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delayed feedback), Experiment 2 (averagedsschmmediate and
delayed feedback), Aargetfeedback in Experiment 3, and full
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ABSTRACT

Prism adaptatioPA) demonstrateow the braircanadapt to a shifted visual field and
alsoserves aa promising rehabilitatiompproach fotreating visuespatial neglect
(VSN) T a conditionmarkedby deficits in attending and responding to contralesional
stimuli. Visuomotor aiming errors following PAor aftereffectssuggest that adaptios
achieved in parby undergoing a basic transformation of spatial naaq@segocentric
coordinatesThis process, refeed to as spatial realignmettius plag a critical role in
eliciting improved VSN symptoms following PA. Desp#everakheoretical acsunts of
themechanims involved in PA, there alignited means talirectly measuraneural
processesngagediuring PA that lead to robust aftereffecibe presenset ofstudies
investigated eventelated brain potentials (ERPs) evoked by different gions of
feedback during blocks of Pperformed by young healthy adul®&hemainpurpose of
the studies was to identify ERP components that index neural processes during adaptation
that leado robustaftereffectsPrevious research hasownthat feedbac events at the
end of reaching movements during PA can evoke an-semitive component of the
ERP (the errorelated negativity, ERN) as well ascomponent sensitive to phasee.
early, middle, laté of adaptation blocks (the P300hus thefollowing studies
investigated whetheéhe ERN, P300, or any novel ERP componeefiect adaptive
processeassociated with subsequent aftereffetiwe different provisionsf feedback
used here were predicted to evoke either relatively weak, or réjagiveng magnitudes
of aftereffectsThus,ERPswere comparetietween feedback provisiorfeeedback
events evoked a numberdifferentERPsacross all conditionghus providingevidence
thatthe brainrecruit different systems to supportaatation depnding on the feedback
condition The major resultsom the studiesuggesthat a purported neura
reinforcement learning system, indexed by the ERN, is sufficient to undergo error
compensation across adaptation blocks but not sufficient to yield strong aftereffects.
Results also suggest, however, thpaietaoccipitalcomponent sensitive to phase
resembling the P30@eflectsprocessing associated wipatial realignment as it is
consistentlyevokedby conditions leading to strong aftereffebist absent otherwise
Although further research isecessarydevelopment of PA paradigms can be impdbve
by usingfeedback conditiosithat evokdehe aforementioneparietcoccipitalcomponent
responseThe use ofeedbackevoked brain potentismay also assist clinicians in
determining why, or how person with neglegesponds to PA treatment successfolly
poorly.
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CHAPTER 1: INTRODUCTION

Visuo-motor behaviour igssential to nearly any undertakifgopleconstantly
process visual information from their environment and generate movement based on that
information.This helpsus taste, touch, communicaésd moveour bodiesaround the
world. Importantly,visuo-motor behaviouis supported by a number e§gems that
function outsidelte strict domains ofision andmovement Systems devoteto memory,
learning, and decisiemaking, for examplanay allsupportvisuo-motor behaviouin
some capacitylherefore when visuemotor behaviour is suboptimal, e.gswo-motor
goals do not matcpredictedresults severakystems in the braicencontribute to
improvingthatbehaviour. Prism adaptatigRA) provides a classic example of how the
braincanrecruit these systems and quickilydergo changes to improsaboptimal
visuomotor behaviour Dur i ng prism adaptatishfred a partic
laterally by prism goggles; a condition that causes aiming errors when reaching towards
targets

Broadly speakingthe present thesidescribesan electroecephalographic (EEG)
investigation of PAn orderto isolate brain responses (eveelated potentials; ERPS)
reflecing the contributiorof different system#volved inachieving adaptationi.e.
achievingoptimal visuemotor behaviourOf particular relevance to this thesis is the fact
thatPA shows promise astgeatmento improve attentiomelated detits experienced
after strokd a conditionoften referred to as vistspatial neglect VSN finé&.gl ect o
Among themany system#hatcanimprove visuemotor respondinguring PA certain

systems, oprocessesare more critical than others witimatelyimprovingneglect



symptomsFor examplesystems that support perceptual learrdngng PAmay be
morebeneficial topersons witmeglectthan systems supportinglore movement
correctiongdRedding & Wallace, 1993Y herefore, identifying brain responses (ERPS)
tha reflectcritical systems/processes tlaproveneglect symptombas potential to
enhancehedevelopment and use oARas a clinical treatmentn the broader context,
identifying ERPsthat reflect different adaptive processesalso contribute to
understandingpasicneural mechanisms that support optipaiceptuaimotor behaviour.
Before introducing the experimentsowevermore details are provided below regarding
the critical elements and questions involved in this thesis.

1.1 Prism Adaptation

Prism adaptation (PA) demonstratebhe br ai nés abil ity to ada
changes in the visually perceived caoedes of objects in spaderism adaptation
paradigms requirparticipants to performa goakdirected visuemotor task This
normallyrequiresreaching movemesiith the dominant hand towards targets along the
transversglane.Furthermore,lietaskis performedwith prism glassethatfunction to
displace thevisual fieldlaterally, either left or right by some number of degrees.

Prism adaptatiomompriseseveraltages. First, as a result of the laterally
displaced visudiield, participants experienaBrect effecs at the onset of the taslarge
aiming errorsobserved aseachegerminatingtoo far from the target in the direction of
theprismatic visual shiftThus, direct effects are measugstording tadhe size of
reaching error from the onset of PA blocksrect effects are followed by a stagerapid
adaptation or errorcorrection,usually within 15 trials thatesults inaiming performance

closely approadhg baseline levels of accurady.slower, unconsciousorm of



adaptation continues to take place after immediate error correttiamlatter adaptive
process is considered to be critical to producingaRéreffectd abnormalvisuo-motor
behaviour after prism glasses are remoBgkcifically,after PAparticipants will
performvisuo-motor errors byeaching too far frontargesin the direction opposite to
the precedingprism displacement hus, aftereffects are measured by size of reaching
error under conditions of normal vision immediately following. PA

Theobservatiorof robust aftereffecthas l&l researchers teuggest thathe brain
compensatefor theprismaticvisual shift by changinfundamentatomponent®f the
perceptuamotor systemas opposed tsimply engaging deliberatial-by-trial aiming
corrections (Redding and Walla@§13) Accordingly, thee is evidence that tHatter,
slower form of adaptation produces larger aftereffects witteased adaptatidrialsi
evenwell after errors are immediately corrected fee@ding &Wallace 1996. The
differentneural systems and processeslved in adaptatiorand therole thateach plays
in producing PAaftereffects havepawned &orpusof researclt{e.g.Kornheiser, 1976;
Redding, et al. 2005; Redding & Wallace, 20N@wport & Schenk, 201Pand areof
majorinterestto this thesis.
1.2Visuo-Spatial Neglect

While PAserves as ameando investigate perceptuatotor phenomena, it has
garnered significardttention for its promisinglinical applications as well. Seminal
research by Rossetti et al. (1998) revealeddlssssion of PAould improve symptoms
of visuo-spatial neglect (VSNnheglect measured by common neuropsychological tests
line bisection, drawing a copy of visibimage, drawing an image from memory, reading,

and line cancelatioNeglect is viewed primarily asnattentionrelated disordeand is



predominantly causdaly right-hemispheretroke. Indeedsome form ofVSN affectsa
majority ofindividuals afteright-hemispheretroke (Azouvi et al., 2006; Buxbaum et
al., 2004) Although the conditiomay present a diversity of problem&SN principally
comprisedifficulty attending, orienting, and responding to stimuli in contralesional
spacgHeilman et al., 1993 Neglectcan severely impaciaily living (Jehkonen et al.,
2006; Mutai et al., 2012andcanlead topooreroverall recoveryafterstroke {/ossel, et
al., 2012; Paolucci, et al., 2003.number of approaches to treating VSN have been
investigatedsuch & visuaspatial training (Pizzamiglio et al., 2006), continuous theta
burst stimulation (Koch et al., 201€azzoli et al., 2012 repetitive transcranial magnetic
stimulation Brighina et al., 2003; Bjoertomt et al., 2002; Shindo et al., R@o&l limb
activation (Eskes & Butler, 2006; Robertson et al., 2002; Luukkaidankkula et al.,
2009).Among the many approaches (Yang et al., 20L3auté et al., 20086pr review),
substantial evidence, reported below, suggests prism adaptation is a particularly
promising treatment method

Returning to normal visioafter PA improvesperformance on a number of
scanning and reachirigsksamongindividuals with neglect (Rossetti ak, 1998;
Baltitude & Rafal, 2010; Frassinetti et al., 2002; Sarri et al., 2008; Schindler et al., 2009;
Serino et al., 2006; Striemer & Danckert, 2007; Nys|.e2808a; Keane et al., 2006).
Moreimportantly, PA has been shown to improve deficits ifydectivities such as
reading (Angeli et al., 2004a; Angeli et al., 2004b; Eatral., 2002; Serino et al., 2009;
Serino et al., 2007), writing (Rode et al., 2006), maintaining postural balance (Tilikete et
al., 2001; Shiraishi et al., 2010), and natilgga wheelchair (Jacqui@ourtois et al.,

2008; Watanabe & Amimoto, 2010). Finally, PA is reported to also improve daily



function as measured through sedport and caregiver observation (Turton et al., 2010;
Fortis et al., 2010; Keane et al., 2006; Mip et al., 2011; Shiraishi et al., 2010;
Vangkilde and Habekost, 2010).

Despite its promiséhowever,PA continues to generate inconsistent res@tsne
studies report relatively weak findings in regard to improved daily function (Keane et al.,
2006,Pierce and Buxbaum, 2002; Bowen & Lincoln, 20CGhampod et gl. and many
cases of improvement are no greater than those observed in control or placebo groups
(Rousseaux et al., 2006; Turton et al., 2010; Nys et al., 2008b). Moreover, some studies
that docite functional improvements lack proper control groups and are often limited to
single case studies (Angeli et al., 2004a, Angeli et al., 2004b). Fimatlgmplete
contrast to the improvements cited abd®&,has alsdad null effects on reading defg
(Humphreys et al., 2006; Mclintosh et al., 2002), visual object recognition, visual object
description, (Dijkerman et al., 2003; Dadit al., 2006; Sarri et al., 2011), and visual
searchtasks(Morris et al., 2004; Nijboer et al., 2008).

Mountingevdencess uggest s PAOSs restrittestomainmoton e gl ect
intentionalbehaviourge.g. goaldirected reachingyandthusyields limited effects on
strictly perceptual processés.g. Sarri et al., 2006; 2011; Ferber et al., 2008 lack of
improvenent on perceptual processieas been illustrated, for exampig, the ability of
persons with negle¢d improve at a lindisection taskinvolving both perceptual and
motor components, but not a landmark taske perceptuabnly analogue to lie
bisection(Striemer & Danckert, 2010)

While PA shows promise aa means to rehabilitate someglectsymptomsthe

conflicting resultsso farsuggest furthedevelopmenits required in order toptimize its



usefulnessn clinical settingsGi v e n  pér8aNigersess and impact on quality of life,
deweloping treatments is certainly a warranted effeutther developin@A for persons
with neglectcouldhappen in a number of wayBhe present thesams tocontribute to
the developmentf PA for neglectn two ways.First, it can improveknowledge othe
basic brain processes involved in a@dépn and thuscan improve the desigsf PA
paradigmgo recruit thebrain processs critical for elicitingobust aftereffects.e€tond,

by identifying brain proceses criticalo aftereffects, it can improveur means to
understand how, or why certgsersons with neglee@ndbr populations resporaborly

to PA while others do noThe method is described further detail below.

1.4 Strategic Recalibration & Spatial Realignment

CurrentPA theoriesnormallysuggesthat two brairprocesses function in parallel
to achiee adaptationo the shifted visual fieldVhile a number of authors have
describednechanisms responsible for PA (a/delch & Warren, 1980; Bedford, 1993),
Redding and Wallace (e.g. Redding & Wallat@96 2002 have undertakea series of
detailed studiesoncerning basic PA mechanisms dmals theyserves as a good
benchmark for theories of adaptive vismotor behaviour.

Reddingand Wallace propose that exposure to prism goggles enyames
processsistrategic recal i br atBothlerdtoadapdatiodrdp at i al
subsequent aftereffeats different ways Recalibratiorreflects arapidly implemented
anddeliberate attempt at corré@ag consciously perceiveaimingerrors by adjusting the
motor planRedignment, on the other hanceflectsan unconscious procelg whichthe
b r a spati@lsnap okgocentriccoordinates isransformed (i.e. realigngth such a way

to minimizethedi scr epanci es bet we e ooorgimategnd i ocepti ve



visually perceived handoordinatesluring a visuemotor task performed with prisms
Redding and Wallaceote that realignment israechanismmportantfor human survival
as itenablesisto adjust to natural changes in body due to, for example, growth (e.g.
lengthening limbs), or accident (e.g. loss of hgiRBdding & Wallace, 1996)

Evidence would suggest that spatial realignment enhances aftereffects thesyond
contribution of recalibration. Specifically, it has been shown that the magnitude of
aftereffects caused by prism adaptation can increase independent of error correction. For
example, Michel et al. (2007) showed that participariseriencedarger aftereffects
after a session prism exposure without consciously experiencing @éurarg the course
of adaptation compared to adaptation with conscious error corre€h@former
conditionwas achieved by exposing participants to prism gogglssall increments.
Likewise, Redding and Wallace (1993) probed magnitude of aftereffexisslO trial
incrementguring aprism adaptation bloc&onsisting of 60 trials. Redding and Wallace
showed that participant erphaset dfthagaddpthtierct s 1 ncr e
block despite participants not undergoing any more significant error correction during
those phases. Together, the evidence suggests that PA is indeed supported by two
separate mechanisms: a faster process engaged to corsebuasly perceived errors,

i.e. recalibration, and a slower process causing aftereffects that transfer to other tasks
postadaptation, i.e. realignment.

Thus, when consideringeural processdbat are of importance fgersons with
neglect theseare nomally associated witBpatial realignmenttherthan recalibration.
Realignmenexplains how PA aftereffects can transfer to tasks outside of those trained

under PA and thus also explains hpgrsons with neglechay show improvement across



a number of dmains (Luaut et al.,, 2006)l nde e d, under Redding
model of prism adaptation, persons with neglect primarily undergo realignment during
PA and thus are able to benefit from that treatment apprbasbhmmary, recalibration
and realignmenprovide amodel of PA involvingwo distinct processes engag#aing
adaptation, one of whighealignmentjs assumed tenhanceftereffecs thatcan
ultimatelyimproveneglect symptoms.

Neural structures involved in recalibration and realignment baee
investigated with both neuroimaging and lesion studies. Evidence ssitgest
adaptation is modulated by a frontal, parietal, and cerebellar netwibré brain Using
PET imagingClower et al. (1996) revealed the posterior parietal cortex to have enhanced
activation during short blocks of prism adaptation primarily involving error correction
compared to a similar reaching task performed without prisms. Similarly, using fMRI,
Dancket et al. (2008) and Luaute et al. (2009) revealed particular regions of the PPC to
have enhanced activation during early error correction trials compared to latter trials of
adaptationThe parietal cortex hasdeedbeen implicated as a regionwolved n error
correctionof movementgDella-Maggiore et al.2004; Desmurget et al., 1999; Tunik et
al., 2005; Tunik et al., 200,7and would thus be implicatediecalibrationprocesses. Its
role inrealignmenthowever, is more questionable given evidenaghitateral parietal
lesiors havebeen shown to hind@rror correction to prism exposusat maintain
aftereffects Risella et al., 20040ne fMRI study, however, Chapman et al. (2010), also
showed enhanced activation of parietal regions during lategtation trials compared to
early trials, thus associating the parietal cortex with realignment processes dhevell.

cerebellum has aldzeen implicated as a region involved in recalibration during prism

and



adaptation. Both Danckeet al. (2008) and Chapman et al. (2010) showed enhanced
cerebellar activity during early trials of adaptation compared to later tdalsever,
evidence suggests cerebellar regions are also critical in realignment processes as well.
Cerebellar lesions ka been shown to impair not only error correction processes during
prism adaptation, but aftereffects as well (FernasiRi@iz et al., 2007; Martin et al.,
1996). Indeed, Luaute et al. (2009) and Chapman et al. (2010) also reported increased
cerebellar actiity during latter trials of adaptation, suggesting it plays some role in
realignment processes in addition to recalibration. Finally, Danckert et al. (2008) showed
increasd activity in anterior cingulate cortex during early, error correction trials of
adaptation, thus also implicating frontal error monitoring systems in the process of
recalibration.
1.5Brain Potentials Evoked during PA Feedback

In an effort to better understanecalibration and realignmertivo published
studies haveised EEG tanvestigatedERP componentsvokedby onset of feedback
duringPA thatare sensitive to two particular factors over coursadafptation: (1)
accuracy and (2) phase of adaptation. fhationshipbetween thesaccuracysensitive
and phasaensitiveERP canponents and the processf recalibration and realignment
hasyet to be fully elucidated however.

