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Abstract

Spatial neglect is a common disorder following lstsacharacterised by a failure to
acknowledge stimuli in contralesional space. Ongaphysiological model to explain
neglect is based on an imbalance of interhemispidribition (IHI); however, evidence is
emerging that the IHI imbalance model may not erpheglect in all cases. The aim of this
study was to investigate the IHI imbalance modeaieaglect in healthy adults, using paired-
pulse transcranial magnetic stimulation (TMS) tolja excitability of projections from the

posterior parietal cortex (PPC) to the contraldgeranary motor cortex (M1) bilaterally.

Motor-evoked potentials (MEPS) were recorded fromfirst dorsal interossei muscle of
each hand. The excitability of the PPC to M1 priigets was determined by MEP
facilitation, determined as a ratio of conditiontechon-conditioned MEP amplitude. A
laterality index (LI) reflecting the balance of &ability between the two hemispheres was
then calculated. A temporal order judgement taskalandmark task assessed visual
attention. To evoke a visual neglect-like respandeealthy adults, continuous theta-burst
stimulation was used to transiently suppress ipgieetal cortex activity. The effect on
laterality and visual tasks was assessed, alorigaggociations between baseline and post-

stimulation measures.

Stimulation had conflicting results on the LI, witlost participants demonstrating a non-
significant effect in the negative direction, with decrement in the temporal order
judgement or landmark task. The negative shiftlineflected a small rightward shift in
hemispheric balance. Correlation analysis suggestttbng association between laterality

direction and degree of facilitation of left PPQright M1 following stimulation (r = 0.902).

The findings indicate that there was relative bed¢ebetween the cortices at baseline, but that

right PPC suppression did not evoke left PPC fatiin in most participants, contrary to
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predictions of the IHI imbalance model. The degEleft M1 facilitation prior to stimulation
may predict an individual's response to continutieta-burst stimulation of right PPC.

(Killington, Barr, Loetscher, & Bradnam, 2016)



Introduction

Brain anatomy for visual attention
The traditional view is that visual attention iswtwlled by two anatomically and functionally

distinct neural networks: the dorsal attentionawaeek and the ventral attentional network
(Vossel, Geng, & Fink, 2014). The dorsal attentiorework is a bilateral fronto-parietal
network, centred on the posterior parietal corlR¢) and frontal eye field (Figure 1). The
PPC is located posterior to the pre-central sudausanterior to the parieto-occipital sulcus,
and is divided into the superior and inferior peaii¢dobe by the intraparietal sulcus (Sack,
2009). The dorsal attentional network has beenritestas a top-down driven system,
responsible for directing attention towards extrapeal space and identifying visual stimuli
in contralateral space (Corbetta, Kincade, Lewig/der, & Sapir, 2005; He et al., 2007;
Lunven & Bartolomeo, 2016). In basic functionahtet the dorsal attentional network is
referred to as the “where” visual processing streasnt spatially codes the location of a
stimulus (Sack, 2009). In contrast, the ventraratbnal network is lateralised to the right
hemisphere and comprises the ventral frontal catektempo-parietal junction (Figure 1). It
is described as a bottom-up network, responsilslddtecting salient unexpected visual
stimuli in either hemifield (He et al., 2007; Lumv& Bartolomeo, 2016). Functionally, the
ventral processing stream is referred to as theatimhisual processing stream, as it is

responsible for object identification (Sack, 2009).



Figure 1. Schematic representation of the componesnbf the dorsal and ventral

attention networks has been removed due to copyrighestrictions.

Whilst both the ventral and dorsal attentional reeks function separately, they also interact
by exerting suppressive influences over each atherder to direct visual attention. During a
top-down driven visual search, lesion studies demonstrated that activity in ventral areas
such as the tempo-parietal junction are supprdsgatputs from the frontal eye field and
activity in the intraparietal sulcus of the doratientional network. Conversely, in response
to detection of unexpected stimuli, the tempo-pgarignction of the ventral attentional
network acts as a circuit breaker, inhibiting atyiof the dorsal attentional network to direct

attention towards the salient stimuli (Sack, 2009).

Alternative theories regarding the function of tiv® networks have also been described.
One popular theory developed by Goodale and M#nggests that the difference between
the dorsal and ventral networks is not relatedhéinput they receive, but how the
information is used. This theory distinguishesttlie networks into a ventral “vision for
perception” stream and a dorsal “vision for actistream (Goodale & Milner, 1992; Sack,

2009). It proposes that the dorsal attentional ogtvacts as a sensorimotor interface for



visually guided movements, such as guided reaclgeasp of an object, whilst the ventral
attentional network is involved primarily in per¢em of space (Goodale & Milner, 1992;
Jackson & Husain, 2006). Brain lesion studies hgaréially supported this theory, with
patients suffering lesions in the superior parikthé of the PPC experiencing impairments in
visuomotor control. However, studies investigating role of the inferior parietal lobe of the
PPC do not support this theory. Patients with lesivere demonstrate difficulty detecting
salient stimuli and control of sustained visuatation. This difference in function between
the superior and inferior parietal lobes suggdstsstiperior parietal lobe is a dorsal-to-dorsal
stream, involved in the control of actions. In ¢ast, the inferior parietal lobe is a ventral-to-
dorsal stream, involved with higher-level perceptod space and understanding of actions

(Sack, 2009).

In basic functional terms, the PPC is activatedhéigrogeneous stimuli and tasks; however,
it is considered to have a number of other funetisales in various higher-level cognitive
and perceptual processes. Brain lesion studiesestigite PPC is made up of multiple spatial
representations, each linked with a different actioregion of space. The PPC plays a
crucial role in spatial cognition, which refersthe ability to process, analyse and integrate
multisensory information (Colby & Goldberg, 1998)is a crucial element of numerous
higher-level cognitive abilities, such as spatiaotation, object recognition, abstract

reasoning and memory, and is essential for interaetith the environment (Sack, 2009).

The dorsal and ventral attentional networks araneoted by white matter tracks called the
superior longitudinal fasciculi (SLF). There arecth branches of the SLF: SLF1, 2 and 3
(Figure 2). SLF1 is the most dorsal branch, ptajgdrom the percuneus to the anterior

cingulate gyri, and connects brain regions withia dorsal attentional network. The



intermediate branch, SLF2, projects from the aatentraparietal sulcus to the superior and
middle frontal gyrus, and connects frontal regiohthe dorsal attentional network with
parietal regions of the ventral attention netwdike ventral branch, SLF 3, projects from the
tempo-parietal junction to the inferior frontal ggr and connects brain regions in the ventral

attention network (Lunven & Bartolomeo, 2016).

Figure 2. Diagram representing the superior longitdinal fasciculi 1, 2 and 3 has been

removed due to copyright restrictions.

Transcranial magnetic stimulation

Transcranial magnetic stimuli (TMS) is a form ohravasive brain stimulation (NBS) used
to deliver magnetic stimuli to the brain througk #talp. It can be used to investigate normal
brain anatomy and function of different systemsghsas the visual attention networks, and
can investigate the pathophysiology and functiamglact of a brain lesion or disease. TMS
was developed in 1985, following initial experimethat used transcranial electrical
stimulation (TES) to stimulate neurons in the pmyn@aotor cortex (M1) by placing two
electrodes on the scalp connected to a high cgpamiidenser (Merton & Morton, 1980). A
visible twitch in the corresponding muscle was obseé upon M1 stimulation, and

electromyogram (EMG) electrodes were used to ret@@mplitude of muscle contraction



(Merton & Morton, 1980). While TES was able to stiate neurons in the motor cortex, it
was very uncomfortable as it caused simultaneonsaction of scalp muscles. In contrast,
TMS was considered a safe and relatively comfoetédyim of NBS, and it therefore
superseded the use of TES by human neurophysitddgiomijai, Katz, & Lackmy-Vallée,

2015).

There are a number of different coil orientationd aizes used to deliver TMS, including
figure-of-eight coils, circular coils and doublersocoils. The figure-of-eight coil provides
the most focal stimulation at the point where thie toils meet. The circular coil provides a
more widespread superficial stimulation, whilst tleeible-cone coil is used for stimulating
deeper cortical structures such as lower limb contiotor neurons (Klomjai et al., 2015).
During stimulation, a high-current pulse is evoksdhe coil, producing a magnetic field that
travels perpendicularly to the coil and penetrétesscalp and skull to reach brain tissue. As
the magnetic current changes rapidly, circulartatead currents (eddy currents) travelling
perpendicularly to the magnetic current are induondtfie brain. The electrical currents
depolarise nerve axons, transynaptically activatmgicomotor neurons of local cortical
networks (Hallett, 2000; Klomjai et al., 2015; Kghahi & Pascual-Leone, 2003). TMS can
deliver either a monophasic pulse, used commonmnlgifgle-pulse TMS, or a biphasic pulse,
used primarily for repetitive TMS (rTMS) (Klomjat al., 2015). Depending on the direction
of current evoked in the brain, TMS can activateapyidal cells directly at the axon hillock
to evoke a direct wave (D-wave) of descending reatavity, or indirectly through

activating cortical interneurons to cause indingaves (I-waves) (Day et al., 1989; Kernell &
Chien-Ping, 1967; Klomjai et al., 2015; KobayashiP&scual-Leone, 2003). There are three
different types of I-waves (1,2,3) characterisedubyether they occur early, intermediate or
later following stimulation, and they are thoughtépresent activation of interneurons with

increasing distance from the pyramidal cell (Klonaggal., 2015). With increasing intensity
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of TMS, the I3 wave appears to be recruited fidtowed by 12 and then I1 (Klomjai et al.,
2015). In general, fast-conducting axons (> 75 més)ke a lower threshold for D-waves, and
slow-conducting axons (< 55 m/s) have a lower thokesfor I-waves (Kobayashi & Pascual-
Leone, 2003). However, TMS appears to preferdnizaitivate I-waves rather than D-waves
(Kobayashi & Pascual-Leone, 2003). Due to grey enathpedance of the magnetic current,
TMS is only strong enough to stimulate superfistalictures in the cortex. Hence, even at
high intensity, TMS is unable to stimulate sub@attineurons (Klomjai et al., 2015;

Kobayashi & Pascual-Leone, 2003).

Clinical/ research applications of TMS

Single-pulse TMS
Single-pulse TMS can be used to activate cortic@pieurons by stimulating pyramidal

cells and tracks in the motor cortex that projetbaspinal motoneurons (Figure 3) (Klomjai
et al., 2015). The activity in the corticospinadr can be measured by placing EMG surface
electrodes over the muscle belly of correspondingaies and measuring peak-to-peak
amplitude responses, referred to as a motor-evpatzhtial (MEP) (Klomjai et al., 2015;
Kobayashi & Pascual-Leone, 2003). MEP is a measiucerticomotor and spinal excitability
and corticospinal tract integrity (Klomjai et 2015; Kobayashi & Pascual-Leone, 2003).
MEP amplitude can be increased or decreased thribxeghpplication of excitatory or
inhibitory neuronal modulators. Suppression is edusy sodium channel deactivation, which
reduces excitability of I-waves, whilst MEP exadibat occurs through the application of
dopamine agonists (Klomjai et al., 2015). Theselmeisms influence membrane

excitability of the corticomotor cell, renderingnitore or less excitable (or moving it closer or
further away from firing threshold). The alterationcell excitability will be reflected in the

amplitude of the MEP.
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The presence or absence of a MEP after a neuralogient, such as a stroke, provides
valuable information about corticospinal integatyd can help therapists predict the
likelihood of recovery of motor function (Stine&arber, Petoe, Anwar, & Byblow, 2012).
The ability to evoke a MEP in an affected uppelidi2 hours after stroke corresponded with
a notable return in upper limb function. In contréise absence of a MEP corresponded with
limited or no functional recovery of the affectgaper limb (Stinear et al., 2012). TMS can
be used to measure central motor conduction tirheshwis useful in the assessment of
demyelinating diseases, such as multiple sclerosdiseases affecting the neuromuscular
junction, such as motor neurone disease. In theséitoons, central motor conduction time
can assist in diagnosis and also track progreiseeadisease (Kobayashi & Pascual-Leone,

2003).
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Figure 3. Diagrammatic representation of TMS beingapplied over the motor cortex to
stimulate corticospinal neurons and activate the taget muscle has been removed due to

copyright restrictions.

