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Abstract

Prior to goal-directed actions, somatosensory target positions can be localized using either

an exteroceptive or an interoceptive body representation. The goal of the present study was

to investigate if the body representation selected to plan reaches to somatosensory targets

is influenced by the sensory modality of the cue indicating the target's location. In the first

experiment, participants reached to somatosensory targets prompted by either an auditory

or a vibrotactile cue. As a baseline condition, participants also performed reaches to visual

targets prompted by an auditory cue. Gaze-dependent reaching errors were measured to

determine the contribution of the exteroceptive representation to motor planning processes.

The results showed that reaches to both auditory-cued somatosensory targets and audi-

tory-cued visual targets exhibited larger gaze-dependent reaching errors than reaches to

vibrotactile-cued somatosensory targets. Thus, an exteroceptive body representation was

likely used to plan reaches to auditory-cued somatosensory targets but not to vibrotactile-

cued somatosensory targets. The second experiment examined the influence of using an

exteroceptive body representation to plan movements to somatosensory targets on pre-

movement neural activations. Cortical responses to a task-irrelevant visual flash were mea-

sured as participants planned movements to either auditory-cued somatosensory or audi-

tory-cued visual targets. Larger responses (i.e., visual-evoked potentials) were found when

participants planned movements to somatosensory vs. visual targets, and source analyses

revealed that these activities were localized to the left occipital and left posterior parietal

areas. These results suggest that visual and visuomotor processing networks were more

engaged when using the exteroceptive body representation to plan movements to somato-

sensory targets, than when planning movements to external visual targets.

Introduction
In agameof ªSimonSaysº,spokeninstructionssuchasªtouchyour elbowºcanprompt move-
mentstowardsaspecifiedbodylocation.Similarly,thefeelingof amosquitolandingon the
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elbowcouldalsoprompt movementsto thissameposition.Althoughthegoalof bothactions
is to reachto acommonbodylocation(i.e.,hereafterreferredto asasomatosensorytarget),
themannerin whichthispositionis identifiedcouldinfluencethebodyrepresentationusedto
determinethetarget'scoordinates.Thepurposeof thepresentstudywasto examineif the
modalityof thestimulusindicatingasomatosensorytarget'spositioninfluencesthebody
representationusedto planmovements.

Evidencethatmovementsto somatosensorytargetscouldbeplannedusingmultiple repre-
sentationsisdrawnfrom studiesof autotopagnosia,ararenervoussystemdisordercharacter-
izedby theinability to localizeandorient one'sownbodyparts[1±3].In acasestudybySirigu
etal.[4], apatientwith autotopagnosiawastestedon herability to point to herownbodyposi-
tionsin responseto differentinstructionalcues.Theauthorsfoundthat thepatientwasinaccu-
ratewhenshepointedto thetargetbodypositionsin responseto verbalinstructionsbut was
accuratewhenshewasinstructedto point to thefelt locationof smallobjectsplacedon these
sametargetbodypositions(seealso:[5]). Basedon thesefindings,theauthorshypothesized
thatanexteroceptive,visually-based,bodyrepresentationwasusedto planmovementsin
responseto verbalcues,whereasaninteroceptive,somatosensory-based, bodyrepresentation
wasusedto planmovementsin responseto tactilecues(see[6] for areviewof differentbody
representationtaxonomies;and[7] and[8, 9] for additionaltheoreticaldiscussions).

It isdifficult to determineif theuseof differentbodyrepresentationsin patientswith auto-
topagnosiaemergesasanadaptationto their neurologicalimpairment,or if thiscontext-
dependentselectionof abodyrepresentationfor movementplanningalsooccursin healthy
individuals.In thepresentstudy,wesoughtto examinethecontribution of theexteroceptive
andinteroceptivebodyrepresentationsto sensorimotortransformationsduring motor plan-
ning in healthyindividualsbyevaluatingreachingmovementstowardssomatosensorytargets
cuedbysimpleauditoryandvibrotactilestimuli.

In Experiment1,to examinethebodyrepresentationandsensorimotortransformations
usedto preparemovementsto somatosensorytargets,weaskedparticipantsto reachto
somatosensorytargetswhile lookingateitheracentralfixation point or aperipheralfixation
point (i.e.,agaze-shiftedtrial; see:[10±16]).Reachingendpointerrorsfrom gaze-shiftedtrials
werecontrastedwith reachingendpointerrorsfrom centralfixation trials to computethebias
inducedby thegazeshift.Therationalefor usingthisexperimentalparadigmis thaterrors
increasein magnitudewith peripheralfixation eccentricitywhenanexteroceptive,visually-
based,representationisusedto planmovements(i.e.,gaze-dependentcoding).Movements
areclassifiedasgaze-dependentif reachingendpointerrorsarebiasedin theoppositedirection
of thegazeshift.This increasein gaze-dependentreachingendpointerror is likely theresultof
themagnificationfactorin perifovealregion[10]. Conversely,movementsareclassifiedas
gaze-independentif theperipheralgaze-shiftdoesnot producesignificantincreasesin reach-
ing endpointerror. If reachingendpointerrorsarenot influencedby thegaze-shift,movement
planningwaslikely performedusinganinteroceptive,somatosensory-based, representation
[13]. Previousstudieshavedemonstratedthatmovementsto visualtargetsareplannedusing
gaze-dependentrepresentations[see10,12,15,17].In contrast,studiesexaminingmovement
planningto somatosensorytargetshaverevealedthatbothgaze-dependentandgaze-indepen-
dentrepresentationsmaybeused[13±15,17].

Althoughthereisevidencefor flexibility in theencodingof somatosensorytargets[13,14],
it isnot clearif thecueusedto indicateasomatosensorytarget'slocationinfluencesthebody
representationandsensorimotortransformationsusedfor motor planning.In thepresent
study,weinvestigatedtheinfluenceof thecuemodalitybydirectlycomparingtheeffectof a
gazeshift on movementsto oneof threepossiblesomatosensorytargets:eithertheindex,mid-
dle,andring fingerof thenon-reachinghand.Somatosensorytargetswereidentifiedbyeither
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anexogenousauditorycue(i.e.,intensitiesof soundindicatingwhichfingerto reachto) or a
direct tactilestimulation.To provideareferenceof gaze-dependentreachingerrors,partici-
pantsalsoperformedmovementsto visualtargetscuedbyanauditorystimulus.

Experiment 1 methods

Participants
Tenparticipants(8 female;meanage:24.4� 2.6yrs.;range:21±28)volunteeredfor theexperi-
ment.All participantswereright-handedwith normalor corrected-to-normalvision.The
experimenttook 1.5hoursto complete.Informedconsentwasobtainedprior to thebeginning
of theexperimentandthelocalresearchethicscommitteeatAix-MarseilleUniversity
approvedall procedures.Theprotocolsandproceduresemployedwerein accordancewith the
1964Declarationof Helsinki.

