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InIn twotwo experiments,experiments, wewe examinedexamined thethe possibilitypossibility thatthat thethe humanhuman vestibulo-ocularvestibulo-ocular reflexreflex (VOR)(VOR) isis 
subjectsubject toto dualdual adaptationadaptation (the(the abilityability toto adaptadapt toto aa sensorysensory rearrangementrearrangement moremore rapidlyrapidly and/orand/or moremore 
completelycompletely afterafter repeatedrepeated experienceexperience withwith it)it) andand adaptiveadaptive generalizationgeneralization (the(the abilityability toto adaptadapt moremore 

ofprior training),readilyreadily toto aa novelnovel sensorysensory rearrangementrearrangement asas aa resultresult ofprior dualdual adaptationadaptation training). InIn ExperimentExperiment 1,1, 
thethe subjectssubjects activelyactively turned thethe headhead duringduring alternatingalternating exposureexposure toto aa visual-vestibularvisual-vestibular rearrangementrearrangement 
(target/head(target/head gaingain == 0.5)0.5) andand thethe normalnormal situationsituation (target/head(target/head gaingain == 0.0).0.0). TheseThese conditionsconditions producedproduced 

tumed 

ofthe generalizationbothboth adaptationadaptation andand dualdual adaptationadaptation of the VORVOR butbut nono evidenceevidence ofof adaptiveadaptive generalizatioR whenwhen testedtested 
withwith aa target/headtarget/head gaingain ofof 1.0.1.0. ExperimentExperiment 2,2, inin whichwhich exposureexposure toto thethe 0.50.5 gaingain entailedentailed externallyexternally concon

(i.e.,trolledtrolled (Le., passive)passive) wholewhole bodybody rotation,rotation, resultedresulted inin VORVOR adaptationadaptation butbut nono dualdual adaptation.adaptation. AsAs inin ExEx
perimentperiment 1,1, nono evidenceevidence ofof adaptiveadaptive generalizationgeneralization waswas found.found. 

open-IoopTheThe vestibulo-ocularvestibulo-ocular reflexreflex (VOR)(VOR) isis anan open-loop comcom
pensatorypensatory systemsystem thatthat isis largelylargely responsibleresponsible forfor stabilizstabiliz
inging thethe retinalretinal imageimage duringduring rotationalrotational headhead movements.movements. 
TheThe eyeseyes areare drivendriven byby semicircularsemicircular canalcanal efferentsefferents inin thethe 
directiondirection oppositeopposite headhead rotation,rotation, withwith anan eye/headeye/head gaingain 
ofofaboutabout .84.84 duringduring passivepassive rotationrotation (Collewijn,(Collewijn, Martins,Martins, 
&& Steinman,Steinman, 1983).1 TheThe VORVOR oftenoften operatesoperates inin conjuncconjunc
tiontion withwith otherother stabilizationstabilization mechanisms-inmechanisms-in particular,particular, 
thethe visuallyvisually inducedinduced optokineticoptokinetic reflex,reflex, whichwhich allowallow ococ
ularular compensationcompensation forfor headhead movementmovement toto bebe nearlynearly perper
fectfect (eye/head(eye/head gaingain al., 

1983).' 

== .94;.94; CollewijnCollewijn etet aI., 1983).1983). 
BecauseBecause thethe VORVOR isis drivendriven byby thethe vestibularvestibular system,system, itit 

cancan bebe isolatedisolated forfor studystudy byby removingremoving allall visualvisual stimulistimuli 
ob server(i.e.,(i.e., byby rotatingrotating thethe observer inin thethe dark).dark). MeasuredMeasured 

VORVOR gainsgains varyvary widelywidely amongamong individuals,individuals, bothboth humanhuman 
andand monkey,monkey, andand areare knownknown toto bebe influencedinfluenced byby levellevel ofof 
alertnessalertness andand whetherwhether headhead rotationrotation isis activeactive oror passivepassive 
(see,(see, e.g.,e.g., Jell,Jell, Stockwell,Stockwell, Turnispeed,Turnispeed, && Guedry,Guedry, 1988).1988). 
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ActiveActive bodilybodily rotationrotation inin thethe darkdark producesproduces aa VORVOR gaingain 
ofof aboutabout .96,.96, asas comparedcompared withwith thethe .84.84 gaingain reportedreported byby 
CollewijnCollewijn etet al.al. (1983)(1983) forfor passivepassive rotation.rotation. TheThe primaryprimary 
advantageadvantage ofof aa vestibularlyvestibularly drivendriven oculomotoroculomotor systemsystem isis 
itsits extremelyextremely rapidrapid responseresponse timetime (i.e.,(i.e., thethe veryvery shortshort 
phasephase laglag betweenbetween headhead turningturning andand compensatorycompensatory eyeeye 
movements).movements). TheThe vestibularvestibular signalsignal stabilizesstabilizes thethe visualvisual 
fieldfield byby greatlygreatly reducingreducing thethe sizesize ofof thethe errorerror signalsignal thatthat 
remainsremains toto bebe addressedaddressed byby thethe optokineticoptokinetic system.system. AnAn 
importantimportant reasonreason forfor thethe shortershorter latencylatency isis thethe factfact thatthat 
vestibularvestibular receptorsreceptors respondrespond somewhatsomewhat fasterfaster thanthan visualvisual 
receptors.receptors. 

oftheTheThe perceptualperceptual concomitantconcomitant of the VORVOR isis thethe experiexperi
enceence ofof anan essentiallyessentially stablestable visualvisual worldworld duringduring headhead 
movements.movements. WhenWhen thethe VORVOR andand otherother mechanismsmechanisms failfail 
toto stabilizestabilize thethe visualvisual fieldfield completely,completely, asas whenwhen oneone raprap
idlyidly movesmoves thethe headhead whilewhile viewingviewing veryvery smallsmall visualvisual 
stimulistimuli inin anan otherwiseotherwise darkdark settingsetting oror whenwhen confrontedconfronted 
withwith experimentallyexperimentally alteredaltered target-headtarget-head gains,gains, apparentapparent 
concomitantconcomitant motionmotion isis saidsaid toto bebe occurringoccurring (Tietz(Tietz && Gogel,Gogel, 
1978).1978). 

AdaptationAdaptation ofof thethe Vestibulor-OcularVestibulor-Ocular ReflexReflex 
ItIt hashas beenbeen knownknown sincesince RonneRonne (1923)(1923) thatthat thethe pripri

marilymarily open-loopopen-loop VORVOR systemsystem hashas aa flexibleflexible aspectaspect thatthat 
allowsallows forfor adjustmentsadjustments inin gaingain (eye/head(eye/head velocity)velocity) whenwhen 
confrontedconfronted withwith visual-vestibularvisual-vestibular conflicts,conflicts, alsoalso referredreferred 
toto asas dysmetria.dysmetria. TheseThese perturbationsperturbations cancan bebe eithereither natunatu
rallyrally oror artificiallyartificially induced.induced. Thus,Thus, maturationalmaturational changeschanges 
inin eyeeye andand headhead size,size, neuralneural trauma,trauma, experimentallyexperimentally im-im
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posedposed opticaloptical distortions,distortions, andand alteredaltered vestibularvestibular environenviron
mentsments allall resultresult inin adaptiveadaptive changeschanges inin thethe effectiveeffective VORVOR 
gaingain thatthat helphelp toto maintainmaintain optimumoptimum rotatoryrotatory compensation.compensation. 

ofmuchAdaptationAdaptation toto alteredaltered VORVOR hashas beenbeen thethe subjectsubject ofmuch 
research,research, primarilyprimarily byby experimentsexperiments inin whichwhich dysmetriadysmetria 
hashas beenbeen introducedintroduced byby systematicallysystematically alteringaltering thethe visualvisual 
stimulusstimulus relativerelative toto headhead position.position. ForFor example,example, earlyearly rere
searchsearch (e.g.,(e.g., CollewijnCollewijn etet al.,al., 1983)1983) oftenoften usedused magnifyingmagnifying 
gogglesgoggles toto produceproduce thethe visual-vestibularvisual-vestibular conflict,conflict, sincesince 
opticaloptical magnificationmagnification necessitatesnecessitates changeschanges inin thethe amountamount 
ofofcompensatorycompensatory eyeeye movementmovement necessarynecessary toto stabilizestabilize thethe 
visualvisual environmentenvironment duringduring rotaryrotary headhead movements.movements. 

RecentRecent technologicaltechnological advancesadvances havehave mademade itit possiblepossible 
toto createcreate thethe necessarynecessary conditionsconditions forfor VORVOR adaptationadaptation 
byby usingusing aa computercomputer toto generategenerate visualvisual stimulistimuli thatthat areare 
coordinatedcoordinated withwith headhead movements.movements. AA typicaltypical protocolprotocol 
mightmight entailentail causingcausing aa visualvisual stimulusstimulus toto movemove inin tandemtandem 

gain == 1.0).1.0). ThisThis stabistabiwithwith headhead motionmotion (target/head(target/head gain 
lizationlization ofof thethe target,target, relativerelative toto headhead position,position, requiresrequires 

observerthatthat thethe observer nullnull thethe VORVOR completelycompletely ifif retinalretinal stasta
bilizationbilization ofof thethe imageimage isis toto bebe achieved.achieved. UnderUnder experiexperi
mentalmental conditions,conditions, itit isis possiblepossible toto produceproduce substantialsubstantial 

aminuteVORVOR gaingain adaptationadaptation inin lessless thanthan a minute ofofexposureexposure toto 
experimentallyexperimentally imposedimposed dysmetria,dysmetria, especiallyespecially ifif headhead 
movementsmovements areare restrictedrestricted toto aa singlesingle frequencyfrequency (see,(see, e.g.,e.g., 
MelvillMelvill Jones,Jones, 1985).1985). 

DespiteDespite thethe demonstrabledemonstrable plasticityplasticity ofof thethe VORVOR gain,gain, 
itit isis usuallyusually assumedassumed toto bebe aa unimodalunimodal process.process. ThatThat is,is, 
itit hashas beenbeen claimedclaimed thatthat adaptiveadaptive changeschanges inin gaingain areare rere
flectedflected inin thethe neuralneural structuresstructures thatthat mediatemediate thethe actualactual 
compensatorycompensatory processprocess andand thatthat therethere is,is, therefore,therefore, nono 
uniqueunique neuralneural structurestructure wherewhere vestibular-ocularvestibular-ocular relationsrelations 

current1yareare storedstored besidesbesides thosethose currently operatingoperating toto controlcontrol thethe 
adaptiveadaptive processprocess (Howard,(Howard, 1982).1982). Presumably,Presumably, thethe syssys

gaintemtem maintainsmaintains itsits calibrationcalibration ofVORofVOR gain eithereither byby meamea
ofthesuringsuring retinalretinal slipslip (drift(drift of the imageimage onon thethe retina)retina) or-byor-by 

analyzinganalyzing thethe associatedassociated oculomotoroculomotor pursuitpursuit signalsignal 
(Barnes,(Barnes, 1993).1993). 

