.

Participants passively learnt stimuli during the encoding phase and then recalled whether or
not the object had previously been viewed and if so, on which side of the screen had it
appeared.
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Stimulation Protocol

Stimulation wa®nly deliveredduring theencoding phasand the same stimulation
parameters were appliedross thenilateral and bilateral conditionElectricalpulseswere
triggered byadefined event ife-Prime so thata subsebf visual objectxould be pairedvith
a coincident GVS signal. Twenty objects (repeated four times) were paired with GVS
meaning 80 pulses were released in each block.

Bilateral bpolar currentvasdelivered through a pair of 5.1 x 10.2cm carbobber,
selfadhesive, disposable electrodes (Covidien;Rhatih Inc.) placed over thegarticipant®
mastoid processes. To ensure efficient electrical contact with the electrodes, the surrounding
skin was cleansed with an alcohol wipe then exfoliated with abrasia tied beginning of
the sessionElectrodes were also held in place by an elasticaadidand. The electrodes
were connected to a neuroCdd@-Stimulatorusing the configuration ainode (positive)
left and cathode (negative) riglats in Wilkinson et al., 2008puring the nestimulation trial

the apparatus remained the same but no csrreerte discharged.

An electrical current of 0.4mA wahosen after previous studies indicated that this
intensitywasunlikely to be felt, yetapable of inducing behavioural aeléctrophysiological
changegDilda, et al., 2012; Utz et al., 2010; Wilkinsehal.,2012).Nevertheless,

Questionnaire (see Append andverbal responses from participamtere gathered at the

end of the session to estimate plegceivedntensityof thestimulationand thesensationgt
evoked(see AppendiD). Theseconfirmed that th&VS was welkoleratedand subtleAny
participants who noticed an association between a class of visual stimuli (e.g. images of tools
when shown on the left of the screen) and a GVS pulse were disc@Nrt8Y since their
performance could relate to the somatosensory sensation of being stimulated ratizer than

thevestibular inputs.
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Since this experiment reflected a fisdstempt asynchronisinghe GVS and visual
signals, a conservatiu8l (3500ms) anghulseduration(500ms) wereselectedThese
duratiors ensured that the neuroConn B&imulator ould clear the signal and +&heck
impedance levels before the neptilsewasdischargedwhile enabling the investigatioof
crossnodal processingy ensuring thathe GVS signal accompanied the onsetvisual
stimuli. Although this limiedthe total exposureo GVS, previous fMRI research has
demonstrated thahe neural responses elicited by direct curt®mS aregreatest athe onset

and offset of the signal and tend tckiee over the stnulation periodStephan et al., 2005).

Results (1)

Data Considerations

All resultswere taken from the recall phase wheegtigipants could respond to the
objectswi t h one of three opti on.Datdweréanalytedf t ), O6c o
separately for objecnd source recognitiofoanalys@ bj ect reaondnodétcdon 0OX
responses were combined to f or correspogdecte r i ¢ ol

newresponseSource recognition was compuiggbonthe old objectsand analysesxamined

whethermarticipans couldrecall whethean objecthad beershown on the left or right

Severarepeated measurédNOVA s wereconductedo compare recaicross the
three Stimulation conditions (unilatersdrsusbilateralversusno-stimulatior). Separate
ANOVAs were run for sourc@eft versusright Locatior) and objec(old versusnew Objec)
recall across four dependent variabkscuracyRT, discrimination @ ) and chdbi t er i or
is considered to be a bias frecegaie exgedansentale of a
stimuli whichwhen used in combination with)a measure of response hiean provide a

more precise measure of perf@nce(more detail provided belowJheRT analyses are not

263



presented herdo(t can be found in Appendix B)nce counterbalancing protocols for

response hand were not implemented to accounthéonnconventionahreebutton press

Where an ANOVA was conducteall main effects are reported regardless of
significanceln keeping with the key aims of the stu@nd to avoid false positivenly
significant main effects or interactions involving the Stimulatiariablewere followed up
with Bonferroniposthoctests A corrective epsilon was not applied to the degrees of
freedom (all ANOVA effects remained robust without thiRgcallwas expected to be
facilitatedduring blocks paired with GVS (unilateral and bilateral conditiomtive to
blocks which received nstimulationacross all of the outcome measuvedditionally, if
performance wastronger during the unilateral relative to the bilateral condition, then this
would suggest thatestibular inputdiave a direct and specifitcfluenceon visual memaies
asopposed tanducinga non-specific enhancingffect.

Accuracy

Object recognition. Mean accuracgcoresnvereentered into a 2bjec) x 3
(Stimulationn ANOVA. A significant main effect oObject[F(1, 23} 19.04 p<.001, 2
.99]revealed thabld objectgM= 0.82 were recalled more accurately than rabjects M=
0.62) suggesting degree of learninigy the participantsThemain effect ofStimulation
[F(2,46)= 1.76 p=.18,dp*=.07]and thewo-way interactiorfF(2, 46)= 0.79,p=.46, d,?>=.03]
were bothabsenindicating Stimulatiorhad not affected familiarity judgemer{tee Figure

5.3).

Sourcerecognition Mean accuracgcores for Source judgememisre entered into a
2 (Location) x 3 (Stimulationn ANOVA. A significant main effect oStimulation[F(2, 46=
3.72,p<0.05 p?>€14]emerged such thaccuracywasreducedn the bilateral conditioifsee

Figure5.3). Posthoccomparisongompleted to investigate this main effeetealech
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marginally significant differencbetweerthe bilateralM= 0.63)and nestimulation(M=
0.69)conditionsonly, t(23)=-2.52 p= .06 (all otherps>.14).A significant main effect of
Location[F(1, 23F 4.31,p<0.05 dy?>=.05] also showed that accuracy was improved for
objects shown on the rightlE 0.69) relative to théeft (M= 0.65) of the screehe two

way interactio failed to reach significandé (2, 46)= 0.86p=.43,h,?=.04]. Contrary to the
hypothesis,hese effectsuggest that source accuracy was not improved by the presence of

the GVS signals over and above thestimulationcondition

1 1
mQOIld = New m | eft Location = Right Location

0.8 - .
I I
06 [ I I 0. I
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Unilateral Bilateral No stimulation Unilateral Bilateral No stimulation
Figure 5.3. Object andsource accuracy across the Stimulation conditions.
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Carryover

Unexpectedlythe analysesbovedid not demonstrate a clear advantage of GVS on
accuracyMoreover,within the source accuracy analysis tfeestimulation condition
actuallyproducel marginallyhigher recallscoreghan the bilateral conditio®nepotential
explanations thatsourcerecognitionwithin the nestimulation conditiorhadreceiveda
carryover effecfrom theGVStrials that preceded it. Therefore an independent sanbéss
was used to compare the ovesalrceaccuracy of those participants who received the no
stimulation block lastersusfirst. There were no significant differences between the two

groups[t(14)=-0.05,p=. 96], whichargwesagainsthis explanation.
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Sensitivity d0) & Respdnse Bias (

Bothcanddé me awsere computedrom the hit and false alarmatesof theobject
and source recognitiaiata lescribedseparately below)sing the following érmulee:

d' = Z(hit rate)- Z(false alarm rate)

c = - - Z(false alarnrate + Z(hit rate).

To ensure that extreme sceo®uld not be obtaine@@ anddbare undefined for hit
false alarnrates ofoneor zerobecause the correspondingcores are infinifea loglinear
transformation was made to all hit rates alde alarms by adding 0.5 to each frequency and
dividing by N+1, where N is the nurabof old or new trial§Hautus, 1995Snodyrass &

Corwin, 1988:

Hit rate: (Hit rate frequency + 0.5)/ (N Old + 1)
False alarm rate: (Fals¢arm frequency + 0.5)/ (N New + 1)

Object recognition. Hit rates (correctly classing a previously seen objecbas) d 6
andfalse alarm rate(incorrect identification of a new object as oliere corrected and used
to calculatedd  a.rBeparatdANOVAs thencompard thed andc parametersaoss the
Stimulation conditionsln line with the accuracy responsaisove Stimulationdid not affect

object recognition(doF(2, 46)=0.85p=.44,dp?>=.04;c F(2, 46)= 1.5(0p=.23,d:?=.06).

Source recognition.Sensitivitywithin the source judgments/as calculated such that
the right source was the target distributiomre ani ng a hit was <c¢cl assed :
an item that was shown on the right. The left source was the lure distrjbnganing a false
alarm was a o0r i gshowh onrthe &b dhe assigninemt ofthe target e m
distribution is arbitrarysincethe same resultsanbe obtained if the distributiorase switched
(Mollison & Curran, 2012)Corrected H rates and false alarms wexgainused to produce

thedd a padameters which wetbenentered int(ANOVAS.
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dé e<xatso showed a main effectSifmulation,F(2, 46} 3.36 p<.05 =13
Posthoccomparisonsevealeda marginaldifference[t(23)= 2.55 p=.054] betweerthe
unilateral(M= 1.79)and bilatera{M= 1.37)conditionswhere sensitivity was highest and
lowest respectivelyall otherps>12). Contrary to the hypothesi$dse effects suggest that
the Stimulationvariableinfluenced source recall throughraarginalperformance drop in the
bilateral conditionsee Figure 5)4 No significant differences iresponse biag) were

presentamongst the Stimulation conditiofis(2, 46)= 1.03p=.36dp?>=.04].

1.8 4
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1.2 4
l N
0.8 -
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0.4
0.2
0 ‘ ‘

Unilateral Bilateral No stimulation

Average senitivity ¢')

Figure 5.4 Source ensitivity (dd6 &cross the Stimulation conditions.
Discussion (1)

Experiment 1 revealed affect of Stimulation on source, but not object memory.
Contrary tothe hypothesigecall wasnarginallyreducedvhen multiple objects and
locations were paired with a GVS sigiflilatera), relative to the natimulation(accuracy
marginal effedtand unilateraldd@ marginaleffect conditions Importantly,sincethis
performance dromissedsignificancewithin posthoc testingand did not extend to the
unilateral conditionanyconcerns about GVS worsening cogretperformancareat this

stage only marginal

Nonethelessheabsence of beneficialStimulation effecon memory(i.e. where

unilateral and bilateral conditiomsebetter recalledhan theno-stimulation conditiopdoes
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contrastwith previousresearcl{Ghaheri et al., 2014¥Vilkinson et al., 2008 including the
study by Bachtold et al. (2001) from which the current paradigm was ad&pesémemory
enhancements may not have been replidaged ifthe subsensory GVS signals that were
delivered failed to produce an arousing effect in the same way thatsarmary CVS might
have; or because any general arousal effeeterestricted to a particular hemisphere (the

current paradigm did not allowrftateralised effects to be tested).

Thefindingsalsodiverge from several multisensory studmsich havefacilitatedthe
recall of visual stimuli by encoding them within a multisensory cor{tdxtray & Sperdin,
2010).Giventhatthevestibular and visual sensegselyinteract to coordinate balance and
movement (Goldberg & Hudspeth, 2000 ceoccurrence of vestibulansual inputsvas
expected tenhancevisual memoryAlthough the unilatefacondition trended towards
outperforming the nastimulation condition in terms of source accuraogsensitivity,
neither differenceeachedsignificarce Taken together these effects could lead to one of two
conclusionseither encoding visual stimuli alongside a unig¥'S signalhasno effect on

recall, or there is aeffect which could not be uncovered by the current paradigm.

In support of the latter conclusiorrgpious researchas alsdighlightedconditions
which can constrain the binding of multisensory inputs into a single representtien
important factor appears to be the perceptual association between multisensory inputs
(Spence & Driver, 2004). Studies which have employed a®@oee perceptual relation
between crossodal inputs in whicltwo specific stimuli are seen as directly associated with
one another have been more successful at boosting memory performance (Spence, 2011).
For example, when Botta et al. (2011) presented a single auditory cue at a given location
(either left or rightlalongside an array of visual stimuli, the tone didafigtct the visual
objects After revisingthe mappindy organising the visual array into two lateralised objects,
only one of which was paired with an auditory cue (also delivered to the left or Boii)
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Lupidfiez, and Sanabrfa013) managed to eliaiineto-onecrossnodal facilitatiors of visual
memory Lehman and Murray (2005) have also facilitated visual recall for olgectsded
alongside a single corresponding semantic sound (e.g. image of a bell was paired with a
dong).In light of these findingsticould be argued thatdloneto-manypairingsin the
currentparadigm(i.e. asingle GVS pulsenappedo multiple visual stimulappearing on one
side of the scregmweretoo unspecifiand thudailed toproduce an effect on memory
Althoughtheonsets of th@estibularand visuakignals temporally coincidedtherelements

of thecrossmodapairing remaine@mbiguousa closer on¢o-one mapping may therefore

be required to enhance recall

In summary Experimentl showed thaéncoding multiple visual stimudilongsidea
temporally coincidentestibular signatlid not facilitate memoryExperiment2 therefore
tested whethefiacilitation could occur wheaonly one visual stimulus was paired with a GVS

signal

Experiment 2: Memory Recall for aVisual Stimulus That is UniquelyPaired with a
GVS Signal.

Experiment 2 introduced a ot@one mapping between a single visual stimulus (as
opposed to many) andsingleincoming GVS signalo examine whether thimappingwas a
necessarprecursoffor vestibularbased memory enhancemerte emphasis here was
developing a paradigm capablesatititing vestibularbased memory enhancement regardless
of the underlying mechanism.dticcessful, further experiments would then be needed to

investigate how this effect occurred (i.e. via generic arousal or specific signal content).

To promote the integration of cresedal inpug into a combined memory
representatiorxperiment 2alsofocused upon viswgpatial memoryor the locations in
which objects had previously been encadius was because the findingskxiperiment 1

showed that spatial sourdmit notobjectmemory judgementaere receptive to GV,$uch
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that recall wasnarginallyworsened during the bilateral conditigkdditionally, previous
research conducted with bdtbmans and rats hagyhlighteda strongeconnection between
vestibular losgvia avestibular neurectomyndspatialrather thamon-spatialaspects of

memory Besnard et al2012 Brandt et al.2005 Kremmyda et al., 2016)

A spatialmatrix taskwas created tprobe spatial memorgnd exploreneto-one
crossmodaimappings This taskrequired participantgo learn to associatedividual objects
with unique locationgobjectlocation associationp test phase then measured the degree to
which participants couldecall the locationg whichvisualobjects wergreviouslyshown
(Bridge & Paller, 20120ttl & Graf, 1993) These kinds otasks havebeen extensively
implementedecauseheycan be easily manipulated to address various hypotheses about
spatialmemory processg (Bridge & Paller, 2012ylartin, Houssemand, &itz, Burnod, &
Alexandre, 2008

In the current experimenthe matrixtaskwas used to permit comparisons between
the recall of a singlerossmodastimulus(target visual stimulus combined with a unique
GVS signal), againstinisensoryisual stimuli (whichwere not paired witlVS signals) As
mentioned, lis oneto-one mappingvas introduced tanprove the specificity othe
crossmodal pairing arttius reducenypotential ambiguity surrounding the eteemany
mappingghat wereused in Experiment However, a®nly onevisual stimulusvasbeing
paired with a vestibular signtiere werdewer observatios relative tadexperimentl. Thus,
to ensure participants receivadequate exposure to tbessmodahssociatiorand to
produce sufficient data for analysis, multiple trial blocks were Panticipantcompleted
two studysessios held on consecutive days, each consisting dbltsks Becauseeapeating
thetaskseveral timesouldresult inparticipantseachng ceiling levels of performance
participants were given a largegmber(49) of objectlocation association® remembeto

ensurehatthe task wasufficiently difficult.
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To maximise th@pportunityfor crossmodafacilitation, coincident GVS signals were
discharged at both encoding and recall (as wall@sning phasedescribed latgr compared
to justthe encoding phase Experimentl. Previous evidencsuggestshatthis mayincrease
the likelihood of effecsincememory retrieval can be enhancedrewstating the cues that
werepresent aencoding duringecall @sperthd encodi ng s p @&ddlving& i ty pr
Thomson, 1973Moreover, if multisensory stimuli become integrated via an associative
mechanism as opposed to a more immediate implssiociation, then multisensory
associations may only be formed once stimuli have begmesented several times.
Breaking the association between the sensory
whereby any facilitatory effects of the assdion are reduced once the sensory inputs are
presented separately (i.e. at encoding and recall) (Hecht, Reiner & Karni, [21008).
generally learning in avisual motion detection tasihich received audievisual as opposed
to visuatonly training over a five day period was shown to be facilit§&thms & Seitz,
2008) suggesting thawith repeated exposusventaskirrelevantcrossmodahssociations
canbecome beneficiglSeitz Kim & Shams2006. It washoped that byeinstating the
vestibular inputst recal) further effects of GVS on visual memory may emerge. If
demonstratedhenfurther researcivould need todeterminewvhether the effeatf the

vestibular inputsvas localised téheencodingand/or recall phases.

As well aspairing the visual and vestibular stimuli pnultiple occasionsthe
amplitudeof thevestibularsignalwas alsancreasedThis change was motivated by the
aforementionednemory studies which reported memory improvements following vestibular
stimulation at stronger intensities and for longer duratiBaslitold et al., 20QIsupra
sensory CVS; Wilkinson et al., 200&ntinuoud).8mA GVS signal)lt may have been that
the stimulatioramplitudedelivered inExperiment 1 was toemallto elicit beneficial effects

andthatwith strongewvestibular inputssignificant vestibulawvisual interactionsnightoccur.
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Experiment Zhereforeincreased the amplitude of the GVS signal from 0.4mB8.8mA (the
intensity adopted by Wilkinson et al. 2008, albeit in a different format) but retained the pulse
configurationto ensure that theignals temporally coincided with the presentation of the

visual stimulus. To control for any attentional effects or skin sensations introduced by this
higher intensitya separate control studyas included in whiclthe electrodes were

positioned on the nedkompleted with a different participaséampleat a subsequent time

point) to retain the somatosensory component of the electrical sigihalut activatinghe

vestibular organs.

In sum,Experiment Anvestigatedvhethertherecallof a visual stimulusvas
improved(over multiple trial blockswhensingularlypaired with a GVS signatelativeto
otherstimuli which were onlypresented visuallyf vestibular inputs can facilitate individual
visual memories, theavisual stimulus that is paired with a G\é§jnalshouldbe better
recaledthanthosevisualstimuli that are not pairedt this effect is merely the result af
generic attentionanhancement arising from teaprasensorytactile skin sensations of
being stimulated, then recatouldlikewise be facilitatedor avisual stimulus that is paired
with a somatosensoggnal. Note that this experiment was not designed to test between the
mechanistic accounts of vestibulaemory effects that were mentioned previously. Instead
the study aimed to demonstrate improved recall for a single visual stimulus that was paired
with a GVSsignal, if this is the cagbenfurther investigations into underlying the
mechanisms (i.e. via generic arousal or the specific individuating content of vestibular

signals)would be justified.

