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Abstract

The senseof touch commenceswhen afferent sensorysignalsfrom the periphery
ascendvia the spinal cord to the cortex. At the corticallevel,incoming peripheral signals
are susceptibleto neuronal modulation at the primary somatosensorycortex; the principle
region responsiblefor tactile perception. This modulation is largely influenced by two
attentional mechanisms:1) Bottom-up attention whereby salient stimuli automatically
capture attention; and/or, 2) Top-down or selectiveattention, whereby relevant sensory
signalsare voluntarily selectedfor in-depth cognitive processing,while irrelevant signals
areignored. Selectiveattention to both task-relevant stimuli aswell asto crossmodal
sensoryinteractions canfacilitate neuronal responsesat very early stagesin modality-
specificsensoryregions. Efforts to understand the mechanismsunderlying top-down
attention suggestthat the prefrontal cortex (PFC)hasacritical role in the modulation of
modality-specificregions by gating or suppressingirrelevant sensoryinformation. Recent
evidencesuggeststhat an acute bout of moderate intensity aerobic exerciseupregulates
PFCexcitability thereby facilitating cognitive tasksrequiring top-down attentional control,
particularly in older populations. However,the specificcontribution of eachsensory
systemduring attentional processingand,importantly, how theseinteract with the
required behavioural motor goalsremains unclear. It is alsounclear whether acute bouts
of moderate intensity aerobic exercisemodulate cortical regions downstream from the
PFCsuchasthe somatosensorycortex. This thesiswill aim to addressthesequestionsin
order to gain a better understanding of the neural mechanismsunderlying somatosensory
processing,and whether aerobic exercisecanbe usedasa plausible intervention strategy

for sensoryprocessingimpairments that are often associatedwith normal aging.
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Chapter 1 z Introduction
1.1 Overview of thesis proposal

Chapter 1 outlines the generalobjectivesof the thesis, followed by areview of
relevant literature pertaining to the anatomy and physiology of somatosensorycortex, the
sensory-gating role of the prefrontal cortexin modulatingO A O E Z Odehsdrp AT O
informati on in modality-specific sensoryregions,and how aerobic exerciseinfluences
attention-related cortical activity during sensoryprocessing. Chapters2-5 detail the
rationale, hypotheses,methods,results, discussion,and conclusionsof the researchstudies
to the thesis. Chapter6 includes a generaldiscussionof the findings of the thesis, its

limitations, and future directions for study.

1.2 General objective of thesis

The generalobjective of this thesisis to probe the sensory-gating role of the
prefrontal cortex (PFC)to examinethe neural mechanismsunderlying top-down
attentional control on modality-specific somatosensorycortex. Onalarger scale,
investigating factors that up-regulate or enhanceneuronal activity in the PFCis critical for
ganing abetter understanding of the well-documentedimpairments in cognitive control
and sensoryprocessingoften observedin elderly populations. Researchin animal models
and patients with focallesionsin the PFChave provided compelling evidencefor the
sensory-gating role of the PFCin the suppressionof task-irrelevant sensoryinformation
(Jacobsoret al., 1935; Skinner and Yingling, 1976; Yingling and Skinner, 1976; Yamaguchi
and Knight, 1990; Chaoand Knight, 1998; Knight et al., 1999). In all of thesestudies,PFC
damageresulted in the disinhibition of distractor stimuli in arange of sensorimotor and

cognitive processes. Thesefindings provide support for the @listractibility hypothesis of
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PFCfunctiong, first proposedin 1942 by Malmo, and later againby Bartus and Leverein
1977. Asstated by Knight et al. (1999), this hypothesisimplies that the PFCexerts
Gelectiveand parallel inhibition and excitation control to remote brain regions during a
variety of behavioursa. Notably, inhibitory control impairments suchas:inhibiting
proponent responsesthat are no longer task relevant and ignoring distractor stimuli in the
environment are amongthe most consistently reported in older adults (Rabbitt, 1965;
Kauslerand Hakami, 1982; Hasherand Zads, 1988; Yamaguchiand Knight, 1990; Fabiani
et al,, 2006; Reuter-Lorenz and Park, 2010; Bolton and Staines 2012). Neuroimagingdata
hasshown that with increasingage,atrophy of frontal lobe regionsis disproportionately
greater relative to other brains areas(Haugand Eggers 1991), with the greatestshrinkage
occurring in medial temporal areasof the frontal lobe (Raz 2000). Collectively,these
findings suggestthat the distractibility hypothesisof PFCfunction may alsoexplain
inhibitory control impairments seenin elderly populations.

Studiesinvestigating multimodal integration suggestthat top-down attentional
control is critical for driving modulation of early stagesof cortical processingduring a
sensoryto motor integration task (Dionne et al., 2010, 2013). Moreover, growing evidence
suggeststhat acute bouts of aerobic exerciseselectively enhanceneuronal excitability in
frontal lobe regions,thereby facilitating cognitive performance in tasksinvolving executive
functions (Hillman et al., 2004; Hatta et al., 2005; Themansonet al., 2006; Hillman et al.,
2008, 2009; Kamijo et al., 2010; Yanagisaweet al., 2010). Although crossmodalintegration
or aerobic exerciseare not the only factors that seemto influence PFCexcitability , the
studies presentedin this thesis seekto investigate whether enhancedattentional control,

mediatedlikely via the PFCwill enhancesomatosensoryERPsgeneratedover modality-



specificand multimodal cortices during selectiveattentional processingof tactile
information. Theinteraction of vision andtouch is of particular interest sinceinformation
from thesemodalities is often usedto guide motor behaviour. Effectsof vision on
somatosensoryA O AT O z pofentidl ERA) componentssuggestthat vision may
modulate excitability in Sl(asinferred by modulation of somatosensoryERPcomponents)
during atactile acuity task, and that this modulation is associatedwith animprovement in
acuity (Taylor-Clarkeet al., 2002). It is known that stimulus relevanceand selective
attention canmodulate early stagesof somatosensoryprocessing(Dionne et al., 2010,
2013). The purpose of this thesisis to further explore somatosensoryprocessingby
investigating whether factors suchasbottom-up sensory-sensoryinteractions, behavioural

context, or aerobic exercise,alsomodulate neuronal responsesin modality-specific SI.

1.3 Background research
1.3.1 Functional organization of somatosensory cortex

The somatosensorycortex is the brain region responsiblefor processingsomatic
signalsrelated to the body (i.e.touch, temperature, pain, position). Somatosensory
information is representedin multiple brain regions,but the primary and secondary
somatosensorycortices (Sl and Sll) are the principal regionsfor tactile perception
(JohansenBerget al., 2000). Slis located caudalto the central sulcusin the postcentral
gyrus of the parietal lobe, while Sllis found in the most lateral portion adjacentto the
Sylvianfissure. Slis arrangedin a somatotopically organized map with feetand face
representations lying most medial and lateral, respectively. Four functionally and

anatomically distinct Brodmann areascomprise S: 3a,3b, 1 and 2, with area3alocated



anterior and area2 locatedto posterior alongthe postcentral gyrus. Somatosensory
processingoccurswhen peripheral inputs from the dorsalcolul 1 Z | A l&rEnisdal system
reach Brodmann areasvia thalamic sensorynuclei. The majority of thalamic fibres
terminate in areas3aand 3b, while surrounding cells sendsmall projections to areas1 and
2. Independentthalamocortical inputs generated by cutaneousafferents are received by
areas3b and 1. Proprioceptive inputs from peripheral muscleand joint afferentsare
receivedby areas3aand 2. Theinput to 3b is primarily thalamocortical, however input
from 3b to areas1 and 2 consistof thalamocortical and cortico-cortical projections. Lesion
studiesin primate have shown that damageto: area 1l impairstexture discrimination, area
2 impairs contour recognition, while global somatic deficits are produced following damage
to area3b sinceit is the main pathway for cutaneousinput to areasl1 and 2 (Randolphand
Semmes1974; Carlson 1981). Furthermore, the removal of neural connectionsin the
hand areaof Slresulted in abolished Sll activation, while removal of Sll regions had no
effecton Slneuronal responsesfollowing stimulation to the hand. EachBrodmann areain
Slis extensivelyinterconnected sothat processingin adjacent,higher-order sensory
regions,including SlI,canrefine the information of a single sensorymodality.

Sll (also known asthe parietal operculum) receivesthalamocortical and cortico-
cortical projections from thalamic somatosensorynuclei and post-central somatosensory
areas respectively. Somatotopicmapping of the body surfaceis lessprecisein Slland
lesionsin this areatend to produce more complexsomatosensorydisorders than lesions of
Sl(Garchaand Ettlinger, 1978). Thisis in line with the role of Sllin executingE ECEAOZT OAAO
somatosensoryfunctions including tactile discrimination, memory and learning, aswell as,

somatosensoryengagementof the motor systemat the cortical level (Burton et al., 1997;



Mima et al., 1998; JohanserBerget al., 2000; Fujiwara et al., 2002). Studiesindicate
bilateral Sllactivation during somatosensorystimulation, although larger Sll responsesare
typically found in regions contralateral to stimulation (JohansenBerget al., 2000; Nelson
et al,, 2004). However, severalstudies have demonstratedthat Slcortical activity is also
modulated by higher-order processesncluding selectiveattention (Meyer et al., 1991;
JohansenrBerget al., 2000; Popovichet al., 2010; Roland, 2012).

Higher-order sensoryareasalsosendrefined output information to multimodal
associationareasthat, in turn, havethe capability to integrate sensoryinformation from
multiple sensorymodalities and co-ordinate goaloriented behavioural responses. The
posterior parietal cortex (Brodmann areas5, 7), is consideredto be a multimodal
associationareathat receivesinput from Sland sendsprojections to the motor areasof the
frontal lobe. Area5 integrates tactile information from the O E Erhedh@noreceptorsof
both handswith proprioceptive signalsfrom underlying musclesand joints. Area7
receivesand integrates tactile and visual proprioceptive inputs. Thus,the PPGis believed
to haveanimportant role in sensoryintegration andin the guidanceand execution of

motor actions.

1.3.2 Cortical somatosensory processing of tactile information

The somatosensorycortex, Slin particular, receivesa wide range of somatic signals
from different peripheral receptorsincluding: mechanoreceptorsfor touch, vibr ation
and/or pressure,thermoreceptors for thermal sensations,and nociceptorsfor pain.
Humanspossesdour types of cutaneousafferent fibers which are classifiedbasedon how

they adaptto constantskin indentation (Vallbo and Johansson1984). SlowlyZz AAADOET C



(SA)fibers are associatedwith Merkel cells and Ruffini receptor endings,which during
constantskin indentation and increasedindentation, exhibit sustaineddischargeand
increasedfiring rates,respectively. 2 AD E Al U Z(RA flb@<ake bsSociatedwith
Meissnerand Pacinianmechanoreceptorswhich exhibit robust neuronal responsesto the
onsetand offset of indentation. Notably, eachof thesefibres selectivelyrespondsto
different spatiotemporal features of the stimulus (Talbot et al.,1968; Mountcastleet al.,
1972).

Beforethe brain canprocesssomatic signalsreceivedat one of thesereceptors,
peripheral input must travel via afferent nerve fibres to dorsal root ganglionneuronsin the
dorsal root of spinal nerves. At the level of the spinal cord is where sensorypathwaysto
the cortex diverge suchthat touch and proprioceptive inputs are transmitted via refined
large diameter axons,while small axonssendinformation regarding temperature and pain.
Dueto the potentially harmful nature of sensoryinformation regarding temperature and
pain, these peripheral signalsfollow a different, more direct pathway to the cortex. The
senseof touch commenceswhen peripheral signalscarrying information about tactile
stimuli impinge on the body® surfacevia mechanoreceptorsof the skin. Thesesignalsare
transmitted via central axonsof dorsal root ganglion cellsthat conveyinformation about
the properties of mechanicalcontact(i.e. place,mode,intensity), before they enter the
ipsilateral dorsal columns of the spinal cord, and travel to dorsal column nuclei of the
medulla via the dorsal-column medial lemniscuspathway. At the medulla, somatosensory
signalssynapseonto secondarysensoryneurons,which cross-over or decussateto the
contralateral side of the medulla before projecting to and terminating at, the ventral

posterior lateral (VPL) region of the thalamus. VPLthalamic neuronsreceiving these



inputs then sendprojections to somatosensoryregions,whereby the most thalamic input
terminates in Brodmann areas3a and 3b, which in turn projectto 1 and2. The VPL
thalamic neurons also sendsomesparsebut direct projections to areas1 and 2.

Slis functionally organizedwith neuronal columns specifiedfor peripheral
stimulation mode and location, thereby ensuring that the integrity of somatic signalsis
maintained asperipheral input travels from receptor to cortex (Mountcastle, 1997). In
order to optimize neuronal efficiency,intracortical projections connectfunctionally related
columns. SlIneurons exhibit similar firing rates to cutaneousafferentsthus canalsobe
classifiedasrapidly or slowly adapting mechanoreceptors(Talbot et al.,1968; Mountcastle
etal.,1972). Aseparatesomatotopicrepresentation of body form is associatedwith each
of the four somatosensoryareas,whereby a direct relationship between peripheral
innervation density and cortical representation exists. Assensoryinformation progresses
through S (i.e.area3b to 1), modality and spatial specificity shifts to a more universal
convergenceof information to inform higher order processing. OnceSlprocesses
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and frontal lobes(Kandeletal.,1991).