DualDual AdaptationAdaptation andand AdaptiveAdaptive GeneralizationGeneralization 
MostMost studiesstudies ofof adaptationadaptation toto sensorysensory rearrangementrearrangement 

(e.g.,(e.g., prismaticprismatic displacement)displacement) entailentail oneone oror perhapsperhaps twotwo 
(temporally(temporally separated)separated) periodsperiods ofofexposureexposure toto thethe distordistor

aflertion,tion, eacheach immediatelyimmediately followedfollowed byby teststests ofofnegativenegative after
efJectseffects withwith thethe distortingdistorting mediummedium removedremoved andand visualvisual 
feedbackfeedback precludedprecluded (see,(see, e.g.,e.g., Welch,Welch, 1978).1978). However,However, 
Welch,Welch, Bridgeman,Bridgeman, Anand,Anand, andand BrowmanBrowman (1993)(1993) askedasked 
whatwhat wouldwould happenhappen ifif subjectssubjects werewere requiredrequired toto alternatealternate 
repeatedlyrepeatedly betweenbetween adaptingadapting toto thethe sensorysensory rearrangerearrange
mentment andand readaptingreadapting toto normalnormal visionvision (or(or toto anotheranother sensen
sorysory rearrangement).rearrangement). TheyThey hypothesizedhypothesized thatthat suchsuch aa 
trainingtraining regimenregimen wouldwould eventuallyeventually causecause thethe adaptiveadaptive 

efJicient.processprocess toto becomebecome moremore efficient. ThatThat is,is, aa givengiven periodperiod 
ofof exposureexposure toto thethe distorteddistorted visualvisual fieldfield mightmight nownow bebe 
expectedexpected toto produceproduce adaptationadaptation thatthat (1)(1) reachedreached asympasymp
totetote soonersooner and/orand/or (2)(2) attainedattained aa greatergreater magnitudemagnitude thanthan 

ofthehadhad beenbeen achievedachieved asas aa resultresult of the samesame periodperiod ofofexpoexpo
suresure atat thethe outsetoutset ofof alternationalternation training.training. TheThe resultsresults ofof 

a!.thethe WelchWelch etet al. studystudy confirmedconfirmed thisthis predictionprediction forfor alal
ternatingternating adaptationadaptation andand readaptationreadaptation toto rightwardrightward andand 

15-diopterleftwardleftward IS-diopter (8.6°)(8.6°) prismaticprismatic visualvisual displacement,displacement, 
andand thethe authorsauthors dubbeddubbed thethe processprocess dualdual adaptation.adaptation. 

InIn thethe samesame study,study, WelchWelch etet al.al. (1993)(1993) examinedexamined thethe 
questionquestion ofof whetherwhether dualdual adaptationadaptation trainingtraining wouldwould alsoalso 
facilitatefacilitate adaptationadaptation toto aa novelnovel prismprism environment-thatenvironment-that 
is,is, oneone thatthat subjectssubjects hadhad notnot previouslypreviously experienced.experienced. 
This,This, too,too, theythey found,found, inin thethe formform ofof substantiallysubstantially inin
creasedcreased adaptabilityadaptability toto aa 30-diopter30-diopter (17.1°)(17.1°) prismaticprismatic disdis
placement.placement. TheThe authorsauthors referredreferred toto thisthis phenomenonphenomenon asas 
adaptiveadaptive generalization.generalization. 

InIn summary,summary, anan attemptattempt toto produceproduce dualdual adaptationadaptation (as(as 
weilwell asas adaptiveadaptive generalization)generalization) requiresrequires thatthat subjectssubjects 

ofrepeatedundergoundergo aa scheduleschedule ofrepeated alternationalternation betweenbetween adapadap
tationtation andand readaptationreadaptation toto twotwo (or(or more)more) different,different, mutumutu
allyally conflictingconflicting sensorysensory environments.environments. Logically,Logically, thisthis caca
pacitypacity demandsdemands thethe presencepresence ofofatat leastleast oneone cuecue (afferent(afferent 
oror efferent)efferent) thatthat reliablyreliably distinguishesdistinguishes thethe twotwo environenviron
ments.ments. TheThe alternatingalternating situationssituations cancan entailentail eithereither (1)(1) aa 

anormalrearrangedrearranged andand a normal sensorysensory environmentenvironment oror (2)(2) twotwo 
differentdifferent sensorysensory rearrangements,rearrangements, andand thethe trainingtraining propro

aperiod ofhoursgramgram maymay bebe distributeddistributed overover a period of hours oror days.days. 
AssumingAssuming thatthat suchsuch trainingtraining leadsleads toto dualdual adaptation,adaptation, aa 
subsequentsubsequent testtest forfor adaptiveadaptive generalizationgeneralization isis warranted.warranted. 
ForFor thisthis test,test, thethe subjectssubjects areare allowedallowed toto adaptadapt toto anan alal
teredtered sensorysensory environmentenvironment thatthat differsdiffers fromfrom bothboth ofof thethe 
environmentsenvironments toto whichwhich theythey havehave undergoneundergone dualdual adapadap
tationtation training.training. 

10To thethe authors'authors' knowledge,knowledge, onlyonly MilesMiles andand EighmyEighmy 
(1980)(1980) andand Shelhamer,Shelhamer, Robinson,Robinson, andand TanTan (1992)(1992) havehave 
deliberatelydeliberately implementedimplemented aa dualdual adaptationadaptation trainingtraining regreg
imenimen forfor VORVOR adaptationadaptation inin primates.primates. MilesMiles andand Eighmy,Eighmy, 
usingusing rhesusrhesus monkeysmonkeys asas theirtheir subjects,subjects, failedfailed toto obtainobtain 
evidenceevidence ofof dualdual adaptationadaptation andand diddid notnot looklook forfor adapadap
tivetive generalization.generalization. However,However, thesethese investigatorsinvestigators focusedfocused 
onon long-termlong-term adaptationadaptation byby havinghaving theirtheir subjectssubjects alteralter
natenate betweenbetween thethe differentdifferent vestibularvestibular environmentsenvironments everyevery 
88 days,days, whichwhich mightmight bebe tootoo greatgreat anan intervalinterval toto produceproduce 
dualdual adaptation.adaptation. InIn contrast,contrast, thethe presentpresent experimentsexperiments 
adaptedadapted humanhuman subjectssubjects forfor onlyonly aa fewfew minutesminutes inin eacheach 
cycle.cycle. 

a!.ShelhamerShelhamer etet al. (1992)(1992) succeededsucceeded inin producingproducing dualdual 
Iikeadaptationadaptation withwith humanhuman subjects,subjects, althoughalthough they,they, like 

MilesMiles andand EighmyEighmy (1980),(1980), diddid notnot testtest forfor adaptiveadaptive gengen
a!.eralization.eralization. InIn thethe ShelhamerShelhamer etet al. study,study, subjectssubjects satsat inin 

aa rotatingrotating chairchair andand adaptedadapted toto oneone formform ofof alteredaltered tartar
get/headget/head gaingain whilewhile theirtheir eyeseyes werewere turnedturned upwardupward andand 
anotheranother formform withwith eyeseyes turnedturned downward.downward. PostadaptationPostadaptation 
measuresmeasures oftheofthe VORVOR revealedrevealed thethe appropriateappropriate switchingswitching 

oftheofVORofVOR gaingain asas aa functionfunction of the directiondirection (up(up oror down)down) 
inin whichwhich thethe eyeseyes werewere turned.turned. Apparently,Apparently, thethe efferentefferent 
and/orand/or afferentafferent stimulistimuli associatedassociated withwith eyeeye directiondirection 
servedserved asas thethe discriminativediscriminative (or(or switching)switching) cuescues forfor dualdual 
adaptationadaptation ofof thethe VORVOR inin thisthis experiment.experiment. 

InIn thethe cat,cat, Baker,Baker, Perlmutter,Perlmutter, Peterson,Peterson, Rude,Rude, andand 
RobinsonRobinson (1987)(1987) inducedinduced VORVOR dualdual adaptationadaptation byby changchang

ofthe anima!.inging bodybody orientationorientation of the entireentire animal. ThisThis mademade oto-oto
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lithlith stimulationstimulation aa discriminatingdiscriminating cue.cue. TheThe resultresult waswas aa 
clearclear changechange inin thethe directiondirection ofof VOR,VOR, dependingdepending onon 
orientation.orientation. 

TheThe primaryprimary aimaim ofof thethe presentpresent investigationinvestigation waswas toto 
reexaminereexamine thethe questionquestion ofof VORVOR dualdual adaptationadaptation and,and, 
moremore important,important, toto determinedetermine whetherwhether thethe acquisitionacquisition ofof 

genersuchsuch dualdual adaptationadaptation resultsresults inin oror entailsentails adaptiveadaptive gener
alizationalization toto aa novelnovel visual-vestibularvisual-vestibular environment.environment. AlsoAlso 
ofof interestinterest waswas aa comparisoncomparison ofof activeactive headhead rotationrotation andand 
passivepassive wholewhole bodybody rotationrotation asas conditionsconditions forfor elicitingeliciting 

ofthesebothboth of these adaptiveadaptive processes.processes. 
SinceSince VORVOR adaptationadaptation hashas beenbeen shownshown toto occuroccur eveneven 

withwith diminutivediminutive visualvisual stimulistimuli (see,(see, e.g.,e.g., PostPost && Lott,Lott, 
1992),1992), wewe mademade useuse ofofaa pointpoint lightlight sourcesource inin aa darkeneddarkened 
room.room. ThisThis visualvisual stimulusstimulus waswas coordinatedcoordinated withwith headhead 
movements,movements, toto produceproduce thethe alteredaltered target/headtarget/head gains.gains. WithWith 
aa smallsmall target,target, visualvisual pursuitpursuit shouldshould correctcorrect anyany errorserrors inin 
thethe VORVOR toto enableenable accurateaccurate tracking;tracking; presumably,presumably, thethe 
pursuitpursuit signalsignal detectsdetects VORVOR gaingain errorserrors andand drivesdrives adapadap
tation.tation. AsAs frequencyfrequency ofof sinusoidalsinusoidal oscillationoscillation decreases,decreases, 
pursuitpursuit becomesbecomes moremore importantimportant forfor drivingdriving eyeeye movemove
mentsments andand VORVOR lessless so.so. OurOur chosenchosen oscillationoscillation raterate waswas 
thethe highesthighest practicalpractical raterate thatthat diddid notnot causecause discomfortdiscomfort forfor 
thethe subjectssubjects overover longlong exposureexposure periodsperiods (Experiment(Experiment 1)1) 
andand thatthat couldcould bebe drivendriven byby ourour mechanicalmechanical apparatusapparatus 
withoutwithout distortiondistortion (Experiment(Experiment 2).2). Finally,Finally, wewe usedused aa 44
minmin exposureexposure periodperiod that,that, onon thethe basisbasis ofof thethe relevantrelevant rere
searchsearch literatureliterature (e.g.,(e.g., Collewijn,Collewijn, Martins,Martins, && Steinman,Steinman, 
1981),1981), waswas expectedexpected toto produceproduce measurablemeasurable adaptation.adaptation. 

UnlikeUnlike thethe methodmethod ofof Barr,Barr, Schultheis,Schultheis, andand RobinsonRobinson 
(1976),(1976), ourour subjectssubjects performedperformed thethe samesame tasktask inin thethe samesame 
wayway throughoutthroughout thethe experiment.experiment. WeWe usedused realreal visualvisual tartar
getsgets inin thethe exposureexposure condition,condition, ratherrather thanthan imaginedimagined tartar
gets,gets, andand alwaysalways hadhad subjectssubjects continuecontinue theirtheir exposureexposure 
phasephase activityactivity withoutwithout interruptioninterruption duringduring thethe testtest phasephase 
inin darkness.darkness. 

EXPERIMENTEXPERIMENT 11
 
ActiveActive HeadHead TurningTurning
 

MethodMethod 
SubjectsSubjects 

SixteenSixteen malemale andand femalefemale undergraduateundergraduate andand graduategraduate students,students, 
rangingranging inin ageage fromfrom 1818 toto 22,22, alongalong withwith twotwo ofof thethe authors,authors, particpartic
ipatedipated inin thethe ExperimentExperiment onon aa voluntaryvoluntary basis.basis. MostMost ofof thethe underunder
graduategraduate studentsstudents servedserved inin partialpartial fulfillmentfulfillment ofof aa psychologypsychology 
coursecourse requirement.requirement. AllAll 1818 subjectssubjects werewere eithereither emmetropicemmetropic oror 
slightlyslightly myopic,myopic, andand allall werewere ableable toto focusfocus thethe displaydisplay successfullysuccessfully 
withoutwithout spectacles.spectacles. AllAll butbut II hadhad normalnormal oculomotoroculomotor function,function, 
whereaswhereas II waswas strabismicstrabismic andand waswas thereforetherefore testedtested monocularly,monocularly, thethe 
dominantdominant eyeeye unoccluded.unoccluded. 