272



Method (2)

Participants

Forty sixstudents were recruited using the sangansas inExperiment 1. Twenty
three participateth the active vestibular stimulation experiment and 23 irséparate
somatosensory control experimearticipants who had taken partidrperiment 1 were not

permitted to sigrup for this study.

Stimulus Displays

Forty nine greyscale photographs depictogjs (taken fronExperiment ) were
presented on a wigitbackground and resized to 2 piels. The photographs were shown
within (encoding phase) and algside (recall phase) a 7x7 square grid (8692 pixels) that was
created in GNU Image Manipulation Program. The grid had a black oatisheterior
gridlinesand a white background. Each object was randomly assigned a unique grid position

which remained theame across participants throughout the experiment.

As in Experiment 1 participasbhead position was held constant during experimental

trials using a chin rest.

Design

All participants completed two experimengsssios (each lasting one hour 45
minutes)which took place on consecutive days and had exactly the same procedures. Each
session comprise@nblockswhich contained @ariming phasevhere the individual grid
locations were primedr highlighted(more informaton provided in procedurean encoding
phase where the spatial display was leamdl a recall phase where participdms to

remember where a static centrally presented item had previously been positioned
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Each participant was assigned a singlget crossmodassociation which was
paired with an electrical signal throughout the study. Target association was counterbalanced
acrosarticipant duosind comparison pairs were formed so thattarget association in one
participant acted as a control association in another, and vice versa. For eXam@¥.S
pulsewas delivered alongside location zero in participant oneatliodation seven in
participant two, the the control location for participant one was location seven and location
zero for participant twg¢see Figuré.5). Identical comparison pairs were used in the active
vestibular and somatosensory control experiséitte comparison pairs helped to cahtr
for thevaryingdifficulty of different grid position@ndensure that an equal number of
crossmodafone targetand unimodal responsésne target selected frod8 nontargets)

were compared.

Alternative approachese availablevhich would incorporate more of the data set
such agesting for statistal differences using-scoresbutthesedo not account for the
imbalanced sampling distributions between thenaualandcrossmodastimuli. This is
importantsincethere would bea bettersampling and therefore a closstimationof the
underlying mean for the umiodalthancrossmodastimuli, thus contrasting with the
assumptions of typicatscore analyses where each mean scoreterize founded on the
same number of individual observations. Tihistation canberesolved through the use of

comparison pairs.

Participantsdé skin was f iBxperdmenl withthe ed f or
electrodegpositioned over thenastoids or the neck. Once the GVS electroda® in place
participantscompleted the questionnai@outthe perceivedhtensityof thestimulationand
thesensation#t evoked(see AppendiD). The questionnaire wdkenrepeated at the end of
each SessioMore stimulationsensationsvere reportect the end of the studyllusory
perceptions of stimulation welargelyabsent at study onséinlike Experiment 1,
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participants were not excluded on the basis of this questionnaire sirsterthiation was

suprasensory and the effectssofmatosensorgensationsvere estimated ia separate control

experiment.

Pair 1 Pair 5 Pair 3

Pair 1 Puir 6 Pair 10 Pair 5
Pair 4 1::; ‘72 Pair 11

Pair 9 Pair 2 Pair 12
Pair 7 Pair 8

Pair 4 Pair 9 Pair 7 Pair 11 Pair 10
Pair 3 Pair 2 Pair 6

Figure 5.5.Comparison pairs used in Experiment 2.

Procedure

Priming task. Everytrial block began with the priming taskhich highlighted each
individual grid locatiorusing a bold outline in a randosad order for 500ms (see Figure
5.6). Participants were asked to click on the highlighted locatsimg the mouse, an ISl
(blank grid) would then follow for 758s. A GVS signal was releasedhenthe critical
locationwas highlightedthus serving to prime the association between the tapgéial
locationand a unique vestibulargnal During block one of the experimepfrticipants
completed four repetitions of the priming task, in all other blocks two repetitions were

completed. A untimedbreak was offered after the priming phase

Encoding phase Participantsaw a blank gridiSI) which was displayed for 750ms
followed by an individual object photographesented within an assigned grid location for

500ms(see Figure 5.6} orty nine different objects were shown in a randomised order during
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each encoding phas&.GVS signal was released when the target object appesttad its
assigned locatigrthusserving toprimetheobjectlocationassociatiorthat wagpairedwith
GVS. Participantgid not needo make any responsbst were asked to concentrate on
learning the displajor an upcoming memory te#t set break o80swas given after the

encoding phas® reduce variability in memory processes like forgetting and reddears

RecallphasePar t i ci pant s®& me mor y théndestedEabherials pat i al
began with aentralfixation cross shown for 750ne redirectp a r t i @tieptiannt s 6
towards the same position at the beginning of each i&dt anindividual objectwas
displayedabove an emptgpatial grid(the grid occupied the same space as in the encoding
phase)a GVS signal was released alongside the critical othestserving t@rimethe
objectthat wagpairedwith GVS (see Figure 5.6 Participantavere instructed to press the
spacebar as soon as they were ready to make their response andifieetihvéomouse tick
onthesguarein which they recalled seeing the obj@esing their dominat hand) It was
hoped that by or gansisthisvwpyRpséortherecall g anmoljestdé r es p o
and the motor action of navigating the mouse could be separated, therefore reducing
variability and providinga more informative estimate of recall

Participants were encouraged to respond as quickly and as accurately as possible and
were given accuracy feedback at the end of each recall fmhasemoteengagenent A 60s

breakwas given at the end of each recall phase.
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Priming phase Encoding phase Recall phase

ISI — T ISI ISI
750ms | 750ms + 750ms

Location presentation 500ms Object- location presentation 500ms  Object presentation min. 500ms

Figure.5.6. Example stimuli displayed during each phatExperiment 2Each block begn

with a priming phase where eaghique gridlocationwas highlighted. The encoding phase

then presented individual objects within their assigned grid locations. After a 90s break, each
object was presented above the grid and participants recalled its pdsiGME signal was
released to accompany the onseahefkey visual stimulus during each phase

Stimulation Protocol

Bilateral bipolar current (anode left and cathode right) was discharged to match the
onset of the targettimulusthroughout each phase of the experimerduprasensoryGVS
signal of0.8mA lasting 500rns was adopted for all stimulation trials total of 84 pulses
were released over the course of the experingghbl each day22 across alpriming tasks
andtenin each encodingndrecall phasg Participants in the active vestibular experiment
wore GVS electrodesver their mastoid processes; those in the control experingethe

electrode®n the neck (5cm below the mastpidbcessed enggenhagest al., 2008)

Results (2)

Data Considerations

All analyses were conducted upon the comparison pairs and thus responses to just two
visual stimuliare presented: th@bjectlocation association that was paired with GM#l the
counterbalancedontrol stimulus that was not padt with GVS The two experiments

(vestibular and somatosensatymuli) were analysed separately given that different samples
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were recruited and each experiment was carried out consecufiuellyer,thekey aimof the
analysis was térst establishwhethera visual stimulus was better recalled when paired with
a GVS pulse compared to a unimodal control, rather than a visual stimulus paired with a
somatosensory signdlhe somatosensory experiment simply provided a way of checking
whetheranycrossmalal visuatvestibular effects wergkely due to the arousing effeats

cutaneous sensations elicited by stgasoryGVS stimulation

Three responses to the comparison pairs weatysedis dependent variables:
accuracyRTsandgraded ewrs Gradederrorswere calculated from the distance between
the axis position tha participantrecalled seeing an object in and the correct location
visual example can be seen in Fighré These responses were includecgkamine how
par ti cpajppbmemayperformanchanged over the experimefttwas hoped that by
including these graded error responses any potential subtle shifts (which may not be reflected
by participantsdé overall task accrespanseyyog t owa

the GVS signal might be uncover@s seen inBridge & Pallar, 2012)

31

Figur; 5.7. Graphicrepresentation of the method used to calculate error scores. In this
examplethe correct respong20)and t he par t i(3¢)difeaby2>X s r esponse

coordinates and 1 Y coordinate resulting in an error score o{ 2Q4 Q ® (Page,
2011).
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Unlike typical RTinvestigationsherethe analysis was raestricted to correct trials
becaus®f high levels of missingata. Many trids were not answered correctly, especially
during the early part adession on@and thus would have been excluded from the analysis
This was particularly problematic in this study where only responses to the key comparison
pair werebeinganalysedThese RTs should therefore be considered as exploratory since it is
unclear what cognitive processes underlie these responses, particularly those that are
incorrect.To try and improve the quality of the respontted werecollected, atliersfrom
thekey trials(correct and incorrectyere removed usingzascore correctiofiseeChapterd

statistical analysis section).

Thesedependent variablasere analysed according to three independent variables. Of
primary importance is the Association variable, which describes whghgipants were
responding to aactive crossmodal target ocantrol unimodal stimulusExperimental
Sessiorand trial Blockwere also considered to explore whether crossmodal effects emerged
over the course of the study. Instead of analysing individuabtaeks which would be
formed of just one response per Association, the firstaiethe last five tridblocks were
combined to formanearly and late BlockThis variable aimed to reduseme of the noise

that could have occurred during a singlel @adin turn produce more reliable mean values.

Each dependent variable was entered intdssociation (activerersuscontrol) x
Sessior(oneversustwo) x Block (earlyversudate) repeated measurédNOVA. Analyses
focused on determining whethartiveassociatioawere betterecalled thancontrol
associationsicross the study.herefore all main effectre reporte@dlongside any
interactions involving the Association varialllghere an Association x Session x Block
interaction was present, pdsdc analysesoncentrated othe effects oAssociation within
each combination of Session and Block (i.e. does recall change in response to Association
during each Session and within each Blog@kjis decision wamotivated by the key aims of

279



the study which sought to explore whether recall eiffsrentiallyaffected by active and
control associations over multiple tri@petitions Posthoc testing also considered the effects
of Block and Session within each Association variable to explore the rate of learning for
active/ control stimulsepaatelyacross the study (i.e. when does learning tend to improve/
plateau for active and control stimuli respectivef). posthoc pairwise comparisons

appliedthe Bonferroni adjustment

Vestibular Stimulation

Accuracy. Contrary to the hypothesis, a main effect of Association was albgént,
22)=1.87p=. 1 9=08 d\sexpected, accuracy was influenced by the main esftéct
Block [F(1, 22)= 67.51p<.001, dy2=.75] and SessiofiF(1, 22)= 204.36p<.001,d.2=.90],
such thatecallwasimprovedfrom the early(M= 0.35)to latter(M= 0.57)parts of the
sessios andfrom Session oneM= 0.25) to two K= 0.67)(see Figuré.8). Interestingly,a
significant threeway interaction was also presdift(1, 22)= 7.1p<.05,dp?=.24] andpost

hoc tests werthereforecompleted tanterrogate the interaction.

Posthoctestingfirst examined whether there were any effectdsgociationacross
the study(i.e. within each combination of Block and Sessi@gmparisonshowedhat
active associationdM= 0.47) were recallesgignificantlymore accurately than control
associations\|= 0.27) duringthe latter part of Session onéR)= 2.25p<0.05](see Figure
5.8), but not during other parts of tistudy (allps>12). Comparison®f Block then
examined whether any learning effects had taken place during each Session for the active and
control associations respectivelyithin theactive associationaccuracywas significantly
improved between the earlyl€ 0.15) and lateM= 0.47) Block dung Session ond(R2)=-
4.47,p<.001], butappearedo plateauduring Session tw(p= 0.26). Conversely, within the

control associations accuracy improved from the early tdBlatek during both Session one
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(earlyM=0.10; lateM= 0.27, t(22) =-2.40,p<.05) andSessiortwo (earlyM= 0.50; lateM=
0.81)where the effect was strond#f22)=-4.04,p<.05]. Finally, posthoc tests of Session
examined whether each Block position had improved between sessions one,dad two
active and control associatiorespectivelyAll comparisonsvere significan{all ps<.(b)
andshowed that accuracy was improved between Sessions one afod boththe early and
late blocksacross botlactive and control associatio$he largesaccuracy gains had
occurred between the early parts of $keesionst[22)=-6.55,p<.00] for theactive
associations (eadgctive Session ond= 0.15; earlyactive Session twM= 0.66,
conversely the control associations showed more accuracy gains b#te/dser parts
[t(22)=-7.53,p<.00]] of Sessiorone M= 0.27) and two(M = 0.8]). No furtherinteractions

werepreseniall Fs <1.28, alps>27).

Taken togethethese effects suggest that Hativevisualvestibulampairingwas
temporarilyrecalled more accurate(iate Block session oneand plateaued more quickly

than the control associatigsee kgure5.8).

Graded error responsesContrary to the hypothesisrrors weralsounaffected by
AssociationF(1, 22)= 1.71p= . 2 #=,07] d&lthoughsignificant main effects dBlock [F(1,
22)= 94.32p<.001,hy2=.81] and SessiorF[1, 22)= 37.29p< . 0 Q2%.63]were present.
As expected, errors wereducedrom theearly(M= 2.11) to lat€dM= 1.36) blocksand from
Sessiorone(M= 2.51)to two (M= 0.96)(see Figuré.8). No other interactiongvolving the
Association variableeached significanc@ll Fs<1.02, allps>.32) Error rates improved

across the study bthese changes wenetdriven bythe oneto-one Association

Reactiontime. Unexpectedly, the main effects of Associatié(il, 22)= 2.55p=.13,

dw2=.11], Block[F(1, 22)= 2.30p= . 1 #=,10]and SessiorA(1, 22)=5.57p= . ®9 ,
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.01] were all norsignificant Since the thregvay interaction was also absent, analyses

exploredany twoway interactions involving the Association variable.

An Association x Blocknteractionwas presentF(1, 22)= 5.45p< . 0 B=,.21]gnd
posthoc testdirst examined whether there were any effeftdssociationwithin each Block
position.Comparisons revealed that there were no differences between the associations
during theearly Block p=.90). However, during the late BloBKI'swere significantly
shorter{t(21)=-2.62,p<.05] towardsactive(M= 890ms) than control associatiom4<
1085ms). Poshoc testof Block then examined whether RTs were altered betveaely and
late blocks within each Association. Within the active Associationtripla r t i ci pant s 6
responsebecameshorterduring the latterN= 890ms) relative to the earligvi€ 1060ms)
Block, t(21)= 4.03 p<.05.Conversely during the contréissociatiortrials, no effect of
Block was presenp€.82).Although these RT data are exploratdhgse effects suggetsiat
responses weffacilitatedby the presence of the GVS sigdaking the latter Blockvhere
they were fastegsee Figure 5.8No other interactiongvolving the Association variable

reached significancell Fs<1.74, allps>.20.
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received vestibular stimulatioRor ease of interpretation only significant pbet
comparisons of Association are marked (*).
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Somatosensory Stimulation

Accuracy. Responsewere unaffected by AssociatipR(1, 22)= 0.01p=.91,
hp?=.001] However significantmain effects oBlock [F(1, 22)= 110.48p< . 0 02%£.83] (
andSessiorfF(1, 22)= 52.30p< . 0 Q2%.70]were presentyhich reflected improved
accuracy fronthe early(M=0.35) to latdM= 0.59)blocksand fromSession one\{= 0.30)
to two (M= 0.64) as anticipate&ince a threavay interaction was abseminalysegocused

onany significant tweway interactions involving the Stimulation variable.

An Association x Block interaction was revealéql, 22)= 4.61p< . 0 8=,17]and
posthoc testdirst examined whether active and control stimuli waifeerentially recalledat
each Block positionTesting showed thdhe associationsvere performed with similar levels
of accuracy throughout tlexperiment (alps>43). Comparison®f Block (within each
Association thenrevealed that accuraeyas similarlyimproved from the early (activd=
0.32; controlM= 0.38) to late (activ®1= 0.63; controM= 0.56) Block for both active([22)=
-7.77,p<.001] and control association$2)=-4.87,p<.001](see Figuré.9). No other
interactions were significarfall Fs <0.36, alps>021). Overall hese effects suggest that
accuracy improved acrofise experimentout this was not driven by the presence of
cutaneous sensations or proprioceptive stimulation of the neck

Graded error responsesA main effect of Association was also absent frometiier
responsef(1, 22)= 0.17 p=.69,dy?=.01]. Like the accuracgatg significant main effects of
Block [F(1,22)= 77.22p<.001,d,2=.78] and SessiorF[1,22)= 59.52p< . 0 Q2%.73] d
revealedhat errors were decreased from the eavly .01) to late 1= 1.05) Blockand
from Session one\= 2.16) to two K= 0.91) as anticipated (see Figure 5.9). Since a
significant threeway interaction was abseminalyses examined any tweay interactions
involving the Association variable.

Only anAssociation x Block interactioemergedF(1, 22)= 7.68 p<.05, dp*= .26].
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Posthoc tests first examined the effects of Associatwthin each Block positioand
revealed thaactive and control stimulivere similarlyrecalledacross both block&ll
ps>.15). Comparisons betwethre early and latélockswithin each Associatioshowed that
errors were significantly reduced from the early (ackiize2.22; controM= 1.80) to late
(activeM= 0.95; controM= 1.16)Block for both active {(22)= 4.68p<.001] and control
associationst(22)= 5.01,p<.001] (sed-igure5.9). Similar to the accuracy datesrors were
reduced between the early and late Blocktbisteffectwas not driven bgomatosensory
stimulation.No other effects involving the Association variable readigdificance(all
Fs<4.20, alips>.05).

Reactiontime. Response times failed to show a main effect of Assocififi(in 22)=
0.28,p=.60,dp?>=.01], Block F(1, 22)= 0.05p=.83,dp?>=.002] or Sessionf(1, 22)=1.20,
p=.29,dp?>=.05]. Athreeway interaction was also absghbwever,since asignificant
Association x Block interaction was pres@iffl, 22)= 11.14p<.001,dp?=.34] furtherpost
hoc tests werperformed

Comparisons firsexamined whetheany effects of Association wengresent within
each Block. No significardifferencesvere present between the active and control
associationgn eitherBlock (all ps>.10).Posthoc tess then explored whether any effects of
Block were presenwithin active and control associations respectivBys were
significantly shortenetietween the earlyM= 1107ms) and lat(M= 981ms) Block within
the active Associatiotrials [t(22)= 2.62 p<.05, while RTs remained stable across blocks for
thecontrol associatiofp=.10). All otherinteractions involving the Association variable
failed to reach significandgll Fs<0.82, alps>.30. In sum, RTswithin the active
somatosensory associatibecameshorter across the stubyt did not differ from the control

associatior{see Figure 5.9).
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Figure 5.9. Averageaccuracy, error an@Tsacross Experiment 2 for thoparticipants who
received somatosensory stimulation.