Motor threshold
MEPs can be used to determine resting and actrestiblds of motor neurons, providing a

measure of membrane excitability of corticospir@lnmons and interneurons projecting onto
these neurons, and also spinal motoneuron exditefilobayashi & Pascual-Leone, 2003).
Resting motor threshold (RMT) refers to the minimstimulus intensity that elicits a
0.05mV MEP in four out of eight trials when the gdb keeps their hand muscles relaxed.
Active motor threshold (AMT) refers to the minimwgtimulus intensity that elicits a 0.10mV

MEP in four out of eight trials during contractiohthe selected test muscle (Rossini et al.,
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1994). AMT is less variable and usually lower tf&IMT, as spinal motoneurons are
depolarised by the muscle contraction.

TMS can also be used for functional mapping oficaltregions and measuring long-term
potentiation of the motor cortex. Focal TMS carubed to perform detailed mapping of
muscle representations in motor cortical areas,candalso demonstrate cortical plasticity
resulting from injury or changes in behaviour. \&tion to a cortical map, such as the
expansion of a cortical representation, reductiomotor threshold or increased MEP size at
a given stimulation intensity can all representroplastic changes in the motor cortex

(Hallett, 2000).

Paired-pulse TMS
Paired-pulse TMS provides information about inlukytand excitatory intracortical circuits

in the brain. The technique involves combining latkteshold or suprathreshold conditioning
stimulus with a suprathreshold test stimulus, whidheither excite or inhibit the test
stimulus depending on the intensity of the conditig stimulus and the interstimulus

interval (IS1) chosen (Klomjai et al., 2015; Kobaga& Pascual-Leone, 2003). Paired-pulse
TMS can be delivered to the same cortical hotspiguone coil, or to two separate cortical
regions using a twin-coil approach, to study intéoas between motor and non-motor areas.
It can be used to develop a paired-pulse stimdapanse curve, which has been used to
study psychiatric and neurological disorders sughchizophrenia, Parkinson’s disease and

dystonia (Klomjai et al., 2015).

In the study of visual attention, paired-pulse TNES demonstrated strong cortical-cortical
connections between the PPC and the M1. Thesensegre connected through SLF white

matter fibres, and are thought to be crucial fanping of movements in space and
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integration of visuomotor control (Koch et al., Z00Facilitatory projections between the
right PPC and ipsilateral M1 have been observé8latof 4 and 15 m/s at a conditioning
intensity of 90% RMT. Facilitatory projections beten the left PPC and ipsilateral M1 have
been observed at ISIs of 4 and 6 m/s at a congigantensity of 90% RMT (Koch et al.,
2007). When stimulating this pathway using TMS, ¢baditioning stimulus is first delivered
to the PPC and the test stimulus subsequentlyeatelivto the contralateral M1 4-6 ms later

(Koch et al., 2007).

Paired-pulse TMS can also be used to probe intadpd@ric connectivity and transcallosal
inhibition between the two hemispheres (Kobayask/a&cual-Leone, 2003; Koch et al.,
2011; Koch et al., 2009). Interhemispheric conmtgtof facilitatory and inhibitory
projections between the PPC and contralateral M& baen examined using paired-pulse
TMS, with different effects demonstrated dependinghe location of the PPC test stimulus
(Koch et al., 2009). Stimulation at the anteridraparietal sulcus (alPS) activates an
inhibitory projection, whilst stimulating the caddiatraparietal sulcus (cIPS) activates an
excitatory projection. The facilitatory projectibetween the right PPC and left M1 was
demonstrated at ISIs of 6, 8 and 12 ms and at diboming intensity of 90% RMT. In
contrast, facilitation between the left PPC antitrigl was demonstrated at ISIs of 6 and 12
ms with a conditioning intensity of 110% RMT (Koehal., 2009). The lower threshold
demonstrated in the right hemisphere may be retateidht hemisphere dominance in
visuospatial attention (Koch et al., 2009). A notfeke-coil technique has also been trialled
to measure transcallosal interactions between BtgsPdemonstrating that the right but not
the left PPC exerts strong transcallosal inhibibeer the contralateral PPC (Koch et al.,

2011). Paired-pulse techniques provide valuablermétion about the connectivity of
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intrahemispheric and interhemispheric circuitshaf PPC, which has increased the

understanding of visual attention in both the lsadind stroke-affected brain.

Repetitive TMS (Neuromodulation)
A train of TMS pulses applied to a brain area specific frequency and intensity is referred

to as repetitive TMS (rTMS) (Kobayashi & Pascuabhe, 2003). The train can be applied to
both motor and non-motor areas, and can tempormaoigulate cortical activity depending on
the frequency and intensity used,; this is refetoedls neuromodulation. Although responses
between individuals vary, it is generally accepteat frequencies of 1Hz suppress cortical
excitability whilst higher frequencies (greaterritiaHz) increase cortical excitability (Chen
et al., 1997; Pascual-Leone et al., 1998). Chaimgeasrtical excitability have been
demonstrated for up to 90 min. The duration ofradféects is related to the length of the
rTMS train, with longer trains inducing longer-ligf modulation of cortical excitability
(Klomjai et al., 2015; Kobayashi & Pascual-Leon@02). Although the exact mechanisms
underlying the cortical modulation are unknownsibelieved to occur as a result of long-
term potentiation and long-term depression-like m@tsms (Klomjai et al., 2015; Pascual-
Leone et al., 1998). On a molecular level, rTMPesgrs to modulate neurotransmitters such
as N-methyl-D-aspartate, resulting in long-termeptiaition through reduced threshold of
post-synaptic neurons (Cooke & Bliss, 2006; Klongjaal., 2015; Kobayashi & Pascual-
Leone, 2003). Inhibitory rTMS may result in longrtedepression via increasing the activity
of inhibitory interneurons at the site of stimudetj or through reducing the synaptic
efficiency of stimulated neurons (Huang, Edwardsuits, Bhatia, & Rothwell, 2005; Lee et
al., 2003).

Specific rTMS protocols, such as theta-burst stanoh (TBS), have been developed to
reduce induction time and increase response daraf®S is a patterned form of repetitive

TMS based on the brain’s theta rhythm occurrinthenhippocampus. It consists of bursts of
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high-frequency stimulation, with intensity usuasigt between 80 and 90% of RMT (Huang
et al., 2005). There are different paradigms ohstation which produce different effects,
with intermittent TBS (iTBS) increasing cortical@tability and continuous TBS (cTBS)
supressing cortical excitability (Huang et al., 20Blomjai et al., 2015). Both paradigms use
a TBS pattern in which three pulses of stimulatoa delivered at 50Hz with bursts repeated
every 200m/s. In the iTBS paradigm, 600 pulsesiat@ered using 2-sec trains of TBS,
repeated every 10 sec for a total of 190 sec.drciBS paradigm, 600 pulses are delivered
via a 40-sec uninterrupted train of TBS (Huangle2805; Klomjai et al., 2015). While a
single train of TBS consisting of 600 pulses cadaratortical excitability for up to 60 min,

two spaced trains has been demonstrated to lengftfesats for up to 2 hours post-
stimulation, which has significant implications fdmical applications (Goldsworthy,

Pitcher, Ridding, 2012; Huang et al., 2005). Feeezch purposes, sham rTMS or TBS has
also been developed, and utilises the same pro&soaal rTMS or TBS; however, a sham

coil is used where no current is applied to thenbf@azzoli et al., 2012).

Both rTMS and TBS have been used extensively oketresearch to model and study the
functional and neurophysiological effects of awattlesion on different brain regions. In the
study of visual attention, they have been usedueatly in the healthy brain to transiently
modulate activity in the right or left PPC to inéug visual neglect-like behavioural response
(Bagattini, Mele, Brignani, & Savazzi, 2015; Caaz@Vurtz, Muri, Hess, & Nyffeler, 2009;
Nyffeler et al., 2008; Pascual-Leone et al., 199@)is use of rTMS and TBS has increased
understanding of the brain pathophysiology contiitguto neglect and assisted with
development of novel interventions aimed at addngsbie neurophysiological mechanisms

involved.
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Pathophysiology of stoke
Stroke is a clinically defined syndrome of vasculagin, characterised by a rapid loss of

focal cerebral function, with symptoms lasting lenthan 24 hours or leading to death
(Khaw, 1996; Warlow, 1998). Stroke is classifiecoasg of either ischaemic or
haemorrhagic origin, with the pathophysiology detieed through a combination of clinical
assessment and neuroimaging, using either compartsagraphy or magnetic resonance
imaging (MRI). Ischaemic stroke accounts for apprately 80% of total stroke
presentations, and is either due to a cardio-emsinaticcluding blood flow in an artery, or
small vessel disease occluding smaller subcoridalies, known as a lacunar infarct (Khaw,
1996; Warlow, 1998). Common risk factors for isahaestroke include atrial fibrillation,
hypercholesterolemia and carotid artery stenosaentbrrhagic stroke, also referred to as
intracerebral haemorrhage, accounts for around @08tsoke presentations (Donnan, Fisher,
Macleod, & Davis, 2008). The most common causeg/jpehension, resulting in the
development and rupture of an aneurysm, with thersimost common cause being
haemorrhage into a previous infarct. Other reagamisaemorrhage include intracranial

vascular malformations or cerebral amyloid angibjgst (Donnan et al., 2008).

Stroke epidemiology
Stroke accounts for approximately 9% of deaths dwade, the second-highest behind

ischaemic heart disease, with mortality rates efl®0 per 1,000,000 people per year in
developed countries (Donnan et al., 2008). Thesebean a consistent downward trend in
mortality rates each year, which has been attribtdgemproved identification and
management of risk factors, such as hypertensiabetes and a reduction in smoking rates
(Donnan et al., 2008). The overall incidence aflgtrvaries between populations, ranging
from 240 per 100,000 in France to up to 600 per,d@Din Russia, with the incidence in

western society trending significantly downward (Dan et al., 2008; Warlow, 1998).
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Physical limitations after stroke
The physical limitations and subsequent recoveifyattion after stroke are varied, ranging

from complete recovery within 24 hours of the orefetymptoms, to partial recovery of
function, to limited recovery of function resulting significant disability (Waklow, 1998). It
is estimated that one-third of stroke survivory @i regular assistance to perform activities
of daily living in the community, with significamariation between individuals in the type
and level of assistance required (Warlow, 1998nltderelated costs combined with
equipment and services essential for stroke sursitmlive in the community come at a
considerable cost to society. In Australia alomegstimated $1.3 billion is spent on the
management of stroke annually. Due to the ageipglation, and as mortality rates are
declining faster than incidence rates, these @stset to continue to rise (Donnan et al.,

2008).

Impairments after stroke
Different impairments observed after stroke caerdffunction. Common deficits affecting

the motor system include weakness, altered tongained co-ordination and dexterity,
impaired balance and gait dysfunction. Common dsfaffecting the sensory system include
numbness, impaired light touch or proprioceptiompairment to the vestibular system and
perceptual impairments, including visual field logsglect and visual inattention (Buxbaum
et al., 2004). Common cognitive impairments inclag@mory impairment, delayed or

slowed cognitive processing and impaired executognitive function (Duncan, 1994). The
level of disability experienced after stroke isasated with the type, number and severity of
impairments (Duncan, 1994). Perceptual disorddestafig the visual system, such as spatial
neglect, have a particularly negative impact omvecy of function and are associated with
longer-term dependence and increased level of itltggldi Monaco et al., 2011; Duncan,

1994).
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Spatial neglect overview
Spatial neglect is a severe neurological disorieracterised by a failure to attend and

respond to stimuli in the contralesional side acg The spatial bias co-exists with deficits
in attentional capacity and impaired vigilance (@#ita et al., 2005; Milner & Mcintosh,
2005). Neglect occurs in 25-30% of people followstgke, with more than 90% of
sufferers sustaining damage to the right hemisplfgrpelros, Karlsson, Seiger, & Nydevik,
2002; Pedersen, Jgrgensen, Nakayama, Raaschoge&,@B97). It has been shown to
negatively correlate with functional measures aatiept outcomes, with severe neglect

being a poor prognostic indicator for functionataeery (Di Monaco et al., 2011).