Apparatus
A depictionof theexperimentalsetupispresentedin Fig1.Theexperimenttook placein a
darkroom,whereparticipantswereseatedcomfortablyin front of acustom-builtaiming
apparatus(seeFig1B).Onceseated,participantsplacedtheir foreheadon astabilizingheadrest
locatedabovetheaimingapparatus.Fromthisposition,participantsviewedtheaimingappa-
ratusthroughasemi-reflectiveglassmounted30cmabovetheaimingsurface.Positioned30
cmabovethesemi-reflectiveglasswasaliquid crystaldisplaymonitor (HP CompaqLA1956x,
PaloAlto, CA) usedto projectimagesonto theglass.

Theaimingapparatuswasalsoequippedwith amicroswitchpositioned32cmdirectlyin
front of theparticipant.Theswitchwasusedasthestartingpositionfor thereachingfinger.
Threepiezoelectricbuzzers(frequency:4,000Hz;KPEG158-P5H,KingsgateElectricCorp,
Taipei-Hsien,Taiwan)werepositioned25cm to theleft of themicroswitchand~ 55cmaway
from theparticipant.Theinput to thebuzzerswasadjustedusingpotentiometersto producea
loud (i.e.,70dB),amedium(i.e.,58dB),or asoft(i.e.,48dB)sound,which identifiedthetar-
getin theauditory-cuedconditions(seebelow).

Threecircularindentationsweremadebetweentheparticipantandthemicroswitch,at
15.5cm,15cm,and16.5cmfrom themicroswitch(seeFig1) and-3.5deg,0deg,and4 deg
relativeto theparticipant'scyclopeaneye,respectively.Theseindentationsservedasplacehold-
ersfor thesomatosensorytargetsin thesomatosensorytargetconditions(seebelow).A black
plasticcase(40cmx 9 cmx 3cm) with anopeningtowardstheparticipantswasusedto cover
thethreeindentationsandpreventthereachingfingerfrom makingcontactwith thetarget
fingers(i.e.,precludinganytactilefeedbackaboutendpointaccuracy).Thebaseof eachinden-
tation containedthestimulationsurfaceof asolenoidvibrator (type347±652,JohnsonElectric,
Shatin,HongKong).Thesesolenoidvibratorsdeliveredbrief vibrations(50msat80Hz,with a
2mm amplitude)that indicatedthetargetfinger in thevibrotactile-cuedsomatosensorytarget
condition (seebelow).

Fixationpositionsandvisualtargets(only usedin thevisualtargetcondition) werepro-
jectedonto theaimingsurfaceusingacustomMATLAB program(TheMathworksInc.,
Natick,MA) andPsychtoolbox-3[18]. Threefixation positionswereprojectedasbluecircles,
measuring0.45degof visualanglein diameter.Theywerelocated4.5cm distalto themicro-
switch,at0 deg,10degto theright, and10degto theleft of theparticipant'scyclopeaneye.In
thevisualtargetcondition,targetsof 1 degof visualanglewereprojectedonto thesamespatial
locationsastheindentationsutilizedfor thesomatosensorytargets(seeabove).

A white light emittingdiode(LED,4 mm diameter)attachedto theparticipant'sright index
fingerwasvisiblethroughthesemi-reflectiveglassandprovidedvisualfeedbackof theinitial
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Fig 1. A) A depictionof theapparatususedin Experiment1 (not to scale).Participantssatfacinganimmersive
displaycomprisedof acomputermonitor, asemi-reflectiveglasssurface,andacustomaimingapparatus.Participants
mademovementsfrom anunseenhomeposition(microswitch) to eithervisualtargetsprojectedonto thesurfaceof
theaimingconsoleor theperceivedposition of oneof their threemiddlefingers(i.e.,theindex,middle,ring) of their
non-reachinghand(i.e.,somatosensorytargetconditions). In thesomatosensorytargetconditions, participants
positionedtheir targetfingersbeneathaplasticcaseandperformedmovementsto theperceivedpositionof their

Somatosensory remapping
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fingertip positionin thevisual-targetcondition (seebelow).Also,ablackplasticshieldwas
placedbeneaththeglasssurfaceto occludevisionof thelimb during theaimingmovement.
Thepositionof theoccludingsurfacewasadjustedfor eachparticipantsuchthat theycould
seetheilluminatedLEDon their fingerwhenit wasat thehomeposition.

Eyepositionsweremonitoredwith electro-oculography(EOG)(CoulbournInstruments,
LablincInc.,LehighValley,PA),sampledat1000Hz.Thepositionof theindexfingerwas
trackedusinganelectromagneticsensorsecuredto thetip of theright indexfinger(Flockof
Birds,AscensionTechnologyCorp.,Burlington,VT), sampledat100Hz.

Overall,theparticipants'taskwasto maintaingazefixation whileperformingaccurate
reachingmovementswith theindexfingerof theright handto targetslocatedbetweenthe
homepositionandtheir body.Multiple targetlocationswereincludedto introducevariable
movementparametersto eachreachingtrajectory.Thisvariabilitywasintroducedto reduce
thelikelihoodthatparticipantsengagedin sensorimotorprocessesrelatedto targetposition
encodingbeforetheonsetof theimperativestimulus.Participantsreachedto somatosensory
targetsin responseto eitheranauditory(AUD-SOMA) or avibrotactile(TACT-SOMA)cue.
To obtainreferencevaluesfor gaze-dependentreachingerrors,participantsalsoperformed
reachesto visualtargetsin responseto anauditorycue(AUD-VIS). Thepresentationorderof
theseconditionswascounterbalancedacrossparticipants.

Cue-targetconditions
In theAUD-VIS condition,participantspositionedtheir left handin acomfortableposition,
eitheron their lapor on thetablesurfaceto theleft of theaimingapparatus.Thetrial sequence
wasinitiated oncetheparticipantdepressedthehomepositionmicroswitchwith their right
indexfinger.Thisactiontriggeredtheillumination of thefingerLEDandthepresentationof
thecurrentfixation point (i.e.,-10deg[left], 0 deg[central],or +10deg[right]). Two seconds
later,participantswerepresentedwith asoft,medium,or loud sound.Forhalfof thepartici-
pants,theloud andsoftsoundscorrespondedto theright andleft targets,respectively.This
correspondencewasreversedfor theotherhalfof theparticipants.At movementonset,thefin-
gerLEDwasextinguished,thereforeparticipantsonly sawthepositionof their reachingfinger
relativeto thevisualtargetprior to reaching.

TheAUD-SOMA condition wassimilar to theAUD-VIS condition.But insteadof visual
targets,participantsplacedthethreemiddlefingersof their left hand(i.e.,thering, middle,
andindex)into thethreecircularindentationsbeneaththeplasticcasingto serveasthe
somatosensorytargets.Thesameauditorycuesasin theAUD-VIS condition indicatedthetar-
getfingerpositions.Participantswereinstructedto ªaim to theperceivedpositionof their fin-
gernailasif it wasprojectedonto thesurfaceof theplasticcaseº.In contrastto theAUD-VIS
condition,participantsdid not receivevisualinformation aboutthepositionof their reaching
handprior to movementinitiation.