First, Vocat et al. (20)Imeasuredwo ERPcomponerd evoked by reaching
movements during PA thateresensitive to the size of reachiagorsduring the task
the errofrelated negativity (ERN), and errpositivity (Pe) Participants reached towards
dots on acomputemonitor for 10 blockshat each had 12 trialBlocksalternated

betweerconditions of normavision andconditions with 10fightwarddisplacing prism



goggles. Alternating between prism glasses and normal visimabled participants to
adapt and then dadaptto the prism goggles repeatedifocat et al(2011) compared
ERPs evoked byeaches leading toorrect responsesyainsteaches leading t@rrors of
three different magnitudes (large, mild, sligitheyreportedhata negativegoing
voltagemaximal affronto-central electrod&Cz, andoeaking at 76 ms pos¢sponse
onsef was present on errtiials andincreased imegaive voltageconcomitantly with
the size of errorsThis component is consistent with the ERIMcatalsoreported a
second ERomponentalso sensitive to errors, at the same electrode site (FCz) but with
a positivegoing voltage peaking at 185 ms postponseLike the former component,
this positivevoltage deflection alsmcreasd in amplitudeconcomitantly with error size.
This latter component is consistent with the Pe.

The ERN has beemportedacrossseverakexperimentatonditionsby the onset of
erroneous responseagpically peaks 5A00ms postresponse onset, is maximal at
fronto-central scalp electrodés.g.Falkensteiret al., 199}, and has been source
localized to anteriecingulate cortex (ACC; Van Veen & Carter, 200Phe ERNis
observedfor exampleduring flanker taskéGehring et al., 1993; Maier et al., 20E2)d
duringstroop tasksHajcak & Simons, 2002vhen participants impulsively initiate an
incorrect response due to conflicting stimirideed, a prominent gory holds that the
ERN reflects a procesd response conflidt thusresponses requiringhibition of
alternativechoices, or requiring increased cognitive contnaly evoke an ERIlYeung
et al., 2004Botvinick et al., 2001)A theory proposed by Holyal and Coles (200
suggests the ERMrresponseERN, may indexactivity from a neural reinforcement

l earning (RL)-ERNMG t enmddosigyesthe EFNIs evoked by a
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responseutcomepredictionerror, and is thus sensitive tbe firstindication that the
outcome of a selected action is worse than predigiéitbugh theoretical accounts of the
ERN may differ, the timing of the ERN and its sensitivity to errors would suggest that it
is evoked by some internal evaluation of responseseeaduation of an efference copy
of the motor command, rather than evaluation of external feedback indicating error
Relevant to PA, the ERN haseviouslybeen reported during taskequiring visue
motor learning (e.g. Bediou et al., 2012; Anguera ¢2809).

The second componereported by Vocat et al. (20),the Pehasgarnered
slightly less attention than the ERN apolssesses a ledsfined role irerror processing.
When present, the Retypically observeds apositivegoing voltage peakingl50ns
after theERN at eentroparietal electrode siteSeveral studies have suggested the Pe
relates to conscious awarenesgiwbrs, as it is absent or significantly attenuated orstrial
in which participants report not being aware they made an (@.gNieuwenhuis et al.,
200% but seeDverbeek et al., 2005yhe ERN, howeverjs still observedn trials in
which participants are reportedly unaware they made an(&mdrass et al., 2005;
O6 Connel |) Eypically, themanigulat@r7okerror awareness is achieved by
having participants perform speeded response tasks that sometiuiesresponse
inhibition (failure to inhibit causes an error). A subsequent manual rating (i.e. button
press) indicating whether or not th&ybjectivelyexperienced an error on the previous
trial is requiredTherefore, observation of the ERN when the later Pe is absent, and when
participants do not report awareness of eriergjs support to the theory that the
response ERN is modulatég internal evalu&n mechanisms that may not always come

into full awarenesg§van Veen & Carter, 2002T.he Pe is also reportedly sensitive to
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certainty, or valencef erroisi the Pe increases when participants are more certain an
error occurred than less certéBoldt & Yeung, 201% In addition to error awareness,
the Pe amplitude has also bgmsitively correlatedwvith posterrorslowing (Hajcak et
al., 2003) thusleading to thepossibility that it reflects additional pestror
compensatory processirfgnally, source localization studies have suggested the Pe
component may originaia rostral ACC, anterior ACC, posterior cingulate cortex, and
the precuneu@Herrmannet al., 20040'Connell et al., 2007; Vocat al., 2008

In addition to Vocat et al. (2011yacLean et al. (2015)Isostudied ERPs
evokedduring PA Similar to Vocat et al., (2011), participants performed several blocks
of goal directed reaching towards targets on a monitor. Blocks also alternated between
condtions of normal vision and prism exposukéacLean et al. (2015) ensured
participants were unable to see their reaching arm until the very end of the movement.
Thus, feedbaclevoked potentialgather than responssoked potentialayere measured
at thetermination of the reaching movement when the participant made contact with the
screenFurthermore, participants were subjected to longer blocks of adaptation (45 trials)
t han i n Vioadettdnseasare ER® gomponents that were sensitive to
different phase of adaptation blocks (early, middle and late théd€) ean et al(2015)
foundthat screeriouchevokedan early ERNike componensensitive to errorgpeakng
~75ms posscreenrtouch In addition to the ERN, scregnuch also evoked R300
component sensitive to phaseaofaptationndependent of accurackiere, phase
reflected the early €15), middle (1630), and late (345) trials of adaptation blocks.
The P30Gomponentnanifested as ancreased positivgoing voltage during thearly

phase of adaptation compared to the latter phasesbservation that the300 was
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evokedindependent of accurggi.e. hit or missput that it also diminished in amplitude
across trialsuggestshe possibility that theeomponenteflectsneuralactivity associated
with engagingealignment

The observationf an early ERNcomponent evoked by scretsuch in MacLean
et al. (2015) was rather interesting. The result suggestththhtain can rapidly use
external feedbaclformation (e.g. visiolf misspositioned hand during reach) to evoke
internal error evaluation mechanisms. This result was indeed novel, seeing as provisions
of external error feedbacgtormally evoke alifferent errorsensitive component: the
feedbackrelated negativity (FRN)t was hypothesized in MacLean et al. (2015) that the
onset of seeing the hand next to the target would be processed similarly to external
feedback stimuli, thus would evoke an FRN rather than an ERN.

The FRNis evoked by the onset ekternalstimuli (eg. auditory tone or visual
symbol) indicating failure at achieving a desired outcome. Such instances are observed,
for example, during timestimation tasks when participants receive feedback (in the
form of a visual stimuli) indicating their response was$ approximate to one second
(Miltner et al., 1997; Holroyd & Krigolson, 2007). More classically, however, the FRN is
commonly reported during gambling tasks at the onset of feedback (in the form of a
visual stimuli) indicating participants lost basedtbeair selected response (e.g. Krigolson
et al., 2013; Yu & Zhou, 2006; San Martin et al., 2010; Dunning et al., ZOB&)RN
commonly peaks250ms after onset @irror feedbacland is normally maximal at
fronto-central scalp electrodes. While the FRN and ERN are not identical in timing and
evoking event, the RERN theory proposed by Holroyd & Coles (208Rpgestshey

originate from the same neural learning system, althouglthitbory has been disputed.
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Both, nonethelesg)ave been source localized to mediahtal cortex, specifically
anterior cingulate cortex (ACCIpghaene et al., 1998terrmann et al., 2004; Ullsperger
& von Cramon, 2001; Gehring & Willoughby, 2002; Vaeah & Carter, 2002; Debener
et al., 2005)

Relevant to PA, theRN has also been evoked by error trials in a number of
visuo-motor tasks similar to those used during PA, such as manual tracking tasks
(Krigolson & Holroyd, 2006, 20072007b; Krigolson eal., 2008)and postural control
tasks (Hassall et al., 2014). Prism adaptation, nonetheless, presents a very novel paradigm
from which theFRN, and ERN, havieeeninvestigatedand raises important question
abouttheir evoking stimuli (further discussed fldwing Experiment 1). For the purposes
of the following experiments, instancesfiainto-centralnegativegoing voltage
deflections sensitive to erropgaking 56100ms posevokingevent will be labeled as
ERNSs, whereas frontoentral negativgoing voltage deflections sensitive to errors
peaking ~250ms pogivokingeventwill be labeledasFRNSs.

The P300 componemndlso reported in MacLean et al. (201t sbeen studied
extensively and evoked bynamberof experimental conditionst is reportedlysensitive
to anevokingstimulusdprobability (DuncanrJohnson & Donchin, 1977), tasklevance
(Donchin & Cohen, 1967 novelty Friedmaret al., 200}, aswellapp ar t i ci pant s o
allocation ofattention Becker and Shapiro, 198Bginze et al., 1990andmemory
(Polich et al., 1983; Johnson et al., 198%)e accumulation of data has led to some
overarching theories regarding the underlying processes that govern the P300. Two
predominant theories are the contagtlating hypothesifnchin & Coles 1988and

the locuscoeruleus norepinephrine (EKE) theory Nieuwenhuis et al., 2005).
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According to thecontextupdating hypothesjshe P300 reflects an updating of
participants working model of trenvironment. Thus, stimulhat require participants to
integrate information and update themodelof the environment evokeRB00 response.
The LGNE theory however stems fronboth P300 research as well as
neurophysiologicabbservationsn animal researciHere, the P300 is suggestedeflect
a phasic increase in firing from th€-NE system Studiesvith non-human primates
suggesthatphasic increase ibC-NE firing promotes exploratory behaviour by
increasing the gain of its target neurons (in hippocampugighédr cortical reging,
thus decreasing the nA(Adtondogds ethldIl®94f1697; act i on s
Usher et al., 1999Yhe theory thus purports that the P300 reflects a neural regbamse
improves decisionmaking,or action selectiarin response to its evaky stimuli.

P300 components reported in the literature are evidently not all idefitheal.
classicP300 hashus also beeoonceivedf ashavingdifferentsubcomponest possibly
reflecting different process referred to as the3a and P3bThe P3a is normally
associated with a more narrow voltage deflection at central electrode sites (e.g. Cz) while
the P3b is normally associated with a later, broader voltage deflection at parietal
electrode sites (e.g. POz). A review by Polich (2007) ssiggthese components may
reflect, respectivelyallocation of attention mechanisms to the evoking stimuli, and
subsequent information integration (i.e. memory storage, ceapebdting).The P3a and
P3b can therefore be viewed as distinct, but conneeta@@hprocesses.

1.6 Summary & Current Experiments
Vocat etal (2012) and MacLean et §2015) showedthat esponseand feedback

during PAcanelicit brain potentials sensitive {&) accuracy, and (2) phase of
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adaptationThe experiments presented below further investigate these brain potentials by
measuring how they are evoked across different typtedbackevents over the course
of prism adaptationf o t hi s end, participanismdasued ectr oer
in a number of PAlocks each with different feedback provisio®me of these
feedback provisions are predicted to yield strong aftereffects, while others are predicted
to yield weak aftereffectSpecifically, some of the PA blocks reporteddw will appeal
to (1) conditions of delayed visual feedback, and (2) conditions of symbolic hand
representation. Based on previous studies, these conditions are predicted to yield weaker
aftereffects than control conditions using (1) immediate visudbfsek (Kitazawa et al.,
1995), or (2) direct vision of hand (Wilms and Hala, 2002). Thus, according to the model
of prism adaptation proposed by Redding and Wallace (2002), conditions yielding
weaker aftereffects may do so as a result of limited spasibjnenent taking place over
the course of adaptation.

Postexperiment, the evemelated potential (ERP) technique is used to
specifically compare averaged EEG responses at the scalp to the onset of these different
discrete feedback events. Varying ghvevision of feedback in different PA blocks
enables the comparison of feedba&sloked brain potentials in conditions yielding
different magnitudes of aftereffects and thus potentially different magnitudes of
realignment.

The following experimentspecifically investigateaccuracysensitive (ERN,
FRN, andPe)and phaseaensitive(lP300)ERP component$ensitivity toaccuracy is
measured by comparing ERPs evokedhibyrials and error trials. Sensitivity to phase is

measured by comparing ERPs evokedlifferentbins of tials corresponding tearly,
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middle andate phases of adaptation blockihis proposed criteridnusenables these
ERP components tiee associated to errgpecific adaptation processes (i.e.
recalibration) and erreandependent adaptan processes (i.e. realignment).

Broadly speaking, it is hypothesized tfeg¢dback provisiongielding larger
aftereffecs will evokea phasesensitiveERP componenthe P300that is not evoked by
feedbackconditions yielding weaker aftereffeci&he P300 is a strong candidate for a
neural event indexing realignment because it has been previously evoked independent of
aiming errors, but also appears sensitive to the course of learning (i.e. phase) across PA
blocks (MacLean et al., 2015). It is hypesiized that accuraesensitive ERP
components, e.g. the ERN, FRN, and Pe, will be evoked by all feedback events that
reveal an aiming error has occurred, thus providing some evidence they index a neural
event associated with engaging the proceseda#litration Implications for
understanding the basic mechanisms of PA, developing PA paradigpesdons with
neglect and improving our understandingtb&ir responsiveness to PA are all addressed

in the general discussion.
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CHAPTER 2: EXPERIMENT 1

2.1Introduction

Prism adaptation aftereffects are normally measured by the size sfiertios
opposite direction to the prism shift after returning to normal vision. Previous research
has shown thaiftereffectsaremodulated by different provisions wvisual feedback
during the precedinBA block Kitazawa et al. (199%)resents such anstance where
visual feedback provisiandfect adaptation and aftereffectsn Ki t az gheathys st udy
participants were exposed to conditions of glieéctedopenloop reaching with prism
glassespar t i ci p a nthusfolly occlused at the eamsesof the reaching
movement. Full visual feedback, which enabled participants to see the target and their
pointing hand against a monitor, was returned to thicpmants either immediately upon
completing the reach or following various periods of delay@®&econds)The authors
showed that delaying visual feedback for as little amS@&fter reaclsompletion
produced decrements in adaptation and subsequergfédcts compared to conditions
with 0 ms feedback delagimilarly, prior research by Held & Durlach (1966) showed
that delaying ongoing visual feedback of par
300ms or more, with the visual field displaced by prisaiso greatly reduced the
subsequent aftereffects compared to condition of Oms feedback delay.

Indeed, he availabity of visual informations an important factor in any instance
of goaldirectedreachingga s it may i mprove asaaddeamnabi |l ity t ¢
through feedback (Goodale & Milner, 1992; Elliot et al., 200hen visual information
is removed or limited, movement performance tends to deteriorate in respect to accuracy

and variable error (e.g. Proteau et al., 1987; Carlton, 188ty conditions such as
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those describenh Kitazawa et al. (1995pr example participantamayrecruit additional
systems to support movement accuracy in lieu of visual feedhadkdcontrol. They
may, for example, rely on stored memory of the spatiarenment as well as available
allocentric cues relevant to the target (Krigolson & Hea@94, Elliott & Madalena,
1987, Westwood et al., 2003), or rely more so on afeedard model of control (e.qg.
Heath et al., 2004p maintain accurate movements.

In Kitazawa et al. (1995adaptiveprocessege.g. recalibration or realignment)
that lead to strong aftereffeci®renotengagedy delayed visual feedbatt the same
degreeas theywerewith immediate visual feedbacklthough speculative, delays in
visual feedback may specifically fail to engage spatial realignment processes to the same
degree as immediate visual feedback upon completing reaching movements.