Subtypes of spatial neglect
Neglect can be classified as perceptual, affecttention and perception, or motor, affecting

actions and movement. Perceptual neglect may dffeqterception and response to visual
stimuli in the contralesional hemifield, whilst moneglect may result in directional
hypokinesia, where a person has difficulty moviogards or within contralesional space
(Buxbaum et al., 2004). Studies suggest that nmeglect is associated with damage to the
frontal lobe, whilst perceptual neglect arisesdwiihg lesion in the parietal lobe (Bisiach,
Ricci, Lualdi, & Colombo, 1998; Buxbaum et al., 20@Ghacibeh, Shenker, Winter, Triggs,
& Heilman, 2007). Neglect is further classifiedardither personal (affecting a person’s body
awareness), peripersonal (affecting close spadenairm’s reach) or extrapersonal
(affecting space further than arm’s reach awayxum et al., 2004). People may present
with one or more subtypes of neglect, with gredisability more common after right than
left hemisphere lesions. Not all deficits from resg) however, are lateralised, and neglect
can often affect visual attention in both hemifee(@uxbaum et al., 2004). Anosognosia, a
lack of awareness of a visual deficit, is also nmemon following right hemisphere stroke.

It has been reported in up to 70% of patients wéblect, but generally resolves
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spontaneously after a short time (Gialanella, Mazgusantoro, & Rocchi, 2005). The
presence of anogsognosia in patients with negkescbleen shown to be a negative prognostic
indicator, resulting in prolonged hospital admissiless functional recovery and a reduced
chance of returning to independent community liiBgxbaum et al., 2004; Gialanella et al.,
2005). Visual extinction is another impairment &fual attention, commonly occurring
following damage to the PPC. It refers to a failtwreespond to a visual stimulus in the
contralesional hemifield, when a simultaneous slusiis presented in the ipsilesional
hemifield. Although visual extinction is a distir@enomenon, it is caused by an ipsilesional
shift in visual bias and reduced visual represeriah contralesional space, which is similar

to the behavioural change observed in visual ne¢@overi et al., 1999).

Anatomy and pathophysiology of spatial neglect
Neglect is most common following lesion to the teagarietal junction, ventral frontal

cortex, inferior parietal lobule, superior temparattex or subcortical nuclei (Corbetta et al.,
2005). Brain lesion anatomy shows that neglechafésults from structural damage to the
ventral attentional network, whilst the dorsal atienal network is commonly spared.
Although structurally undamaged, the dorsal atterati network demonstrates a breakdown
in functional connectivity following damage to thentral attentional network. This results in
widespread dysfunction to fronto-parietal netwaskboth dorsal and ventral attentional
networks in patients with neglect (Corbetta et2005). Imaging studies have demonstrated
this altered activation pattern in the dorsal diteral network in acute neglect patients
(Corbetta et al., 2005). During a cued visual tasitients showed weak or no task-related
activity in the superior parietal lobe and intraptai sulcus of the PPC of the affected right
hemisphere, despite these regions being structunaict. In contrast, there was increased
activation of the posterior parietal and sensoryesoin the left hemisphere (Corbetta et al.,

2005). In chronic stroke, imaging revealed reatiivaof activity of the right PPC and
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reduction in activity of the left PPC. This subsexqurecovery of normal activation in the
PPC and restoration of function to fronto-parieietiworks results in a resolution of the

attentional deficits observed in patients with eeg(Corbetta et al., 2005).

Hemispheric rivalry model of neglect
The hemispheric rivalry model (also known as theitkbalance model) is one theory of

neglect that proposes that visual perception atainal representation are controlled by
reciprocally interactive, inhibitory, opponent pessors between the two hemispheres
(Kinsbourne, 1976). Both the right and left hemis@s direct attention to the contralateral
visual field, with the interaction between the temposing processors determining the
direction of visual attention along a lateral la§ht axis (Kinsbourne, 1976, 1993, 1994).
Attention is shifted along the lateral plane inradyated fashion, with the gradient of
attention moving leftward under right brain infleenand rightward under left brain influence
(Kinsbourne, 1976, 1994). Lateral shifts in attentcan occur across all sensory modalities,
such as somatosensory, imagery, memory, and visieommantrol (Kinsbourne, 1994).
Kinsbourne proposed that the opponent processongeber the two hemispheres were likely
transmitted through brainstem centres; howeverpgemecent study has suggested that the
interhemispheric connectivity is transmitted thrbdlye posterior portion of the corpus
callosum (Koch et al., 2011). A lesion to one hgrhese causes an imbalance in opponent
processors, resulting in dis-inhibition and ovecigability in the undamaged hemisphere.
This causes bias of visual attention towards tmeifield controlled by the unlesioned

hemisphere, referred to as hemispatial visual ce@ensbourne, 1976, 1993).

Kinsbourne’s theory also explained the increasedience of left compared to right neglect,

by proposing that humans had a greater rightwaeshting tendency. However, the theory of
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rightward orienting bias has since been disprovate recent studies demonstrated that
humans actually have a leftward visual bias, ougeeneglect, due to the lateralisation of
visuospatial function in the right hemisphere (h&ten et al., 2011). Brain activation
patterns shown by imaging studies strongly suplptetalisation of visuospatial function,
and correlations have been demonstrated betwedaténalisation of integrity of SLF2 fibres
in the right hemisphere with leftward visual biashealthy individuals (Corbetta et al., 2005;
De Schotten et al., 2011; He et al., 2007). A aurexplanation for the greater incidence of
left neglect after stroke is that the right hemesjghhas a global role, directing visual
attention towards both hemifields, while the leftfisphere only directs attention to the
contralateral hemifield. The right PPC can compenga a left hemisphere lesion; however,

the left PPC is unable to compensate for a lesighe right hemisphere (Muri et al., 2002).

Imaging studies in stroke patients with neglectehmvestigated the IHI imbalance model.
One study supporting the model used functional MRRI) to analyse activation patterns of
neglect patients during a visuospatial task, compatifferences between the acute and
chronic phases after stroke (Corbetta et al., 200% authors found that in the acute phase,
participants demonstrated increased excitabilitthefleft PPC, which correlated with
deficits in visuospatial attention. In the chropltase, they found the imbalance had resolved,
correlating with improvement in visuospatial attent These findings appear to support an
IHI imbalance model for hemispatial neglect; howetee study was undertaken in patients
approximately 4 weeks after their stroke. The clearapserved in cortical activation may
therefore not directly relate to a release of hphesic inhibition and could be due to cortical
re-organisation occurring over time. A more redeat also used fMRI to determine if acute
stroke patients with neglect (average 53 hours gtoske) demonstrated hyper-activation of

the left PPC, as observed previously in subacudechronic neglect patients (Umarova et al.,
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2011). The authors compared imaging data betwegnpafollowing right hemisphere
stroke who had neglect or visual extinction wittigrats without neglect and with healthy
controls. Interestingly, they found a hyper-actimatof the left parietal lobe in all patients,
regardless of whether they experienced neglect (Owvazet al., 2011). Instead, dysfunction
in the right parietal and lateral occipital cortgas better associated with neglect than left
parietal activity, which would oppose the IHI imhate model. The authors suggested that
left parietal hyper-excitability was a consequeatsevere structural damage to the right

hemisphere, but did not cause the attentional ilefidmarova et al., 2011).

TMS investigatations of the IHI imbalance model
A number of interventional studies in subacute emanic stroke patients have supported the

IHI imbalance model. Trials have used either rTMS$TDBS to suppress the “over-
excitability” of the left PPC after right hemispledesion and demonstrated significant
improvements in behavioural measures of visualewdBrighina et al., 2003; Cazzoli et al.,
2012; Koch et al., 2008; Koch, Veniero, & Caltagiep2013). One of these trials aimed to
directly measure the hyper-excitability of the IBRC in subacute stroke patients with
neglect following a right hemisphere lesion (Kotlale, 2008). They used paired-pulse TMS
to measure cortical excitability of parieto-motancaits in the left hemisphere following
stoke, and demonstrated increased excitabilitgfofAPC to M1 projections in subjects
experiencing neglect associated with a right palriesion (Koch et al., 2008). This study
also demonstrated correlation between the degrpatbblogical over-excitability and the
number of left-sided omissions on the line cangelteand letter cancellation tests, where
more severe neglect was associated with greatéabiity of left PPC to M1 projections.
Participants experiencing neglect also subsequenthgrwent 1 Hz rTMS applied to the left

PPC at an intensity of 90% RMT, which normalise@R®& M1 hyper-excitability in 7 out of
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10 participants, and improved visual neglect asssl by a visual chimeric test (Koch et al.,
2008).

While TMS has been used to study neglect in sukaamud chronic stoke, there are a number
of barriers preventing safe and effective use ofSTik acute stroke. When considering rTMS
or TBS neuromodulation to redress left hemisphesz-excitability in acute stoke, there are
contraindications related to risk of seizure. Themealso barriers to using paired-pulse
protocols of PPC—-ML1 circuits in patients with negllé-irst, there are logistical barriers
because these techniques can take 1-2 hours tactofrd/estigation of networks in the right
hemisphere is also difficult, as many patients wWadt have a MEP present in their right
ML1. In order to study IHI imbalance in acute stralsing TMS, a stroke model has been used
in healthy subjects, where activity of the rightPB suppressed using low frequency rTMS
or cTBS. This induces transient visual neglect-bledaviour which is subsequently resolved
following suppression of the left PPC (Bagattinakt 2015; Cazzoli et al., 2009; Nyffeler et
al., 2008; Pascual-Leone et al., 1994; Petitet,fdapBridge, O’'Reilly, & O’Shea, 2015).
Despite variability reported in the response tadagimulation protocols to modulate
excitability of M1, the majority of trials usinguofrequency rTMS or cTBS to induce a
virtual lesion to the PPC in healthy people havestiently demonstrated behavioural
change in visual bias as expected (Bagattini eR@l5; Cazzoli et al., 2009; Fitzgerald,
Fountain, & Daskalakis, 2006; Nyffeler et al., 20B&titet et al., 2015). These earlier trials
provided support for the IHI imbalance model; hoem¥wo recent studies conducted in
healthy adults have suggested this model may rmméaexvisual neglect in all cases of stroke
(Bagattini et al., 2015; Ricci et al., 2012). Batilals demonstrated reduced excitability
bilaterally in the brain following suppression betright PPC (Bagattini et al., 2015; Ricci et
al., 2012). One of these trials used an onlinegiesvhereby single-pulse TMS was applied

to either the vertex or right PPC at 115% RMT witplgrticipants performed a line bisection
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task. Changes in BOLD signal were measured usiriglfMith results demonstrating
bilateral suppression of the inferior parietal IEb(IPL) that was associated with neglect-like
bias, induced by the single-pulse TMS to the rijRC (Ricci et al., 2012). The other trial
used an offline design, whereby they applied 1M$Tor 30 min (1800 pulses) to suppress
the right PPC at stimulation intensity of 90% RMhey measured cortical excitability with
electroencephalogram (EEG) electrodes placed oscie and demonstrated bilateral
reduction in PPC excitability following suppressiainthe right PPC (Bagattini et al., 2015).
Bilateral PPC suppression opposes the IHI imbalamagel, which would dictate a release of
inhibition over the left PPC, producing hyper-eabitity (Bagattini et al., 2015; Petitet et al.,
2015; Ricci et al., 2012A trial conducted by Petitet and colleagues chgkehthese results,
as they found a leftward shift in the balance ofgial activity, measured by fMRI, which
correlated with neglect-like changes in behavioarabsures following rTMS to the right IPL
(Petitet et al., 2015). The variation in these Itessand lack of evidence supporting the IHI
imbalance model reveal that in healthy populatichsnges in neglect-like behaviour
following TMS suppression of right PPC are not reseeily due to IHI imbalance. The
mechanism for the behavioural neglect responseailthny populations is therefore unknown,

and requires further investigation.

Another method to study the IHI imbalance moddbfeing suppression of right PPC in
healthy adults is two-coil, paired-pulse TMS, tsttexcitability of projections from a PPC to
the contralateral M1 (Koch et al., 2009). BecaustsTcannot probe interhemispheric PPC
pathways directly, projections from each PPC tcatstralateral M1 may provide surrogate
information regarding PPC interhemispheric outplging TMS, the effect of transient
interhemispheric imbalance induced by cTBS of thetPPC can be explored in healthy

adults. Furthermore, the impact of PPC to conteadhtM1 excitability prior to stimulation on
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responses to right PPC suppression can be exatarfedher understand neural

contributions to IHI imbalance and visual neglect.