1.3.3 Task-relevant selective attention modulations in somatosensory cortex

Two cognitive processescan mediate attention. Bottom-up attention refers to when
salient stimuli automatically capture attention. Top-down or selectiveattention describes
when relevant sensorysignalsare selectedfor further in-depth cognitive processing,while
irrelevant signalsare ignored. Neurophysiological primate studies provide evidencethat

selectiveattention to somatosensoryinformation enhancesneurophysiologicalresponses



in modality-specific somatosensorycortical regions. Hsiaoet al. (1993) trained monkeysto
perform separatetactile and visual discrimination tasks. In the tactile task, rewards were
delivered only after the monkey correctly identified whether aletter displayedon a
monitor matchedthe pattern of an embossedletter rotated againsttheir fingertip. In the
visual task, the sametactile pattern was delivered to the fingertip, but rewards were
delivered only after the monkey correctly identified when one of three light-emitting diode
displaysdimmed. Resultsshowedthat neuronal responseselicited during the tactile
versusvisual discrimination task only producedincreasedSilfiring rates,while both
increasedand decreasedfiring rates were observedin Sll (Hsiao et al., 1993). Similarly,
Chapmanet al. (1994) found that performance of atactile discrimination task increased
neuronal responsesin the Slof monkey cortex. Nelsonet al. (1991), recorded vibratory
stimulus-related responsesfrom monkey Slwhile the animal performed either a: 1)
movementtask, whereby vibratory stimuli actedasa go-cuefor wrist movement,or 2) no-
movementtask, whereby the samevibratory stimuli required no movement. Deep
receptive field neuronslocatedin Brodmann areas3a,3b, and 1, and cutaneousreceptive
fields in area3b of the Sl,showed enhancedfiring rates during the movementtask relative
to the no-movementtask (Nelsonet al., 1991).

Additional studiesinvestigating attentional effectsin Slusing tactile stimuli, have
failed to report suchan association(Hyvarinen et al., 1980; Poranenand Hyvarinen, 1982;
Hamalainenet al., 2002). Differencesin the nature of the task usedto examine Sl
attentional effectsmay be responsiblefor theseoppositional findings. For example,in a
functional magneticresonanceimaging (fMRI) study by Nelsonet al. (2004), both

attentional demandrequirements and the physical characteristics of the tactile stimuli



were manipulated. During the attend condition, participants detectedslight variations in
the stimulus amplitude of the tactile stimuli, while in the ignore condition, trains of similar
tactile stimuli were ignored. Dueto the variations in attentional demandand stimulus
attributes, it is possiblethat the greater habituation effectsobservedin Slduring ignore
versusattend conditions may haveinflated the activation differencesbetweenthe
conditions. Conversely,afMRI study by Hamalainenet al. (2002), found no attentional
effectsin Slusing an oddball paradigm comprised of ignore and attend conditions, but
during the ignore condition, tactile stimuli were passively ignored and no further task was
given. JohanserBergand LIoyd (2000) arguethat it is difficult to control attentional focus
when no distractor stimuli are usedin ignore conditions to ensure disengagementrom the
tactile stimuli. Thus,the lack of Slattentional effectsfound in this study may be aresult of
the passivenature of the ignore condition.

Human neuroimaging studies, using Positron Emission Tomography (PET),or fMRI,
have shown that somatosensorydiscrimination tasksincreasedregional blood flow in Sl
and Sliregions during task-relevant versusirrelevant stimuli (Roland, 1981; Meyeret al.,
1991; Pardoet al., 1991; Burton et al., 1999; JohanserBerg et al., 2000; Nelsonet al., 2004;
Sterr et al., 2007). UsingfMRI, Nelsonet al. (2004), reported a significant increasein
percent signal changeand activation volume in Slwith attention, while JohanserBerget al.
(2000) and Staineset al. (2002), reported increasedbrain activity, asmeasuredby the
blood oxygenatedlevel dependent (BOLD)signal changesin Sland Sll of equal magnitude,
during attended versusunattended tactile conditions. DecreasedSlactivity hasbeen
observedwhen attention is guided towards a different spatial location of the body (Drevets

et al. 1995), or to adifferent sensorymodality (Haxby et al., 1994; Kawashimaet al., 1995;



Fiezetal., 1996). Yet,someneuroimagingstudies havefailed to report any attentional
effectsin Sl(Backeset al., 2000; Hoechstetteret al., 2000; Hamaléanen et al., 2002), or have
reported diminished attention-related Slactivation comparedto that generatedin SlI
(Mima et al., 1998; Fujiwara et al., 2002; Chenet al., 2008). It is likely that theseopposing
findings are due to differencesin the characteristics of the tactile stimuli employedor in
the attentional demandof the task. Another possibility for thesediscrepant findings may
be that the neuroimaging technique usedmay not be sensitive enoughto detectdiscrete
changesin neuronal modulation. Thus,techniquesequipped with exquisite temporal
resolution, suchaselectroencephalography(EEG)and magnetoencephalographyMEG)
may be better-suited to understanding the neural mechanismsunderlying attentional
effectsin modality-specific cortices.

Attention-related enhancementsof Slactivity usingthesetechniquesare well-
documented,with reports of increasedmodulation occurring at early componentsof
somatosensoryevoked potentials (SEPs)(Desmedtet al., 1983; Desmedtand Tomberg,
1989; Josiasseret al., 1990; Garda-Larrea and Lukaszewicz 1995), somatosensoryevoked
fields (SEFs)(Iguchi et al., 2001, 2002) , and somatosensoryevent-related potentials
(ERPs)(Michie, 1984; Michie et al.,1987; Staineset al., 2002; Schaeferet al., 2005;
Schubertet al., 2008). Robust evidencesuggestsSiplays a central role in gating sensory
information at early stagesof somatosensoryperception by amplifying neural signals
conveyingtask-relevant tactile information and suppressingtask-irrelevant distractor
stimuli (Meyer et al.,1991; Staineset al.,2002; Nelson et al.,2004; ; Sterr et al., 2007;
Dionneetal.,2013; Popovichand Staines,2014). By contrast, Sllis believedto be involved

in higher-order somatosensoryprocessesncluding: identifying and/or comparing
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stimulus attributes (i.e.roughness,length, shape)(Ledberget al., 1995; Hadjikhani and
Roland, 1998; Burton et al., 1999), and sensorimotor integrations (Huttunen et al., 1996;
Binkofski et al., 1999). Overall,attentional effectsin Slsuggestthat top-down control
processessuchastask-relevancy,caninfluence cortical modulation in modality-specific
somatosensorycortices.

Crossmodalintegration of sensoryinformation alsofacilitates attentional
modulation in modality-specific sensorycortices. Functional imaging studies performed in
monkey auditory cortex have shown distinct regions receptive to the presentation of visual
plus auditory stimulation, and somatosensoryplus auditory stimulation (Kayseret al.,
2005, 2007). Lakatoset al. (2007) found that simultaneouspresentation of somatosensory
and auditory stimuli versusauditory stimuli alone enhancedneuronal responsesin
auditory cortex (Lakatoset al., 2007). Ghazanfaret al. (2005), found increasedactivity in
auditory cortex when auditory and visual stimuli were presentedtogether, aswell assome
auditory cellsthat respondedonly to visual stimuli (Ghazanfaret al., 2005). Similar effects
havealsobeenreported in the somatosensorycortex, whereby Sineurons showed
increasedfiring in responseto visual stimuli previously paired with tactile stimuli (Zhou
and Fuster, 2000). Functional MRI studies havefound enhancementsin modality-specific
BOLDresponsesdue to the mere presenceof stimuli from another sensorymodality
(Calvertetal., 1997; Calvert,2001; Foxeet al.,2002; Macalusoet al., 2000, 2002; Lehmann
et al., 2006; Pekkolaet al., 2006; Schirmann et al., 2006; Meehan and Staines 2009).
However,in a study using a continuous motor-tracking task, it was shown that the
presenceof crossmodal(visual andtactile) stimuli produced differential modulation in

contralateral SIwhen tactile information wasrelevant versusirrelevant. Here,agreater
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increasein Slvolume relative to the rest condition was found when the vibrotactile
stimulus was task-irrelevant comparedto the increasein volume when the samestimulus
was task-relevant (Meehanand Staines 2007). The authors offered severalpossible
explanationsfor their findings, one of which concludedthat the behavioural requirements
of the crossmodaltask may determine the nature of SImodulation, andin this case the
continuous motor-tracking demandsand presenceof a crossmodaldistractor may have
beenmitigating factors for the observed Slsuppression.

Other studies have shown crossmodalenhancementin modality -specific sensory
cortex only occurswhen both stimuli eventsare relevant for behaviour (Dionne et al., 2010,
2013). For example,in anfMRI study by Dionne et al. (2010), relevant unimodal (visual or
tactile) and crossmodalstimuli (visual+tactile) were randomly presentedand participants
were instructed to summateboth stimuli by squeezinga pressure-sensitive bulb. Prior to
the experiment, subjectscompleteda brief sensorimotor training session,whereby,
learned associationsbetween the amplitude of visual and vibrotactile stimuli were
establishedsothat graded motor responserepresenting the perceived amplitude of the
stimuli could be performed. Resultsrevealedacommonnetwork of activation in frontal -
parietal regions acrossall conditions, regardlessof stimulus modality. EnhancedBOLD
responseswere elicited in Slduring crossmodalversusunimodal interactions, suggesting
that combining visual-tactile information relevant for behaviour enhancesmodality -
specificexcitability in SI(Dionne et al., 2010). Severalstudies using multisensory
integration tasks have shown increasedBOLDactivity in higher-order frontal and parietal
cortical regionsincluding the: dorsolateral prefrontal cortex (DLPFC)temporal parietal

junction, superior temporal sulcus,and intraparietal sulcus(McDonald et al., 2000; Calvert,
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2001; Downar et al., 2001; Beauchampet al., 2004, 2008). It is believedthat the DLPFQs
particularly involved in top-down modulation of crossmodalinteractions.

EEGstudies have shown that crossmodalattention facilitates early stagesof sensory
processing. Giard and Peronnet(1999), found that visual modulation for audio-visual
stimuli, occurred asearly as40 ms post-stimulus onset (Giard and Peronnet, 1999), while
audio-tactile modulation hasbeenfound at 50 ms (Foxeet al., 2000; Molholm et al., 2002).
Kennettet al. (2001), found modulation of visual ERPsby irrelevant but spatially aligned
tactile stimuli at approximately 140 ms post visual onset(Kennett et al., 2001), while
McDonaldet al. (2000), reported modulation of visual ERPswas possiblewith spatially
alignedauditory stimuli (McDonaldet al., 2000). Schirmann et al. (2002) reported
enhancementsin evoked-potentials over midline and ipsilateral electrode sitesat 75 ms
when visual stimuli were paired with median nerve stimulation (Schirmann et al., 2002).
Lastly, in arecent EEGstudy using the samecrossmodalstimuli and pressure-sensitive
bulb paradigm (refer to Dionneet al., 2010), it was shown that task-relevant crossmodal
interactions betweenvibrotactile and visual stimuli enhancedthe P50 somatosensory
event-related component,generatedin Sl,at contralateral parietal electrode sites. In
addition, the amplitude of the P100,likely generatedin SlI, increasedbilaterally at parietal
electrode sites during presentation of crossmodalstimuli but was not sensitive to the task-
relevanceof the stimuli. Although, ERPstudies have shown attention-related modulation
of the P100component(Desmedtet al., 1983; Josiasseret al.,1982; Michie et al.,1987;
Eimer and Forster, 2003a; Schubertet al., 2006), studiesinvestigating crossmodaleffects
on mid-latency componentsfail to report any effectson this potential (Eimer and Driver,

2000; Eimer, 2001). Thesestudies employed oddball detection taskswith different
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attentional demandsfrom those utilized by Dionne et al. (2013) whereby participants had
to monitor both handsfor deviant stimuli in one sensorymodality while ignoring the other,
andreport them with averbal response. However,the lack of P100 modulation across
crossmodalparadigms suggeststhat the P100is sensitive to the presence,but not the
attentional relevance,of crossmodalstimuli. Theseresults suggestthat crossmodal
modulation occursat very early stagesin the somatosensoryprocessingstream if both
stimuli are relevant for behaviour (Dionne et al., 2013). Collectively,thesefindings suggest
that crossmodalprocessingis likely mediated by both bottom-up sensory-sensory
interactions and top-down attentional mechanismsin order to allow for the selection,
amplification, and integration of sensoryinput relevant for initiating goaloriented

responses.

1.3.4 Therole of the prefrontal cortex in gating of sensory information

In 1935, CharlesJacobserdiscoveredwhat is consideredtoday to be alandmark
observationin our current understanding of the functional role of the PFCin cognitive
processing. His work revealedthat monkeyswith bilateral frontal lobe damage,ncluding
the sulcusprincipalis, aregion analogousto the DLPFQOn humans(Rajkowskaand
GoldmanRakic, 1995ab) demonstrated severe impairments in tasksinvolving delayed
responses. Decadedater, Skinnerand9 E T C iwark i@ éathnodels, provided the first
physiological evidenceof a PFCinhibitory pathway responsible for regulating the flow of
sensorysignalsthrough thalamic relay nuclei. Cryogenicblockadeof the cat PFCproduced
increasedevokedresponseamplitudes in primary sensorycortex, while stimulation of the

thalamic reticular nucleus(TRN); aO O EIAE Bhiefl that encapsulatesthalamic sensory
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neurons, produced neural suppressionin modality-specific primary cortex (Skinner and
Yingling, 1976; Yingling and Skinner, 1976). The existenceof a prefrontal -thalamic
inhibitory systemoffered the first evidencethat suppressionof task-irrelevant or
distractor input(s) canoccur at very early stagesof sensoryprocessingin modality-specific
cortices. It is thought that this inhibitory systemis modulated via excitatory input from the
PFCto the TRN,which in turn, sendsinhibitory GABAergigprojections to sensoryrelay
nuclei ensuring that irrelevant sensorysignalsare not receivedor processedby modality -
specificcortices (Guillery et al., 1998).