ApparatusApparatus 
TheThe subjectssubjects werewere seatedseated beforebefore aa hemicylindricalhemicylindrical screenscreen (view(view

inging distancedistance == 9090 cm)cm) whilewhile aa spotspot ofof redred laserlaser lightlight waswas projectedprojected 
toto aa mirrormirror andand reflectedreflected ontoonto thethe hemifieldhemifield inin frontfront ofof them.them. ThisThis 
apparatusapparatus waswas shieldedshielded fromfrom thethe subjects'subjects' view.view. HeadHead positionposition waswas 
measuredmeasured byby meansmeans ofof aa PolhemusPolhemus FastrakFastrak magneticmagnetic fieldfield emitteremitter 

heImetunit,unit, inin conjunctionconjunction withwith aa receiverreceiver mountedmounted onon aa helmet thatthat waswas 

subjectstightlytightly strappedstrapped toto thethe subject's head.head. TheThe mirrormirror waswas coordinatedcoordinated 
cornputer,withwith thethe headhead trackertracker byby meansmeans ofof anan IBMIBM 486486 computer, allowingallowing 

concomitantconcomitant movementmovement ofof thethe laserlaser spotspot atat variousvarious softwaresoftware
controlledcontrolled target/headtarget/head gains.gains. 

EyeEye positionposition waswas monitoredmonitored byby pairedpaired infrared-sensitiveinfrared-sensitive photophoto
heImet subjectscellscells thatthat werewere attachedattached toto thethe helmet directlydirectly belowbelow thethe subject's 

rightright eye.eye. ErrorError inin thethe systemsystem waswas aboutabout ±O.l±O.l 0.0. TheThe systemsystem waswas calcal
ibratedibrated beforebefore eacheach dailydaily sessionsession byby havinghaving thethe subjectssubjects looklook atat tartar

ofthe ofthegetsgets toto thethe left,left, center,center, andand rightright of the centerlinecenterline atat thethe heightheight ofthe 
adaptationadaptation targettarget andand equatingequating thethe gainsgains onon thethe twotwo sides.sides. TheThe comcom

oftheputerputer convertedconverted (on(on line)line) thethe outputoutput of the eyeeye monitormonitor intointo degrees.degrees. 
InIn earlyearly runs,runs, wewe removedremoved saccadessaccades fromfrom thethe rawraw datadata andand foundfound 

thatthat thisthis precautionprecaution mademade nono differencedifference toto thethe results,results, presumablypresumably 
becausebecause thesethese saccadessaccades werewere smallsmall andand infrequent.infrequent. AlthoughAlthough sacsac
cadescades cancan bebe aa seriousserious problemproblem whenwhen usingusing continuouscontinuous unidirecunidirec
tionaltional vestibularvestibular oror optokineticoptokinetic stimulationstimulation (as(as inin aa rotatingrotating drum),drum), 
thisthis isis notnot truetrue forfor small-amplitudesmall-amplitude sinusoidalsinusoidal stimulation,stimulation, espeespe
ciallycially withwith practicedpracticed subjects,subjects, asas oursours were.were. 

DesignDesign 
TenTen subjectssubjects participatedparticipated inin oneone testingtesting sessionsession eacheach dayday forfor 55 

consecutiveconsecutive days.days. (For(For reasonsreasons discusseddiscussed later,later, thisthis numbernumber waswas dede
creasedcreased toto 88 subjectssubjects forfor thethe testtest ofofadaptiveadaptive generalization).generalization). DuringDuring 
eacheach testingtesting session,session, theythey werewere exposedexposed alternatelyalternately toto thethe visualvisual
vestibularvestibular rearrangementrearrangement (target/head(target/head gaingain == 0.5)0.5) andand thethe normalnormal 
visual-vestibularvisual-vestibular relationshiprelationship (target/head(target/head gaingain == 0.0).0.0). ImmediImmedi

oftheseatelyately afterafter thethe lastlast ofthese dualdual adaptationadaptation trainingtraining sessionssessions (Day(Day 5),5), 
theythey werewere testedtested forfor possiblepossible adaptiveadaptive generalizationgeneralization byby beingbeing exex
posedposed andand allowedallowed toto adaptadapt toto anan alteredaltered visual-vestibularvisual-vestibular arrangearrange
mentment (target/head(target/head gaingain == 1.0)1.0) thatthat differeddiffered fromfrom thethe oneone theythey hadhad 
experiencedexperienced duringduring thethe precedingpreceding dualdual adaptationadaptation trainingtraining sessions.sessions. 

EightEight controlcontrol subjectssubjects underwentunderwent onlyonly oneone testingtesting session,session, duringduring 
whichwhich theythey werewere exposedexposed toto thethe samesame adaptiveadaptive generalizationgeneralization stimstim
ulusulus thatthat thethe experimentalexperimental groupgroup saw.saw. ItIt mightmight bebe arguedargued thatthat thisthis 
controlcontrol groupgroup shouldshould havehave undergoneundergone thethe samesame 55 consecutiveconsecutive daysdays 
ofof testingtesting asas ourour experimentalexperimental groupgroup beforebefore finallyfinally beingbeing cxposedcxposed 
toto thethe adaptiveadaptive generalizationgeneralization stimulus.stimulus. Presumably,Presumably, subjectssubjects inin 
suchsuch aa proposedproposed controlcontrol conditioncondition wouldwould bebe exposedexposed toto aa stationarystationary 
visualvisual stimulusstimulus onon eacheach dayday untiluntil finallyfinally experiencingexperiencing thethe adaptiveadaptive 
generalizationgeneralization stimulusstimulus atat thethe veryvery end.end. However,However, becausebecause suchsuch aa 
regimenregimen duringduring thethe firstfirst 44 testingtesting daysdays wouldwould merelymerely havehave reinrein
forcedforced whatwhat thesethese subjectssubjects wouldwould havehave beenbeen experiencingexperiencing inin theirtheir 
everydayeveryday lifelife (i.e.,(i.e., aa stationarystationary visualvisual world),world), itit seemsseems ratherrather unun
likelylikely thatthat suchsuch aa controlcontrol groupgroup wouldwould bebe preferablepreferable overover thethe groupgroup 
thatthat wewe chosechose toto use.use. 

ProcedureProcedure 
BaselineBaseline measures.measures. EachEach dailydaily dualdual adaptationadaptation trainingtraining sessionsession 

baseline ofthebeganbegan withwith baseline measuresmeasures of the VORVOR gaingain followingfollowing exposureexposure 
ofO.O.inin thethe experimentalexperimental apparatusapparatus toto aa target/headtarget/head gaingain of 0.0. TheThe subsub

jectsjects rotatedrotated thethe headhead fromfrom sideside toto sideside toto thethe beatbeat ofof aa metronomemetronome 
thatthat waswas setset atat 0.450.45 HzHz (i.e.,(i.e., oneone completecomplete head-turninghead-turning cyclecycle everyevery 

oflight2.22.2 sec)sec) whilewhile fixatingfixating thethe stationarystationary dotdot of light onon thethe screenscreen inin thethe 
otherwiseotherwise darkdark testingtesting room.room. DuringDuring thisthis 25-sec25-sec period,period, eyeeye movemove
mentsments werewere monitored,monitored, althoughalthough theythey werewere notnot recordedrecorded becausebecause 
theythey werewere theoreticallytheoretically uninformative.uninformative. TheThe subjectssubjects simplysimply trackedtracked 

rnovethethe targettarget withwith aa combinationcombination ofof pursuitpursuit andand VOR-drivenVOR-driven move
ments.ments. TrackingTracking waswas nearlynearly perfectperfect atat thethe frequenciesfrequencies wewe used.used. 
Then,Then, whilewhile subjectssubjects continuedcontinued toto oscillateoscillate thethe head,head, aa computercomputer
controlledcontrolled shuttershutter extinguishedextinguished thethe visualvisual stimulus,stimulus, andand eyeeye movemove
mentsments werewere recordedrecorded inin thethe dark,dark, sampledsampled atat 4343 HzHz forfor 55 sec.sec. TheseThese 
werewere thethe VORVOR (eye/head(eye/head gain)gain) measures.measures. TheThe subjectssubjects hadhad beenbeen inin
structedstructed previouslypreviously thatthat duringduring thesethese measuresmeasures theythey werewere toto fixatefixate 

ofthem.anan imaginedimagined pointpoint inin thethe dark,dark, straightstraight aheadahead of them. ImmediatelyImmediately 
afterafter thethe 5-sec5-sec VOR-recordingVOR-recording interval,interval, thethe visualvisual targettarget reappearedreappeared 
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asas thethe subjectssubjects continuedcontinued toto engageengage inin thethe headhead movementsmovements forfor thethe 
nextnext cycle.cycle. FourFour suchsuch determinationsdeterminations werewere mademade andand averagedaveraged toto 
arrivearrive atat aa measuremeasure ofofdailydaily baselinebaseline gain.gain. 

DualDual adaptationadaptation training.training. TheThe subjectssubjects inin thethe experimentalexperimental 
ofvisual-vestibulargroupgroup underwentunderwent fourfour 55-sec55-sec periodsperiods of visual-vestibular conflict,conflict, 

duringduring whichwhich thethe target/headtarget/head gaingain waswas setset atat 0.5.0.5. Thus,Thus, thethe spotspot 
movedmoved inin thethe samesame directiondirection asas thatthat inin whichwhich thethe headhead waswas turning,turning, 

halfasbutbut byby halfas much.much. EachEach periodperiod waswas followedfollowed byby aa 5-sec5-sec VORVOR gaingain 
recordingrecording intervalinterval inin thethe dark,dark, usingusing thethe procedureprocedure describeddescribed above.above. 

areadaptationThisThis adaptationadaptation periodperiod waswas followedfollowed byby a readaptation phasephase concon
sistingsisting offouroffour 55-sec55-sec periodsperiods ofofexposureexposure toto aa stationarystationary visualvisual tartar
getget (target/head(target/head gaingain == 0.0),0.0), eacheach followedfollowed byby aa 5-sec5-sec VORVOR rere
cordingcording intervalinterval inin thethe dark.dark. ThisThis procedureprocedure metmet thethe requirementsrequirements 
forfor dualdual adaptationadaptation training,training, sincesince subjectssubjects werewere alternatedalternated repeatrepeat

aaedlyedly betweenbetween exposureexposure (and,(and, hopefully,hopefully, adaptation)adaptation) toto lUI alteredaltered 
sensorimotorsensorimotor environmentenvironment andand exposureexposure (readaptation)(readaptation) toto thethe nornor
malmal environment.environment. 

TestTest forfor AdaptiveAdaptive Generalization.Generalization. TheThe possibilitypossibility thatthat dualdual 
adaptationadaptationhadhad resultedresulted inin adaptiveadaptive generalizationgeneralization waswas testedtested byby folfol
lowinglowing thethe readaptationreadaptation phasephase ofof thethe finalfinal dualdual adaptationadaptation trainingtraining 

aperiod target/headsessionsession (Day(Day 5)5) withwith a period ofofexposureexposure toto aa target/head gaingain ofof1.01.0 
(i.e.,(i.e., targettargetmovesmoves inin thethe samesame directiondirection asas thethe headhead andand byby thethe samesame 
amount).amount). InIn orderorder toto dischargedischarge anyany adaptationadaptation thatthat mightmight havehave rere
mainedmained fromfrom thethe precedingpreceding dualdual adaptationadaptation phasephase ofofthatthat testingtesting sesses
sion,sion, thethe subjectssubjectswerewere instructedinstructed toto walkwalk aroundaround thethe now-illuminatednow-illuminated 
laboratorylaboratory beforebefore exposureexposure toto thethe adaptiveadaptive generalizationgeneralization stimulusstimulus 
commenced.commenced. 