286



Discussion (2)

Key Findings

Experiment2 exploral whether the recall of a visual stimulus could be facilitated if it
was singularly paired with @oincidentvestibular signalContrary tahe hypothesisthe
omnibus effect oAssociation did not reach significance within the vestib(dar
somatosensongtimulationexperiments measured by accuracy, graded errors or RTs
However, some support for thgpothesis was provided by teenplemaineffects of

Association within the sample that received vestibstianulatian.

Firstly, active vestibular associations were recatheae accurately than control
associations during tHatter part of Session on€his was not the case in the somatosensory
experimem, where simple effects of Association were abdexrploratory RTs were also
facilitated for active vestibular associations relative to control associations during the late
Block. Again no similar RT effects were present within the somatosensory experiment where
active and control stimuli were respondeditsimilar speed. Accuracy responses towards the
active vestibular stimuli also appeared to reach asymptote more quickly during Session two
relative to the control associations. Whalecuracy for theontrol associationsontinued to
improve acrosblocks during both sessions, in the actrestibularcondition no effect of
Block was present on Session two. This finding was not present within the somatosensory
experimenwhere accuracy continued to increase fohlaative and contrahssociations
during Sessiotwo. Taken together, these dat@vide preliminary evidence that pairing a
visual stimulus with a unique vestibular sigonah facilitate recalfor visuospatial detailat
certainlearningtime-points Moreover, the absence of Association effects within the separate
somatosensory experiment indicates that the -@¥&ed memory improvementgerelikely
due to the activation of the vestibular structures as oppogbkd tutaneous sensations
elicited by suprasensory stimulation.
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Interestingly, the scale of improvement for the active vestibular association appeared
to be greater during Session one arathean asymptote within Session two, while the rate of
learning for the control association was more gradual. One posgjilEnations thatthe
crossmodal vestibular associatioresgphe rate at whickisual stimuli were learnHowever,
sinceaverage accuracy at the late Blgusition on Session two was actually higfaer
control than active associations in the vestibular experi(tiemigh the difference was non

significant) anypotentialasymptote effect&ere not necessarily beneficial

Uponfurther vusual inspection of the accuracy déae kgure5.8) it appears that an
overall omnibus effect of Associationay have beeabsent from the vestibular experiment
because the effewatasrestricted tadhosetime-points where learningzas most likely to take
place(i.e. midway through the experimenfecall that during the initial early Bloekl
locationsappeared todpoorly recalledregardless of whether theyereprocessed in a
crossmodabr unimodal context. HoweveasSession onerogresse andparticipans begn
to encale moreof the spatial display, an association between the vestibular and visual inputs
could potentially have been formed with these stimuli becomirgoesented with
additional priming (Hecht, 2009). In tuthe activetargetstartedto outperform the antrol
associatiormesulting in asignificantcomparison for thé&ate Block position This performance
advantage contingeduring the earlyBlock of Session two but did not reach significance.
Then as botlactiveandcontrolassociationseceival more rehearsaperformance reacke
similarly highmagnitudeand begnto plateau in the active condition (a similar treveks
seen in the graded error responsakhough no effects of Association were significant
within the somatosensory experimenisitvorth noting that a less consistent pattern of
learning was present. Here active associations were recalled more accuatgjyhe lag
Block of Ses®n one, but the control associations then outperformed the asfweiations

at the early Bloclof Session two (see Figure 5.9).
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Taken together, the findings from Experimergtidwedsome beneficial effects of a
oneto-onevestibulatmapping on memorymportantly there were no effects éfssociation
within a separate somatosensooytrolexperimentsuggesting the vestibular inputs
themselvesvereof relevanceHowever the paradigm lacked efficienay thatmany
unimodaldata points were collected but were not analysedinferences were drawn from
only a few data points, two per participartyrther efforts could aldmavebe made to
improve the quality of the RTgatheredi.e. by providing participant feedback to encourage
less variable and efficient responding)dto better understamethat memory processes
underlie the paradigm (familiarity/ recollectiofyith this in mind, a third experiment was
completed taddresshesemethodological constraints and determine whether the present

findings could be replicated.

Experiment 3: A Partial Replication of Experiment 2.

Experiment 3appliedthe same paradigm as Experiment 2 with several
methodological changee both replicate and strengthen the effeatstly, becaus¢he
previousexperimenhad shown subtle effects of Association during particular parts of the
study,Experiment Zlevatedhe statisticalpower of each Block position by increasing the
number of data poinfsom five totwelve It was hoped that by addimgore trials, further

significant effects and more reliable estimates of Associatoid be obtained.

Secondto try and improve the efficiency of tiparadigmthe number of tde-learnt
stimuli werereducedsince only twowvereactuallyanalysed) To compensatehe difficulty
of each comparison paivasincreasedy displaying norobject imageshat were harder to
tell apart (more detail provided in Experimentddhin an enlarged gri@ x 7) that no
longer hadnterior grid linesthus discouraging participants from using counting strategies
(e.g. the object was shown in the thirduron, two rows from the bottonsee Figuré.10).
Additionally, asthe previous experiment demonstrated that only visual memories trained in a
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visualvestibular crossmodal pairing were differentially recalled relative to a unimodal
control,thesomatosensory condition wdsoppedand coincidentsubsensory0.3mA for

500mg rather than supraensoryGVS pulsesvere administeredt was hopedhatthe

increased number dlock repetitions would compensate for this reduction in GVS amplitude
and sufficeto drive theoneto-onemapping In line with this idea, previous reports have
already shown that training crossmodal stimuli together across multiple trials can facilitate

crossmodabinding(Hecht et al., 2009; Shams & Sei208.

Lastly, to improve the quality of the dagatheredseveral adjustmentgere madeo
therecall phaseTrial by trial RT feedbacknd response limit8000ms)were introduced for
boththe spacebar press (recall) and mecisx (object placementp encourage less variable
responsesAnother behavioural respongefi Pl ease i ndicate how confi
a n s wwas algo added to expeothe retrieval processes which might underlie the data
within this paradigm (for implementation of confidence respons8eggstom, Vogelsang,
Benoit & Simons2015). Previous research has shown that items with low confidence
judgements are likely to entail more monitoring and processing of the retrieved information
before a decision is made (e.g. second memory interrogation or a slower memory search of
the partly learad material), since the results of the initial retrieval attempt likely
ambiguous (i.e. close to the old/ new response criterion; Henson, Rugg, Shallice & Dolan,
2000). In contrast, retrieval experiences for items with high confidence judgemerissare |
likely to be ambiguous and hence require reduced monitoring giving rise to shorter latencies
(Ratcliff & Murchdoch, 1976)Confidence ratings were therefore monitored across the study

to determine whethexctive/ controktimuli might be differentiallyetrieved.

Twenty three Uokstudentsompletedhe study(N= 2 removed based on GVS

perception questionnaire#\s in Experiment 2if vestibularinputs can enhancasual
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memory, then an active Associatiwshere a visual stimulus was singularly paired with a

GVS signa) shouldbebetterrecalledthan a control association presented visually.

Recall
_ ISI
Encoding 530ms
ISI
275ms
Target recall
. o~
l max 3s
L3 Target placement
. max 3s
Target presentation R | ‘

o 500ms Please indicate how _
confident you are in Confidence rating
your answer. max 2.5s

. How confidentare you?
ISI
275ms Feedback
L1 6000 milliseconds display
were taken. 500ms
Too slow!

Figure 5.10Q lllustration of the encoding and recall phasesm Experiment 3During the
encoding task participants were asked to learn where individuadlrjent images were
positioned. Participanthen needed to recall where an image had previously been presented
by clicking on a spatial location. A GVS signal was released to accompany the onset of the
key stimulus during both phasdhe priming phase from Experiment 2 was dropped and
replaced wh an extra repetition of the encoding phase.

In the following section the results are reported only briefly to maintain the focus of

this chapter and because they did not confirm the hypothesis strongly.

Results (3)
Descriptive statistics showed treitiveassociatios were recalled more accurately
and within closer proximity to the targecationthancontrolassociationsrom the latter
Block of Session one onwardsee Figure 5.11jhoughthese differences did not reach

statisticalsignificance(all Fs< 2.54 ps>.13). Confidence responsegeredriven bya general
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Discussion (3)
Experiment 3 aimed teeproduce andtreamline the spatial matrix pargai from

Experiment 2o explore whethereplicativeeffects of a on¢o-onemappingcould be

demonstratedDespite a promising pattern déscriptive statistic&ithin the accuracy and

graded error variablgsee Figure 5.11jhese efforts did not result in asignificanteffects

of Association nor weretheasymptote trendgbservedn Experiment 2reproduced

Unfortunately, heabsene of theseeffectsare difficult to pinpointsince multiple

methodological changes wesinultaneouslymplemented (to fit within the timeonstraints
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of this PhD projegt making itdifficult to isolate whetheparticularvariablescontributed to
the findings or if in fact the results of Experimeni&re a false positive that doest

replicate

Experiments 43 were designed to place greater emphasis on accuracssmlze
crossmodal literature has primarily evidenced an effect of crossmodal priming on accuracy
not RT (Lehmann & Murray, 2005; Murray et al., 20049wever, me concern with tree
paradignsi s t hat a more implicit effect of GVS
responsesTheRT datain Experiment 1 used an unconventional tHoe&on pressand
within Experiments 2 and BTsfor just two trials per block (comparison paivegre
analysed meaninigoth correct and incorrect responsese includedimportantly, previous
studies which have investigated the effects of vestibular stimulation on memonhbawe s
RTs to berelevant especially when accuracy is high. lesample, Bachtold et al. (2001)
investigatedhe impact of CVS on memosand showed that hwle accuracywas unaffected
by CVS (ceiling levels), RTen the verbalr{ght earCVS) and spatial memoryeft earCVS)
taskswerefacilitated Wilkinson et al. (2008) alsdemonstratethatthe beneficialeffect of
anodeleft noiseenhanced GV®n facial recallweregreatemwithin mean correct RTghan
theaccuracydata Conversely, both Dilda etl. (2012) and Lee et al. (20d4found a
significant reduction in memosselated errors following GVS in the absence of an RT effect.
However, there were some methodological issues with both experirDddes €t al.
recorded just 2@ials andLeeet al. measured RTasing a stopwaty. Improvingthe design
of the next experiment to permit more effective recording of Ragthereforehelp to
highlight more discrete effects of theossmodapairing that wergreviouslymissed. This
mightbe particularly relevarwhenapplyingsubsensorwestibular signal¢0.3mA)which

are likely toimpactrecallcovetly. The final study of this chapter attempted to address this
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potential gap bymplementing a implicit memory paradigmvhere memory was indirectly

probed and RT wathe key dependent variable.

In summaryExperimens 2 and3 provide suggestive, but by no means definjtive
support that encodingsanglevisual stimulus alongside a vestibular sigcahfacilitate
visualrecall One finalexperimentvas therefore conducted using an entirely different
paradigm based on visual search for a predefined tangest whethesingularlypairing a
visual stimulus with a subensory GVS signalouldelicit moresubtle changeim memoryas
indexed by RTslf an effect is found, then the design of this paradigm will also permit
inferences into whether vestibukignals affect visual memory via a generic arousal
mechanism or more specifically through the individuating content of the signal, as well as
which aspects of the memory representation might be most likely to incorporate vestibular

signals.

Experiment 4: Visual Search for a Stimulus that is Uniquely Paired with a GVS Signal.
The statistical approach adoptedsxperiments 2 and [Bmited the interpretation of
RTs due to small trial numberBhe final study in this chaptértroduced a new paradigm

which overcame these probl ems anmemoriesdi rectl!l vy

Recall that Kperiments 13 assessed explicit memadbpgcause participants had to
actively retrievevisualinformation(i.e. participants were instructed to memogase recall
the experimental stimuli). However, it might be that the content of vestibular sigtedts
more closely tamplicit than explicit visual memories given thadstibular signals are
constantly discharged alongside incoming visual informatia@veryday context&ithout
eliciting any overt sensations that reach consciousness (Angelaki & Cullen, 2008; Day &
Fitzpatrick, 2005). If true, then amderlying effect of GVS could have been missed in the

previous experiments. To address this, Experiment 4 tested whether participants had formed
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implicit memoryrepresentationssingRTs (i.e. participants were natstructedo memorise

or recallthe experimental stimuli)An implicit memory igndicatedby a change in

perfformance@ r pr ocessi ng ef f iasairesult chypriofegppriericgaign g e f f ¢
previous exposure to a stimslaffects the speed at whighat stimulugs lateridentified),

but is not necessarily intended or accompanied by conscious recollection of the prior episode

(Baars & Gage 201Q Musen, 1996; Ring, Gaigg, & Bowle2015).

A further benefit of using a priming paradigm to test implicit memory is tiiatiqg
effects have been demonstrated to oesénafter a single leaing trial (Musen, 1996) and
typically require less attentional resources during encodingftiraxplicit memories
(Mulligan, 1998).If priming effects can be elicited after relatively few trials, then this may
permit more efficient testingf crossnodal associatiscompared to Eperiments 2 and 3
which requiredtwo testing sessions.

After reviewing the implicit memory literature, suitable experimental paradigmas
thereforeidentifiedwhich could be adapted ftine presenstudy Manelis, Hanson and
Hanson (2011nvestigated implicit visuospatial memories using priming effdetst the
researchers had participaimsidentally encode the locatiotisat objects were associated
with using a simple stimuludetection taskwhere objects were displayed within a grid and
participants would have to respotahnobjectas soon as it appearddchen during avisual
searchtask participants had to decidéhether or not a target was present within a display
and click on the target once it had been fo(orctlick finot presert). There were several
different trial types but of most relevance to the current study were those that showed
implicitly primed obgcts in the same locations that they were encoded within during the
detection task; unprimed trials where primed objects were placed in different locations from
the detection task; and new trials which presented objects that had not been shown during the

detection task. RTs were shorter for stimuli that had been primed during the detection task
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relative to botmewstimuli and unprimed trials where the location had changed. The authors
interpreted this finding as an indication that implicit memories had foemed (further

detail given in the methods section below).

Manelis et al. alsincorporatedMRI to show that thesame occipital and parietal
brain regions that welavolvedduring the encoding ofisuospatial stimuli were latee-
engagedt recall indicating that agvithin explicit memoryyeintegration (Hamiliton, 1859)
could be an important mechanism for implicit memadtyisis of relevance becausige aim
herewas toexplore whether arossmodal visualestibular memoryauld be reinstated by
the visual constituent of the encodegresentationf this task engages tlsame brain
regionsduring the detection and search tasken tis may provide an effective backdrop for
crossmodal interactions to take place (Nyberg et al., 2000; Nyberg et al., 2001; Persson &

Nyberg, 2000).

In sum, this experimenexploral whether pairing the onset of a single visual stimulus
with a unique susensory GVS signaluring a detection tadlcilitated the rate at which this
target was founduringa subsequentisual searctiask Crucially, search fothe crossmodal
stimuluswas compared taunimodal stimulus that was encoded without a vestibular signal
(contro), as well asaunimodalstimulusthatwas not viewed and hence not primed during
encoding(new). If vestibular signals are retained in visual memories in a useful waythen
visual stimulsthat wassingularly paired with a GVS signalasexpected tde found more
quickly than stimulithat werepresenteanly visually (unimodal controbr newstimuli)
during the detection taskhe resultslescribe behaviours that are consistent with the

hypothesis

Method (4)
Participants
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Twenty sixUoK studentsvho had not taken part in any of the previous experiments

were recruited

Stimulus Displays

Forty five i mages di s p o@@hgse stimuliwerevalsdused b | e ct
in Experiment 3were takerfrom the stimulus set bBarry, Griffith, De RossandHermans
(2014). These are artificiad; D stimuli which mimic the structures of animals and can be
experimentally manipulated in termssmilarity by altering the central body structure
(species), or attached appendages (four features differing in colour and $hage)mages
of coloured dots (red, blue purglesimilar shades to the Fribble stimulNerealsocreated in
GNU Image Manipulation Programll images were resized to 148ixels and presented on
a white background. These images were shown within and alongside a 9x7 grid also created
in GNU Image Manipulation Prograrmhe grid had a btz outline black interior gridlines,
and a white background

Participansbhead position waagainheld constant during experimental trials using a

chin rest.

Design

All participants completed single experimental sessioomprised of thirteen trial
blocks Eachblock contained a encoding phaseherethe positions of objects were
incidentally learnt and a test phase where visual séarghrimed and unprimestimuli was
assessed singletarget objectocation association wasped with a GVSsignalduring the

encodingphaseonly.

To ensure that anyriming effects were nostimulusspecifig two arrays werereated
which varied the grid locations and imagathin the visual search display. These arrays

were counterbalanced across participants so that half of the sample completed a version of the
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experiment with array A and half with arrBy Responsefor both arrays were later

combined foitheanalysis.

Procedure

To disguise the memomglated nature of the study, the experiment was advedssed
an investigation into ASpeedthestudps ect i ono.
investigating how quickly individuals were able to detect stirmntiwere encouraged to
respond as quickly and accurately as possible throughout the experiment (in accordance with

Manelis et al., 2011

Following informed consentgor t i ci pant s 0 fosdimutatiowandthep r e par ¢
electrodes placed over the mastoids. After an impedance check, participants began the
experimental taskSusceptibility and perceptions towards the GVS were assasteslend
of the study using the perception sheet from ExperimeBté&séeAppendixD). Any
participants who noticed an association between a visual stimulus and a GVS pulse were
discountedN= 1) toeliminateanyinfluence ofsomatosensory sensation performance
Participants were debriefed and informed that their memory had been tested at the end of the

session. The experimental tasks are described below.

Encoding phase (detection task A simple RT task was first performed to allow
participants to incidentally encode the images and the locations in which they appeared (see
Figure5.12). The trial began with an empty grid (I1SI) displayed for 550iigh was
followed by the presentation of anagewithin the grid for a maximum of 1000ms.

Participants were instructed to press the spacebar as quickly as possible when they saw an
image (regardless of its identity) appear inside the grid. The emptygs then rgpresented

at a variable ISI between 5@D0ms (included to prevent participants predicting when to
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respond and to account for the requirements o$tiiheulation devicg A GVS signal was

discharged to match the onséthe target stimulus.

During the detection task, object images waredomlyinterleaved with images of
dots which were not tested at recall. Their purpose was to provide a baseline meB3ure of
sensitive to when patrticipants had no intention of memorising stirhadasion since by
virtue of looking the same, no single dot could be remembered as appearing in a unique
location (Manellis et al., 2011). RTs for both stimuli types were comparegte¢amine
whether participants had tried to process object images with more effort than dot images (i.e.
remember their locationfAs proposed by the previous researchégzarticipants were
unawarehat their memory for the imagessbeing testegthenthere should be noeedto
use any elaboratncodingstrategies towards the objects and thaisignificant difference

in RTs towards dots and objects shoulcays.