Prefrontal lesion studies further support the role of the PFCin gating of sensory
information. Reportsof severecognitive impairments and/or aberrant cortical responses
in patients have beenfound during tasksinvolving: selectiveattention, inhibitory control,
lexical processing,or working memory (Knight et al., 1981; Janowskyet al. 1989g;
Janowskyet al., 1989b; Yamagchi and Knight, 1990; Richeret al., 1993; Chaoand Knight,
1995, 1998; Knight et al.,1999). Work by Yamaguchiand Knight (1990) revealedthat
during passivemedian nerve stimulation, patients with focallesionsto the DLPFCrelative
to controls, displayed enhancedneuronal responsesin severalearly SER with known
generatorsin postcentral, post-rolandic, and frontal areas. Yet, SEPgjeneratedin spinal
cord and brainstem areaswere unaffected. The authors suggestedthat inhibitory
modulation of sensory inputs may be governedby corticocortical PFCGparietal connections
(Yamaguchiand Knight, 1990). Thus,sensorygatingimpairments observedin PFCpatients
may stemfrom abnormalities in either the prefrontal -thalamic or prefrontal -sensorycortex

mechanism.
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Delayedmatch-to-sampletasksare commonly usedto investigate higher-order top-
down cognitive processing.In these paradigms,participants are required to indicate
whether ainitial O O A Gs@iulds(S1), matchesa subsequentO A Gsimiulus (S2),
following an arbitrary time delay. Usingan auditory version of this task, Chaoand Knight
(1995) compareddata from patients with lesionsto the DLPFCthe temporal-parietal
junction (TPJ) or the posterior hippocampus,to controls. Here,the silent period between
Sland S2varied between4 to 12.5 secondswhich was or was not interrupted by a series
of distractor tones. Significantimpairments in the suppressionof task-irrelevant stimuli
were observedin DLPFQpatients at all delay times, while TPJpatients only displayed
impairments at longer delay times, and patients with posterior hippocampaldamage
performed similarly to controls. Concludingremarks suggestedthat the damageto DLPFC
producesan inability to suppressirrelevant information which leadsto difficulties in target
detection following atime delay. Lesionstudies using visual inspection tasks support this
notion, whereby patients with frontal damageexhibit impairments detecting visual targets
embeddedamongdistractors (Richer et al., 1993), and diminished modulation of visual
event-related potentials (Knight, 1999). In healthy controls, transient inhibition to the
DLPFQusing continuous theta burst stimulation (cTBS),produced disinhibition of task-
irrelevant stimuli at early stagesof somatosensoryprocessing(Bolton and Staines 2012).
UsingEEGand atactile discrimination task, participants were divided into one of three
groups: 1) cTBS2) sham-cTBSor 3) no simulation, and pre-post measuresof cortical
activity were collected. Participants receivedvibrotactile stimuli to the index and pinky
fingers of the left hand and were instructed to report target stimuli on one digit only.

Resultsrevealedthat in the non-attend versus attend conditions, the sham-cTBSand no
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stimulation groups,showedreductions in the amplitude of the P100 component,while no
sucheffectwas found in the cTBSgroup. Thesefindings are in accordwith those reported
in patients with focallesionsin DLPFCthus supporting the role of the DLPFQn the gating
of task-irrelevant sensoryinput at very early stagesof cortical processing.
Researchsuggeststhat task-relevant modulation in modality-specific Slis regulated
by top-down control of the PFC.UsingfMRI and a vibrotactile task, Staineset al. (2002)
found that task-relevant somatosensorystimuli increasedBOLDresponsesin contralateral
Slandthe right PFCaswell asdecreasedactivity in ipsilateral Slregionsin healthy adults.
This finding is suggestivethat, a frontal -parietal sensorygating mechanism,capableof
regulating the flow of relevant sensoryinformation to modality-specific somatosensory
cortices, exists. Arecent MEGstudy using the Tower of Hanoi task; a higher-order
cognitive control task known from patient and imaging studiesfor its recruitment of frontal
and prefrontal cortices (Baker et al., 1996; Dagheret al., 1999; Andersonand Douglas
2001), further supports that task-relevant modulation of Slis regulated by frontal regions,
namely the PFC(Schaeferet al., 2005). In this study, healthy participants had tactile stimuli
attachedto distal portions of the index (D1) and pinky (D5) fingers of both handsandin
separateblocks were instructed to: 1) completethe Tower of Hanoi (ToH) task, 2) perform
the ToH using the samemovementsbut with no specificinstructions, or 3) rest. Results
showedthat, during the ToH task, the spatial representation of D1 and D5in Slwas
significantly greater upon comparisonto the other two tasks,suggestingthat plastic
changesin Sloccurred only during the higher-order cognitively demanding ToH task.
Although, the nature of this experiment failed to explicitly measurePFCactivity, the

authors concludedthat their findings supported the notion presentedby Staineset al.
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(2002) of a prefrontal sensorygating mechanismresponsible for regulating task-relevant
modulation in SI. RecentfMRI and EEGstudies investigating the effectsof task-relevancy
during crossmodalprocessing,further support the ideathat top-down attentional control
facilitates somatosensoryprocessingin modality-specific SI(Dionne et al., 2010, 2013).
Cognitiveimpairments commonly observedin healthy agingpopulations share
striking similarities to thosereported in prefrontal patient data. Behaviouralfindings
report agerelated impairments during tasksinvolving inhibitory control (Rabbitt, 1965;
Kauslerand Hakami, 1982; Hasherand Zacks 1988; Reuter-Lorenz and Park, 2010; Bolton
and Staines 2012), and inhibiting proponent responsesthat are no longer task-relevant
(Hasherand Zacks 1988; Yamaguchiand Knight, 1991; Fabianiet al., 2006). Furthermore,
neuroimaging data hasshown that atrophy of frontal lobe regionsis disproportionately
greater relative to other brains areasin older adults (Haugand Eggers 1991), with the
greatestshrinkage occurring in medial temporal areas(Raz 2000). In afMRI study using a
selectiveworking memory task, young and older adults were required to rememberimages
of facesand ignore sceneryimagesor vice versa. Resultsshowed that both groups
displayedincreasedactivation patterns during task-relevant stimuli, however, older adults,
relative to younger adults, showed diminished suppressionof task-irrelevant stimuli
(Gazzaleyet al., 2005). Gazzaleyet al. (2007) replicated theseresults using EEG by
showing deficits in the suppressionof the N170 latency shift in older adults. TheN170
componentis a face-sensitive visual ERPlocalizedto posterior occipital electrodes(Bentin
etal.,, 1996). Collectively,theseresults suggestthat agerelated inhibitory control deficits

may be related to alterations in blood flow and/or neuronal responseactivation.
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RecentEEGwork by Bolton and Staines(2012), suggeststhat agerelated
impairments in top-down attentional control may explain diminished modulation at very
early stagesof somatosensoryprocessingin the elderly. Usingthe sametactile
discrimination task previously described,theseauthors showedthat older adults, relative
to their younger counterparts, showed attention-related: 1) reductions in the amplitudes of
the P100and P300components,2) increasesin the P300latency,and 3) behavioural
impairments in target detection. Both the P100and P300 ERPcomponentsare modulated
by attentional processes(Desmedtand Robertson,1977; Desmedtet al.,1983; Michie et al.,
1987; Polichand Kok, 1995; Linden, 2005; Bolton and Staines,2011; Dionneet al.,2013).
The latency of the P300 component reflects stimulus evaluation time suchthat shorter
latenciesreflect more efficient cognitive processing(Donchin & Coles,1988). Thus,the
authors concludedthat older adults showed agerelated lossin the attentional processing
of somatosensoryinformation (Bolton and Staines 2012). Extensiveresearchsuggests
that various physiological,cognitive, and behavioural deficits typically observedin patients
with PFCdamage are alsoseenin older adult populations. Asaresult, someagingtheorists
believethat agerelated deficits may alsobe explained by the distractibility hypothesis of

PFCfunction.

1.3.5. Aerobic exercise effects on cortical activity and cognition

A growing body of evidencesuggeststhat a beneficial relationship between exercise
and cognition exists. However, the findings suggestthat the underlying mechanisms
behind exerciseeffectson cognition are multifactor ial and dependon various factors, some

of which include: exerciseduration (i.e. acute versuschronic), exerciseintensity (i.e. light,
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moderate, or strenuous), cardiovascularfitness of the participants, aswell asthe type of
psychologicaltask usedto investigate cognitive performance. How someof thesefactors
influence cognition wil | be discussedin the following sections.
1.35.1. Chronicaerobicexerciseesffectson cognition

It is thought that aerobic exercisetraining over an extendedperiod of time (i.e.
chronic interventions) producesneurophysiologicalalterations in brain physiology. Non-
human studies haveallowed researchersto examinethe underlying neural and cellular
mechanismsinfluenced by exercisetraining (Hillman et al., 2008). Severalrodent studies
havereliably shown that exercisetraining increasescell prolifer ation and survival in the
dentate gyrus of the hippocampus,an areainvolved in learning and memory processes
(Van Praaget al., 1999; Brown et al., 2003). Exerciseinduced cell proliferation hasalso
beenshown to promote angiogenesisn the motor cortex (Swain et al., 2003), cerebellum
(Black et al., 1990), and striatum (Ding et al., 2004), which may be dependenton the up-
regulation and releaseof moleculessuchas:vascularendothialial growth factor (VEGF);
important for blood vesselformation and development,insulin growth factor 1 (IGF1); a
regulator of VEGFRand important for blood vesselformation, or brain derived neurotrophic
factor (BDNF);along-term potentiation neural transmission signal neededfor memory
formation (Cotmanand Berchtold, 2002; Cotmanet al., 2007). Rhyuet al. (2010)
investigated the effectsof aerobic exercisetraining on cortical vascularity and cognitive
functions in primates. In this study, adult female monkeyswere divided into either an
exercisegroup (trained to run on atreadmill for 1 hour/day, 5 days/week, for 5 months) or
asedentarygroup (sat on animmobile treadmill), and then performed the Wisconsin

GeneralTesting Apparatus during the 5t week of training. Groupswere further delineated
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into agerelated populations (mature versusyoung) to investigate whether ageinfluenced
any cognitive benefits associatedwith exercisetraining. A subsetfrom the exercisegroup
alsoperformed a 3 month sedentaryperiod following exercisetraining, in order to examine
the longevity of any exerciseinduced benefits on cortical vascularisation. Resultsshowed
that the exercisegroup learned the cognitive task significantly quicker than the sedentary
group regardlessof age. However, at the end of exercisetraining, only the mature monkey
exercisegroup showedincreasedcortical vasculaturein the motor cortex and these effects
did not persist after the 3 month sedentary period. Thesefindings suggestthat aerobic
exercisetraining increasedlearning acrossall ages,aswell asthe blood flow in the cerebral
cortex of mature monkeys,but that these effectswere contingent on exercisemaintenance
(Rhyuetal, 2010). In summary,animal researchhasshown that chronic exercisetraining
inducesbeneficial effectson cognitive function by promoting neurogenesisand synaptic
plasticity in various brain regions. Thesestudies may help researchersunderstand the
neural and cellular mechanismsthat moderate the relationship between aerobic exercise
training and cognitive function in humans(Hillman et al., 2008).

Novelfindings in human researchhave provided convincing evidencethat aerobic
chronic exerciseinducesneurophysiology alterations in brain activity and cognitive
performance,particularly in older adults. Resultsof a meta-analysisof aggregated
longitudinal datafrom 1966-2001, showedthat older adults who engagedin physical
fitness training programs significantly improved cognitive performance,especially,on
tasksrequiring cognitive control (Colcombeand Kramer, 2003). Colcombeet al. (2004)
usedfMRI to examinethe effectsof cardiovascularfitness training (CFT)on cortical

circuitry in older adults using a modified version of the flanker task. In the first cross-
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sectionalstudy, participants were divided into highfit and low fit groups, basedon their
current levels of cardiorespiratory fitness (i.e. VO max uptake assessment)and received
no CFTintervention. Resultsindicated that the older adults in the high fit group showed
significantly lessactivation of the ACCgreater recruitment of attention-related cortical
areasincluding the middle frontal gyrus and inferior parietal lobules, and lessbehavioural
conflict, relative to the low fit group. The secondstudy involved arandomized 6-month
clinical inter vention wherein participants were assignedinto either a CFTgroup (i.e.45
minutes of aerobic exerciseperformed 3 times/week) or acontrol group (i.e. 45 minutes of
stretching/toning exercisesperformed 3 times/week). Imaging scanswere collectedone
week pre- and post- intervention. Resultsreplicated and extendedthosereported in the
first study with the CFTgroup showing lessACCactivation, greater recruitment of
attention-related cortices,and lessbehavioural conflict overall (Colcombeet al.,2004).
Thus, maintaining higher levels of physical fithess may induce beneficial changesin the
neural circuitry of the brain by recruiting areasinvolved in selectiveattention (i.e. medial
temporal lobes, inferior parietal lobe), while reducing the demandon areasinvolved in
conflict interference (i.e. ACCactivation), in order to make behavioural performance more
efficient. Another study by Colcombeet al. (2003), reported significantly lessgrey matter
lossin the frontal, parietal, and temporal lobesand significantly lesstissue lossin anterior
and posterior white matter pathway tracts in high fit older adults relative to low fit older
adults, using a high resolution voxel-basedmorphometric analysisapproach.