TheThe presencepresence ofof adaptiveadaptive generalizationgeneralization wouldwould bebe confirmedconfirmed byby 
findingfinding moremore rapidrapid and/orand/or completecomplete adaptationadaptation forfor thethe experimenexperimen
taltal groupgroup thanthan forfor thethe controlcontrol group,group, thethe latterlatter beingbeing exposedexposed toto thisthis 
visual-vestibularvisual-vestibular rearrangementrearrangement butbut notnot havinghaving previouslypreviously underunder
gonegone dualdual adaptationadaptation training.training. FollowingFollowing calibrations,calibrations, thethe controlcontrol 
subjectssubjects underwentunderwent aa baselinebaseline measuremeasure withwith aa target/headtarget/head gaingain ofof 
0.0,0.0, inin thethe samesame mannermanner asas thethe experimentalexperimental group.group. ThisThis procedureprocedure 
gavegave thethe controlcontrol subjectssubjects practicepractice withwith exposureexposure toto thethe experimenexperimen
taltal protocolsprotocols andand procedures.procedures. 

DataData AnalysisAnalysis 
eye/headTheThe VORVOR waswas assessedassessed inin termsterms ofof eyelhead gainsgains thatthat werewere dede

finedfined asas meanmean velocityvelocity ratiosratios (i.e.,(i.e., thethe ratioratio ofof averageaverage eyeeye velocityvelocity 
[RMS)toto averageaverage headhead velocity,velocity, measuredmeasured asas rootroot meanmean squaresquare [RMS] amam

ofthe eye/headplitudesplitudes of the sinusoidalsinusoidal movements).movements). TheThe fourfour baselinebaseline eyelhead 
gainsgains forfor aa givengiven dayday werewere averagedaveraged toto produceproduce anan overalloverall baselinebaseline 
forfor thatthat day.day. SubsequentSubsequent gaingain measuresmeasures werewere normalizednormalized byby multimulti

ofthisplyingplying themthem byby thethe reciprocalreciprocal of this baselinebaseline measure.measure. Thus,Thus, adapadap
tationtation waswas measuredmeasured relativerelative toto aa givengiven subject'ssubject's initialinitial VORVOR gaingain 
onon thatthat day.day. TheThe normalizednormalized gainsgains forfor allall conditionsconditions werewere combinedcombined 
acrossacross thethe 1010 experimentalexperimental subjects,subjects, yieldingyielding 2020 datadata pointspoints forfor thethe 
fourfour trialstrials withinwithin eacheach ofof thethe 55 days.days. 

SinceSince thethe baselinebaseline VORVOR gaingain isis aa calibrationcalibration that,that, byby definition,definition, 
hashas nono variance,variance, thethe statisticalstatistical analysisanalysis ofof VORVOR adaptationadaptation diddid notnot 
includeinclude it.it. Therefore,Therefore, thethe firstfirst stepstep waswas toto determine,determine, byby meansmeans ofof aa 

Isttt test,test, whetherwhether adaptationadaptation atat thethe Ist minmin waswas statisticallystatistically differentdifferent 
fromfrom zero.zero. SubsequentSubsequent differencesdifferences amongamong allall ofof thethe exposureexposure teststests 
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FigureFigure 1.1. EyeEye andand headhead positionposition recordsrecords duringduring aa singlesingle trialtrial forfor aa singlesingle subjectsubject inin thethe basebase
lineline condition.condition. HeadHead recordrecord isis invertedinverted toto makemake phasephase relationshipsrelationships clearer.clearer. EachEach pointpoint onon thethe 
recordsrecords indicatesindicates aa datadata sample. Typically, veryvery smallsmall saccadessaccades «O.SO) occuroccur justjust afterafter thethe timetime ofof 
maximummaximum eyeeye accelerationacceleration whenwhen VORVOR reversesreverses direction,direction, eveneven thoughthough therethere isis nono visualvisual feedbackfeedback 

sampie. TypicaUy, «0.5°) 

duringduring datadata recordings.recordings. ThisThis indicatesindicates thatthat thethe VORVOR compensatescompensates bothboth velocity andand position.position.velocIty 
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(excluding(excluding thethe baseline)baseline) werewere analyzedanalyzed byby meansmeans ofof analysesanalyses ofof AdaptiveAdaptive generalizationgeneralization 
variancevariance (ANOVAs).(ANOVAs). TheThe resultsresults pertainingpertaining toto possiblepossible adaptiveadaptive generalizageneraliza


tiontion areare summarizedsummarized inin FigureFigure 3.3. Unfortunately,Unfortunately, becausebecause
 
ResultsResults ofof technicaltechnical difficulties,difficulties, 22 ofof thethe 1010 dualdual adaptationadaptation subsub


jectsjects couldcould notnot bebe tested,tested, leavingleaving 88 subjectssubjects inin thisthis group.group.
AnAn exampleexample ofof eyeeye andand headhead positionspositions duringduring aa singlesingle 
AsAs aa consequence,consequence, thethe adaptiveadaptive generalizationgeneralization controlcontroltrialtrial ofof thethe open-loopopen-loop testtest (baseline)(baseline) conditioncondition isis shownshown 
groupgroup waswas limitedlimited toto 88 subjectssubjects asas well.well. AccordingAccording totoinin FigureFigure I.I. 
tt tests,tests, 11st-minst-min adaptationadaptation waswas significantlysignificantly greatergreater thanthan 
zerozero forfor bothboth experimentalexperimental [t(7)[t(7) == 8.70,8.70, pp << .001].001] andandAdaptationAdaptation andand DualDual AdaptationAdaptation 
controlcontrol [t(7)[t(7) == 2.81,2.81, PP == .026].026] groups.groups. However,However, aa groupgroupAdaptationAdaptation toto thethe 0.50.5 target/headtarget/head gaingain wouldwould bebe rere
XX exposureexposure minuteminute (1-4)(1-4) ANOVAANOVA failedfailed toto produceproduce aavealedvealed byby aa reductionreduction ofVORofVOR (eye/head)(eye/head) gaingain forfor oneone oror 
significantsignificant mainmain effecteffect forfor groupgroup [experimental/control,[experimental/control,moremore ofof thethe fourfour teststests ofof aa givengiven session,session, relativerelative toto thethe 
F(1,61)F(1,61) == 0.50,p0.50,p == .48],.48], implyingimplying thethe absenceabsence ofadapofadapifthebaselinebaseline (zero)(zero) gain.gain. Naturally,Naturally, if the VORVOR gaingain reachedreached 
tivetive generalization.generalization. InIn addition,addition, nono significantsignificant mainmain efef0.5,0.5, adaptationadaptation wouldwould bebe complete.complete. NoNo adaptationadaptation waswas 
fectfect waswas obtainedobtained forfor exposureexposure minuteminute [F(3,59)[F(3,59) == 0.65,0.65,ofthe == l.20,pl.20,p == .260].260]evidentevident atat anyany ofthe teststests onon DayDay II [t(9)[t(9) 
pp == .59].59] oror forfor thethe interactioninteraction [F(3,55)[F(3,55) == 0.20,p0.20,p == .90]..90].butbut diddid occuroccur forfor somesome oror allall teststests onon subsequentsubsequent days,days, 
ThisThis outcomeoutcome cannotcannot bebe duedue toto aa weakweak effecteffect beingbeingwithwith thethe adaptationadaptation curvescurves becomingbecoming progressivelyprogressively 
maskedmasked byby inadequateinadequate statisticalstatistical power,power, sincesince thethe subsubsteepersteeper overover successivesuccessive testingtesting days.days. ThisThis latterlatter factfact isis 
jectsjects inin thethe controlcontrol groupgroup actuallyactually adaptedadapted (nonsignifi(nonsignificongruentcongruent withwith thethe presencepresence ofof dualdual adaptation.adaptation. CloserCloser 
cantly)cantly) fasterfaster thanthan diddid thethe subjectssubjects inin thethe experimentalexperimentalexaminationexamination ofof thethe datadata revealedrevealed thatthat virtuallyvirtually allall ofof thethe 
group.group. Thus,Thus, nono evidenceevidence forfor adaptiveadaptive generalizationgeneralization ofofadaptationadaptation forfor aa givengiven sessionsession occurredoccurred inin thethe 11stst minmin ofof 
thethe humanhuman VORVOR waswas obtained.obtained.Attestexposure.exposure. A t test comparingcomparing thethe baselinebaseline withwith thethe 11stst minmin 

waswas statisticallystatistically significantsignificant [t(9)[t(9) == 2.64,2.64, PP == .027]..027]. 
DiscussionDiscussionNevertheless,Nevertheless, adaptationadaptation fellfell farfar shortshort ofof thethe theoreticaltheoretical 

maximummaximum (VOR(VOR gaingain == 0.5),0.5), notnot anan uncommonuncommon findingfinding TheThe presentpresent findingfinding ofof dualdual adaptationadaptation inin thethe absenceabsence 
inin studiesstudies ofof adaptationadaptation toto sensorysensory rearrangementrearrangement (see,(see, ofof adaptiveadaptive generalizationgeneralization contrastscontrasts withwith thethe resultsresults ofof 
e.g.,e.g., Welch,Welch, 1978).1978). AA two-waytwo-way ANOVAANOVA waswas performed,performed, thethe prismprism adaptationadaptation studystudy byby WelchWelch etet al.al. (1993),(1993), whowho 
withwith dayday andand exposureexposure minuteminute (excluding(excluding baseline)baseline) asas ofthesefoundfound evidenceevidence forfor bothboth of these adaptiveadaptive processes,processes, andand 
factorsfactors andand VORVOR gaingain asas thethe dependentdependent variable.variable. AA mainmain ofof thethe ExperimentExperiment byby MilesMiles andand EighmyEighmy (1980),(1980), whowho 
effecteffect forfor dayday (see(see FigureFigure 2)2) waswas foundfound [F(4,165)[F(4,165) == 3.4,3.4, foundfound neitherneither forfor thethe VORVOR inin monkeys.monkeys. 
pp == .01],.01], confirmingconfirming thatthat dualdual adaptationadaptation hadhad occurred.occurred. InIn orderorder toto provideprovide betterbetter controlcontrol forfor thethe amplitudeamplitude ofof 
ItIt isis clearclear thatthat asymptoticasymptotic adaptationadaptation toto thethe alteredaltered visualvisual headhead movementsmovements andand toto eliminateeliminate anyany possiblepossible influenceinfluence 
vestibularvestibular conditionsconditions increasedincreased withwith repeatedrepeated exposure,exposure, oftheof the vestibulocolicvestibulocolic (neck)(neck) reflex,reflex, aa secondsecond experimentexperiment 

ofnearly waswas implemented,implemented, inin whichwhich wewe examinedexamined bothboth dualdual adapadapinin thatthat thethe DayDay 55 VORVOR gaingain representsrepresents aa reductionreduction ofnearly 
14%,14%, relativerelative toto DayDay 1.1. NoNo mainmain effecteffect waswas obtainedobtained forfor tationtation andand adaptiveadaptive generalizationgeneralization whenwhen thethe entireentire bodybody 
eithereither exposureexposure minuteminute [F(3,[F(3, 166)166) == O.22,pO.22,p == .88].88] or iheorthe waswas rotatedrotated byby externalexternal meansmeans (passive(passive rotation).rotation). AnotherAnother 
interactioninteraction [F(12,150)[F(12,150) == 0.34,p0.34,p == .98]..98]. importantimportant reasonreason forfor wantingwanting toto determinedetermine thethe effectseffects ofof 
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FigureFigure 2.2. ExperimentExperiment 1:1: Visual-vestibularVisual-vestibular gaingain (averaged(averaged overover fourfour exposureexposure times)times) asas 
aa functionfunction ofof sessions/day.sessions/day. BaselineBaseline representsrepresents aa normalizednormalized averageaverage ofof fourfour preadaptapreadapta
tiontion tests.tests. SubsequentSubsequent gainsgains areare evaluatedevaluated relativerelative toto thisthis measure.measure. ErrorsErrors barsbars representrepresent 

mean,thethe standardstandard errorerror ofof thethe mean. 
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FigureFigure 3.3. ExperimentExperiment 1:1: Visual-vestibularVisual-vestibular gaingain (averaged(averaged overover fourfour trials)trials) asas aa functionfunction ofof 
exposureexposure timetime forfor experimentalexperimental (dual-adapted)(dual-adapted) andand controlcontrol groups.groups. BaselineBaseline representsrepresents aa nornor
malizedmalized averageaverage ofof fourfour preadaptationpreadaptation tests.tests. SubsequentSubsequent gainsgains areare evaluatedevaluated relativerelative toto thisthis 
measure.measure. 

ofmany real-li fepassivepassive bodilybodily rotationrotation isis thethe existenceexistence of many real-life 
extemallysituationssituations ofofexternally drivendriven bodilybodily movementsmovements inin whichwhich 

VORVOR adaptationadaptation isis likelylikely toto occur.occur. ExamplesExamples includeinclude spacespace 
weIlandand airplaneairplane flight,flight, asas well asas certaincertain nauticalnautical environenviron

ments.ments. InIn short,short, itit isis importantimportant toto determinedetermine whetherwhether thethe 
effectseffects ofofactiveactive rotationrotation areare alsoalso foundfound inin thethe passivepassive sitsit
uation.uation. AnAn attemptattempt waswas mademade toto keepkeep thethe experimentalexperimental 

ofExperimentconditionsconditions ofExperiment 22 asas similarsimilar asas possiblepossible toto thosethose 
ofof ExperimentExperiment 1,1, exceptexcept forfor thethe introductionintroduction ofof passivepassive 
oscillationoscillation byby aa mechanicalmechanical chair.chair. 