TheTACT-SOMAcondition wassimilar to theAUD-SOMA condition,exceptthata
vibrotactilestimulusindicatedthetargetfinger(i.e.,index,middle,or ring finger).Similarto
theauditorystimulationin theauditory-cuedconditions,thetactilestimulationof thetarget
fingeroccurred2 saftertheparticipantdepressedthemicroswitch(i.e.,thehomeposition).

fingersasif projectedonto thecase'ssurface.Notethat thevisualitemsprojectedon thesemi-reflectiveglasswere
perceivedby theparticipantsasappearingon thetablesurface.B)A depictionof theaimingsurfacein thevisualtarget
condition from theparticipant'sperspective(not to scale).Piezoelectric buzzerswerepositionedto theleft of the
aimingsurface,andprovidedtheimperativesignalsin theauditory-cued aimingconditions.

https://doi.org/10.1371/journal.pone.0215518.g001
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Familiarization trials
Beforeeachexperimentalcondition,participantsperformed2 setsof familiarizationtrials.For
theAUD-VIS andAUD-SOMA conditions,thefirst setof familiarizationtrialsconsistedof 3
blocksof 3 reachingtrials,whereinthesameauditory-cuewaspresentedin eachblock(e.g.,3
trialswith theªloudº sound).Subsequently,participantsperformed1 blockof 15trials,
whereinauditorycueswerepresentedin randomorder.After eachtrial in this familiarization
block,participantswereaskedto reportwhichauditorycuehadbeenpresented(e.g.ªloudº,
ªmediumº,or ªsoftº) andtheywereveryaccurateatdistinguishingbetweenthethreedifferent
levelsof sound(meanaccuracy:97%;SD= 0.5%).Participantswerealsopresentedwith 2 sets
of familiarizationtrials in theTACT-SOMAcondition.Auditory cueswerereplacedbybrief
tactilestimulationappliedto thereachingfinger.Theparticipant'staskin thesecondsetof
familiarizationtrialswasto reportwhichtargetfingerhadbeenstimulatedandparticipants
wereall perfectlyaccuratein this task.

Experimentaltrials
In all experimentalconditions,participantsperformed10trials in eachfixation-targetcombi-
nation(i.e.,3 fixation [-10 deg,0 deg,+10deg]by3 possibletargets[left, middle,right], yield-
ing 90trialspercondition) for eachof the3 cue-targetconditions(i.e.,AUD-VIS,
AUD-SOMA,TACT-SOMA)yieldingatotalof 270totalexperimentaltrials.

Data analysisandreduction
Only datafrom movementsto thecentretargetwereanalyzedbecausegaze-shiftswereequi-
distantwith respectto this target(i.e.,10degon eitherside)andaconsistentsoundlevel(i.e.,
mediumsound)wasusedto signalthetargetpositionacrossconditions.All fingerandeye
movementrecordingswereexportedto customsoftware(Analyse,MarcelKazsap,QC,Can-
ada)andprocessedoffline.RawEOGtraceswereusedto verifyparticipantseyepositionsfor
eachreachingconditionsandtrialswhereintheparticipantsfailedto maintaintheir fixation
positionprior to or during themovementwereremoved.In addition,trialswhereparticipants
perceivedtheincorrectsound,or wherereactiontimes(RT) or movementtimeswerehigher
or lowerthan2.5timesthewithin condition standarddeviationwerealsoexcludedfrom the
analyses.Overall,lessthan9%of trials(centretarget)wereexcluded(anaverageof 2.6� 1.6
trialsperparticipant).Statisticalanalyseswereperformedwith theStatisticalPackagefor Social
Scientists(version21:SPSSInc.,Chicago,IL). Post-hoccomparisonswereperformedusingR
(version3.02,RDevelopmentCoreTeam).

Normalizeddirectionalreachingerrors,reactiontimes(RTs)andmovementtimes(MTs)
werecomputedto investigatetheeffectof peripheralfixation on movementperformance.
Directionalreachingerror wasdefinedastheangulardifference(in degrees)betweenthe
home-targetpositionvectorandthehome-movementendpositionvector.Weusedthe
within-participantmeanandstandarddeviationcomputedin thecentrefixation positionto
calculateapopulationz-scorevaluefor eachtrial with left andright gazefixation.Thisnormal-
izationprocedurethereforeresultedin valuesthat reflectedtheparticipant'schangein perfor-
mancein responseto aperipheralgazeshift relativeto their ownvariability in thecentral
fixation (i.e.,no gaze-shift)condition.Negativeandpositivez-scorevaluesindicatemove-
mentsbiasedto theleft andright of thecentreposition,respectively.

Reactiontime wasdefinedasthetime thatelapsedbetweentheonsetof thegosignal(i.e.,
eitherthesoundor thefingervibration) andthereleaseof thehomepositionmicroswitch.
Movementtime wasdefinedasthetime thatelapsedbetweenthereleaseof thehomeposition
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microswitchandmovementend,whichwasdefinedasthefirst sampleatwhichtheinstant
velocityof thefingertip fell below30mm/s.

Normalizeddirectionalreachingerrorsweresubmittedto a2-fixationdirection(Left,
Right)x 3 cue-targetcondition (AUD-VIS, AUD-SOMA,TACT-SOMA)repeated-measures
ANOVA. Reactiontimesandmovementtimesweresubmittedto separate3-fixationdirection
(Left,Center,Right)x 3 cue-targetcondition (AUD-VIS, AUD-SOMA,TACT-SOMA)
repeated-measuresANOVAs.Thealphalevelwassetat0.05for all statisticalcontrasts,and
effectsizesfor theANOVAs werereportedaspartialetasquared.Post-hoctestsfor anysignifi-
cantinteractionswerecompletedusingpairwise�-testswith theBonferonnicorrection.Addi-
tionally,for directionalreachingerrors,one-sample�-testswereusedto examineif peripheral
fixation yieldedasignificantbias(e.g.,differentthan0deg)for eachfixation direction,effect
sizesfor theone-sample�-testswerereportedusingCohen'sd.