Unlike acute exerciseeffects,chronic exerciseeffectson cognition are not limited to
PFCregionsinvolved in executivecontrol processesErikson et al. (2011) found a 2%

increasein hippocampalvolume in older, sedentaryadults who participated in aoneyear
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moderate intensity aerobic exercisetraining program. Increasedhippocampalvolumes
were alsorelated to improvements in spatial memory and increasedlevels of serum BDNF.
Furthermore, recentwork by Chapmanet al. (2013) found that evena 12 week aerobic
exercisetraining program increasedresting cerebral blood flow in the hippocampusand
was associatedwith improved memory performance in sedentaryolder adults, suggesting
that shorter term aerobic exercisefacilitates brain health in sedentaryadults.
1.3.52.Acuteeffectsof aerobic exerciseon cognition

Cognitive neuroimaging studies havereliably shown that regions of the frontal
lobes,specifically the PFCand ACCare involved in mediating executivecontrol processes
including: selectiveattention, inhibitory control, decision-making,and error monitoring
(Miller and Cohen 2001). Notably, studiesinvestigating the effectsof acuteaerobic
exerciseon cognition report enhancedneuronal responsesparticularly in thesebrain
regions and performanceimprovements on tasksrequiring executivecontrol (Ekkekakis,
2009; Hillman et al.,2009; Yanagisaweet al.,2010; Endoet al.,2013). However,these
results seemto be dependenton exerciseintensity prescribed. Usinga go/nogo task,
Kamijo and colleagues(2004) showed variable modulation of the P300 component
dependingon aerobic exerciseintensity prescribed,whereby P300amplitudes: increased
following moderate intensity exercise,decreasedfollowing hard intensity exercise,and
showed no changefollowing light intensity exercise. Similar results were found using a
version of the Erikson flanker task, whereby P300 amplitudes increasedafter light and
moderate intensity aerobic exerciseand decreasedfollowing strenuous exercise.
Additional findings revealeddecreasedreaction times and P300 latenciesto incongruent

trials acrossall exerciseintensiti es (Kamijo, Nishihira, Higashiura,& Kuroiwa, 2007). The
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P300componentis generatedover fronto -central electrodessitesin responseto task-
relevant target stimuli (Pfefferbaum et al.,1985). The amplitude of the P300is thought to
reflect the amount of attentional resourcesdevotedto a giventask, while the latency
reflects stimulus evaluation (Donchinand Coles,1988). Thus,thesestudies suggestthat
acute bouts of moderate intensity aerobic exercisefacilitated attentional processingin
healthy young adults. Basedon theseand various other studies ( Levitt and Gutin, 1971,
Sjoberg, 1975; Chmuraet al., 1994; Gregoet al.,2004; Kamijo et al.,2004), it is proposed
that improvements in cognitive performance immediately after acute exercisefollow the
Yerkesand Dodsoninverted U-shapearousal model, whereby when arousal statesincrease
with physical exertion, cognitive performance improves to an optimal point after which
further increasesin physical exertion causedecreasedarousallevelsresulting in
decrementsin performance (Tomporowski, 2003a).

Acute exercisestudies using moderate intensity exerciseprotocols have shown
enhancementsin neuronal profiles, particularly of the P300 component(Nakamuraetal.,
1999; Hillman et al.,2009; Hillman et al.,2003). However,recently, Yanagaisaweet al.
(2010) usedfunctional near infra-red spectroscopy(fNIRS)and the Strooptask to compare
cortical activation patterns pre versus post an acute bout of moderate exercisein healthy
youngadults. Functional NIRSis a non-invasive neuroimaging technique with excellent
spatial resolution that measureschangesin cerebral blood flow (i.e. hemodynamic
response)related to neural activity in the brain. Participants were randomly assignedinto
either an exercisegroup (15 minutes of recumbent biking) or a control group (15 minutes
of rest) and then completedthe Stroop task. To examineexerciserelated PFCactivation

imaging scanswere collected before and after the bout of aerobic exerciseor rest period.
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Resultsshowed decreasesn reaction time and increasesin Stroop-interference-related
cortical activation posttraining in the exercisegroup, relative to the control group. In
particular, the left DLPFGshowed greater activation in the exercisegroup post training.
Theseresults suggestthat the left DLPFQOmay be the brain region responsiblefor improved
behavioural performance post exercisetraining (Yanagisawaet al., 2010).
1.3.53.Theimpact of cardiovascularfitnesson cognition

EEGwork examiningthe relationship between cardiovascularfitness and cognitive
control suggestthat maintaining cardiovascularhealth throughout the lifespan plays the
critical role in producing beneficial neurophysiological changesin the brain. Forinstance,
Themansonand Hillman (2006) usedthe Eriksen flanker task and a cardiovascularfitness
paradigm to investigate differencesin the amplitude of the error -related negativity (ERN)
componentin high fit versuslow fit individuals. The ERNis anegative peakgeneratedin
the ACCthat occurs50-100 ms following an erroneous responseand is assocated with
error detection and monitoring. Neuroelectric (i.e. ERNamplitudes) and behavioural (i.e.
responsespeed,accuracy,post-error slowing) indices of action monitoring were assessed
following a 30 minute acute bout of treadmill exerciseor followin g 30 minutes of rest in
healthy young adults. Participants were divided into higher fit and lower fit groups based
on assessmenbf individual cardiorespiratory fitness levelsusing a graded maximal
exercise(i.e.respiratory exchangeratio and 30s averagesfor maximal oxygenuptake; VO).
Resultsindicated that higher-fit adults showedreduced ERNamplitudes and increased
post-error slowing comparedto lower-fit adults. Notably, the acute exercisesessionwas
not related to any of the dependentmeasures. A follow -up EEGstudy by Themansonet al.

(2008) investigatedthe relationships betweenfitness and neuroelectric and behavioural
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indices of action monitoring in conjunction with task instructions emphasizingeither speed
or accuracy.They hypothesizedthat O Atrengthening of the relationships between ERN
amplitudes and post-error behaviour (accuracy,reaction time) with fithess when accuracy
was stressed(compared with when speedwas stressed)would indicate that higher fithess
increasesl T Aabiliy to flexibly modulate the recruitment and interpretation of cognitive
control in responseto salienttaskD A OA | A ResuligSio®edthat higher fit individuals
exhibited greater ERNamplitudes and post-error accuracy relative to their lessfit
counterparts, during tasksemphasizingaccuracy, aswell asgreater modulation of these
indices acrosstask instruction conditions (Themansonet al., 2008). In light of these
findings, the authors concludedthat higher cardiovascularfitness,and not acute bouts of
aerobic exerciseper se,may promote more efficient neural processingduring tasksthat
involve error monitoring by enhancingcognitive flexibility andtop-down attentional

control (Themansonand Hillman, 2006; Themansonet al., 2008).

Collectively,theseneurophysiologicalfindings are provocative, and suggestthat a
beneficial relationship between exerciseand cognition exists, but the underlying
mechanismsproducing the effectsdependon the type exerciseintervention used In
general,cognitive benefits following acute aerobic exerciseseemto be greatestin frontal
lobe regionsinvolved in top-down attentional control (Kamijo et al.,2004; Kamijo et al.,
2007; Hillman et al.,2009; Yanagisaweet al.,2010), while chronic exerciseeffectsinfluence
various regions someof which include the: PFC (Colcombeand Kramer, 2003; Colcombe et
al.,2004;), hippocampus(Van Praaget al., 1999; Brown et al.,2003), and motor cortex
(Rhyuetal.,2010; Swainet al.,2003). Thesefindings may be particularly relevant for older

adults sinceadvancingageis associatedwith structural deterioration particularly in frontal
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lobe and hippocampalregions resulting in attentional and working memory deficits

(Hasherand Zacks 1988; Reuter-Lorenz and Park, 2010; Bolton and Staines 2012).
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1.4 Specific research objectives

1.4.1. Research Objective 1

To examinethe relative contributionsof visual priming (bottom-up sensoryinput) and task-
relevance(top-down attention) oninfluencingearly somatosensorgortical responses,
namelythe P50somatosensorfERPgeneratedin Sl.

Researchhasshown that crossmodalinteractions acrosssensory modalities can
influence Slexcitability, evenif only one modality is task-relevant (Meehanand Staines
2007). However,recent fMRI findings suggestthat simultaneous presentation of
crossmodalvisual andtactile stimuli enhanceSland PFCexcitability when both stimuli are
task-relevant (Dionne et al., 2010), while EEGfindings using the sameparadigm imply that
thesecrossmodaleffectsoccur asearly as50 ms post-stimulus onsetover Slregions
(Dionne et al., 2013). Collectively,theseresults suggestthat crossmodalinteractions may
occur via bottom-up sensory-sensoryinteractions and top-town attentional processes.
ResearchObjective 1 soughtto determine the relative contributions of visual information
and attentional relevanceon modulating modality -specific Slactivity. UsingEEGjt was
hypothesizedthat if bottom up and top-down mechanismsinfluence early somatosensory
ERPsn contralateral Sl,then the amplitude of the P50 componentgeneratedover Sl
regions should be greatestfor relevant crossmodal (visual+tactile) interactions with a brief
temporal delay between stimulus onsetsand smallestfor the irrelevant unimodal (tactile-
tactile/visual -visual) conditions. To test whether bottom-up mechanismsinfluence
crossmodalmodulation of the P50 component,we manipulated the temporal onsetsof
visual and tactile eventsin two crossmodalconditions. In one condition, visual stimuli

precededtactile stimuli by 100 msecto examinewhether the presentation of relevant
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visual information prior to tactile information influenced crossmodalmodulation of the
P50 component. In another condition, tactile stimuli precededvisual stimuli by 100 msec
which actedasa control to the previously describedcondition sincethe onsetof the P50
componentwould have already occurred prior to the presentation of visual information,
thus P50 modulation in this condition would not be influenced by the presentation of task-

relevant visual stimuli.
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1.4.2 Research Objective 2
To examinethe relative contributions of visual priming, attentional relevanceand task-
specificsensorymotor requirementsto the enhancemenbf somatosensoryortical responses.
Findings from Study 1 imply that Slexcitability is modulated by both top-down
attentional mechanismsand bottom-up sensory-sensoryinteractions by showing that the
amplitude of the P50 componentwas significantly greater during crossmodal
(visual+tactile) interactions where task-relevant visual information precededtactile
information (Popovichand Staines, 2014). Yet,modulation of the P50is thought to be
mediated by the degreeof attentional demandrequired by the type of task employed,such
that taskswith greater attentional demandare more successfulin driving P50 modulation
(Schubertet al., 2008). The purpose of ResearchObjective2 was to follow -up the findings
of Study 1 aswell asto determine the influence of task-relevant sensory-motor
requirements on modulating the P50 component. Basedon the results of the first study in
this thesis, it washypothesizedthat Slactivity would be sensitive to the temporal order of
task-relevant crossmodal(visual-tactile) stimuli and that the degreeof modulation would
dependon the difficulty of the associatedmotor task demands. Specifically,it was
hypothesizedthat modulation of the P50 componentwould be greatestduring relevant
crossmodal(visual+tactile) interactions where visual information precededtactile
information (100 msdelay), and participants were required to produce aforce-graded
motor responserepresenting the summation of both stimulus amplitudes versusa button

pressrepresenting the detection of the presenceof both stimuli.
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1.4.3 Research Objective 3 & 4
To examineif increasedn PFCactivity, following an acute bout of moderateintensity aerobic
exercisewould enhanceattention-basedmodulation of tactile ERPgeneratedat early and
later stagesof somatosensoryprocessingn healthy youngand older adults.
Researchsuggeststhat aerobic exerciseenhancesneuronal activity, particularly in
frontal lobe regions,and improves cognitive performance during higher-order attentionally
demandingtasks (Colcombeet al., 2004; Hatta et al., 2005; Themansonand Hillman, 2006;
Themansonet al., 2008; Kamijo et al., 2009; Pontifex et al., 2009; Yanagisaweet al., 2010).
Yet,few studies have administered cognitive tests designedto elicit neuronal activity
downstream from the PFCin modality-specific sensoryregions. This posesanimportant
limitation to the current understanding of the relationship between exerciseand cognitive
function sincethe circuitry of the PFCis complex,with corticocortical and thalamocortical
connectionswith parietal cortices, making it animportant structure for modulating
modality-specific cortical regions via attentional mechanisms. ResearchObjectives3 and 4
soughtto determine whether the attention-related exerciseeffectswould modulate
neuronal activity in somatosensoryregions downstream from the PFCduring atactile
discrimination task acrossdifferent agegroups (i.e. youngand older adults). It was
hypothesizedthat an acute bout of moderate intensity exercisepreceding performance of
the tactile odd-ball discrimination task would increasePFCexcitability resulting in more
efficient sensory-gating of irrelevant versusrelevant tactile information. More efficient
sensory-gatingwould be reflected by greater suppressionof unattended, task-irrelevant

tactile information and/or greater enhancementof attended, task-relevant tactile
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information followin g exercisein young and older adults aswell asperformance

improvements particularly in the elderly population.
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Chapter 2 ZStudy 1: The attentional relevance and temporal dynamics of visual -
tactile crossmodal interactions differentially influence early stages of
somatosensory processing.
Adaptedfrom: PopovichC.& StainesWR.(2014). The attentional relevanceand temporal
dynamicsof visual-tactile crossmodalinteractions differentially influence early stagesof
somatosensoryprocessing Brain and Behaviour, 4 (2), 247-260.
2.1 Overview

Crossmodalinteractions betweenrelevant visual and tactile inputs canenhance
attentional modulation at early stagesin somatosensorycorticesto achievegoaloriented
behaviors. However, the specificcontribution of eachsensorysystemduring attentional
processingremains unclear. We used EEGto investigate the effectsof visual priming and
attentional relevancein modulating somatosensorycortical responses. Healthy adults
performed a sensoryintegration task that required scaledmotor responsesdependenton
the amplitudes of tactile and visual stimuli. Participants completed an attentional
paradigm comprised of 5 conditions that presentedsequentialor concurrent pairs of
discrete stimuli with random amplitude variations: 1) tactile-tactile (TT), 2) visual-visual
(VV), 3) visual-tactile simultaneous(SIM), 4) tactile-visual delay (TVd), and 5) visual-tactile
delay (VTd), eachwith a 100 mstemporal delay between stimulus onsets. Attention was
directed to crossmodal conditions and graded motor responsesrepresenting the
summation of the 2 stimulus amplitudes were made. Resultsof somatosensoryERPs
showedthat the modality-specificcomponents(P50, P100) were sensitiveto i) the

temporal dynamicsof crossmodalinteractions, andii) the relevanceof thesesensory

signalsfor behaviour.
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2.2 Introduction