ElectroencephalograpiiEEG)data providea means to elucidate differences in
neural processemgages specifically by immediate visual feedback and delayed visual
feedback after reaching movements during €&mparing fow the brain responds to
visualfeedback evoked immediately at the termination of reach versus after a period of
delaymayto isolate brain processes thatsed on Kitazawa et g11995),increase
subsequerdftereffectsThe present study collected electroencephalography (EEG) to
compare brain potentials evoked by immediate and delayed visual feedbagk. Here
participantgperfamedmemoryguidedreaches toward target® a touchscreen monitor
The target wasccluded (disappeardm screen)thenparticipants experienced a brief
delay before they were cued to reaehrticipantsalsoreached below an occlusion board
for most of the movemetlhat preventedision of limbuntil the very end of the reach

Importantly, thisexperimendl design meant that participanould experience visual
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feedback of limk{their pointing finger, more geifically) immediately upon terminating
reach in both the immediate and delayed feedback conditithoughthetarget would
only be available immediately in the former conditidhe PA blocks in the present
experiment were 60 trials long. This is sligHonger than MacLean et al. (2015). The
reason for extending the length of blocks was to acquire a better measurement of
differences across adaptation phases. MacLean et al. (2015) only found a difference
between trials 115 (early phase) and trials-#%& (middle and late phase). In the current
study, however, phase will be measured in bins of 10 thal®byenabling comparison
across a total of 6 phases of adaptat@mthus providing better resolution with which to
measure difference from early to late adaptafidns analysis approach nonetheless
preserved the ERP technique of investigation used in MacLean et al. (2015), and thus
enables comparison of ERP componeatg.(P300) across different experiments.

Each participant was exposeditm PA blocks withmmediate targeteedback
(reappearance of the target), amd PA blocks withdelayed targeteedback
(reappearance of the target after 800 ms) after terminaaaly (making contact with
touchscreen)Oneblock for each set ofeedbackconditionswas performed with
rightward displacing prism goggles, while the other was performed with leftward
displacing prism gogglehis helped prevent gradual adaptation iermrexposure
across numerous block3)he order of PA blocks was randomized for each participant at
the onset of the task, thus effects of learning across the entire experiment were
counterbalanced across conditioAH.PA blocks werammediatelyfollowed by a 10
trial block performed with clear glasses and reaching limb fully occluded from vision.

These blocks, referred to as a proprioceptigeial straight ahead (PVSA) test, measure

20



size of errors in the opposite direction of the preceding prismastdfthus provide a
magnitude of aftereffects following each PA bloEkrthermore, each PVSA block was
followedbya6 O t r i al Ashamo bl ock -adapttbthecplisemar gl as s
for the next PA blockimportantly, sham blocks were only ugedachieve dedaptation
and are thus not a major part of the results analysis.

As normally the case during PA paradigms, partitipavere expected to show
largeerrors at the onset of PA blocks (direétects) that eventually reduced in
magnitude towads baseline levels of accuraBased on the seilts from Kitazawa et al.
(1995, it was predicted thatarticipans would fail to reduce aiming errors in the delayed
feedback blocks to the same degree as the immediate feedbackNaatikerence in
aiming errors was predicted to result between leftwsnifted and rightwardhifted PA
blocks.Al so based on Kitazawa et al.od6s (1995) r e
would show larger errors during PVSA blocks (i.e. aftereffects) following imetedi
feedback PA blocks compared to delayed feedback PA blocks.

Using the eventelated potential technique, EEG datereaveragedccording to
three separate events: screench with immediate targdéeedback, screetouch with
delayed targeteedbackand targefeedback following 800ms delayThese events are
only reported for PA blocks. Evenglated potentials are not repatt®r sham blocks.
Based on the results from MacLean et al. (201&) ERP analysis was designed to see if
error-sensitive ERP componentSRN, Pe FRN), and phassensitive componentg.g
P300) wouldbe evokedlifferently in response to onset of immaidi and delayed
feedback. It waspecificallyhypothesized that botreertouch with immediate target

feedback andargetfeedbackollowing a delaywould evokea FRN componentseeing
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as both conditioneventuallyprovide equally cleareachaccuracyinformationbased on

an external stimuli (target] hus,theseresults were hypothesized to differ from MacLean
et al. (2015where it was shown than ERN componenteflecting internal error
evaluation was evoked at termination of reaching movementwvthe target was visible
during the entire trialThe result from MacLean et al. (201Showingthat P300
amplitude reduced after the early phase of adaptatrespective of accuragyaised the
possibility that the P300 signadsneural process assatgd with engaging spatial
realignmentThus it was hypothesized th#tthe immediate feedback condition does
indeed produce larger aftereffectampared tdhe delayed feedback condition, then
screentouch with immediate targdéeedbaclkwould evoke a P300 componemibre
sensitiveto phasdgreater voltage change between phasesjpared to thearget
feedback after delay\lthough no particular hypotheses were made regarding screen
touch with delayed targéeedbackwe acknowledged the posdity that it muld also
evokeaccuracysensitive and phassensiive components. If that were the case, it would
revealthe value of visually perceiving the hand location irrespective of targeence
duringPA blocks Finally, because the Pe respomngas only reported in Vocat et al.
(2011), notMacLean et al (2015jt waspredicted that this component would not be
evoked in the present experiment seeimtha conditions more closely resembled
MacLean et al (2015)n Vocat et al. (2011 ERPs were measured from onset of
reaching movement (i.e. respofleeked ERPSs), whereas ERPs in MacLean et al. (2015),
like the present study, were locked to scremrich (termination of response). The
observed Pe response in Vocat et al. (2011) mightispecific to error processing that

is triggered by erroneoussponsesrather than errdeedback
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2.2Methods
2.2.1Participants

The study recruited 2goung adulparticipants. Two participants were excluded
from data analysis because of poor EEG data quality resulting in high artifact rejection (>
50%). Thus the results below reflect data from 18 participants (mean age = 19.5, SD =
1.7, 16 females, 3 left handed)l participants were students at Dalhousie University
who voluntarily participated in the study for extra credit points going towards Psychology
& Neuroscience classes. Participants provided informed consent consisitetie Nova
Scotia Health Authont Research Ethics Board. All participants reported having normal
or correcteeto-normal vision, no neurological illness, not being under any medications
affecting cognitive performance, and not having any upper body impairment preventing
reaching movementsith their dominant arm.
2.2.2Materials

Every participant was seated at an adjustable chair in front of a d@sB. &
touchscreen monitor (fellitouch, USA) was located 48n from theedge of the desk
and raised by ém. A chinrest was locked to thegsdof the desk to maintain
participantsd distance from the screen. The
participants to keep their gaze in liwéh the centre of the monito€onsequently, height
of the chair was adjusted for each particigardchieve optimal comfort on the chinrest.
A keyboard, used to record response onsas$, placed 1@m in front of the chinrest with
the spacebar in line with the centre of the monitor. Speakers, used to ercii@ gcere
positioned directly to the le&ind right of the monitor. A black horizontal occlusion board

(a flat piece of % inch cardboard) extended from the chi(aeeshin height) to the
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monitor. The occlusiomoard blockedision ofthe bottom third of the monitor and

prevented vision of theeaching movement until the last 3 cm immediately before the
monitor. For certain blocks of the experiment (see below), an extension was placed at the
end of the occlusion board near the monitor to prevent any vision of limb during the
reaching movement. Fevery block, participants wore a set of glasses. Glasses varied
depending on the condition, but either had clear lenses, Fresnel prism lenses deviating
towards the right, or Fresnel prism lenses deviating towards the left (Insight Optometry
Group, Halifa NS). Both prism glasses induced a 30 diopter, or 17.7° visual shift.
2.2.3Procedure and Design

The experiment was designedctampare the effects ahmediate and delayed
feedback during memory guided reachamgfeedbaclevoked brain potentials and
subsequent aftereffect®hus the experiment employed a witlsmbject design with
feedback timing (immediate, delayed) as the main factor. Every participant underwent 4
blocks of prism adaptation. Two blocks provided immediate feedback on each trial, whi
the other 2 blocks provided delayed feedback on each trial. Furthermore, within each
feedback condition, one of the two blocks was performed with leftward displacing prism
glasses, and the other with rightward displacing prism glasses. Prism adaptatien
consisted of 60 trials.

Participants were required to reach towards vertical line targets on a touchscreen
monitor.Every PA trial was initiated when the participants pressed the spacebar with
their dominant hand. They were instructed to holdsfhecebar until cued to reach. A
fixation-cross appeared for 4BDOms at the centre of the screereathe spacebar was

held of 500ms. Immediately after offset of the fixation cross, a target appeared on the
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screen for 70@00ms. The target consistedl @vertical black line that spanned the entire

height of the monitor and was approximately 1.3 cm wide. On each trial during PA

bl ocks, the target appeared randomly in 1 of
horizontal axis. These locationswere:$1) cm t o t he | eft of the secr
cm | eft of the screendés centre, (3) 2.5 c¢cmr
the screenbs centre. After targg2@msoffset, th
before the participants hed an auddry cue (1000 Hz, .05 ms, 30dR)pon hearing the

auditory cue, they were instructed to release the spaaetawith the same arm, reach

quickly and accurately to the remembered location of the target on the touchscreen.

Participants reachdaklow the occlusion board and were only able to see the tip of their

finger at the very end of their reaching movement. Participants were instructed to

maintain their movement velocity during the entire reach (i.e. not slow down in

anticipation of seeindheir finger), and to not make corrective movements at the end of

their reach upon seeing their finger. Finally, they were also instructed to reach high

enough to see their finger make contact with the screen when it passed the occlusion

board (participantsould have reached low enough to not get a sufficient visual angle to

see their finger at all). When participants made contact with the screen, they were

instructed to hold their finger where it landed until they saw the target reappear, then

disappear agjn. After the target disappeared, the trial was complete and participants

returned to the spacebar to initiate the next trial. During the immediate feedback

condition, the target reappeared immediately upon contact being made with the screen.

During the @layed feedback condition, the target reappeareeB360ms after contact

was made with the screen. In both conditions, the target remained visible for 1000 ms
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before disappearing. It i s noteworthy that 0
defined accornthg to when the target becomes visible after the reacHdis&sissed in the

introduction other forms of feedbackreavailable during/after the reactparticularly
proprioceptivefeedbackand visual feedback dinger upon passing the occlusion board

Thus the feedback being manipulated in this experingante f er r ed -t o as At ar g
f eedback o 21 fSrareillustratignuofaaypical triallhe timing of events across

each trialaschosen to provide ample gaps between srgfetach event (e.g. from

target offset, to memory delay, to auditory cud)is timingwould ensure ERPs did not

significantly overlap between events. Although not reported in this thestenthg of

events enables proper measurement of ERPs locked to any event of thettrie¢ (b

fixation cross and targéeedback). Furthermore, variable timing of delayed target

feedback (75850 ms) reduces the impact of anticipatoelated EEG activity leading

up to onset of targdeedbackFinally, latencies that could vary between tvatues (e.g.

750-850 ms) were determined by random number generation between the two latencies in

Matlab on a triaby-trial basis.

e

[ | [ \ { : [ : [ :
v v / / /

r f L/ _f
Fixation Cross Target Memory Delay Auditory Cue Touch screen Target-feedback

Figure 2.1 A typical PA trial (from left to right) with delayed targitedback
after touching the screen
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Every PA block was immediately followed by a block measuring the strength of
aftereffect producelly the adaptationThese short blocks consisted of what is commonly
referred to as a Proprioceptive Visual Straight Ahead (PVSA) test, or Total Straight
Ahead(TSA) test. Theselocksrequired participants to reach quickly and accurately to a
verticatline target on the touchscreen. The PVSA blocks, however, differed from the PA
blocks in a few ways. First, PVSA blocks only had 10 trials and the velitieatarget
always appeared at the centre of the screen. Second, the reaching movement was not
memory guided the participants could see the target during the entire reach. The
auditory cue therefore sounded 7800 ms after the target appeared (i.e. no additio
1000 ms delay period before reach). Third, an extension was added to the occlusion board
to prevent any vision of arm/hand/finger during the entire reaching movement. This
meant that participant had no visual feedback of how accurate their fingey thas t
target at the end of the reach. Finally, PVSA blocks were always completed with clear
lensesMean error during PVSA blocks provided a measure ofadaptation
aftereffects.

After every PVSA block, participants performed a sham block in ordes-to d
adapt to the prism exposure they just experienced. Sham blocks were always performed
with clear lense€£RP data collected during sham blocks are not reported in the thesis.
Participants were again required to reach as quickly and accurately as pgosagoteal
line targets that appeared randomly in one of four locations on a touchscreen. Every sham
block had 60 trials and was performed with memguided reaching. An occlusion
board allowed patrticipants to see their finger at the very end of the tgalike the PA

blocks, however, the sham condition presented both immediate and delayed target
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feedback together in each blockandomized across trials. Thendomization between
immediate and delayed feedbaaisured that the eedaptation process wadentical
following both types of PA blocks (immediate, and delayed). Thus, as the experiment
went on, any effect observed from different feedback conditions during PA could not be
explained by differences in how the precedingadaptation occurred.

In addition to the fouPA blocks followed by PVSA and sham blocks,
participants also began every experiment with a baseline PVSA and a baseline sham
block. Both of these blocks were identical to the PVSA and sham blocks ddsdythes,
however they wereat preceded by any prism adaptation. Thus, both baseline blocks
provide a measure of participantsd accuracy
The entire experiment consisted of a total of 14 blocks (See Z4dhl&he order of PA
blocks (righttlelay, right/immediate, left/delay, left/immediate) was randomized for each
participant.

Table 21 Sequence of blocks in Experiment 1.

Block Condition Trials
1 PVSA (BL) 10
2 Sham (BL) 60
3 Prism 60
4 PVSA 10
5 Sham 60
6 Prism 60
7 PVSA 10
8 Sham 60
9 Prism 60
10 PVSA 10
11 Sham 60
12 Prism 60
13 PVSA 10
14 Sham 60

2.2.4Behavioural DataCollectionand Analysis
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On each trial, participantsod reaction tin
were recorded. RT was measuredhegime (ms) between the auditory cue and
participants6 response onset (spacebar rel ea
between response onset and contact with the touchscreen. Errors were measured in pixels
andthen converted to visual degrees. On edeh error was recorded as the horizontal
distance between the location of contact made on the screen and the location of the target.
Distances to the left of the target were recorded as negative values; distances to the right
of the target were recorded positive values. To examifae the presence of outliem
the behavioural datall data were converted to standardized soerésn their
respective conditions (e.g. prisnght, prismleft, baseline PVSA, etc.Any absolute
standardized scoexceading 2.5 was removed from furtieghavioural datanalysis.

Table A1 shows percentage of weraremovegar ti ci pan
prior to final analyses.
2.2.5Measuring Adaptation andDe-Adaptation

To determine the direction ameagnitude of gors across trials in th@ism,
sham, and &selineshamconditions, we calculated tlegror-by-trial linear regression
slope and intercept for each participamthe following conditions: prismight, prism
left, sham(right), sham(left) na baseline shansham(right) indicates a sham block that
was preceded by a prisnight block, while sham(left) indicates a sham block that was
preceded by a pristeft block. Here, immediate and delayed feedback conditions were
collapsed togetheErrorsto the left of the target were plotted as negative value onthe Y
axis, while errors to the right of the target were plotted as positive values orattig. Y

Trial numbes (1-60) wereplotted on the Xaxis. These slopes and intercepts were
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separately subitted to a onevay repeateaneasures ANOVAvithfi e X p oasthe e 0
only factor prismright, prismleft, sham(right), sham(left), and baseline. This analysis
would determine iprismblocks resulted in largetimingerrors at the onset of blocks
(intercept3 and greater decreases in error size across trials (slope) compared to sham
blocks and baseline. Furthermore, it would ensure that intercepts and slopes reflect the
predicted direction of errors based on prism glasses (left, agttjheir respective
aftereffects Thus, prisrright and shanteft conditions were predicted to show positive
value intercepts and negative slopes, while pitisitrand sham(right) conditions were
expected to show negative value intercepts and positive slopes. Finally, sldpes an
intercepts in botlprismand sham conditionserepredicted to differ from the baseline
condition.

2.2.6lmmediate vs. Delayed PA Feedback: Error, RT, MT

To determine if there were differenaesaiming errordbetween immediate and
delayed feedback conditions duripgsm exposurewe submitted absolute ertby-trial
slopes and intercepts to paired santgikss comparing immediate targétedback and
delayed targeteedback. Here, prismght and prisrdeft were collapsed together.