EXPERIMENTEXPERIMENT 22
 
PassivePassive WholeWhole BodyBody TurningTurning
 

MethodMethod 
SubjectsSubjects 

psyehologyEightEight malemale andand femalefemale psychology undergraduateundergraduate andand graduategraduate 
students,students, agedaged 18-22,18-22, formedformed thethe dual-adapteddual-adapted (experimental)(experimental) 

seeond subjeetsgroup,group, whilewhile aa second setset ofof 88 subjects mademade upup thethe non-dualnon-dual
(eontrol) subjeetsadaptedadapted (control) group.group. AsAs inin ExperimentExperiment 1,1, allall subjects hadhad eithereither 

myopieemmetropicemmetropic oror slightlyslightly myopic vision.vision. TheThe latterlatter werewere testedtested eithereither 
eorreetive myopie speewhilewhile wearingwearing corrective lenseslenses oror inin theirtheir myopic state,state, withwith spec

taclestacles removed.removed. 

ApparatusApparatus 
identiealTheThe apparatusapparatus waswas identical toto thatthat usedused inin ExperimentExperiment I,I, withwith 

exeeption subjeet ehair oseillatedthethe exception thatthat thethe subject waswas seatedseated inin aa chair thatthat oscillated 
vertieal frequeneysinusoidallysinusoidally aboutabout aa vertical axisaxis atat thethe samesame frequency (0.45(0.45 Hz)Hz) 

asas inin ExperimentExperiment 11 andand atat aa peak-to-peakpeak-to-peak amplitudeamplitude ofof 16°.16°. 

ProcedureProcedure 
ofpassive proeedureAsideAside fromfrom thethe useuse of passive rotation,rotation, thethe procedure waswas identiidenti

ealcal toto thatthat ofof ExperimentExperiment I.I. AsAs before,before, thethe normalizednormalized VORVOR gainsgains 
ofthe subjeets eonditions-fourof the 88 subjects werewere averaged,averaged, yieldingyielding 2020 conditions-four trialstrials 

eaeh ofthe eonseeutivewithinwithin each of the 55 consecutive days.days. 

ResultsResults 

AdaptationAdaptation andand DualDual AdaptationAdaptation 
AdaptationAdaptation waswas evidentevident onon thethe 11stst testingtesting day,day, colcol

lapsedlapsed acrossacross exposureexposure minuteminute [t(7)[t(7) == 2.43,2.43, pp == .045],.045], 

andand afterafter thethe 11stst exposureexposure min,min, collapsedcollapsed acrossacross daysdays 
[t(7)[t(7) == 4.92,4.92, pp =.002].=.002]. ForFor subsequentsubsequent exposureexposure minmin
utes,utes, aa dayday XX exposureexposure minuteminute (1-4)(1-4) ANOVAANOVA waswas perper
formed,formed, withwith VORVOR gaingain servingserving asas thethe dependentdependent varivari
able.able. AsAs inin ExperimentExperiment 1,1, thisthis testtest failedfailed toto produceproduce aa 
significant ==<;ignificant mainmain effecteffect forfor exposureexposure minuteminute [F(3,134)[F(3,134) 

'4,'4, pp == lst.59]..59]. ThisThis outcome,outcome, combinedcombined withwith thethe Ist
minmin resultsresults presentedpresented above,above, indicatesindicates thatthat mostmost oror allall ofof 
thethe VORVOR adaptationadaptation occurredoccurred duringduring thethe 1st1st minmin ofof exex
posure.posure. Further,Further, althoughalthough therethere seemedseemed toto bebe aa trendtrend toto
wardward moremore completecomplete adaptationadaptation overover daysdays (see(see FigureFigure 4),4), 
thisthis alsoalso waswas notnot statisticallystatistically significantsignificant [F([F(4,133)4,133) == 

FinaIly,1.4,1.4,PP == .26].26] afterafter thethe 11stst day.day. Finally, therethere waswas nono interinter
actionaction [F(12,118)[F(12,118) == 0.73,p0.73,p == .72]..72]. 

AdaptiveAdaptive GeneralizationGeneralization 
attestAlthoughAlthough a t test failedfailed toto revealreveal significantsignificant adaptaadapta

tiontion inin thethe 11stst minmin forfor thethe experimentalexperimental groupgroup [t(7)[t(7) == 
1.25,1.25, PP == .25].25] andand onlyonly marginalmarginal adaptationadaptation forfor thethe concon
troltrol groupgroup [t(7)[t(7) == 2.23,2.23, pp == .06],.06], thethe resultsresults forfor thethe lastlast 
minmin ofof exposureexposure werewere statisticallystatistically significantsignificant forfor bothboth 
groupsgroups [t(7)[t(7) == 2.99,p2.99,p == .020,.020, andand t(7)t(7) == 3.32,p3.32,p == 013,013, 
forfor experimentalexperimental andand controlcontrol groups,groups, respectively].respectively]. AnAn 
exposureexposure minuteminute (1-4)(1-4) XX groupgroup (experimental/control)(experimental/control) 
ANOVAANOVA (see(see FigureFigure 5)5) onceonce againagain failedfailed toto produceproduce aa 
mainmain effecteffect forfor eithereither exposureexposure minuteminute [F(3,59)[F(3,59) == 1.0,1.0, 
pp == .39].39] oror groupgroup [F(1,61)[F(1,61) == 0.63,p0.63,p == .43]..43]. TheThe trialtrial XX 
groupgroup interactioninteraction waswas alsoalso nonsignificantnonsignificant [F(3,55)[F(3,55) == 
0.17,0.17, PP == .91],.91], although,although, asas before,before, itit appearsappears thatthat thethe 
controlcontrol groupgroup mightmight actuallyactually havehave adaptedadapted moremore thanthan thethe 
experimentalexperimental group.group. 

DiscussionDiscussion 

ThisThis experimentexperiment demonstrateddemonstrated thatthat passivepassive wholewhole 
bodybody rotationrotation isis anan adequateadequate conditioncondition forfor producingproducing VORVOR 

ofmanyadaptation,adaptation, replicatingreplicating thethe resultsresults ofmany earlierearlier studiesstudies 
(e.g.,(e.g., MelvillMelvill Jones,Jones, 1985).1985). Indeed,Indeed, aa comparisoncomparison ofof thethe 
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FigureFigure 4.4. ExperimentExperiment 2:2: Visual-vestibularVisual-vestibular gain,gain, collapsedcollapsed overover fourfour trials,trials, asas aa functionfunction ofof sesses
sions/day.sions/day. BaselineBaseline representsrepresents aa normalizednormalized averageaverage ofof fourfour preadaptationpreadaptation tests.tests. SubsequentSubsequent gainsgains 
areare evaluatedevaluated relativerelative toto thisthis measure.measure. ErrorsErrors barsbars representrepresent thethe standardstandard errorerror ofof thethe mean.mean. 

resultsresults ofof thethe twotwo experimentsexperiments suggestssuggests that,that, ififanything,anything, 
adaptationadaptation waswas greatergreater forfor passivepassive thanthan forfor activeactive movemove
ment.ment. ThisThis possibilitypossibility isis examinedexamined moremore closelyclosely inin thethe 
nextnext section.section. InIn contrastcontrast toto thethe resultsresults ofof ExperimentExperiment 1,1, 
however,however, onlyonly aa statisticallystatistically nonsignificantnonsignificant trendtrend inin thethe 
directiondirection ofof dualdual adaptationadaptation waswas observedobserved inin thisthis experexper
iment.iment. Consequently,Consequently, thethe failurefailure toto obtainobtain adaptiveadaptive genergener
alizationalization waswas notnot unexpected,unexpected, sincesince itsits occurrenceoccurrence isis 
predicatedpredicated onon thethe presencepresence ofof dualdual adaptation.adaptation. 

ComparisonComparison ofof ActiveActive andand PassivePassive ConditionsConditions 
InasmuchInasmuch asas thethe proceduresprocedures forfor ExperimentsExperiments 11 andand 22 

werewere virtuallyvirtually identical,identical, exceptexcept forfor thethe active/passiveactive/passive difdif
ferenceference inin thethe wayway bodilybodily rotationrotation waswas effected,effected, aa statisstatis
ticaltical comparisoncomparison betweenbetween themthem maymay bebe consideredconsidered legitlegit
imateimate andand useful.useful. WithWith respectrespect toto adaptation,adaptation, aa dayday XX 
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rotationrotation (active/passive)(active/passive) ANOVAANOVA producedproduced aa significantsignificant 
mainmain effecteffect forfor rotationrotation [F(l,80)[F(l,80) == 6.65,6.65, PP == .01],.01], thethe 
advantageadvantage goinggoing toto passivepassive rotation,rotation, butbut notnot forfor dayday 
[F(4,77)[F(4,77) == 1.94,1.94, PP << .05].05] oror thethe interactioninteraction [F(4,77)[F(4,77) == 
0.33,0.33, PP >> .05]..05]. SinceSince thethe effecteffect ofof exposureexposure minuteminute hadhad 
notnot beenbeen statisticallystatistically significantsignificant inin eithereither experiment,experiment, 
thisthis factorfactor waswas notnot reexaminedreexamined here.here. AA rotationrotation (active/(active/ 
passive)passive) XX groupgroup (experimental/control)(experimental/control) ANOVAANOVA withwith 
respectrespect toto thethe 1.01.0 target/headtarget/head gaingain adaptiveadaptive generalizationgeneralization 
testtest (compare(compare FiguresFigures 22 andand 4)4) failedfailed toto findfind statisticalstatistical sigsig
nificancenificance forfor rotationrotation [F(l,31)[F(l,31) == 0.42,0.42, PP >> .05],.05], groupgroup 
[F(l[F(l ,31),31) == 0.33,0.33, PP >> .05],.05], oror thethe interactioninteraction [F(l[F(l ,31),31) == 

O.OI,p>O.OI,p> .05]..05]. 
TheThe findingfinding ofof greatergreater adaptationadaptation forfor passivepassive thanthan forfor 

activeactive rotationrotation isis surprising,surprising, sincesince itit contradictscontradicts aa greatgreat 
ofpreviousdealdeal of previous researchresearch (see(see Welch,Welch, 1978,1978, pp.pp. 21-24).21-24). 