It is well-known that attention can modulate neurophysiological responsesin
modality-specific cortices including: visual (Motter, 1993; Gazzaleyet al., 2007; Andersen
et al., 2008), auditory (Woldorff et al., 1993; Janckeet al., 1999; Petkov et al., 2004), and
somatosensorycortices (Josiasseret al., 1990; Hsiaoet al., 1993; JohanserBerget al.,
2000; Staineset al., 2002). However, recent investigations have begunto examinewhether
attention influencesneural responsesacrosssensorymodalities when sensoryinput from
more than one modality is present. Behavioral studies have shown that crossmodalinput
canalsoimprove performance asindexed by faster reaction times (Hershenson 1962;
Gielenet al., 1983), improved detection of weak stimuli (Frensand VanOpstal, 1995;
Driver and Spence 1998; McDonaldet al., 2000), and improved sensory-perception of
illusory effectssuchasthe ventriloquist or McGurkillusions (Howard and Templeton,
1966; McGurkand MacDonald 1976). Humanand animal studies have shown that the
mere presenceof additional sensoryinput evenwhen it is irrelevant for performance of a
task canenhanceneural excitability in the attended sensorymodality (Calvertet al., 1997;
Macalusoet al., 2000; Calvert, 2001; Foxeet al., 2002; Kayseret al., 2005; Pekkolaet al.,
2006; Lehmannet al., 2006; Kayseret al.,2007; Lakatoset al., 2007; Meehanand Staines
2009), suggestingthat interactions between modality-specific cortical representations
exist. By contrast, other studies have shown crossmodalenhancementin modality -specific
sensorycortex occursonly when both stimuli eventsare relevant for behavior (Dionne et
al., 2010, 2013). Thesefindings suggestthat crossmodalprocessingis likely governedby
both bottom-up sensory-sensoryinteractions and top-down attentional mechanismsin
order to allow for the selection,amplification, and integration of sensoryinput relevant for
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initiating goaloriented responses. Bottom-up interactions canoccur when salient stimuli
from an unattended sensorymodality influence neural excitability in the attended
modality, while top-down processingoccurswhen attention is voluntarily directed toward
relevant stimuli in the presenceof environmental distracters. However, while both these
attentional mechanismscan modulate neural responsesin modality-specific sensory
cortex, it remains unclear how theseattentional mechanismsinteract during sensory

processingof crossmodalstimuli.

Neurophysiologicalresearchin the primary auditory cortex of monkeyshas
provided evidencethat sensory-to-sensoryinteractions exist. Recentstudies have shown
that neural responsesin regionally distinct areasof the primary auditory cortex are
enhancedwhen visual and/or tactile stimuli are paired with auditory stimuli (Kayseret al.,
2005, 2007). Lakatoset al. (2007) showedthat presentation of somatosensorystimuli
increasedauditory neural responseswhen the two stimuli were simultaneously combined
versuswhen the auditory stimulus was presentedin isolation. Furthermore, Bizley et al.
(2007) reported a 15% neuronal increasein the ferret primary auditory cortex following
simultaneouspresentation of visuo-auditory stimuli (Bizley et al., 2007).

Neuroimagingstudiesin humanscomplementthe sensory-to-sensoryinteractions
reported in animal findings by showing that the presenceof crossmodalinput can
modulate neural excitability in modality-specific sensorycortices. For example,several
functional magneticresonanceimaging (fMRI) studies havereported increasedblood
oxygenationlevel-dependent(BOLD)responsesin modality-specificcortices due to the
mere presenceof stimuli from another modality. Theseinteractions have beenfound
between:visual and auditory cortices (Cdvert et al.,, 1997; Calvert, 2001; Lehmannet al.,
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2006; Pekkolaet al., 2006), auditory and somatosensorycortices (Foxeet al., 2002;
Schirmannet al., 2006), aswell asvisual and somatosensorycortices (Macalusoet al.,
2000, 2002). However,arecent fMRI study investigated crossmodaleffectson BOLD
responsesgeneratedin the primary somatosensorycortex (SI) when both stimuli were
relevant for guiding a motor response. Here,relevant unimodal (visual or tactile) and
crossmodalstimuli (simultaneous visual + tactile) were presentedand participants were
required to summateboth stimuli by squeezinga pressure-sensitive bulb. In order to
ensurethat stimulus associationswere successfullylearned prior to testing, participants
completeda brief sensorimotor training sessionthat required them to judge the amplitude
of visual and vibrotactile stimuli and make agradedmotor responserepresenting the
perceivedamplitude of the stimuli. Resultsshowed that the greatestBOLDresponseswere
elicited in Slduring crossmodalversusunimodal interactions suggestingthat combining
visual-tactile information relevant for behavior enhancesmodality-specific excitability in SI
(Dionne et al., 2010). In afollow-up study, Dionne et al. (2013); used
electroencephalography(EEG)and the samesensory-to-motor task to investigate the time
courseof crossmodaleffectsin Sl. Resultsshowedthat crossmodalinteractions between
vibrotactile and visual stimuli enhaned the amplitude of the somatosensoryP50
component,generatedin Sl,at contralateral parietal electrode sites only when both stimuli
were task-relevant. By contrast, the amplitude of the P100, likely generatedin SlI,
increasedbilaterally at parietal electrode sites during presentation of crossmodalstimuli
but was not sensitive to the task-relevanceof the stimuli. Thesefindings suggestthat
crossmodalmodulation occursat very early stagesin the somatosensoryprocessingstream

if both stimuli are relevantfor behavior (Dionne et al., 2013).
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Severalother EEGstudies support the finding that crossmodalstimuli canmodulate
neural excitability at very early stagesof sensoryprocessing. For example, Giard and
Peronnet(1999) found that visual modulation for audio-visual stimuli, occurred asearly as
40-msecpost stimulus onset,while audio-tactile modulation hasbeenfound at 50 msec
(Foxeet al., 2000; Molholm et al., 2002). Kennettet al. (2001) found modulation of visual
event-related potentials (ERPs)by irrelevant but spatially alignedtactile stimuli at
approximately 140-msecpost visual onset, while McDonaldet al. (2000) reported
modulation of visual ERPswas possiblewith spatially aligned auditory stimuli. In
summary, crossmodalinteractions canimprove behavioral performance and enhance
neural excitability at early stagesin modality-specific corticesto achievegoaloriented
behaviors (Dionne et al., 2010, 2013). However,the specificcontribution of eachsensory
systemduring attentional processingin modality-specific sensorycortices remains unclear.
In this study, we manipulated the attentional relevanceand temporal onsetsof visual and
tactile stimuli to examinewhether both top-down and bottom-up mechanismscan

modulate early stages of somatosensoryprocessing.

The specificaim of this study was to explore the relative contributions of visual
priming (bottom-up sensoryinput) and task-relevance(top-down attention) on influencing
early somatosensorycortical responses namelythe P50 somatosensoryERPgeneratedin
Sl. We hypothesizedthat somatosensoryactivity would be modulated basedon the
temporal onsetand stimulus order of task-relevant crossmodal(visual-tactile) events. To
test whether bottom-up sensory-sensoryinteractionsinfluence crossmodalmodulation of
the P50 component,we manipulated the temporal onsetsof visual and tactile eventsin two

crossmodalconditions. In one condition, visual stimuli precededtactile stimuli by
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100 msecto examinewhether the presentation of relevant visual information prior to
tactile information influenced crossmodalmodulation of the P50 component. In the other
condition, tactile stimuli precededvisual stimuli by 100 msec. This condition actedasa
control to the previously described condition sincethe onsetof the P50 componentwould
havealready occurred prior to the presentation of visual information, thus P50 modulation
in this casewould not be influenced by the presentation of task-relevant visual stimuli . If
bottom-up and top-down mechanismsinfluence early somatosensoryERPsn contralateral
Sl,then the P50 amplitude should be greatestfor relevant crossmodalinteractions where
visual information precededtactile information and smallestfor the irrelevant unimodal

interactions.

2.3 Methods
2.3.1.Participants

EEGwas collectedfrom 20 self-reported right-handed healthy participants (mean
age= 26, 10 males). Five subjectswere excludeddue to either excessiveartifacts found
during inspection of the raw EEGcollection, or the absenceof clearly defined
somatosensoryERPsof interest (i.e.,P50and/or P100components). Thefinal sample
consistedof 15 healthy participants (meanage=27.5,7 men). Experimental procedures
were approved by the University of Waterloo Office of ResearchEthics. All subjects
provided informed written consent.
2.3.2.Behaviouraltask

The behavioral paradigm consistedof five conditions that presented pairs of
discrete visual and/or tactile stimuli with random amplitude variations. Stimuli were

always presentedin pairs, either sequentially (unimodal conditions) or simultaneously

38



(crossmodalconditions): (1) tactile-tactile (TT; 500 mseceach,30-msecinterstimulus
interval [ISI]), (2) visual-visual (VV;500 mseceach,30-mseclSl), (3) visual-tactile
simultaneous(SIM; 1000 msecconcurrent), (4) visual-tactile with a 100-msectemporal
delay between stimulus onsets(visual-tactile delay,[VTd]; 500 mseceach,visual presented
first), and (5) tactile-visual with a 100-msectemporal delay betweenstimuli (tactile-visual
delay,[TVd], tactile presentedfirst) (refer to Fig.2.1 AzD). Participants were instructed to
only attend to the crossmodalstimuli (i.e., TT/VV conditions were ignored), judge the
amplitude of the two stimuli, and then make a graded motor responserepresenting the
sum of theseamplitudes by squeezinga pressure-sensitive bulb with their right hand
(Fig.2.1E). Prior to the EECGcollection, participants underwent a’5-min training session
with visual feedbackin a sound attenuated booth to learn the relationship betweenthe
amplitudes of the stimuli and the corresponding force required to apply to the bulb. During
training, a horizontal target bar appearedon the computer monitor and subjectswere
instructed to squeezethe pressure-sensitive bulb with enoughforce to raise another visual
horizontal bar to the samelevel asthe target bar. At the sametime, assubjectsapplied
force to the bulb with their right hand the vibrotactile devicevibrated againstthe volar
surfaceof their left index finger with corresponding changesin amplitude. In other words,
asthey squeezedharder on the bulb the amplitude of the vibration increased
proportionately. Subjectswere instructed to pay attention to thesechangesin amplitude as
they related to the force they were applying to the bulb. This training allowed subjectsto
becomefamiliar with the relationship betweenthe vibrotactile stimulus amplitude andthe
corresponding force applied to the bulb. To control for force related trial to trial

differences,stimulus amplitudes were scaledsuchthat no single stimulus required a
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squeezeof more than 25% of an individual's maximum force, thus the responsefor adding
two stimuli was never more than 50% of an individual's maximum force. Stimuli were
always presentedin pairs, either unimodally (two visual or two tactile) presented
sequentially, or crossmodally (one visual and one tactile), presented simultaneously or
with a 100-msectemporal offset between eachstimuli.
2.3.3.Experimentaldesign

During the experiment, participants satcomfortably in a sound attenuated booth
and were instructed to visually fixate on the computer monitor, rest the volar surfaceof
their left index finger gently on the vibrotactile device,and hold the pressure-senstive
responsebulb in their right hand (Fig. 2.1F). Participants were instructed to attend only to
crossmodalinteractions, judge the amplitude of both the visually presentedhorizontal bars
and the vibrotactile stimuli, and produce force graded motor responsesusing the pressure-
sensitive bulb that representedthe summation of both stimulus amplitudes. Stimuli were
presentedfor 1 secafter which participants were required to maketheir motor response
immediately following presentation of the crossmodalstimuli during a 2.5 secwindow
prior to the start of the next trial, for atotal of 3.5 secper trial. Eachcondition was
randomized and performed in six blocks of 120 trials with eachblock lasting approximately
5 min. Theorder of the conditions was counterbalancedacrosseachblock and all subjects
performed the samesix blocksin sequentialorder.
2.3.4.Stimuli

Visual stimuli consistedof a centrally presentedhorizontal bar (6 cm wide), which
raised to varying heights on acomputer monitor positioned 50 cmin front of the subject

andrepresenteddifferent visual amplitudes. Vibrotactile stimuli consistedof discrete
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vibrations delivered by a custommadevibrotactile deviceapplied to the volar surfaceof
the left index finger. Vibrotactile stimulation was controlled by converting digitally
generatedwaveformsto an analogsignal (DAQCard6024E; National Instruments, Austin,
TX) and then amplifying the signal (Bryston 2BLP,Peterborough,Ontario, Canada)using a
custom program written in LabVIEW(version 8.5; National Instruments). Varying the
amplitude of the driving voltageto the vibrotactile device produced proportional changes
in vibration of the deviceon the finger. The amplitude of eachdiscrete vibration was
constantwithin atrial andvaried randomly betweentrials. The averagestimulus
amplitude acrossall trials including atactile stimulus did not differ between

the experimental conditions. The frequency of the vibration was held constantat 25 Hz.
Participants received 70 db whitenoise (Stim2; Neuroscan,CompumedicsUSA Charlotte,
NC)throughout the training sessionand the experiment to prevent auditory perception of
the vibrotactile stimulus.