In addition to thisprismexposureéblocks were divided into 6 phases of
adaptation: trial 410, 1320, 2130, 3140, 4150, 5160. Differences across these bins
could thus be contrasted to difference between bins of phase®usedsure ERPs
(described below)Absolute errors were then submitted to a 2 x 6 repaatabsure
ANOVA with the following factors: feedback (immediate, delayed) and pha6g (AT
and RT were also separately submitted to a 2 x 6 repeaadure ANOVA wth the

following factors: feedback (immediate, delayed) and pha$g.(1
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2.2.7Immediate vs. Delayed PA Feedback: Aftereffects
Finally, in order to compare magnitude of afteregebduced by both feedback
conditiors, absolute PVSA errors for each participaetresubmitted to a 2x2 repeated
measures ANOVA with the following factors: feedback (immediate, delayed) and
direction of preceding PA displacement (prisight, prismileft). Prior to running the
ANOVA, howeverPVSA error scores were ficorrectedo
mean baseline PVSA error. It widmispredictedthatth A di rect i oyied f act or
no effect on mean PVSA error, as any baseline bias towards right or left would be
eliminated.
2.2 8 Electroencephalography Data Collection
EEG data were collected from 64 electrodes in a standa?@ 1#yout, using
Brain Vision PyCorder (Brain Products, Germany). The EEG was recorded with an
average reference, sampled at 500 Hz, amplified (ActiCH8ngi Products,

Germany), and filtered online through an 8 kHz-afiising filter. Impedance at each

b

\

el ectrode was kept below 20Kgq. The experi men

2014) using the Psychophysics toolbox extension (Brainard, 1997).
2.2.9Electroencephalography DatAnalysis

Each parti ciweeprdcegssed dfibén steertalsteps using the
EEGLAB toolbox (Delorme & Makeig, 2004) and its extension ERPLAB (Lepez
Calderon & Luck, 2014). First, raw EEG datarevisually inspecteénd channels
showing abnormal activity (e.g. dead, noisy, frequent large artifacts) were removed.
Next, dataverefiltered (IIR Butterworth) using a higpass of 0.1 Hz, a Ioypass of 30

Hz, and a 24 dB/ocbll-off. All data were then reeferenced to the average of the two
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mastoid channels, after which the mastoid channels were removed from the data. The
EEG dataverethen segmented into 1100 ms epochs surrounding the experiment event
markers (300 ms pr800 ms post). While a number of events were marked in each trial
(e.g. auditory cue, response onset, etc.) only those pertaining to feedback are reported
here Following segmentation, any channel thatl amean voltage 5 or more standard
deviations fromhe joint probability of all channels was removed. Furthermore, any
epoch showing mearoltage6 or more standard deviation from eitliee within-channel
mean, or acrosshannel mean for that epoch was also removed. The remainingetata
submitted to atndependent Component Analysis using the runica function in EEGLAB.
Components reflecting ocular artifacts (e.g. blinks, saccades) were removed from the
data. Then, an artifact rejection was performed on the data such that any epoch involving
achageinw | t age t hat ,a@anysamplkeshnple Golagevchange
e X ¢c e e di wag rerhd@exl ¥om the data. Finally, removed channels were interpolated
and segments were averaged together based on events of ifierksAl shows
percentage of eachpart i pant 6 s werBr@mowed priar toffifalaanalyses.
2.2.10Comparing FeedbaclEvoked Brain Potentials

An ERP analysis was conducted separately on the 3 feedback events that
participants experiendaduringprismexposureblocks: (1) screetouch with immediate
targetfeedback, (2) screetouch with delayed targdéeedback, and (3) targétedback
following delay. The latter two feedback events occur within the same trial, one before
the other. The ERP analysis does not para grand average differences between each
event. Each event is inherently different, thus some differences are naturally expected due

to, for example, the appearance of a target that causes aexskad potential in one
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condition, but not in anotheondition when the target is absent. Rather, the analysis
focuses on differences within each event that are evoked by two factors: pbasadl
accuracy (hit, small miss, big miss). Differences in respect to those two faetaween
feedback events asgldressed in the discussion section.
Each feedback event was analyzed separately per accuracy andpifex@nces
between levels of accuracy would determine whether participants evoked an FRN
component, whereas differences between levels of phasd detwdrmine if participants
evoked a parietal P300 componehit.analyses began with visual inspection of
waveforms. Specifically, ERPs were first averaged according to the three levels of
accuracy: hit, small miss, and big mists encompassed any tria which the
participanoudch svaseemt hin the targetds 1.3cm
encompassedanyscreerouch recorded within 2.6cm of the
Finally, big misses encompass any trial in which scteanh was recordeckelyond
2.6cm of the t ar gTadsdscuracylevels wers deeimindddy s i de .
doubling the size of the target widfPercentage of hits, small misses, and big misses
across each phase of both feedback conditions is shown in Figur&ailging
accuracy according to three levels (hits, small misses, big misses) enables measurement
of the FRN, typically measures by comparingvétveforms to missvaveforms, but
additionally enables us to determine if ersensitive components during PA scaleitee
or error.A differencewaveform was calculated by subtractingdhtta from all miss
data Voltage was plotted on the-axis, while time was plotted on theakis. This
differencewaveform was also displayed in a series of panels corresponding to each

electrode At each timepoint of the difference wave, 95% $iere calculated to reveal if
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any timepoints significantly differed from zer&pecifically, any 95% CI that did not
cross zero on the-¥xis would be considered significantly different tharoz&€his
technique would thus reveal a significant difference between levels of accutizey at
ranges corresponding to the 95% Cls that did not cross the zero ora#ie Yisual
inspection of these panels yielded (1) electrode sites displaying makffae¢nces
between levels of accuracy and (2) timmdows corresponding to the maximal
differences between levels of accurdegrticular attention was paid to electrode FCz in
time range of 5.00 ms posfeedback, and 25800 ms posteedback, as thedatencies
and electrode site are respectively consistent with the ERN and FRN components.
Nevertheless, all difference waves were inspected for differences revealed by 95% Cls.
Thedifferences betweelevels of accuracy identified by 95% Cls with diffece
waveformswere further tested by measurithgg mean voltage +b0ms surrounding the
peakof the identified differencéat respective electrode sitésj eachlevel of accuracy
for each participant. These averagesesubmitted to a onway repeatetheasures
ANOVA with accuracy as the only factdrit, small miss, big miss

A similar procedure was conducted for the analysis of phase. Here, however,
ERPs were averaged according toghdevels of phase (trials-10, 1120, 2130, 3140,
41-50, 5160). Thus, six waveforms belonging to each phase were displayed in a series of
panels corresponding to each electrode. A differeveneeform was calculated by
subtracting P&lata from Pidata. This differencgvaveform was also displayed in a
series of panelsorresponding to each electrode, and was surmised to show the maximal
difference between early trials and late trials of Reach timepoint of the difference

wave, 95% Cls weralsocalculated to reveal if any tiroints significantly differed
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from zero. Specifically, any 95% CI that did not cross zero on ta&i¥ would be
considered significantly different than zero. This technique would thus reveal a
significant difference between levelsgifaseat time ranges corresponding to the 95%
Cls that dd not cross the zero on theaXis.Visual inspection of these panels yielded (1)
electrodes displaying maximal differences between levels of phase and (2) latencies
corresponding to maximal differences between ph&sesicular attention was paid to
eledrode Pz in time range of 25M0 ms posteedback, as this latency and electrode site
is consistent with the P300 componeAs with acuracy, the mean voltage--£80ms
surroundinghe peak difference identified with 95% Q& respective electrodes) sva
calculated for eaclevel of phasdor each participant. These averagese submitted to
a oneway repeated measures ANOVA with phase as the only fatid?6.

There are somrare exceptions to the-680msmeanthat are made apparent in
the resultsection (i.e. some time windows are more narrow/wide). When a repeated
measures ANOVA revealed a significant effect of either accuracy or phase, pairwise
comparison between each level were completed using the Bonferroni adjustment. The
ERP componenneanssubmitted to the ANOVAs for accuracy and phase were also
submitted to a contrast analysis to determine if mean voltage showed a linear trend in
respect to either factor. This would help determine if voltage decreases/increases with
improvement in accuracgnd if voltage decreases/increases from early to late phases.
Finally, Greenhous6&eisser corrected degrees of freedom were used in reporting all
statistical test that did not meet the
.001).Difference vaves with 95% ClIs used to determine differences between levels of

accuracy and phase are shown in the Appendix section.
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2.3Results
2.3.1 Adaptation and Dé&daptation: Slopes and Intercepts

The analysis revealed a significant effect of exposure condition on slope, F(2.1,
36.5) = 107.9, p < .003h? = .86. Figure2.2 illustrates the relationship between trial
number and error for each exposure condition. T2lZIshows mean slope scores, SE,
and 95% CI for each condition. Bonferreadjusted pairwise comparisons reeedhat
the slopes oéll conditions significantly differed from each other (p < .05). The analysis
also revealed a significant effect of exposure on intercefts3,/1.1) = 178.4, p < .001,
ph?=.91. Table2.3 shows the mean intercept, SE, and 95% CI for each exposure
condition. Bonferroniadjusted pairwise comparisons rewelhat intercepts in all
conditionsalsosignificantly differed from each other (p <5)0

A two-way ANOVA comparing absolute slope scores between pright, prism
left, sham(right), and sham(lefgvealed arffect of exposure (prism vs. shaon
absolute slopeF(1, 17) = 56.9p < .001,h? = .77, such that prism slopes were larger
than sham slopes. The analysis revealed no effect of direction (left vs. right) on absolute
slopes, F(1, 17) = 1.15, p = B2 = .06, and no interaction effect, F(1, 17) = 1.12, p = .3,
ph?=.06. A twoway ANOVA comparing absolute intercept scores between pright,
prism-left, sham(right), and sham(left) revealed an effect of exposure (prism vs. sham) on
absolute intercepts, F(1, 17) = 106.9, p < .QB1 = .86, such that prism intercepts were
larger than shm intercepts. The analysis revealed no effect of direction (left vs. right) on
absolute intercepts, F(1, 17) = 1.82, p 3:t#,= .09, and no interaction effect, F(1, 17) =

0.23, p = .6ph%= .01..
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In summary, te prismright condition resulted in a negative slope, reflecting the
reduction of large positivealue (right) errors across trials. The prifaft condition
resulted in a positive slope, reflecting the reduction of large negadlue (left) errors
acress trials. The sham(right) condition produced a positive slope, reflecting reduction in
negativevalue (left) errors across trial due to the aftereffect produced by theipgistn
block. Similarly, the sham(left) condition produced a negative slopectiefiethe
reduction of positivevalue (right) errors across trial due to the aftereffect produced by
the prismleft block. The Sham conditions produced smaller slopes and intercepts
compared to prism conditions, reflecting the reduction of smaller eayssatrials in

the Sham blockBaseline slope and intercept were smaller than both prism and sham

conditions.
— Prism(right)
— Prism(l€ft)
Sham (postPR)
15 — Shem (postPL)
104 — Basdine

Error (visual degress)
¢ P9

-15+

Figure 2.2  Mean error size in visual degrees across all trials, averaged according to
Prism (left, right), Sham (left, right), and Baselsteam
conditions.

Table 22 Error-by-trial linear regression slopes for prism, sham, and baseline
exposure conditions.

Condition Slope SE 95% CI
Baseline .004 0.002| 0.0003, 0.00¢
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Prism right -.083 0.007| -0.098,-0.067
Prism left .082 0.008 0.065, 0.099
Sham (right) .043 0.006 0.03, 0.056
Sham (left) -.033 0.003| -0.039,-0.026

Table 2.3 Error-by-trial linear regression intercegdts prism, sham, and baseline
exposure conditions.
Condition Intercept SE 95% ClI
Baseline -0.07 0.09 -0.27, 0.13

Prism right 5.09 0.39 4.27,5.90

Prism left -4.88 0.42 -5.77,-3.98

Sham (right) -2.15 0.13 -2.43,-1.87

Sham (left) 1.70 0.14 1.41,1.9

2.3.2 Immediate vs. Delayed PA Feedback: Error

The analysis odbsoluteerror-by-trial linear regression slopes revealed a

difference between immediate and delayed feedback conditions (mean difference: .023

SE=.00], t(17)

= 4.

O0di#n = .84 Specifically,ahe immédmte e n 6 s

feedback condition had a larger slopgeén =.087, SE = .00} than the delayed

feedback conditiongifean =.064 SE = .00®. The relationship between trial and

absolute error fobothconditiorsis illustrated in Figte 2.3. The analysis adbsolute

error-by-trial linear regression intercepts also revealed a difference between immediate

and delayed feedback conditions (mean difference; 8B% 0.23 t(17) = 6.08, p <

. 001,

o= 11.62n Spscifically, the imnaktate feedback condition had a larger

intercept (nean =5.84, SE = 0.3%than the delayed feedback conditiomeén =4.43

SE=0.3.
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Figure 2.3  Mean error across trials for the immediate and delayed feedback
conditions

Absolute errors submitted to a 2x6 repeateshsures ANOVA with feedback
(immediate, delayed) and phaseg(las factors revealed a significant effect of phase on
error size, F(1.6, 27.9) = 154.2, p < .0@12 = .9, such that error size decreased from
ealy to late phase. Po$toc comparisons revealed that mean error was different across
all phases except between P5 andp@P8 .05) The analysis also revealed a significant
effect of feedback condition on error size, F(1, 17) = 46.1, p < z88%,.73, sich that
mean error across phases was larger in the Immediate feedback condition compared to
the Delayed feedback condition. Finally, the analysis also revealed an interaction
between phase and feedback condition, F(2.6, 44.4) = 6.7, p $h861.,28. Table2.4
shows means, SEs, and 95% @rerrors across eagthase and feedbackndition.
Figure2.4 illustrateshe interactioreffect in a bar graph and indicates pairwise

differences.
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Figure 2.4  Mean error sizacross phases for immediate and delayed tdegeback
PA blocks. Error bars indicate standard error. Asterisks (*) indicates a
significant pairwise difference (p <
pairwise difference (p > .05)

Table 2.4  Absolute errain eachphaseof both PA feedback conditions

Feedback Phase Mean SE 95% CI

1 6.78 0.40 5.9, 7.63

2 3.32 0.24 2.81, 3.8

immediate 3 2.85 0.19 2.46, 3.0
4 2.28 0.16 1.93, 2.

5 2.01 0.14 1.71, 2.31

6 1.82 0.13 1.53, 2.11

1 5.41 0.4 470, 6.12

2 2.36 0.19 1.96, 2.5

Delayed 3 2.02 0.16 1.68, 2.3
4 1.87 0.13 1.59, 2.15

5 1.65 0.12 140, 1.9

6 1.56 0.11 1.34, 1.78

2.3.3 Immediate vs. Delayed PA Feedback: RT
A 2x6 repeateaneasures ANOVA with feedback (immediate, delayed) and phase
(1-6) as factors revealed no effect of phase on RT, F(5, 85) = 1.2, psh232,06, no

effect of feedback on RT, F(1, 17) = 0.2, p = = .001, and no interaction between
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the two factors, F(5, 85) = 1.5, p = .24? = .08. Table.5 shows RT means, standard

errors, and 95% confidence intervalyoss phase and feedback conditions

Table 2.5 Reaction time in each phase of both PA feellzanditions.

Feedback Phase Mean (ms) | SE(ms) 95% CI (ms)

1 666 008 650, 682

2 659 004 652, 667

immediate 3 675 017 640, 711
4 654 003 649, 6®

5 668 010 648, 689

6 655 002 650, 660

1 658 003 650, 665

2 660 005 649, 672

Delayed 3 662 006 650, 674
4 695 033 624, 765

5 665 007 651, 678

6 653 002 649, 658

2.3.4 Immediate vs. Delayed PA Feedback: MT

A 2x6 repeategneasures ANOVA with feedback (immediate, delayed) and phase
(1-6) as factors revealednaaineffect of feedback on MT, E(17) = 4.7, p < .05h?=
.22. The delayed feedback conditjproduced longer MTs (mean = 285, SE = .0181s)
compared to the immediate feedback ¢bod (mean = 181 ms, SE = .018). There
was no effect of phase on MT, F(5, 85) = 1.5, p =185 .08, nor any interaction
between factors F(5, 85) = 1.6, p = .31 = .09. Table2.6 shows mean MTs, standard

errors, and 95% confidence intervalyoss phase and feedback conditions.

Table 2.6 Movement time in each phase of both PA feedback conditions.