--0---0- lIxperimenlllIlxperimenlll 

--0----0-- ConlrolControl 

22 33 44 

TimeTime (min)(min) 
FigureFigure 5.5. ExperimentExperiment 2:2: Visual-vestibularVisual-vestibular gain,gain, collapsedcollapsed overover fourfour trials,trials, asas aa functionfunction ofofexposureexposure 

timetime forfor experimentalexperimental (dual-adapted)(dual-adapted) andand controlcontrol groups.groups. BaselineBaseline representsrepresents aa normalizednormalized averageaverage 
ofof fourfour preadaptationpreadaptation tests.tests. SubsequentSubsequent gainsgains areare evaluatedevaluated relativerelative toto thisthis measure.measure. 
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OneOne possibilitypossibility isis that,that, forfor somesome reason,reason, passivepassive turningturning 
makesmakes itit easiereasier toto suppresssuppress thethe VOR.VOR. AnotherAnother isis thatthat thisthis 
resultresult isis due,due, inin somesome way,way, toto thethe factfact thatthat self-initiatedself-initiated 
headhead turningturning isis inherentlyinherently moremore variablevariable thanthan isis exterexter
nallynally controlledcontrolled wholewhole bodybody rotationrotation producedproduced byby aa 
motor-drivenmotor-driven rotatingrotating chairchair andand thatthat suchsuch variabilityvariability inin
terferesterferes withwith thethe adaptiveadaptive process.process. Furthermore,Furthermore, itit 
shouldshould bebe notednoted thatthat thethe totaltotal exposureexposure periodperiod usedused herehere 
(4(4 min)min) waswas veryvery short,short, asas comparedcompared withwith thethe 30-6030-60 minmin 
periodsperiods foundfound inin mostmost previousprevious researchresearch investigatinginvestigating thethe 
rolerole ofof activeactive interactioninteraction inin adaptationadaptation (see,(see, e.g.,e.g., HeldHeld && 
Hein,Hein, 1958).1958). PerhapsPerhaps thethe differencedifference inin VORVOR adaptationadaptation 
wouldwould havehave eventuallyeventually favoredfavored thethe activeactive conditioncondition ififourour 
exposureexposure periodperiod hadhad beenbeen extended.extended. 

ThereThere areare aa numbernumber ofof differencesdifferences betweenbetween thethe activeactive 
oftheandand thethe passivepassive conditionsconditions of the presentpresent experimentexperiment thatthat 

mightmight havehave accounted,accounted, inin somesome way,way, forfor theirtheir differentialdifferential 
outcomesoutcomes withwith respectrespect toto adaptationadaptation andand dualdual adaptation.adaptation. 
First,First, ourour activeactive conditioncondition involvedinvolved onlyonly headhead rotation,rotation, 

inc1udedwhereaswhereas thethe passivepassive rotationrotation conditioncondition included thethe enen
tiretire body.body. Thus,Thus, vestibulocolicvestibulocolic reflexesreflexes wouldwould bebe inin
volvedvolved onlyonly inin thethe activeactive condition.condition. TheThe generationgeneration ofofanan 
efferenceefference copycopy duringduring activeactive headhead turningturning mightmight alsoalso bebe 
important.important. AlthoughAlthough thethe "traditional""traditional" rolerole ofof efferenceefference 
inin facilitatingfacilitating adaptationadaptation (see,(see, e.g.,e.g., HeldHeld && Hein,Hein, 1958)1958) 
waswas notnot confirmedconfirmed here,here, itit maymay havehave beenbeen anan importantimportant 
reasonreason thatthat dualdual adaptationadaptation waswas limitedlimited toto thethe activeactive 

ofthemovementmovement condition.condition. TheThe attentionalattentional statestate of the subjectsubject 
maymay alsoalso havehave differentiateddifferentiated thethe twotwo conditions,conditions, sincesince itit 
isis likelylikely thatthat subjectssubjects attemptingattempting toto activelyactively swingswing thethe 
headhead toto thethe soundsound ofof thethe metronomemetronome werewere exertingexerting moremore 
attentionattention toto theirtheir activitiesactivities thanthan werewere thosethose sittingsitting paspas
sivelysively inin aa rotatingrotating chair.chair. Finally,Finally, sincesince thethe centerscenters ofof roro
tationtation ofof thethe chairchair andand ofof thethe headhead onon thethe bodybody werewere slightlyslightly 
differentdifferent (although(although wewe endeavoredendeavored toto keepkeep themthem asas simsim
ilarilar asas possible),possible), otolithicotolithic contributionscontributions probablyprobably differeddiffered 
slightlyslightly inin thethe twotwo conditions.conditions. Thus,Thus, thethe otolithsotoliths wouldwould 
havehave beenbeen stimulatedstimulated becausebecause thethe innerinner earear vestibularvestibular apap
paratusparatus translatestranslates slightly,slightly, thethe centerscenters ofof rotationrotation beingbeing 

ofthenotnot quitequite coincidentcoincident withwith eithereither of the otolithotolith organs.organs. 

GENERALGENERAL DISCUSSIONDISCUSSION 

AA ControlControl StudyStudy 
ItIt waswas pointedpointed outout toto usus byby thethe reviewersreviewers ofof thethe initialinitial 

ofthis artic1eversionversion of this article that,that, owingowing toto itsits unusualunusual rapidity,rapidity, 
whatwhat wewe consideredconsidered toto bebe VORVOR adaptationadaptation maymay merelymerely 
havehave beenbeen evidenceevidence ofofaa deliberatedeliberate suppressionsuppression ofof thethe VORVOR 
(albeit(albeit incomplete).incomplete). BarrBarr etet a1.a1. (1976)(1976) demonstrateddemonstrated thatthat 
humanhuman beingsbeings areare capablecapable ofof suchsuch suppressionsuppression byby simplysimply 
imaginingimagining thatthat theythey areare fixatingfixating onon aa targettarget thatthat isis movmov
inging withwith thethe head.head. IfIf thisthis alternativealternative interpretationinterpretation apap
pliesplies toto ourour data,data, itit wouldwould meanmean thatthat wewe hadhad notnot demondemon
stratedstrated dualdual adaptationadaptation ofof VOR,VOR, butbut merelymerely that,that, withwith 
practice,practice, subjectssubjects cancan getget betterbetter atat suppressingsuppressing theirtheir 
VOR.VOR. OneOne wayway toto testtest thethe VORVOR suppressionsuppression interpretationinterpretation 
ofofourour datadata isis toto interposeinterpose aa cognitivecognitive tasktask betweenbetween thethe endend 
ofofexposureexposure toto thethe alteredaltered target-headtarget-head relationshiprelationship andand thethe 

finalfinal measuremeasure ofof VOR.VOR. TheThe assumptionassumption herehere isis thatthat anyany 
tendencytendency towardtoward deliberatedeliberate suppressionsuppression ofof thethe VORVOR isis 
transienttransient andand easilyeasily disrupteddisrupted byby anan interferinginterfering task.task. 

oftheTherefore,Therefore, ififaa reductionreduction of the VORVOR gaingain isis stillstill obtainedobtained 
conc1udedafterafter thisthis interval,interval, itit maymay bebe concluded thatthat ourour exposureexposure 

conditioncondition waswas producingproducing genuinegenuine VORVOR adaptation.adaptation. WeWe 
carriedcarried outout aa controlcontrol studystudy toto testtest thisthis hypothesis.hypothesis. 

TheThe exposureexposure andand VORVOR measurementmeasurement protocolprotocol forfor thethe 
controlcontrol studystudy waswas identicalidentical toto thatthat usedused inin ExperimentExperiment 2,2, 
withwith thethe exceptionexception that,that, afterafter thethe fourthfourth andand finalfinal VORVOR 
measurement,measurement, rotationrotation ofof thethe chairchair waswas stopped,stopped, andand thethe 
subjectssubjects werewere askedasked toto countcount aloudaloud backwardsbackwards fromfrom 1,0001,000 
byby threesthrees forfor 33 min.min. AfterAfter thisthis 3-min3-min interval,interval, thethe chairchair 
waswas restarted,restarted, andand VORVOR gaingain measuredmeasured onceonce more.more. SixSix 
subjectssubjects participatedparticipated inin thisthis controlcontrol study,study, althoughalthough oneone 
ofof themthem waswas excusedexcused forfor demonstratingdemonstrating eyeeye movementsmovements 
thatthat exceededexceeded thethe rangerange ofof ourour apparatus.apparatus. 

TheThe averageaverage gaingain forfor thethe fourfour exposureexposure periodsperiods waswas 
0.760.76 (SD(SD == 0.11),0.11), whichwhich isis inin thethe adaptiveadaptive directiondirection andand 
waswas statisticallystatistically differentdifferent fromfrom zerozero (t(t == 4.8,4.8, PP << .01)..01). 
TheThe gaingain measuredmeasured afterafter thethe 3-min3-min cognitivecognitive tasktask waswas 
0.690.69 (SD(SD == 0.09),0.09), alsoalso statisticallystatistically differentdifferent fromfrom zerozero 

gain(t(t == 7.5,7.5, pp << .01)..01). ThisThis reductionreduction inin gain waswas greatergreater thanthan 
thatthat obtainedobtained immediatelyimmediately afterafter thethe exposureexposure period,period, alal
thoughthough thethe differencedifference betweenbetween thethe twotwo gainsgains provedproved toto 
bebe nonsignificantnonsignificant (t(t == 1.4,p1.4,p == .23)..23). MostMost important,important, thethe 
factfact thatthat thethe adaptiveadaptive VORVOR gaingain persistedpersisted despitedespite thethe inin
terposedterposed cognitivecognitive tasktask isis consistentconsistent withwith ourour contentioncontention 
thatthat ourour exposureexposure conditionsconditions producedproduced genuinegenuine VORVOR 
adaptationadaptation ratherrather thanthan cognitivecognitive suppression.suppression. 

ConclusionsConclusions 
OverallOverall resultsresults andand theirtheir interpretation.interpretation. TheThe comcom

binedbined resultsresults ofof ExperimentsExperiments 11 andand 22 indicateindicate thatthat dualdual 
oftheadaptationadaptation of the VORVOR cancan bebe elicitedelicited byby repeatedrepeated alteralter

nationnation betweenbetween dysmetricdysmetric andand normalnormal visual-vestibularvisual-vestibular 
environments,environments, butbut onlyonly ifbodilyifbodily rotationrotation isis self-induced.self-induced. 
Thus,Thus, althoughalthough VORVOR adaptationadaptation occurredoccurred withwith passivepassive 
rotationrotation (Experiment(Experiment 2),2), dualdual adaptationadaptation apparentlyapparently diddid 
not.not. Furthermore,Furthermore, whetherwhether rotationrotation waswas activeactive oror passive,passive, 
nono evidenceevidence ofof adaptiveadaptive generalizationgeneralization waswas obtained,obtained, atat 
leastleast whenwhen testedtested byby meansmeans ofof thethe 1.01.0 target/headtarget/head gaingain 
thatthat servedserved herehere asas thethe novelnovel stimulusstimulus condition.condition. 

TheThe apparentapparent absenceabsence ofof dualdual adaptationadaptation withwith passivepassive 
ofMilesbodilybodily rotationrotation agreesagrees withwith thethe resultsresults ofMiles andand EighmyEighmy 

(1980)(1980) forfor thethe rhesusrhesus monkey.monkey. LackLack ofofdualdual adaptationadaptation isis 
alsoalso consistentconsistent withwith thosethose mathematicallymathematically basedbased theorettheoret
icalical modelsmodels (see,(see, e.g.,e.g., Ito,Ito, 1972)1972) that,that, becausebecause theythey entailentail 

inc1udeonlyonly oneone freefree parameterparameter forfor VORVOR gain,gain, dodo notnot include thethe 
possibilitypossibility ofof storingstoring previouslypreviously exposedexposed butbut presentlypresently inin
activeactive gains,gains, whichwhich isis anan inherentinherent characteristiccharacteristic ofof dualdual 
adaptation.adaptation. 