Assessment of neglect
There are various standardised and non-standarassegsment tools to examine visuospatial

neglect. However, there is no consensus as to vérekhe most appropriate and sensitive
for identifying different subtypes of neglect anéasuring change over time. A review paper
found only two tests that measured personal nedgleetcomb and razor test, and the semi-
structured scale for functional evaluation of henattention in personal space (Menon &
Korner-Bitensky, 2004). Both tests had weak psyattoimproperties. The review also
identified a number of pen-and-paper tests thatsomegperipersonal or extrapersonal neglect,
with the line bisection and letter cancellatiortgdsaving the strongest psychometric
properties (Menon & Korner-Bitensky, 2004). Ther sfancellation and bell cancellation

tests had good construct validity for testing visliacrimination; however, both had limited
published information regarding reliability or sémgty to change (Milner, Harvey, Roberts,

& Forster, 1993). A potential limitation of pen-apédper testing is the influence of

directional hypokinesia on the response bias, wbahresult in poor differentiation between
perceptual and motor neglect as the cause of respamors. Pen-and-paper testing may also
not be sensitive enough to detect all subtypegaeskntations of neglect, with some patients
who perform normally on pen-and-paper testing destrating clinically significant neglect

in everyday life (Azouvi et al., 2002). In orderiterease the sensitivity of neglect measures,
functional tests such as the Catherine BergegeS%ecal comprehensive neglect batteries
have been developed. The Catherine Bergego Scallr@s observation of 10 activities of
daily function, such as grooming or eating, andisgoeach activity separately depending on
how neglect impacts on the activity. It has strpsgchometric properties and is more

sensitive than pen-and-paper testing at identifyieglect and monitoring change over time
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(Azouvi et al., 2003). The Catherine Bergego Scalealso be used to determine the
presence of anosognosia, as patients can scoraei@gty according to the perceived impact
that neglect had on each task, which can then lpaed to therapist scores. The
behavioural inattention test is a neglect battegiuding six conventional and three
behavioural subtests of neglect. It has good psyeliac properties, and the overall battery
correlates well with all of the subtests. Due t® tomprehensive nature of the battery, it has
better sensitivity and can provide far greaterghsinto the overall impact of neglect on

vision and function than each subtest on its owall{gthn, Cockburn, & Wilson, 1991).

Assessment of neglect in healthy subjects
Conventional tests of visual attention are not seesenough to detect the subtle changes

observed in visual bias when assessing behavietfesdts of a transient virtual lesion
induced by rTMS or TBS in healthy subjects. Higlesel computer-based assessments of
visual attention have subsequently been develapettiease sensitivity when investigating

visual attention and neglect in healthy adults.

Landmark task
One test is the landmark task, which is a modiliieel bisection test. Participants are shown a

number of pre-bisected lines on a computer scradrhave to indicate which end of the line
they think is longer by pressing a correspondingdethe keyboard (Milner et al.,1993).
Reviews of the landmark task have shown it to biel\and sensitive at detecting visual
neglect in stroke patients (Harvey, Milner, & Rabefl995; Harvey & Olk, 2004). The
landmark task is also sensitive enough to detghtwiard changes in visual bias induced by
rTMS and TBS in healthy populations (Bjoertomt, @yw& Walsh, 2002; Fierro et al.,

2000; Harvey et al., 1995; Harvey & Olk, 2004).
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Temporal order judgement task
The temporal order judgement (TOJ) task is anatberputer-based assessment of visual

attention used to assess visual bias in healthglpelh is different to other conventional
assessments of visual attention, in that it measheespeed of processing of the visual
system (Stelmach & Herdman, 1991; Ulrich, 1987)tiBipants are positioned in front of a
computer screen and then two stimuli are presepotegljn either hemifield, with an onset
asynchrony of 0, 16.7, 33.3, 50, or 66.7 msec.tfention affects the speed at which
information is transmitted in the visual systenvjsual bias towards one side will cause the
participant to perceive the stimulus earlier int themifield, resulting in a response bias

towards that side (Stelmach & Herdman, 1991).
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Aims of the Research and hypotheses

Spatial neglect is modelled on an imbalance of hdlyever, evidence is emerging that it

may not explain neglect in all cases.

The aim of this study was to investigate the IHbatance model of visual neglect in healthy
adults, using paired-pulse TMS to probe excitabdit projections from the PPC to the
contralateral M1 bilaterally and cTBS of the rigiRC to experimentally induce neglect.

The objectives of this study are:

1) to use paired-pulse TMS to measure interhemisplenaectivity between PPC and
the contralateral M1 bilaterally and create a kigrindex (LI) reflecting the balance
of excitability between the two hemispheres

2) to determine visual bias in healthy subjects aélaes using the TOJ and landmark
tasks

3) to suppress activity of the right PPC using cordumiTBS tcexperimentally induce
neglect

4) to investigate the effects of right PPC suppreseiothe TMS-evoked LI and
visuospatial tasks.

It was hypothesised that:

» the excitability of the right PPC would be reducelative to the left following cTBS
of the right PPC, producing a more positive LI

» there would be a rightward shift in visual biass@al neglect) measured by the
landmark and TOJ tasks following cTBS to the rigRtC

» changes in the LI would correlate with changesisnal bias on the landmark and
TOJ tasks.
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Methodology

Participant selection

Inclusion criteria: Potential participants who were aged 18 yeader and right-hand

dominant were recruited for the study.

Exclusion criteria: Participants were excluded from the study if thay a pre-existing
neurological condition, were left-hand dominant laghistory of seizures, were pregnant,
were taking psychoactive drugs, had cochlear impldrad a metal implant in the head or
neck, had an implanted neuro-stimulator, a cardémemaker or intracardiac lines, had

severe cardiac conditions, or had previous problesirtsy TMS.

In addition to the inclusion/exclusion criteriasfpeipants completed a TMS screening
guestionnaire used to check for contraindicationBMS, such as seizures, head injury or
pregnancy. The form was reviewed and signed bydicalkedoctor to ensure participants
were safe to be included in the trial. Post hocatational sample size calculation was
performed, assuming an alpha of 0.05 and beta%f\8@h 10 participants sufficient to find
a strong (r > 0.8) correlation. Fourteen subjaatse recruited according to the
inclusion/exclusion criteria, and consented toipgudte in the study. Ethical approval was
gained from the Southern Adelaide Clinical Humasdech Ethics Committee and site-

specific assessment granted by the Repatriatioei@keHospital.
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Procedure
Participants attended one session lasting apprdéeiyn2.5 hours, at a TMS laboratory in the

Repatriation General Hospital. Baseline assessnmaitgled the TOJ and landmark tasks to
assess visuospatial attention and TMS to probeability of PPC to contralateral M1
projections bilaterally. Participants then receittegl intervention: suppressive cTBS to the

right PPC. Following a 5-min rest period, participmrepeated the baseline assessments.

Apparatus

Electromyography
Electromyograpy was recorded using self-adhesieetreides applied to the right and left

first dorsal interossei (FDI) muscle (Ambu® BlueSenECG Electrodes). EMG was
amplified and filtered (20-2000Hz) using a CED 18902 Signal software (V6, Cambridge

Electronic Design, UK).

Transcranial magnetic stimulation
The equipment used for delivering the TMS inclutled Magstim 200 units (Magstim Co.,

WHitland Dyfed, Wales), a figure-of-eight coil with70-mm wing diameter (Magstim Co.,
WHitland Dyfed, Wales) and a figure-of-eight coilthva 50-mm wing diameter (Magstim

Co., Whitland, Dyfed, Wales).

Theta-burst stimulation
The equipment used for delivering the theta-buistidation included a Magstim Rapid unit

delivering a biphasic pulse and a figure-of-eighit with a 70mm wing diameter (Magstim

Co., WHitland Dyfed, Wales).
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Behavioural tasks
The equipment used for the behavioural tasks ircwadDell laptop with 14-inch screen

(E7440) running E-prime 2.0 software (Psychologft@are Tools, Inc.).

Screening assessment
Prior to enrolment in the study, participants coetgdl a TMS screening questionnaire to

ensure medical suitability to undergo TMS (AppentlixIf it was deemed unsafe for
participants to have TMS they were excluded fromtthal. Participants also completed the
Edinburgh handedness inventory screening questi@(@ldfield, 1971) to confirm right-
hand dominance (Appendix 2). The inventory inclutteslve items and participants are
required to indicate which hand they would useddgrm each item by placing a cross in
either the left-hand or right-hand column. A latiéyandex was calculated for each
participant using the equation: LI = ((Right) — {Q®/ ((Right) + (Left)). A positive LI
reflected right-hand dominance, whilst a negatiVeellected left-hand dominance (Oldfield,

1971).

Neurophysiological assessment

Electromyography
The skin surface overlying the FDI muscle was pregh@o ensure signals were

uncontaminated by electrical noise. This involviedwing, lightly abrading and cleaning with
alcohol the area of skin where the recording ebelets were to be placed. EMG traces were
recorded from the FDI muscle bilaterally using auef electrodes. The active electrode was
placed over the muscle belly and the referencdrele was placed over the distal forearm.
EMG signals were sampled at 2000 Hz. Resting EMGBroengs were analysed to check
electrode conductivity and to ensure there wasxereal interference. If the resting EMG

root mean square (rmsEMG) was greater than 0.009@W the recordings were
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contaminated by electrical noise, and the electodere removed, skin preparation repeated

and new electrodes applied.

Transcranial magnetic stimulation
A paired-pulse twin-coil TMS technique was use@xamine interhemispheric projections

between the PPC (cIPS) and the contralateral Mt fvoth hemispheres (Figure 4). The
twin-coil technique required two people to hold tods in position, with one person holding

the test coil over the M1 and the other personihglthe conditioning coil over the PPC.

M1
(\"

PPC
PPC

Figure 4. Coil placement for the paired-pulse twineoil technique.

The test stimulus was delivered with a figure-afkeicoil (Magstim Co., WHitland Dyfed,
Wales) positioned over the M1 to induce a posteneainterior directed current in the
underlying brain. The scalp location (M1 hotspet)the FDI muscle for both hemispheres
was defined as the point that induced the largds vh the contralateral muscle. Once the
M1 hotspot was located, RMT was determined for Kiihe right hemisphere, followed by
the left hemisphere. RMT was defined as the mininstimulus intensity that elicited 0.05
mV MEP in four out of eight trials when the subj&ept their hand muscles relaxed (Rossini
et al., 1994). A stimulus intensity that elicitedeasonably sized MEP was tested first, and

the intensity then reduced in 20% maximum stimulatdput increments until RMT was
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determined. Test stimulus intensity was determine@ach hemisphere, with the stimulus
intensity adjusted to evoke a MEP of approximaletgV peak-to-peak in the relaxed FDI
(Rossini et al., 1994). The RMT was used to estntfa trial test stimulus intensity; 10
MEPs were recorded and averaged. The stimulussityenas then adjusted higher or lower
until an average MEP of 1 mV was achieved. AMT was then determined fontrig1,
defined as the minimum stimulus intensity thatitdot a 0.10 mV MEP in four out of eight
trials during contraction of the left FDI (Rossetial., 1994). A figure-of-eight coil (Magstim
Co., Whitland, Dyfed, Wales) was attached to thg#fian Rapid to determine AMT. The
coil was held over the right M1 while the partianpavas instructed to hold their left index
finger in an abducted position. The same protaz@stablish RMT was used to determine

AMT.