ISI
500-800ms

Stimulus
presentation
max 1000ms

ISI
550ms

Figure 5.2. lllustration ofthe detection task (encoding phafejn Experiment 4

Participants were asked to respond by pressing the spacebar as soon as they saw an image
appear within the display. A GVS signal waseased to accompany the onset of the key

visual stimulus.
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The detection task consistedtbfeeblock repetitions, there were 31 trials per block
(21 objects antkndoty. The three dot images (red, blue, purple) werpresented in three
or four different locations during each blo@petition To try andavoid participants
processing thedotsandobjectsdifferently, two of the objects were also-peesented in two
different locations and were not tested at reéabreak of 100s was given in between the

encoding andestphases.

Test phasgsearchtask.Par t i ci pantsé i mplicit memory
then indirectly tested using a search task (see FiylB¢. Each trial began by displaying a
search target for 2,000ms, centrally at the top of the screen (abaredhthat the spatial
grid would appear in). This search target could be an image that had previously been viewed
during the detection task, or a new im#&ges ratio). After a briefvariablelSI (500-800ms),
a search display containingelveimages then appeared. Participants needed to find and
click on the target within the display as quickly as possible; if they decided the target was not
in the display then theyeeded telicka fARoésent 0 button above the
quick responding, participants were given a maximunmb0D8s to make this response. If
participants initiallyansweedincorrecty (and were within the time limits) they were able to
select another ag in the display. Including this control meant that participapte
discouraged from selecting ntarget areas in the grid to move onto the next trial. Only
responses from the first attenvpere included in the analysi&nother brief variable ISI

followedthe search displagndbreaksof 30swere given at the end of eatdstphase

Central to the key comparison trigtee Figuré.14) were the search responses that
participants made towards the image which had previouslygmaesd with a GVS signal
duringthe detectionask when it washownatits original location (GVS image in GVS
location). Another key trial corresponded to a unimodal control image presented in its
original encoded location from during the detection task (control image in control location).
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Contrastiig these twdrials providel a similar test to the comparison paisedin
Experiments 2 and 3. That isallowed investigations into whether it was easier to find a
target visual stimulus that had previously been paired with a GVS signal compared to a visual

stimulus that had also been seen but was not paired with GVS.

\" .
e
L ISI
n } 500-800ms
¥ n .
. (3
Target search
3500ms
ISI
500-800ms

Target presentation
2000ms

Figure 5.13. lllustration of the search taskgstphase)from Experiment 4Participants were
instructed to click on the image if 1t was
presento button.

Theremainingfour key comparisons were included to explore whether GVS signals
differentially affect implicit memories fagither theidentity of an image or the spatial
location in which it was encoded. More specificallycafncidentGVS signaldmprove
visual searclior the identity of an imag@ather than the location it was positioned within)
thenanimagethat was paired with @VS signalwill be responded to more quickly
compared to other key images (i.e. a unimodal control image, or a new ineg@gedlless of
whether it is placed within its original primed locatioraoralternativeeontrollocation.On
the other handf GVS signals facilitatevzisual search towardke spatial locatiom whichan
imageappeared during stimulatipthena locationthat was encoded with a GVS sigmall

be responded to more quiclkduring the search taskgardless ofvhich imagesre placed
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within it (i.e. the GVS image that was paired at encoding, the unimodal control image, or a

newimage.
— g —
GVS image- GVS location Control image- Control location New image- GVS location

¥ \ 4 &

[
L] [

GVS image- Control location Control image- GVS location

Figure 5.14. lllustration of hesix key comparison trials.

Box oneshows theactiveimageandits original locatiorthat was encoded with a GVS signal
(GVS-GVS)and a control location which it was rericodedvith (GVS-Control). Box two
displays a control image shown and its original location from the detectio(Casiot
Control), as well as in the location that was paired with a GVS si@aitrotGVS). Box

three shows a new imagabsent from the detection task$played at both theVS (New-

GVS) andcontrol locatiols (New-Control). Note that images from the key comparisons each
shared the same body shape to attemponstraindifficulty and prevent céng effects

New image- Control location

The experiment waalsodesigned to permit further inferences into the mechanisms
underlying vestibulamemory effects. If GVS signals exert a more generic arousal effect on
implicit memory, thersearches foall stimuli should be similarly facilitated by vestibular
inputs. This could manifest in primed images (GVS and control) outperforming the new
image if any facilitatory effects are shdikted, or could even manifest as a null effect if the
arousal inducetly GVS extends beyond the encoding phase and into the search task where
new stimuli are introduced. Alternatively, if those target stimuli that were paired with GVS
are searched for more quickly, then this would suggest aspewficeffect whereby

vesibular signals individuate aspects of the visual menrepresentation
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One concern with this desigmnthatsearchresponses for the key comparisons may be
facilitateddue to the additional exposure that they recé»aeh object appears as the search
target twicé. To address thipotential problemimages from the backgrousdarchdisplay
in the key comparison trials (see Figure 5.13) were also used as searchathgetgh most
only appeaedas the search target on&xposure tdahe key comparisorstimuli was also
reduced by only presenting these stimuli within the background search display for the six key
comparison trials e remainingourteentrials used a differenbackground spatial display
(efforts were made to ensure the spatial displays were perceptually sitmfzwjtantly, he
identity and location of the background imadmsthe key comparison trials always remained
the same to ensure any changes in performance were due to the key comparisons as opposed

to properties of the spatial display.
Stimulation Protocol

Bilateral bipolar current (anode left and cathode right) was discharged to match the

onset of theargetvisual stimulusgduring the detectiotask

A subsensory GVS signal of 0.3mA lastingQlins waglischarged after this current
was shown to be b sehsorwthresbhodds dunpigxperiment 2. A @tal bfs 6
39 pulses were released o\the course of the experiment. Although this total is reduced
from the previous study, the duration of the pusesdoubled to try and encourage the

integration of vestibular and visual inputs into a single memory reuedm.

Results (4)

Data Considerations

The key dependent variable in this experimeat RT. Athoughaccuracy dataas
analysedt was not prioritised becaugerformance on the search tagks anticipated to

approach ceiling. Any extreme RTttierswerefirst removedrom the data beingntered
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into the analysisdither from the whole data set or just the key compatisals) using az-

score correction

Firstly, the RTsof dot and object trialffom the detection taskere comparedlhere
were small but significant differencbstweernparticipant®RTs for dotand all object trials,
t(25)=2.58,p<.05. RTswereshorterduring objec{M= 274ms)than dot(M= 277ms)trials
suggestingarticipantshadnot used more elaboratéexplicit) processing strategies for the

objects.

Analyses then dermined whether implicit memories werglicated in the test phase
by comparingorrect filteredRTs (both key and no#key comparison trialdpr primed
stimuli (from the detection tagkwith stimuli that were new to the search taBke expected
priming effect was presestich thatold items M= 158ms) were responded to more quickly

than new items\= 184%ms), t(25)=-13.11,p<.001.

Next the analyses established whether any effects were likely to be dependent on
stimulus properties by comparing correct filtered RTs across the two stimulus arrays. No
effects of stimulus array were present within either theckeyparison trialst{24)=-0.88,
p=.39], nor the searctask as a wholf(26)= 0.42 p=.68] and thus responses from all

partidpants were combined to yieldargersample

Key Comparisons

After checking that the aboywerequisites had been met, all further analyses were
conducted upon the six key comparison trials (see Figure Bddjracy and RT responses
to the key comparisons weaealysedisingrepeated measurédNOVAs with Image identity
(controlversusGVS versusnew) andspatial Location (contralersusGVS) as within
subjects factorsThe main effecs of spatialLocationor Imageidentity werefirst interrogated

to explore whethegitherstimulus featurdéenefitedfrom being encodedlongsidea GVS
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signalrelative tounimodalstimuli. The analyses then determihehether the presence of a
oneto-onecrossmodamappingfacilitatedvisual searctiowardsthe objectlocation
associatiorthat was paired with GV&s indicated by significantimage x Locatiomwith the
GVS-GVS condition outperforming other key tria@8nly correct RTs were analysed aadt

posthoccomparisonsisedthe Bonferroni adjustment.

Reaction time.A significant main effect of LocatiofF(1, 23 4.49,p<.05,h,?>=.16]
revealed thaRTs were shortewhen images were presented in a Locatiat wasaired
with aGVS signal at encodingVi= 1293ns) relative to a unimodal control Locatidvi=
1407ms). Figure5.15 shows that this effect extended to all three imggeggeshg theGVS
signalmayhavefacilitatedp a r t i ceaghesntowards thepatial locationUnexpectedly,
neither the main effect of Imagig(2, 46)= 1.16p=.32,hy?=.05], nor the tweway
interaction[F(2, 46)= 0.23p=.79,hp?=.01] reachd significanceThe same analysis was also
conducted upon just tHest five trial blocks since implicitpriming effects are likely to be
strongerduring these earlier blocks (Manellis et al., 2011). A similar pattern of results was
again present but none of the main effects reached significan€s 2158, alps>.12 see

Appendix D).

Accuracy. Thesereponses approached ceiling levels (see Figurs) auid showed
no significant main effects (Imad&2, 48)= 1.91p=.16,h,?>=.07; LocationF(1,24)= 0.23,

p=.64,hp? =.01)nor an Image x Location interacti¢R(2, 48)=0.004,p=.55,h,? =.02).
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Figure5.15. RT and accuracy data for the six key comparisons across both arrays.

Discussion (4)

Experiment 4 was designed to examine whether a visual stimulus that was
incidentally encoded alongside a ssdnsory vestibular signal would later be found more
quickly than unpaired unimodal stimuli.dbincident vestibular sigr@somehowmark or tag
locations or images in visual memory, then the search for a location, object oxotgicin
association that was paired with GVS should be facilitated relative to stimuli encoded in a

unimodal (visualcontext

Consistent wh the above hypothesis, the results indicate that implicitly priming a
particular object at a unique spatial location with a brief pulse of GVS can speed the rate at
which multiple objects appearing at this location are later found during a search task.
Interestingly the effect extended to images that had not appeared there before (new image)
and even applied to images that had been encoded within another location {(c@geo!

The GVS signaappeaedto highlightthe visuospatial location in such a way that all three
images were responded to more quickly when placed in that location, relative to a control

location. This advantage occurredtwino loss in response accuracy (no significant effects
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were present in thaccuracy data) and was not significantly influenced by stimulus properties

(no significantdifference between the two stimulus arfays

Contrary to the hypothesis, RWere notshortest during the trial which presented the
target image that had been primed at the location paitaca GVS signal aéncoding The
resultsappear tandicate thavestibular signalsnay beparticularly relevant fomdividuating
spatial aspects eisualmemoryand not an ma gderdity nor the combination of an image
and its encoded locatio@onsequently, one could explain the current findings (main effect of
Location), as reflecting thencorporation ofvestibular signalsvithin visual memorieto

mark one spatial location from another.

This finding is alsoconsistent with Experiment 1 whepairing multiple objects with
a GVS signal did not appear to influence old/ new familiarity judgenadrtatthe identity
of an object, and could potentially explain why an omnibus effect of Association was absent
from Experiments 2 and 3. Recall that witliixperiments 2 and 3 GVS signals were released
during the recall phase when the search target was shown above the grid and participants had
to place the image within the correct location. This repeated priming of visual and vestibular
stimuli was includedo encourage reintegration of the crossmodal representation, however in
doing so the GVS signal may have become dissociated from the key spatial location and
could even have primed another spatial location (above the grid), potentially reducing any

crossnodal gains that were present (Hecht et al., 2009).

Since beginning the writep of this thesigreplication studyN= 29)has now been
completedn collaboration with atMSc student. The main effect of Location was reproduced
and extended to unpaired images (new and control) when presented within the location that
was encoded alongside a GVS signal. Again vestibular signals appeared to have a specific

effect on spatial gcts of the memory representation, while information relating to an
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object 6s i d elocatiortagsocmtion dgidnot show aestatistical advantage of
GVS.Importantly,this study educed potential concerns abtalse positives (i.e. the effect
of Location in Experiment 4 could be reproducasl)wvell aghe influence of stimulus
properties by using two different stimulus arrays that more carefully counterbalanced the
locations of the key comparisstimuli to prevent any one location from stmg out.
Stimulusspecificeffects werealsoestimated by including thenage and location that were
paired with GVS in one arras norkey stimuli in the opposite array to obtain a baseline
level of difficulty (without the influence of GVSHowe\er, sincethe background stimuli
comprising the search display stiiriedacross the two arrayany resulting discrepancies

cannot be attributed the presence of &S alone.

Despite the limitations described above, Experiment 4 provides initial evidence that
incidentally encoding a visual stimulus alongside a vestibular signal can facilitate searches
towards spatial elements of the representation during an implicit memorgitest only
particular visual properties were affected by the presence of GVS signals, the results appear
to argue against a generic arousal effect and instead suggest that vestibulamsigrals
individuate spatial aspects of the visual memepresetation Further investigations will
now be needed to explohew aspatial locatioomight cometo be highlightedy GVS in this
way. For example, the vestibular signal cocedry relevanspatialinformation {.e. is the
head is upright or moving drin what direction/ at what speed is it travelling?; Wilkinson et
al., 2013)}hat adds to and enhances the visual memory representation in a similar way to
other cells that are associated with cognitive mapping (e.g. place, grid, head direction; Brandt
etal., 2017;Brandt et al., 2017Jacob et al., 2014Alternatively, the effect could be more
attentionbased sucthat GVS individuates the part of the visual field that is currently being
attended toBoth accounts would also need to rule out thegibility that the effect is

contingent upon the motor response that is made during the detection task when the spatial
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location is paired with a GVS pul$e.g. by using eye tracking and removing ktegboard

response)A discussion of the findings froiexperiments 14 is providedbelow.

Chapter Discussion

This chapter sought to explore fhgychologicaimechanismsinderlyingvestibular
contributions tovisual memorySeveral experimentssessewhethervisualmemory
performancecould befacilitated by the presence of artificial vestibular sigraid if so how
this effect might occur (i.evia geneic arousl or throughthe specificsignalcontentbeing
incorporatednto visualmemory representatigh The following sections provide an
overview of the findings and insights gained from each experiment as well as from the
chapter as whole, before discussing any relevant limitations and how these could potentially

be aldressed.

Summary of Results

Experiment lexamined whethanultiple visual stimuli were recalled more accurately
if paired with a temporally coincident vestibutagnal. Contrary to the hypothesis,
performance did not differ between conditions in which GVS signals were discharged
(unilateral, bilateral) and a no stimulation condition where they were not. Moreover, a
marginalperformance drop was observed in tHatkral condition where a GVS signal
accompanied the presentation of multiple vigfimhuli. One possible reason for this failure
was that the onro-many mapping which paired several visual features (objects and
locations) with a umjue GVS pulse may have been unlikely to support or enhance memory
recall. Experiments 2 and 3 tried again to uncover an effect by replacing the previdas one
many mapping with a or®-one mapping between the sensory inputs, whesetiggle
visud stimulus was paired with a GVS signal. It was hoped that doing so would reduce any
ambiguity associated with the crossmodal mapping and ease the integration of vestibular
inputs into the visual memorgpresentationn line with this idea, the resalshowed that
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participants were more likely to recall the location in which an object had been encoded when
this association was paired with a vestibular signal (relativeitonaodal control
association)during the middlesectionof the experiment where learning may have been more
likely to take place. To build on this finding and improve the quality and power of the RT

data that had been gathered, Experiment 4 shifted to a new paradigm which tested memory
indirectly and permitted more effective measurements of RT. The paradigm also allowed
investigations into the effects of a coincident vestibular stimuludifterent visual properties
(imageidentity, spatial location andbjectlocation association)n line with the hypothesis,
Experiment 4 shoedthatpairing a spatial location with a unique GVS sigaia¢éncoding

facilitated the speed at which targets at this location were found, relative to a unimodal

control location.

Together Kperiments 34 provide prelininary evidencehat encoding a visual
stimuluswith a uniquecoincidentGVS signal candcilitate later unimodal processing of the

visualstimulus

Theoretical Mechanisms

Another key aim of this chapter was to advance upon previous findings (Bachtold et
al., 2001,Dilda et al., 2012Ghaheriet al., 2014Wilkinson et al., 200B8by providing a
theoretical account of how visual memory might exploit vestibular signals; i.e. via a
generalised enhancement or throughgecificsignalcontentbeingincorporatednto visual
memory representatisnAlthough the current findings canmarovide a complete
explanation of the psychological mechanisms of vestibuakmory interactions, they do
of fer some theoretical insights. Firstly, th
improved by the presence of vestibular signaBxperiment 1 where there was a otte

many mapping, but was facilitated by a @ne@ne mapping during parts of Experiment 2 and
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Experiment 4, suggests that vestibular signals (alikettier sensory modalities) may inform
visual memory at the level ofspecific episodeSecondly, if vestibular signals were able to
exert a more general na@pecific arousal effect on memory processes, then one axpghtt
theprocessingf all experimental stimuto be enhanced given that they were presented soon
after a GVS pulsé.e. null effectsfor Experiments #4) (Wilkinson et al., 2008). Instead,
responses towards visual stimuli that were paired a GVS signal were facilitated relative to
unimodal stimuli dring particular parts of the experiment where learning was more likely to
place (Experiments 2 and 3) and towards spatial aspects of the memory representation
(Experiment 4). Discharging temporally coincident vestibular signals did not simply enhance
performance towards all visual stimulverall the results provide some tentative evidence
that visual memory might beensitive to the nature of the vestibular inputh the brain

utilising the specifiamomentarysignal contenin a similar way to the other sensory

modalities wheréemporally coincidenauditory and tactilenputshaveenhancd visual

memory performancé.ehmann & Murray, 2009lurray et al., 2004Murray & Sperdin,

2010.

These effects appear to diverge froravpous reports whereby vestibular stimulation
has enhanced memory performance in the absence ofta-one mapping (i.e. stimulation
was delivered continuously and accompanied multiple stimuli: Bachtold et al., 2id4 et
al., 2012;Ghaheriet al., 2014Wilkinson et al., 2008 This raises the possibility that a
generic arousal mechanism of vestibular stimulation exists in addition to the more specific
account presented here. It could be argued that the brisesigiory pulses of GVS usid
the current chapter may not have revealed aspagific arousal response to stimulation
because the vestibular inputs delivered were insufficient or differed in some way to the
previous studies. Additionally, the paradigm did not permit hemisphedreimées into the

impact of different stimulation configurations which may have been relevant in replicating a
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non-specific effect. Both Bachtold et al. and Wilkinson et al. evidenced a memory facilitation
for multiple visual stimuli when applying vestibulstimulation which activated the right
hemisphere (left ear CVS, anodal GVS to left mastoid). Although these results could reflect
generic hemispheric arousal, a more specific account could also underlie the effect whereby
vestibular inputs selectively &ate particular brain structures which boost specific

processing resources associated with the memory task. The current findings seem to fit with
the latter explanation and provide further evidence that the content of vestibular inputs may

enhance memorgrocesses in addition to an arousal component.