2.3.5.Data acquisition & recording parameters

EEGdatawere recorded from 64 electrode sites (64-channel Quick-Cap,Neuroscan,
CompumedicsUSA)in accordancewith the international 10720 systemfor electrode
placement,and referencedto the linked mastoids (impedance<5 kOhms). EEGdatawere
amplified (20,000x), filtered (DG-200 Hz),and digitized at 512 Hz (Neuroscan4.3,
CompumedicsUSA)before being savedfor subsequentanalysis. Individual traceswere
visually inspectedfor artifacts (i.e.,blinks, eye movements,or muscle contractions) and any
contaminated epochswere eliminated before averaging. Onaveragea minimum of at least

80 trials per condition were analyzedfor eachparticipant.
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Eventrelated potentials were averagedto the onsetof eachstimulus relative to a
100-msecpre-stimulus baseline. SomatosensoryERPswere measuredfrom individual
participant averagesfor eachtask condition. MeanERPamplitudes and latencieswere
computedfor eachsubjectwithin specifiedtime windows selectedaround the post
stimulus latenciesof early somatosensoryERPcomponents:P50 (40270 mseg, P100 (907
125 msec). Figures2.2and 2 4 illustrate the distribution of these potentials over parietal
electrode sites. Figure 2.3 illustrates the voltage distribution acrossthe scalpat the latency
of the P50. Onthe basisof thesetopographies,the amplitude of eachpotential was
measuredfrom pre-selectedelectrode sites corresponding to scalplocations showing
maximal voltage during the corresponding latency window. Thus,the P50 componentwas
measuredfrom sites centered around CP4(C4,CP4,P4), roughly overlying right sensory-
motor cortex and contralateral to the vibrotactile stimulus. The P100is typically observed
bilaterally at parietal electrode sites thus amplitude and latency of this componentwas
measuredfrom P3,PZ,and P4. All amplitudes were measuredasraw voltage relative to

the pre-stimulus baseline.

2.3.6.Data analysis

Totest the hypothesisthat the temporal onsetand stimulus order of task-relevant
crossmodal(visual-tactile) eventswould contribute to the modulation of early modality-
specificsomatosensoryERPsa one-way repeated measuresanalysisof variance (ANOVA)
with condition asafactor was carried out on the amplitude and latency of the P50
componentat electrode sites C4,CP4,and P4 (regions contralateral to vibrotactile
stimulation). TheseANOVAswere followed by apriori contrasts performed to test the

hypothesisthat modulation of the P50would be greatestfor the task-relevant crossmodal
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visual-tactile task with a 100-msectemporal delay between stimulus onsets (VTd) and
smallestfor the irrelevant unimodal tactile-tactile (TT) task. Our statistical approachto the
P100componenthadto excludeanalysisof the VTd condition sincethe 100-msectemporal
delay betweenthe visual and tactile stimuli produced aninteraction with the visual ERPs
over the time window (907125 msec)chosenfor the P100 peakamplitude. A one-way
repeated measuresANOVAwith condition asa factor was also computed on the amplitude
and latency of the P100 at electrodessites P4,PZ,and P3. Tukey's post hoctestswere
carried out on any main effectsto investigate whether relevant crossmodalconditions
would be associatedwith greater amplitudes comparedto the irrelevant unimodal
conditions.

Behavioural datawere analyzedby summing the amplitudes of the two target
stimuli and comparing this to the amplitude of the response,i.e.the force applied to the
pressure-sensitive bulb. The percent difference betweenthe summedtarget stimulus
amplitude andthe actual responseamplitude was calculated and arepeated measures

ANOVAwas conductedto assessstatistical differencesacrossthe experimental conditions.

2.4 Results
2.4.1. TheP50component

All subjectsdemonstrated a clear P50 component(mean latency 53 + SE2 msec)in
responseto vibrotactile stimuli presentedto the left index finger. Figure 2.2 showsthe
grand averagedwaveforms for all conditions at electrode sites C4,CP4,and P4
approximately overlying contralateral somatosensorycortex (centered at CP4). Scalp

topography mapsrepresenting group averageddata were created by averagingneural
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responsesgeneratedover the 30 msectime window (40770 msec)centeredaround the
P50 peakto observetask-specificdifferencesin cortical modulation (refer to Fig.2.3). As
illustrated in Figure 2.2, all conditions including vibrotactile stimuli (i.e.,TT,SIM,TVd,VTd)
elicited robust neural activity in somatosensoryregions contralateral to stimulation.
Notably, the VTd condition alsoelicited robust activation in modality-specific visual cortex,
while the VV condition showed minimal activation overall. Statistical results using a one-
way repeated measuresANOVAshowed a main effect of condition on the modulation of the
P50amplitude at electrode CP4(Fs 42 =2.81,P=0.05) aswell asatrend toward
significancefor electrode P4 (Fs 42 =2.49,P =0.07), but no effectat electrode C4
(Fs42=1.53,P=0.22). Apriori contrasts showedthat modulation of the P50 amplitude was
greater in the VTd condition comparedto the TT condition for all three electrode sites (C4
(F1,14=4.44,P=0.041; CP4(F1,14=8.20,P=0.007); P4 (F1,14=6.20,P=0.017)). It wasalso
shown that P50 amplitude was significantly greater in the VTd versusthe TVd condition at
electrode P4 (F1,14=4.87,P=0.033) with astrong trend toward significancefor the same
effectat CP4(F1,14 =3.37,P=0.07) (refer to Fig.2.5A). Analysisof the P50 latency usinga
one-way repeated measuresANOVArevealeda main effect of conditions at electrodesCP4
(F3,42=3.08,P=0.04) and P4 (Fs,42=3.52,P=0.02). Tukey's post hoc analysison these
electrodesboth showedthat the latency of the P50 amplitude occurred earlier in the VTd
condition than the TT condition (VTd meanlatency =50 msecversus TT mean

latency =57 msec). No main effect of condition was found at electrode

C4(F342=2.19,P=0.1).
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2.4.2 TheP100component

The P100componentwas presentin all conditions with vibrotactile stimulation.
However, we omitted analysisof the VTd condition sincethe fixed temporal delay of 100
ms betweenthe visual and tactile stimuli createdan interaction whereby the visual ERPs
overlappedthe specifiedtime window of 907125 mseccenteredaround the P100 peak
amplitude. Asseenin Figure 2.4, the grand averagedP100 waveforms (mean latency
118 £ 4 msec)for the remaining three conditions (SIM, TVd, TT) displayed a bilateral
distribution at parietal sites and maximal amplitude at electrode site PZ. Resultsshowed a
main effect of condition observedat electrode sitesP4 (2,28 =7.95,P=0.002), PZ
(F2,28=5.97P=0.007),and P3(F2,26 = 10.73,P< 0.001). Tukey's post hoctests showed
that for eachelectrode site, the amplitude of the P100was larger in the SIMcomparedto
the Tvdtask (P<0.05) andthe TT task (P<0.05,Fig.2.5B). Amain effectof condition was
found for the P100latency at electrode P4 using separateone-way repeated measures
ANOVA(F;,28 = 3.64,P=0.04). However, Tukey's post hoc analysisrevealedno statistically
significant differencesbetween conditions. Furthermore, no main effect of condition was
found for electrodesPZ(F228=1.02,P=0.37) or P3(F228=0.36,P=0.7).
2.4.3 BehavioralData

Figure 2.6 showsthe behavioral meansand standard error bars for eachtask-
relevant crossmodalcondition: SIM(mean =92, SE=3.3),VTd (mean=83,SE=2.9),TVd
(mean=98, SE=3.4). A one-way repeated measuresANOVAwas performed on the error
differencesrepresentedasa percent scoreacrossall conditions and showedthat there was
amain effectof condition (F2,16 =8.45,P=0.003). Posthoc Tukey's test showedthat

performancein the VTd condition was significantly different than the TVdtask.
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Participants tended to produce lesserforce than the ideal target in the VTd condition.

There were no other differencesbetween conditions.

2.5 Discussion

In this study, we usedEEGand crossmodalstimuli (visual + vibrotactile) to examine
the roles of visual information and attentional relevancein modulating early cortical
responsesgeneratedin Sl. To test the influence of bottom-up sensory-sensoryinteractions
and top-down attentional processeson early modality-specific cortical responseswe
devisedanovel experimental protocol that manipulated the temporal onsetsof task-
relevant crossmodal(visual + tactile) interactions. In one condition, visual stimuli
precededthe onsetof tactile stimuli by 100 msec(i.e.,VTd),in order to observethe
influence of the visual modality on the P50 componentgeneratedin Sl.In another
condition, tactile stimuli precededthe onsetof visual stimuli by 100 msec(i.e.,TVd),in
which case the P50would havebeenelicited prior to the onsetof visual information and
modulation would not reflect crossmodaleffects. We hypothesizedthat both bottom-up
interactions and top-down attentional mechanismsinfluence early somatosensoryERPS,
whereby, modulation (mainly of the P50 component) would be greatestfor the relevant
crossmodalcondition where visual eventsoccurred 100 msecprior to tactile events(VTd),
and smallest,for irrelevant tactile unimodal condition (TT). Ourresults confirmed our
hypothesesby showing that early somatosensoryERPsnamely the P50and P100
componentswere sensitiveto (i) the temporal dynamicsof crossmodalinteractions, and
(i) the relevanceof thesesensorysignalsfor behavior. Specifically,modulation of the P50

amplitude dependedon the temporal onsetof crossmodalstimuli with the greatesteffects

46



seenwhen visual events precededtactile events(VTd condition), followed by similar
modulation betweenthe other crossmodalconditions (SIMand TVd), and lastly the
smallestmodulation was seenfor the irrelevant unimodal tactile condition (TT). As
expected,there was no P50 modulation for the unimodal visual condition (VV) sinceno
tactile eventsoccurred and no behavioral responsewas required.

It is of particular importance to highlight the differencesin P50 modulation between
the crossmodalconditions. In crossmodalconditions with a 100 msectemporal delay
betweenthe onsetof visual and tactile stimuli (VTd and TVd conditions), we showed
that P50 modulation was greater in the VTd condition relative to the TVd condition. This
finding was expectedsincein the TVd condition, the P50 componentwould havealready
ocaurred before presentation of the visual information. Our topographic maps (Fig. 2.3)
complementour P50results by showing that only conditions including vibrotactile
stimulation (i.e.,TT,SIM,TVd,VTd) elicited neural activation in somatosensoryregions
contralateral to stimulation, while the VV condition showedminimal activation overall.
However,aprominent difference in neural activity specificto the VTd condition was
revealed,whereby robust neural activation was elicited not only in somatosensorycortex
but in visual areasaswell. Theseresults imply that presentation of relevant visual
information for upcoming movement modulates somatosersory processingasearly asSl.
Moreover,the lack of Slactivity seenin the VV condition implies that the activation of the
visual cortex during the VTd condition was not simply due to volume conduction via
additional sensoryinput, but instead, was specificto the task-relevanceof the visual
information in performing goaloriented behavior. Lastly,the amplitude of the P100

componentwas enhancedduring the SIMcondition and suppressedduring the TVd
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condition and TT condition. This finding suggeststhat enhancementof the P100
componentdependedon the attentional relevanceand temporal alignment of visual-tactile
events. Overall,this study showsthat early somatosensoryERPsgeneratedin modality -
specific cortical regions are modulated by both bottom-up sensoryinteractions between
visual and somatosensorymodalities and top-down attentional influences. Thus,both the
attentional requirement and the neural networks that control modality-specific sensory
processingare necessaryfor crossmodalinteractions to occur (Dionne et al., 2013).

The P50 componentis a somatosensoryERPobservedmaximally in parietal cortices
near the post-central sulcuscontralateral to tactile stimulation, and typically variesin
latency between 40 and 60 msecpost stimulus onset (Desmedtet al., 1983). It canbe
elicited via somatosensorystimuli (tactile, vibratory, peripheral nerve stimulation) in most
subjectswhereby changesin the amplitude of the responseare believedto reflect changes
in Slexcitability (Allison et al., 1989; Zhuet al.,2007). However,the preciserole of the P50
componentin processingsomatosensoryinformation remains elusive.It hasbeen
suggestedthat the P50 componentreflects a preattentional inhibitory filter mechanism
critical for sensorygating of irrelevant stimuli, and the integrity of higher order functions
(Freedmanetal., 1987,1991; Jager et al., 1992; White and Yeg 2006). Studiesin patient
populations support this theory with findings showing diminished P50 gating
in neurologicalillnessesassociatedwith inhibitory control deficits including: Alzheimer's
dementia(Thomaset al., 2010), posttraumatic stressdisorder (Karl et al., 2006),
schizophrenia(Adler et al., 1982; Pattersonet al., 2008), and bipolar | disorder (Schulzeet
al., 2007; Lijffijt etal.,2009). However, Schubertet al. (2008) suggestedthat the

modulation of the P50is dependenton the attentional demandsof atask, suchthat tasks
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with higher degreesof difficulty are more successfulin driving facilitation of the P50
amplitude. If this supposition is true, then enhancementof P50 componentmay instead
reflect cognitive strategiesapplied during perceptual stagesof sensoryprocessingwhereby
relevant sensorysignalsare amplified via thalamo-cortical gating mechanisms(Yingling
and Skinner, 1976; Desmedtand Tomberg, 1989; Brunia, 1993), before they canbe relayed
to higher order associationcortices for further processing.

The P100componenthasarelatively broad scalpdistribution andis thought to be
generatedin bilateral secondarysomatosensorycortex (Sll) (Hari et al., 1983, 1984; Mima
etal., 1998; Zhuet al., 2007). Bilateral activation is typically maximal over contralateral
posterior parietal electrode sites and somewhatlessrobust at ipsilateral sites (Desmedt
and Robertson, 1977; Desmedtand Tomberg, 1989; Hamal&nen et al., 1990). The P100is
similar to the P50 component,in that it is elicited by tactile and vibratory stimuli (Goffet
al.,1977), and is modulated by attention (Desmedtet al., 1983; Michie, 1984; Michie et al.,
1987; Josiasseret al., 1990; Eimer and Forster, 2003a/b ; Kida et al., 2004; Schubertet al.,
2006). Selectiveattention studieshavereported increasedP100amplitudesin attended
versusunattended tactile stimuli with effectsbeing greater than earlier ERPresponses
generatedin SI(Desmedtet al., 1983; Josiasseret al., 1990; Bolton and Staines 2011).
Overall,attention influencesboth the P50 and P100 amplitudes, but modulatory changes
may be related to differencesin experimental paradigmsusedand/or psychologicalfactors
(Desmedtand Robertson, 1977; Goffet al., 1977).