The conditioning figure-of-eight coil was centreder the left and right PPC using the 10-20
EEG standard locations of P3 and P4, respectivetjute 5) (Herwig, Satrapi, & Schonfeldt-
Lecuona, 2003). These locations have been preyiadeshtified as being close to the
posterior part of the adjoining intraparietal sgl¢tlerwig et al., 2003; Koch et al., 2007;
Rushworth & Taylor, 2006). The 10-20 EEG systelmaised on the identification of
anatomical landmarks (nasion, inion, and pre-atarqooints) and placing electrodes at fixed
distances from these points in 10% and 20% incrésr(gterwig et al., 2003). The 10-20
EEG system is a more accessible and cost-effegppeoach to TMS coil positioning than
expensive neuroimaging and neuro-navigation equipnie order to locate P3 and P4, the
EEG point at the vertex, known as CZ, was deterchiAgtape measure was used to locate
the midpoint of the centre line of the scalp frdma hasion to the inion and the midpoint
between the two pre-auricular points, with thernsgetion between the two points marked on

the head as Cz. The point known as Pz was detedrbyneneasuring back 20% from Cz
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towards the inion. The distance between the priaar points passing through Pz was

measured, and P3 and P4 located 20% to the leftigimdof Pz.

Figure 5. Diagram representing the 10-20 EEG eleatde placement has been removed
due to copyright restrictions.

The conditioning coil was held by a trained assista ensure robust and reproducible
measures. It was positioned tangentially to thél skith the handle pointing downward and
slightly medially rotated in order to induce a ogir-to-anterior current in the underlying
brain tissue (Koch et al., 2009). A previous protaemonstrated that a test MEP evoked
from the M1 is facilitated when conditioned by mrstlus over the contralateral cIPS at
specific intensities and ISIs (Koch et al., 2008)e same protocol was used in the current
study. The intensity of the conditioning stimuluasaset at 90% and 110% RMT of the
ipsilateral M1 (Koch et al., 2009). The ISI betwebka cIPS and contralateral M1 was 8 ms.
Extensive piloting prior to the study was undertake determine the most effective ISI to

produce PPC to contralateral M1 MEP facilitatiohisTprocess revealed that an ISI of 8 ms
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produced the largest and most consistent MEP tiaodn for both hemispheres. The left
PPC-right M1 projection was measured first, follovioy the right PPC—left M1 projection.
One block of TMS was recorded for each hemisplunesisting of one single-pulse TMS to
M1 (test stimulus) to evoke a non-conditioned (WMEP, and two paired-pulse TMS trials to
evoke conditioned (C) MEPs. In total, 16 NC-MEPd 46 C-MEPs at each stimulus
intensity were delivered in random order, for atof 48 MEPs per hemisphere.
Neurophysiology measures were first recorded frioeright M1, followed by the left M1,
both pre- and post-intervention. Baseline TMS messwere reviewed immediately after
collection, to ensure that facilitation of the thHEP was achieved at one of the two
intensities for both hemispheres. MEP facilitatwas defined as a 5% or greater increase in
C/NC MEP amplitude. The presence of MEP facilitatbtmnfirmed accurate coil placement
over the cIPS (Koch et al., 2009). To ensure copesitioning of the conditioning coil, if the
test MEP was not facilitated by either conditionintgnsity, the conditioning coil was
repositioned by 0.5 cm in a grid-like configuratiantil facilitation occurred. If the test MEP
could not be facilitated at baseline, despite rpldtattempts to reposition the conditioning

coil, then the participant did not continue witle thial and their data were discarded.

Behavioural measures
Two computer-based behavioural tasks assessingspatial attention and visual bias were

completed by participants at baseline and followthrggintervention. Subjects first completed

the landmark task, followed by a short rest, betmepleting the TOJ task.

Landmark task
Stimulus presentation was controlled with a Dgikégp (E7440) running E-prime 2.0

software (Psychology Software Tools, Inc.). Thetieof the 14-inch screen was at eye level

and in line with the participants’ midsagittal ptaat a distance of 500 mm. Responses were
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made using the laptop’s keyboard. The stimulusrpaters consisted of pre-transected
horizontal lines of 180 mm (Szpak, Nicholls, Thomasham, & Loetscher, 2015). The lines
were composed of two black and two white bars,nged in diagonally opposite pairs
against a grey background. Each line was trans€cted. or 2 mm either to the left or right
of true centre. To prevent assistance through skeeotiextrinsic markers, the lines were
presented 9 mm to either the left or right of theeen (Szpak et al., 2015). Participants
completed a practice test consisting of eightdrisfore undertaking the baseline assessment.
The baseline and intervention assessment com&®dtrials each, consisting of three
repetitions of the factorial combination bisecta®viation (0.5, 1, 2), side longer (left, right),
jitter (left, right) and polarity of line (upperftepart black, upper left part white). The order of
presentation was randomised and each trial begdmawilank screen presented for 1000
msec. The line stimulus was then shown for 500 rfdémwed by a blank screen, during
which time participants indicated by key pressestivér the left or right segment of the line
was longer. If participants responded before tlesgmtation of the blank screen or not within
2000 msec, the trial was rejected and repeatedrédpmnse bias was calculated as (humber
of right responses — number of left responses stim of all trials. Negative and positive

response biases thus indicate leftward and riglthwases, respectively (McCourt, 1999).

Temporal order judgement task
The centre of the 14-inch screen was at eye lewetiraline with the participants’ midsagittal

plane at a distance of 500 mm. Responses were witddthe laptop’s keyboard. The stimuli
were two squares with a size of 15 mm, located 60tmthe left and right of the screen’s
centre, respectively. Each trial began with thespngation of white squares outlined against a
black background for 300 msec. The colour of theasges then changed from white to black,
at the same time or immediately after each othiee. dhset asynchrony between the squares

was either 0, 16.7, 33.3, 50, or 66.7 msec. Ppéius first completed a practice test
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consisting of 18 trials before undertaking the baseassessment. Each baseline and
intervention assessment consisted of 180 trials.pérticipants indicated by key presses
whether the left or right square changed colouss.firhere were no time restrictions for
responding. The response bias was calculated asb@nuof right responses — number of left
responses) / the sum of all trials. Negative argitipe response biases thus indicate leftward

and rightward biases, respectively (Stelmach & Hend, 1991).

Continuous theta-burst stimulation
Following completion of the baseline neurophysiadagjand behavioural assessments,

participants underwent inhibitory cTBS of the righeC. The cTBS was delivered with a
figure-of-eight coil (Magstim Co., WHitland Dyfetlyales). The intervention consisted of
two trains of inhibitory cTBS (600 pulses deliveiadhree bursts every 200 ms at 50Hz),
applied to the right PPC (Figure 6). Each trairktdd sec to complete. Participants were
given a 5-min rest between trains and another 5rashat the completion of the second train
prior to post-intervention testing (Goldsworthyaét 2012; Huang et al., 2005). The intensity
of stimulation was set at 90% of AMT establishedhia right M1 representation of the FDI

muscle (Huang et al., 2005).

PPC

Suppressive cTBS

Figure 6. Coil position over the right posterior paietal cortex for suppressive cTBS

intervention.
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Data analysis
Normality was confirmed by checking for skewnesg kartosis. Group analysis was

undertaken using the conditioned MEP intensityh@i90% or 110%) that produced the
largest MEP facilitation for each hemisphere aebas. RMS data were reviewed, and any
MEPSs recorded when the muscle was not at rest igareved from the analysis. Excitability
of each PPC was established by calculating a oationditioned to non-conditioned MEP
amplitude (C/NC) (Koch et al., 2008; Koch et abDp2; Koch et al., 2013). The ratios were
used to calculate LI, reflecting the balance ofitakidlity between the two hemispheres, using
the formula: LI = ((Left C/Left NC) — (Right C/RigiNC)) / ((Left C/Left NC) + (Right
C/Right NC)). A value of zero indicated that theiability of both PPCs was identical. A
positive value signified a relatively greater eabitity of the left PPC and a negative value
signified a relatively greater excitability of thght PPC. The LI calculation was
individualised for each participant. The effecsamulation on M1 NC MEP, LI, TOJ task,
landmark task and PPC to contralateral M1 MEP ifatibn for each hemisphere were
statistically analysed using paired t-tests. Piratdis rmsEMG was analysed using repeated
measures ANOVA witltonDITION (C/NC MEP) andriMe (pre/post) as factors. To assess
whether baseline excitability predicted responselBS, the difference in LI and MEP
facilitation pre- to post-stimulation was calcuthi®ost—PreALl, APPC-M1 MEP
facilitation). Then correlation analysis was use@xamine associations between baseline LI
andALl, and baseline PPC-M1 MEP facilitation anBPC—M1 MEP facilitation for each
hemisphere. Furthermorg&l.|, APPC—M1 MEP facilitation for each hemisphere ahdl

were tested with correlation analyses. Finallyeptil associations betwedhl andATOJ,

ALl and Alandmark AM1 NC MEP andATOJ, andAM1 NC MEP andAlandmark were

assessed. Significance was set at p < 0.05.
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Results

All participants recruited to the trial had a po&tLl on the Edinburgh handedness
inventory, indicating right-hand dominance. Fourtiggpants (two female and two male)
were excluded from data analysis as PPC to cotdgraldvil MEP facilitation was not
observed at baseline; therefore, analysis was imeeid on 10 participants (seven female and

three male, ages 23—-49).

Group analysis
Group analysis was performed using the conditiomignsity that evoked the largest

baseline PPC to contralateral M1 MEP facilitati@n pemisphere for each participant. For
right PPC—left M1 MEP facilitation, seven partiayps (1, 3, 4, 6, 7, 8 and 10) had the
highest facilitation at baseline with conditionimgensity of 90% RMT and three participants
(2,5 and 9) at 110% RMT. For left PPC—-right Mlyeseparticipants (1, 2, 4, 6, 7, 9 and 10)
had the highest facilitation at baseline with ctioding intensity of 90% RMT and three

participants (3, 5 and 8) at 110% RMT.

There was no effect @onNDITION (p = 0.230) omME (p = 0.227) on rmsEMG (all > 0.01
mV). Group analyses performed to assess changestinal excitability of M1, using the
NC MEP post-cTBS, revealed no changes in left Qu062) or right (p = 0.423) NC MEP

size following stimulation (Table 1).
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Table 1

Non-conditioned MEP amplitude for right and left M1 before and after cTBS of right
PPC andAMEP amplitude for each participant. A +A indicates an increase in MEP
amplitude whilst a -A indicates a reduction in MEP amplitude.

Right M1 NC MEP amplitude Left M1 NC MEP amplitude

Participant Pre-cTBS Post-cTBS A Pre-cTBS Post-cTBS A
1 1.01 0.67 -0.34 1.56 2.56 1.00
2 1.05 0.72 -0.33 0.85 0.87 0.02
3 0.77 1.67 0.90 0.37 0.56 0.19
4 1.28 1.40 0.12 0.85 1.51 0.66
5 0.94 0.59 -0.35 0.85 0.55 -0.30
6 1.95 0.42 -1.53 0.25 0.37 0.12
7 0.57 0.67 0.10 0.37 1.24 0.88
8 0.16 0.27 0.12 0.78 0.84 0.05
9 0.48 0.10 -0.38 0.73 0.76 0.03
10 1.08 1.13 0.05 0.62 0.80 0.18
Mean 0.93 0.76 -0.16 0.72 1.01 0.28

LI measures for each participant at baseline, atterulation and\LI are shown in Table 2.
Group-level analysis revealed cTBS of right PPC madignificant effect on LI (p = 0.664).
The LI data revealed variable responses to stinomatvith six participants demonstrating —
ALLI (indicating increase in excitability of left PR€lative to right PPC) and four participants
demonstrating ALl (indicating increase in excitability of right ERrelative to left PPC)

(Table 2).
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Table 2

The laterality index before and after cTBS of rightPPC andALlI for each participant. A
value in the direction of +1 indicates relative grater excitability of left PPC and a value
towards -1 indicates relative greater excitabilityof right PPC. A positive ALI indicates
an increase in excitability of the left PPC relatie to the right. A negativeALl indicates
an increase in excitability of the right PPC relatve to the left.