Experiment 1 results

Normalized directional reachingerrors
TheANOVA performedon thedirectionalreachingerrorsrevealedasignificantmaineffect
of fixation direction(�(1,9) = 64.7,� < 0.001��P

2 = 0.89)andasignificantinteractionbetween
fixation directionandcue-targetcondition (�(2,18) = 5.1,� = 0.018,��P

2 = 0.36).Critically,
decomposingtheinteraction(Bonferonnicorrectedalphaof p = 0.006)revealedthat thediffer-
encesin gaze-dependenterrorsfor theleft andright fixation directionswerehigherin both
theAUD-SOMA (Left:M = 0.50,SD= 0.58;Right:M = -0.81,SD= 0.64���� �	

������ =
1.31),andAUD-VIS targetconditions(Left:M = 0.56,SD= 0.43;Right:M = 0.76,SD= 0.49;
���� 
	

������ = 1.32),comparedto theTACT-SOMAcondition (Left:M = 0.30,SD= 0.52;
Right:M = -0.39,SD= 0.83;���� 
	

������ = 0.69).Furthermore,onesample�-testsrevealed
that themagnitudeof thedirectionalreachingerrorsin both left andright fixation conditions
in theAUD-SOMA (left: �(9) = 4.2,� = 0.024
 = 1.3;right: �(9) = -4.1,� = 0.003,
 = 1.3)and
AUD-VIS conditions(left: �(9) = 2.7,� < 0.001,
 = 0.9;right: �(9) = -4.0,� < 0.001,
 = 1.3)
weresignificantlygreaterthanzero.In contrast,normalizeddirectionalreachingerrorsfor the
left andright fixation directionsin theTACT-SOMAcondition werenot significantlydifferent
thanzero(left: �(9) = 1.8,� = 0.099,
 = 0.6;right: �(9) = -1.5,� = 0.170).Theseresultsprovide
evidencethatgaze-dependentcodingwasusedfor sensorimotortransformationswhenmove-
mentswereperformedto auditory-cuedvisualandauditory-cuedsomatosensorytargets(see
Fig2A and2B).

Reactiontimesandmovementtimes
Analysesof theRTsrevealedasignificanteffectof cue-targetcondition (�(2,18) = 19.1,� <
0.001,��P

2 = 0.68)indicatingshorterreactiontimesin theTACT-SOMA(M = 471msSD= 87
ms)condition thanin both theAUD-VIS (M = 617ms,SD= 116ms)andAUD-SOMA
(M = 629ms,SD= 102ms)conditions.TheANOVA alsorevealedasignificantcondition by
fixation interaction(�(4, 36)= 3.7,� = 0.019,��P

2 = 0.27).Thedecompositionof theinteraction
indicatedthatchangesin gazedirectionsignificantlyincreasedreactiontimesin theAUD--
SOMAcondition.More specifically,post-hoctestsrevealedthat,in theAUD-SOMA condi-
tion, RTsweresignificantlylongerwhenparticipantsshiftedtheir gazeto theright (M = 656
ms,SD= 115ms)comparedto whentheyfixatedon thecentreposition(M = 598ms,SD= 90
ms).MeanRTwasalso36mslongerin theleft fixation condition (M = 634ms,SD= 99ms)
thanin thecentrefixation condition,but this increaseof RTfell shortof statisticalsignificance
(� = 0.062).Forboth theAUD-VIS andTACT-SOMAconditions,theRTswerenot signifi-
cantlydifferentbetweenanyof thefixation conditions.In addition,no significantdifferences
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in RTwerefoundbetweenthecentrefixation conditionsbetweentheAUD-VIS andAUD--
SOMAconditions.Finally,theanalysesof MTs yieldedno significanteffectsof fixation direc-
tion or cue-targetcondition,andno significantinteractionbetweenthesefactors(�s < 1.6,
�s > 0.16).

Experiment1 discussion
In Experiment1,participantsperformedreachingmovementsto oneof threesomatosensory
targetpositionscuedbyeitheranauditoryor avibrotactilestimulus.To provideacomparison
for gaze-dependentreachingerrors,participantsalsoperformedmovementsto visualtargets
cuedbyanauditorystimulus.Overall,participantsexhibitedlargergaze-dependentendpoint
errorswhenreachingto auditory-cuedsomatosensorytargetscomparedto vibrotactile-cued

Fig 2. A) Averagedreachtrajectoriesfor all participantsin eachcue-targetcondition (error patchesrepresentthebetween-participant standarderror
of themean).B) Averagenormalizeddirectionalerror for eachcue-targetcondition (error barsrepresentthebetweenparticipantstandarderror of the
mean).Participant'sreachingerrorsweresignificantlymoreinfluencedbygazefixation position(i.e.,RightFixationvs.LeftFixation)in theAUD-VIS
andAUD±SOMA thanin theTACT-SOMA condition.C) Meanreactiontimesin eachexperimentalcondition (error barsrepresentthebetween-
participant standarderror of themean).Reactiontimesweresignificantly longerin theAUD-SOMA andAUD-VIS conditionsthanTACT-SOMA
condition.In additiongaze-shiftsto theright resultedin longerreactiontimesin theAUD-SOMA condition.

https://doi.org/10.1371/journal.pone.0215518.g002
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somatosensorytargets.Also,gaze-dependentreachingendpointerrorsfor auditory-cued
somatosensorytargetswereno differentthanthoseobservedfor reachesto auditory-cued
visualtargets.Takentogether,thesefindingssuggestthat themodalityof thesensorycueindi-
catingthepositionof thesomatosensorytargetshadanimpacton thetypeof bodyrepresenta-
tion thatwasusedto planmovements.

Participantsexhibitedlargergaze-dependentreachingerrorsin bothauditory-cuedtarget
conditionscomparedto thevibrotactile-cuedsomatosensorytargetcondition.Theseresults
arecongruentwith earlierstudiesreportingthatmovementsto somatosensorytargetswere
plannedin gaze-independentcoordinatesif theeyesandtargetpositionsremainedstableprior
to movementonset[13,14].Oneexplanationfor thesefindingsis that thevibrotactilecue
facilitatedtheencodingof targetpositionin somatosensorycoordinates.Cutaneousandpro-
prioceptiveinputsprojectto differentareas(cutaneous:areas3band1;proprioceptive:areas
3aand2) of thepost-centralcortex[19,20],andrecentinvestigationshaveshownthat there
arereciprocalconnectionsthatenabletheseareasto respondto both typesof somatosensory
stimuli (see[21]). Giventhecloselink betweentactilestimulationandthesomatosensorybody
representation(see[22]), theintegrationof spatiallycongruentsomatosensoryinputsin our
TACT-SOMAcondition mayhavefavouredtheuseof aninteroceptivebodyrepresentation
for theencodingof thefingertargetpositionwhenplanningthereachingvector.

Consistentwith thegaze-dependentbiasesfound in theAUD-SOMA condition,previous
studieshavealsofound thatsomatosensorytargetscanalsoberepresentedin visualcoordi-
nates[15,23,24].In contrastto theTACT-SOMAcondition,theabsenceof tactilestimulation
of thetargetfinger in theAUD-SOMA condition might haveprecludedtheencodingof the
targetfingerpositionin gaze-independentsomatosensorycoordinates.Thus,movements
promptedbyexogenousauditorycues,likely employedanexteroceptiverepresentationof the
bodyfor movementplanningprocesses.Thesefindingsareconsistentwith previousstudies
thatshowedthat if anexteroceptiverepresentationisusedto defineabodyposition,theloca-
tion of thispositionismorebiasedbyenvironmentalvisualinformation [25].