Feedback Phase Mean (ms) | SE(ms) 95% CI (ms)
175ms 020ms| 132ms 218ns
2 195ms 020ms| 153ms 237ms

H

Immediate
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188ms 017ms 153ns 223ns
176ms 02Ims| 13Ims 22Ims
183ns 020ms 140ms 226ns
168ms 019ms| 128ms 208ns
187ms 017ms| 15Ims 223ns
206ms 018ns| 169ns 244ms
206ms 0l16ms| 173ms 239ns
207ms 017ms 171ms 244ms
207ms 017ms| 171Ims 244ms
213ms 017ms 178ms 249ns

Delayed

OO WNFRIOOAW

2.3.5 Immediate vs. Delayed PA Feedback: Aftereffects

A 2x2 repeategneasures ANOVA with precedimgismdirection (prisraleft,
prismright) and precedingrismfeedback (immediate, delayed) as factors revealed no
effect of prism direction, F(1, 17) = 1.2, p =82 = .06, no effect of feedback, F(1, 17)
=2.7, p = .11,h?=.14, and no interaction effect, F(1, 17) = 1.5, = p =p75 .08 on
size of aftereffectdVleans, standard errors, and 95% confidence intervals are presented in

Table2.7.

Table 2.7 PVSA errors produce by both PA feedbackditions andheir respective
direction of prism shift

Feedback | Prism Direction | Mean SE 95% CI
o Right 5.52 040 4.68, 6.35
Immediate Left 5.23 0.28 1.2, 6.2
Delaved Right 5.34 0.35 4.60, 6.08
y Left 6.2 0.30 5.5 . 6.%

2.3.6PA ERPs: Screa-Touch with Immediate TargeFeedback

The event of touching the screen with immediate target feedback yielded one ERP
component sensitive to accuracy (Fig@rs), and two ERP components sensitive to
phase (Figur@.6).

2.3.6.1 Accurag-Senstive ERP component
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Mean voltage 274370 ms postouch at electrode FCz was sensitive to accuracy,
F(2,34) = 16. 56(Figupe2.5 MeafspPSE, andPp%2 Cl eorrespbi@ding
to each level of ecuracy are presented in TaBl8. Bonferrontadjusted post hoc
comparisons revealed that Small Misses and Big Misses both had more negative
amplitudes than Hitép < .05) Furthermore, a contrasts analysis revealed a linear trend
across levaof accuracyF(1,17) = 14.72, p = .003h? = .46.This effect, however, was
likely mainly driven by the difference between hit and both small/big misses, seeing as
small misses actually has a more negative voltage than big misese resultsuggest
anFRN was evoked on miss trials during the india¢e feedback condition.

Table 2.8 Accuracysensitive negativgoing ERP component. Evoked by screen

touch with immediate targdéeedback. Amplitude measured at FCz,-270
370msposttouch for each level of accuracy

Feedback Error Mean(e V) SE(e Y |95% ClI (¢ Y
Hit 11.1 1.7 7.6, 14.7
Immediate| Small Miss 6.7 1.6 3.4,10.1
Big Miss 7.1 14 4.1,10.1
5 14

— Hit

o A == SmallMiss o 121
3. -+ Big Miss %
s H s 10
g m"r‘ N g
s 1N i~ : £ 5
- PN >

154

20 r —— ] T T T
200 0 200 400 600 Hit  Small Miss Big Miss

Time (ms)

Figure 2.5 Left: average waveforms at FCz corresponding to each level of accuracy
evoked by screetouch with immediate feedback. The gray window
corresponds to the timgindow used to calculate mean difference
between levels of accuradgentre: mean voltage 27370ms at FCz
corresponding to each level of accuracy. Error bapsesent standard
error of the mearRight: scalp topography derived by subtracting hits
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from all misses and corresponding to maximal difference. Darker tone
indicates negativgoing voltage
2.3.6.2 PhaeSensitiveERP component (1)

Meanvoltage 186280 ms postouch at electrode Cz was sensitive to phase,
F(5,85) = 3. 67,Means,SE, and 95% CIl cdresponding to E&h level
of phase are presented in TaBl®. Bonferrontadjusted post hoc comparisons revealed
that P1 hac more positive amplitude than P3 and(P4 .05) A contrastanalysis
revealed a significant linear treadross levelof phasesuggestinghat positivevoltage
decreaseffom P1 to P6, F(1,17) = 6.54, p < .Q&2 = .28. These resul®iggesthatan
early, centremaximalcomponentvaslargest duringarly trialsanddiminished in
voltageduringsubsequent trial§ he timing and scalp distribution of the component may
be suggestive of a P3a component, butithang would also suggest that it is a P2
component that is sensitive to phase in this condifibe.top panel in Figur26
corresponds to these results.

Table 2.9 First phasesensitive positivggoing ERP component. Evoked by screen

touch with immediate tgetfeedback. Amplitude measured at Cz,-180
280ms postouch for each phase of adaptation

Feedback Phase Mean(e ¥ |SE(e Y |95% Cl (¢ Y
1 15.5 1.7 12,19
2 13.3 1.6 10, 16.6
immediate 3 12.5 1.5 9.4,15.7
4 12.8 1.8 9.1, 16.6
5 12.8 15 9.6, 16
6 12.2 1.7 8.6, 15.7

2.3.6.3 Phae SensitiveERP component (2)
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Mean voltage 27370 ms postouch at electrode Oz was sensitive to phase as

well , F(5,

85)

.Meadd) SE, gnd 935% Cl @dsrespoddn@ach-

.15

level d phase are presented in TaBl&0. Bonferroniadjusted post hoc comparisons did

not reveal any significant differences between phasesntrasts analysis between each

level of phaseapproachedgignificanceF ( 1, 1 7) =

4 . 110, provling=

. 06,

some evidence oflanear trendacross each level of phase such that positive amplitude

decreaseffom P1 to P6The bottom panel in Figuiz6 corresponds to these results.
While the effect only approached significance, the result is stiggéisat a occipital

component is sensitive to phase. While the component appears too parietal to be a

traditional P300, it does indeed share similar latency to a typical parietal P300.

Table 2.10 Second phassensitive positivggoing ERP component. Eved by
screertouch with immediate targéeedback. Amplitude measured at Oz,
270-370ms postouch for each phase of adaptation

Feedback Phase Mean(e ¥ |[SE(e Y [|95% Cl (¢ Y
1 10.0 1.1 7.7,12.3
2 7.9 0.8 6.3, 9.6
Immediate 3 8.0 0.9 6.1,9.9
4 7.4 1.2 4.9,9.8
5 6.7 1.1 45,9
6 7.4 1.4 4.5,10.3
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Top Left: average waveforms at Cz corresponding to each level of
phase evoked by screesuch with immediate feedback. The gray
window corresponds to the tim&indow used to calculate mean
difference between levels of pha$ep Centre: mean voltage
180-280ms at Cz corresponding to each levels of phase. Error bars
represent standard error of the mekop Right: scalp topography
derived by subtracting P6 data from P1 data and corresponding to
maximal difference 18@80ms. Lighter tone indicates positigeing
voltage.Bottom Left: average waveforms at Oz corresponding to each
level of phase evokedylscreertouch with immediate feedback. The
gray window corresponds to the timéndow used to calculate mean
difference between levels of phaBettom Centre: mean voltage 270
370ms at Oz corresponding to each levels of phase. Error bars répresen
standard error of the meaBottom Right: scalp topography derived by
subtracting P6 data from P1 data and corresponding to maximal
difference 276870ms. Lighter tone indicates positigeing voltage

2.3.7 PA ERPs: ScreeTouch with Delayed &rgetFeedback

The event of touching the screen withayed targefeedback yielded three ERP

componentsensitive to accuracy (Figuge’), and one ERP compent sensitive to

phase (Figur@.8).

2.3.7.1 Accurayg-SensitiveERP component (1)
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Resemblingesults fromMaclean et al. (2015), mean voltage 138D ms post
touch at electrode FCz was sensitive to accu
(top panel of Figur@.7). Means, SE, and 95% CI corresponding to each level of
accuracy are presentea Table2.11 Bonferrontadjusted post hoc comparisons revealed
thathits differed from both smaknd big missef < .05), but that small and big misses
only differed from eacltherat p < .06 Furthermore, a contrasts analysis revealed a
linear trendacross levelof accuracyF ( 1, 17) = 18. 95, p < .001, d |
results lend some evidentd®at amplitude became more negative as error size indrease
These resultsuggesthatan early ERNcomponent was @ked by screetouch without
immediate targefeedback when participants missed the target.
Table 2.11 First accuracysensitive negativgoing ERP component. Evoked by

screentouch withdelayedtargetfeedback. Amplitude measured at
FCz, 30130ms postouch for each level of acary.

Feedback Error Mean(e ¥ [SE(e Y |95%CI (¢ VY
Hit 3.3 1.2 0.8, 5.8
Delayed| Small Miss 1.5 1.1 -0.8, 3.9
Big Miss 0.5 0.9 -1.4,2.3

2.3.7.2 Accurayg-SensitiveERP component (2)

Mean voltage 15@50 ms postouch at electrode Cz was also sensitive to
accuracy, F(2, 34) (@midde.pé&ndl of Figure<). Means, SE,gn@2 = . 17
95% CI corresponding to each level ataracy are presented in TaBl&2 Bonferroni
adjused post hoc comparisons did not reveal any significant differences between levels
of accuracy. However, a contrasts analysis revealed a linearaceyss each level of
accuracysuggestingmplitude became more positive as error size incre&$ed 7) =

5.10, p < Albdcghthdesalts were oBlydmoderately significant, they lend
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some evidence that a centraximal componensubsequent to the ERN, was evoked on
large miss trialdy screertouchwithoutimmediatetargetfeedbackThe effect may thus
reflect a Pe component, or, similar to that reported above, a component in the-P2 time
range.

Table 2.12 Second accuraegensitivepositivegoing ERP component. Evoked by

screentouch withdelayedtargetfeedback. Amplitude measutat
Cz, 150250ms postouch for each level of accuracy.

Feedback Error Mean(e YV |SE(e Y |95% Cl (¢ V
Hit 8.8 1.2 6.1,11.4
Delayed| Small Miss 8.9 1.3 6.1,11.7
Big Miss 10.3 14 7.4,13.3

2.3.7.3 Accurayg-SensitiveERP component (3)
Finally, mean voltage 24840 ms postouch at electrode POz was also sensitive
to accuracy, F(2, 34) (bottomlpanel bfF-igurgp/). Means,0 0 1 ,

SE, and 95% CI corresponding to each levelcgotigacy are presented in TaBl&3,

Bonferrontadjusted post hoc comparisons revealed a significant difference between big

misses and both hits and small misges .05) A contrasts analysis revealed a linear
trendacross levaof accuracyF(1,17) =B . 95, p < .001, dp2 =
evidence thaamplitude became more positive as error size increattbdugh the effect
might be primarily driven by the difference between big misses and both hits/small
misses. Togethetheresults suggest atierparieteoccipitalcomponentvas alsaevoked

on large miss trials by scre¢ouchwithoutimmediatetargetfeedbackThe component
may thus reflect a second-Blee component sensitive to errors, but may also reflect a
P300, or P3alike component give its timingi albeit slightly more occipital than

normally reported.
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Table 2.13 Third accuracysensitive positivegoing ERP component. Evoked by
screentouch with delayed targéeedback. Amplitude measured at
POz, 240340ms postouch for eacthevel of accuracy.

Feedback Error Mean(¢e Y |SE(e Y |95% Cl (¢ V
Hit 4.1 1.3 1.2,6.9
Delayed| Small Miss 4.9 1.1 25,73
Big Miss 7.7 1.1 5.3,10.1
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Figure 2.7  Top Left: average waveforms at FCz corresponding to each level of
accuracy evoked by scretouch with delayed feedback. The gray
window corresponds to the tinvendow used to calculate mean
difference between levels of accuratpp Centre: mean voltage 30
130ms at FCz corresponding to each levels of accukacgr bars
represent standard error of the mékwp Right: scalp topography
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derived by subtracting hit data from all miss data and corresponding
to maximal difference 3A30ms. Darker tone indicates negative

going voltageMiddle Left: average waveforms at Cz corresponding

to each level of accuracy evoked by scramich with delayed

feedback. The gray window corresponds to the-ivimelow used to
calculate mean difference between levels of accuididdle

Centre: mean valage 156250ms at Cz corresponding to each levels

of accuracy. Error bars represent standard error of the kdaie

Right: scalp topography derived by subtracting hit data from all miss
data and corresponding to maximal difference-250ms. Lghter

tone indicates positivgoing voltageBottom Left: average

waveforms at POz corresponding to each level of accuracy evoked by
screentouch with delayed feedback. The gray window corresponds to
the timewindow used to calculate mean diface between levels of
accuracyBottom Centre: mean voltage 24840ms at POz
corresponding to each levels of accuracy. Error bars represent standard
error of the mearBottom Right: scalp topography derived by
subtractinchit data from all miss data and corresponding to maximal
difference 24640ms. Lighter tone indicates positigeing voltage

2.3.7.4 PhaeSensitiveERP component
In addition tosensitivity toaccuracy mean voltage 20800 ms postouch at
elecroé POz was sensitive to phagFgure2B( 5, 85) =
Means, SE, and 95% CI corresponding to each levalaifracy are presented in Table
2.14. Bonferrontadjusted post hoc comparisons revealed P1 differed froR6R3 <
.05), howeverthere waso difference between P1 and P2. A contrasts analysis revealed a
linear trendacross leveof phasesuggestingoltagebecame less positifeom P1 to
P612. 71, p = .002, dp 2 neccipitalcBmponérithats e r esul t s
diminished in voltage from early to late trials was evoked by set@erh without

immediate feedbacHK he timing of the component may suggest it reflects a P300, albeit

far more occipital than normally reported.
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Table 2.14 Phasesensitive positivggoing ERPcomponent. Evoked by
screentouch with delayed targdéeedback. Amplitude measured at
POz, 206300ms postouch for each phase of adaptation.

Feedback Phase Mean(e Y |[SE(e Y |95%Cl (¢ Y

1 9.8 1.3 7.2,12.5

2 7.1 1.2 4.6, 9.7

Delayed 3 6.1 1.3 3.5, 8.8

4 6.1 1.0 3.9, 8.2

5 5.6 1.0 3.4,7.7

6 5.7 1.2 3.2,8.2
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Figure 2.8  Left: average waveforms at POz corresponding to each level of phase
evoked by screetouch with delayed feedback. The gray window
corresponds to the timgindow used to calculate mean difference
between levels of phaséentre: mean voltage 26800ms at POz
corresponding to each levels of phase. Error bars represent standard
error of the mearRight: scalp topography derd by subtracting P6
data from P1 data and corresponding to maximal difference 200
300ms. Lighter tone indicates positigeing voltage.

2.3.8 PA ERPs: TargeFeedback Onset
The onset of target feedback after a period of delay yielded one ERPreampo
sensitive to accuracy (FiguB9). Visual inspection of waveforms did not reveal a

component that decreased in amplitude across phase. In contrast, however, it appears that

a P306like component was sensitive to phase in the opposite direction tdhasaeen
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previously reported thus positive amplitude was largest during late trialpf@oeed to
early trials (Figure2.10).
2.3.8.1 Accurag-SensitiveERP component
Mean voltage 233830 ms postargetonset at electrode FCz was sensitive to
accuracy, F(2, 34) <FigBre29)5Meang, SE, and 05801C]| dp2 = . 3
corresponding to each level afauracy are presented in TaBl&5. Bonferroniadjusted
post hoaccomparisons revealed a significant difference between Hits and both Big and
Small misses (p < .05). A contrasts analysis also revealed a lineaatresd each level
of accuracy, such that amplitude became more negative as error size ind¢r€g4&Y =
11.12, p = .004, dp2 ERNconponentivhatsceeokedens ul t s s u
miss trials by onset of targétedback.
Table 2.15 Accuracysensitive negativgoing ERP component. Evoked by target

onset after delay. Amplitude measured at FG®;230ms postarget
onset for each level of accuracy.

Feedback Error Mean(e ¥ |SE(e Y |95% Cl (¢ V)
Hit 8.8 0.9 7,10.7

Target Delayeq Small Miss 6.0 1.0 3.9,8.2
Big Miss 5.3 0.9 33,73
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Figure 2.9  Left: average waveforms at FCz corresponding to each level of
accuracy evoked by targitedback after delay. The gray window
corresponds to the timgindow used to calculate mean difference
between levels of accurad@entre: mean voltage 23830msat FCz
corresponding to each levels of accuracy. Error bars represent
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standard error of the medRight: Scalp topography derived by
subtracting hit data from all miss data and corresponding to maximal

difference 2330ms. Darker tone inditas negativayoing voltage

2.3.8.2 PhaeSensitiveERP component

Mean voltage 20@50 ms postargetonset at electrode POz was sensitive to

phase, F(5, 85)

corresponding to each level afauracy are presented in TaBlé6. Bonferrontadjusted

= @FigweR.10). Means, SE,GdDB5% G p 2

post hoc comparisons only revealed differences betweandbothP1 and P4 (p < .05).