This chapter can also offer some insights into which memory processes might be
facilitatedby vestibular inputs. Within Experiments 2 and 3 participants were asked to
memorise the spatial matrix displaydthen to explicitly retrieve the location in which
individual objects had previously been prese
ability to consciously recall an episode. Although the results did not show the predicted
omnibus effect oAssociation, there was tentative support that pairing a single visual
stimulus with a GVS signal could facilitate recall relative to an unpaired unimodal ssimulu

consistent with a vestibular contributionexplicit episodic memory.

Experiment 4 instaehtested visual memory indirectly using a detection (encoding)
and visual search (recall) task. Participants were not instructed to memorise the spatial matrix
display and efforts were made to make the encoding and recall tasks appear unrelated.
Nonetheles, memory processes were still indicated by a priming effect for previously viewed
stimuli. Further, pairing a spatial location with a GVS signal during the detection task
appeared to facilitate the speed at which this locatias later responded to dugithesearch
task. Thememoryprocesses that were facilitated in this task seem to differ from the episodic
memories that were explicitly tested in Experiments 2 amas8ad Experiment dappeared
to reflectan effect of vestibular inputs on more impligciemory processes that retain the
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spatial location of visual attentibfocus, such that whehe GVS signal was deliveréd
somehowmarkedthe target spatial location as differentivilegedwhich in turnfacilitated

later searches for this stimulughis effect may relate to the pathways that the vestibular
system shares with neurons that are involvegemerating cognitive maps of the
environmentguch as grid, place, border and hdadctioncells). Spatial memory is based

on the retrieval of details from these m@pgandt et al., 201 Mitier et al., 2014)Vestibular
signalscould thereforearry relevantmplicit informationthat adds to the visual memory
representation by markiran individualspatiallocation (e.g. what direction was the head
facing in relation to the spatial location, vestibular gravitational down, body acceleration), in

turn aiding later navigation/ searches back to this remembered location

Furtherresearch would now beosthwhile to better determine which aspects of
memory are likely to be reliant on vestibular inputs. Researchers could also begin to
investigate which stage of memory processing (e.g. encoding, recall) vestibular signals are
most likely to impact. The dateom Experiment 4 (as well as that of Bachtold et al., 2001)
appear to indicate that vestibular signals may be particularly influential when they are
encoded alongside visual stimuli, potentially because the GVS signals that were delivered at
recall (andthe priming phase) during Experiments 2 and 3 broke the association between
vestibular inputs and the target spatial location. However, more direct investigations are
needed before any conclusions can be made about whether the timing of vestibular
stimulaton is relevant (Bigelow & Agrawal, 2015). Researchers might also want to
investigate how often visual and vestibular inputs must be experienced together before they
can be caepresented (Hecht et al., 2009). Recall that Experime#talllincluded mulple
repetitions of the crossmodal pairing across several trial blocks to attempt to integrate the
sensory inputs in an associative manner. Further experiments could now investigate how

many repetitions of the crossmodal pairing are required before ths itgrube bound into a
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single memory representation and if a siAgial could suffice to elicit beneficial memory
effects. As singlédrial learning effects have already been demonstrated within other sensory
modalities using simple continuous recognitparadigms (Murray & Sperdin, 2010; Thelen

& Murray, 2013 Thelen et aJ.2015, these effects may well extetalvisuatvestibular

interactions too.

The preceding discussion highlights the important gains that this chapter offers
towards evidencing anghderstanding how vestibular signals might affect memory.
Nonetheless, it should be noted that omnibus effects of GVS were frequently absent (main
effects present inxperimens 1 and 4 only) and the observed patterns of improvement
contained inconsistencies (iEexperiment Irecall forthe no stimulation and unilateral
conditionswas similar Experiment 2 the control associatiappeared toutperformthe
active association during ti@al block Experiment 4 the objedbcation association
encoded with GVS$lid not elicit the fastest RTPotentialexplanations fothe absence or

strength othese effects arexploredbelow.

Limitations

Theinfluenceof GVS may have beereducedf the vestibularsenseglike the other
sensory modalitiess subjecedto binding constraints (spati@mporal and semantic
congruencySpence, 2011)Efforts were made to ensuiigatthe onset of thevisual and
vestibularstimuli temporally coincidedo conform with previous studies which have shown
thatmultisensorystimuli are more likely to bategraedwhen presented close together in
time (Stevenson & Wallace, 2018an Atteveldt, Formisano, Blomer & Goebel, 206 do
so theonset of the GVS and visual stimuli were matched across the experiensver, to
measurdRTs in response to the ketimuli, theoffset of thevisual and vestibular stimuli

werenot always synchrased( par ti ci pant s6 RT thaothdGdS be shor't
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signalduratior) which could have interfered with crossmodal bindingportantly,van
WassenhoveGrantandPoeppel2007) showed that auditory and visual stinsglparate in
time by as much as 200ms were still perceived as simultariadiestingthat the shortime-
lag between theisual and vestibular inputs should not have prevented crossmodal

integration.

It shouldhoweverbe noted thathe temjpral proximity of crossmodal stimuli appears
to be particularly important in contexts where théédbound stimuli aréncongruent oare
not naturally relatedDonohue, Appelbaum, Park, Roberts & Woldorff, 2013; Stevenson &
Wallace,2013). van Atteveldt et al2007 demonstrated interactions between the temporal
proximity and content of crossmodal stimuli, such that sounds which etdtehidentity of
a visual stimulusvereless affected by temporal disparity relative to those sounds with a
different identity to the image. These findings may be releteethis study, where it could be
argued thattte content provided bthe visual and vestibulamputs wasincongruenti.e.
visual inputsndicatethe head is stationary, whiteVS signas reflectan illusory head

movementshift in gravitationapull).

Another potentiabarrierto crossmodal integratiamay have related tihe method of
vestibular stimulationVestibular receptors are sensitive to head motion, but stimulation
techniques other than true motion are often used so that sufficient vestibular stimuli can be
comfortably applied in experimentsgttings(Lopez et al.2008). Ths chapter implemented
GVS which alters the firing rate of the otoliths and the semicircular canals (Fitzpatrick &
Day, 2004). However, GVS also involves unnatural peripheral stimulation meaning it can
activate brain regions which would not ssaciated with natural vestibulstimulation
Ferrk, Kaliuzhna, He r b &urthercrossribdainigractioland®y Bl a n k ¢
therefore be encouraged by stimulating the vestibular systelerconditionsin which the
visual andvestibular systesinaturally operatePassive whokdody yaw rotations permit
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such stimulatiormndthe correspondingeripheral vestibulagignalscan also be more

carefully controlled to further isolate the contribution of the vestibular inRatia &
Lenggenhager, 2014fruture research could consider matching the speed/ direction of the
chair rotatiom with a visual stimulus such as an optic flow dis@agncodingRecall for

various elements of the visual display could then be tested to determine whether further
crossmodal binding is possible when the semantic and perceptual correspondence betwee

the sensory inputs is improved.

The stimulatiorparameteradopted in this study may have also limited vestibular
memory interactions effects by failing to activétie vestibular afferents to a sufficient
degree. Brief GVS pulsegerereleased to temporally coincide with the presentation of visual
displays. This configuration was adopted so that crossmodal effects could be studied in a way
that was comparable with existingultisensoryresearch (Lehman & Murray, 2008urray
& Sperdin,2010. Additionally, the fact that even vebyief GVS pulseglastinga few ms)
have been shown to induce vestibular reflexes (Watson & Colebatch, 1998) and postural
changes (Britton et al., 19930dicates that this modality is capable of inducing behavioural
effects However, it should be noted that the vestibular inputs delivereggarimentsl-4
were relatively few in comparison to other vestibular stimulation studies (stimulation
delivered for several minutes throughout a task) which have altered memory performance
(Béachtoldet al., 2001; Dilda et al., 2012; Lee et al., 200ilkinson et al., 2008 Applying
currents in brief bursts can also make the GVS more nbteeaeaning smaller amplitudes

must be adopted to avoid the signal becoming ssgnaory (Fitzpartrick & Day004).

This chapter aimed to build an effective paradigndéyelopinghe oneto-one
approachbutfuture research coultbw experiment withdifferent stimulation parameters
using alternative paradigmBor examplegontinuous GVS signatsould be deliverefor
longer periods to increase the activation of the peripheral affefér@side of vestibular
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activationcould also beswitchedto accompany a visual stimulus presented on the right or
left side of spac® determinavhether or not particulatimulation configurations/hich

provide specific informatioare more likely to impact memo(ye. a general arousal effect
versudateralisedsignal contenthat matches the side of space that the visual stimulus was
presented withinBigelow & Agrawal, 201%. Additional demographic data would also be
useful here to explore whethieteractions with handedneare at playi.e. do lateralised
activations of the vestibular systetiferently affect the memory performance of e -

right handes?). Importantly theexperiments in this chapter indicate that delivering waves of
GVS may not benefit visual memoifythe oneto-one mapping between a visual stimulus
and vestibular signal is underminéddture research should therefemsure that the

crossmodal pairing isnambiguousegardless of the stimulation parameters used

Conclusion

This chapter has provided the first evidence that pairing a single visuospatial stimulus
with a unique GVS signal can facilitate later unimodal visual processing. The results appear
to argue against a generic arowsfct of GVS on visual memory and in favour of a more
specific individuating account. The chapter offered a possible psychological mechanism for
vestibularmemory interactions, in which the content of vestibular signals is used to mark one

visual memoryfom another, particularly spatial aspects of the memory representation.
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Chapter 6
General Discussion

Overview
A growing body of evidence has demonstrated altered cognitive function and

wellbeing following vestibular dysfunction and artificial vestibular stimulation. Advances in
neuroimaging have also provided new insights into the cortical pathways that migbrt supp
such interactions (see Smith, 2016 for a review). Yet, the psychological reach of the
vestibular system still remains poorly understood and as a consequence the role of vestibular
inputs are often downplayed within cognitive theory. The relatilgdiscovery and
understandingf the vestibular system as a determinant of cognitive function (relative to the
other sensory modalities) also means that the theoretical mechanisms underpinning
vestibularcognitive effects are still incomple(&rabher et al., 2015). This thesis aimed to
review and extend upon existing literature by exploring if and how vestibular signals might
contribute to cognitive processing in clinieadd healthy populations. Visuospatia¢mory

was selected as the focal startpmjnt, since there is already a strong body of evidence

linking vestibular dysfunction with impaired spatial memory and navigation (Smith, 2016).

Theoverall goal of the thesis was to provide evidence to support an interaction
between the vestibuland memory systems and to understand how vestibular inputs might
inform visual memory and other allied cognitipecessesin Chapter 2, neuropsychiatric
and balance investigations were performed in a sample of patients with vestibular
dysfunction. This study explored whether memory and other relevant cognitive processes
were dependent on vestibular function and the extewhich this association was influenced
by the presence afomorbidpsychiatric andatiguevariables. Chapters 3 and 4 sought to
remediate some of the memamd other allied cognitivéeficits found in Chapter 2 by

applying artificial vestibular stimulein to a sample of TBI patients with significant
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neuropsychiatric deficit. Having identified several affectegmory processes in Chapters 2
4, Chapter 5 then investigated how vestibular signals might be used to aid memory function.
A series of experimentssed artificial vestibular inputs to explore whether visual memory

can incorporate unigue, coincident vestibular to enhance individual memory representations.

Summary of Results

In Chapter 2, patients with vestibular dysfunction (predominantly VM) cetagla
broad, standardised battery of cognitive, psychiatric, fatigue/ sleep and balance assessments
during their initial visit to a neurotology clinic. The findings both confirmed and extended
upon previous studies by demonstrating high prevalence(réi@%o of the sample) of
clinically significant anxiety, fatigue and sleep disturbance, alongside below average
cognitive performance (relative to agetched normative data) on tests of sustained
attention, working memory capacity, spatial working menargt shorterm memory for
complex patterns. Moreover, EFA and SEM analyses showed that vestibular function (as
indexed by postural stability) accounted for a significant proportion of the variance (17%) in
visuospatial memory performance, independent pfamyerelated effects. Importantly, this
association could not be explained by pinesence of psychiatric or fatigue/ sleep symptoms.
Taken together, the results demonstrate the widespread impact that vestibular dysfunction can
have on various aspea§wellbeing (notably fatigue/ sleep and anxiety) and show that
objective cognitive performance, particularly on tests of steonh visiospatial memory, was

directlyrelated to vestibular functioning.

Chapters 3 and then explored whether the neuropsgtiic disturbances described
above could be remediated usi@ygS. Eight patients who haglistained moderate severe
TBIs completed a 20/ 24 week protocol in which daily sessions of sham stimuldtid@) (
and then active CVINE 8) were delivered for four and eight weeks respectively.
Neuropsychiatric symptoms were monitteehaviourally at key stages of the protocol and
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electrophysiologicatecordings were also taken to see if certain EEG/ ERP patterns could be
normalisedResting spectral power was quantified across the delta, theta and alpha bands,
P300 amplitudes and latencies were also measured during a visagitaskas indicators

of attention and working memory. The data did not appear to evidence a congntditidl
response t€VS. Yet individualised changes were present, with seven out of the eight
participants showing a significabéhaviouraimprovement from their pr€VS baseline on

at least one cognitive measure following CVS. All participants gtisaved alterations in
background brain activity over at leastepower bandHowever contrary to the hypothesis,
power waggenerallydecreased across both the slower (dedtal, theta\N= 3) and faster
bandg(alphaN= 5). Only participant 08 demonsteal beneficial ERP changes which could
support the hypothesis. In contrast, psychiatric and fatigue symptomology were unaffected by
CVS. Overall, this studprovidel tentativgustification for further investigations of CVS
interventions anevidence a canection between vestibular and skerim visual memory
functioning that was not dependent on comorbid psychiatric and fatigue symptomology.
Further beneficial effects of CVS were likely prevented by the fact that a small and

heterogeneous sample was ugedusng a relatively broad criteria

Finally, Chapter Sought to uncover potentialechanisms behind the memefyects
observed in previous chapters. Fexploratoryexperiments paired the onset oftte
remembered visual stimuli with a temporadlyincident GVS signal and compared recall
searchfor these crossmodal stimuli against unimodal visual stimuli that were not paired with
a signal. Several paradigms were implemented to determine whether any beneficial
stimulation effects coulde demonstitad (Experiments-#) and by what mechanism these
effects were likely to occur (Experiments 1 and 4). Two potential mechanisms were explored:
a generic arousal account which posits that vestibular activations may upregulate brain

activity leading to widegad cognitivegains, including memorgwilkinson et al., 2008);
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and a more specific account where visual memory makes use of vestibulacsigeat to
individuate one memory from anoth&xperiment 1 demonstrated that a-¢éaenany

mapping betweea wiiqueGVS signal and multiple visual objects and locationsnaitd
facilitate recall over and above a unimodal condition where no GVS was administered
contrastingwvith both the generic and specific accousperiments 2 and 3 then introduced
a oneto-one mapping betweessingle visual stimulus andumiqueGVS signal and
evidenced improved recall for tlhkeossmodal target during parts of the experiment in which
learning was more likely to take pladénally, Experiment 4ncorporated a different
paradgm so that implicit memories for various elements of the memory representation
(image identity, spatial location, and objmtation association) coulae investigated and
usedRTsas the primary outcom®@riming asingle spatial location with GVS signal during
memoryencodingfacilitated later visual search towards this locatregardless of which
imagewaspresented within it. Similaenhancementsere not present towards the identity of
an imagenor the associatiorbetween an objection and tleeation it was encoded within.
Taken together, the results indicated that pairing a GVS signal with a single visual stimulus,
particularly a spatial location, facilitated later unimodal processing. This outcome is
consistent with the idea that vestibudagnals are integrated within visual memories to help
mark one spatial location from anothbeyond any generic effect reported elsewhere in the

literature.

Theoretical Insights

Thisthesisstudied different samples and appliedious experimental paradigrits
provide new insights into the types of memory influenced by vestibular signals, previous
studies have lacked such specificiEyrstly, Chapter 2 implemented the standardised
CANTAB to reveal a high prevalence of memory impairment, particularly on tests of

working memory abilities including memory capacity for a spatial sequ&a€§ and the
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manipulation and retention of spatiaformation(53%). Such pervasive effects are not
typically found following other sensory deficits, highlighting paentially special role of

the vestibular system in memory processidghstein, 2004)Vestibular dysfunction
(posturography) also dictly contributed to performance on a cognitive factor which loaded
strongly on tests relating to spatial working memory and learning ebgation

associations. Secondly, Chapter 3 demonstrated individualised behavioural improvements
amongst five of theight TBI participants on at least one memory measure following CVS.
All five participants showed a change on a test that involved a spatial comp@geént

SWM, PAL, nback) most of these tests did not emphasise pattern/ object recognition. Taken
togetler, these clinical investigations indicate that vestibular inputs are likely to be
particularly relevant when mentally manipulating or remembering visuospatial information
over short periods of time. This association may relate to vestibular connectspadiab
working memory centres which ateoughtto include the frontal cortex, basal ganglia and

hippocampus (see ChapterBhier et al., 2010; Bigelow et al., 2095b

By implementing a series of experimental tasks Chapter 5 was then able to show that
this connection between the vestibular and stesrh visuospatial memory systems could
operate under various encoding @aestconditions. GVS enhanced episodic visual recall
during Experiment 2 where participants were explicitly told to memorise a disyddy.
Additionally, GVS facilitated more implicinemory processes that retain the spatial location
of visual attentiohfocus during Experiment 4 where the memmated nature of the task
was disguised. Both implicit and explicit aspects of stenh visual memory are therefore

likely to be reliant on the evahanging content of vestibular inputs

As well as characterising the memory processes likely to be affected by vestibular
inputs, it was also important to explore the nature of this connetttitie psychological
level. Chapter 2 initially investigated whethegstibulannputs influence cognitive
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processing directly (potentiallyaidisturbances to the vestibtdortical network) or

indirectly through comorbid symptomology (Bigelow & Agrdw2015). The results
demonstrated a direct association between visuospatial memory abilities and performance on
a balance platfornChapters3 also provided suggestive evidence to support a direct pathway
since any CVSelated changes in cognitive performance were not dependentantwaing

alterations in mood or fatigue.

Having shown that vestibular signals can make an independent ctatritou
memory functioning, later chapters then explored whether this contribution might occur via a
generic arousal mechanism or could in fact be more specific with memory processes utilising
the contents of vestibular signalduring Chapterd the mosconsistent findings related to
spectral power, which appeared to decrease in response to CVS across all three bands. These
widespread decreases in spectral power fit with the idea that vestibular inputs can elicit non
specific changes in cortical aroug@lilkinson et al., 2012)The activation otortico-limbic
reticular circuits whi ch coreampsal systearekheughte | e me n
to underlie these global arousal effects (Bottini & Gandola, 2015¢anid explain why
multiple reurological and psychiatric disorders have previously been alleviated by vestibular
stimulation (Wilkinson et al., 2014However the fact that patterns of CW@lated
improvement were inconsistent (across participants or within a single individuagemta
from the mood and fatigue measures, suggests that the results were not simply operating
according t osizéfhiitsappadchait that onare specific modulatory effects

may have been present (Grabherr et al., 2015).