Participant LI pre-cTBS LI post-cTBS ALl
1 -0.08 0.22 0.30
2 0.03 0.04 0.01
3 -0.21 -0.30 -0.09
4 0.06 0.00 -0.06
5 -0.08 -0.24 -0.16
6 -0.16 0.08 0.24
7 -0.12 -0.09 0.03
8 0.38 0.04 -0.34
9 0.15 0.00 -0.14
10 -0.06 -0.12 -0.05
Mean(SD) -0.01(0.17) -0.03(0.15) -0.03(0.19)

The hemispheres were then analysed individualpyrade thisALI variation (Table 3). There
was a reduction in right PPC—left M1 MEP facilitatifollowing cTBS to right PPC (p =
0.019), producing A-values (decrease). For left PPC-right M1 MEP itatibn, only two
participants (1 and 6) demonstrated the expectstigtonulation increase £, resulting in a

strong trend for overallA-for left PPC—right M1 MEP facilitation (p = 0.07(0)able 3).
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Table 3

The PPC to contralateral M1 MEP facilitation for each hemisphere before and after
cTBS of right PPC andAMEP facilitation. A negative A indicates a reduction in PPC
excitability, and a positiveA indicates an increase in PPC excitability.

Facilitation right PPC to left M1 Facilitation left PPC to right M1
Participant Pre-cTBS Post-cTBS A Pre-cTBS Post-cTBS A

1 1.35 1.01 -0.34 1.15 1.57 0.42
2 1.08 1.03 -0.05 1.16 1.12 -0.04
3 2.71 1.47 -1.24 1.77 0.80 -0.97
4 1.21 0.86 -0.36 1.36 0.86 -0.51
5 1.44 1.33 -0.11 1.23 0.81 -0.42
6 1.49 1.09 -0.39 1.08 1.29 0.21
7 1.37 1.26 -0.11 1.07 1.06 -0.02
8 1.17 1.03 -0.14 2.60 1.11 -1.49
9 1.16 1.02 -0.14 1.55 1.02 -0.52
10 1.36 1.11 -0.25 1.20 0.88 -0.33

mean (SD) 1.43(0.47) 1.12(0.18) -0.31(0.35) 1.42(0.47) 1.05(0.24) -0.37(0.56)

Correlational analyses
There was no association between baseline LI aqub&t-cTBS (r = 0.340, p = 0.336). There

was a strong correlation betweghl and Aleft PPC—-right M1 (Figure 7a, r = 0.902, p <
0.001) but not betweetl| and Aright PPC—left M1 (Figure7b, r = —-0.094, p = 0.791his
indicates the direction afLI (positive or negative) was driven iyeft PPC—right M1. The
correlation analyses revealed a moshwas associated with moreleft PPC—right M1
MEP facilitation and a moreAt.| was associated with moreAteft PPC—right M1 MEP

facilitation.

44



r=0.902, p <0.001 05 -

-0.4 0.2 0.4

Aleft PPC — Right M1 MEP facilitation

ALl
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The correlation to determine if baseline excitéypitiould predictALI revealed a moderate
negative association between LI axid (Figure 8a, r = —0.640, p = 0.046); however,hwit
one outlier removed, the association was not sganf (r = —0.353, p = 0.352). There was a
strong association between baseline PPC-M1 MERt&icon andAPPC-M1 MEP
facilitation for both hemispheres (Figure 8b anjl &articipants with larger MEP facilitation
at baseline demonstrated greater reductian fellowing stimulation (left PPC-right M1
MEP facilitation, r = —0.908, p < 0.001; right PR€#+M1 MEP facilitation, r = —-0.944, p <
0.001). However, the association between right REFCM1 MEP facilitation and\right
PPC-left M1 MEP facilitation, may have been infloed by an outlier, which when removed
was no longer significant (r = -0.446, p = 0.22%ft PPC—right M1 MEP facilitation prior

to stimulation may determine the individual respotescTBS of right PPC, as the two
participants (1 and 6) withateft PPC—right M1 MEP facilitation displayed littEP
facilitation at baseline (Figure 8b). There wa®asnoderate negative association between
left PPC—right M1 MEP facilitation at baseline ahd ALl following cTBS to the right PPC

(r=-0.732, p = 0.016).
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Behavioural measures

Landmark task
LI measures for each participant at baseline, atierulation and\LI are shown in Table 4.

At a group level, there was no visual bias preaebaseline, with two participants having a
positive LI, indicating a rightward visual bias,daeight participants having a negative LI,
indicating a leftward visual bias (p = 0.250). Tdras no effect of cTBS on the landmark
task (p = 0.429). Individual analyses revealedaldé responses to cTBS, with five
participants demonstrating the expected rightwhii & visual bias, four exhibiting a

leftward shift and one demonstrating no change.
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Table 4: Landmark Task LI before and after cTBS ofright PPC and ALI for each
participant. A positive value indicates a rightwardvisual bias and a negative value
indicates a leftward visual bias. A positiveALl indicates a rightward shift in visual bias
and a negativeALl indicates a leftward shift in visual bias.

Participant LI pre-cTBS LI post-cTBS ALI
1 -1.85 -1.85 0.00
2 -20.37 -12.96 7.41
3 -5.56 16.67 22.23
4 -20.37 -5.56 14.81
5 -3.70 -16.67 -12.97
6 -50.00 -68.52 -18.52
7 -42.59 -9.26 33.33
8 27.78 14.81 -12.97
9 25.93 22.22 -3.71
10 -7.41 7.41 14.82
Mean(SD) -9.81(25.23) -5.37(25.86) 4.44(16.98)

Temporal order judgement
LI measures for each participant at baseline, atterulation and\LI are shown in Table 5.

At a group level, there was no visual bias at baseivith six participants having a positive
LI, indicating a rightward visual bias, and fourfp@pants having a negative LI, indicating a
leftward visual bias (p = 0.827). There was noaftéd cTBS on the response bias in the TOJ
task (p = 0.088). Individual analyses revealedalde response to cTBS, with only three
participants demonstrating the expected rightwhi i visual bias, six exhibiting a

leftward shift and one demonstrating no change.
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Table 5: Temporal order judgement LI before and afer cTBS of right PPC andALlI for
each participant. A positive value indicates a rigtward visual bias and a negative value
indicates a leftward visual bias. A positiveALl indicates a rightward shift in visual bias
and a negativeALl indicates a leftward shift in visual bias.

Participant LI pre-cTBS LI post-cTBS ALI
1 31.11 20 -11.11
2 12.22 -4.44 -16.67
3 -7.78 -3.33 4.44
4 13.33 16.67 3.33
5 -7.78 -17.78 -10
6 6.67 -3.33 -10
7 -33.33 -60 -26.67
8 -8.89 0 8.89
9 1.11 -6.67 -7.78
10 5.56 5.56 0
Mean(SD) 1.22(17.22) -5.33(22.18) -6.56(10.82)

There were no associations between the TOJ anthitkdasks when comparing baseline LI
scores, (r =0.113, p = 0.757), post-cTBS LI scdres0.108, p = 0.766) axLI scores (r = —
0.209, p = 0.563). Of the ten participants only,t¢&and 3) displayedA+(indicating

rightward shift in visual bias) for both behaviolui@sks. Three participants (5, 6 and 9)
displayed A (indicating a leftward shift) on both behaviouraks. The other five

participants demonstrated a difference ifor each behavioural test, indicating there were

conflicting results between the two tests regardimgction of visual bias after stimulation.

Correlational analyses between neurophysiologicalnal behavioural tasks
There was no association betwedn and ATOJ task (p = 0.129). There was a strong

association between the reduction in left PPC-MghtMEP facilitation and thaTOJ task (r
=-0.742, p = 0.014), whereby mor#left PPC—-right M1 facilitation was associated wath
rightward shift in visual attention (Figure 9). Thavas no correlation between theight

PPC-left M1 MEP facilitation andTOJ (r = —0.439, p = 0.205).
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Figure 9. Correlational betweenAleft PPC—right M1 facilitation and the change in TOJ
task.

Correlational analyses (removing one significaritier) revealed a strong association
betweemleft M1 excitability and the TOJ score post-cTBSs (0.954, P < 0.001. A larger
+Aleft M1 was associated with a rightward visual liagure 10). There was no association

betweemright M1 and TOJ score post-cTBS (p = 0.190).
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Discussion

Overview
The current study tested the IHI imbalance modehlgstigating the effect of right PPC

suppression, using cTBS, on the excitability oérthemispheric projections from PPC to
contralateral M1 bilaterally. Two conditioning int&ties were used (90% and 110% RMT),
with the stimulus intensity that evoked the higHfeBC to contralateral M1 facilitation at
baseline for each participant used in the analyResults revealed variation between
individuals, with seven participants exhibiting tighest facilitation at conditioning 90%
RMT and three at 110% RMT for both hemispheresaRad excitability of the PPCs was
determined using a TMS-evoked LI, and the effedT@S on visuospatial attention assessed
using TOJ and landmark tasks. The main findingewleat the LI, TOJ and Landmark task
were unaffected by stimulation and there was raticgiship betweenLl and ATOJ, ALl
andALandmark, oALandmark and\TOJ at the group level. The lack of change on both
behavioural tasks may be due to variability betwegmicipants in baseline visual bias and
response to cTBS. Although previous studies hamsodstrated consistency in visual
response to rTMS on a group level, large individwialation related to structural variability
in fronto-parietal networks has also been shownipusly in healthy people (Cazzoli et al.,

2012; Chechlacz, Humphreys, Sotiropoulos, Kenn&ardazzoli, 2015).

To probe the underlying reason for the lack of oese toALl, each hemisphere was
analysed individually. As expected, right PPCétt MEP facilitation was reduced
following right PPC cTBS. However, there was arstréendency for a reduction in left
PPC-right M1 MEHRacilitation, with 8 of 10 participants demonstrafithis response. The
resulting LI was relatively more negative in th@sgividuals. These findings are inconsistent
with the hypothesis, which expected an increagefirPPC—right M1 MEP facilitation,

causing a positive directional shift in the LI. Th@vas a moderate association between
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baseline LI and\LI; however, the stronger associations were betvireseline MEP
facilitation andAMEP facilitation following stimulation for both haspheres. The direction
(positive or negative) fatleft PPC—right M1 MEP facilitation, which showedriaion
between individuals and determined the directionldf was clearly influenced by baseline
MEP facilitation. These results also revealed @ssing association betweeTOJ andAleft
PPC-right M1. Contrary to the IHI model, analysemdnstrated a strong negative
association betweekilf OJ andAleft PPC—right M1, whereby participants who hacdagge
dis-facilitation demonstrated a rightward shiftvisual bias. The reason for this result is
difficult to determine. A possible explanation midge that greater dis-facilitation in the left
PPC-right M1 projections resulted from a disconioadi fronto-parietal networks in the
right hemisphere. Alternatively, it may reflect @akdown in interhemispheric
communication following right PPC suppression. Eikgpotheses could be explored in
future studies by using a paired-pulse TMS protéacoheasure intrahemispheric PPC to M1

projections or twin-coil protocols to measure iotarnectivity.

The current findings, using paired-pulse TMS, sufgzbtwo previous studies where bilateral
reduction in PPC excitability following cTBS to qupss right PPC was reported using fMRI
and EEG (Bagattini et al., 2015; Ricci et al., 20The novelty of this current study was that
paired-pulse TMS was used to probe activity betwee@ and contralateral M1, rather than
PPC to ipsilateral M1 projections as per previduslies (Koch et al., 2007; Koch et al.,
2009). This approach was considered to providedinact measure of PPC interhemispheric
output, since interhemispheric connections betw&ie@s cannot be assessed with TMS. By
assessing activity bilaterally, the relative exXaitity of PPC interhemispheric outputs could
be determined using an LI. There was relative lzadretween the two PPCs at baseline;

however, the LI was not altered by right PPC cTB#&Dst participants. This was due to a
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similar reduction in PPC-M1 interhemispheric fdation on both sides of the brain. LI was
shifted in the positive direction in two particiganvhere left PPC—right M1 facilitation
increased after stimulation, in accordance withlelambalance model. Surprisingly, this
increase in left PPC excitability was not assodatéh a rightward shift of visuospatial
attention. The implications of this finding in hégl adults for visual neglect after right
hemispheric stroke are uncertain. Interestinghgcent fMRI study in acute stroke patients
who had experienced right parietal stroke revehigzbr-activation of the left parietal lobe in
all patients, regardless of whether they had né@lémarova et al., 2011). Instead,
dysfunction in the right parietal and lateral odteijpcortex was better associated with neglect
than left parietal activity. The authors suggested left parietal hyper-excitability was a
consequence of severe structural damage to thehgghisphere, but was not the cause of the
attentional deficits (Umarova et al., 2011). Oudings in healthy adults support these
opinions, but more research is required. The resut to the growing understanding that the
IHI imbalance model might not hold in all cases amate investigation is needed,

particularly in how it relates to visual neglectaioute stroke.