In thepresentstudy,reactiontimeswereshorterwheninitiating movementsto vibrotac-
tile-cuedsomatosensorytargetsthanauditory-cuedsomatosensoryandvisualtargets.This
resultisconsistentwith studiesshowingthatparticipantsarefasterwhenreactingto somato-
sensorystimuli thanvisualor auditorystimuli [26±28].More relevantto thepresentstudy,
reactiontimessignificantlyincreasedwhenparticipantsgazedat theright fixation position
whenplanningmovementsto auditory-cuedsomatosensorytargets.A tendencytowardsan
increasein reactiontime wasalsofoundduring left gazefixation.This finding might suggest
that thesensorimotortransformationsrequiredto useanexteroceptivebodyrepresentation
whenreachingto somatosensorytargets,in conditionswith peripheralfixation, involvearota-
tion of themovementvector(see[29,30]).

Moreover,theabsenceof significantdifferencesin gaze-dependentreachingendpoint
errorsbetweentheAUD-VIS andAUD-SOMA conditionsalsosuggeststhatanexteroceptive
representationwasusedto planmovementsto somatosensorytargetsin theAUD-SOMA con-
dition. Thus,it ispossiblethat theinitial movementvectorfor bothmovementsto auditory-
cuedvisualtargetsandauditory-cuedsomatosensorytargetsweredefinedin visualcoordi-
nates.Planningamovementto anauditory-cuedsomatosensorytarget,definedin visualcoor-
dinates,would likely requirearemappingof somatosensorytargetpositionsprior to the
computationof themovementvector(i.e.,areferenceframeconversion,see[31]). Thisremap-
ping of thesomatosensorytargetpositionswouldalsolikely requiregreatervisualprocessing
in areasinvolvedin visuomotortransformationsandgaze-dependentmovementcoding[32±
35],comparedto conditionswhereno conversionof somatosensoryinformation is required
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(e.g.,reachesto auditory-cuedvisualtargets).A secondexperimentwasdesignedto testthis
prediction.

Experiment2 introduction
In Experiment1,participantsshowedgaze-dependentendpointerrorswhenreachingto
somatosensorytargetscuedbyauditorystimuli. Thisresultwasattributedto theuseof an
exteroceptive,visually-based,bodyrepresentationwhenreachingto somatosensorytargets.
Thepurposeof Experiment2 wasto examinetheneuralmechanismsassociatedwith thegaze-
dependentencodingof somatosensorytargetpositionsduring movementplanning.

Althoughbehaviouralevidencefor theremappingof somatosensorytargetsonto agaze-
dependentreferenceframehasbeenreported(e.g.[13±15]),theneuralprocessesunderlying
thesesensorimotortransformationsremainlargelyunknown.Previousstudiesexamining
motor planninghaveimplicatedtheoccipito-parietalnetworkin thegaze-dependentcoding
of effectorandtargetpositions[32,33,35].Moreover,studieson autotopagnosiahaveshown
that theinability to usetheexteroceptivebodyrepresentationis linked to damageto theleft
posteriorparietalandparietal-occipitalcortices[2±6,36].Giventhesefindings,wehypothe-
sizedthat therewouldbegreateractivationin parieto-occipitalnetworkswhenpreparing
movementsto somatosensorytargetsencodedin visualcoordinatesascomparedto external
visualtargets.Notethat for theexternalvisualtargets,no remappingis requiredasbothhand
andtargetpositionsarealreadypresentedin anextrinsiccoordinatesystem[37±39].

To testthesepredictions,thecorticalresponseto atask-irrelevantvisualstimulus(i.e.,the
visual-evokedpotentialor VEP)wasmeasuredasparticipantsplannedmovementsto both
auditory-cuedvisualandauditory-cuedsomatosensorytargets.Becausebaselineneuralactiv-
ity in theextrastriatecortexisamarkerof visualprocessing,andtheamplitudeof visually-
evokedresponsesincreasesalongwith baselineactivity[40,41],comparingchangesin VEP
amplitudesshouldprovideagoodproxyfor theengagementof visualandvisuomotorcortical
networks.

Experiment 2 methods

Participants
Tenparticipants(5 female,meanage:26� 4.7;range20±35),whodid not participatein Experi-
ment1,wererecruitedfor Experiment2.All participantsself-reportedbeingright-handedand
hadnormalor corrected-to-normalvision.Informedconsentwasobtainedprior to datacollec-
tion andalocalethicscommitteeatAix-MarseilleUniversityapprovedall procedures.Thepro-
tocolsandproceduresemployedin thisexperimentwerein accordancewith the1964
Declarationof Helsinki.In total,theexperimenttook placeover2sessionslasting1.5to 2hours
each.Therewasat least1but no morethan10daysbetweensessions(average= 4 � 3.5days).

Apparatus
To accommodatetheuseof electroencephalography(EEG)andreduceelectricalnoise,all
visualstimuli weregeneratedusingLEDspositionedon theaimingsurface(seeFig3) instead
of theLCD monitor usedin Experiment1.Two additionalmicroswitchesand3yellowLEDs
wereaddedto theaimingsurface.Eachadditionalmicroswitchservedasadifferentpossible
startingposition.EachLEDwasplaced0.5cmdistaland0.5cmto theleft of eachmicroswitch
andservedasapossiblefixation location(seeproceduresbelow).Thus,whenparticipantsfix-
atedon anyof theLEDsandplacedtheir fingeron thecorrespondingmicroswitch,thefinger
waspositionedin thesamerelativeretinal location,in thelowerright visualfield.
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Fig 3. A) A depictionof theexperimental apparatususedin Experiment2 (not to scale).Participantsfixatedon oneof
threefixation locationsandbegantheir movementsfrom theassociatedhomeposition.Asin Experiment1,in both
theAUD-VIS andAUD-SOMA conditions,piezoelectric buzzersindicatedthetargetsandprovidedtheimperative
signalto initiate thereachingmovement. In theAUD-SOMA condition,participantsperformedmovementsto either
theindex,middle,or ring fingerof their non-reaching limb. In theAUD-VI Scondition,participantsperformed
movementsto oneof thethreevisualtargets.B)A depictionof theaimingsurfacein theAUD-VIS condition (not to
scale).Therewerethreepossiblehomepositionssuchthat thelocationof thetask-irrelevantvisualstimulus(the
evokedpotentialstimulus)wasin thesameretinal locationrelativeto thefixation position.

https://doi.org/10.1371/journal.pone.0215518.g003
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ThreeorangeLEDswereplacedat thesamepositionsasthecircularindentationsthat
servedasthesomatosensorytargetpositionin Experiment1.TheseLEDswereusedasvisual
targetsin theAUD-VIS condition.To preventparticipantsfrom receivingtactilefeedback
whenreachingto visualtargets,athin piece(39cmx 9cmx ~0.3cm) of translucentlaminated
BristolboardwasplacedovertheLEDs.In addition,theparticipant'sright indexfingerwas
equippedwith two LEDs:thesamewhiteLEDthatwasusedin Experiment1 to indicatethe
initial positionof thepointing finger,andagreenLED(width 5mm,beamangle40Ê,lumi-
nance60000mcd,22.7lm) attachedto thefingernailwhichwasusedto generatethestimuli
for theVEPs.