Chapter 5 was &b to testwhethervestibular stimulation functions with more
specificity by pairing the onset of visual stimuli with temporally coincident vestibular signals.
The experiments showed that vestibutagmory interactions do not tend to operate via
generabked increases in arousal alone. Instead, any effects were subtle and only occurred
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when there was a clear eteeone mapping between visual and vestibular stimuli.

Experiment 4 also provided evidence to suggest that thensgilbn information contained

within vestibular signals may be particularly relevant to spatial aspects of the memory
representation. More specifically, while the identity of an image and the -bhgation
association were unaffected by the presence of GVS, searches towards a tbaatad
previously been paired with a GVS signal was improved. Overall, the results from Chapter 5
suggest that vestibular signals may provide content that is relevant to and integrated within

visuospatial memory representations.

Vestibular inputs are ffusely projected to a range of neural circuitefezet al,
2012 Suzuki et al., 2001), and can modulate several important neurotransmitters (Black et
al., 2016). Thus it is perhaps unsurprising that various cognitive, autonomic and affective
change$ave been documented following vestibular dysfunction and stimulation (see
Bigelow & Agrawal, 2015; @&bherret al., 2015; Miller &Ngo, 2007; Utz et al., 2010 for
reviews). However, the current data suggest vestibular inputs are likely to play a more
specific role, particularly in visuospatial memory processes, over and above any general
disorientation or compensation mechanismsfght occur following vestibular

dysfunction and vestibular stimulation (Hanes & McCollum, 2006; Wilkinson et al., 2013).

Chapter 5 provided one theoretical mechanigmith could potentiallygxplain the
more specifiaole ofvestibular signals within vigospatiaimemory processing. Given that
humans and wildlife need to navigate and remember spatial environments for their survival,
the contents ofestibular signacouldcarry relevanspatialinformation {.e. is the head is
upright, is it moving, wht speed/ direction am | travelling?; Wilkinson et al., 2013) that
enables them to represent and update their movements with{istaticegocentric mode:
up-down/ leftright) and 3D (dynamie allocentric mode: rotational and linear) environments
(Brandt& Dieterich, 2016Brandt et al., 2017 Vestibular signals may therefore enhance
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visual memory representations by adding to the cognitive maps that are produced by place,
grid and head direction cellsxd provide a kind of internal compass which represen one 6 s
position and distance in space (Brandt et al., 204@ob et al., 2014 orrespondingly,

when vestibular system becomes dysfunctional, tasks which draw upon these spatial
resources, either directly (e.g. navigation, spatial mengngndt et al.2005 or more

implicitly (e.g. mental imageryGrabherr et al., 2011; Péruch et al., 201 arithmetic; Risey

& Briner, 1990), are likely to be amongst the most impaired.

Overall the findings from this thesis fit within an emerging body of literature that has
shown human memory to be affected by vestibular dysfunction (Bigelow et al., 2015b;
Brandt et al.2005 Kremmyda et al., 2016Schautzer et al., 2003) and vestib@mulation
(Béachtold et al.200%; Dilda et al., 2012; Ghaheri et al., 20Mjlkinson et al., 2008). The
present findings also build upon these studies to show this connection can be evidenced
across multiple vestibular pathologies (even those withgbérss or intermittent vestibular
symptoms) and using previously unapplied artificial stimulation configurations, that if
anything provide less coincident vestibular input relative to other studies (i.e. offline CVS,
brief subsensory pulses). Furthery bnplementing a different set of standardised objective
cognitive tests and experimental paradigms which can more carefully charagserade
memory function, this thesis has been able to show that the effects of vestibular inputs are
likely to be greagr on memory tasks with a spatial rather than patiased emphasis, and
can extend across both explicit or implicit memory tasks. Combined, the findings evidence a
real, yet subtle vestibular contribution to memory function with visuospatial memory
processes appearing directly reliant on vestibular signals and unusual/ increased vestibular
inputs enhancing visuospatial memory performance, irrespective of any comorbid

symptomology and at the level of a single memory representation.
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Clinical Implications

Chapter 2 revealed a high prevalenceanitive disorder amongst necotology
patientswhich corroborates the pervasiveness that patients have previouskpseted
(Grimm et al. 1989 85% selfreported memory loss and 80% reported confydteck et
al., 2004: 22 out of 33 patients se#fported memory loss). Moreover, the study showed that
this impairment was directly related to vestibular dysfunction. These findings have profound
implications for how to manage patients with vestibular dystion. Currently, these
individuals do not typically receive cognitive screening and their cognitive complaints can
often be downplayed asychiatric/ fatiguerelatedin origin, or missed completely if they do
not volunteer the information (Hanes & Mc@uoh, 2004). This is significant as by failing to
address these cognitive symptoms the vestibular condition couldrsenvedYardley &
Redfern, 200}l Additionally, since cognitive impairments can arise independently of
psychiatric or fatigue symptonagy, attempts to remediate cognitive defiarta psychiatric
therapymay not be helpfuhnd, depending on the prescribed medic&iog. pregabalin,
benzodiazepinesinay even exacerbatieem(Stewart, 2005; Park & Kwon, 2008). Instead,
referral to anemory clinic or neuropsychologist shoulddmmsideredo strengthen the

patientds remaining cognitive abilities (Bra

A second suggestion is that greater use be made of the high concurrence of cognitive
deficits, particularly visugsatial memory, during the initial assessment of an individual who
complains of dizziness since these symptoms might actually be primary indicators of
vestibular pathology (Hanes & McCollum, 2006). Attributing balance problems to a
vestibular disorder is n@always straightforware patients can often visit several other
specialists (e.g. ENT, neurology) and receive inappropriate treatments (e.g. betahistine,
prochlorperazindor the surface symptoms of nausea) before seeing a-n&alogist. Recall

thatthe current sample had suffered from their balance problem for an average of 3.15 years
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before attending their first neudology appointmentlo this end, delivering a brief
cognitive screen could be useful to determine which patients might benefitdfemal to a
tertiary neureotology service and more comprehensive cognitive assessment. The
Neuropsychological Vertigo Inventofi,acroix et al., 2016) could be a potentially relevant
instrument, although further validation is still required to deterrnowve reliably it can

identify these neuropsychological impairments and whether it is suitably tailored to the
visuospatial memory deficits that have been associated with vestibular dysfunction (see
Chapter 2; Brandt et al., 2005; Bigelow et al., 2015bningda et al., 2016; Schautzer et al.,

2003).

Chapter 2 underscored the relevance of vestibular inputs to cognition and wellbeing
and raised the exciting possibility that artificially stimulating the vestibular system might
remediate the neuropsychiatdeficits associated with several clinical conditions. Chapters 3
and 4 tested this hypothesis by applying CVS to a sample of TBI survivors. Although,
individualised CVSrelated improvements were demonstrated, consistent effects were largely
absent acrosfi¢ sample or within a single participant. Further research is thus required
before CVS can be recommended as a treatment for Tidti-benter, doubldlinded,
placebecontrolled and randomised investigations could potentially address the heterogeneity
of TBI by recruiting larger samples and running them through a range of standardised
assessments (encompassing cognition, affect, fatigue and activities of daily living) to identify
the factors associated with response&nto CVS (Snell et al., 2009). Aitativelythese
studies could emplomore restrictive inclusion criteria to ensure the sample share key
clinical features (e.g. working memory impairment, temporal lesions, sustained injury within
12 month period) and then targesingle core deficit using fewstreamlined assessments
(e.g. working memory: Digit span; Weschler, 1987 and@uwesi blocktapping taskKessels

et al., 200). The fact that CVS is neimvasive, easily applicable, places minimal demands
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on the patient and can activate severdical and subcortical structures simultaneously,
means that further attempts to remediate these neuropsychiatric symptoms with CVS are

likely to be worthwhile (Grabherr et al., 2015).

Future research could also explore the therapeutic potential ofutasstimulation
in other clinical conditions that are characterised by memory deficits. For example, one of the
earliest symptoms iAD is an impairment to topographical memory. Patients can often find
themselves getting lost whilst navigating both faaniknd unfamiliar environments which
restricts their independence and causes further concern for their carers (Bird et al., 2010).
Interestingly,Previc (2013) suggested that vestibular loss is likely to contribute to the
development of ADThe authohighlighted the major projection that emanates from the
horizontal semtircular canals and leads to the hippocampus and parahippocampabgyrus
well as associated regions such as the posterior paeatpbral and posteriaingulate
cortices, all ofwvhich are strongly implicated in topographical memory and are damaged

during the early stages of AD.

If vestibular damage can hinder topographical memory systems and therefore
contribute to AD symptoms, then vestibular stimulation may help to prevelovotrse
disease trajectory. The findings frabimapter 5 suggest that GVS signals could be applied to
aid navigation to a remembered locatierg(a p a thoneeor & i@@M within the homdy
highlighting or tagging spatial elements of a visual memory representation. Since spatial
memory and navigation decline with age and are an important feature of several neurological
conditions (including AD and mild cognitive impairmentaBdt et al., 2017), future research
could now explore the therapeutic potential of GVS as an intervention for neurological
conditions which present with these impairments. The relevance of such studies are
highlighted by recent reports that aggated vesbular loss is associated with lower
cognitive performance and adverse geriatric outcomes (increased odds of falling, inability to
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complete activities of daily living), meaning therapeutic efforts which promote vestibular
sensitivity (such as GVS) coulelp to thwart thesdevastating andostly outcomes
(Bigelow et al., 2015b; Semenov et al., 20EH)rthermore, incorporating screens for
vestibular and visuospatial memory impairmesiithin the clinical routine of the elderly may
help to identifyindividuals who are atisk of dementia and allow for earlier intervention

(Brandt et al., 201Marun et al., 2018 Harun et al.2016).

Limitations

The insights gained from this thesis are subject to a numbieritztions Many d
these issuelsave been discussedpreviouschapters but one overarching limitation has been
the focus on visuospatial processi As stated previously, visuospatiamory was selected
as the starting point since existing literature has already indicated a strovegion
between vestibular inputs and spatial memory (Smith et al., 2010; Smith & Zheng, 2013).
Efforts were also made to incorporate other cognitive, electrophysiological, psychiatric and
fatigue assessments since memory impairments are unlikely toindosolation within
vestibular and TBI patienendgiven the exploratory nature of these studit®wvever, since
the CANTAB is a visual battery (all sttbsts involved processing visual stimuli and also a
degree of spatial information), it is difficuth isolate the contribution that the choice of
assessments made to the findings presented in this thesis (i.e. a specialised contribution of
vestibular signals to visuospatial memory). While there is already strong evidence to suggest
visuospatial memoryrpcesses are likely to be more affected by vestibular inputs than other
non-spatial processes (e.g. ngpatial memory on the Wechsler Memory Scale and general
IQ, Brandt et al., 2005 and Schautzer et al., 2003; verbal memory and executive function,
Bigelow etal., 2015b), future research whidirectly compares the relevance of vestibular

inputs for spatial and nespatial shorterm memory representations is likely to be beneficial.
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Further insights might now be gained by delivering cognitive testgferent sensory
formats (e.g. auditory, olfactory, and tactile) which place less emphasis on visuospatial
processinglndividual memory processes could also be probed in more depth using
alternative standardised assessments of particular memaedpssibns (e.g. longerm,
working, autobiographical, and procedural). Experimental paradigms could additionally
investigate at which stage of memory processing (e.g. encoding or recall) vestibular inputs
are likely to be most informative by systematicalyying when vestibular inputs are
delivered alongside tberemembered stimuli (Bigelow & Agrawal, 2015). While the current
research and existing literature give reason to suggest thatatmortisuospatial memory is
likely to be particularly receptivetvestibular inputs (Smith et al., 2010), perhaps when these
are delivered during the encoding phase (see Chapter 5 and B&achtold et al., 2001), further
studies would now be useful to directly test these predictions and explore vestibulary

interactiors in more depth.

Another critique relates to the vestibular stimulation protocols that were applied in
Chapters &. Although the designs of these protocols were based on previous research (e.g.
Bachtold et al., 2001; Vanzan et al., 2016; Wilkinsoal £22008; Wilkinson et al., 2013), the
broader limitations associated with each technique may have influenced the results and
accompanying conclusions (Palla & Lenggenhager, 2014). One concern is that any memory
facilitations were due to unspecific effe@s opposed to vestibular activations (Grabherr et
al., 2015). Here efforts were made to isolate the contribution of vestibular inputs by
minimising natural head movements (using a chin rest and wedge pillows) and including
sham/ suksensory stimulationanditions to estimattheinfluence oftactile/ proprioception
stimulationsensationgHowever, future studies could consider carefully titrating the
amplitude of the GVS sighéor the timerateof temperature change during C\&)ce the

percept inducebly vestibular stimulation is likely to vary between participants (Palla &
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Lenggenhager, 2014). Researchers could also experiment with different amplitudes within the
same participant to determine whether any beneficial effects are dependent on particular
intensities being delivered. If a dosagféect is present, this might indicate a generic arousal
mechanism (Bigelow & Agrawal, 2015; Palla & Lenggenhager, 2014). Incorporating motion
simulators may also be beneficial since the correspomairigheral vedbular signalscan be

more carefully controlled relative to other artificial stimulation techniduepez et al.,

2012. These devices also offer closer perceptual and semantic correspondence between the
incoming vestibular and visuospatiaputs(e.g. applying otolith stimulation via rotational or
linear simulators for tasks involving linear representations of mepéae; Palla &

Lenggenhager, 2014) and could therefore encourage further integration of vestibular signal
content within visual memory representatiodientinued research such as the above is

needed to move closer towards finding the most effective stilmulprotocols. Such efforts

are worthwhile since they may enhance current understanding of the psychological role of the
vestibular system and improve the likelihood of therapeutic benefit in neurological patients

(Harvey & Kerkhoff, 2015).

Additionalinsights into underlying mechanisms of vestibutegmory effects might
also be gained from the application of neuroimaging techniques. For example, MRI could be
used to ascertain whether the visuospatial memory impairments described in Chapter 1 were
acconpanied by atrophy to the vestibedortical network (e.g. reduced activity at the
hippocampustemporoparietgjunction), thus supporting a direct pathway. Although Chapter
4 incorporated electrophysiological measures as an indicator of neurological eutcom
alternative EEG analyses (e.g. increased electrode sites with more targeted regional analyses;
Wilkinson et al., 2012) or MRI might enable better infereraeto whether any C\/&lated
effects were accompanied by broad scale changes in corticallavoosare targeted brain

activations. Finally, fMRI could be incorporated into the experiments of Chapter 5 to
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investigate whether the same brain areas that were active when encoding a crossmodal visual
vestibular pairing were reintegrated at retrieaawithin the other sensory modalities
(Hamilton,1859 Thelen & Murray, 2018 Note that the potential benefits of the above
suggestions would need to be weighed against any potential costs to participant comfort and

research resources.

Conclusion

This thesis has evidenced a connection between the vestibular and memory systems
whereby vestibular dysfunction induces visuospatial memory impairment, and artificial
vestibular stimulation can under certain conditions facilitate visuospatial working myaemor
visual search anexplicit recall. The previous chapters provide evidence to suggest that this
connection cannot be explained away by comorbid symptomology eekded decline and
does not simply occur via generic arousal mechanisms. Moreoverggie shows that
vestibular signals may make a more specific contribution to memory at the level of an
individual representation by marking one visual event (particularly spatial locations) from

another. These findings have potentially profound implicationmanaging patients with

vesti bular dysfunction, neuropsychiatric def

disease) and amnesia.
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Appendix A

SEM Analysesfrom Chapter 2.

SEM results for the remaining balance testd\either the VAS, VSS_VS ndhe
DHI mediatel the relationship between age andugspatial memory performang¢see Table
A.l).

Table A.1
Results from SEMnalyses€Examiningthe Contribution of Vestibular §&function to
Cognitive Impairment @er andAbove Normal Ag&elated Gange.

Measure Model Fit Total Direct Indirect
VAS G%(25,N = 95) = 20.38p= .73 -0.54* -0.55* 0.01
DHI G%(25,N = 95) = 24.88p= .47 -0.54** -0.55* 0.01
VSS VS @*25,N=95)=22.53p= .61 -0.53** -0.53* -0.004

*p<.05, **p<.01.

Model fit for the SEMsinvolving posturography (balance platform). Thebasic model
(age, balance platform, visuospatial memamovided poor fit for the observed data as
indicated by the significantcisi g u a r &(51t Ne=9%) = $984p<.001]. However, the
root mean guared error of approximation (RMSEA= .0@hd thecomparative fit index
(CFI=0.9) indicated mediocre and good fit to the data respectively (HoGpeighlan &

Mullen, 2008). Given the small sample size and relative complexity of the model, this model
fit was deemed acceptable ahé model was interpred further

Chi-square difference tests coddd used t@ompareghe model fit of the nested
models involving the psychiatric and fatigusriableswhere the additional direct path
between the balance platform and visuospatial memory was added) udwoitpthieg
procedure

62 diff = 6?ST &2L anddf diff = dfS7 dfL

iSO denotes t he Inmodebwithcfewerpdraagtérs estimaend tharefore

more degrees of freedom, wheréa® denot es t he modelevithcrommp | e x /
parameters and therefore fewer degrees of free@idmi 2 giff-walue is distributed with

dfdiff degrees of freedom and can be checkedmdny y f or si g%tdblei cance
(Werner& SchermellekEngel 2010) If balance functioronly interacts with cognition

indirectly then the additional path between balance funetimhvisugpatial memory should

not improve the fit.

While the direct path significantly improved the fit of the model involving the
psychiatric variableghe effect mised significancevithin the fatigue modelsee Table A.2)
These findings compliment the results presented in Chapter 2 where the direct path retained
significance withinhe psychiatric mediator moddi 0.27,p<.05) but just missed
significanceinthéd at i gu e me d i-0a28,p=105). Mireseadsulty partally support
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the hypothesis (psychiatric modeThe relatively small sample sizes recruited here may have
prevente any further direct vestibulamognitive effects from being revealed.

Table A2
Chi-Square [fference ¢°) Tests between Mediation Model&igh Freely Estimated or
Controlled for the Direct Patlway between Posturography and Visuospatiarivory.

Model Estimates of Fit & Difference test

Psychiatric Indirect 6%(79,N=95) = 125.08p=.001 125.08- 120.08 = 5.