To date there have been no imaging studies in @&tigke which conclusively support the

IHI imbalance model. A well-referenced trial us&RI to analyse activation patterns of
neglect patients during a visuospatial task, compatifferences between the acute and
chronic phases after stroke (Corbetta et al., 200% authors found that in the acute phase,
participants demonstrated increased excitabilitthefleft PPC which correlated with deficits
in visuospatial attention, whilst in the chronicaglk the imbalance had resolved, correlating
with improvement in visuospatial attention. Thessults appeared to support the IHI
imbalance model of spatial neglect; however, amg@klimitation was their classification of

acute phase of stroke, which was up to 4 weeksgbaste. In the current study, the mean
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time for imaging to occur in the acute phase wad@# post stroke, which is sufficient time
for cortical re-organisation to occur. Therefotesidifficult to conclude that the changes in
activation patterns are due to the release of h@margc inhibition or, rather, result from
maladaptive plasticity. A more recent trial alsedi$MRI to determine if acute stroke
patients (average 53 hours post stroke) with nedlemonstrated hyper-activation of the left
PPC as observed in subacute and chronic negleenfsa(Umarova et al., 2011). The authors
compared imaging data between patients followiggtrhemisphere stroke who had neglect
or visual extinction with patients without neglectd with healthy controls. Interestingly, the
findings were in contrast to other results thatra support the IHI model (Corbetta et al.,
2005). Instead, these authors reported that patexgeriencing visual neglect following
right hemisphere stroke exhibited reduced activatiathe right hemisphere, but no increase

in contralesional activation was observed.

There are a number of interventional trials inlsgrpatients, claiming to support the IHI
imbalance theory, using NBS to suppress activitheleft PPC (Brighina et al., 2003;
Cazzoli et al., 2012; Koch et al., 2012; Koch et2008). These trials have experimented
with different stimulation protocols, ranging fraamsingle intervention session to multiple
sessions over consecutive days. The neurophysoalogifects of stimulation have been
measured using a number of modalities such as TMIE&G, and behavioural changes
measured via a number of different behaviouralfandtional tasks (Cazzoli et al., 2012;
Koch et al., 2012; Koch et al., 2008). Despite ¢heemls demonstrating improvements in
behavioural measures, the changes are variablefeerdvery modest, with patients still
generally exhibiting ongoing symptoms of visuosglatieglect following the intervention
period. To date, only one intervention study ikt patients with neglect has measured both

neurophysiological and behavioural changes follgwaappressive cTBS to the left PPC.
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These results only partially support the IHI imlveda model of visuospatial neglect (Koch et
al., 2008). That trial used a paired-pulse TMSqrol in subacute stroke patients to
demonstrate increased excitability in left PPC tb fMojections in stroke patients with
neglect, compared to stroke patients without négled with healthy controls. They also
found an association between the degree of exlkiyabi left PPC to M1 projections and the
performance on behavioural tasks, with greatertaitity associated with a worse
performance on visuospatial testing (Koch et &108). That trial used a NBS intervention to
suppress activity in the left PPC, demonstratingnadisation of excitability of left PPC to

M1 circuits following the intervention. However gite was only modest clinical
improvement in the behavioural task, despite granglysis reaching statistical significance.
Contrary to the IHI imbalance model, Koch and caeos found no correlation between the
neurophysiological measures and the behaviouralftdiewing the intervention. Participants
experienced ongoing symptoms of neglect, despitmalisation of their left hemispheric
excitability (Koch et al., 2008). These resultsgest that while IHI imbalance may
contribute in some way to behavioural changessoagpatial neglect, it is likely not the
underlying cause, and instead may be a second&groa resulting from maladaptive

plasticity.

Studies in healthy populations using NBS have agsad in their support of the IHI
imbalance model. A number of trials have used NBSuppress the right PPC and
demonstrated neglect-like changes in behavious&ktavhich could be resolved with NBS to
the left PPC (Cazzoli et al., 2009; Nyffeler et 2D08). Whilst these behavioural results
again appear to support the IHI imbalance modeltrills used no imaging or
neurophysiological measures to determine changeartital excitability; therefore, they

could only speculate about underling neurophysilddnere have been three recent trials in
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healthy participants that have used NBS to supphessght PPC (Bagattini et al., 2015;
Petitet et al., 2015; Ricci et al., 2012). Twoloé trials used an offline protocol, whereby
rTMS was applied to the right PPC and cortical &wulity was measured using either EEG
or fMRI (Bagattini et al., 2015; Petitet et al.,1X). The third trial used an online protocol,
applying single-pulse TMS at an intensity of 115%Rduring a line bisection task, and
measuring cortical activity using fMRI (Ricci et,a2012). All three trials were able to induce
neglect-like behavioural effects and all three destiated reduced activity in the right PPC.
Only one of the three studies, however, suppotiedH | imbalance model of neglect (Petitet
et al., 2015). Two demonstrated bilateral redustionPPC activity following suppressive
NBS to the right PPC (Bagattini et al., 2015; Reetal., 2012) and one (Petitet et al., 2015)

demonstrated an increase in BOLD signal in theR&X€ following the intervention.

Our current results add to the growing body of emitk, using different modalities, that the
response of left PPC to right PPC suppression udBfg is variable in healthy adults.
However, the predominant direction is coupled &t tf the right PPC (Bagattini et al., 2015;
Ricci et al., 2012). The inhibitory response of lsié PPC following suppression of the right
PPC is unclear, but may be due to diaschisis secgrtid transcallosal downreglation of
neuronal activity in the interconnected contrakdtéemisphere (Bagattini et al., 2015). This
current study has extended this understanding odstrating that pre-stimulus activity of
the left PPC was highly correlated to the afteeet$ of cTBS of right PPC. A less excitable
baseline left PPC produced greater facilitatiorrafight PPC suppression, while a more
excitable baseline left PPC was coupled to righ® BEppression. Previously, neuroimaging
studies using structural and fMRI in stroke pasgortedicted how individuals respond to
NBS (Nicolo, Ptak, & Guggisberg, 2015; Sale, Majtay, Zalesky, & Cocchi, 2015). The

current results indicate that TMS may be a usdfaf@ative to neuroimaging, to provide
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information about cortical activity and neural netks and to predict individual patients that
might benefit from NBS interventions. Interestinglydid not appear from this study that
relative excitability between the PPCs at baseliae as strongly predictive of the effect of
stimulation as was the degree of left PPC-rightNVEP facilitation. However, these

findings in healthy adults must be confirmed inigrats with stroke and visual neglect before

TMS assessments can be considered useful predictdirical practice.

Behavioural measures
| hypothesised that suppressive cTBS to the rigf@ Rould result in a rightward shift of

visual bias on both the landmark and TOJ tasks.éd¥ew there was no effect of stimulation
on the attentional shift in either task. At base]i@ of 10 participants demonstrated a leftward
visual bias on the landmark task. A leftward vidoials termed pseudo-neglect is a relatively
common phenomenon reported in the literature iftimgaopulations, arising from the
lateralisation of visuospatial function in the rigtemisphere (Jewell & McCourt, 2000).
Baseline visual bias on the TOJ task was more g\sgiit in the current study, with four
participants demonstrating a leftward visual biad six a rightward bias. Individual analyses
showed significant variance in response to cTB®/&eh participants on both behavioural
tasks. For the landmark task, only 5 of 10 paréinis demonstrated the expected rightward
shift in visuospatial attention, while on the TQuyo3 of 10 participants demonstrated the
expected rightward shift. Variation both within doetween individuals in response to TBS is
not uncommon, with a number of contributing factamsluding gender, age, genetics,
synaptic history, attention, time of day, pharmaggland aerobic exercise (Hamada,
Murase, Hasan, Balaratnam, & Rothwell, 2012; RigdnZiemann, 2010). Inter-individual
variation can also occur due to differences ingbpulation of neurons activated by the TMS

pulse (Hamada et al., 2012). In particular, theeedficy of an individual to recruit late I-

59



waves was able to predict their response to cTRSHEBS. Individuals who easily recruit

late I-waves tend to respond as predicted to cTREEBS protocols, whereas individuals
who easily recruit early I-waves demonstrate theospie effect (Hamada et al., 2012). There
were no associations between the TOJ and landraskk tvhen comparing baseline LI
scores, post-cTBS LI scoresAll scores, and no association between directiachahge in

LI and rightward shift in response bias. Theseltesuvere unexpected and did not support
the study hypothesis. Both tasks measure visua) bral therefore correlations between the
tasks were expected on baseline and change sugties, rightward shift in response bias

expected on both tasks following the intervention.

Due to the small number of participants, knownafaitity in performance on behavioural
tasks and variability in response to cTBS, there m@significant change in visual bias on a
group level after stimulation. Two different behawial measures were used to increase the
likelihood of observing a change in visual bia®ire or both of the tasks. The Milner
landmark task is a modified line bisection test ties long been used to assess for the
presence of visual neglect (Milner et al., 1993hiM! the initial version of the test had
difficulty differentiating perceptual from motortentional neglect, it has since been revised
to remove response errors associated with motdectedisiach et al., 1998). Previous trials
have shown the landmark task to be sensitive tectieghtward changes in visual bias in
healthy populations; however, these studies hagd UBMS, not cTBS, and have used online
protocols rather than the offline protocol usedceh@joertomt et al., 2002; Fierro et al.,
2000). As the landmark task has been shown to de¢eceptual neglect in near space (50
cm) but not far space (150 cm), the computer weaténl at a distance of 50 cm from
participants’ eye level, in order to increase tkelihood of a group-level change in response

bias (Bjoertomt et al., 2002). However, there waly @ rightward change in visual bias in
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half of the participants. There are a number oéptal explanations for these findings. It has
been shown that different factors affect perforneame the line bisection task, such as age
and sex, and external factors such as line lenglhspatial location, and that there is
significant variability in response bias betweertipgants (Jewell & McCourt, 2000). The
small sample size of 10 participants in the curstmtly may not have been large enough to
account for this variability in task performancepfotocol was used whereby two trains of
cTBS were delivered in succession in an attemptitke a more robust suppression of right
PPC in healthy adults and evoke neglect-like behayMitchell et al., 2012). Modulation
was observed at the neurophysiological level, &deeced by TMS, so the finding of no
effect on the behavioural tasks was more likely ue lack of sensitivity in the landmark
task to detect subtle changes in visual bias. Adtvely, the explanation could be due to
homeostatic mechanisms in the healthy participemisiteracting any potential effect on
visual bias as a result of the cTBS. Choosingitougate the PPC may be another reason for
the lack of behavioural change. Despite imagindistigenerally revealing that the PPC is
structurally undamaged in patients with negled, rttajority of studies in healthy subjects
choose to stimulate this site to induce a virtaaidn. Stimulating a different region more
closely associated with lesion anatomy in strokeepts may increase the behavioural

response and also increase the applicability ofesults to stroke patients with neglect.

The other task used in the current study was thé ta€k, which is a behavioural test
measuring the speed of processing of the visuésyESternberg & Knoll, 1973; Ulrich,
1987). In the visual system there is evidencedlttantion affects the perception of temporal
order, with increased speed of processing to stimwhen attention is directed towards it
(Stelmach & Herdman, 1991). This study used a kastcof temporal order judgement,

where participants were asked to fixate their &éitberon a central cross, then presented with
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stimulus in the left and right hemifield and askednake a decision as to which stimulus
arrived first. It was hypothesised that followitgetsuppressive cTBS intervention, each
participant’s visual bias would be directed towatus right, and hence they would perceive
the stimulus onset to be earlier in the right hetdf For this group of participants, however,
there was no change in the TOJ task. Once agappéars that the task was too easy to
detect any subtle changes in visual bias folloveiagpressive cTBS to the right PPC. An
alternative task, such as the Posner paradigm hwheorporates a component of directed
visual attention towards a specific hemifield, n@ye been more sensitive at detecting
subtle changes in visual bias in our group of pgodints, and a future study could investigate

this.