Trial procedures
In contrastto Experiment1,no gaze-shiftstimuluswaspresentedprior to thereachingmove-
ment.Asthepurposeof Experiment2wasto evaluatethedifferencesin corticalnetworkacti-
vationunderlyingreachesto auditory-cuedsomatosensoryandvisualtargets,it wascritical
thatvisualstimuluswaspresentedin thesameretinal locationprior to thestartof thereaching
movement.

Eachtrial beganwhenoneof thethreepossiblefixation positionswasilluminated.Partici-
pantslookedat thefixation LEDandplacedtheir right indexfingeronto thecorresponding
microswitch(seeFig3B).Asin Experiment1,asoft,medium,or loud soundwaspresented2
secondsaftertheparticipantplacedtheir fingeron themicroswitch.Thatauditorycueindi-
catedeitherthesomatosensoryor visualtargetandservedastheimperativesignalto beginthe
pointing movement.Then,100msafterthepresentationof theauditorycue,during thepartic-
ipant'sreactiontime (i.e.,movementplanning),thegreenLEDlocatedon thepointing finger
generateda50msflash.Thispresentationtime waschosenbasedon previousstudieswhich
showedsignificantmodulationsin evokedresponses[42] andreach-relatedactivity[43] for
bothmovementsto somatosensoryandvisualtargets(i.e.,between100±150msafterthego
signal).Participantswereinstructedto reachto thetargetaspreciselyaspossibleandto stayat
thetargetlocationuntil thenextfixation point wasilluminated.

Only onecue-targetcondition wasusedperexperimentalsession(AUD-VIS or AUD--
SOMA),andthepresentationorderof thetargetmodalitywascounterbalancedacrosspartici-
pants.Asin Experiment1,thesound-targetmappingwascounterbalancedbetween
participantsandremainedthesamefor bothexperimentalsessions.Movementswerealsocon-
ductedin darknesssuchthatparticipantshadno visualfeedbackof thereachinglimb during
themovements.

Cue-target conditions
In theAUD-VIS condition,whenparticipantsplacedtheir fingeron thehomepositionmicro-
switch,thefingerandall targetLEDswereilluminated.Whenparticipantsreleasedthemicro-
switchto begintheir reachingmovement,thefingerLEDwasextinguished,but all targetLEDs
remainedilluminatedthroughoutthetrajectory.Therefore,participantscouldgetterminal
feedbackabouttheir movementaccuracythroughthereflectionof theilluminatedtargetson
their reachingfinger.In contrastto Experiment1 wheregaze-dependentreachingendpoint
errorswereassessed,thedifferencein endpointerror betweenconditionswasnot relevantto
thepurposeof Experiment2;thus,participantswereallowedto haveterminal feedbackin
bothconditions.

In theAUD-SOMA condition,participantsperformedreachesto thefingernailof oneof
thethreemiddlefingerson their left hand.Asin theExperiment1,participantsdid not receive
visualfeedbackof their reachingfingerduring movementplanning.Participantsalsohad
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terminal feedbackin theAUD-SOMA condition astheymadephysicalcontactwith thetarget
finger.

Control condition
Themagnitudeof VEPsvariesconsiderablybetweenparticipants(e.g.,dueto differencein
impedanceandthicknessof theskull;see[44]). For this reason,aseriesof trialswereper-
formedin acontrol condition beforebothexperimentalsessionsin orderto normalizeVEPs
for comparisonacrossparticipantsandsessions.Themaindifferencebetweenthecontrol and
experimentaltrialswastheabsenceof reachingmovements.

For theAUD-VIS control condition,whenthemicroswitchwasdepressed,thefingerand
targetLEDswereilluminated.Twosecondslater,oneof thethreesoundswaspresented(i.e.,
soft,mediumor loud).Thissoundwasfollowed,100mslater,by the50msflashof thegreen
LED.Participantsremainedon thehomepositionuntil thefixation stimuluswasturnedoff
(i.e.,~3safterit wasturnedon).Thesametrial procedurewasusedfor theAUD-SOMA con-
trol condition,exceptthat theparticipantsplacedthemiddlefingersof their right handon the
somatosensorytargetpositionandthereachingfingerandtargetLEDswerenot illuminated.
Asin theAUD-VIS condition,thegreenLEDwasflashed(for 50ms)100msafterthepresen-
tation of theauditorystimulus.

Data recording
EEGdatawererecordedcontinuouslyfrom 64pre-amplifiedAg-AgClelectrodes(ActiveTwo,
Biosemi,Amsterdam,Netherlands)embeddedin anelasticcapmappedto theextended10±20
system.Twoelectrodes,aCommonModeSense(CMS)activeelectrodeandaDriven Right
Leg(DRL) passiveelectrodespecificto theBiosemisystem,servedasafeedbackloopdriving
theaveragepotentialof themeasuredsignalto levelsascloseaspossibleto theanalog-to-digi-
tal converterreferencevoltage.EOGwasrecordedbipolarlywith surfaceelectrodesplaced
nearbothoutercanthiaswellasunderandabovetheorbit of theright eye.EOGrecordings
wereusedto identify ocularartefacts(seebelow)andalsoallowedtheexperimentersto verify
thatparticipantsfixatedon thefixation LEDsduring movementplanningandexecution.The
EEGandEOGsignalsweredigitized(samplingrate1,024Hz,DC,268Hz,3 dB/octave)and
band-passfiltered(0.1±45Hz,notchfilter appliedat50Hz,12dB/octave).Asin Experiment1,
kinematicdataof thereachingfingerwererecordedby trackingthepositionsof anelectro-
magneticsensorfixedon thetop of theindexfingerandsampledatarateof 100Hz.

Data analysis
VEPswereobtainedbyaveragingthetime-lockedEEGsignalswith respectto theonsetof the
50msgreenflash(-200to +300ms).Theseepochswereaveragedfor eachparticipantandfor
eachcondition.Themeanamplitudeof the-200msto -5 mssegmentof eachepochservedas
thepre-stimulusbaseline.Themonopolarrecordingswerereferencedto theaverageof the
right andleft mastoidelectrodes.Recordingswerevisuallyinspectedandepochswith eye
movementsor artefactswererejected.Theaveragenumberof tracesusedfor eachcondition
variedfrom 172to 179(out of apossible180),andtherewereno significantdifferences
betweentheamountof trialsrejectedbetweenconditionsasrevealedbya2 phase(control,
experimental)by2 cue-targetcondition (AUD-VIS andAUD-SOMA) repeated-measures
ANOVA. Theresultof thisanalysisindicatesthat thesignal-to-noiseratio wasnot different
acrossconditions.