— . The addition of the direct path
Psychiatric Indirect & 678, N = 95) =120.08 p= .002 significantly improved model fit

Direct ((>3.841 criticalé® difference
for 1df).
Fatigue Indirect 6379, N = 95) =140.35 p<.001  140.35i 136.90 = 3.45.
The addition of the direct path
Fatigue &4(78, N = 95) =136.90,p<.001  did not sigificantly improve
Indirect & Direct model fit (6841 criticaIG2

difference for 1df).
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Appendix B

Individual Patient Case Histories from Chapter 3

This section summares tle key clinical features of each participdmat completed
the study. This information was gathered froradical record¢hat weremade available to
the researches well as through interviews with the participant and their carbese
historiesinclude the original GCS classification scheme (where available), as well the clinical
guidelines of Amild, moderate and soteachr e TBI
category). However, it should be noted thateataluationof TBI is constantly evolving
beyond these simpldassificationgManley & Mass, 2013). Efforts have therefore been
made to provide a more detailed history which inclglasctural imging findingsand the
participant® most di sabling symptoms.

Removed to protect patient privaryontactresearcher
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Results Tables for the Analyses dReliable Change from Chapter 3

Table B.1

Pairedt-test Results forthe Discrepancy between Observed and Predicted CANTAB Retest

Scores for RArticipant 01.

Cognitive Test Discrepancy z p Point estimate 95% CI

of abnormality

(%)

PAL
Baseline_4weeks 0.86 0.12 0.91 45.38 36.24, 54.72
Baseline_8weeks -0.14 -0.02 0.99 49.27 40, 58.56
Baseline_Followup 0.86 0.12 0.91 45.38 36.24,54.72
SWM_S
Baseline_4weeks -2.35 -0.53 0.60 30.02 23.07,37.54
Baseline_8weeks 1.65 0.37 0.71 35.65 28.34, 43.36
Baseline_Followup -2.35 -0.53 0.60 30.02 23.07, 37.54
SWME
Baseline_4weeks -0.03 -0.003 0.99 49.88 40.41, 59.36
Baseline_8weeks 17.97 1.66 0.10 2.27,9.14
Baseline_Followup -5.03 -0.46 0.64 32.19 23.73,41.38
DMS
Baseline_4weeks 1.18 0.44 0.66 33.21 25.23,41.80
Baseline_8weeks 0.18 0.07 0.95 47.33 38.61, 56.15
Baseline_Followup 2.18 0.80 0.42 21.18 14.55, 28.84
SSP
Baseline_4weeks 1.75 1.39 0.17 8.37* 1.90, 20.51
Baseline_8weeks 0.75 0.60 0.55 27.59 11.12, 49.05
Baseline_Followup 1.75 1.39 0.17 8.37* 1.90, 20.51
OoTS
Baseline_4weeks 0.42 0.34 0.73 36.68 29.27, 44.47
Baseline_8weeks 2.42 1.95 0.05 2.69* 1.08,5.24
Baseline_Followup 1.42 1.15 0.25 12.72 8, 18.52
RTI (ms)
Baseline_4weeks 17.31 0.41 0.68 34.24 26.67, 42.31
Baseline_8weeks -105.62 -2.48 0.01 0.74* 0.19, 1.83
Baseline_Followup -26.56 -0.06 0.53 26.69 19.74, 34.38
RVP_hits
Baseline_4weeks -9.71 -2.85 0.005 0.02,1.01
Baseline_8weeks -6.71 -1.97 0.05 0.55, 6.74
Baseline_Followup -2.71 -0.80 0.43 21.36 10.23, 35.89
RVP (ms)
Baseline 4weeks -34.65 -0.50 0.62 30.80 19.99, 43.04
Baseline_8weeks -75.87 -1.10 0.27 13.67 7.01, 22.57
Baseline_Followup 56.73 0.82 0.41 20.61 11.93, 31.32
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Note.* denotes a point estimate of abnormality <10%, red indicates an improvement and

blue a decline in performance.

Table B2

Pairedt-test Fesults forthe Discrepancy bateen Observed and Predicted CANTAB Retest

Scores for Participant Q2

Cognitive Test Discrepancy z p Point estimate 95% ClI

of abnormality

(%)

PAL
Baseline_Sham 8.32 1.12 0.27 13.27 7.81, 20.18
Baseline_4weeks 2.32 0.31 0.76 37.78 28.68, 47.42
Baseline_8weeks 4.32 0.58 0.56 28.12 19.96, 37.22
Baseline_Followup 1.32 0.18 0.86 42.98 33.55,52.71
SWM_S
Baseline_Sham -1.87 -0.42 0.68 33.84 26.60, 41.56
Baseline_4weeks 3.13 0.70 0.49 24.27 17.80, 31.50
Baseline_8weeks -5.87 -1.31 0.19 9.62* 5.62, 14.75
Baseline_Followup 2.13 0.48 0.63 31.74 24.63, 39.38
SWME
Baseline_Sham -0.37 -0.03 0.97 48.66 38.51, 58.88
Baseline_4weeks -4.37 -0.40 0.69 34.43 25.18, 44.43
Baseline_8weeks -18.37 -1.69 0.09 4.70* 1.99, 8.82
Baseline_Followup -1.37 -0.13 0.90 45.01 35, 55.26
DMS
Baseline_Sham -5.15 1.88 0.06 1.04,6.71
Baseline_4weeks -2.47 -0.91 0.37 18.35 10.61, 27.99
Baseline_8weeks 0.85 0.31 0.76 37.75 26.58, 49.75
Baseline_Followup -4.15 -1.52 0.13 2.82,12.32
SSP
Baseline_Sham -0.61 -0.50 0.62 30.88 23.74, 38.60
Baseline_4weeks -0.61 -0.50 0.62 30.88 23.74, 38.60
Baseline_8weeks -0.61 -0.50 0.62 30.88 23.74, 38.60
Baseline_Followup -0.61 -0.50 0.62 30.88 23.74, 38.60
OoTS
Baseline_Sham 0.42 0.34 0.73 36.68 29.27, 44 .47
Baseline_4weeks 1.42 1.15 0.25 12.72 8, 18.52
Baseline_8weeks 2.42 1.95 0.05 2.69* 1.08,5.24
Baseline_Followup 0.42 0.34 0.73 36.68 29.27, 44 .47
RTI (ms)
Baseline_Sham 23.88 0.55 0.58 29.04 16.94, 43.25
Baseline_4weeks -31.31 -0.73 0.47 23.47 12.77, 36.71
Baseline_8weeks 34.65 0.80 0.42 21.17 11.14, 33.89
Baseline_Followup -0.94 -0.02 0.98 49.13 34.19, 64.17
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RVP_hits

Baseline_Sham -1.96 -0.59 0.56 27.94 19.59, 37.30
Baseline_4weeks -6.96 -2.08 0.04 0.65, 4.39
Baseline_8weeks -1.96 -0.59 0.56 27.94 19.59, 37.30
Baseline_Followup -1.96 -0.59 0.56 27.94 19.59, 37.30
RVP (ms)

Baseline_Sham -46.31 -0.68 0.50 24.97 18.41, 32.26
Baseline_4weeks -6.31 -0.09 0.93 46.33 38.55, 54.21
Baseline_8weeks 43.17 0.63 0.53 26.45 19.75, 33.84
Baseline_Followup -29.60 -0.43 0.67 33.28 26.05, 41.00

Note.* denotes a point estimate of abnormality <10%, red indicates an improvement and
blue a decline in performance.

Table B3
Pairedt-test Fesults forthe Discrepancy between Observed Bneldicted CANTAB Retest
Scores for Participant Q3

Cognitive Test Discrepancy z p Point estimate  95% CI

of abnormality

(%)
PAL
Baseline_Sham -3.12 -0.42 0.67 33.72 26.38, 41.55
Baseline_4weeks 4.88 0.66 0.51 25.59 18.90, 33.01
Baseline_8weeks -7.12 -0.96 0.34 16.94 11.38, 23.49
Baseline_Followup -8.12 -1.10 0.28 13.78 8.80, 19.84
SWM_S
Baseline_Sham 0.50 0.11 0.91 45.61 36.62, 54.77
Baseline_4weeks 1.50 0.33 0.74 36.96 28.42,46.01
Baseline_8weeks 0.50 0.11 0.91 45.61 36.62, 54.77
Baseline_Followup 1.50 0.33 0.74 36.96 28.42, 46.01
SWME
Baseline_Sham 3.45 0.35 0.73 36.51 28.19, 45.32
Baseline_4weeks -11.25 -1.04 0.30 15.09 9.49,21.91
Baseline_8weeks -2.25 -0.21 0.84 41.79 33.18,50.71
Baseline_Followup -1.25 -0.12 0.91 45.42 36.65, 54.35
DMS
Baseline_Sham 2.07 0.76 0.45 22.36 16.13, 29.40
Baseline_4weeks 0.07 0.03 0.98 48.98 41.22, 56.77
Baseline_8weeks 3.07 1.13 0.26 13.02 8.25, 18.86
Baseline_Followup 2.40 0.88 0.38 18.92 13.14, 25.61
SSP
Baseline_Sham -0.04 -0.03 0.98 48.76 40.74, 56.81
Baseline_4weeks -0.04 -0.03 0.98 48.76 40.74, 56.81
Baseline_8weeks 0.96 0.79 0.43 21.47 15.21, 28.61
Baseline_Followup -0.04 -0.03 0.98 48.76 40.74, 56.81
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OTS

Baseline_Sham -1.73 -1.37 0.17 3.02,17.89
Baseline_4weeks -0.73 -0.58 0.56 28.22 15.01, 44.20
Baseline_8weeks 0.27 0.21 0.83 41.63 25.63, 58.78
Baseline_Followup 1.27 1.00 0.32 15.94 6.89, 28.65
RTI (ms)

Baseline_Sham -49.79 -1.17 0.25 12.24 7.37,18.36
Baseline_4weeks -66.99 -1.57 0.12 5.93* 2.92,10.19
Baseline_8weeks -7089 -1.67 0.10 4.95* 2.31, 8.79
Baseline_Followup -59.52 -1.40 0.17 8.26* 4.47,13.32
RVP_hits

Baseline_Sham 1.65 0.49 0.62 31.13 22.88, 40.14
Baseline_4weeks 4.65 1.39 0.17 8.37* 4.40, 13.75
Baseline_8weeks 1.65 0.49 0.62 31.13 22.88, 40.14
Baseline_Followup 1.65 0.49 0.62 31.13 22.88, 40.14
RVP (ms)

Baseline_Sham -71.65 -1.04 0.30 14.97 8.44, 23.33
Baseline_4weeks -77.27 -1.12 0.26 13.17 7.15,21.04
Baseline_8weeks -71.17 -1.04 0.30 15.14 8.55, 23.54
Baseline_Followup -84.22 -1.23 0.22 11.16 5.78, 18.40

Note.* denotes a point estimate of abnormality <10%, red indicates an improvement and
blue a decline in performance.

Table B4
Pairedt-test Fesults forthe Discrepancy between Observed Bneldicted CANTAB Retest
Scores for Participant Q4

Cognitive Test Discrepancy z p Point estimate 95% CiI
of abnormality
(%)
PAL
Baseline_4weeks 8.83 1.19 0.24 11.81 7.16,17.63
Baseline_8weeks -2.17 -0.29 0.77 38.53 30.66, 46.77
Baseline_Followup -3.17 -0.43 0.67 33.51 25.93,41.61
SWM_S
Baseline_4weeks 4.13 0.92 0.36 17.89 12.24, 24.49
Baseline_8weeks 2.13 0.48 0.63 31.74 24.63, 39.38
Baseline_Followup 2.13 0.48 0.63 31.74 24.63, 39.38
SWME
Baseline_4weeks 13.88 1.28 0.20 10.14 5.90, 15.57
Baseline_8weeks -14.12 -1.30 0.19 9.77* 5.63, 15.11
Baseline_Followup 2.88 0.27 0.79 39.53 31.61,47.78
DMS
Baseline_4weeks -3.86 -1.38 0.17 2.35,19.28
Baseline_8weeks -7.19 -2.58 0.01 0.05, 2.18
Baseline_Followup Disc.
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SSP

Baseline_4weeks 0.47 0.38 0.70 35.20 23.28, 48.32
Baseline_8weeks -0.53 -0.44 0.66 33.19 21.58, 46.16
Baseline_Followup -0.53 -0.44 0.66 33.19 21.58, 46.16
OTS

Baseline_4weeks -0.12 -0.09 0.93 46.32 38.02, 54.74
Baseline_8weeks -1.12 -0.90 0.37 18.59 12.57, 25.64
Baseline_Followup -1.12 -0.90 0.37 18.59 12.57, 25.64
RTI (ms)

Baseline_4weeks 0.22 0.005 0.99 49.82 13, 86.78
Baseline_8weeks 40.65 0.84 0.41 20.28 1.84, 56.78
Baseline_Followup 106.37 2.19 0.03 0.01,9.11
RVP_hits

Baseline_4weeks -4.38 -1.27 0.21 10.29 3.06, 22.44
Baseline_8weeks -7.38 -2.15 0.03 0.23,5.41
Baseline_Followup -7.38 -2.15 0.03 0.23,5.41
RVP (ms)

Baseline_4weeks -8.05 -0.11 0.91 45.53 22.43, 69.89
Baseline_8weeks -74.25 -1.04 0.3 15.07 4.03, 33.26
Baseline_Followup 353.89 495 <.001 0.00, 0.001

Note.* denotes a point estimate of abnormality <10%, red indicates an improvement and
blue a decline in performance.

Table B5
Pairedt-test FResults forthe Discrepancy betweédbserved and Predicted CANTAB Retest
Scores for Participant Q5

Cognitive Test Discrepancy z p Point estimate  95% ClI

of abnormality

(%)
PAL
Baseline_Sham 22.40 2.72 0.01 0.002, 2.45
Baseline_4weeks 23.40 2.85 0.005 0.001, 1.80
Baseline_8weeks -24.60 -2.99 0.003 0.18* 0.001, 1.23
Baseline_Followup 16.40 1.99 0.05 0.06, 11.58
SWM_S
Baseline_Sham 6.11 1.36 0.17 4.38, 15.08
Baseline_4weeks 1.11 0.25 0.81 40.28 29.85, 51.25
Baseline_8weeks 3.11 0.69 0.49 24.53 16.07, 34.36
Baseline_Followup 411 0.91 0.36 18.14 10.97, 26.92
SWME
Baseline_Sham 2.86 0.26 0.80 39.86 22.58, 58.83
Baseline_4weeks 12.86 1.16 0.25 12.46 4.40, 24.92
Baseline_8weeks 19.86 1.79 0.08 0.84,9.85
Baseline_Followup 8.86 0.80 0.43 21.32 9.33, 37.42
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DMS
Baseline_Sham
Baseline_4weeks
Baseline_8weeks
Baseline_Followup

SSP
Baseline_Sham
Baseline_4weeks
Baseline_8weeks
Baseline_Followup

OoTS
Baseline_Sham
Baseline_4weeks
Baseline_8weeks
Baseline_Followup

RTI (ms)
Baseline_Sham
Baseline_4weeks
Baseline_8weeks
Baseline_Followup

RVP_hits
Baseline_Sham
Baseline_4weeks
Baseline_8weeks
Baseline_Followup

RVP (ms)
Baseline_Sham
Baseline_4weeks
Baseline_8weeks
Baseline_Followup

-8.92

-0.59
-12.26

-5.59

-2.32
-0.32
-1.32
-0.32

-1.21
-1.21
-0.21
0.79

97.10
11.10
10.60
50.10

-4.01
-1.01
-3.01
-1.01

-55.03

-54.25

62.64
-116.55

-3.11
-0.20
-4.27
-1.95

-1.89
-0.26
-1.08
-0.26

-0.98
-0.98
-0.17
0.63

2.27
0.23
0.25
1.17

-1.19
-0.30
-0.89
-0.30

-0.81
-0.79
0.92
-1.71

0.003
0.84
<.001
0.05

0.06
0.79
0.28
0.79

0.33
0.33
0.86
0.53

0.03
0.80
0.81
0.25

0.24
0.77
0.37
0.77

0.42
0.43
0.36
0.09

0.002, 0.72
41.94 17.55, 69.13
0.00, 0.017
0.23,9.79
0.85,7.25
39.70 25.91, 54.55
14.23 6.66, 24.67
39.70 25.91, 54.55
16.54 10.78, 23.44
16.54 10.78, 23.44
43.15 34.75, 51.79
26.46 19.26, 34.48
0.30, 3.30
39.81 27.90, 52.48
40.26 28.30, 52.94
12.26 6.12, 20.61
11.80 6.07, 19.52
38.26 27.21, 50.07
18.65 10.93, 28.21
38.26 27.21, 50.07
21.12 15.03, 28.05
21.45 15.31, 28.42
18.07 12.40, 24.68
4.55* 2.15, 8.03

Note.* denotes a point estimate of abnormality <10%, red indicates an improvement and

blue a decline in performance.