OnOn thethe otherother hand,hand, thethe resultsresults ofof thethe previouslypreviously menmen
tionedtioned studystudy byby ShelhamerShelhamer etet a1.a1. (1992)(1992) appearappear toto conflictconflict 

wen ofMileswithwith ourour results,results, asas well asas withwith thosethose ofMiles andand EighmyEighmy 
(1980),(1980), byby demonstratingdemonstrating dualdual (or(or context-specific)context-specific) VORVOR 
adaptationadaptation forfor subjectssubjects who,who, likelike thosethose inin thethe presentpresent ExEx
perimentperiment 2,2, werewere passivelypassively rotatedrotated inin aa motor-drivenmotor-driven chair.chair. 
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However,However, aa comparisoncomparison betweenbetween thethe discriminativediscriminative (or(or 
switching)switching) cuescues availableavailable toto subjectssubjects inin thethe presentpresent inin
vestigationvestigation andand thosethose providedprovided byby ShelhamerShelhamer etet al.al. maymay 
helphelp toto resolveresolve thisthis apparentapparent contradiction.contradiction. ItIt willwill bebe rere
calledcalled thatthat observersobservers inin thethe latterlatter studystudy werewere exposedexposed toto 
oneone alteredaltered target/headtarget/head gaingain whilewhile directingdirecting theirtheir eyeseyes upup
wardward andand aa differentdifferent gaingain whilewhile directingdirecting theirtheir eyeseyes downdown

ofneuralward.ward. TheThe distinctlydistinctly dissimilardissimilar setssets ofneural instructionsinstructions 
(efference)(efference) associatedassociated withwith thesethese twotwo eyeeye deviationsdeviations probprob
ablyably servedserved asas aa veryvery salientsalient cuecue forfor determiningdetermining whichwhich 
oftheofthe twotwo acquiredacquired VORVOR adaptationsadaptations toto useuse inin aa givengiven sitsit
uation.uation. Clearly,Clearly, nono suchsuch efferentefferent discriminativediscriminative cuecue waswas 

rotatedavailableavailable toto thethe passivelypassively rotated observersobservers inin thethe presentpresent 
ExperimentExperiment 2,2, perhapsperhaps explainingexplaining whywhy theythey werewere apparappar
entlyently incapableincapable ofof achievingachieving dualdual adaptation.adaptation. 

TheThe mannermanner inin whichwhich efferenceefference mightmight serveserve asas aa disdis
criminativecriminative cuecue forfor thethe dualdual adaptationadaptation obtainedobtained inin thethe 
activeactive head-turninghead-turning conditioncondition (Experiment(Experiment I)I) isis notnot asas 
obviousobvious asas inin thethe ShelhamerShelhamer etet al.al. (1992)(1992) study.study. ThatThat is,is, 
inin ExperimentExperiment I,I, neuralneural outflowoutflow waswas identicalidentical forfor thethe alal
teredtered andand normalnormal gaingain conditionsconditions (i.e.,(i.e., aa 0.45-Hz0.45-Hz osciloscil
lationlation raterate inin eacheach case).case). Therefore,Therefore, oneone mustmust seekseek thethe 
discriminativediscriminative cuecue forfor dualdual adaptationadaptation inin thisthis situationsituation inin 
thethe characteristicscharacteristics ofof thethe action-contingentaction-contingent visualvisual feedfeed

reafference,back,back, oror reafJerence, thatthat differentiateddifferentiated thethe twotwo gaingain concon
ditions.ditions. InIn short,short, thethe distinctdistinct mismatchmismatch betweenbetween efferenceefference 
andand reafferencereafference thatthat waswas presentpresent forfor thethe 0.50.5 target/headtarget/head 
gaingain condition,condition, butbut notnot forfor thethe normalnormal (0.0)(0.0) gaingain condicondi
tion,tion, maymay havehave servedserved asas anan effectiveeffective discriminativediscriminative cuecue 
forfor elicitingeliciting dualdual adaptation.adaptation. Clearly,Clearly, nono suchsuch differencedifference 
waswas presentpresent duringduring passivepassive wholewhole bodybody rotationrotation (Exper(Exper
imentiment 2),2), sincesince visualvisual reafference,reafference, byby definition,definition, requiresrequires 
activeactive movement.movement. Thus,Thus, accordingaccording toto thethe presentpresent argument,argument, 
thethe differencedifference betweenbetween thethe twotwo gaingain conditionsconditions withwith rere
spectspect toto thethe discrepancydiscrepancy betweenbetween vestibularvestibular stimulationstimulation 
andand apparentapparent concomitantconcomitant motion,motion, althoughalthough sufficientsufficient toto 

weilproduceproduce adaptationadaptation inin thethe passivepassive (as(as well asas thethe active)active) 
condition,condition, waswas insufficientinsufficient forfor acquiringacquiring dualdual adaptation.adaptation. 

NoneNone ofof precedingpreceding speculationsspeculations precludesprecludes afferentafferent 
stimulationstimulation asas aa discriminativediscriminative cuecue forfor dualdual adaptationadaptation inin 
otherother contexts.contexts. Indeed,Indeed, thethe commoncommon observationobservation thatthat 
wearerswearers ofof spectaclesspectacles areare eventuallyeventually ableable toto dondon andand doffdoff 
theirtheir correctivecorrective lenseslenses withoutwithout experiencingexperiencing thethe perceppercep
tualtual andand behavioralbehavioral problemsproblems thatthat occurredoccurred initiallyinitially isis evev

feetidenceidence ofofdualdual adaptationadaptation inin whichwhich thethe feel ofof thethe framesframes 
(an(an afferentafferent stimulus)stimulus) isis likelylikely toto bebe anan importantimportant disdis
criminativecriminative cue.cue. 

AnAn alternativealternative explanationexplanation forfor whywhy activeactive headhead turningturning 
ledled toto dualdual adaptationadaptation whereaswhereas passivepassive rotationrotation diddid notnot isis 
thatthat self-initiatedself-initiated headhead turningturning maymay increaseincrease thethe subject'ssubject's 
arousalarousal level.level. AsAs mentionedmentioned previously,previously, thisthis factorfactor isis 

al.,knownknown toto facilitatefacilitate VORVOR adaptationadaptation (see,(see, e.g.,e.g., BarrBarr etet aI., 
1976)1976) and,and, thus,thus, mightmight havehave thethe samesame effecteffect onon dualdual 
adaptation.adaptation. 

InIn aa veryvery recentrecent paperpaper byby PostPost andand WelchWelch (1998),(1998), dualdual 
adaptation,adaptation, measuredmeasured inin termsterms ofof apparentapparent concomitantconcomitant 
motion,motion, waswas producedproduced inin aa situationsituation inin whichwhich thethe mostmost 
salientsalient discriminativediscriminative cuecue waswas thethe raterate ofof activeactive headhead os-os

ofthecillationcillation (0.25(0.25 HzHz vs.vs. 2.02.0 Hz).Hz). OnOn thethe basisbasis of the reasonreason
inging presentedpresented above,above, thisthis resultresult isis notnot surprising,surprising, givengiven 
thatthat thisthis switchingswitching stimulusstimulus forfor dualdual adaptationadaptation includedincluded 
thethe distinctlydistinctly differentdifferent efferentefferent instructionsinstructions toto thethe neckneck 
musclesmuscles requiredrequired forfor thethe twotwo headhead rotationrotation rates.rates. FurtherFurther

ofthemore,more, onon thethe basisbasis of the precedingpreceding arguments,arguments, itit maymay bebe 
predictedpredicted thatthat anan attemptattempt toto repeatrepeat thethe PostPost andand WelchWelch 
ExperimentExperiment withwith passivepassive rotationrotation willwill failfail toto produceproduce dualdual 
adaptation,adaptation, asas itit apparentlyapparently diddid here.here. 

NeurologicalNeurological implications.implications. TheThe observationobservation ofof dualdual 
adaptationadaptation ofof thethe VORVOR maymay necessitatenecessitate certaincertain modifimodifi
cationscations ofof currentcurrent neurologicalneurological models.models. AA synthesissynthesis ofof 
behavioral,behavioral, neurological,neurological, andand computercomputer simulationsimulation datadata 
suggestssuggests thatthat therethere areare threethree primaryprimary neurologicalneurological pathpath
waysways byby whichwhich VORVOR adaptationadaptation cancan occuroccur (du(du Lac,Lac, RayRay
mond,mond, Sejnowski,Sejnowski, && Lisberger,Lisberger, 1995):1995): (I)(I) vestibularvestibular inputsinputs 
toto position-vestibular-pauseposition-vestibular-pause (PVP)(PVP) cellscells toto extraocularextraocular 
motorneurons,motorneurons, (2)(2) vestibularvestibular inputsinputs toto flocculusflocculus targettarget 
neuronsneurons (FTN)(FTN) toto extraocularextraocular motorneurons,motorneurons, andand (3)(3) vesves
tibulartibular inputsinputs toto horizontal-gazehorizontal-gaze velocityvelocity purkinjepurkinje (HGVP)(HGVP) 
cellscells toto anan inhibitoryinhibitory connectionconnection toto thethe FTNsFTNs (no(no directdirect 

oftheseconnectionconnection toto extraocularextraocular motorneurons).motorneurons). EachEach of these 
structuresstructures (PVP,(PVP, FTN,FTN, andand HGVP)HGVP) receivesreceives eyeeye movementmovement 

ofthefeedbackfeedback throughthrough anan efferenceefference copycopy of the eyeeye movementmovement 
motormotor commands.commands. 

ofthe oftheTheThe dynamicsdynamics of the timetime coursecourse of the VORVOR suggestssuggests 
aa differentdifferent rolerole forfor eacheach ofof thesethese pathways.pathways. LisbergerLisberger 
(1984)(1984) foundfound thatthat thethe firstfirst 55 msecmsec ofVORofVOR eyeeye movementmovement 
werewere unaffectedunaffected byby thethe currentcurrent adaptedadapted VORVOR gain.gain. ThisThis 
unmodifiableunmodifiable componentcomponent cancan bebe attributedattributed toto thethe PVPPVP 

ofthepathway,pathway, since,since, of the three,three, thisthis pathwaypathway isis thethe onlyonly oneone 
withwith fewfew enoughenough synapsessynapses toto accountaccount forfor thethe shortshort 

ofthe(14(14 msec)msec) latencylatency ofthe initialinitial response.response. Indeed,Indeed, itit seemsseems 
thatthat thisthis pathwaypathway accountsaccounts forfor baselinebaseline VORVOR response,response, 
asas cellcell responsesresponses seemseem immuneimmune toto changeschanges inin VORVOR gaingain 
perper sese (Lisberger,(Lisberger, Pavelko,Pavelko, && Broussard,Broussard, 1994).1994). ThereThere
fore,fore, itit seemsseems unlikelyunlikely thatthat vestibularvestibular inputsinputs toto PVPPVP cellscells 
areare involvedinvolved inin adaptiveadaptive changes.changes. InIn contrast,contrast, thethe FTNFTN 
pathwaypathway isis clearlyclearly implicatedimplicated inin VORVOR gaingain adaptation.adaptation. 
TheThe estimatedestimated timetime coursecourse ofofactivationactivation throughthrough thethe pathpath
wayway isis 1919 msec,msec, whichwhich matchesmatches thethe latencylatency ofof thethe modimodi

al.,fiablefiable componentcomponent ofof thethe VORVOR responseresponse (du(du LacLac etet aI., 
1995).1995). TheThe firingfiring raterate ofthese neuronsneurons correlatescorrelates well withwith 
changeschanges inin VORVOR gain,gain, asas anan increaseincrease inin adaptedadapted gaingain rere
sultssults inin anan increasedincreased firingfiring amongamong thesethese neurons;neurons; concon
versely,versely, aa loweringlowering oftheofthe gaingain resultsresults inin aa decreaseddecreased firing.firing. 
TheseThese resultsresults pertainpertain eveneven whenwhen thethe feedbackfeedback effectseffects ofof 
eyeeye movementsmovements areare controlledcontrolled andand stronglystrongly implyimply thatthat vesves
tibulartibular inputsinputs toto FTNFTN cellscells areare atat leastleast partiallypartially responrespon
siblesible forfor adaptiveadaptive changeschanges inin thethe VOR.VOR. 

ofthese weil 

gainHGVPHGVP cellscells areare alsoalso stronglystrongly implicatedimplicated inin VORVOR gain 
adaptation.adaptation. TheThe estimatedestimated latencylatency forfor thisthis pathwaypathway isis 

al.,3232 msecmsec (du(du LacLac etet aI., 1995),1995), implyingimplying thatthat thisthis cerebelcerebel
larlar structurestructure cannotcannot bebe completelycompletely responsibleresponsible forfor VORVOR 
gain Ho,gain changeschanges (in(in contrastcontrast toto Ito, 1972).1972). However,However, thethe firfir
inging patternpattern ofof HGVPHGVP cellscells isis consistentconsistent withwith changeschanges inin 
VORVOR adaptationadaptation levels.levels. SinceSince HGVPHGVP cellscells dodo notnot directlydirectly 
projectproject toto thethe extra-ocularextra-ocular motormotor neuronsneurons and,and, instead,instead, 
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serveserve toto inhibitinhibit thethe FTNFTN cells,cells, anan implicationimplication ofof HGVPHGVP 
cellscells inin VORVOR adaptationadaptation wouldwould predictpredict aa loweringlowering ofof acac
tivitytivity whenwhen thethe gaingain isis highhigh andand anan increaseincrease inin activityactivity whenwhen 
thethe gaingain isis low.low. Indeed,Indeed, thisthis isis thethe casecase (Miles(Miles && Eighmy,Eighmy, 
1980).1980). 