A currentsourcedensity(CSD)analysiswasemployedto increasethespatialresolution
of EEGsignals[45±47].Thesignalwasinterpolatedwith asphericalsplineinterpolation
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procedureto computethesecond-orderderivativesin two-dimensionalspace(orderof splices:
3;maximaldegreeof Legendrepolynomials:10;approximationparameterlambda;1.0e-005:
see[45]). CSDmeasurementsrepresentareference-freeestimateof activityateachelectrode
andarelessaffectedby far-fieldgeneratorsthanmonopolarrecordings[46,48,49].Thus,CSD
analysestendto yieldmeasuresthatbetterreflecttheunderlyingcorticalactivitiesandlocal
sources[50,51].

CSD-VEPsthatwerecomputedfrom theleft posterior-occipitalandleft occipital-parietal
electrodessites(O1,PO3,PO7)wereusedfor themainanalyses.Thesewerechosenbasedon
previousstudieswhich implicatedtheunderlyingcorticalareasin sensorimotortransforma-
tion processesandtheuseof theexteroceptivebodyrepresentation[33,35,52±55].

CSD-VEPswereassessed,for eachelectrode,bymeasuringthepeak-to-peakamplitude
betweenthefirst positive(~100ms)andnegative(~150ms)deflectionsafterstimulusonset
thatcouldbeidentifiedin all participantsandconditions(seeFig4).Thelatenciesof these
deflectionsarereportedfor eachelectrodein Table1.Theamplitudeof theP100-N150(here-
afterreferredto astheVEP)wasexpressedastheratio of theCSD-VEPamplitudemeasured
in theControl andExperimentalconditions(CSD-VEPratio = log2[CSD-VEPexperimental
conditions/CSD-VEPcontrol conditions]).CSD-VEPswerecomputedusingalog2 transfor-
mationto accountfor thenonlinearityof ratios.NormalizedCSD-VEPamplitudeswerethen
usedfor statisticalcontrasts.An increasein normalizedCSD-VEPamplitudewasconsidered
indicativeof additionalvisualprocessingin theexperimentalcondition relativeto thecontrol
condition during theearlystagesof movementplanning.

Theneuralsourcesof theP100-N150in all experimentalandcontrol conditionswereesti-
matedusingminimum norm techniqueasimplementedin theBrainstormsoftwaresuite[56].
To resolvetheinverseproblemandestimatethecorticalsourcesof theVEPs,datawere
importedfrom all sensors,processed,andaveragedfor eachparticipant,condition,andelec-
trode.Theforwardmodelwascomputedfor eachcondition usingasymmetricboundaryele-
mentmethod(BEM,[57]) on theanatomicalMRI brain templatefrom theMontreal
NeurologicalInstitute(MNI Colin27).Sourcesof theaveragedabsoluteactivitywereestimated
usingthedynamicstatisticalparametricmaps(dSPM)technique[58].

Bothbehaviouraltemporalmeasures(i.e.,movementtime andreactiontime) aswellasnor-
malizedCSD-VEPamplitudesweresubmittedto pairedsamplest-tests.Effectssizeswere
reportedwith Cohen'sdz.

Experiment 2 results

Behaviouralresults
Overall,therewereno significantdifferencesbetweenanybehavioralvariablesrelatedto the
temporalaspectsof movementperformancebetweentheAUD-VIS andAUD-SOMA condi-
tions.Pairedsamplest-testsdid not revealsignificantdifferencesin movementtimes(overall
mean737ms� 136ms;�(9) = -0.1,� = 0.894,
 � = �.��). Therewerealsono statisticallysignifi-
cantdifferencesin reactiontimes(overallmean498ms� 67ms;�(9) = -2.2,� = 0.063,
 � =
�.��. Thelatterobservationsuggeststhat,despiteatendencytowardsgreaterRT in theAUD--
SOMAcondition,thetiming of theVEPstimuluspresentationrelativeto themotor planning
processwasnot significantlydifferentbetweenbothconditions.

CSD-VEPs
Evidencefor anincreasein visualinformation processingduring movementplanningwas
found for reachesto auditory-cuedsomatosensorytargetscomparedto auditory-cuedvisual
targetsin both theoccipital(O1:seeFig5A) andoccipital-parietal(Po7:Fig5B)electrodes.At
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Fig 4. Grand averageVEPsfor eachelectrodein the AUD-VIS andAUD-SOMA conditions (error patchesrepresentthe between-participant
standarddeviation).

https://doi.org/10.1371/journal.pone.0215518.g004

Table1. Mean(and standarddeviation) latencies(in ms) for the peaksusedin the CSD-VEPcalculation.

AUD-VIS AUD-SOMA

Control Experimental Control Experimental

Electrodes P100 N150 P100 N150 P100 N150 P100 N150

PO3 111(23) 151(26) 102(16) 147(14) 103(18) 145(10) 107(14) 147(12)

PO7 103(7) 144(13) 101(14) 156(16) 106(13) 151(14) 109(8) 152(17)

O1 101(15) 140(13) 104(10) 153(16) 112(13) 148(12) 106(11) 143(15)

Thelatenciesof theCSD-VEPswereanalyzedusinga2-phase(control,experimental) by 2-condition(AUD-VI S,AUD-SOMA) repeated-measuresANOVA for each

electrodeof interest.Theanalysisof latenciesdid not revealanysignificantmain effectsor interactionsbetweenfixation directionandcue-targetconditionsfor either

theP100or N150component for anyelectrode(ps> 0.054,Fs< 4.9).

https://doi.org/10.1371/journal.pone.0215518.t001
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Fig 5. CSDnormalizedVEPsfor the occipital (O1) andoccipito-parietal (PO7)electrodes(error barsrepresent
the standarderror of the mean).Forbothelectrodes,CSD-VEPsweresignificantly largerin theAUD-SOMA
comparedto theAUD-VIS condition.

https://doi.org/10.1371/journal.pone.0215518.g005
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theO1electrode,normalized(log2)VEPamplitudesin theAUD-SOMA condition (� = 0.87,
�� = 1.2)weresignificantlylarger(�(9) = 3.2,� = 0.053,
 � = 0.7)thanthoseobservedin the
AUD-VIS condition (� = -0.16,�� = 0.85).VEPamplitudedifferenceswerealsofoundat the
PO7electrode(�(9) = 3.2,� = 0.017,
 � = 1.0),astheamplitudeof theP100-N150component
waslargerwhenplanningmovementsin theAUD-SOMA condition (� = 0.43,�� = 0.90)as
comparedto theAUD-VIS condition (� = -0.51,�� = 0.66).In contrast,therewereno signifi-
cantCSD-VEPdifferencesat thePO3electrode(�(9) = -0.39,� = 0.702,
 � = 0.13).