Table B6

Pairedt-test Results forthe Discrepancy lieveen Observed and Predicted CANTAB Retest
Scores for Participant Q6

Cognitive Test Discrepancy z p Point estimate 95% CI
of abnormality
(%)

PAL

Baseline_Sham 13.484 1.81 0.07 1.42,7.18
Baseline_4weeks 26.48 3.56 <.001 0.002, 0.12
Baseline_8weeks 30.48 4.10 <.001 0.00, 0.02
Baseline_Followup 35.48 4.77 <.001 0.00, 0.002
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SWM_S

Baseline_Sham 4.71 1.03 0.30 15.17 6.53, 27.38
Baseline_4weeks 0.72 0.16 0.88 43.81 27.74, 60.70
Baseline_8weeks 3.72 0.82 0.42 20.85 10.06, 34.97
Baseline_Followup -4.28 -0.94 0.35 17.44 7.89, 30.49
SWME

Baseline_Sham 17.83 1.61 0.11 1.48, 12.95
Baseline_4weeks 12.83 1.16 0.25 12.46 4.57, 24.50
Baseline_8weeks 13.83 1.25 0.21 10.72 3.71,21.81
Baseline_Followup 3.83 0.35 0.73 36.50 20.39, 54.68
DMS

Baseline_Sham -5.58 -2.0 0.048 0.40, 7.05
Baseline_4weeks 1.08 0.39 0.70 34.95 17.92,54.72
Baseline_8weeks -8.92 -3.20 0.002 0.003, 0.46
Baseline_Followup -0.58 -0.21 0.84 41.81 23.68, 61.90
SSP

Baseline_Sham -1.18 -0.97 0.36 16.77 10.59, 24.24
Baseline_4weeks -0.18 -0.15 0.88 44.24 34.99, 53.74
Baseline_8weeks -1.18 -0.97 0.33 16.77 10.59, 24.24
Baseline_Followup -1.18 -0.97 0.33 16.77 10.59, 24.24
OTS

Baseline_Sham -0.39 -0.32 0.75 37.63 29.92,45.71
Baseline_4weeks -0.39 -0.32 0.75 37.63 29.92,45.71
Baseline_8weeks 0.61 0.49 0.63 31.31 24,39.19
Baseline_Followup 3.61 2.90 0.005 0.23* 0.04, 0.69
RTI (ms)

Baseline_Sham 38.82 0.89 0.37 18.67 8.26, 32.87
Baseline_4weeks 60.82 1.40 0.16 2.67,17.42
Baseline_8weeks 75.82 1.75 0.08 1.05, 10.20
Baseline_Followup 52.06 1.20 0.23 11.67 4.33, 22.90
RVP_hits

Baseline_Sham 3.43 1.00 0.32 15.98 5.88, 30.93
Baseline_4weeks 3.43 1.00 0.32 15.98 5.88, 30.93
Baseline_8weeks 7.43 2.17 0.03 1.64* 0.23,5.13
Baseline_Followup 9.43 2.75 0.007 0.36* 0.02,1.44
RVP (ms)

Baseline_Sham 407.08 5.95 <.001 0,0
Baseline_4weeks 178.59 2.61 0.01 0.11, 1.43
Baseline_8weeks -10.77 -0.01 0.99 49.55 40.25, 58.88
Baseline_Followup 61.47 0.90 0.37 18.57 12.10, 26.26

Note.* denotes a point estimate of abnormality <10%, red indicates an improvement and
blue a decline in performance.
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Table B7
Pairedt-test Fesults forthe Discrepancy between Observed and Predicted CANTAB Retest
Scores for Participant Q7

Cognitive Test Discrepancy Z p Point estimate  95% CI

of abnormality

(%)
PAL
Baseline_Sham 15.21 2.05 0.04 0.80, 4.33
Baseline_4weeks 5.21 0.70 0.48 24.17 17.74, 31.35
Baseline_8weeks 3.21 0.43 0.67 33.28 26.11, 40.93
Baseline_Followup -5.79 -0.78 0.44 21.81 15.65, 28.80
SWM_S
Baseline_Sham -4.35 -0.97 0.33 16.65 11.21, 23.05
Baseline_4weeks -1.35 -0.30 0.76 38.17 30.74, 45.93
Baseline_8weeks -4.35 -0.97 0.33 16.65 11.21, 23.05
Baseline_Followup 1.65 0.37 0.71 35.65 28.34, 43.36
SWME
Baseline_Sham -15.67 -1.45 0.15 7.54* 4.11,12.12
Baseline_4weeks -4.67 -0.43 0.67 33.36 26.11,41.11
Baseline_8weeks 7.33 0.68 0.50 24.98 18.41, 32.30
Baseline_Followup -1.67 -0.15 0.88 43.89 36.15,51.81
DMS
Baseline_Sham -0.51 -0.19 0.85 42.51 34.56, 50.69
Baseline_4weeks -0.51 -0.19 0.85 42.51 34.56, 50.69
Baseline_8weeks 1.16 0.43 0.67 33.54 26.06, 41.55
Baseline_Followup 1.16 0.43 0.67 33.54 26.06, 41.55
SSP
Baseline_Sham 0.20 0.14 0.89 44.49 34.14, 55.13
Baseline_4weeks 0.20 0.14 0.89 44.49 34.14, 55.13
Baseline_8weeks -0.80 -0.55 0.59 29.33 20.37, 39.34
Baseline_Followup -0.80 -0.55 0.59 29.33 20.37,39.34
OTS
Baseline_Sham -3.19 -2.54 0.01 0.10, 1.88
Baseline_4weeks 0.81 0.64 0.52 26.08 15.60, 38.51
Baseline_8weeks -1.19 -0.95 0.34 17.21 9.07, 27.75
Baseline_Followup 3.81 3.03 0.003 0.15* 0.01, 0.58
RTI (ms)
Baseline_Sham -17.8 -0.42 0.68 33.84 25.76, 42.51
Baseline_4weeks 11.83 0.28 0.78 39.08 30.65, 47.92
Baseline_8weeks -5.48 -0.13 0.90 44.89 36.19, 53.78
Baseline_Followup -19.81 -0.47 0.64 32.14 24.19, 40.73
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RVP_hits

Baseline_Sham 3.41 1.02 0.31 15.52 9.91, 22.32
Baseline_4weeks 1.41 0.42 0.67 33.73 25.77,42.27
Baseline_8weeks 3.41 1.02 0.31 15.52 9.91, 22.32
Baseline_Followup 4.41 1.32 0.19 9.52* 5.34, 14.98
RVP (ms)

Baseline_Sham -67.91 -0.99 0.33 16.27 9.35, 25.00
Baseline_4weeks -57.99 -0.84 0.40 20.03 12.19,29.56
Baseline_8weeks 20.78 0.30 0.76 38.15 27.46, 49.56
Baseline_Followup 23.50 0.34 0.73 36.65 26.12, 48.00

Note.* denotes a point estimate of abnormality <10%, red indicates an improvement and
blue a decline in performance.

Table B8
Pairedt-test FResults forthe Discrepancy between Observed and Predicted CANTAB Retest
Scoredor Participant 08

Cognitive Test Discrepancy z p Point estimate  95% CI

of abnormality

(%)
PAL
Baseline_Sham 8.24 1.11 0.27 13.45 8.50, 19.50
Baseline_4weeks -2.76 -0.37 0.71 35.50 27.96, 43.47
Baseline_8weeks 8.24 1.11 0.27 13.45 8.50, 19.50
Baseline_Followup 6.24 0.84 0.40 20.10 14.01, 27.11
SWM_S
Baseline_Sham 3.37 0.75 0.45 22.66 16.32, 29.81
Baseline_4weeks 1.37 0.31 0.76 38.02 30.48, 45.90
Baseline_8weeks 2.37 0.53 0.60 29.88 22.85,37.5
Baseline_Followup 0.37 0.08 0.93 46.73 38.89, 54.67
SWME
Baseline_Sham 10.67 0.98 0.33 16.44 9.81, 24.68
Baseline_4weeks 14.67 1.35 0.18 4.55, 15.17
Baseline_8weeks 8.67 0.80 0.43 21.36 13.65, 30.50
Baseline_Followup -2.33 -0.21 0.83 41.52 31.26, 52.23
DMS
Baseline_Sham 3.00 1.10 0.27 13.61 8.22,20.34
Baseline_4weeks 1.33 0.49 0.63 31.27 23.10, 40.19
Baseline_8weeks 1.33 0.49 0.63 31.27 23.10, 40.19
Baseline_Followup -0.32 -0.12 0.91 45.33 36.23, 54.62
SSP
Baseline_Sham -0.82 -0.68 0.51 25.03 18.52, 32.27
Baseline_4weeks -0.82 -0.68 0.51 25.03 18.52, 32.27
Baseline_8weeks -1.82 -1.51 0.14 3.64,11.15
Baseline_Followup -0.82 -0.68 0.51 25.03 18.52, 32.27
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OTS

Baseline_Sham 0.07 0.05 0.96 47.81 39.89, 55.80
Baseline_4weeks -0.93 -0.75 0.46 22.75 16.37, 29.96
Baseline_8weeks 2.07 1.67 0.10 4.95* 2.38, 8.64
Baseline_Followup 1.07 0.86 0.39 19.59 13.62, 26.49
RTI (ms)

Baseline_Sham -7.70 -0.18 0.86 42.85 34, 51.97
Baseline_4weeks -1.90 -0.05 0.96 48.23 39.19, 57.33
Baseline_8weeks -45.57 -1.07 0.29 14.36 8.85, 21.16
Baseline_Followup -36.87 -0.87 0.39 19.44 12.93, 27.10
RVP_hits

Baseline_Sham 1.30 0.39 0.70 34.97 23.76, 47.26
Baseline_4weeks -0.70 -0.21 0.84 41.81 29.85, 54.37
Baseline_8weeks 2.30 0.68 0.49 24.76 15.29, 35.97
Baseline_Followup 2.30 0.68 0.49 24.76 15.29, 35.97
RVP (ms)

Baseline_Sham -39.90 -0.58 0.57 28.27 16.65, 41.95
Baseline_4weeks -44.86 -0.65 0.52 25.91 14.84, 39.22
Baseline_8weeks -67.88 -0.98 0.33 16.45 8.15, 27.50
Baseline_Followup -59.32 -0.86 0.39 19.66 10.31, 31.64

Note.* denotes a point estimate of abnormality <10%, red indicates an improvement and
blue a decline in performance.
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Appendix C

Behavioural Resultsfor those participants who showed a CVSelated effect within the
n-back Taskfrom Chapter 4.

Participant 01

Accuracy.The analysis revealed significant main effects of Stimulafgh,[784)= 18.96,
p<.001,/p2= 02] and Load F(3, 784)= 32.06)p<.001, A-= .11], but not SessiarBince a
significant threeway interaction was absent analyses investigated anyayadnteractions
involving the Stimulation variable.

The Stimulation xLoadinteractionwas significantlf(3, 784)= 4.92p<.05, /,-= .02
and posthoc mmparisons first examined whether any differer@temerged between the
Stimulation conditions. In line with the hypothesis, accuracy was significantly improved
during the active CVS recordings-k2ckM=0.95; 3backM= 0.79) relative to the prf€VS
recadings (2backM= 0.75; 3backM= 0.66) for the higheolads (2-backt(198)=-4.11,
p<.001; 3backt(198)=-2.07,p<.05). No significant differences were observeter the 0 or
1-back(all ps>.16).Load effects were also explored within each Stimulatmmdition.
During the preCVS recordings the anticipated decrement in accuracy was observed as Load
demands increased between tHga@k (M= 1.0), and the 2NI= 0.75) and dack (M= 0.66)
respectively; as well as between thbdck (M= 0.93) with the 2 an8-back respectively.
The largest discrepancy occurred betwinen0 and dack load levelst(198)= 7.14,
p<.001]. Loads 2 and 3, and loads 0 ardidLnot differ from each otheall ps>.21). During
the active CVS recordings accuracy appeared to havbedatable ceiling levels on the 0
(M=0.98), 1 M= 0.99) and back (M= 0.95), such that accuracy was only significantly
decreased for theBack load = 0.79).The 3back differed from all other load%)is
decrease was greatest between the 3 draikllevels,t(197)= 4.72p<.001.These results
suggest that performance on the high&aok loads was improved after active C\R®
other significant main effects or interactions were presenpgalll2).

Participant 02

Reaction time Significant maireffects of Stimulationf(1, 301)= 6.12p<.05, fp=
02] and Load F(2, 301)= 18.62p<.001, /3p2= 11] emerged from the 2 x 2 x 3 ANOVA{0
back analysed separately). The main effect of Session and theviyeeteraction were
both absent. However,rge asignificantStimulation x Load interaction wasesen{F(2,
301)= 3.49p<.05, hp-= 02] further posthoc tests were completed.

Comparisons first examined whetli®fsdiffered between the Stimulation conditions
under each Loadn line with the hypothesis, responsgsthe 3backwere shorteduring
active CVS(M= 668ns) relative to the prCVS recordinggM= 822msg), [t(47)= 3.26,
p<.001], no effects of Stimulation were present within the 1 aihdék loads (alps>.42).
Posthoc tests theexamined the effects of Loadthin each Stimulation conditiomuring
the preCVSrecordings RTs were shest during the -back(M= 725ms) Load, which was
performed significantly more quickly than thébdck LoadM= 822ms)[t(133)=-4.02,
p<.001],no other comparisons reached significancep&t. 07). RTs within the aste CVS
recordings tended to lengthesith increasing Loadbut then decreased again at tHea8k
(M= 668ns) which was rgponded to at a similar speedlas :back M= 705ms) (= .9)).

All other comparisons were significant (pHi<.00), with the largest discrepancy occurring
betweerthe 2(M= 862ns) and 3back LoadgfM= 668ns) [t(61)= 5.15p<.001]. These
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effects suggest that responses were shorter during the active CVS recordings-fuacke 3
Load. However, it remains unclear whether this effect reflects an improvement in
performance, or participant resorting to a guessing strategy given thed@coesponses did
not show the same trerido other significant main effects or interactions were present (all
ps>.09.

Participant 03

Accuracy.Significant main effects of Stimulatio(1, 784)= 5.49p<.05, /2= 01],
Load [F(3, 784)= 152.36p<.001, /3p2= 37] and SessiorH(1, 784)= 23.11p<.001, /3p>= 03]
were all revealedSince a threavay interaction was absent, analyses examined anyayo
interactions involving the Stimulation variable.

Accuracyresponses weliafluenced by a significant Stimulation x Load interaction
[F(3, 784)= 5p<.05, A= 02] and posthoc mmparisons first examined whether any
differences were present between the Stimulation condiioder each #back Load.
Contrary to the hypothesigerformance on the-Back conditiorwas improved duringhe
pre-CVS recordingsNi= 0.56) relative to theactive CVS recordingd= 0.38),t(198)=
2.58,p<.001. No other differences were present between the Stimulation conditions (all other
ps>.46. Posthoc tests also examined differences between-tech loads within each
Stimulation condition. During the pit@VS recordings all #back loads were performed with
similarly high levels of accuracy (gik>.16, except the dback M= 0.56) condition which
was performed less accurgtéall ps<.001).The largest discrepanogcurred betweethe 3
(M= 0.5 and0-back where performance was at ceilifng<£ 1.00) t(198)= 8.820p<.001
During the active CVS recordings the number of correct responses fo(Nke®88 and 3
back M= 0.38 loads was significantly different from all other loads psk.02), with the
strongest effects relating to the performance drop ddhne@back loadelative to the 0 and
1 back loadsNi= 1.00 (botht(198)= 12.71p<.001) These results suggest that performance
on the 3back Load was performed less accurately relative to the other loads across the study
and did not appedo improve in response to CVRo other significant main effects or
interactions were prese(dll ps>.39).

Reaction time Significant main effec of Stimulation[F(1, 637)= 28.58p<.001, /15>
= .04] and Load F(3, 637)= 75.04p<.001, /.= 26] were observed. Since the main effect of
Session and the threeay interaction were both absent, analyses therefore examined any
two-way interactions involving the Stimulation variable.

Response times showed a significant Stimulation x Load interd&({8n637)=
19.14,p<.001, /2= 08]. Posthoc analysefrst explored whether there were any differences
between the Stimulation conditioaseach rback Load RTs differed between the
Stimulation conditions across all loads except th@a€k(p=.89). During the 1 and-®ack
conditionsRTs wereshorterduring the active CVS recordings-hckM= 553ns; 3back
M= 697ms) relative to the pr€VS recordings ((backM= 712ms, 3backM= 1049ns), the
effect was greatest at theback load1-backt(194)= 5.24p<.001; 3-backt(83)= 5.36,
p<.001) Conversely during the-Back conditionRTs werdongerduring the active CVS
recordings M= 911Ims) relative to the pr€VS recordingsNI= 824ms), t(170)=-1.84,
p<.05 Comparisons next explored whether affects ofLoad were presentithin each
Stimulation conditionDuring the preCVS recordings, RTs differed across aback loads
(all ps<.0)), and were significantlijongeras load increased. The largest discrepancy
occurred between the M€ 55Ims) and 3back M= 1049ns) loadsf(146)=-13.82,p<.001.
Duringthe active CVS recordind®Tswere similar between the 0 anéback loadsg= 1.00)
but all other loads differed from one another ak.013) Here, the largest discrepancy
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occurredbetween the OM= 546.04ms) and-Pack (M= 91Ims) loaddt(182)=-11.22,

p<.00], where RTs were shortest and longest respectiiRalg were changed across the

study sessions but these fluctuations did not show a consistent decrease in response speed
duringCVS. No othersignificant main effects or interactions were presentpéail21)

Participant 06

Reaction timeThe analysis revealed significant main effects of Stimulatgh, [
675)= 30.72p<.001, /3p>= 04], Load[F(3, 675)= 72.36p<.001, /1p2= 24] and SessiofF(1,
675)= 31.57p<.001, /5p:= 05]. A threeway interaction was also obsernéd1, 675)= 6.63,
p<.001, Ap-= 03] and trther posthoc comparisons were therefore completeftiow-up
Stimulation x Session effects within edobad

A Stimulationx Sesion interaction was present withiime 2 F(1, 174)= 9.09p<.05,
hp=0.09 and 3back loads(1, 163)= 8.01p<.05, /== .05] only (all otherps>.36).
Comparisons between the Stimulation conditions showed that RTs were signifstenmtir
after four weeks CVA\= 746ms) relative to the baselind£ 936ms) under the-Back
[t(74)= 4.99p<.00]], but not the Zback Load |p=.51).Conversely, RTs on thelzack were
shorterafter eight weeks CV3= 660ms) relative to the sham recording<£ 792ms)

[t(87)= 3.77 p<.001], but remained stable under thba&&k ©=.07).Posthoc tests examining
the effects of Session revealed that RTs remained stable between the baseline and sham
recording on the-back p=.91), but were unexpectedly decreased withen3back between
the two preCVS sessions (baselifd= 936ms; shanvi= 772ms){(75)= 4.25p<.001. RTs
were then reduced between the recordings taken afte\Miz@®1(/ms) and eight weeks CVS
(M= 660ms) on the-Back[t(87)= 4.76 p<.001] but remainedtable under the-Back
(p=.32).Within both the 2 and-Back loads, RTs wehorterduring one of the active CVS
sessions relative to one of the {@¥S sessions. However, the effectthe 3back appeared

to onseduring sham stimulation, indicating titais facilitationwas notdriven by CVS

alone. No other significant main effects or interactions were preseps¥alll)

Participant 08

Reaction timeThe analysis revealed significant main effects of Stimulat@h, [
664)= 88.93p<.001, /1p>= .12] and Load F(3, 664)= 17.48p<.001, /== .07], but not Session.
Since a Stimulation x Session x Load interaction was absent from the analysigywo
interactions involving the Stimulation variable were explored.

RTswere influenced by a significant 8tulation x Session interactigf(1, 664)=
17.40,p<.001, /3p>= .03]. Posthoc testdirst examined whether any differences were present
between the Stimulation conditions (within each Session). In line with the hypothesis, RTs
were significantlyshorterduring the recording taken after four weeks CW&-@37ms)
relative to the baselind/l= 492ms),t(339)= 3.47p<.001. Similarly, RTs were alshorter
after eight weeks CV3= 377ms), relative to the sham recordind< 520ms),t(337)=
10.39,p<.001 Posthoc tests betweeressionslsorevealed that RTs had remained stable
between the baseline and sham recordfpg$5),but were decreased beten the
recordings taken after fogM= 437ms) and eighivi= 377/ms) weeks of CVSwvhere they
wereshortestt(349)= 4.49,p<.001.Responsewere shorteduring the active CVS
recordings across both sessions, consistent with&iGduced facilitation of RT$o other
significant effects or interactions were pred@titps<.08)
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ERP plotsfor those participants whofailed to showa CVS-related effect within the n-

back Task from Chapter 4.
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Figure C.1.Grand average ERPs at stimulus onset for correctly answered tdrgek trials,
across for the three EEG recordings, at the Pz eledmqaieticipant 05.
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