However,However, inin additionaddition toto thethe latencylatency problem,problem, therethere isis 
anotheranother reasonreason thatthat adaptationadaptation cannotcannot bebe completelycompletely inin 
thethe cerebellum.cerebellum. OnceOnce thethe feedbackfeedback effectseffects ofof eyeeye movemove
mentsments areare controlled,controlled, thethe firingfiring patternpattern ofof HGVPHGVP cellscells 
reverses;reverses; higherhigher adaptedadapted gainsgains resultresult inin moremore activity,activity, 
lowerlower inin lessless activity.activity. ThisThis somewhatsomewhat paradoxicalparadoxical resultresult 
merelymerely impliesimplies thatthat thethe HGVPHGVP cellscells oror theirtheir inputsinputs cancan
notnot bebe completelycompletely responsibleresponsible forfor adaptation.adaptation. AccordingAccording 
toto computercomputer simulations,simulations, HGVPHGVP cellscells showshow thethe expectedexpected 
patternpattern ofof responseresponse asas longlong asas inputsinputs toto FTNFTN cellscells areare alsoalso 
changed,changed, andand thethe changeschanges toto thethe inputsinputs toto thethe HGVPHGVP cellscells 
involveinvolve bothboth temporaltemporal andand magnitudemagnitude dimensionsdimensions (Lis(Lis
berger,berger, 1994).1994). 

TheThe neuralneural locuslocus ofof VORVOR adaptationadaptation effectseffects isis oftenoften 
ofthe (Ho,thoughtthought toto bebe thethe flocculusflocculus of the cerebellumcerebellum (Ito, Shiida,Shiida, 

Yagi,Yagi, && Yamamoto,Yamamoto, 1974),1974), althoughalthough somesome evidenceevidence sugsug
gestsgests thatthat recalibrationrecalibration occursoccurs outsideoutside thisthis structurestructure andand 
isis merelymerely transmittedtransmitted throughthrough itit (Lisberger(Lisberger && Fuchs,Fuchs, 
1977).1977). InIn eithereither case,case, nono neuralneural structurestructure hashas yetyet beenbeen 
identifiedidentified withwith thethe capacitycapacity toto representrepresent aa recalibrationrecalibration 
signalsignal onon aa long-termlong-term basisbasis atat thethe samesame timetime asas anotheranother 
calibrationcalibration isis beingbeing implemented,implemented, which,which, ofof course,course, isis 

ofthepreciselyprecisely whatwhat dualdual adaptationadaptation of the VORVOR requires.requires. 
AdaptiveAdaptive generalization.generalization. TheThe presentpresent investigationinvestigation 

hashas demonstrateddemonstrated thatthat VORVOR adaptationadaptation isis moremore complicompli
resettingcatedcated thanthan simplysimply resetting anan internalinternal gain,gain, sincesince itit isis 

possiblepossible forfor thethe systemsystem toto adaptadapt toto twotwo differentdifferent gainsgains sisi
multaneously.multaneously. OnOn thethe otherother hand,hand, suchsuch dualdual adaptationadaptation 
doesdoes notnot appearappear toto representrepresent aa generalizedgeneralized increaseincrease inin thethe 
abilityability toto adaptadapt toto otherother atypicalatypical target/headtarget/head gains,gains, sincesince 

theformnono "savings""savings" inin the·form ofofadaptiveadaptive generalizationgeneralization couldcould 
bebe demonstrateddemonstrated whenwhen dual-adapteddual-adapted subjectssubjects werewere exex
posedposed toto aa novelnovel gaingain (1.00).(1.00). PerhapsPerhaps thisthis failurefailure toto findfind 
adaptiveadaptive generalizationgeneralization isis relatedrelated toto thethe findingfinding thatthat VORVOR 
adaptationadaptation isis subjectsubject toto aa relativelyrelatively steepsteep generalizationgeneralization 
gradientgradient whenwhen testedtested atat head-turninghead-turning frequenciesfrequencies differdiffer
inging fromfrom thethe oneone forfor whichwhich adaptationadaptation waswas initiallyinitially acac
quiredquired (Lisberger,(Lisberger, Miles,Miles, && Optican,Optican, 1983).1983). 

preßightImplicationsImplications forfor preflight adaptationadaptation training.training. TheThe 
ofthedualdual adaptabilityadaptability of the VORVOR hashas importantimportant implicationsimplications 

prejlightforfor currentcurrent attemptsattempts toto provideprovide astronautsastronauts withwith preflight 
adaptationadaptation trainingtraining (PAT).(PAT). InIn general,general, PATPAT entailsentails usingusing 
computer-controlledcomputer-controlled simulatorssimulators toto createcreate andand exposeexpose asas
tronautstronauts toto thethe sensorysensory andand sensory-motorsensory-motor conflictsconflicts theythey 
willwill experienceexperience whenwhen theythey finallyfinally encounterencounter thethe hypohypo

ofEarthgravitygravity of Earth orbitorbit oror onon aa triptrip toto extraterrestrialextraterrestrial bodbod
iesies suchsuch asas thethe MoonMoon oror MarsMars (see,(see, e.g.,e.g., Parker,Parker, Reschke,Reschke, 
Ouyang,Ouyang, Arrott,Arrott, && Lichtenberg,Lichtenberg, 1986).1986). PerhapsPerhaps thethe mostmost 

oftheseimportantimportant ofthese conflictsconflicts areare thosethose involvinginvolving thethe visualvisual
vestibularvestibular system,system, whosewhose disruptiondisruption inin microgravitymicrogravity hashas 

weilbeenbeen implicatedimplicated inin certaincertain visualvisual illusions,illusions, asas well asas spacespace 
motionmotion sicknesssickness (see,(see, e.g.,e.g., Crampton,Crampton, 1990;1990; ReasonReason && 
Brand,Brand, 1975).1975). However,However, sincesince practicalpractical considerationsconsiderations 

makemake itit unlikelyunlikely thatthat PATPAT willwill bebe administeredadministered justjust bebe
forefore lift-off,lift-off, itit isis importantimportant thatthat astronautsastronauts bebe capablecapable ofof 
retainingretaining theirtheir adaptationadaptation forfor weeksweeks or,or, perhaps,perhaps, monthsmonths 
beforehand,beforehand, inin thethe faceface ofof substantialsubstantial interveningintervening normalnormal 
visual-vestibularvisual-vestibular experience.experience. DualDual adaptationadaptation is,is, byby dede
finition,finition, anan exampleexample ofof suchsuch long-lastinglong-lasting retention.retention. TheThe 
specific,specific, albeitalbeit tentative,tentative, conclusionsconclusions forfor PATPAT thatthat maymay bebe 
drawndrawn fromfrom thethe presentpresent resultsresults areare thatthat (1)(1) thethe astronautastronaut
in-trainingin-training mustmust bebe exposedexposed toto thethe simulatedsimulated visualvisual
vestibularvestibular conflictsconflicts inin anan activeactive mannermanner andand (2)(2) onon thethe 
basisbasis ofof thethe presentpresent failurefailure toto obtainobtain adaptiveadaptive generalgeneral
ization,ization, thesethese conflictsconflicts mustmust bebe asas closelyclosely matchedmatched asas pospos
siblesible toto thosethose theythey willwill actuallyactually experienceexperience inin space.space. 

TheThe visual-vestibularvisual-vestibular mismatchmismatch inin space,space, however,however, isis 
primarilyprimarily oneone ofof linearlinear ratherrather thanthan rotaryrotary motion.motion. ThatThat 
is,is, thethe rotaryrotary gainsgains forfor visualvisual imagesimages remainremain thethe samesame inin 
spacespace asas onon thethe ground,ground, toto thethe extentextent thatthat theythey originateoriginate 
inin thethe semicircularsemicircular canals,canals, sincesince thethe canalscanals areare relativelyrelatively 
unaffectedunaffected byby changeschanges inin gravity.gravity. OnOn thethe otherother hand,hand, thethe 
otolithotolith organsorgans dodo respondrespond toto gravitygravity andand are,are, therefore,therefore, 
greatlygreatly influencedinfluenced byby itsits absence.absence. LackLack ofof thethe normalnormal 
gravitygravity vectorvector toto sumsum withwith linearlinear accelerationacceleration vectorsvectors inin 
thethe otolithsotoliths meansmeans thatthat everyevery headhead displacementdisplacement isis acac
companiedcompanied byby anan otolithotolith vectorvector inin aa directiondirection exactlyexactly opop
positeposite toto thethe directiondirection ofof acceleration.acceleration. AsAs aa result,result, unun
adaptedadapted astronautsastronauts (or(or adaptedadapted astronautsastronauts whowho havehave justjust 
returnedreturned toto Earth)Earth) feelfeel thatthat theirtheir headsheads areare tiltingtilting withwith 

al.,everyevery translationaltranslational movementmovement (see,(see, e.g.,e.g., ParkerParker etet aI., 
1986).1986). Therefore,Therefore, forfor thethe mostmost directdirect applicationapplication toto thethe 
problemsproblems ofof weightlessnessweightlessness duringduring mannedmanned spacespace flight,flight, 

ofvestibular oftheanan analysisanalysis of vestibular plasticityplasticity of the sortsort performedperformed 
herehere shouldshould bebe carriedcarried outout withwith linearlinear acceleration.acceleration. SuchSuch 
anan analysisanalysis isis currentlycurrently underwayunderway inin ourour laboratory.laboratory. 
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NOTENOTE 

I.I. TheThe termterm eye/headeye/head gaingain isis toto bebe distinguisheddistinguished fromfrom target/headtarget/head 
gain.gain. TheThe formerformer describesdescribes whatwhat thethe eyeseyes dodo whenwhen thethe headhead rotates;rotates; itit 
servesserves asas thethe dependentdependent variablevariable ofof thethe presentpresent experimentsexperiments andand isis usedused 
herehere synonymouslysynonymously withwith VORVOR gain.gain. AnAn eye/headeye/head gaingain ofof 1.01.0 indicatesindicates 
thatthat thethe eyeseyes havehave turnedturned inin oneone directiondirection justjust asas farfar asas thethe headhead hashas 
turnedturned inin thethe oppositeopposite directiondirection andand have,have, thus,thus, completelycompletely compensatedcompensated 
forfor thethe headhead rotation.rotation. InIn contrast,contrast, thethe termterm target/headtarget/head gaingain refersrefers toto 
whatwhat aa visualvisual targettarget isis causedcaused toto dodo byby thethe investigatorinvestigator whenwhen thethe subject'ssubject's 
headhead turns.turns. Thus,Thus, itit cancan bebe thoughtthought ofofasas anan independentindependent variable.variable. Here,Here, 
aa ratioratio ofof 1.01.0 signifiessignifies thatthat aa visualvisual targettarget hashas beenbeen physicallyphysically movedmoved byby 
thethe samesame amountamount andand inin thethe samesame directiondirection asas thatthat inin whichwhich thethe headhead hashas 
turnedturned and,and, thus,thus, shouldshould initiallyinitially appearappear toto bebe movingmoving alongalong withwith thethe 
head.head. PerceptionPerception ofof aa stablestable visualvisual fieldfield requiresrequires aa target/headtarget/head gaingain ofof 
approximatelyapproximately 0.0.0.0. 
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