A contrasts analysis revealed a linear traobss levels of phassyggestingamplitude

became more positifeom P1toP6F ( 1, 17 ) =

9.43, p =

suggest that targeinset following a delay evollea pariet-occipitalcomponent

sensitive to phase, particularly during late trials

Table 2.16 Phasesensitive negativgoing ERP componenEvoked by target

onset after delay. Amplitude measured at POz;3@ns postarget

onset for each level of accuracy.

Feedback Phase| Mean(e ¥ [SE(e Y |95% ClI (¢ Y
1 3.512 1.010 1.382, 5.643
2 3.916 1.217 1.349, 6.483
Target Delayeg 3 5.033 1.077 2.761, 7.305
4 4.248 1.088 1.953, 6.543
5 7.257 1.120 4.894, 9.621
6 5.941 1.243 3.318, 8.564
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Figure 2.10 Left: average waveforms at Oz corresponding to each level of phase
evoked by targeteedback after delay. The gray window corresponds
to the timewindow used to calculate mean difference between levels
of phaseCentre: mean voltage 20850ms at Oz corresponding to
each levels of phase. Error bars represent atdretror of the mean.
Right: Scalp topography derived by subtracting P6 data from P1 data
and corresponding to maximal difference BBDms. Darker tone
indicates negativgoing voltage
2.4 Discussion
Participantsinderwenmemoryguided prism adaptation (PAith blocks of
immediate targeteedback anthlocks ofdelayed targeteedbackAiming accuracy, RT,
and MT were recorded, afitRPs wereneasured at screen toushdat theonset of
target feedbactollowing a delay Ead prism exposure block was followed by a PVSA
blockto measure size of aftereffecésdthen a block of sham exposure teatiapt to
the precedingprism exposure block he purpose of the study was to compheeeffects
of immediate and delayed feedbawk ERP components sensitive to accur&cyg.ERN,
Pe FRN) and phaseeg(g.P300).
It was hypothesized thatism exposure blocks would show large aiming errors at
the onset of blocks. Blocks delayed targeteedback however, were predicted to result
in less error correction following those large errmympared to immediatarget

feedbackPrism exposure blocks with delayed tarfpedback were also hypothesized to

produce smaller aftereffects than immediaiedback blocks. Consequently, PVSA
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blocksfollowing delayed targeteedback PA were hypothesized to show smaller mean
error than PVSA blocks followg immediate targdeedback PAFurthermoretarget
feedbackvas predicted tevoke an ERNike response, sensitive éorors in both
immediate andlelayedargetfeedbackconditions A P300like component was predicted
to be evoked by targéeedback, but show greater sensitivity to phase in the immediate
feedback condition compared to tarfeedback following a delaly under the

assumption the Iegr condition would produce smaller aftereffe€imally, the question
remained as to whether or not scréemch with delayed targéeedback would evoke

any accuracyor phasesensitive ERPs.

Analysis of errotby-trial slopes and intercepts confirmdtt the paradigm
resulted in typical effects of prism exposure. Prigght and prisrdeft blocks each
produced, respectively, large rightward and large leftward errors at the onset of blocks,
but also gradually approached baseleeels of accuracy asettrials went on.
Sham(right) and sham(left) blocks, respectively, produettward and rightward errors
(after-effect of preceding prism bloskat onsetandalso approached baselitevels of
accuracy across trials. The paradigm thus successfully prddliect effects of prism
exposureerror correction during continued reachiadtereffectsn the opposite
direction and deadaptation.

Comparison of immediate and delayed taifgetiback conditions revealed a
number ofbehaviouratesultsthatdeviate fromour hypotheses. Firgteachingerrors
duringprism exposure blocksere larger in the immediate condition than the delayed
conditionsin all excepthe very last phase pfism adaptationThese results are contrary

to those in Kitazawa et .a]1995).1t is noteworthy, however, that the immeditgedback

55



condition had darger interceptand, basednvisual inspection ofheerrorby-trial

figures (Figure2.2), appeared talsohavealarger mean error on Trial. Thus, while
errors were ungectedly larger in the immediate feedback condition, the effect might
stem mainlyfrom participants producinfarge errors at the onset of the immediate
feedback blocksAccordingly, the immediate feedback conditiantuallyhad a larger
slopethan the delayed feedback condition, suggesting participants underwergrnoore
correctionin the former condition. There is no plainly obvious explanation for errors
being larger at the onset of immediate feedback blocks, seeing as the feedback
manipuktion did not take effect until participants completed their first reach (at which
point the error was already made).

While no differencesn reaction time were observed, the delayed feedback
conditiondid yield longer movement times than the immediaeezibaclcondition across
all phase$ a result that was not reported in Kitazawa et al. (1996ally, contrary to
our expectations, there was no difference in magnitude of aftereffect produced by the
immediate and delayed feedbd2k conditions

The esult hat participants have longer MTs in the delayed condition suggests
there were factors impacting their movements that were not present in Kitazawa et al.
(1995)where MTs did not differ between feedback conditidrge present study, unlike
Ki t a z, had paétisipants perform memegyided,reachesvith only the target
occluded as opposed to opdnop reachesvith no view of limb or targetit is not
surprising then that different systems supporting movement were engaged between the
two studies. Importantly, the present conditions likelygagedetrieval ofvisual

memoryandalsodependence on allocentric cues msoethan was the case in
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Ki t az a walbesERR result$ gliscussed belmaypresent an explanation as to why
participants hatbnger MTs in the delayed feedback conditeord also smaller errors
across most phases

Analysis of the ERP components evoked bythireefeedback events yielded
interesting results, sonté which alsodeviatedfrom our hypotheses. Scre¢ouch with
immediate targefeedback indeed produced a component sensitive to accuracy
resemblinghe FRN. Thus, when participants mesthe target, screetouch and
simultaneous targdeedback information together evakerror-processin@ctivity in the
brain, oractivity of a purported reinforcement learning system (Holroyd & Coles, 2002;
2008) This neural activity is not similarly evoked when participants hit the tangetit
is specific to errorsThis finding, in respect to PA, is novel. In MacLean e{2015) for
example, screetouch with the target visible during the entire reach evoked an earlier
ERN-like component rather than an FRN. Thus, when the target is removed from vision,
but available immediately at screen touch, the brain appears to wilipesvaluation
mechanisms differently than when the target is always visible (i.e-gdRMrating neural
process vs. ERMenerating neural process)

Screenrtouch with immediate targdéeedback also produced twositivegoing
ERP componentsensitive tqohase of adaptation: one with a central scalp distribution,
followed by one with a parietal scalp distributidhile the hypothesis that immediate
targetfeedback would evoke a phasensitive component was supported, the timing and
scalp distribution theeported components may not reflect the s&3@0observed in
MacLean et al. (2015Rather, the presentsuls perhapsnatch reports athe P3a and

P3b components reviewed by Polich (2007). The piesitivegoing componentat Cz,
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may thus reflect frotal attentionmechanismgngaged in responsettte visual

information providedy the onset of immediate targetedback. The secompbsitive

going componentat Oz, may then reflethe integration of that visual information into
participantdmodel of the environment and tgsérameters a ki n {fu@ diad 0 mtge x t
described by Donchi& Coles (1988) Importantly, both the purported attention process

(P3a) and information integration (P3b) appear to diminish with increased adaptation
particubrly following the first phase of adaptation blocRdternatively, the components
measured at Cz and Oz may simply reflect, first, increased neural activity in the P2 time
range during early phases of adaptation, and second, increased@ecipital ativity

also during early phases of adaptation. Indeed, the component at Cz appears to be
modulated by phase at a timendow very closdo the P2 component. Furthermore, the

maximal activation of the second component at Oz may suggest it is locatedjiona re

too occipital to reflect a typical P300 resporiseiust also be considered, however, that

the Cz and Oz maximal components do not actually reflect distinct components. The

evoking stimulus, timing, and polarity are sinilar. Furthermore, it is nanusual for a
component 6s topography to drifts slightly ac
two positivegoing deflections in the waveform actually consist of a single component

that drifts in in maximal amplitude from central to occipgedlp electrodes.

Screenrtouch with delayed targéeedback yielded several unexpected
components sensitive to accuracy. An early ERN component similar to that reported in
MacLean et al (2015) was evokehdpealed~75msposttouch As it was suggested
MacLean et al(2015) the early ERN might reflect errprocessing specifically evoked

by vision of the reaching hand immediately prior to touching the screen (here, referred to
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as fhaeaedbacko). That we r epl iHeedbackatdscraded i s
touch supports the idea that participants can use-fesadback as an error signahd
thus undergo internal error evaluations based on that signal to produce an ERN response
Based on the RIEERN hypothesis, hanféedback wouldn factsave as the earliest
indication that participants will not achieve accuracy.

Interestingly, the present result suggests that participants need not see the target
simultaneously with the hand in order to attribute error information to-fesubackAs
it has been previously suggested (Heath, 2005; Krigolson & Heath, 2004), our results
mightthusprovide evidence that participarageactually retrievingaccurate target
information from memory and thus use vision of limb and allocentric cues to make
reliable judgments of movement errofBhus, although participants did not explicitly see
the target, a memory representation of the targst havecontributed to calculating
movement error based on visible hand locatWhile participants did not fully correct
errors on the trials where scremuch with delayed feedback evokedeamly ERN, it is
noteworthy thathey wereg(1) instructed to refrain from making major corrective
movement upon seeing their haf) the ERN did not actually peak until after screen
touchi suggesting hanteedbackcan provideerror information buthat itis not fully
procesed till the reach is complete, and (3) énerrelated componentshserveduring
other visuemotor task would suggest the ERN is only evokegimminenterrori i.e.
too late to be correctd&rigolson & Holroyd, 2006; 2007a; 2007b)

Considering these ERP resultdgs important to revisit the findinthat
participants had longer MTs in the delayed tafgetiback condition. This effect might

stem fromthe fact that participants experienced an esitgmalfrom handfeedback
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immediately prior to touching the screen with delatgdetfeedbackAlthough the
ERN component peaked after scr¢each, processing harffdedback might have fed
into other systes that rapidly evoked some form of miftbvementompensatioii thus
prolonging MT. Indeed, participants did show slightly smaller errors across most phases
in the delayed feedbadondition as wellwhich would also support that theory

The results frm the delayed feedback condition also help inform results from the
immediate feedback conditiolm addition to faster MTs and larger errdtse immediate
feedback condition didotevoke an early ERNpotentiallyevoked by handeedback
~75ms postouch. Thus, it appears that when participants anticipate receiving reliable
error information (targeteedback) without delay, they withhold attributing error
information to handeedback. However, when reliable eriformation from target
feedback will be delayed (e.g. by 800ms), hteetiback acquires predictive error
information.

Screenrtouch with delayed targéeedbackalso produced twpositivegoing
componentsensitive to large errarsne with a central scalp distribution, followeg
one with a pagto-occipitalscalp distributionBoth appeared after the ERNhe
behavioural results in thonditions of delayed targétedback may support tmetion
that thes&eRP componenteflect the previously reportd®e componer(iVocat et al.,
2011). If thepositivegoing component, particularly at Cz, is indeed a Pe response, it may
reflectfurther errorprocessing leading to pestror adjustments (Hajcak et al., 2003)
rather than conscious awareness of errors (Nieuwenhalis 2001) First, although we
did not demonstrate a correlation between Pe amplitude anémpossiowing on the

following trial, the fact that MTs were longer in the delayed feedback condition might
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suggest that the Ri&e components evoked here didfact reflect some processsuling
in posterror slowing on subsequent trials. This interpretation is suspect, however, seeing
as (1) thepositivegoingcomponents appeared mainly sensitive to large errors that were
far less frequent in later phasesadbptation, whereas the difference in MT was
consistent across all phases, and (2) this would likely conflict with our interpretation of
increased MT resulting frorminor error compensations due to the héswtiback signal.
Nevertheless, the fact that MW&re longer and that errors were smaller in the delayed
feedback condition suggeshat theerrorsensitivepositivegoingcomponentat Cz and
POzmay reflect some form of pestror processing that led to additional adaptive
processes not present in themediate feedback condition. Whether this specifically
reflects incoeafseadr Mmawsa r @ a dosschowevergurtheron f i r me d .
support the idethat participants are able to undergo epurcessindgeforeexplicit
visual target informadin is available.

It is also worth noting how closely the two positigeingcomponentsat Cz and
POz, evoked by screetouch with delayed targéeedbackesembleéhe components at
Cz and Ozvoked by screetouch with immediate targéeedback. These latter
components, howevgwere sensitive to phase rather than errors. If both pairs of
components in fact reflect the same centygarieb-occipitalneural signal, then it
would be interestg that one instance was sensitive to phase while the other was
sensitive to erront was hypothesized that the phasmsitive CZ0-Oz signal in the
immediate feedback condition might reflect a #&b response. It is possible that this is
also the casin the delayed feedback condition, such lage errors would evoke the

type of processingurportedlyreflectingthe P3a and P3b components. Indeed, large
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errors observed at screen touch may recruit increased atteglated processes due to
their ggnificance and thus subsequently require integration into participants working
model of the task.

Screentouch with delayed targéeedbackalso evoked parietcoccipital
componensensitive to phase of adaptati@pecifically,it showed a larger positive
voltage during early trials and diminished acregssequent phasesthough this
component is in a timeange consistent with the P300, it is more occipital than normally
reported. Furthermore, although it shows sensitiatghase, the P300 reported in
MacLean et al. (2015) was measured at a parietal eledtri®derl he differences between
thesecomponerg brings into questions whether the current component gtd¥0ked
by screertouch with delayed targéeedbackreflects contextupdating preesses
Although labeling the component may be difficult, it certainly lends some evidence that
participants undergo increased parietzipital processing during early phases of
adaptation.

When evaluating this phasensitive compnent at POzt iis important to note
the relationship between phase and error. Errors are evidently larger in early phases of
adaptation compared to late, thus any difference across phase could be attributed to more,
or larger errors early ohus, takig into account theositivegoingcomponents@z-
POz)evoked by large errors, it is possible that the plsassitive parietal component is
just an artifact of erresensitive parietal activity. This is an ongoing questiscussed
in MacLean et al. (2015) as well, and will tensidered furthein Experiments 2 and 3.

Nevertheless, the fact that these central to padetipital components were

evoked by error, and not phase in the delayed feedback condition might come as a result
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of the differences in early error processing. The delayed feedback condition evoked an
ERN, ~peaking 75ms pestuch, where as immediate feedback did not. The early ERN
component, perhaps evoked by hdeeddback, in the delayed condition may have
allowedmore capacity for participants to undergo further error processing at-$otedn
with thecentral to parietmccipitalsystem. In the immediate feedback condition
however, participantdid not underg@ny error processingntil targetfeedback (i.e. did
not procesdandfeedbaclkas an errgr where they eventually showed an FRN. Although
it may be a crude interpretation, the FReMoking system may simply overritige central
to parieteoccipitalsystem.Thus, the central to parietzccipital componentsgsisitive to
errors, are only observed if the FRN is absent in that samedinge (for example, if an
ERN is present beforehand).