Other studies investigating visuospatial negled¢taalthy participants have employed similar
PPC suppression stimulation paradigms (non-invasiagnetic) to our trial and they were
able to demonstrate a rightward shift in visuogpatitention. One trial investigating

different stimulation paradigms suggests that iasireg the number of cTBS trains to four,
and extending the inter-train interval to 15 mirgynbe more effective than single- or double-
stimulation trains with inter-train intervals ofos 10 min. Using this protocol may have
improved the degree and duration of behaviourahgan our subjects and could be the
subject of a future investigation (Nyffeler et &006). Previous studies have also used
different behavioural tasks, which may be more is@ago changes in the healthy
population. The most common is a visual exploratask, where the participant looks at an
image and the time they spend with their visioedixn the right or left hemifield is recorded
(Cazzoli et al., 2009; Nyffeler et al., 2008). Anet recent study using rTMS to suppress
right PPC activity was able to show a rightwardtsbn a line bisection task following

stimulation (Bagattini et al., 2015). The trial@lssed a reaction time task, testing response
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time to visual stimuli in the left or right hemiftebefore and after stimulation. They found no
change in pre/post-reaction times in the interaangroup; however, there was a reduction in
the reaction time in the sham stimulation groudidating a perceptual learning effect of the
task. Interestingly, they also found that reactiares were not modulated by the particular
hemifield to which the stimulus was presented, @gtto their expectation of slower
reaction times to stimuli in the left hemifield digea rightward shift in visual bias. They
concluded their result might be because the taskia@simple to detect changes between
sides in healthy populations (Bagattini et al.,20The effect of perceptual learning of the
behavioural task may also have influenced resnlthe current study. Similar to the trial by
Bagattini and colleagues, the current study dematest an unexpected leftward shift in
visual bias in a number of participants on bothawebural tasks, which may be due to
perceptual learning of the task. As the participdo@came more familiar with the task, their
predisposition to a leftward visual bias (pseudgleet) may have resulted in a leftward
change on the behavioural task. If a learning éffexs indeed present, then an unchanged
visual bias or a small leftward shift in visual ian the task may actually reflect a rightward
shift in visual bias. There is no way of provingsttvithout undertaking further studies;
however, it could be a potential explanation foywanly a small number of participants
demonstrated a behavioural effect despite nedrjyaalicipants having changes in cortical
excitability on their neurophysiological measuréssubsequent study could include more
practice attempts of the behavioural task pricetmrding baseline measures, to try to

remove the influence of perceptual learning onrésailts.
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Alternative models for spatial neglect
Due to the emergence of new evidence suggestinghtnaHl model may not hold in all

subjects, it is important to consider other moaélspatial neglect. One alternative
describes neglect as a disconnection syndrome betitento-parietal networks in the right
hemisphere. The model is based on the anatomyifuattmodel of visuospatial neglect,
which describes the dorsal and ventral attentidwaoris (Corbetta et al., 2005; Lunven &
Bartolomeo, 2016). These two fronto-parietal nekgarommunicate through the SLF white
matter tracks. The dorsal attentional network psuted by SLF1, while the ventral
attentional network is supported by SLF3. The twtworks interact through SLF2, which
connects parietal regions of the ventral networtkirontal regions of the dorsal network.
The model proposes that rather than pure cortaalagdje resulting in neglect, it is damage to
the white matter tracts that causes a disconnettitrese fronto-parietal networks and
contribute to the development of neglect (LunveB&tolomeo, 2016). This theory has been
supported in a small study reporting tumour resacsurgery that demonstrated that
intracranial electrical stimulation to temporarnlgactivate SLF2 fibres resulted in temporary
neglect on a line bisection task (Lunven & Bartobmm2016). Further support of fronto-
parietal disconnection in neglect has been obtaimexligh imaging of subacute stroke
patients with neglect, demonstrating hypo-activabbanatomically intact spatial brain
regions (inferior parietal sulcus, superior patiibule, dorsolateral prefrontal sulcus)
during a visuospatial task (Corbetta et al., 20B®gactivation in these regions in the chronic
phase of recovery also correlated with a resolutiovisuospatial neglect symptoms
(Corbetta et al., 2005). Another trial comparing thfference in integrity of white matter
tracts between participants with and without naglethe subacute and chronic phase of
stroke also supported the disconnection theory\enor& Bartolomeo, 2016). These authors
found that damage to fronto-parietal networks mrilght hemisphere was predictive of

neglect in both the subacute and chronic phassakKe, and also found that people
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experiencing chronic neglect had reduced whiteenattegrity in the posterior portion of the
SLF. Another trial had similar findings, suggestthgt ongoing fronto-parietal disconnection
due to damage to SLF fibres appears to be an imalicaf more severe and long-lasting

neglect (Doricchi & Tomaiuolo, 2003).

Whilst the IHI imbalance model is based on an irabeé of transcallosal inhibition between
the two hemispheres, an alternative model baseéchoscallosal excitation has also been
proposed (Chechlacz et al., 2015). This model artjhegt rather than transcallosal projections
inhibiting the contralateral hemisphere, the conpalfosum reinforces information transfer
between hemispheres, with stronger connectivityesponding with a rebalancing of
hemispheric activity (Chechlacz et al., 2015). ghtihemisphere lesion causes a
disconnection between the hemispheres and corgsliatthe development of spatial neglect.
This model proposes that the left PPC has a companysrole following right hemisphere
lesion, rather than further inhibiting the damaggtit PPC. Support for this model has come
from studies showing that behavioural lateralitpegatively correlated with corpus callosum
size, where a smaller corpus callosum correlatéds gveater laterality of function due to
reduced interhemispheric connectivity (Bloom & Hy2805). A larger corpus callosum has
also been associated with individuals able to perimore demanding tasks, suggesting the
importance of interhemispheric connectivity. Suppor the interhemispheric excitation
model in visual attention has been provided bynaaging study that demonstrated reduced
white matter integrity in the splenium of the casmallosum in people experiencing
persistent chronic neglect. In this example, thelehsuggests that the left hemisphere is
unable to compensate for visual deficits due taatteence of effective interhemispheric
communication (Lunven & Bartolomeo, 2016). The gtatbo proposes that improving

interhemispheric communication of parietal and pital regions should be the focus of
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rehabilitation methods and interventions, as thibrasult in a resolution of the behavioural

symptoms of neglect (Lunven & Bartolomeo, 2016).

Due to conflicting evidence supporting both an &tory and inhibitory model of the corpus
callosum in spatial neglect, another model was @gge@d suggesting that the corpus callosum
has both an excitatory and inhibitory role in ihmispheric communication (Bloom &
Hynd, 2005; Chechlacz et al., 2015). In this mothed,corpus callosum is described as an
active body, facilitating communication between li@enispheres through both inhibition and
excitation, depending on the task being undertakeecent cTBS study in healthy subjects
has added support to the dual purpose inhibiti@hexwitation model of the corpus callosum
in spatial neglect (Chechlacz et al., 2015). Thetednined that participants with a high
fractional anisotrophy (FA) of the corpus callosexerted greater interhemispheric
inhibition (IHI) over the left PPC, and had a ge¥aight hemisphere lateralisation of
visuospatial function. Participants with low FA Hads IHI, suggesting greater
interhemispheric communication between the two Bpheres. The authors also found that
cTBS to the right PPC had different behavioura¢eff depending on the size of the corpus
callosum. Participants with a larger corpus calodwad a small rightward shift in attention,
suggesting that higher interhemispheric connegtné@sulted in a rebalancing of activity
across the hemispheres. Participants with a srmglus callosum had a greater rightward
shift, suggesting there was ineffective interhemnéjc connectivity affecting the rebalancing
of activity across hemispheres (Chechlacz et @lL52 Although these findings need to be
confirmed in stroke patients, they add supporh&theory that the left hemisphere may have
a compensatory role in visual neglect, and thatavipg interhemispheric connectivity may

improve signs of neglect after stroke.
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Summary
Our findings, combined with those of others, mayehgelevance for stroke patients.

Growing evidence that the IHI imbalance model matyhold in healthy adults suggests that
the increased excitability of the left PPC of suliacstroke patients with neglect may result
from maladaptive plasticity as opposed to a reledsehibition from the right PPC. Before
novel interventions to treat visual neglect in k&rpatients can be implemented in clinical
practice, such as left PPC suppression with NBé&atgr understanding of the relationship
between PPC IHI in acute stroke is required. THieskngs suggest that TMS may be useful
in predicting how patients will response to NBSjehhmay help clinicians and researchers

determine who may benefit most from NBS intervamtio

Limitations
There were limitations to this study. First, thedPRI1 interhemispheric pathway, an indirect

measure of PPC excitability, might not reflect PPE€ activity, explaining our lack of
correlation between neurophysiological and behagiadata. Second, the small number of
participants means the results of our correlatiadysis should be interpreted with caution,
until confirmed in a larger study. Third, the lacat of the conditioning coil over the PPC
was determined using the 10-20 EEG system, andftiteraccurate coil placement over the
cIPS cannot be confirmed. However, we only inclupgadicipants who demonstrated PPC to
contralateral M1 facilitation on paired-pulse TMSoaseline, as this was the effect reported
in previous studies using MRI-guided coil positimgpiover the PPC (Koch et al., 2009).
Fourth, intra-session reliability of dual-coil PR&€Ccontralateral M1 facilitation has not been
investigated, which may have affected our restitavever, we were careful to use the same
landmarks as in the pre-stimulation trials, and@mot consider this to be an issue. Finally,
we were only able to induce a rightward shift isual bias in five participants on the

landmark task and three participants on the TQeletbre, despite postulating a possible
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mechanism underlying spatial neglect from the aurséudy, the results must be interpreted

accordingly.

This was a preliminary study investigating a noWgIS technique to measure PPC
interhemispheric excitability; a larger follow-ufudy is required to corroborate our findings.
Further studies in stroke patients are also reduedore clinical interpretations about the

mechanisms of spatial neglect in acute stroke eagrdwn.

Implications for future research
Recent research, including the findings of the gmestudy, indicate that rather than neglect

being a result of an IHI imbalance, it may be betescribed as a disconnection between
fronto-parieto networks of the dorsal and venttiraion streams. Future research should
focus on improved understanding of changes ocaytdrihese fronto-parietal networks in
the right and left hemisphere of people with negl€arrently, paired-pulse TMS
investigations of parieto-motor connectivity inaite patients with neglect have focused on
the left hemisphere, whilst changes occurring ertght hemisphere remain largely
unknown. Paired-pulse TMS protocols have alreadnhesed to investigate parieto-motor
connectivity in the right hemisphere in healthy plepand exploring these pathways
following right PPC lesion by NBS or in stroke-affed people may increase understanding
of pathophysiological mechanisms of neglect antstssthe development of new
interventions and rehabilitation strategies (Kothle 2007). Breakdown in interhemispheric
communication has also been implicated in the dgreént of and ability to compensate for
neglect, and this should be investigated in ther&utStudies using paired-pulse or three-coll
TMS protocols could be undertaken to determine halisconnection between hemispheres

contributes to the development of and recovery fuisnal neglect symptoms. A three-coill
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technique, where the conditioning stimulus is agaptio the left and right PPC and then a test
stimulus applied to either the right or left M1 shalready been used in healthy people to
demonstrate IHI between PPCs (Koch et al., 201 Binflar technique could be used in
conjunction with suppressive cTBS to the right PRBG:xplore pathophysiological changes
in hemispheric communication associated with vipatial neglect. Alternative methods of
measuring interhemispheric communication, suche&s,Eould also provide additional
information regarding how hemispheric disconnectiay contribute to hemispatial neglect.
Another possible direction for future research ddug to investigate whether stroke severity
contributes to the underlying mechanism of neglaatl the contribution of the IHI

imbalance model. Hemispheric imbalance and braorganisation related to recovery of
upper limb function following stroke appear to le¢éated to stroke severity (Bradnam,
Stinear, & Byblow, 2013). It has been suggestetitheore severe strokes, a rebalancing of
hemispheres via NBS may affect recovery of functionugh inhibiting ipsilateral

descending pathways that could assist with coofrthe paretic upper limb (Bradnam et al.,
2013). Similar considerations may need to be takeen looking at interventions to
rebalance PPC excitability in stroke patients wigglect, as suppression of the left PPC may

inhibit the ability to compensate for the damaggtitrhemisphere.
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