2.5.1 Attentional modulation in somatosensorgortex
Studiesinvestigating the effectsof sustainedtactile-spatial attention have shown

that attention to task-relevant versusirrelevant spatial locations enhancesprocessingof
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tactile stimuli and modulates somatosensorycortex (Sland Sll) (Desmedtand Robertson,
1977; Michie, 1984; Michie et al., 1987). Severalfunctional neuroimaging studies have
found that sustainedspatial attention to one hand versusthe other during bilateral tactile
stimulation enhanceshemodynamicresponseswithin contralateral Sland sensorimotor
regions (Macalusoet al., 2000; Meadoret al., 2002). A positron emissiontomography
(PET)study reported that the anticipation of tactile stimulation canincreaseactivity in
contralateral Slevenin the absenceof any stimuli (Roland, 1981). Furthermore, EEG
investigations comparing somatosensoryERP<elicited by tactile stimulation applied to the
hands,havereported that attending to the location of tactile stimulation modulates both
early and late somatosensoryERPS(N80, P100,N140) with increasedamplitudes for the
attended versusunattendedtactile location (Desmedtand Robertson, 1977; Michie, 1984;
Michie et al.,, 1987; Garda-Larrea et al., 1995). However, Slresponses asearly as45z

50 msecpost stimulus onsethave beenreported using an attentional vigilance task (Zopf et
al., 2004). Notably, arecent study using simultaneous EEGand fMRI recordings found that
sustainedspatial attention during bilateral tactile stimulation (Braille) modulated early
somatosensoryERPS(P50,N80, P100,and the long latency potential (LLP)) aswell as
increasedBOLDsignalsin SI,Sll,the inferior parietal lobe andfrontal areas. Correlation
results showedthat attentional modulation of Slwas found to be positively correlated with
attentional effectsfor the P50andthe LLPcomponents(Schubertet al., 2006). The LLP
componenthasmultiple neural generatorsfrom broadly distributed locations,and is often
seenasa sustainedpositivity occurring approximately 2007500 msecpost stimulus
(Michie et al.,1987; Hamalédnen et al.,1990). The preciserole of this later positivity

remains unclear; however, severalattention-basedtactile ERPstudies haveimplied that
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the LLP may share functional similarities to the P300component,suchthat increasesin the
LLPamplitude is thought to reflect the amount of attentional resourcesdevotedto a given
task (Desmedt and Robertson 1977; Michie et al.,1987; Desmedtand Tomberg, 1989).
Thesefindingsimply that sustainedtactile attention modulatesneural activity generatedin
Slat both early and later stagesof tactile processing(Schubertet al., 2008).
2.5.2 Crossmodainput modulatessomatosensorygortex

It is well-documentedthat attention modulates modality-specific sensorycortex,
however, little is known about how multiple sensoryinputs acrossmodalities are
integrated for purposeful goaloriented behaviors. Recently,researchershave begunto
investigate how attention operatesacrosssensorymodalities with examination focusedon
the crossmodallinks betweentouch and vision. Eimer and Driver (2000) usedatactile-
spatial attention task whereby participants were required to attend and respondto target
stimuli presentedto the primary modality (touch) while ignoring distractor stimuli
presentedat the unattended hand and stimuli shown in the task-irrelevant modality
(vision). ResultsshowedenhancedsomatosensoryERPgo tactile stimuli presentedat the
attended locations and increased modulation of early visual ERPselicited by irrelevant
visual stimuli presentedat task-relevant tactile locations. Thesefindings suggestthat
sustainedattention to one modality caninfluence neural excitability in another spatially
congruent modality (Eimer and Driver, 2000). In abehavioral study, it wasreported that
visualization of the finger improved acuity judgments of tactile gratings applied to the
fingertip (Taylor-Clarkeet al., 2004), while a separateEEGstudy showed modulation of
somatoensory ERPsasearly as80 msecpost-stimulus when participants viewed

stimulation of their own arm (Taylor-Clarkeet al., 2002). In another EEGstudy, Meehan
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and Staines(2009) examinedcrossmodaleffectson somatosensoryevoked potentials
elicited via median nerve stimuli. Resultsshowedthat enhancementof P50amplitude was
greatestwhen crossmodalstimuli (visual + vibrotactile) were presentedin spatiotemporal
alignment but attention was directed only to vibrotactile events. Theseresults suggestthat
the presenceof visual information that is spatiotemporally congruentto relevant tactile
information enhancedthe amplitude of the P50 component. However, it was uncertain if
participants were aware that crossmodaleventswere synchronous,therefore, alterations
in cognitive strategy to perform the task are unknown (Meehanand Staines 2009). Lastly,
Dionneet al. (2013) showedthat the amplitude of P50 was sensitive to simultaneous
presentation of crossmodalstimuli, but only when both crossmodalevents were relevant
for behavior,and not when one eventwasirrelevant (i.e.,when participants only
respondedto one modality). Specifically,the presenceof visual stimuli, alone,did not
enhancethe P50 amplitude, suggestingthat modulation of this component is mediated by
top-down sensorygating mechanisms. Resultsalso showedthat enhancementof P100
amplitudes were greatestduring simultaneous presentation of crossmodal

(visual + vibrotactile) stimuli relevant for behavior versustask-irrelevant unimodal stimuli.
DespitetheseP100results and the findings reported in this study, crossmodaleffectson
this componentare variable, and seemto dependon the spatial location of attention. For
example,studies using EEGand sensoryoddball tasks haveinvestigatedcrossmodallinks
in spatial attention between vision and touch. In tactile manipulations, participants
respondedto tactile O T A /GArdeltskht attended spatial locations (primary modality) while
ignoring visual stimuli (secondarymodality). Resultsshowedthat attended,relative to

unattended tactile stimuli, enhancedthe negativity of the somatosensoryN140 component,
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but failed to produce attentional effectsat earlier stagesof somatosensoryprocessing
(Eimer and Driver 2000). However,recent work by Jonesand Forster (2013) showedthat
engagingin avisual task while performing an exogenoustactile attention task diminished
cortical modulation at early stagesof somatosensoryprocessing. Here,subjectseither
performed atactile exogenousattention task while either just watching a visual stream of
letters (single task), or were required to perform the tactile task and detect targets within
the visual stream (dual task). ERPresults showeddiminished modulation of the N80 and
P100somatosensory componentsduring the dual task suggestingthat early stagesof
somatosensoryprocessingare sensitive to crossmodality effects (Jonesand Forster, 2013).
Plausibleexplanationsfor the inconsistent crossmodaleffectson early stagesof
somatosensaey processingmay be differencesin the attentional tasksemployed(i.e.,
crossmodalsensoryintegration task versustactile spatial attention task), and/or in the
attentional demandsrequired between studies (i.e.,gradedforce responserepresenting the
summation of visual and tactile stimuli with the hand versusvocal responsemadewhen
target stimuli were presentedat attended spatial locations) (Eimer and Driver, 2000;

Eimer, 2001; Dionneet al., 2013; Jonesand Forster, 2013).

Crossmodalinteractions betweenrelevant sensoryinputs canfacilitate perceptual
processingin modality-specific sensorycortex to achievegoaloriented behaviors. Studies
have shown that the presenceof an additional (but task-irrelevant) modality canenhance
neural excitability in the attended modality (Calvertet al., 1997; Macalusoet al., 2000;
Calvert, 2001; Foxeet al., 2002; Kayseret al., 2005; Pekkolaet al., 2006; Lehmannet al.,
2006; Schirmannet al., 2006; Kasyeret al.,2007; Lakatoset al., 2007; Meehanand Staines,
2009), suggestingthat attention within one modality canmodulate neural excitability (to

53



someextent) in another sensorymodality. Furthermore, recent neuroimaging studies have
found that relevant crossmodalstimulation (i.e.,tactile and visual senory input) increases
neurophysiologicalresponsesin Slrelative to unimodal stimulation (i.e.,either visual or
tactile sensoryinput) (Dionne et al.,, 2010, 2013). Takentogether,thesestudies suggest
that both bottom-up (i.e.,the presenceof an additional sensorymodality) and top-down
attentional mechanisms(i.e.,task-relevance)work together to processand integrate
relevant sensorysignalsfor successfulexecutionof goaloriented behaviors. However, the
neural mechanismsunderpinning the contribution of eachsensorysystemduring
crossmodalattentional processingremains unclear. In this study, we examinedthe relative
contribution of visual information in modulating early somatosensoryERPsby
manipulating the temporal parameters of relevant visual-tactile interactions. Results
showedthat modulation of the P50 componentvaried basedon the temporal delay
betweenrelevant bimodal stimuli, with greatestenhancementseenwhen visual
information occurred 100 msecprior to the onsetof tactile infor mation. In addition, the
P100 componentwas enhancedduring simultaneousbimodal interactions relevant for
behavior, but not during bimodal interactions where tactile information occurred 100 msec
prior to visual information, or during irrelevant unimodal interactions suggestingthat the
P100componentwas increasedonly when visual-tactile eventsoccurin temporal
synchrony and require selectiveattention. Lastly, behavioral results revealeddifferences
betweenthe sensory-motor responsesproduced during the VTdversusthe TVd conditions,
suchthat, participants tended to under-squeezethe pressure-sensitive bulb when
summating VTd stimuli. It is plausible that participants may have employed different

cognitive strategiesto facilitate processingof these crossmodalconditions. It certainly is
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possiblethat suchmodulation of thesemodality-specificregionswould have some
behavioral benefits in terms of the efficient sensorimotor transformation. However, since
participants were not explicitly askedwhether they useda specific strategy to aid their
sensorimotor judgments,we canonly speculatepotential factors that may have produced
the differencesin behavior found in our study. There are somenotable limitations in the
designof the experimental paradigm usedin this study which must be considered.
Although the crossmodalconditions with 100-msectemporal delaysbetweenthe onsetof
visual or tactile stimuli events(i.e., TVdand VTd), were advantageousfor interpreting
crossmodaleffectson the P50 component,the temporal delay interfered with the timing of
someearly (i.e.,the P100componentfor the VTd condition) and all later onsetERPSi.e.,
N140) beyondtypical latency boundaries,thus crossmodaleffectscould not be discussed
for thesecomponents. Secondthe behavioral results of this study suggestthat participants
may develop different cognitive strategiesin order to facilitate perceptual processingof
crossmodalstimuli with temporal delaysbetweenthe onsetsof eachstimulus. Previous
studies using the samestimuli describedin this study havereported no differencesin
behavior during unimodal (TT, VV) conditions versus simultaneouspresentation of
crossmodal(visual + vibrotactile) conditions, suggestingthat performance accuracywas
similar acrossall conditions (Dionne et al., 2010, 2013). Indeed,the discrepancybetween
thesebehavioral results comparedto the results of this study reveal a needfor future
studiesto investigate if a potential relationship betweentheseearly changesin neural

excitability and behavioral responsesexists.

Notwithstanding theselimitations, the results of this study are novel and suggest

that presentation of visual information relevant for upcoming sensory-guided movement
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canfacilitate tactile processingat very early stagesin Sl. Our findings complement
previous observationsreporting that crossmodalattention effectscanoccur at early stages
in modality-specific sensory ERPcomponents(Eimer and Driver, 2000; Taylor-Clarkeet al.,
2002; Dionne et al., 2013). Notably, this study extendsthe current literature by showing
that crossmodalmodulation of early somatosensoryERPSss facilitated by bottom-up
sensoryinteractions betweenvisual-tactile cortical associationsand top-down sensory
gating mechanisms. Overall, this researchoffers novel and important information about
how the brain mergessensoryinput from multiple modalities in order to executegoalk

oriented behaviors.

2.6 Conclusions

Modulation of the P50 amplitude dependedon the temporal onset of crossmodalstimuli
with the greatestfacilitation seenwhen visual eventsprimed tactile events(VTd
condition), followed by similar modulation betweenthe other crossmodalconditions (SIM
and TVd), and lastly the smallestmodulation was seenfor the irrelevant unimodal tactile
condition (TT). The amplitude of the P100componentwas enhancedduring the SIM
condition and suppressedduring the TVd condition and TT condition. This finding
suggeststhat facilitation of the P100componentdependedon the attentional relevance
and temporal alignment of visual-tactile events. Overall,this study showedthat early
somatosensoryERPsgeneratedin modality-specific cortical regions are modulated by both
bottom-up sensoryinteractions between visual and somatosensorymodalities and top-

down attentional influences.
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Figure 2.1. Experimental paradigm

A) showsthe unimodal conditions (VV,TT), B) showsthe crossmodalcondition with
simultaneously presentedvisual-tactile stimuli, C) showsthe crossmodalcondition where
tactile stimuli are presented100ms before visual stimuli (TVd), D) showsthe crossmodal
condition where visual stimuli are presented 100ms before tactile stimuli (VTd) between
visual-tactile condition (VT). Participants were required to ignore all unimodal conditions
and only respondto the crossmodalconditions. To depict the behavioural task, the columns
are intended to represent examplesthe temporal onsetand amplitudes of stimulus events
amplitudes while the dotted trace is a schematicof the corresponding force applied to the
squeezebulb when making the motor responseto those stimuli. E) showsan examplea
bimodal simultaneouscondition (SIM) and a unimodal tactile-tactile condition (TT). F)
Subjectswere to attend only to bimodal conditions and make a graded motor response

with a pressure bulb representing the summation of eachstimuli. (ITI; Intertrial interval,
ISI; Interstimulus interval).
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Figure 2.2. Grand averaged P50 waveforms

1
500.0

Grandaveragewaveforms all for conditions are shown for parietal electrode sites
contralateral to vibrotactile stimulation (C4,CP4,P4). The P50 ERPcomponentis labeled
on the trace for electrode site C4.Blackand light gray solid tracesshow VTd, SIM,dark gray
dotted tracesshow TVd conditions, while gray and black dashedtracesshow TT and VV

conditions, respectively.
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Figure 2.3. P50 scalp topography maps