The final feedback evenargetfeedbackollowing 800ms delayevoked an
FRN, sensitive to errors, similar that evokedy screertouch with immediate target
feedbackTheir resemblance lends support to the idea that under condition of immediate
targetfeedbaclat screertouch, the erremformation pertains to targé&tformation
rather than hanteedbackThe identificatimmn of anFRN component evoked by target
feedback after delay also has major implications fopteeedingERN component
identified by screettouch without immediate targétedbackIndeed, the results suggest
that during the delayed feedback conditiortipgrants undergo two instances of efror
processing: (1) evoked by hafeedback, and (2) evoked by targe¢dback. This result
would thus fail to coi nci-HRNhypothesishado!l royd & C
suggests thpredictiorrerror, which may produce either the ERN or FRIN\evoked by

theearliest indicatiothat the outcome of an action is worse than prediGadh as the
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casegither the ERN of FRIShould only be evoked once for any given erroneous actions
T notone after the other
While the present ERIRRN results perhaps stray from that theory, they may also
present evidence that, during this reaching task, the brain monitors ongoing components
of the reach separateigther than aa single unitary actiorhe brain may specifically
monitor two ongoing predicti@separately: (1) a prediction of where the reaching
limb/hand is located based on proprioceptive feedback aatéedforward movement
plan, and (2a prediction of success pertaining to the moverned sgoag ire.do hit the
target.This would thus explain how, during conditions of delayed feedback; hand
feedback evokes errrocessing pertaining to prediction,#hd later targeteedback
evokes erreprocessing pertaining to prediction #2us, handfeedback evokes a form
of rapid internal error evaluation, whereas taffgetback evokes a slower form of error
evaluation requiring more extensive processing of external feedback information.
Interestingly, however, when the targeedback is pvided immediately at
screen touch, the brain would appear to forgo error processing related e édiback
thus forgo evaluation of prediction #1 described abégespeculated earlier, this might
be related to limited attention capacity when targatl hanefeedback are nearly
simultaneous. When they are separated by a delay, the brain can process each separately
Importantly, targetfeedback did not producephase sensitivB300like response
consistent with that observed in MacLean et al. (204&) consistent with the parieto
occipital component evoked lsgreertouchin the preceding conditiongRather,a
positive voltage in the P300 tinrange was actually largest duritige latter phases of

adaptation, particularly P5. While this result will be considered in the next Experiments,
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the voltage trenduggest targetfeedback after a delay evokes different neural events
sensitive to phase compared to when tafgetback is dlivered immediately at screen
touch.

The mosinterestingesult from this experiment was that both feedback
conditions produced similar strengths of aftereffect. Thus, contrary to our expectations,
ERP components in either condition cannot be expliaggociated with producing
strong aftereffest Nevertheless, the ERP results can be discussed in terms of
similarities, rather than differengedetween feedback conditions. While numerous
differences were reported above, the nstisking similarity between feedback
conditions was a late parebccipital (Oz, POz) positivegoing component evoked by
screentouch that decreased in voltage across phase (see bottom panel oReigame
Figure2.8). These components were evoked both with and withoutogaliget
feedback availableand their respective conditions both ultimately produced equally
robust aftereffectshat resultin combination with their sensitivity to phase independent
of error, suggestthey warrant close attention as a potential acomapt reflecting
adaptive perceptual processes.

TheFRN components evoked by both instances of tafgmtiback were alseery
similari albeit they appeared at different stages of the fals, they also warrant close
attention as an important neural event in producing aftereftdotgever the fact that
MacLean et al. (2015) only reported an early ERN (i.e. the one evoked by haind
targetfeedback) but still observed fairtgrong afereffect suggesthe errorsensitive
componenspecifically evoked by targdéeedbaclk(the FRN)need not be present to

producestrong aftereffectsSimilarly, the immediate feedback condition did not evoke an
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early ERN purportedly sensitive to hafedlack, but did produce strong aftereffects.
Thus, the early, hanfedbacksensitive ERN need not necessarily be present either to
produce strong aftereffects. This does not, however, preclude the possibility that at least
either one of the tw¢ERN, or FRN)components reported so far must be present to
generate strong aftereffecExperiment Zpresents conditions that will further elucidate

the role of these ERPs.
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CHAPTER 3: EXPERIMENT 2

3.1 Introduction

Experiment 1 showed thhtocks of memoryguidedPA with eitherdelayedor
immediate targeteedback at the end of discregachegproducedsimilar magnitude of
aftereffects. The results did naarrespondo the original hypothesis, based on Kitazawa
et al. (1995), that delayed feedback would prodwmaiments in aftereffextAlso out of
line with Kitazawa et al. (1995), the delayed tasfgetdback codition actually had less
erroracross most trials and also resulted in longer MVlsile both feedback conditions
evoked a number of accurasgnsitiveand phase&ensitiveERP components some
which might explain the difference in error and MTs, it was difficult tordetee if any
reflected processebat increased aftereffects seeing as both feedback conditions did not
differ in that respect. Both feedback conditions did however yield two fairly similar ERP
components worth further investigatidfirst, oth instages of targeteedback evoked a
fronto-centralFRN componentsensitive to errors. Second, both instances of sdoeen
evoked gparietaoccipitalcomponent sensitive to phase of adaptatimtably, however,
we also reported an early ERN component as well as pogibivg centralto parigo-
occipital componemstsensitive to errorat the onset of hargedback under conditions of
delayed targeteedbackThese latter components were not reported in the immediate
feedback condition, thus are presently considered less critical to prodtieirsgfects.
The goal of Experiment 2 is to further investigate the tludéfeedbackevoked brain
response might play in generating robust PA aftereffects.

The phase sensitive parietocipital component evoked by scretenich in both

theimmediateanddelayed targeteedbackcondition may have actually been a response
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to handfeedback immediately before touching the sciiesaeing as the component was
present both with and without target onset at screen ttlrdike Kitazawa et al. (1995),
where visim was fully occluded at reach ondexperimentl only occluded the target
from sight.In Experiment 1participantsreached below an occlusion board terminating
just before the monitogndwere always able to see the tip of their finger (i.e. hand
feedba&k) at termination of reach in both immet@iaand delayed conditions.

The behavioural resultsbtained in Experiment 1, in contrast to those reported in
Kitazawa et al. (1995§ertainlyalso suggedhat direct visual information of the
reaching limb isan important factor in how adaptation takes place and how aftereffects
develop.In Kitazawa et al. (1995)lelaying visuhinformation of limb position caused
decrements in adaptation and aftereffdctgExperiment 1, hanteedbackvas not
delayed in ehier feedback condition, and coincidently no differences in aftereffects were
observedlespite targeteedback being delayed in one condition

While the result that hari@edback evolsa phasesensitiveparietaoccipital
componeni perhaps indexing adtipe realignment processésould benovel,
evidence that hanfitedback is critical to generating aftereffects is not r&asveral
studies that completely eliminate direct hdaddback in exchange farfi s y inb @ 0
hand position during PA have shown thias can decreassdtereffects. For example,
Wilms and Mala (2010) elicited weaker after effesiising PAusing a computer monitor
thatshowed hand position via small icons compdeetraditional PA reaching at a board
with directview of hand at the endf the reach. Clower and Boussaoud (2000) showed
the same effect when comparing feedback with a light positioned on the tip of

par t i cmgeraensussa&imifansized $wd light appearing against a monitor in
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place of the finger. While both conditis resulted in similar adaptation, only the former
condition yieldedypical aftereffects. Most recently, Veilleux and Proteau (2015) also
comparedPA involvingactual vision of hand versus a compugenerated representation
of hand locationThe proviso n o f fi v ifeedback resaltechirmweakaitereffects
compared talirect handfeedback

Veilleux and Proteau (2019ndRedding and Wallace (2006) both drew
attention to the fiassumption of wunityo descr
the observation thatirect hanefeedback is critical to producing robust aftereffects
Welch and Warren (198@roposed thaparticipants onlyexperience true discord
between perceptual systeneg( proprioceptive and visuat feedback information
mees the assumption of unity. For the assumptéminity to be metprovisiors of
feedback must makeobviousthatproprioceptive information originates from the same
body that is perceived by the visual syst@therwise, if the assumption of unity is not
met, the error information provided by feedback will not be attributed to a discord
between perceptual systems and thus perceptual leaegnge@lignmenjtdoes not take
place. Instead, other learning mechanisms (e.g. recalibratiybe recruited t@orrect
the error.

Accordingly, research so far suggests that error information is not sufficient to
engage adaptive realignment processes that lead to strong aftereffects. An assumption of
unity between discordant perceptual information must alsodsept. An icon on a
monitor, or a virtual image representing hand location does not make it obvious enough
that felt hand position and the symbolic hand position originate from the same body.

There the assumption of unity is not met and aftereffects dalewelop.
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The assumption of unity may be an important fastgarding the phasgensitive
P300like componerd evokedn MacLean et al. (2015) anlble phasesensitive parieto
occipital components observedHnrperiment 1. Whilehecomponerg couldindeedbe
associated witladaptiverealignment process given their attenuation across phase
independent of error, thegthermaysimplyr ef | ect t he brainds
perceptual informatianf that were the case, it is hypothesized thatassumption of
unity would have to benetin order for the reporteplarietcoccipital, or P30@omponent
to be evokedPA conditions wherthe assumption of unity is not met wouldusnot
evoke gparieteoccipital componengensitive to phaseor wouldrobust aftereffest be
producedAdaptation however, could still be observed as long as error information is
providedi regardless of the unity assumptidwkewise, itwould also béypothesized
that a PA paradigm could evoke BRN component sensitivi® error information, thus
leading tosuccessful adaptation, but ultimately show weak aftereffaat&RN would
not be predicted to occur, seeing as MacLean et al. (2015) and Experiment 1 would
suggesthat, during PAthe ERN is evokednly when direct ision of the reachingand
indicateserror.

Experiment 2 investigates these hypotlsestere, participants performed
memoryguided reaching with prism glassever the course of 4 blocks, each followed
by a PVSA block to measure aftereffects arstiamblock to deadapt The experimental
conditionswerenearly identical to Experiment 1. Most importantly, particigamt
Experiment performed reachdselow afully extended occlusion boardhus they were
completely unable to acquire hafekdback at angoint during the reach. It should be

noted t-haedbaakd r ef er sthdreahand ip codtiastte c t
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indirect information regarding hand position. Inlieuofhdnd e d back, parti ci pa
touchlocationon the monitor was indicatdsy a lightgray vertical line that resembled
the target. Thusn Experiment2fit a-f getdtbacko i nvolved the si mu
appearance of the original target line as well as a line indicating hand position along the
horizontal axif the monitor For sakeof comparison with Experiment 1, target
feedbackor PA was blocked according to immediate and delay@utlitions Seeing as
directhand feedback was not available at all, we predicted that behavioural results
between immediate and delayed feedback wmdde closely resemble Kitazawa et al
(1995) than did Experiment As noted above, the major hypotheses were that any
instance of targdieedback here woulfl) not produce a phasensitiveparieteoccipital
response, anR) lead tosmaller aftereffectsompared to Experiment k.was also
hypothesized, however, tham FRN component sensitive to accurgeyrors) would still
be evoked by targdeedback. Finally, it was hypothesized t&B&®N and Pdike
components would not be evoked by taffgetdbackiere,becauseéhosecomponerd
reported in Experiment wereonly evokedwhen hanedeedback was available and never
evokedspecificallyby the onset of targdeedbacke.g. targefeedback following
delay)
3.2 Methods
3.2.1Participants
The study recruited 25 participant$ireeparticipants were excluded from data
analysis because of poor EEG data quality resulting in high artifact rejection (> 50%).
Additionally, one p averelosttduepoandcadingdrerhavi our al

although their EEG dataerestill available. Anecdotally, this participant was observed
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performing the experiment consistent with expectations (e.g. adaptadagted) and
showed no markedly abnormal betwaur. Their EEG dataverethus included in the ERP
analysisto help increase powerhebehaviouratesults belovthereforereflect data from
21 participants (mean age = 19.3, SD = 1.3, 17 females, 1 left hantde)the ERP
results reflect data from 22 participants (mean age = 19.7, SD = 1.4, 18deinlaiie
hander) All participants were students at Dalhousie University who voluntarily
participated in the study for extra credit points going towards Psychology &
Neuroscience classes. Participants provided informed consent consistent with the Nova
Scdia Health Authority Research Ethics Board. All participants reported having
corrected or correcte-normal vision, no neurological iliness, not being under any
medications affecting cognitive performance, and not having any upper body impairment
prevening reaching movements with their dominant arm.
3.2.2Materials

The preseninaterials wer@lmost identical t&cxperiment 1. Unlike Experiment
1, howeverall PA blocks in the present experiment were performed avidtly
extended occlusion boapleventing any vision of the reaching lir(gee procedure
below).EEG data collection was done with the same equipment as in Experiment 1.
3.2.3Procedure and Design

The design was identical to Experimengtery participant underwent 4 blocks
of prism alaptation. Two blocks provided immediate tasfpetdback on each trial, while
the other 2 blocks provided delayed tarfpstdback on each trial. Furthermore, within
each feedback condition, one of the two blocks was performed with leftward displacing

prismglasses, and the other with rightward displacing prism glasses. In contrast to
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Experiment 1, the participants would receive no vision of their hand upon completing a

reach during the PA blocks. Instead, the telodation on the monitor would be

indicatedon the screen by a ligigiray line (similar in shape to the target) that also

extended the entire height of t-heedbackorinT
the present study included simultaneous onset of two vertical lines indicating (1) th

original target position, and (2) location of screéeach along theno n i tarizoGted

axis.

See Figure.1 for an illustration of a typical triallhe trial procedure was nearly
identical to Experiment MVhen participants made contact with theesar, they were
instructed to hold their finger where it landed until they saw the target reappear
simultaneously with a second line indicating where their finger landed, then saw both
lines disappear. After both lines disappeared, the trial was comptefeeicipants

returned to the spacebar to initiate the next trial.

Target Touch
s \A /
~
+
D N ) ) T
Fixation Cross Target Memory Delay Auditory Cue Touch screen Target-feedback

Figure 3.1 A typical PA trial (from left to right) with delayed targigedback
after touching the screen
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As in Experiment 1, every PA block was followed by a PVSA bloeasuring
strength of aftereffest The PVSA blocks were identical to those described in
Experiment 1.

After every PVSA block, participants performed a sham block identical to those
in Experiment 1, in order to eedapt to the prism exposure they jugbexenced. Thus,
in addition to vision of hand being available at the end of the reaching movement, a
second line did not appear simultaneously with the target to indicate hand position. As
before, immediate and delayed tarfggdbackwvererandomized witin sham blocks.

This provision of feedback during the sham conditiosueed any differences between
Experiment 1 and Experiment 2 would not be caused by differences in how participants
de-adapted.

Participants also began every experiment with a baseline PVSA and a baseline
sham block identical to those described above. The entire experiment thus consisted of

a total of 14 blocks (See Tal8€l).

Table 3.1  Sequence of blocks in Experiment 2.

Block Condition Trials
1 PVSA (BL) 10
2 Sham (BL) 60
3 Prism 60
4 PVSA 10
5 Sham 60
6 Prism 60
7 PVSA 10
8 Sham 60
9 Prism 60
10 PVSA 10
11 Sham 60
12 Prism 60
13 PVSA 10
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14| Sham| 60

3.2.4 Behavioural Data Collectioand Analysis

Same agxperiment1ITabl e A2 shows percentage of
behavioural data that were removed prior to final analyses.
3.2.5 Measuring Adaptation and DAdaptation

Same as Experiment 1.
3.2.6 Immediate vs. Delayed PA Feedback: Error, RT, MT

Same as Eperiment 1.
3.2.7 Immediate vs. Delayed PA Feedback: Aftereffects

Same as Experiment 1.
3.28 Electroencephalography Data Collection

Same as Experiment 1.
3.2.9Electroencephalography Data Analysis

Same as ExperimentT.abl e A2 shows percentage of
that were removed prior to final analyses.
3.2.10Comparing FeedbaclEvoked Brain Potentials

Same as Experiment the ERP analysis was conducted on 3 separate events: (1)
screertouch with immedite targetfeedback, (2) screeiouch with delayed target
feedback, and (3) targétedback following delay. The present experiment, however,
prevented vision of hand in all conditions. Thus, no visual feedback whatsoever was
available at screetouch in tleimmediate andlelayed feedback conditisnFurthermore,
it afgetdbacko consisted of the appearance

As before, the analysis focused on differences within each event that were evoked by two
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factors: phase (6) and accuracy (hit, small miss, big miss). Differences in respect to
those two factorbetweerfeedback events are addressed in the discussion section.
Percentage of hits, small misses, and big misses across each phase of both feedback
conditions is shown in Figure AlBifference waves with 95% Cls used to determine
differences between levels of accuracy and phase are shown in the Appendix section.
3.3Results
3.3.1 Adaptation and D&daptation: Slopes and Intercepts

The analysis revealed a significant effect of exposure condition on slope, F(1.6,
33.5) = 25.9, p <.003h? = .56. Figure3.2 shows the relationship between trial number
and error and Tablg2 shows the mean slop8E, and 95% CI fogachexposure
condition. Pairwise comparisons revealed that both the Riggrhand the Prisrkeft
conditions differed from all other slopes<p05), however, sharonditionsand baseline
did not differ. The analysis also revealed a significant effect of exposure condition on
intercepts, F(1.3, 26.7) = 26.9, p < .0p 2 = .57. Table3.3 shows the mean intercept
SE, and 95% Clior eachexposue condition. Pairwise comparisons revealed that all
intercepts differed from each other except between baseline and sham(right).