Fig6showstheaveragesourceactivitybetween100and150ms(i.e.,betweenthepeaksof
theP100-N150usedfor theVEPcalculation)projectedon acorticaltemplatefor all experi-
mentalandcontrol conditionsin both theAUD-SOMA andAUD-VIS conditions.Thesource
analysesrevealedagreaterresponseto theflashin left occipito-parietalareasin theAUD--
SOMAcomparedto theAUD-VIS condition.Interestingly,contrastingthemeanactivity
betweentheAUD-SOMA condition andits control condition revealedthatmovementplan-
ning ledto significantlygreatervisual-relatedactivationof theleft occipitalandposteriorpari-
etalcortices.Conversely,no significantincreasesin activitywerefound in theseregionswhen
contrastingtheAUD-VIS condition with its control condition.

Experiment2 discussion
In Experiment2,thecorticalresponseto atask-irrelevantvisualstimuluswasmeasuredaspar-
ticipantsperformedreachesto bothauditory-cuedvisualandauditory-cuedsomatosensory
targets.Overall,theresultsof both theCSDandsourceanalysesrevealedthatparticipantshad
agreaterresponseto visualinputsin whenreachingto auditory-cuedsomatosensoryvs.visual
targets.Thesefindingsareconsistentwith thehypothesisthatvisualremappingof somatosen-
sorytargetpositionsemployscorticalnetworksassociatedwith visualprocessingandvisuomo-
tor transformations.

Theincreasedsensitivityof occipitalnetworksto visualinputsmaybelinked to are-weight-
ing of sensoryinformation prior to engagingin higher-ordercomputations.Occipitalcortical
areashavebeenimplicatedin earlymultisensoryintegrationprocesses(see[59] for arecent
review)andtheincreasedactivationobservedin thecurrentstudycouldbeindicativeof the
roleof thesenetworksin theencodingof bodypositionsin visualcoordinates.Thesuggestion
that left-occipitalactivitycouldbeassociatedwith thevisualcodingof somatosensoryeffector
andtargetpositionsissupportedbyneuroimagingstudiesthat revealedthepresenceof hand-
selectivecellsof thelateraloccipitalcortexarelateralizedto theleft hemisphere[60,61].

In addition to enhancedactivityin occipitalareas,sourceanalysesrevealedanincreasein
neuralactivityin theleft PPCwhenparticipantsplannedmovementsto auditory-cued
somatosensorytargets.Thisresultsupportsthefindingsof severalstudiesshowingthat theleft
PPCisassociatedwith theutilization of theexteroceptivebodyrepresentation[2±4,6,36,54].
PreviousresearchhasalsorevealedthatPPCneuronsareresponsiblefor thegaze-dependent
encodingof thehandandtargetpositions[35,38,62,63].Althoughthesestudieshavemostly
usedvisualtargetsandvisiblebodypositions,thereissomeevidencethatgaze-dependentcod-
ing canoccurin conditionswithout visualinputs[34,35,64].In aPETfunctionalbrain imag-
ing study,Darling etal.[34] foundanincreasein neuralactivationin theoccipitaland
posteriorparietallobeswhenparticipantsreachedto amemorizedsomatosensorytarget(i.e.,
thepreviouspositionof their unseenhandbeforepassivedisplacement).Basedon thesefind-
ings,theauthorssuggestedthatnetworksemployedto guidereachesto visualtargetswerealso
usedwhenreachingto memorizedsomatosensorytargets.Our findingsthereforebuild on
thoseof Darling etal.[34] byshowingthatvisualprocessesmayalsobeinvolvedwhenplan-
ning movementsto theactual,non-memorized,positionof somatosensorytargets.
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Previousstudieshaveshownthat,in somecases,visualinformation isattenuated(i.e.,
gated,see[65]) during movementplanningto somatosensorytargets[42,66±68].Evidence
from bothbehaviouralandneurophysiologicalexperimentshavearguedthat,whentarget
locationsareencodedin somatosensorycoordinates(e.g.,fingersof thenon-reachinghand),
visualinformation aboutthereachinglimb doesnot contributeto thesameextentto motor
planningprocesses[68]. Althoughthereissubstantialevidencethatsensorimotortransforma-
tion networksexistto supportthedirectconversionof somatosensoryinformation into a
movementvector,thereisconflictingevidenceaboutthecontextswhereinthesenetworksare
employed[38,43,69±71].Basedon our results,wesuggestthatonecontextualfactorthat
couldinfluence(or preclude)theuseof somatosensory-basedsensorimotortransformationsis
thebodyrepresentationusedto definetargetlocationsduring motor planning.

It shouldbenotedthat theresultsof thepresentstudydo not necessarilysupportadis-
engagementof theoccipitalcortexandPPCwhenplanningmovementsto auditory-cued
visualtargets.Rather,theresultsof thepresentstudysuggestthatplanningmovementswhen
visionof thereachinghandandtargetisavailabledoesnot requireadditionalprocessingfrom
areassensitiveto visualinputscomparedto thecontrol condition,at leastat thetime whenthe
visualprobewaspresented(i.e.,100msaftertargetcuepresentation).

Fig 6. Grand averagesourceactivity for eachcondition between100msand150msafter stimulus onset(i.e.,
sourceactivity corresponding to the P100±N150component of the visualevokedpotential). Sourceactivity(color
mapsrevealactivationlevels)waslocalizedin parietalandoccipital areasin bothexperimental andcontrol conditions.
Statisticalcontrasts(paired-samplest-tests,alphasetto 0.05,t-valuemapindicatesdirectionof effects)revealed
significantly moreactivityin theleft parietal andparieto-occipital regions(asindicatedby theshadeof red) for the
AUD-SOMA experimental conditioncomparedto theAUD-SOMA control condition.

https://doi.org/10.1371/journal.pone.0215518.g006
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Conclusion
In summary,wefound that thesensorymodalityemployedto identify thepositionof a
somatosensorytargetimpactsthebodyrepresentationusedfor movementplanningprocesses.
Preparingreachingmovementstowardsauditory-cuedsomatosensorytargetspromptedthe
useof anexteroceptiverepresentationof thebody.Bymeasuringthecorticalresponseto a
visualstimuluspresentedduring movementplanning,wealsofound that theadditionalsenso-
rimotor transformationprocessesinvolvedin thevisualremappingof somatosensorytarget
positionswereassociatedwith increasedvisualprocessingin occipitalandposteriorparietal
areas.Takentogether,thefindingsof thepresentstudysuggestthat thesensorimotortransfor-
mationprocessesunderlyingmovementsto somatosensorytargetsderivedusinganexterocep-
tivebodyrepresentationrecruitsvisualandvisuomotorcorticalnetworks.
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