Inset shows modulation of the P50 ERPwaveformsin responseto bimodal and unimodal
conditions. The P50 ERPcomponentis labelled on the trace for electrode site CP4.Solid
black and light gray tracesshow VTd and SIMconditions, dotted dark gray tracesshow TVvd
conditions, while gray and black dashedtracesshow TT and VVV conditions, respectively.
Below imagesshow group averageddata of peak areasof cortical activity generatedover a
30 mstime window (40-70ms) centeredaround the P50 ERPpeak.All valuesare in
microvolts (uV).
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Figure 2.4. Grand averaged P100 waveforms
GrandaverageP100waveforms are shown for parietal electrode sites (P3,PZ,P4) for SIM,

TVd,and TT conditions. The P100 ERPcomponentis labelled on the trace for electrode site

P3.Solidlight and dotted dark grey traces show SIM, TVd conditions, respectively, while
dashedlight grey tracesshow the TT condition.
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Figure 2.5. Group ERPmeans

Groupmeansfor A) P50and B) P100 ERPcomponents.Solid black bars represent group
datafor the crossmodalcondition where presentation of visual stimuli precededtactile
stimuli (VTd), dark gray barswith dotted lines represent group data for the crossmodal
condition where presentation of tactile stimuli precededvisual stimuli (TVd), solid light
gray barsrepresent group data for the crossmodalcondition where visual+tactile stimuli
were presentedsimultaneously (SIM), dashedlight gray bars represent group data for the
unimodal tactile condition (TT). Error bars show SEM* denotessignificancep<0.05.(A)
MeanP50amplitude measuredat CP4,B) depicts the meanP100amplitude at PZ,
respectively.
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Figure 2.6. Behavioural performance

The solid light gray bar graph representsgroup data for the visual + tactile simultaneous
condition (SIM), the dotted dark gray bar graph representsgroup data for the condition
where tactile stimuli were presented100ms before visual stimuli (TVd), and the solid black
bar graph representsgroup datafor the condition where visual stimuli are presented

100ms before tactile stimuli (VTd) between visual-tactile condition (VT). Error bars show
SEM.
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Chapter 3 ZStudy 2: Early modality -specific somatosensory cortical regions are
modulated by attended visual stimuli; interaction of vision, touch, and behavioural
intent.

Adaptedfrom:

StainesWR,PopovichC,LegonJK,AdamsMS.(2014). Early modality-speciiic
somatosensorycortical regions are modulated attended visual stimuli; interaction of
vision, touch, and behavioural intent. Frontiersin Psychology5(351), 1-11.

3.1 Overview

Crossmodalinteractions betweenrelevant visual and tactile inputs canfacilitate
attentional modulation at early stagesin somatosensorycorticesto achievegoaloriented
behaviours. However, the specificcontribution of eachsensorysystemduring attentional
processingand importantly, how theseinteract with required a behavioural motor goal
remains unclear. Electroencephalographywas usedto test the hypothesisthat activity
from modality-specific somatosensorycortical regions would be enhancedwith task-
relevant crossmodalstimuli (visual+tactile), and that the degreeof modulation would
dependon the difficulty of the associatedsensory-motor task demands. Tactile stimuli
were discrete vibrations to the index finger and visual stimuli were horizontal barson a
computer screen,both with random amplitudes. Streamsof unimodal (tactile) and
crossmodal(visual+tactile) stimuli were randomly presentedand participants were
instructed to attend to one type of stimulus (unimodal or crossmodal). Responsesnvolved
either anindication of the presenceof an attended stimulus (detect), or the integration and
summationsof two stimulus amplitudes using a pressure-sensitive ball (grade). Force-
amplitude associationswere learnedin atraining sessionwith no performance feedback
while ERPswere time-lockedto tactile stimuli and extracted for early modality-specific

components(P50 and P100). Resultsshowed enhancementof the P50during the
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presentation of attended, crossmodalstimuli. This was maximal when the motor
requirements involved integration of the two stimuli in the gradetask and when the visual
stimulus occurred before (100 ms) the tactile stimulus. Theseresults suggestthat visual
information relevant for movement modulates somatosensoryprocessingasearly asSland
that the motor behavioural context influencesthis likely through interactions of top-down

attentional and motor preparatory systemswith more bottom-up crossmodalinfluences.

3.2 Introduction

Selectiveattention is often classifiedasatop-down cognitive processwhereby
attentional resourcesare voluntarily directed towards sensorystimuli relevant for goal
oriented behaviour. Neurologically,animal and human studies have shown that selective
attention enhancesneuronal responsesin corresponding modality-specificregions of the
brain (Josiasseret al., 1990; Hsiaoet al., 1993; Motter, 1993; Woldorff et al., 1993; Jancke
etal.,, 1999; JohanserBerget al., 2000; Staineset al., 2002; Petkov et al., 2004; Gazzaleyet
al., 2007; Andersenet al., 2008). However,the presenceof salient sensorystimuli in the
environment canalso capture attentional resources;a processreferred to asbottom-up
attention. Neuroimagingstudies havereported that the presentation of atask-relevant
stimulus when paired with another task-irrelevant stimulus from a different sensory
modality alsoenhances neuronal responsesin the attended modality (Calvertet al., 1997;
Macalusoet al., 2000; Calvert, 2001; Macalusoand Driver, 2001; Molholm et al., 2002;
Lehmannet al., 2006; Pekkolaet al., 2006; Schirmann et al., 2006; Meehanand Staines
2007,2009). Animal work by Zhouand Fuster (1997) hasshown that neuronsin Slfire in

responseto visual stimuli that hasbeenpreviously paired with tactile stimuli. Moreover,
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recent investigations have shown that neuronal responses in modality-specific cortex are
enhancedwhen the crossmodalstimuli are task-relevant for behaviour. For example,
previous neuroimaging studies by Dionne et al. (2010, 2013), showedthat simultaneous
presentation of relevant visual and tactile stimuli increasedneuronal activity in modality -
specific Slwithin 50 ms post stimulus onset. Popovichand Staines(2014) compliment
thesetop-down crossmodaleffectson Sl,and extend them by showing that presentation of
relevant visual stimuli 100 ms prior to the onsetof tactile stimuli producedthe greatest
P50facilitation, suggestingthat meaningful vision canexert modulatory effectson
modality-specific Slactivity. Takentogether, thesestudiesimply that crossmodal
processingis likely governedby both bottom-up sensory-sensoryinteractions and top-
down attentional mechanismsin order to allow for the selection,amplification, and
integration of sensoryinput relevant for initiating goaloriented responses.However,
while both theseattentional mechanians canmodulate neural responsesin modality -
specificsensorycortex, it is unclear how theseattentional mechanismsinteract during
sensoryprocessingof crossmodalstimuli.

Excitability of somatosensorycortex is modulated by the relevanceof stimuli to
behavior, with the goal of facilitating the extraction of relevant sensoryinformation for
further cortical processing. The modulation of somatosensoryinformation during
movement provides evidencethat the primary somatosensorycortex (Sl) is sensitive to the
relevanceof somatosensorystimuli to behavior. Inhibition of afferent information
ascendingto the cortex is seenwhen somatosensoryevoked potentials (SEPs)to passive
somatosensorystimuli are attenuated during movement,a phenomenonoften called

movementrelated gating (Cheronand Borenstein, 1991; Chapman 1994; Brooke, 2004),
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this gating effectis lifted, at leastpartially, when the stimuli are maderelevant to the
performance of atask (Staineset al., 1997, 2000).

In anon-gating context, recent findings using event-related potentials (ERPS)
provide evidencethat task-relevanceof stimuli facilitates crossmodalmodulation of early
and mid-latency somatosensoryspecific ERPcomponents,namely the P50,a positive
potential peakingat approximately 50 ms after presentation and generatedin the primary
al., 2013; Popovichand Staines 2014) generatedin secondarysomatosensorycortex
(Mima et al., 1998; Frot and Mauguiére, 1999; Gu 2002). Theseresults are novel as
crossmodaleffectson the somatosensoryP50 have not beenpreviously reported, and even
attentional modulation of this potential is not consistently observed(Desmedtand
Robertson, 1977; Michie et al., 1987; Eimer and Forster, 2003a/ b; Zopfet al., 2004;
Schubertet al., 2008). Part of the difficulty in reconciling the inconsistent reports of P50
modulation canbe attributed to alack of clarity in what it represents. Although the P50is
typically thought to reflect S1excitability, early reports have suggestedthat the latency of
this potential makesit unlikely to reflect processingof the evoking stimulus, but instead s
more likely to represent the application of cognitive strategiesto stimulus processing
(Desmedtand Tomberg, 1989). If this is the case then modulation of the P50 could be
highly dependenton elementsof the task that contribute to the strategy usedby the
subject,which could accountfor the lack of consensuson modulation of this potential
acrossdifferent tasksand paradigms. Early interactions havealsobeenshown between
auditory and somatosensorycorticesin taskswith simultaneousstimulus presentation

(Foxeetal., 2000). Further, Foxeand Simpson(2002) showedthat early modality-specific
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visual cortex is active asearly as56 ms after stimulus onsetwith evidenceof dorsolateral
frontal cortex by 80 ms. Neuroimagingstudiesin humanscomplementthe sensory-to-
sensoryinteractions reported aboveby showing that the presenceof crossmodalinput can
modulate neural excitability in modality- specific sensorycortices. Severalfunctional
magneticresonanceimaging studies havereported increasedblood oxygenationlevel
dependent(BOLD)responsesin modality-specific cortices due to the mere presenceof
stimuli from another modality. Theseinteractions havebeenfound between: visual and
auditory cortices (Calvertet al., 1997; Calvert, 2001; Lehmannet al., 2006; Pekkolaet al.,
2006), auditory and somatosensorycortices (Foxeet al., 2002; Schirmann et al., 2006), as
well asvisual and somatosensorycortices (Macalusoet al., 2000, 2002). In addition,
Dionneet al. (2010) investigated crossmodaleffectson BOLDresponsesgeneratedin Sl
when both stimuli were relevant for guiding a motor response. Here,relevant unimodal
(visual or tactile) and crossmodalstimuli (simultaneous visual + tactile) were presented
and participants squeezeda pressure-sensitive bulb with a force that was dependenton the
summation of both stimuli. Resultsshowedthat the greatestBOLDresponseswere elicited
inS1during crossmodalversusunimodal interactions suggestingthat combining visual-
tactile (VT) information relevant for behavior enhancesmodality -specific excitability in S1
(Dionneetal., 2010).

The objective of the current study wasto investigate the role of specifictask
requirements in mediating the previously observedcrossmodalmodulation of early
modality-specific somatosensorycortical responsesyepresented by the P50. Importantly,
this crossmodalmodulation occurred when both the visual and tactile target stimuli were

attendedto and necessaryfor animpending motor task. The current study investigatesthe
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role of the motor requirements of the impending task. Basedon the findings of Dionne et
al. (2010, 2013) and Popovichand Staines(2014), it was hypothesizedthat activity from
modality-specific somatosensorycortical regions would be enhancedwith task-relevant
crossmodal(visual-vibrotactile) stimuli and that the degreeof modulation would depend
on the difficulty of the associatedmotor task demands(i.e. sensory-motor integration task
or detection task). Specifically,it was hypothesizedthat crossmodalenhancementof the
amplitude of the P50 componentwould be greatestwhen the onsetof relevant visual
information occurred prior to the onsetof tactile information and required a sensory-

motor integration response,and smallestduring the detection of unimodal (tactile) stimuli.

3.3. Methods
3.3.1Participants

EEGwas collectedfrom 10 healthy self-reported right -handed participants (mean
age=24years,5 males). All participants provided informed written consentandthe
experimental procedure was approved by the University of Waterloo Office of Research
Ethics.
3.3.2.Behaviouraltask

The behavioural task consistedof 3 conditions that presented pseudo-randomized
pairs of discrete tactile or visual and tactile stimuli with random amplitude variations.
Stimuli were always presentedin pairs, either sequentialy (unimodal conditions) or
simultaneously (crossmodalconditions): 1) tactile-tactile (TT; 500 ms each,30 ms|Sl), 2)
visual-tactile simultaneous(SIM; 1000 ms concurrent), 3) visual-tactile with a100 ms

temporal delay between stimulus onsets(VTd; 500 ms each). Streamsof unimodal (tactile)
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and crossmodal(visual-tactile) stimuli were presentedin eachblock. In separateblocks,
participants were verbally instructed to attend to one type of stimulus interaction (i.e.
unimodal or crossmodal)and produce a motor responsewhich represented either the: i)
indication of the presenceof an attended stimulus (detect), or (ii) integration and
summation of 2 stimulus amplitudes (grade). In this way, attentional and motor response
state wasestablishedprior to eachexperimental block. In eachmotor task condition,
participants were required to maketheir responseusing a pressure-sensitive ball in order
to keepthe relative nature of the motor responsesimilar acrossconditions. Stimuli were
presentedfor 1 secnd after which participants were required to make their motor
responseimmediately following presentation of the crossmodalstimuli during a 2.5 second
window prior to the start of the next trial, for atotal of approximately 5 secondsper trial.
Crossmalal grade and detect conditions were randomly presentedin 5 blocks of 90
stimulus eventseach(30 eachof TT, SIM, and VTd), totaling 10 blocks of 900 stimulus
eventsin total, with eachblock lasting approximately 6 min. Unimodal grade and detect
conditions occurred in two blocks of 150 stimulus eventseachfor atotal of four blocks of
600 stimulus eventsin total (refer to Fig.3.1.).

Prior to the EEGcollection participants underwent a 52ninute training sessionwith
visual feedbackto learn the relationship betweenthe amplitudes of the stimuli and the
corresponding force required to apply to the bulb. During training, a horizontal target bar
appearedon the visual display and subjectswere instructed to squeezethe
pressureAensitive bulb with enough force to raise another visual horizontal bar to the
samelevel asthe target bar. At the sametime, assubjectsapplied force to the bulb with

their right hand the vibrotactile devicevibrated againstthe volar surfaceof their left index
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