A two-way ANOVA comparing absolute slope scores between pright, prism
left, sham(right), and sham(left) revealed ane@@fbf exposure (prism vs. sham) on
absolute slopg F(1, 20 = 391, p < .001,h? = .66, such that prism slopes were larger
than sham slopes. The analysis revealed no effect of direction (lefjtu3.amabsolute
slopes, F(1, 20) = 0.48, p = &2 = .02 and no nteraction effect, F(1, 20) = 0.56, p =
46, ph? = 03. A two-way ANOVA comparing absolute intercept scores between prism

right, prismleft, sham(right), and sham(left) revealed an effect of exposure (prism vs.
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sham) on absolute intercep1, 20) = 30.1, p < .003h? = .6, such that prism

intercepts were larger than sham intercepts. The analysis revealed no effect of direction

eft vs. right) on absolute intercepkq1, 20) = 0.94, p = .34h“= .05 and no
(lef ight) on absolute i B(1, 20) 4h? d

interaction effectF(1, 20 = 2.2, p = .15,h? = .1.

In summarythe results indicate that the prisight condition resulted in a

negative slope reflecting the reductionargepositivevalue (right) errors across trials;

and the prismeft condition resulted in a positive slope reflecting the reduction in large

negativevalue (left) errors across triaBoth sham conditionshoweverproduced

smaller slopeso different than aselineand interceptgqual to (i.e. sham(right)), or

nearly equal to (i.e. sham(right)) baseline

i

Error (visual degress)
¢

N
¢

-15+

Prism(right)
Prism(left)
Sham (postPR)
Sham (postPL)
Basdine

Figure 3.2  Mean error size in visual degrees across all trials, averaged according
to Prism (left, right), Sham (left, right), and Baseline sham

conditions

Table 3.2 Error-by-trial linear regression slopes for prism, sham, and baseline

exposure conditions

Condition Slope

SE

95% ClI

Baseline

0.002

0.003

-0.005, 0.00¢
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Prism right -0.050 0.012| -0.074,-0.025
Prism left 0.044 0.007 0.029, 0.058
Sham (right) 0.005 0.001 0.002, 0.007
Sham (left) -0.005 0.002| -0.009,-0.001

Table 3.3

exposure conditions

Error-by-trial linear regression intercepts for prism, sham, and baseline

Condition Intercept SE 95% ClI
Baseline -0.42 0.18 -0.79, -0.06
Prism right 3.70 0.8 1.92,5.9
Prism left -2.70 0.40 -3.53,-1.86
Sham (right) -0.09 0.05 -0.20, 0.01
Sham (left) 0.40 0.09 0.21, 0.59

3.3.2 Immediate vs. Delayed PA Feedback: Error

The analysis of errey-trial slopes revealed no differenisetween immediate

feedback (mean =04, SE = .008 and delayed feedback (mean.84, SE = .007, t(20)

= 0.64, p = .53. The analysis of ery-trial intercepts also revealed no difference

between immediate (mean = 4.5, SE = 0.56) and delayed (meanS&4= 0.49)

feedback, t(20) = 0.59, p = .56. The relationship between trial and absolute error for both

conditions is illustrated in Figuig3.
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Figure 3.3  Mean error across trials for the immediate and delayed feedback
conditions.

Absolute errors submitted to a 2x6 repeateshsures ANOVA with feedback
(immediate, delayed) and phaset(las factors revealed a significant effect of phase on
error size, F(1.7, 33.8) = 40.7, p < .0pHi2 = .67. Bonferroniadjusted pairwise
comparison revealed that mean errordHfiwere significantly larger than all other
phases, however, no other phases differed from each other. The analysis also revealed no
significant effect of feedback condition on error size, F(1, 20) = 0.08, p sh%%,.004
nor any interaction between phase and feedback, F(2.2, 43.3) = 0.9, pi¥ A2)4.

Table3.4 shows meanS§E, and 95%CI for errors across phase and feedback conditions.

Likewise, Figure3.4 illustrates the mean errors in a bar graph.
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Figure 3.4  Mean error size across phases for immediate and delayedftadback
PA blocks. Error bars indicate standard error

Table 3.4  Absolute errors in each phase of both PA feedback conditions.

Feedback Phase Mean SE 95% CI

1 5.45 0.66 4.06,6.83

2 2.85 0.43 1.96, 3.75

Immediate 3 2.77 0.3 1.98, 3.%
4 2.53 0.27 1.97, 3.0

5 2.53 0.35 1.81, 3.5

6 2.77 0.27 2.20, 3.33

1 4.2 0.53 3.8, 6.2
2 3.06 0.50 2.01,4.11

Delayed 3 2.64 0.29 2.08, 3.25

4 2.65 0.33 1.97,3.33

5 2.58 0.26 2.03,3.12
6 2.57 0.31 1.93, 3.21

3.3.3 Immediate vs. Delayed PA Feedback: RT
A 2x6 repeateaneasures ANOVA with feedback (immediate, delayed) and phase
(1-6) as factors revealed no effect of phase on RT, F(2.1, 43.5) = 1.1, pR?>.3405,

no effect of feedback on RT, F(1, 20) = 0.5, p = s82=.002, and no interaction
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between the two factors, F(3.2, 65.3) = 1.5, p =685 .02. Table3.5 shows RT

meansSE, and 95%CI.

Table 3.5 Reaction time in each phase of both feadback conditions.

Feedback Phase Mean (ms) | SE(ms) 95% CI (ms)

1 665 008 648, 682

2 664 010 643, 685

immediate 3 667 012 642, 692
4 671 012 646, 695

5 668 011 645, 691

6 669 013 642, 696

1 667 007 653, 6&

2 665 010 645, 685

Delayed 3 665 011 642, 688
4 666 010 644, 688

5 674 013 647, 00

6 671 008 654, 688

3.3.4 Immediate vs. Delayed PA Feedback: MT

A 2x6 repeategneasures ANOVA with feedback (immediate, delayed) and phase
(1-6) as factors revealed an effect of feedback on MT, F(1, 20) = 6.3, p265,24.
The delayed feedback conditiproduced slightly longer MTs (mean = 362ms, SE =
.037ms) canpared to the immediateedback condition (mean = 315ms, SE = 43
There was no effect of phase on MT, F(5, 100) = 0.7, p 3h5%; .04, nor any
interaction between factors F(3.1, 62.6) = 0.6, p =pl¥8s .03. Table3.6 shows mean

MTs, standarerrors, and 95% confidence intervals.

Table 3.6 Movement time in each phase of both PA feedback conditions

Feedback Phase Mean (ms) | SE(ms) 95% CI (ms)
Immediate 1 320 035 247, 394
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2 306 033 237, 375
3 320 037 242, 397
4 324 040 241, 408
5 308 042 219, 396
6 315 041 230, 400
1 344 043 254, 434
2 356 047 258, 455
Delayed 3 358 045 265, 451
4 368 041 282, 454
5 365 043 277,454
6 378 045 285,471

3.3.5 Immediate vs. Delayed PA Feedback: Aftereffects

A 2x2 repeategneasures ANOVA with preceding PA direction (priteff,
prismright) and preceding PA feedback (immediate, delayed) as factors revealed a
significant effect of feedback on mean PVSA error, F(1, 20) = 9.5, p sh®%,.32 on
mean PVSA error. Specifically, the immediate feedback condition produced slightly
larger PVSA errors than the delayed feedback condition. There was no effect of prism
adaptation direction, F(1, 20) = 0.1, p = .3t =.005, and no interactionfett, F(1, 20)
=0.07, = p =.7%h?=.003, on mean PVSA errofdeans, SE, and 95% Cl are
presented in Tablg.7.

Table 3.7 PVSA errors produce by both PA feedback conditions and their
respective direction of prism shift

Feedback Prism Direction | Mean SE 95% CI
- Right| 1.78] 021 1.35 2.21
Immediate Left| 1.84| 0.2 131, 2.37
Delaved Right| 1.25] 0.5 0.73. 1.7
y Left| 1.38| 0.6 0.84 1D

3.3.6 PA ERPs: ScreeTouch with Immediate TargeFeedback
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The event of touching the screen with immediate target feedback yielded one ERP

component sensitive to accuracy (FigBr®. Visual inspection of waveforms did not

reveal any components sensitive to phase. This latter observations was tested below by

submitting mean voltage 20850ms poskcreertouch (see Figurd.6) and mean voltage

350-500ms posscreertouch separately to a repeate@asures ANOVA with two

factors: phase (6) and electrode site (FPz, FCz, Cz, CPz, Pz, POz, Oz).

3.3.6.1 Accurag-Senstive ERP component

Mean voltage 228375 ms postouch at electrode FCz was sensitive to accuracy,

F(2,42) =

2 7 . 8 5 Meaps, SE, and®b%. Cl coggs@bnding to e€ach level

of accuracy are presented in TaBl@. Bonferroniadjusted post hocomparisons

revealed that all levels of accuracy differed from each other (p < .05). Furthermore, a

contrasts analysis revealed a linear trecgbss each level of accurasyggesting

amplitude became more negative as error size increafedl) =40.40 , p

= .66. These results support the hypothesis theRdicomponentvas evoked at screen

touch on miss trials during the immediate feedback condition.

Table 3.8  Accuracysensitive negativgoing ERP component. Evoked by

screertouch with immediate targéeedback. Amplitude measured at

FCz, 225375ms postouch for each level of accuracy

Feedback Error Mean(e ¥ [SE(e Y |95%CI (¢ VY
Hit 12.0 1.8 8.2,15.9
Immediate| Small Miss 9.3 1.5 6.2, 12.5
Big Miss 7.4 1.5 4.3,10.5
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Figure 3.5 Left: average waveforms at FCz corresponding to each level of
accuracy evoked by scretwuch with immediate feedback. The
gray window corresponds to the timendow used to calculate
mean difference between levelsaccuracyCentre: mean voltage
225375ms at FCz corresponding to each levels of accuracy. Error
bars represent standard error of the mBaght: scalp topography
derived by subtracting hits from all misses and corresponding to
maximaldifference. Darker tone indicates negatgang voltage

3.3.6.2 Absent PhasBensitive ERP component
The repeatedneasures ANOVA, with phase and electrode site as factors,

revealed no effect of phase for mean voltage 28@ms postouch, FR.9, 61.3) = 1.27,
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Voltage (uV)

Time (ms)

—:P]
— P2
—-P3
— P4
—P5
— Po6

200 0 200 400 600

84

Voltage (V)

104
8
6

A

Pl P2 P3 P4 P5 P6

= .6

gur e



Figure 3.6  Left: average waveforms at POz corresponding to eachdével
accuracy evoked by scretmuch with immediate feedback. The gray
window corresponds to the tinvendow used to calculate mean
difference between levels of accuraByght: mean voltage 260
350ms at POz corresponding to each levels ofracguError bars
represent standard error of the mean

3.3.7 PA ERPs: ScreeTouch with Delayed TargeFeedback

The event of touching the screen with delayed tagdback yielded no
observable ERP components sensitive to either accuracy or phase. To test this
observation, the santRN-sensitive time range and electrode site observed during
immediate feedback wassted here. The absence of sensitivity to phase was tested by
submitting mean voltage 2850ms posscreertouch and mean voltage 3500ms

postscreertouch separately to a repeat@easures ANOVA with two factors: phase (1

6) and electrode site (FPzCE, Cz, CPz, Pz, POz, Oz).

3.3.7.1 Absent Accurae$ensitive ERP component

Mean voltage 22875 ms postouch at electrode FCz was not sensitive to

accuracy, F(2, 42) =Fidure378lystrates this nullefedt., dp 2

-5 8-
91 &W\&m " 91 6
s ; s 4 }/H
B ]
£ 104 — Hit & 21
.~ == Small Miss >
15 - Big Miss 01
23 T T T 1 _q T T T
-200 0 200 400 600 - Hit  Small Miss Big Miss

Time (ms)

Figure 3.7  Left: average waveforms at FCz corresponding to each level of
accuracy evoked by scretouch with delayed feedback. The gray
window corresponds to the tinwendow used to calculate mean
difference between levels of accuraByght: mean voltag225
375ms at FCz corresponding to each levels of accuracy. Error bars
represent standard error of the mean
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3.3.7.4 Phasé&ensitive ERP component
Contrary tovisual inspectionmean voltage 20850ms postouch (F6, 105) =
3.44, p = .006-500hppdst ouch4 ) Fdmdd 3IDG) = 2.29,
.1) were both sensitive to phase. There was no interaction between phase and electrode
site, F(5.98, 125.31) = 0.4746p p =8386¢dpHp32
.02, respectivelyThe difference manifested asegativegoing voltageduring P1
compared to all other phas&he difference appeapsesent over the coursémost of
the ERPafter Omsas well asatall electrodesested Thus, whilethis suggests a
component of the ERP gensitive to phase, it does moatch the samparieteoccipital
component that diminishes acrgggse observed in Experimentrifact, the negative
going voltage across the entire epoch might suggest the difference does not reflect a
discrete neuradvent, but rather an artifact of some sort duringfrjure 3.8 illustrates

this effect at electrode POzhis resulf howeverwill not be further addressed in the

discussion.
3 3 8
—_ o . —
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Figure 3.8  Left: average waveforms at POz corresponding to each level of phase
evoked by screetouch with delayed feedback. The gray window
corresponds to the timgindow used to calculate mean éifénce
between levels of phasRight: mean voltage 20850ms at POz
corresponding to each level of phase. Error bars represent standard
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error of the mean

3.3.8 PA ERPs: TargeFeedback Onset

The onset of target feedback after a periodeddy yielded one ERP component
sensitive to accuracy (FiguB). Visual inspection of waveforms did not reveal a
component sensitive to phase. This latter observation was tested by submitting mean
voltage 208350ms posscreertouch and mean voltage 3500ms posscreertouch
separately to a repeateteasures ANOVA with two factors: phase@jland electrode
site (FPz, FCz, Cz, CPz, Pz, POz, Oz).
3.3.8.1 AccuracySensitive ERP component

Mean voltage 23330 ms postargetonset at electrode FCz was siine to
accuracy, F(2, 42) = Mdahs, SE2and 9p% G corrésibdding tg p 2
each level of ecuracy are presented in TaBl®. Bonferrontadjusted post hoc
comparisons revealed a significant difference between Hits and both Big alidd Sma
misses (p < .05). A contrasts analysis also revealed a lineamtreogs each level of

accuracylending some evidence thamnplitude became more negative as error size

increased- (1, 21) = 14.48, p = . 001FRNggmponent . 41 .

was evoked on miss trials by onset of taifgetdback after a delay period.

Table 3.9  Accuracysensitive negativgoing ERP component. Evoked by
target onset after delay. Amplitude measured at FCz338ths post
touch for each levelfaccuracy

Feedback Error Mean(e ¥ |SE(e Y |95% Cl (¢ Y
Hit 11.1 1.6 7.7,14.5
Immediate| Small Miss 8.1 1.4 51,11.1
Big Miss 7.2 1.2 4.8,9.7
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Figure 3.9  Left: average waveforms at FCz corresponding to each level of

accuracyevoked by screetouch with immediate feedback. The gray

window corresponds to the tirv@ndow used to calculate mean

difference between levels of accura€gntre: mean voltage 230

330ms at FCz corresponding to each levels of accuracy. Emor ba

represent standard error of the meright: scalp topography derived

by subtracting hits from all misses and corresponding to maximal

difference. Darker tone indicates negatgeng voltage
3.3.8.2 Absent PhasBensitive ERP component

Both voltage 208850ms post ouch (F(5, 105) = 1.80, p =

350500 mspost ouch ( F(5, 105) = 0.87, p = .505, dp
phase. There was, however, a moderate interaction between phase and electrode site for
mean vitage 2063 50 ms, F( 6. 93, 145. 65) = 2.62, p =
500ms, F(7.45, 156.21) = 1.54, p = .-151, dp?2
occipital or parietecentralsites showed a response that diminished in amplitudesacros
phases. Thus, targehset after a delay also did not appear evgkiesasesensitive

componensimilar to thosebserved during scregauch in Experiment IFigure3.10

illustrates the null effect at POz for mean voltage-260 ms postargetonset.
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